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Resonant modulators encode electrical data onto wavelength-multiplexed
optical carriers. Today, silicon microring modulators are perceived

as promising toimplement such links; however, they provide limited
bandwidth and need thermal stabilization systems. Here we present
plasmonic micro-racetrack modulators as a potential successor of
silicon microrings: they are equally compact and compatible with
complementary-metal-oxide-semiconductor-level driving voltages,

but offer electro-optical bandwidths of 176 GHz, a 28 times improved
stability against operating temperature changes and no self-heating
effects. The temperature-resistant organic electro-optic material enables
operation at 85 °C device temperature. We show intensity-modulated
transmission of up to 408 Gbps at 12.3 femtojoules per bit with a single
resonant modulator. Plasmonic micro-racetrack modulators offer a
solution to encode high data rates (for example, the 1.6 Tbps envisioned
by next-generation communications links) at a small footprint, with low
power consumption and marginal, if no, temperature control.

Optical modulators are a key element for encoding the tremen-
dously growing Internet traffic from the electrical world onto an
optical carrier. Intense research activity is undertaken to provide
the necessary 60% growth of optical link capacity per year’. This
need is especially pronounced for datacentres?, where low-cost,
spatially and wavelength-multiplexed channels are expected
to dominate’. Aside from datacentres, emerging applications
such as co-packaged optics for switching®, communication into
cryogenic environments* or computercom applications® are
expected to benefit from such parallel communication chan-
nels. For these applications, a plethora of electro-optic modula-
tors have been developed, either in non-resonant® or resonant
designs"°,

Forrealizing spatially and wavelength-multiplexed links, resonant
silicon microring modulators (Si MRMs) for intensity modulation/
direct detection are pushing tobecome today’sindustry standard' s,
SiMRMs are compact, fundamentally offer resonantly enhanced modu-
lation and are inherently capable of wavelength-division multiplexing
(WDM). However, a major challenge when operating conventional Si
MRMs is the temperature dependence of resonance wavelength®.
Traditionally, systemintegrators have come up with complex thermal
controlsystems tolocally stabilize the cavities’ temperature'?°* using
some form of built-in heating resistor? or field-effect transistor®. This
not only mandates an efficient heater device design but also requires
the engineering of the involved control systems, which may even be
transmit data dependent®. Furthermore, silicon cavities generally
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exhibit quality (Q) factors in multiples of thousands, which limits
device bandwidths®. Even though optical peaking for enhancing the
bandwidth has been used®*, at the time of writing (to the best of our
knowledge), no SiMRM has achieved more than 80 GHz and has, hence,
been limited to transmission rates ranging from 240 Gbps for four-level
pulse-amplitude modulation (4PAM) (ref. ) and up to 300 Gbps with
adiscrete-multitone format (DMT)*.

Another solution for electro-optic modulation is plasmonics: by
confining light in the nanoscale slot between electrodes, almost per-
fect driving-to-optical field overlap can be achieved. An electro-optic
materialintroducedin the slot then provides the necessary nonlinearity
for phase modulating the propagating plasmonic mode, as demon-
strated with organic materials® or ferroelectric materials”. Based on
these phase shifters, plasmonic-organic-hybrid Mach-Zehnder modu-
lators (MZMs) were shown to exhibit a bandwidth of over 500 GHz
(refs. 2%?%), and operation speeds up to 222 GBd (ref. *°). Due to the
nano-confinement of light, plasmonic modulators are very compact
with low parasitics®"”, and hence, energy efficiencies in the range of
attojoule per bit were demonstrated'’. However, plasmonic phase
shifters are inherently lossy (0.4 dB pm™). To bypass this loss, reso-
nant structures were proposed”: the light only passes the lossy plas-
monicsection if symbols with low optical power should be transmitted
(for example, the zero bit in non-return-to-zero (NRZ) modulation).
However, plasmonic resonant modulators were only demonstrated
with large driving voltages, low Q factors and limited bandwidth®.
Resonant modulators excelling in all the key properties—low losses,
compactness, low driving voltages, and particularly high bandwidths
and thermal stability—are still highly desirable™.

Inthis paper, we show a plasmonic micro-racetrack (RT) modulator
offering 176 GHz bandwidth with low on-chip losses of 1.2 dB. We dem-
onstrate operation of up to 408 Gbps withonly 0.6 V, driving voltage.
Thisis—tothe best of our knowledge—the highest capacity transmitted
witharesonant modulator shownto date. Ontop, the device hasbeen
designed to offer thermal stability against environmental temperature
changes and self-heating nonlinearities during operation. We report
a 28 times improvement in thermal stability of the operating point
compared with Si MRMs. Introducing a combination of plasmonic
and photonic sections in the feedback waveguide enables an opti-
mal, undercoupled cavity design for high-efficiency modulation and
allows for counterbalancing the thermo-optic effects of the involved
feedback-waveguide materials providing high thermal stability. The
highbandwidth hasbeen achieved by optimizing cavity photon lifetime
butalso by using the ultrafast Pockels effect of an electro-optic organic
material. Finally, we show continuous operation at 85 °C at 100 GBd
without any device-level thermal control. With this demonstration, a
thermally stable 1.6 Tbps single-spatial-channel transmitter may be
enabled, a potential solution for future ultrahigh-throughput, low-cost,
spatially and wavelength-multiplexed channels for current datacom
and emerging computercom applications.

This paper is based in part on the initial results first presented at
the European Conference on Optical Communications®** and Opti-
cal Fiber Communication® conferences. It offers extended content
and design guidelines that enable this new generation of resonant
modulators.

Results

Plasmonic micro-RT intensity modulator concept

Figure 1a shows the device concept. Aninput laser is fed through a
directional coupler into a micro-RT cavity. The RT cavity comprises
two sections: ashort plasmonic-organic-hybrid phase-shifter section
and a passive photonic waveguide section. On applying a voltage on
the plasmonic phase shifter, the resonance wavelength of the whole
device is shifted (Fig. 1b). When a continuous-wave (CW) laser is sent
into the device at the appropriate wavelength, intensity modulation
ofthelaser is achieved.

Transmission

1,548
Wavelength (nm)

1,652

Fig.1|High-speed plasmonic micro-RT modulator concept. The concept
presented here offers more than 400 Gbps intensity-modulated transmission
capacity, abandwidth of more than176 GHz and animproved operating

point stability towards thermal changes. a, Artistic rendition of the micro-RT
modulator concept with labelled components. Intensity modulation of the

CW aser light is achieved by including a plasmonic-organic-hybrid phase
modulator in the feedback loop of a photonic micro-RT structure coupled

to abus waveguide with a directional coupler. Low losses can be achieved by
undercoupling of the cavity. b, Transmission spectra of the intensity modulator
for +V,,,q driving voltage and corresponding bit levels of the modulated optical
signal transmitted in the bus waveguide. The OMA is the difference in transmitted
power between the signal levels.

