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Abstract—Emerging communication applications anticipate a photonic roadmap leading to ultra-compact photonic
integrated circuits. The objective is to design integrated
on-chip electro-optic modulators EOMs that can combine
both high modulation efficiency and low switching energy.
While silicon-based EOMs have been demonstrated, they
have large device footprints of the order of millimeters as a
result of weak non-linear electro-optical properties. By deploying a high-Q resonator the modulation strength can be
increased, however with the trade-off of bandwidth. Here we
review some of our recent work and future prospects of hybrid plasmonic EOMs. We demonstrate a high-performance
ITO-EOM in a plasmonic silicon-on-insulator (SOI) hybrid
design. Remarkably, results show that an ultra-compact (3m)
hybrid EOM deploying enhanced light-matter-interactions
LMIs is capable of delivering an extinction ratio (ER) of
about 1 dB/nm. This is possible due to a change of the ITO’s
extinction coefficient by a factor of 136. Furthermore, a metric to benchmark electro-absorption modulators is provided,
which shows that silicon plasmonics has the potential for

high-end switching nodes in future integrated hybrid photonic circuits.
Index Terms—Silicon Nanophotonics, light-matter-interaction, ITO, plasmonics, MOS.

1. Introduction

The ever-growing demand for higher data bandwidth and
lower power consumption has made photonics one of the
key drivers in global data communications. The success and
on-going trend of on-chip photonic integration anticipates
a photonic roadmap leading to compact photonic integrated components and circuits [1]. The ongoing research aim
is to demonstrate an on-chip, ultra-compact, electro-optic
modulator without sacrificing bandwidth and modulation
strength [2]. Because of the weak non-linear electro-optical
properties of silicon-based EOMs, such architectures require
large device footprints of the order of hundred micrometers
to millimeters, which fundamentally limits performance
improvements, integration density, and cost benefits [3–
4]. Silicon photonics, in particular the Silicon on insulator
(SOI) platform, has been proven to be
an excellent candidate for on-chip integration due to low optical losses of
SOI
Plasmonics
Silicon in the near IR spectral region
and process synergies to CMOS manufacturing (left Fig. 1). However the
diffraction limited optical SOI mode
results in weak LMIs, which leads to
bulky and low-performing EOM devices. Plasmonics, or metal optics, however, offers optical mode sizes down to a
fraction of the diffraction limit; these
SiO2
field enhancements can be utilized to
550 nm
boost optical non-linear effects such as
electro-optical modulation (right Fig. 1).
However, the ohmic loss of metals in
• Low Loss
• Strong Modulation (LMI↑)
the plasmonic design often hinders real
• Standard Processing Platform
• Metal = Electrical Contact
applications. In our research, we focus
• CMOS
• Ultra-Fast Phenomena
on deploying a plasmonic hybrid mode,
Figure 1. In this paper we focus on a hybrid integration technique by combining the which is a metal oxide semiconducestablished low-loss, CMOS compatible Silicon-on-Insulator (SOI) with light-matter- tor (MOS) type mode that offers deep
enhancing (LMI) plasmonics, which allows synergistic design via multi-functional utili- sub-diffraction limited mode sized
down to m2/400 while still maintaining
zation of the deployed metal.
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relatively long propagation lengths.
Classical photonic devices typically
Active Device (e.g. a Signal Modulator)
utilize high quality (Q) factor cavities
>200 μm
[5–6]. Challenges arise due to narrow
fabrication and operation tolerances
Vbias Phase Shifter
Pure Photonics ~100 μm
and long photon lifetimes. These conditions limit the modulation bandwidth
Optical Input
Modulated Output
to the GHz range for cavity Q’s in the
10–100 k range, respectively. As a result, high-Q architectures are somewhat
impractical for on-chip designs. On the
HPP Active Area
Hybrid Photonics
other hand, strong optical confinement
can significantly enhance weak optical
SOI Waveguide Input
nonlinearities. For instance, recent ad~5 μm
vances in plasmonics (i.e., metal-optics)
have revealed the potential of metallic
200 μm
nanostructures to bridge the lengthHPP Light Manipulation Node
scale mismatch between diffractionlimited dielectric optical systems and
nano-scale on-chip opto-electronics
Hybrid Photonic
[7–9]. As such, plasmonic devices with
Integrated Circuit
a sub-wavelength footprint, strong
~100 μm
LMI, and potentially high bandwidth
could play a pivotal role if combined
with an SOI platform (Fig. 1).
Photonic Waveguide
One of the most important design
