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Abstract: Electrooptic modulators (EOMs) are key devices in performing the conversion
between the electrical and optical domains in data communication links. With respect to a
road map for photonic computing, future EOMs are required to be highly scalable, should
feature strong modulation performance, and must not consume much power during
operation. In light of these requirements, here, we investigate indium–tin–oxide (ITO) as
an electrooptic switching material. The results show that ITO is capable of changing its
extinction coefficient by a factor of 136. Utilizing these findings, we analyze an ultracompact
(i.e., sub- long  ¼ 1310 nm) electroabsorption modulator based on a plasmonic MOSmode design. In our analysis, we investigate the performance, i.e., the extinction ratio and
insertion loss of the device as a function of various geometric parameters of the device. The
optimized device is 0.78  long and features an extinction ratio and on-chip insertion loss of
about 6 dB=m and 0.7 dB, respectively. Furthermore, we suggest a metric to benchmark
electroabsorption modulators and show that silicon plasmonics has potential for high-end
switching nodes in future integrated photonic circuits.
Index Terms: Silicon nanophotonics, plasmonics optoelectronic materials, nonlinear
integrated optics, waveguide devices.

1. Introduction
Continued advancement of modern ICs is challenged in multiple ways. A limiting factor for on-board
and on-chip systems is the I/O bandwidth, while for intra-chip the capacitive delay of the metal
interconnects is becoming more severe with every scaling node [1]. For data communication, the
bosonic nature of photons has been utilized to provide enormous data bandwidth in fiber networks.
With this success the case for photonic integration was made [2], [3]. The electro-optic (EO)
conversion of transmitters takes place in electro-optic modulators (EOM), which allow for
controlling the amplitude, phase, and polarization of an optical beam electrically. The widely used
mechanisms for optical modulation are 2nd and 3rd order optical non-linear effects, i.e., Pockel’s,
Kerr, and QCSE, and free carrier dispersive effects [4], [5]. For instance the Intel team
demonstrated an optical phase modulation based on a metal–oxide–semiconductor (MOS)
capacitor structure embedded in a silicon waveguide [5]. However, sizeable device footprints
resulting in large insertion losses are required for achieving the expected modulation depth owing
to weak light-matter-interactions [5]. This weak EO modulation can, in general, be enhanced by
deploying high-quality (Q) factor cavities [6]. However, these architectures are somewhat
impractical for on-chip designs due to narrow spectral bandwidths, small fabrication and operation
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(i.e., temperature) tolerance, and long photon lifetimes, which limit modulation bandwidth to the few
to ten’s of GHz range for cavity Q’s in the 10-100 k range, respectively. Emerging materials with
high-modulation capability have been proposed and demonstrated for EO applications [5], [7]–[9].
For instance the Fermi-level of Graphene, placed on a Silicon-on-Insulator (SOI) waveguide, can
be tuned in and out of resonance with the operating photon energy via an electrical bias [5], [9].
While higher modulation efficiency than simply modulating the carrier density inside a Silicon
waveguide was achieved in this Graphene/Silicon device, its footprint of tens of micrometer and
relatively high voltages were required due to the weak interaction of the nanometer thin Graphene
layer with the optical mode [5]. Recently the plasmonic (i.e., metal-optics) field enhancement has
been proposed [10], [11] and demonstrated to enhance the electro-optic modulation strength, i.e.,
extinction ratio [8], [12]. However, the field enhancement that increases the extinction ratio often
introduces undesired effects, such as very high optical losses due to the influence of the metal
deployed to confine the optical mode [12]. While a reasonably high performing plasmonic-photonic
hybrid EOM was demonstrated [8], the detailed design-of-experiment (DOE) is still outstanding for
hybrid devices.
Here, we provide a benchmarking framework for various material systems of electro-absorption
modulators and show that plasmonic devices clearly outperform classical approaches.
Furthermore, we present the design of a plasmonic EOM device based on refractive index
data of a novel active EO materialVIndium-tin-oxide (ITO). This analysis investigates an ultracompact (i.e., sub- long), electro-absorption modulator based on a plasmonic MOS-mode design.
The active layer consisting of ITO is strategically inserted into the high field MOS capacitor gap for
optimized modal overlap. In our analysis, we investigate the performance, i.e., the extinction ratio
(ER) and insertion loss (IL) of the device as a function of various geometric device parameters.
The optimized device features an ER and IL of close to 6 dB=m and 0.7 dB, respectively, and is
only 0.78 long. Note, this EO switching node can be arbitrarily placed onto a Silicon-on-Insulator
passive waveguide routing platform toward compact and high-performance hybrid opto-electronic
circuits.