Therealized plasmonic RT modulators are unique in that they offer
operation at low voltages swings (0.6 V,), fast operation (>176 GHz),
low opticallosses (-1.2 dB) and high thermal operating point stability
(28 times compared with SiMRMs) at acompact size. These advances
have been enabled by multiple design approaches, as outlined below.

The choice of a resonant RT structure allows partly bypassing
the inherent ohmic losses in the metals, thereby offering low over-
all losses for the on states”. Further, the design freedom offered by
the two-section approach allows to optimally design the cavity for
operation in an undercoupled regime where losses are the lowest,
and a maximum optical modulation amplitude (OMA) is achieved
(discussed later). It should be be noted that the resonant configuration
allows to use a shorter plasmonic phase shifter, which again reduces
the overall losses. All of these are advantages for the transmission of
intensity-modulated optical signals: the best achievable OMA for a
resonant modulator is two times as large as for an MZM realized with
the same plasmonic technology®'® (Extended Data Fig. 1). This makes
resonant modulators an interesting choice for low-power intensity
modulation, but withthe added challenge of the temperature depend-
ence of resonance wavelength.

The resonant RT structure allows operation with a 2.5 times
reduced operating voltage for transmitting an equal OMA as the plas-
monic MZM, which corresponds to afactor of 6 timesin lower driving
energy. To further improve the power efficiency, we have employed
differential electrodes co-designed for a balanced driver to reduce
the required voltage by a factor of two. Further, the short length
of the plasmonic phase shifter allows operation in an open circuit
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Fig.2|Devicerealization and intensity modulation characteristics of the
plasmonic micro-RT modulator. The single RT modulator fits into an area of
22 pm x 37 pm and exhibits on-chip losses down to 1.2 dB. a, Colour-enhanced,
cut-out microscopy picture of amicro-RT modulator realized on a standard
220 nm silicon-on-insulator photonic-plasmonic platform (left). The photonic
micro-RT cavity isimplemented with silicon (Si) waveguides (tinted green). In
the resonant feedback loop, the light is phase modulated within the gold (Au)
plasmonic slot waveguide. The nonlinear organic electro-optic (OEO) material
inside the slot is not shown. Colour-enhanced scanning electron microscopy
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picture of a plasmonic phase-shifter and PPC section (top) (right). A plot of

the cross section of the plasmonic slot with the sub-diffraction-limit confined
plasmonic mode profileis also shown (bottom). b, On-chip wavelength
transmission curves of RT 1device for applied constant voltages. IL, is the
insertion loss in the pass band, and ER is the static extinction ratio. ¢, Zoomed-in
view of the wavelength transmission curve in the linear scale with the operating
point for maximum OMA annotated. d, Intensity-modulated bandwidth of RT 1
device exceeds 110 GHz.

that reduces the required voltage requirements by another factor
of two™.

The large bandwidth has been enabled by keeping the photon
lifetime inthe cavity short enough to enable operation atbandwidthsin
excess 0f 200 GHz. This has been obtained by balancing the plasmonic
losses against the directional coupler coefficient and photonic section
length (discussed later). This alleviates the commonly encountered
bandwidth limitations in Si ring modulators. Furthermore, it allows
us to fully exploit the potential of the fast operation bandwidths of
plasmonic modulators®*%, They feature an ultrafast response due to
the Pockels effect®® and a minuscule parasitic capacitance.

Most importantly, the two-section approachin the feedback wave-
guide allows counterbalancing the negative thermo-optic coefficient
of the plasmonic phase shifter with the positive one of the photonic
waveguides, and animprovement of 1.5 orders of magnitude in thermal
stability over traditional Si MRMs is achieved.

Last, having short photonic feedback waveguides and nanoscale
plasmonic phase shifters allows for a very compact footprint with
an ~90 um circumference and clear path to scale for future WDM
capabilities.

Micro-RT modulators on the silicon plasmonic platform

We implemented the proposed devices on the 220 nm silicon-on-
insulator platform. Figure 2a (left) shows a microscopy picture of a
plasmonic RT modulator. Photonic silicon waveguides form the access
waveguides, directional coupler (coupler length L ,,,.,) and feedback
loop (micro-RT cavity). Figure 2a (right) shows a scanning electron
microscopy picture of a plasmonic phase-shifter section in the feedback
part: plasmonic gold electrodes (slotlength L) form an ~-100-nm-wide
slot. Itis filled with an nonlinear organic electro-optic material (not
shown). The organic material®’ provides the nonlinearity via the Pock-
els effect. The photonic mode in the silicon waveguides is converted

into the sub-diffraction-limit confined plasmonic mode propagating
between two gold electrodes with tapered plasmonic-photonic mode
converters (PPCs).

By choosing Leopier and Ly, it is possible to optimize the
device design. Designing the cavity to be undercoupled optimally
trades off both insertion loss and extinction ratio to reach the
maximum-transmitted OMA. Keeping the photonic feedback wave-
guide short (photonic length L ;,,) allows maintaining a bandwidth
in excess of 200 GHz at the same time. We include the parameter
space exploration in Extended Data Figs. 2 and 3. In contrast to con-
ventional Si MRMs, the critical coupling condition does not need
to be met; therefore, the design and manufacturing tolerances can
berelaxed.

We realized three devices (RT 1-3) around this maximum OMA
parameter space. All the devices fit into an area of 22 pm x 37 pm and
have ~90 pm circumference, compared with conventional Si MRMs
(ranging from ~15 pum (ref. *) to ~60 pm (ref. **)). The plasmonic slots
onour sample feature slightly increased losses: the PPClossis 1.0 dB,
and the propagationlossis 0.5 dB pm™. However, note that lower PPC
losses of 0.3 dB have already been demonstrated® as well as lower
plasmonic propagation losses of 0.38 dB um™ (ref. *). Larger-sized
contact pads connect to the gold slots and are contacted with
radio-frequency probes. For coupling light to the device, we use grat-
ing coupling structures with a loss of 2.5 dB per coupler. The on-chip
insertion losses (ILp;p) are as low as 1.2 dB. With 4 V,, driving voltage,
the devices achieve around ~29% of OMA, as shown by the measured
curves of device RT 1 (Fig. 2b,c). More data with the measured prop-
erties of all the three devices have been compiled in Extended Data
Figs.2and 3.