e.g. SOI or InP
choices for an EOM is the underlying optical waveguide. With the aim of enhanced
LMIs, there are a number of plasmonic Figure 2. Shows the miniaturization of the Photonic circuitry with the introduction
waveguides to choose from. However, of hybrid photonics, (a) using pure photonics a signal Modulator has a dimension of
many plasmonic waveguides have a fun- around 200 nm and 100 nm (L × W), however using Hybrid photonics the same modulator size reduces to 5 nm, (b) shows a Hybrid photonic integrated circuit (IC) having
damental trade-off between their mode
same 200 nm to 100 nm (L × W) dimension shown in part (a) with 24 signal modulators
confinement capability (i.e. LMI enhance- in the IC.
ment) and propagation length.
However, among these plasmonic waveguides, the hybrid
advantages offered by SOI. Compatible with CMOS technology,
plasmon (HP) waveguide is found to be superior [13–15]. This
SOI fabrication infrastructure is highly accurate and mature,
hybrid approach of combining the dielectric waveguide mode
leading to a robust, high yield and reproducible technology and
and surface plasmon mode has been proposed and demonstrathence performance. Since photonic integrated circuits (PICs) on
ed to achieve sub-wavelength confinement and long propagathe SOI platform have been fabricated up to 12-inch wafers, this
tion distances [14], [16–17]. Quantitatively speaking, the HP
platform allows for integration of economy-of-scale [29].
waveguide offers sub-wavelength mode confinement signifiAnother important consideration in the design of an EOM is
cantly below the diffraction limit, (i.e. 1/50th of the diffraction
the selection of the optical active material. Novel emerging malimit), while maintaining propagation distances in the tens of
terials with high-modulation capability have been demonstrated
micrometer range. Although the HP waveguide is superior comfor EO applications in this paper [21], [22]–[24]. For instance,
pared to other plasmonic waveguides, its propagation length is
the class of transparent conductive oxides (TCO), such as the
still shorter compared to conventional dielectric waveguides
utilized Indium Tin Oxide (ITO), have been found to allow for
[13–18]. Here, the results and the argument suggest that sepaunity index changes [19, 20, 25], which is 3–4 orders of magnirating the on-chip waveguide selection for passive data routing
tude higher compared to classical EO materials, such as Lithium
from that of active light manipulation (i.e. EO modulation) can
Niobate [22, 23, 24]. Thus, ITO is a prime candidate for EOM
be accomplished by a passive SOI platform, while the latter can
designs primarily due to its extraordinary electro-optic properuse a plasmonic mode forming a hybrid integration scheme
ties which will be discussed in following section.
[18]. This concept is shown in Fig. 2. With classical photonics
utilizing weak LMIs leading to large footprints (Fig. 2(a)) con2. Device Design
sistent with the ongoing trend for miniaturization of photonic
Fig. 3(a) displays a schematic of our EAM design, which concircuitries, Fig. 2(b) sketches a 3 # 8 switching fabric deploying
sists of an SOI waveguide and an ITO-SiO2-Au stack on top.
compact and efficient hybrid plasmonic elements. Restating, the
This specific configuration of materials forms the aforemenconcept of this research is to not abandon SOI, but to use the best
tioned plasmonic HP mode and the Metal-Oxide-Semiconducfrom both systems to design a smarter system, due to the many
tor (MOS) capacitor, with the accumulation layer occurring at
December 2013
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Figure 3. (a) Schematic of the EAM design, consisting of an ITO-SiO2-Au stack integrated on top of an SOI waveguide. When an
electrical voltage bias is applied to the MOS capacitor, an accumulation layer is formed at the ITO-SiO2 interface, increasing the
ITO’s carrier density which raises the extinction coefficient, l, leading to increased optical absorption (Voff ). (b) Electric field density
across the active MOS region of the modulator. The peak electric field density across the MOS mode coincides with the active ITO
layer resulting in strong absorption. (c) Scanning electron micrograph of the silicon waveguide integrated modulator. A continuous
wave laser (m = 1310 nm) is coupled into the SOI waveguide via grating couplers and then modulated via an electrical voltage bias
across the MOS capacitor (L = 3m). (d) The modulator performance yields an extinction ratio of –5 and –20 dB for device lengths of
5 nm and 20 nm, respectively [20]. This record-high performance is attributed to the enhancement of the electro-absorption by the
plasmonic MOS mode and ITO’s ability to change loss by orders of magnitude.