2. Benchmarking Electro-Absorption Modulators
Since an EOM’s function is to encode electrical data into the optical domain, the modulation
efficiency and the bandwidth (i.e., speed) of the device are key performance figures. The slope
efficiency of modulation, mod , is the ratio of the extinction ratio, divided by the applied peak-to-peak
Voltage Vpp
ER ¼

Pout ðVb ¼ VOFF Þ T ðL; Þ
ER
¼
) mod ¼
Pout ðVb ¼ VON Þ
T0
Vpp

(1)

where Vpp ¼ VON  VOFF . Here, BON[ and BOFF[ relate to the device state, not to the actual
voltage level, i.e., one of the two voltage states does not necessarily have to be zero. Typically VON
is biased to a specific voltage to satisfy a particular device or circuit design goal (e.g., high ER,
symmetric signal, linear device response, etc). The induced loss change is given via  ¼ 4=
and with Beer’s law the attenuation as a function modulator device length via TðL; Þ ¼
T0 expðLÞ, where T is the transmitted signal,  is the operation wavelength,  the imaginary part
~ ¼ n þ i, and  the incurred loss over the device length, L. This
of the complex refractive index, n
equation set illustrates that a stronger  is intimately linked with higher an ER (note conversion to
dB scale not shown, since trivial). With novel EOM device designs emerging, it is imperative and
helpful to define a metric or figure-of-merit (FOM) that encompass those novel architectures. The
classical FOM for EOM device demonstrations is given by
ðFOMÞDevice ¼

ER
 f3dB :
Vpp

(2)

This definition is logical, since it encompasses the modulation strength (i.e., ER), the modulation
efficiency (i.e., ER=Vpp ), and the modulation speed, f3dB . A recent analysis on electro-refractive
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(EO) modulators by Lin et al. [13] has shown the fundamental tradeoffs between EO modulation
3 dB-bandwidth and its subsequent energy requirement, i.e., Energy/bit; they share a square relation
2
given by E =bit ¼ 1=2K ðVpp Þf3dB
, where K is a bias-dependent constant contingent on the EO index
modulation mechanism, material parameters and device geometry [13]. Interestingly, the
aforementioned approach in deploying high Q-cavities to enhance the EO modulation efficiency is
actually limiting the achievable bandwidth due to parasitic long photon lifetimes. For example, a
device with a Q of 40 000 [6] results in modulation speeds of 25.7 GHz at telecom frequenciesV
clearly a limitation to ever increasing channel speeds. Thus, the aim is to either utilize low-Q EOM
designs or refrain from a cavity altogetherVat least from a bandwidth point of view. However, without
the light-matter-interaction enhancement of the cavity, the modulation efficiency can be
compromised. A possible solution benign to the low-Q approach is given by metal-based photonic
devices; for instance, surface plasmons [14], collective electron oscillations on metal-dielectric
interfaces, have shown to strongly enhance optical non-linear effects, such as EO modulation [8],
[12]. Interestingly, such strong EO effect enhancement counterweights the high propagation losses
classically associated with plasmonic devices. Thus, high-performance devices with -size footprints
should be feasible, as we show below.
However, while the case for plasmonic devices for modulation and switching has been made [9]–
[11], many emerging demonstrations do not report on high-speed bandwidth measurements. Thus,
Eqn. (2) does not provide a sufficient benchmarking guidance at this early stage of emerging device
architectures. Here, we propose an alternative metric, more suitable for capturing the performance
of emerging EOM devices. We term it Bphysical[ FOM since it relates device performance to typical
computed values from simulation results
 