The intensity-modulated bandwidth has been found to exceed
110 GHz (Fig. 2d). It was measured at the 3 dB point into the right res-
onance (Fig. 2¢c, red dashed line). However, when investigating the
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Fig. 3| Thermal sensitivity and over-time stability of the three realized
plasmonic micro-RT modulator devices (RT 1-3). a, Resonance shift of the
plasmonic RT modulators (blue, red and yellow denote RT 1-3, respectively)
plotted against device temperature. The resonance shifts of the reference Si
MRMs are shown, too (black and grey; optimal view in the inset). The plasmonic
RTs feature amassively reduced resonance shift over those of Si MRMs. This shift
canalso be expressed by an eye tolerance, that s, the temperature range within
which the OMA (eye height) reduces at most by 10%. RT 1-3 offer eye tolerances
of9,12and 14 K, respectively. b, Plot showing the normalized OMA (eye opening)

300 min 330 min

of a100 GBd NRZ signal transmitted with RT 3 on a fixed-wavelength carrier
(1,561.25 nm) plotted over the device temperature. The 14 K operation range is
clearly visible, which constitutes a 28 times improvement over typical SiMRMs.
¢, Fixed-wavelength operation (1,562.7 nm) of RT 1 at an elevated temperature of
-85 °C without device-level thermal stabilization. The measured BER value stays
well below the hard-decision forward error correction (KP4-FEC) limit.

d, Transmitted eye diagrams at 100 GBd NRZ, -85 °C chip temperature and fixed
wavelength showing no degradation over time.

device’sbandwidthin the optical domain by observing the modulation
sidebands over frequency, a bandwidth of up to 176 GHz is revealed,
whereas simulations predict >200 GHz of bandwidth and +2 dB opti-
callyinduced peaking at higher frequencies (Extended Data Fig. 4).

Stable operation and temperature insensitivity

In conventional Si MRMs, the temperature of the cavity needs to be
accurately controlled to stabilize their ideal operating point. This is
due dosilicon’s strong thermo-optic effect (+2 x 10~ K™ (ref. *°)) that
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Fig. 4 |High-speed intensity modulation experiment with minimum

driving voltages. a, Two-, four- and eight-level data at complementary-
metal-oxide-semiconductor-compatible voltage levels (0.6 V,) are modulated
witha plasmonic RT device (RT 1) onto light froma laser source. After 100 m
transmission through the fibre, the incoming signal is received with a pre-
amplified direct detection receiver. The inset shows the measured optical
spectrum of the 220 GBd two-level data signal recorded with a 2.5 GHz resolution.
b, Eye diagrams and SNRs for 220 Gbps (2PAM at 220 GBd), 320 Gbps (4PAM at
160 GBd) and 408 Gbps (8PAM at 136 GBd) transmission are shown; all the BERs
are below the forward error correction limit. ¢, Vision drawing of a 1.6 Tbps
transmitter macro using four micro-RT modulatorsin series. Due to the inherent
WDM capabilities and high FSR, each micro-RT modulates its own laser light
(depicted as different colours) and may encode up to 408 Gbps (as demonstrated
here). This resultsin 1.6 Tbps transmission per spatial channel, immediately
enabling next-generation communication systems.

shifts the SiMRM’s resonance wavelength at ~-60 pm K™ (refs.'**). In this
study, we show that by using an organic material inside the feedback
loop of aresonator, we can effectively increase the operating-point
temperature stability of resonant modulators (Fig. 3a,b). Theimproved
thermal resilience is due to the negative thermo-optic coefficient of
organic optical materials* that counteract the silicon waveguide’s
effect. Also, owing to the material’s strong electro-optic coefficient,
moderate Q factors for the RT’s cavities suffice, which also improves
the operating-point temperature stability.

To quantitatively show that the plasmonic RT modulators have
animproved temperature tolerance by a factor of 18-28 over con-
ventional Si MRMs, we compared the three fabricated plasmonic RTs
against Si MRM reference devices?** (Methods), as shown in Fig. 3a.
For this, we introduce the eye tolerance in units of Kelvin as a figure
of merit to assess the temperature stability of a resonant modulator.
The eye tolerance measures to what extent a device’s temperature
is allowed to change before the transmitted OMA is reduced by 10%.

The plasmonic RT modulators achieve down to A, /FWHM =1.4% K™
(FWHM denotes the full-width at half-maximum) of normalized reso-
nance shift (RT 3). Thisresultsinal4 K eye tolerance window. Similarly,
RT 2 (10.0 um slot length) has a measured 12 K eye tolerance window
(Ad,./FWHM =1.7%K™),and RT1(7.5 pmslotlength) has a9 Kwindow
(AA,/FWHM =2.2% K™). The two Si MRMs exhibit an eye tolerance
window of less than 0.5 K. InFig. 3b, the normalized OMA of a100 GBd
NRZ signal transmitted with RT 3 at a fixed laser wavelength is plot-
ted over varying device temperatures, confirming the 14 K tolerance
window for amaximum of 10% reductionin the transmitted OMA. The
improved temperature tolerances can probably simplify the associated
temperature-control systems: a potential controller must only stabilize
thedevicestemperaturetoal4.0 Kaccuracy instead of -0.5 K, greatly
reducing temperature-sensing accuracy requirements and controller
regulation speeds.

Tuning of the resonance of a ring modulator to a particular
wavelength is often done by exploiting the thermo-optic effect in
combinationwith a heater. Thisis also possible with the presentimple-
mentation. For this, a heater can be added only to the silicon wave-
guides. Alternatively, for such alignment, amethod for post-fabrication
trimming could be used, as proposed elsewhere*.

Plasmonic RT modulators are also vastly more stable towards oper-
ation condition changes and hence any nonlinearities from self-heating
effects? are negligible: the measured modulator can handle 1.5 order
of magnitude change in optical power and 3.0 order of magnitude
change in applied electrical power to stay within the 10% eye toler-
ance limit (Extended Data Fig. 5). This again constitutes a substantial
improvement over its silicon counterparts, considerably simplifying
apotential multiwavelength transmitter design.

The organic material used in this study, Lightwave Logic’s Perki-
namine chromophore”, has also been investigated for its stability and
over-time degradation. A recent study shows that the electro-optic
materials offer a high glass-transition temperature (>170 °C) and a
decomposition temperature of >225 °C (ref. **). These temperatures
are far above the device’s operating temperatures and enable con-
stant performance over a long time. The material has been tested
for reliability in modulators for >5,000 h at 85 °C (ref. **). In addi-
tion to these data, in this work, we demonstrate high-temperature
operation for 330 min at a device temperature of 85°C withRT1to
observe any burn-in effects of the organic electro-optic material.
Performance degradation of organic electro-optic materials at higher
temperatures is typically observed to be the strongest at the begin-
ning of temperature exposure and saturates over time**¢, With the
330 minoperation test, we take a sample of the most critical period of
high-temperature operation lifetime of organic electro-optic modula-
tors. The device was operated with a100 GBd NRZ signal source and
was tested for the transmitted eye quality (Extended Data Fig. 6a).
Within the first 60 min, the expected burn-inis observed (Extended
Data Fig. 6b). Afterwards, the transmitted eye quality stabilized at
around abiterror rate (BER) of 107°. Even though the chip temperature
fluctuated slightly and the laser wavelength is constant, clear and
open eye diagrams were observed during the whole measurement
time (Fig. 3d). With these results and the >5,000 h in-device test**,
a strong indication for excellent long-term stability is given. How-
ever, note that high-temperature operation lifetime tests typically
require continuous operation for 2,000 h according to the GR-468
standard®; therefore, longer-term tests of the devices should be
included in future work.