the ITO-SiO2 interface when a voltage bias is applied between
the Gold and Silicon (Fig. 3(c)). Notice that this synergistic
design allows for the triple use of the metal contact, namely,
(1) to form the HP mode, (2) to act as a heat sink, and (3) as
an electrical electrode transporting the electrical data to the
EOM gate, thus enabling ultra-compact designs. In addition,
the overall length of the MOS stack is a mere a3m, which is
several orders of magnitude smaller compared to photonic
devices. This compact device size can be achieved due to (1)
ITO’s ability to dramatically change its extinction coefficient
(the imaginary part of the refractive index), and (2) the good
overlap between the MOS mode and the active ITO material
[20]. This strong overlap is clearly highlighted in Fig. 3(b),
which depicts the electric field density across the active MOS
region of the modulator. Notice that the peak of the electric
field intensity across the MOS mode coincides per design directly with the area of the active ITO layer. Thus, when an
electrical voltage bias is applied across our MOS capacitor, it
forms an accumulation layer at the ITO-SiO2 interface, which
in turn increases the ITO’s carrier density and, consequently,
raises ITO’s extinction coefficient, l. This l-increases controls the optical absorption (i.e. the OFF-state) via Bear’s law,
T(V) = Te–aL, where T is the transmission, a is the absorption
6
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coefficient, and L is the device length. The modulator DC performance results with respect to modulation depth are depicted
in Fig. 3(d). We were able to experimentally obtain an extinction ratio of –5 and –20 dB for device lengths of 5 and 20 nm,
respectively [19]. This record-high 1 dB/nm extinction ratio
is possible due to the combination of the plasmonic HP mode
enhancing the electro-absorption of the ITO and ITO’s ability
to change its extinction coefficient (l) by multiple orders of
magnitude when applied with an electric field. This change in
l stems from an increase in the carrier density in the ITO film
(by a factor of 60) due to the formation of the accumulation
layer in the MOS capacitor, which was verified via electrical
metrology tests and an analytical model matching the experimental data. Notice, that no modulation was observed when
the ITO layer was omitted, implying that ITO is indeed the
active material in our EAM device.

3. Low On-Chip Insertion Loss
The two insertion loss contributions in this device are quantitatively depicted in Fig. 4(a); (1) a device length independent
loss originating from the SOI-MOS mode coupling indicating
a signal intensity drop as light enters and exits the plasmonic mode, and (2) a device length dependent loss originating
December 2013

Insertion Loss (dB)