~ eff ðVpp Þ
n
1
FOMPhysical ¼

(3)
Vpp  m
IL onchip;V ¼Von
where neff is the ER substituting effective index as a function of voltage bias, which can be n or
 for phase modulating devices, or electro-absorption modulators, respectively. Furthermore,
neff =Vpp captures the modulation efficiency. Since the optical on-chip power levels are critical to
designing reliable photonic circuits the insertion loss ðILÞ defined by Eq. (4) should be taken into
account, since it adds the power penalty into the device design picture. That is, for future highperforming photonic links, increasing power constrains are becoming Bhard[ design criteria
especially on the device level [15]


Pin  Pout ðVb ¼ VON Þ
T ðL; ON Þ
4ON
L :
(4)
¼1
¼ 1  expðON LÞ ¼ 1  exp 
IL ¼
Pin
T0

Notice that we have not taken care of the modulation bandwidth yet. Assuming the device internal
modulation mechanism is faster than the capacitive delay, the following approximation can be
made: f3dB ¼ 1=RC, where R is the resistance and C is the device capacitance, and C scaling with
length, the bandwidth of the device scales inversely proportional to length. With plasmonic
emerging devices pushing for (sub)micron-long device lengths, we here suggest to normalize the
physical FOM by 1/m to capture the speed potential of emerging design proposals.
Deploying this physical FOM [Eq. (3) and (4)] on a variety of material platforms we arrive at Fig. 1.
To enhance differentiation, we choose to categorize devices by the type of active material and
substrate platform (colors), and emerging concepts and/or materials such as plasmonic, Graphene,
VO2 , ITO (open symbols). The performance sweet spot is found in the upper right corner where the
dashed line is pointing. The latter can be viewed as a technology progression of device
advancements. These results show a cluster effect in the lower left corner for traditional (i.e.,
diffraction limited) device architectures, which extends to the lower right corner as improvements on
losses have been made in recent years. However, only minor improvements on the modulation
efficiency have been made (see the vertical axis in Fig. 1).
Highlighting an empirical region of diffraction-limited device performance (gray shading Fig. 1),
the device design trade-off between modulation efficiency and optical losses become apparent, i.e.,
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Fig. 1. Figure-of-Merit for EO modulators is based on modulation efficiency (ER=mVpp ), which
incorporates the obtainable modulation bandwidth (see text), and power penalty (i.e., insertion loss).
The gray-shaded area denotes an empirical performance limitation of diffraction-limited device designs.
Plasmonic devices (open shapes) and emerging active switching materials allow surpassing this
shortcoming and contribute to the advancement of this technology. A low Q-cavity can enhance our
analyzed devices performance with details to be reported elsewhere.

sloping to the lower right corner. This trend is not unexpected and showcases the challenge of
designing a device featuring strong light-matter-interactions and minimized on-chip insertion losses
simultaneously. Interestingly, even in the unpractical limit of infinite-high insertion loss, the
diffraction-limited devices show limited modulation efficiencies saturating around 0.01 V=m-dB.
The reason for this originates from the weak modal index change, neff ðVpp Þ, due to material
dispersion limitations, imperfect modal overlap factors with the active material, and low optical field
strengths owing to the large diffraction-limited propagating waveguide mode area. Plasmonic devices
clearly break off from the trend line deploying metal-insulator-metal (MIM) waveguide [25] or hybridplasmon-polaritons [8]. Their enhanced electric field strength (i.e., density of states) can be used to
boost optical, classically weak, non-linear effects such as electro-optic modulation. This enhancement allows for the down-scaling of the device interaction length to a fraction of what diffraction-limited
designs require. Hence, an interim conclusion is that high plasmonic waveguide losses are less of an
issue than often stated. While some additional loss of plasmonic designs originate from the
impedance mismatch between the diffraction-limited modes of the photonic circuit data-routing
platform and the sub-diffraction limited plasmonic modes utilized for beam manipulation, the fact is
that the total on-chip loss of plasmonic devices can actually dwarf that of non-plasmonic counterparts
[5], [8].
With the apparent success of non-classical EOM design approaches, the remainder of the paper
follows this guidance by investigating (a) EO potential of the transparent conductive oxide (TCO)
ITO, and (b) a device design based on a plasmonic MOS-based waveguide as part of an SOI
platform incorporating ITO as the active switching material.