High-speed transmission experiment

The transmission capabilities of the devices were investigated for appli-
cationinashort-reach scenario (Fig.4). Owing to the high bandwidths
of the plasmonic phase modulators and optimized resonator designs,
the plasmonic RT modulators presented here can transmit ultrahigh
linerateswithlow 0.6 V, driving voltages. To test the performance, an
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Table 1] Literature overview of geometric, resonance and data transmission properties of published resonant modulators

achieving >60Gbps
Type Reference Circumference FSR Qfactor V,.L Electrical Bandwidth Modulation Linerate Driving
(um) (nm) (Vpm) tuning (GHz) format (Gbps) voltage
(pmV™) (v,)
Plasmonic MRM 15 6 115 30 * 2,750 >115 2PAM 72 3.3
Si MRM 52 31 13 4,800 3,700 33 45 2PAM 60 0.8
APAM 100 1.25
Si MRM 53 31 20 3,000 * 33 55 APAM 160 12
SiRT 54 60 7 5,600 8,000 26 79 2PAM 120 *
4PAM 200 *
SiRT 24 60 7 5,600 8,000 26 67 DMT 301 *
Si MRM 55! 38 n 4,200 5,300 * 77 2PAM 128 04
4PAM 192 0.8
SiMRM 25 25 16 4,000 5,300 * 62 4PAM 240 0.9
TFLN Bragg 56 * * 200,000 * 15 60 2PAM 100 0.9
4PAM 100 0.9
Plasmonic RT This work ~90 7 ~700 150 >178 176 2PAM 220 0.6
4PAM 320 0.6
8PAM 408 06

The plasmonic RTs presented in this work achieve 1.7times improved data transmission speed (for intensity-modulated/PAM formats) with low 0.6V, driving voltage and a 2.2times increased

bandwidth over Si MRMs. TFLN, thin-film lithium niobate. Values denoted with * are not available.

arbitrary waveform generator (AWG) has been employed to generate
an electrical drive signal with a 0.6 V,, output voltage. This was then
fed to the devices under test (Fig. 4a). We used the AWG to generate a
220 GBd 2PAM, a 160 GBd 4PAM or a 136 GBd 8PAM signal, compris-
ing random bits that were pulse shaped. These were then transmitted
withthe RT 1modulator and successfully received witha pre-amplified
direct detection receiver after 100 mtransmission. We then used offline
digital signal processing (DSP) to assess the transmitted eye quality
(Extended Data Fig. 6¢c and Methods).

At the receiver, the 220 GBd 2PAM (line rate, 220 Gbps) signal
was received at an estimated signal-to-noise ratio (SNR) of 6.64 dB
(Fig. 4b, left). For this transmission, we measure a BER of 3.15 %1072,
which is below the 20%-overhead soft-decision forward error cor-
rection limit of 4.00 x 1072 (ref. ¥’). This symbol rate is on par with
the symbol rates used in record experiments with non-resonant
MZMs*** and confirms that our device overcomes the usual band-
width limitation of resonant modulators. When subsequently trans-
mitting a 4PAM signal at 160 GBd (line rate, 320 Gbps), the received
eye exhibits SNR of 11.60 dB (Fig. 4b, middle) and measured BER of
3.72 x1072. The maximum line rate of 408 Gbps (a 1.7 times improve-
ment over state-of-the-art Si MRM?*) was reached when transmitting
an 8PAM signal at 136 GBd with SNR 0f16.99 dB and BER 0f 3.79 x 102
(Fig. 4b, right).

We estimate the modulator’s energy consumption: transmitting
the 220 Gbps 2PAM signal requires 28.8 femtojoules per bit (f] b™);
320 Gbps 4PAMsignal, 16.0 f] b™'; and 408 Gbps SPAM signal,12.3f] b™.
When considering the total energy efficiency of a link, it should be
noted that off-chip optical and electrical components dominate. Thus,
for minimizing the total energy consumption, a full-system optimiza-
tion should be done’. However, the plasmonic RT modulators also
offer energy advantages: as they are almost purely capacitive loads,
the associated electronic drivers are expected to be more efficient
than for 50-Q-terminated modulators*®and the low optical losses save
inlaser power.

With the suggested plasmonic micro-RT modulators, future
1.6-Tbps-class needs can be met, be it for pluggable modules*’ or

emerging co-packaged optics’. By concatenating four appropriately
designed plasmonic RT devices on a single-bus waveguide (Fig. 4c
and Methods), a 1.6 Tbps WDM transmitter could be constructed,
offering vastly improved thermal stability to its Si MRM counter-
parts. The four devices can be implemented on a compact footprint
of just 22 um x 148 pm and could transmit 1.6 Tbps in a single spa-
tial channel. This amounts to over 500 Tbps mm™ of bandwidth
area density or 18 Tbps mm™ of bandwidth edge density, realiz-
able with three-dimensional integrated electronic drivers®. Such a
very dense and still thermally stable transmitter is highly desirable,
especially in chip-to-chip scenarios with rapidly changing thermal
loads>! or intra-datacentre communications". In these applications,
temperature-sensitive and bandwidth-limited resonant Si MRMs are
prevalently demonstrated today in combination with sophisticated
thermal controllers. We, hence, believe that the presented devices rep-
resent amajor step forward towards future electro-optic co-integrated
short-reach communication systems with theirimproved bandwidth
and stability.

Discussion

We have presented compact, resonant electro-opticintensity modula-
torsoperatingwitha 0.6 V, driving voltage and transmitting 220 Gbps
2PAM (at28.8 f] b™), 320 Gbps 4PAM (at 16.0 f] b™*) and 408 Gbps SPAM
(at12.3 f] b™) signals. They represent a major improvement over pre-
viously shown resonant Si MRMs in terms of bandwidth and thermal
operation ranges. Table 1shows asummary of previous state-of-the-art
resonant modulators: our devices offer a measured bandwidth of up
to 176 GHz with an operating temperature window of up to 14 K. The
plasmonic micro-RT modulators, therefore, offer more than 2 times
the bandwidth and 28 times larger operating temperature window
at very low on-chip losses of down to 1.2 dB and compact footprint
(22 pm x 37 um). Continuous 100 GBd operation at 85 °C is success-
fully shown without degradation of the organic material. Owing to
their inherent WDM capability, plasmonic micro-RT modulators can
be easily parallelized, paving the way for future datacom or compu-
tercom interconnects.
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Methods