from the plasmonic HP mode of the
device. However, despite the aforemenSOI
Mode type:
SOI
Plasmonic
tioned loss contributions, the insertion
loss for the 3m long device was found to
be merely 1 dB. This low loss can be atSignal
tributed to a few factors; first, there is
Intensity
a small impedance mismatch between
the SOI waveguide bus and the MOS
device section. Secondly, the remaining
Au
loss stems from the light propagation
in the plasmonic mode, which is device
length dependent (Fig. 4(a)). Applying
Silicon
the cut-back method, the loss values can
be fitted to a linear regression, where the
(a)
slope gives the plasmonic MOS propagation loss, which was found to be approximately 0.14 dB/nm (Fig. 4(b)).
0
Data
Furthermore, the y-intercept of the
-2
Fit
data fit indicate a 0.25 dB loss from the
SOI-MOS per coupler originating from
-4
significant portion of the MOS’s mode
field intensity residing in the silicon
-6
core, hence explaining the stated total
20
0
10
30
insertion loss of about 1 dB. It is interDevice Length ( µ m)
esting to compare this to values of typi(b)
cal photonic diffraction limited EOM,
Figure
4.
(a)
Schematic
showing
light
being
coupled
from the SOI waveguide into our
which have insertion losses of about
MOS mode and the associated propagation losses. Losses originate from the SOI-MOS
3–6 dB. This finding arguably indicates
mode coupling (due to impedance mismatch) and the light propagation through our
that plasmonics, while inferior for wave- plasmonic MOS mode. Measurements indicate 0.25 dB per SOI-MOS coupler and a
guiding purposes, can allow for low plasmonic MOS propagation loss of a mere 0.14 dB/nm. (b) Insertion loss (dB) values
optical loss designs with respect to non- measured for a number of specified device lengths (nm). The slope of the fitted linear
plasmonic device designs, and showcases regression gave a plasmonic MOS propagation loss of approximately 1 dB.
the potential of plasmonics for active
opto-electronics. The physical insight about this low loss arthickness (HSi, WSi), gate oxide thickness (tgate), ITO thickness
chitecture has two reasons, one of which lies in the low loss
(HITO), and device length (L). Similarly, the modulator’s extincof the underlying HP mode [10]. A second reason is the low
tion ratio (ER) and insertion loss (IL) performance depends on
impedance mismatch between the SOI and the HP section;
the plasmonic HP MOS mode, which can be modified by altering the geometric parameters of the EOM. A quantitative
HP mode profile contains a significant portion of the electric field inside the Silicon core, which matches the 1st order
performance summary of ITO-EOM operating at 1.55 nm
mode shape of the SOI region well (Fig. 3(b)).
wavelength is provided in Table 1. Our EOM can intrinsically
work at an ultrahigh speed because of a sub fF low capacitance.
4. Device Performance
The operation speed is limited by the RC delay. Here, we conThe underlying modulation mechanism of this EOM design
sider two different devices, which are 2 nm and 0.5 nm long
is the accumulation layer formed in the MOS capacitor at the
where tgate is 5 and 50 nm and the WSi is 200 and 500 nm, for
ITO-SiO2 interface upon applying a voltage bias between the
a signal and speed optimized device. The speed performance
metal and silicon, shown in Fig. 5(a). The effective index of
is estimated by calculating the RC delay time for the MOS caITO changes from being a dielectric to a quasi-metallic state
pacitor with a resistive load of 50 and 500 Ohms. The results
when a voltage bias is applied. Such a design based on the MOS
are summarized in Table 1, which states two optimized device
characteristics (i) provides a sub–wavelength plasmonic conchoices depending on the circuit design for optimizing either
finement resulting in enhanced LMI, (ii) allows the seamless
the signal integrity or the data bandwidth. For high-speed apintegration into a low-loss SOI data-routing platform, and (iii)
plications require low RC delay times, resulting in short device
provides a metal contact, which serves as an electrical electrode
lengths, while strong signal switching applications demand a
and heat sink at the same time [10, 14, 15, 19, 25]. In this seclonger device to achieve a high signal-to-noise ratio. From Tation, we estimate the operational performance of our ITO-EOM
ble 1, it is evident that a device length of 0.5 nm offers a banddevice given dimensional parameters. The key performance
width of tens of THz with medium signal switching strength
figures of an EOM are the power consumption (i.e. E/bit) and
(ER = 3 dB). However, a 2 nm-long device enables for a 12
the 3 dB bandwidth (i.e. speed). The performance optimization
dB strong data switching while still maintaining THz moduladevice dimensions include silicon waveguide core width and
tion speeds. The energy per bit for both EOMs is quite low and
December 2013
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Table 1. Device is operating at 1.55 nm wavelength. The gate
oxide thickness and width varies from 5 to 50 nm and 200 to
500 nm respectively. The bandwidth (BW) is calculated from
BW = 1/RC where R has a realistic values from 50 to 500
Ohm. Energy per bit (E/bit) is calculated by E/bit = ½ CV2,
where applied voltage is 2 to 3 V for ITO.
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Figure 5. (a) Design of our ultra-compact EOM, consisting of a SOI
waveguide and ITO-SiO2-Au stack forming a MOS capacitor. An
accumulation layer (red dots) is formed at the ITO-SiO2 interface
with the presence of an applied voltage bias. (b) Three dimensional
schematic of the ITO-SiO2-Au stack. The stack has an optimized
device length (L) and width (WSi) of 0.78 m and 300 nm, respectively.

ranges from about 2 fJ for a signal-optimized device, down to
470 aJ per bit for the high-speed option.