Vol. 5, No. 4, August 2013

2202411

IEEE Photonics Journal

Modulator Beyond the Efficiency-Loss Limit

3. Active Material Indium-Tin-Oxide Analysis
A key design choice of EO modulators is the material whose refractive index is actively modulated
and the physical modulating mechanism i.e., Kerr Effect, the Franz-Keldysh effect and its quantumconfined version. Furthermore, shifting the Fermi Level [5] or the plasma frequency [5], [6] are
promising effects that allow for the integration of emerging materials [5], [8], [9]. Ultimately, the
combination of both modulation effect and material of the light-matter-interaction response is critical
for efficiency and device performance. In this paper, we focus on an electrical carrier modulating
effect in the active material Indium-Tin-Oxide (ITO) [40], [41]. ITO belongs to the family of
conducting transparent oxides (TCO), which traditionally are deployed in the solar industry as low
absorbing electrical contacts [42]. It has been shown that ITO can change its refractive index by
unity upon charge accumulation in MOS-like structures in the visible frequency range [7]. In this
section, we discuss how to estimate the ITO carrier concentration-based refractive index change
that serves as a material input parameter in the device simulations below in a 2-step procedure; (a)
determine the index for as-deposited ITO films, and (b) estimate the index change under voltage
bias of a MOS-like device design.
Starting with the device ON-state, we deposited ITO films on a quartz substrate via physical
vapor deposition, i.e., E-beam evaporation, and determined the resistivity via electrical 4-probe
measurements. Given that typical ITO mobilities range from 10–40 cm2 =Vs, we assumed 15, which
is a typical low-end value for the thin film deposition process used here [43]. The obtained carrier
concentration, nc , is then inserted into the Drude-Lorentz model. Note, this model has been
previously used as transparent conductive oxides (TCO) like ITO [40], [41], and allows us to write
the complex as
"ð!Þ ¼ "1 

!2p
;
!ð! þ iÞ

!2p ¼

nc e2
"0 m 

(5)

where  is the electron scattering rate, ! is the angular momentum in rad/s, "0 and "1 ¼1 þ ¼ 3:9
[44] are the free space and long-angular-momentum-limit permittivities, respectively, !p the plasma
frequency, m  the reduced mass of ITO equating to 0.35 m0 , with m0 being the rest mass of the
electron, nc the voltage-modulated carrier density of the ITO film, and e the electron charge.
Sweeping the free parameter, nc , versus device operating frequency, we obtain the general function
for the permittivity and index shown in Fig. 2.
If we assume an accumulation layer-induced carrier density increase inside the ITO, then the
material should become more metallic, which increases the losses of the ITO film and hence that of
the propagating MOS mode leading to an increased modal absorption. The electro-absorption
modulation mechanism of the EOM device simulations below has its origin in this ITO loss
modulating ability Fig. 2(d). In order to change the ITO material behavior from dielectric ("1 9 1, "2
small) to quasi metallic ("1  1, "2 larger) a carrier density of just below nc ¼ 1021 cm3 (arrow tip
Fig. 2) is needed for an operating frequency of 228 THz (dashed vertical line in Fig. 2). The carrier
density and hence the ITO’s index change for the ON state (i.e., typically Vb  0 V) was determined
via 4-probe measurements. For the device OFF state (i.e., Vb 6¼ 0 V) we deployed a combination of
both experimental measurements and analytical mode solvers to find the refractive indices of ITO [8].
The experimentally measured modal loss change m is 2.7% corresponding to a
m =Vbias ¼ 1% V1 [8]. Notice this is about 4 orders of magnitude larger as compared to
diffraction-limited modulator designs [5], and highlights the plasmonic MOS mode enhanced
modulation capability. Thus, we obtain the following refractive indices: nITOON ¼ 1:964 þ i0:002
and nITOOFF ¼ 1:042 þ i0:273, which is a factor of 136 between the respective ON/OFF state
extinction coefficients, . The change between these two indices is depicted by the black arrows,
where the beginning and tip of the arrow indicate the carrier densities in the optical ON (light through)
and OFF (light absorbed) state, respectively.
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Fig. 2. Permittivity values from the Drude-Lorentz model for the ITO material versus frequency for
various carrier densities (in units cm3 ). a and b are the real and imaginary parts of the permittivity,
respectively, and c and d are the real and imaginary parts of the index of the ITO film. The black arrows
highlight the carrier density change of the ITO as measured from film parameters and an analytical
model. The start and tip of the arrow corresponds to the modulator ON and OFF state, respectively.
Notice, how  increases considerably from virtually zero to 0.273 in d.  ¼ 1310 nm vertical dashed line.