Device design-space exploration

Here the micro-RT modulator’s transfer function from its input field
phasor E,,(¢) to the output phasor E,,.(¢t) follows the well-known trans-
mission matrix model for conventional microring cavities, as shown
inequations (3.7)-(3.9) inref.*” and reprinted here in the time domain
for convenience:

[ Eout(t) [ o JK] [ Ein (t) ] (1)
E® ] likollEw®]
Ep () = ael®OFg (t — Try), (¥)]

where 0 and k are the cross-coupling coefficients of the directional
coupler, which we assume to be lossless (|o]* + |k|* =1). We relate the
coupling coefficients o and k with the coupler length L .. by the
coupled-mode theory*® and verified it with separate measurements
with less than 7% error (Extended Data Fig. 7). Furthermore, a and
¢(t) are the accumulated field loss and field phase in the feedback
loop section, respectively. The plasmonic phase shifter modulates
theaccumulated phase ¢(¢t) over time. Finally, 7; is the roundtrip time
(-L.15fsfor the 7.5 pm device), which depends on the plasmonic (L ;s
and photonic (L) lengths. For time-dependent simulations, the
timestep is chosen as 1/20th of the roundtrip time, and 25 periods of
the lowest frequency of the applied signal were simulated.

For all the design-space explorations detailed here, we used
the following assumptions: V, L =150 V pum phase-shifter efficiency,
aps = 0.5 dB pm™ phase-shifter loss and a,pc = 1.0 dB photonic-to-
plasmonic coupler loss. All these values have been verified to closely
match with the measurements of separate photonic and plasmonic
cutback structures on the same chip at around 1,550 nm wavelength
and arereproducible with high yield. As the plasmoniclosses dominate
over the photonic or bending losses in the feedback loop, the losses
in the waveguides are neglected and the feedback attenuation can be
approximated as a (dB) = —2appc — psl 5. FOT the accumulated feed-
backphase, itholds ¢(¢) = TV(6)L 1,/ Vil + Py, Where V(¢) is the voltage
applied across the plasmonic slot and ¢, is the wavelength-dependent
zero-voltage feedback phase. For a given voltage-signal input, this
model, therefore, leaves the following parameters to tune: coupler
length Loy, Plasmonic slot length Lg,,, photonic length L., and
operating wavelength.

For comparing MZM and RT (Extended Data Fig. 1), we use the
above detailed model operated in the steady state for the plasmonic RT.
Forthe MZM, asteady-state model® is used with the same phase-shifter
assumptions and push-pull driving. The tunable parameters for the
MZM are the plasmonicslotlength L . and operating wavelength. We
perform Monte Carlo simulations on the model parameters of the RT
and MZM for over one million samples, simulate the corresponding
transmitted OMA and record the Pareto optimum values found for
each voltage swing.

For the design-space explorations shown in Extended Data
Figs.2and 3a,b,d, we use the above model operatedin the steady state
with 2V, driving voltage. As plasmonic modulators experience volt-
age doubling, this driving amplitude is close to the estimated driv-
ing conditions reported for high-speed measurements. For every
RT’S (Lgors Leoupter) tuple, the operating wavelength is chosen for the
maximum OMA on the blue side of resonance closest to1.55 pm wave-
length. Then, the reported ILy is the loss from the modulator input to
the highest-transmitted signal level, whereas IL,; is the loss from the
modulator input to the highest point in the neighbouring pass band
(Extended Data Fig. 2a). The reported ER, is the ratio between the
highest- and lowest-transmitted signal levels and the OMA is the dif-
ference in their optical powers. Maximizing the OMA is beneficial for
intensity modulation/direct detectionlinks asit balances ER,,and IL

as opposed to maximizing ER,, alone. The simple steady-state model
matches well with the measured IL,,/ER,,/OMA values of the realized
devices (Extended DataFigs. 2 and 3, indicated with stars). Asshownin
Extended DataFig. 2e,f, undercoupling the plasmonic RT is beneficial
for both OMA and reducing the modulator’s chirp.

We attribute the remaining discrepancy between the designed
wavelength (1,550 nm) and optimum operating wavelengths
(-1,560 nm) to somewhat worse-than-anticipated plasmonic losses
intheRT structures (a = 0.48 instead of 0.53) due to fabrication varia-
tions. Owing to the wavelength dependency in the directional coupler,
the optimum cavity-coupling state was then found at slightly longer
wavelengths. The small mismatch between the modelled and measured
OMA values can be attributed to the same effect.

The chirp of the modulator modelis simulated using equations (1)
and (2) in their time-dependent form fora50 GHz rectangular driving
signal. We select the same operating point as for the steady-state case
above. The reported ¢, - ¢, in Extended Data Fig. 2f is the phase dif-
ference of the RTs’ transfer functions at the one-bit (¢,) and zero-bit
(9,) levels.

The achievable free spectral range (FSR) with the plasmonic
RT cavity for different plasmonic (L) and photonic (L) lengths
are plotted in Extended Data Fig. 3a. Large FSRs of ~900 GHz can be
obtained, which are enabled by the small cavity length. Measured
and simulated values match well. The simulations in Extended Data
Fig.3b show that the choice of photoniclength (L ;) hasnoimpacton
the OMA; however, a proper choice of the plasmonic slot length (L)
is paramount for a large OMA. Note that the simulations in Extended
Data Fig. 3 have been made for cavities in the critical coupling case
where the maximum OMA is 27% at best. For a cavity in the optimum
undercoupled case, 32% may be expected (Extended Data Fig. 2e).

The simulated achievable optical 3 dB bandwidth as a function
of different plasmonic (L) and photonic (L) lengths is plotted
in Extended Data Fig. 3c. Evidently, bandwidths in excess of 200 GHz
can be found for the parameters of the cavity designs of RT 1-3. For
deriving the bandwidth, we used the time-dependent model equations
above with a timestep of 1/256th of the roundtrip time and a simula-
tion length of 2,500 roundtrips for enhanced precision. The optical
3 dB bandwidth was then found by analysing the Fourier transform
of the intensity of the modulator’s output signal. As an excitation
signal, we employed a Kronecker delta function with a peak voltage
of 0.1V. The carrier wavelength was set to the 3 dB point into the
closest resonance at around 1,550 nm wavelength. Note that above
Lo =19 pm, the cavity’s bandwidth is ‘infinite’ as no frequency gets
attenuated more than 3 dB and the bandwidth definition cannot be
applied anymore. We expect the cavity bandwidth to be the limiting
factor of the whole device, as plasmonic phase modulators them-
selves have bandwidth limits far above (>500 GHz (refs. **)) any
cavity limits.

For Q-factor simulation (Extended Data Fig. 3d), we used the above
detailed model in the steady state and applied equations (7) and (18)
from ref. . For simplicity, we simulated the Q factor at the critical
coupling condition, leading to slightly higher total cavity loss aothan
in the realized undercoupled RTs. Hence, we observe slightly higher
Qfactorsinthe measured devices than predicted from simulations.