5. Device Benchmarking
Because EOMs play an integral role in the conversion
between the electrical and optical domains in data
communication links, factors such as the scalability, modulation performance, and power consumption of such devices
need to be considered for future advancements in the field
of high-speed photonic computing. In light of these factors,
we have proposed a metric to benchmark EAMs in order to
clearly demonstrate the stark contrast between traditional (i.e.
diffraction limited) devices and those devices that incorporate
8
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emerging concepts (e.g., plasmonics) and/or materials (e.g.,
polymer, graphene, ITO, VO2, etc.). Fig. 6(a) displays the proposed Figure-of-Merit (FOM), which contrasts electro absorption modulators (EAM) with respect to modulation efficiency
(Dk/Vpp.nm) and power penalty (i.e. inverse insertion loss). A
literature survey of numerous EAM designs (both experimental
and theoretical) was conducted and, in order to enhance differentiation, all devices were categorized by their active material and substrate platform (colors), while plasmonic design use
open shapes. The performance sweet spot is found in the upper
right corner where modulation efficiency is maximized while
power penalty is minimized. The dashed line can be viewed
as a technology progression of device advancements; drawing
attention to the superior performance of plasmonic EAM devices compared to their diffraction limited counterparts. The
cluster of traditional EAM devices in the lower left hand corner
(grey region Fig. 6(a)) denotes the empirical region of classical,
diffraction limited devices, and exemplifies the challenges of
designing a device that is able to incorporate both strong modulation efficiency and simultaneously reduce on-chip insertion
loss. However, plasmonic devices are able to break off from this
trend by deploying a strong light-matter-interactions [9, 19,
21, 25, 26].
Our earlier discussed HP MOS modes are able to enhance
the electric field strength and thus boost non-linear optical effects such as electro-optic modulation, ending up in the upper
right hand corner [3]. With this enhancement, downscaling of
the device interaction length to a fraction of what is required
for diffraction-limited designs becomes possible and the common
concerns over high plasmonic waveguide losses becomes less significant. Complementary to the modulation-efficiency loss
tradeoff Fig. 6(b) shows the technological advancement possibility in regard to the switching energy-bandwidth tradeoff [27].
The modulation strength of an EOM can be greatly increased
by deploying a high-Q resonator; however there is a significant
trade-off in the bandwidth of such high-Q EOM designs, with
increased Q-factor the 3 dB bandwidth becomes severely limited
due to long photon lifetimes inside the high-Q cavity. The grey
region in Fig. 6(b) again corresponds to the performance domain
attainable using classical diffraction limited device designs. The
minimum energy per bit, E/bit, of these classical EOM can be
derived by fitting the limiting behavior of the curves at their
high frequency ends, which leads to E/bit = K . f 23dB, where K
is a material constant [27]. However, in the case of a hybrid plasmonic nano-cavities, it is possible to achieve deep sub-m 3D optical confinement in a single-mode cavity. The tradeoff between
modulation strength and switching speed can then be minimized
due to the smaller capacitance provided, for instance, by a hybrid
plasmonic nano-cavity. Notice that the sweet spot of Fig. 6(b) is
in the bottom right corner, where the bandwidth is approaching the THz range and power consumption is in the atto-joule
regime, which is about 3–5 orders of magnitude lower compared
to state-of-the-art devices.

6. Conclusion
In this paper we have presented ultra-compact, silicon-based,
high-performance electro-optic modulators for hybrid integration of future photonic integrated circuits. The deployment
December 2013
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Figure 6. (a) Figure-of-Merit for electro-absorption modulators based on modulation efficiency (∆l/Vpp.nm) and insertion loss. The
performance limitation of diffraction-limited device designs is denoted by the gray-shaded area, with a dotted line showing the technological progression of plasmonic devices (open shapes) and emerging active switching materials. Such devices clearly outperform their
diffraction-limited counterparts and contribute to the ongoing advancement of this technology. (b) Switching energy per bit plotted as a
function of f3dB in cavities with different Q-factors. Increased modulation depth can be achieved by deploying a high-Q resonator. However, an increase in the magnitude of the Q-factor results in severely limited bandwidth. The grey region denotes the performance realm
attainable using classical EO modulated devices, while the bottom left corner shows the technological progression of hybrid plasmonic
devices and their ability to minimize the trade off between increased modulation strength and high bandwidth.

of a hybrid plasmonic MOS-based mode offers a synergistic
design and performance advantages. The underlying hybrid
plasmon mode enables enhanced light-matter-interaction allowing for sub-m short devices with 3+ dB of extinction ratio,
showing potential for designing next generation high-efficient
modulators. Our results show that a 0.78 m short device features an extinction ratio and on-chip insertion loss of approximately 6 dB/nm and 0.7 dB, respectively. Furthermore, the
insertion loss can be reduced to 0.25 dB with similar switching, respectively, by optimization. Benchmarking of EOM
device performance reveals the limits of diffraction limited
photonic modulators and highlights the performance potential
of plasmonic modulator architectures, which significantly outperform classical devices. Such active hybrid plasmonic devices
are promising candidates to deliver high performance circuits
in terms of saving material and wafer real estate (cost), energy,
while delivering superior data bandwidth performance.
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