4. Device Design and Optical Modes
The electro-absorption modulator of this paper is based on a MOS design, which features deep
sub-wavelength optical modes and reasonable long propagation lengths [45]–[50]. This optical
mode is quite appropriate for densely integrated photonic on-chip components, 1) provides a strong
light-matter-interaction resulting in (sub) -size active devices, 2) it allows to incorporate the device
seamlessly into a low-loss SOI data-routing infrastructure, and 3) it smartly incorporates a metal
contact which simultaneously serves as an electrical electrode and heat sink.
A schematic of the investigated devices is shown in Fig. 3. A variety of geometric parameters
were used to optimize device performance; i.e., the Silicon oxide height of the capacitive gap
ðHSiO2 Þ, the Silicon waveguide core thickness and width ðHSi ; WSi Þ, the ITO height ðHITO Þ, and the
length, L, of the device. The modulator’s ER and IL performance originate and depend on the
optical MOS mode, which is altered by changing the geometric parameters. A design-of-experiment
parameter sweep is conducted in the next section below, but first we focus on the MOS mode under
EOM device operation.
Using the values for the complex index of refraction of ITO from above, the MOS field distribution
changes between the modulator absorbing OFF and light-through ON state (inset Fig. 3, numerical
finite element solver (Comsol)). Unlike classical photonic modes, which display the strongest optical
field density in the area with the highest refractive index, the plasmonic MOS deployed here shows
its peak field (a) inside the gap between the metal and the semiconductor, and (b) in the lowest
index region. The origin is discussed in [45]; briefly the continuity of the displacement field across
the strong varying refractive index of this MOS mode stores optical energy inside the low-index gap
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Fig. 3. Schematic of the sub- EO modulator. The active plasmonic modulation node can be placed
arbitrarily placed into a SOI waveguide platform. The insets show the electric field densities for the OFF
(Vb ¼ 4 V, left) and ON-state (Vb ¼ 0 V, right) state of the modulator, respectively. The peak of the
electric field density is mainly concentrated in the silicon oxide gap in the ON-state and shifts to the
strongly absorbing ITO layer in the OFF-state. Notice, the portion of the mode residing inside the Silicon
core is desired and allows a small impedance mismatch between the MOS switching node and the SOI
data routing backbone. Note, the electrical ground can be connected either to the Silicon waveguide or
to the ITO. A commercial finite element analysis solver (Comsol) was used for the numerical
~ ITOON ¼ 1:964  0:002i,
~ Si ¼ 3:541  0:0001i, n
simulations.  ¼ 1310 nm, material parameters: n
~ Au ¼ 0:31  9:00i.
~ ITOOFF ¼ 1:042  0:273i, nSiO2 ¼ 1:45, n
n

region due to the creation of polarization charges. In the case here, this gap consists of two material
layers, namely an oxide (here SiO2 ), and the active material (here ITO). Using the real and imaginary
parts for ITO from Fig. 2, one notices that the real part of the refractive index of ITO falls below and
above that of SiO2 for the modulator ON and OFF states, respectively. Thus, the peak optical field
switches location between the gate-oxide and the active layer (inset Fig. 3). This is a desired effect,
since it allows for a lower insertion loss in the ON state and a stronger modulation (i.e., higher ER) in
the OFF state. For the latter, the strong optical loss of the metal-like ITO layer results in strong
absorption. Note, the material choice for the top metal (here Gold) can be replaced by other materials
such as Silver, Copper, or Aluminum if CMOS compatibility is desired. When changing the metal from
Au to Al, the ER decreases by 9%, while IL increases by 17%. Comparing Gold to Copper, the ER
increases by 5%, while IL also increases significantly by 372%. Note, while the lower modal loss for Al
versus Cu appears counterintuitive at first, the plasmonic MOS modal loss does not entirely depend
on the material losses, but more importantly of the field distribution; a lower metal is a weaker optical
capacitor than a higher metal , and more optical field will therefore reside in the metal region resulting
in an increased modal loss (i.e., Cu case) [45]. Thus, Aluminum appears to be the next best candidate
for CMOS-critical designs.