Device fabrication

The plasmonic RTs were fabricated inatwo-step approach. First, all the
photonic components were manufactured on a silicon-on-insulator
wafer with a 220-nm-thick silicon device layer. The photonic compo-
nents (fibre-to-chip grating couplers, directional couplers and wave-
guides) were structured using dry etching. A silicon dioxide cladding
is deposited on top of the silicon waveguides to allow for a metallic
connectivity layer above the photonic layer. Note that all the photonic
components are compatible with available standard silicon photonics
processes.
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Then, in the second step, the plasmonic metal-insulator-metal
slotand modulator are fabricated inaback-end-of-line process froma
130-nm-thick gold layer. Electron-beam lithography was used as the pat-
terning method for the fabrication of prototypes. For higher-volume
manufacturing, note that optical lithography tools exist with the
required resolution to pattern the nanostructured plasmonics®°.

The plasmonic slots are then filled and activated with Light-
wave Logic’s Perkinamine chromophore series 3 (Perkinamine 3 is
a trademarked proprietary chromophore electro-optic organic
material developed at Lightwave Logic). This organic electro-optic
material features a high glass-transition temperature of >170 °C,
greatly enhancing the stability of the device, and an electro-optic
coefficient of r;; =148 pm V! was measured in bulk®. The chromo-
phores are applied by spin coating from an organic solvent. This hybrid
approach of organic materials, plasmonics and silicon photonics
allows the scalable integration of high-performance materials on the
mass-manufacturable silicon platform.

In the final step, the chromophores were aligned by an electric
poling field: this one-time process step forces the organic molecules
to align parallelly to the electric poling field. In the case of plasmonic
waveguides, the poling field, electrical driving field and optical elec-
trical field align orthogonal to the gold electrodes. This way, the most
efficientalignment of the molecules with the electrical field is achieved,
gaining the largest Pockels effect (r5;). Note that after the one-time
poling by the electric field, no further poling field or constant d.c.
biasisrequired.

Electrical-to-optical S21and d.c. characterization

The realized devices were characterized with light from a tunable
laser sourceinthe C band (Keysight 8164B). The lightis coupled to the
device-under-test’s grating couplers using a polarization-maintaining
fibrearray unitat~2.5 dB coupling efficiency per coupler (at-1,560 nm).
The spectra were recorded with an optical power meter at the output
(Keysight N7744A) with 0.2 dB measurement uncertainty. Steady-state
ER/IL/OMA have been determined in the OMA-maximized working
point with insertion-loss scans® when applying +2 V, . to the plas-
monic phase shifter. The coupler and waveguide losses have been
de-embedded using separate photonic cutback structures onthe same
chip. The phase-shifter efficiency V,L was determined with theinduced
resonance shifts in the spectra. The three realized devices follow the
modelled numbers well (Extended Data Figs. 2 and 3).

For determining the intensity-modulated bandwidth (Fig. 2d), two
single-tone sources were used with a 67 GHz radio-frequency probe
to contact the device: in the range from 200 MHz to 70 GHz, a signal
generator (Agilent E8257D) applied -10 dBm signals. In the range from
1.7 GHz t0 110.0 GHz, intermediate-frequency generation by beating
two laser wavelengths ina 70.0 GHz photodetector (u2t XPDV3120R)
was used ataround -16 dBm at device power. We assessed the intensity
modulation strength of RT 1device by coupling light at the operating
point (Fig. 2c) into the device and receiving the modulated output with
a145 GHz photodetector (Fraunhofer HHI) attached toa110 GHz elec-
trical spectrum analyser (Keysight N9041B) with an~0.25 dB amplitude
uncertainty. We de-embedded each source’s output-power variations
from the recorded spectra. For the intensity-modulated bandwidth
simulation, the above detailed time-dependent model was used, and
the spectral power was analysed after Fourier transformingits output.
Inneither measured nor simulated dataset, any bandwidth limitation
below 110 GHz s visible.

The intensity-modulated bandwidth could be analysed only up
to the equipment limit of 110 GHz. To alleviate this, we generated
single-tone frequencies from 10 to 180 GHz and recorded the gener-
ated upper and lower optical sideband powers with an optical spectrum
analyser (Yokogawa AQ6370C) with ~0.1 dB uncertainty. For signal gen-
eration up to 180 GHz witharound O dBm at the device, we used similar
methods as detailed in our earlier work®2, For de-embedding the cable

losses, we recorded the optical sidebands of a pure plasmonic phase
shifter with the same methods on the same chip, which we expect to
have aflatfrequency response. This assumptionis realistic as multiple
plasmonic phase shifters have been measured to exhibit bandwidths of
more than170 GHz (ref. %) as well as more than 500 GHz (ref.?), includ-
ing contact pad effects. For the simulated results, we follow the same
procedure asinthe intensity-modulated bandwidth simulation above.
Asshownin Extended DataFig. 4, the asymmetric sideband generation
(a well-known fact in the literature regarding resonant modulators;
for example, ref. ?*) follows the simulated values well. However, the
recorded data exhibit some noise in the higher frequencies. Due to this
noise, we report a measured bandwidth of176 GHz for the RT 1device
inits 0 dBIL operating point (3 dB point, 126 GHz; 6 dB point, 90 GHz).
Weexpectthe other devices to exceed these bandwidths as they feature
even more reduced photon lifetimes due to longer plasmonic slots.

Temperature sensitivity measurements

Thethermal behaviour of the realized plasmonic RTs and compared Si
MRMs was investigated by heating up the chip with a Peltier element
whereaPT1000 resistor measured the temperature of the chip-holder
surface. A software-based control loop was used to stabilize the tem-
perature of the chip holder. The device’s temperature matches the
chip-holder surface well; radiation and convection losses were found
tobenegligible. The spectraat different temperatures for all the inves-
tigated devices were then recorded® with the tunable laser source
(-5 pmwavelength uncertainty) and optical power meter. The recorded
spectrawere post-processed by fitting a Lorentzian to the resonances
to enhance precision. The resonance shifts were then normalized to
each device’s FWHM to draw the curves shown in Fig. 3a. The three
plasmonic RT devices’ FWHM values are 312 GHz (RT 1), 383 GHz (RT
2) and 352 GHz (RT 3).

As abaseline for comparing the presented plasmonic RT devices
(Fig. 3a and Extended Data Fig. 5), we selected two available Si MRMs
realized in an electronic—photonic co-integration platform®. SiMRM
device1(black curves) hasa Qfactor of 18,800 and 13.6 GHz FWHM*,
Si MRM device 2 (grey curves) has a Q factor of 8,400 and 30.4 GHz
FWHM?®*, Note that similar designs to these devices are being com-
mercialized today” and hence serve well for comparison.

To compare the temperature sensitivity of the investigated reso-
nant modulatorsin afair way, we use the 10% eye tolerance window as
afigure of meritinthisstudy. Itis defined asthe range within which the
modulator’stemperature is allowed to change before the transmitted
eye height (that is, the OMA) is reduced by 10%. Normalizing the tem-
perature shiftsby the FWHM allows for an easy deduction of the10% eye
tolerance window: a10% normalized shift roughly corresponds to10%
reduced OMA dueto the Lorentzianshape of the involved spectra. The
10% limitis somewhatarbitrarily chosen but serves well for comparison.

InExtended DataFig. 5, we compare RT 1and the two SiMRMs with
respect to the operation condition changes, namely, applied optical
power (leading to cavity self-heating) and applied electrical power
(leading to ohmic heating in parasitic resistances). For this analysis,
the applied optical and electrical powers were varied for each device
and the corresponding resonance shifts were recorded. The resonance
wavelengths at room temperature, -15 dBm optical input power and
no driving power serve as the zero-shift calibration. The plasmonic
RTs offer a 1.5 order of magnitude tolerance range regarding optical
powers to stay within the 10% eye closure limit. We attribute this to
the fact that most of the optical power is dissipated in the plasmonic
slot with the negative-thermo-optic-coefficient organic material. Also,
the plasmonic RTs offer a three orders of magnitude tolerance range
regarding electrical powers to stay within the limit. We attribute this
to the very low parasitic resistances of the Au slot metals compared
with the parasitics in the p—n junctions of Si MRMs. The plasmonic
RTsare vastly more stable regarding the optical and electrical applied
power than Si MRMs.
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The modulators have been operated at up to 7.5 dBm on-chip
in-waveguide optical power (10 dBmtoinput grating) and up to13 dBm
at the probe-tip electrical power without any noticeable decrease in
transmission quality.

Operation at elevated temperatures

The measurement setup for the heated eye tolerance investigation
(Fig. 3b) and long-term operation (Fig. 3¢,d) is shown in Extended
Data Fig. 6a. We place the device in an inert atmosphere and use the
Peltier element to heat the device. The Peltier element was slightly
warmer than the device (-1.1times) due to contacting the device with
an electrical probe. We generate a100 GBd NRZ random data signal
(Micram DAC4;100 gigasamples per second (GSa s™); 40 GHz analogue
bandwidth) and apply it to the device withan estimated 13 dBmdriving
power at the probe tips. We modulate the data onto a -3 dBm carrier
andreceiveitwithadirect detection receiver setup: anerbium-doped
fibre amplifier, followed by a70 GHz photodiode (u2t XPDV3120R) and
256 GSa s, 113 GHz oscilloscope (Keysight UXR1104A).

In Fig. 3b, we transmitted the 100 GBd NRZ signal on the
constant-wavelength (1,561.25 nm) carrier. We directly measured the
transmitted OMA in the recorded one-million-samples-long signal
without applying DSP. Due to setup drift, the fibre-to-chip coupling
wasre-optimized after every chip temperature change. The difference
between two Lorentzian curves, as a model for the OMA, was used to
fit the data.

For the long-term measurement (Fig. 3¢,d), one million samples
wererecorded with the oscilloscope approximately every 70 sand the
optical coupling was realigned every 10 min due to setup drift with a
10% tap of the signal routed to the optical power meter. We used mini-
mal offline DSP on the sampled signal consisting of timing recovery, a
15-tap T/2-spaced equalizer to correct the limited bandwidth of the sig-
nalsource anderror counting. After switchingonthe carrier and driving
power, the device was left for aburn-in period of 60 min after which the
performance settled (Extended DataFig. 6b). The temperature curvein
Fig.3cshows the measured chip-holder surface temperature, whichwas
found to match well with the device temperature, as discussed above.
The eye diagrams were generated by 256-fold upsampling after DSP.
The standard deviation of the oscilloscope recordings for the five eye
diagramsare11.3,11.5,12.1,13.0 and 12.2 mV (Fig. 3d, from left to right).

High-speed transmission experiment

The measurement setup for transmitting the high-speed signals with
the plasmonic RT device is shown in Extended Data Fig. 6¢. We use a
256 GSas™, 70 GHz AWG (Keysight M8199A) to differentially drive the
RT 1device®. The single-ended driving voltage was 0.6 V, measured
into 50 Qin all the reported measurements and does not include the
roll-off of the used probe (-2.1 dB at 67 GHz). The driving voltage is
expected to approximately double at the almost purely capacitive load
of a plasmonic slot. We couple light at around 1,560 nm wavelength
to the device (10 dBm in the fibre before chip) and after transmis-
sion, through 100 m SMF-28e+ optical fibre, receive the modulated
light with a pre-amplified direct detectionreceiver: an erbium-doped
fibre amplifier, 145 GHz photodiode and 256 GSa s™ oscilloscope.
The wavelength was adjusted to maximize the received modulated
signal power.

The transmitted signals were randomly generated offline before
loading into the AWG memory: the 220 GBd 2PAM signal was pulse
shaped with a 0.15-roll-off square-root-raised-cosine filter (160 GBd
4PAM, roll-off of 0.60; 136 GBd 8PAM, roll-off of 0.85). After receiving
the 220 GBd 2PAM signal, we used a matched filter, timing recovery, a
151-tap half-sample-spaced linear feedback equalizer followed by non-
linear pattern mapping of length 7 before assessing the signal quality.
Afterreceiving the 160 GBd 4PAM and 136 GBd 8PAM signals, we used
amatchedfilter, timing recovery, a third-order Volterraequalizer (with
255,55and 15 taps per order) followed by a 555-tap full-sample-spaced

linear feedback equalizer before assessing the signal quality. The pre-
sented eye diagrams were generated by 256-fold oversampling after
DSP. The standard deviation of the oscilloscope recordings for the
eye diagrams are 15.3 mV (220 GBd), 19.7 mV (160 GBd) and 17.0 mV
(136 GBd).

The stated modulator energy values are calculated using a con-
servative estimation of 5 fF as the modulator’s electrical capacitance
based on previous studies'>**and we follow the reasoning discussedin
another work®’ for calculating the energy efficiency itself.

Future improvement possibilities

The4AWDM macro (Fig. 4c) iswithin reach with the demonstrated tech-
nology. The following paragraph describes the near-future expected
progress necessary for its realization: the plasmonic slot fabrication
technology canbe optimized—plasmoniclosses down to 0.38 dB um™
have already been demonstrated®. With an optimized design, PPC
losses down to 0.27 dB have already been shown™, Relying on dedicated
manufacturing equipmentinstead of amultiuser cleanroom for fabri-
cationis expected to reliably offer these lower losses. Furthermore, a
moderateincreasein electro-opticactivity of the organic materialtoa
phase-shifter efficiency of 100 V umis possible by further optimizing
the organicelectro-optic polymer for applicationin plasmonic devices,
changing the operating wavelength, exploiting higher nonlinearities
in electro-optic polymers or applying ferroelectric nonlinear materi-
als”. Note that a higher phase-shifter efficiency allows reducing the
plasmonic section length, which again reduces optical losses. Then,
the device with Ly, and L, in micrometres exhibits a 35% OMA (at
1.50 dB ILyp and 3.00 dB ER,) with just 0.05 dB IL,; excess losses and
FWHM of 1.8 nm. The device’s Q factor would be slightly increased to
-850, which still does not impose any bandwidth limits to the system.
Finally, by minimizing the length of the photonic section (L, ~ 40 pm)
by optimizing the device layout and including a curved plasmonic
slot®®, one can easily reach an FSR value of over 10 nm, permitting the
realization of the said device. With this, plasmonic optics to transmit
1.6 Tbps on a single spatial channel is possible, as well as maintaining
the advantages of a plasmonic RT modulator such as high bandwidth
and improved thermal stability.

Data availability
The measured and presented datasetsin this study are available from
M.E. or].L.uponreasonable request.

Code availability

The evaluation scripts and employed models are available from M.E.
orJ.L. upon reasonable request. Measurements in this study have
beenrecorded with the free and open-source laboratory automation
software LabEXT, whichis available via GitHub at https://github.com/
labext/labext (ref. ).
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Extended Data Fig. 1| Comparison of plasmonic racetrack modulators and
conventional plasmonic Mach-Zehnder modulators for intensity modulated used (1.0 dB plasmonic-photonic-coupler loss, 150 Vum phase shifter efficiency
transmission. The racetrack structure achieves a 2x improved optical intensity
modulation amplitude over the Mach-Zehnder structure which equivalently
meansa 2.5x lower driving voltage and hence a 6x reduced modulation power

Voltage Swing [V]
consumption. For this comparison, measured plasmonic-slot properties were

and 0.5 dB/pm plasmonic loss), in conjunction with a Monte-Carlo simulation
sampling operating point and geometric properties for each structure
individually, see Methods.
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Extended Data Fig. 2| Extended design space exploration plots for coupler for maximum OMA. e The best achievable OMA for any choices of plasmonic slot
(Lcoup]er) and plasmonicslot (L) length. We use 2 V, peak driving voltage and coupler length. Note that the best OMA is not reached where the extinction
and annotate modelled and measured modulation properties for the three ratio is maximum. The best OMA values are found for plasmonic RT modulators
implemented devices RT 1,2 and 3.a Exemplary transmission curves of a withundercoupled cavities. fInduced phase shifts (chirp) accumulated during a
plasmonic RT modulator, defining the key properties of a resonant modulator. switching process. Note: Coupler lengths of -7 pm and ~14 pm correspond to a
b,c,d The static insertion loss in the passband (IL,g), the modulation extinction 50% respectively a100% power transfer.

ratio (ER,p), and modulation insertion loss (ILp) at the operating point optimized

Nature Photonics


http://www.nature.com/naturephotonics

Article

https://doi.org/10.1038/s41566-023-01161-9

LY

Free Spectral Range (FSR)

A =1.55um 1.35
E 1.25
2 1.15
2
S 105 §
< 0.95 &
g model: 0.88THz 085 %
- . 0.89TH model: 0.90THz B
£ [nees & meas.: 0.92THz | KAE
S 0.65
2
£ EE—— Y 0.55
L 0.45
0 5 10 15 20
Plasmonic Slot Length Lgjot [um]
c Photon-lifetime Induced
3dB-Bandwidth of Cavity
S
2 140 IR 500
5 model at critical coupling 425
2 120 _
3 350 N
£ [O)
= o,
S 100 model: 172GHz 275 3
- .+ >110GH. o<
° IS ? model: 230GHz fi| AU
S 80
s model: 206GHz y 125
& 60 )

0 5 10 15 20
Plasmonic Slot Length Lgjot [um]
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> 0.890 THzFSR, allowing for WDM operation. b Maximum achievable OMAs.
The OMA does not depend on the photonic length which allows for miniaturizing
the devices without compromising the modulation properties. ¢ The optical 3 dB
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seen that bandwidthsin the order of 200 GHz can be achieved for plasmonic RT
modulators with plasmonic lengths of around 10 pm that also deliver largest
OMA, c.f.Extended Data Fig. 2e. The modelled and measured values of RT 1-3 are
annotated. d Q-factors modelled for different choices of photonic and plasmonic
lengths. The Q-factors of modulators RT 1-3 are annotated. Note: All simulations
have been performed for a cavity in critical coupling conditions. In practice, the
OMA for an undercoupled cavity design is better (32%) than the one stated here
for the critical coupling cavity (27%), c.f. Extended Data Fig. 2e. The discrepancy
between measured and simulated Q-factors is attributed to the same fact.
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Improved Resilience against Operating Condition Changes and Self-Heating
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Extended Data Fig. 5| Stability of the plasmonic RT modulators regarding
operating condition changes. The RT 1device (and the Si MRMs for
comparison) have been subjected to changing operating conditions. The RT
exhibits a vastly improved resilience over the reference SiMRMs. The y axes show
the normalized resonance shift (see Methods) and the annotated m-values are
the slopes of the linear regressions in the log-log plots. a The plasmonic RT can
handle alorder of magnitude change ininput optical power for staying within
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the 10% OMA reduction (=10% eye closure) limit. This means that self-heating
effects are almost negligible in these devices. The optical power is in-waveguide
before the device. b Within the same 10% limit, the plasmonic RT can handle 3
orders of magnitude change in driving signal power. The applied radiofrequency
(RF) signal is a single-tone 10 GHz sinewave, the frequency of which is below the
3 dBbandwidths of allinvolved devices.
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Extended Data Fig. 6 | Measurement setups for data transmission observed. After the initial 60 minutes of burn-in time, no change in transmission
experiments and burn-in datafor the heated long-term operation. a quality was observed, c.f. Figure 3c. ¢ Schematic of the testbed for highest-speed
Schematic of testbed for data transmission at elevated temperatures. b Burn-in datatransmission, c.f. Figure 4 and Methods. TEC is Peltier element, DSO is
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Extended Data Fig. 7 | Loss contribution measurement and simulationforthe  thechip (blue dotted line). Furthermore, we estimate the values of o (red circles)
Lo =7.5 pmdevicewitha L, per =8 pmcouplerlength (RT1).aistheloss  and a(yellow squares) from the passive spectra of the plasmonic RT with the
inthe optical feedback path (mainly plasmonic losses), gis the straight-coupling method described in ref. . The undercoupling of the design is clear as a < gin the
coefficient of the directional coupler. We simulate the value of o by coupled range of the shown wavelengths.

mode theory*® (black solid line) and we measure it with a dedicated structure on
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