5. EO Performance
In this section we analyze the EOM performance with respect to changes in the device geometry
(Fig. 4). Rather than reporting on the extinction ratio, we decided to state the change in the effective
extinction coefficient, , of the MOS mode as it is the physical change during the modulation
process. Starting with altering the active material thickness ðHITO Þ, the modulation performance
exhibits a maximum around an ITO thickness of 10 nm Fig. 4(a). This maximum is a result of two
competing effects; in the long ITO gap limit, the index modulating carrier change inside the ITO is a
result of the MOS capacitive charge accumulation layer altering the carrier density. The accumulation
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Fig. 4. Modulation performance for various geometrical device parameters. a–c, Change in the MOS
mode’s extinction coefficient versus ITO film thickness (a), versus MOS capacitor oxide gap height (b),
and versus MOS stack Silicon core height (c). The different colors in a, b &d correspond to various
Silicon core thicknesses and share the same legend. c, The optimum device Silicon core height is
around 200 nm which is consistent with the highest optical confinement of the plasmonic MOS mode [45].
d, Optimized device performance, i.e., extinction ratio (ER, solid curves) and insertion loss (IL, dashed
curves) versus device width ðWSi Þ and Silicon core height ðHSi Þ. Note, these values are normalized to a
device length of 0.78 ðLdevice ¼ 1 mÞ and highlight high performance (ER) of almost 6 dB with sub-1 dB
on-chip insertion losses.  ¼ 1310 nm. The geometric parameters if not stated are HITO ¼ 10 nm,
HSiO2 ¼ 20 nm, and WSi ¼ 300 nm.

layer thickness decreases exponentially with a 1=e depth of about 5 nm [7]. Thus, the refractive index
of ITO is actually changing gradually as well. However, since a HITO of 10 nm was used to
experimentally calibrate the index change [8],  in Fig. 4(a) is actually underestimated below
HITO ¼ 10 nm, and were overestimated above 10 nm if we would allow the entire ITO layer to be
switched. Thus, we select a step-wise approximation by allowing for a complete index change for HITO
up to 10 nm, and assume no index change for the remaining portion of the ITO layer larger than 10 nm.
In addition, increasing the ITO thickness also loosens the optical confinement. Thus, the plasmonic
light-matter-interaction enhancement will be damped with increased ITO thickness. In the low ITO
gap limit, a total of three effects are present: 1) with decreasing gap the field enhancement increases,
thus a raise of  would be expected [45]; 2) a smaller amount of the field resides in the enhanced
region reducing the  of the effective mode; and 3) the field coupling coefficient between the ITO
switched layer and the underlying Si layer is decreasing with reduced ITO gap sizes [45], [50]. All
together explaining the long tail behavior. Noteworthy, previous studies on plasmonic MOS
waveguides and lasers have resulted in similar optimized values of a gap of around 10 nm [46], [50].
The second observable of changing the ITO thickness is an enhanced modulation effect with
decreasing Silicon core HSi [see Fig. 4(a) and (c)]. This can be explained by a more plasmon-like
behavior of the effective index of the mode, which pushes more field into the gap with decreasing
silicon core height. This is consistent with the original findings of the plasmonic MOS mode
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reported by Oulton et al. [45]. However, for extremely thin silicon cores, the optical confinement
loosens quickly, and results in reduced modulation [see Fig. 4(c)] [45]. The Silicon core thickness for
optimum modulation performance is found to be around 200 nm and, scales, in general, with the core
index [45].
Another geometrical parameter is the MOS capacitor oxide gap, which controls the electrostatics
of the ITO accumulation layer. Decreasing this oxide (here SiO2 ) thickness leads to a stronger
electric field inside the device resulting in a higher index carrier density and hence an index change
in the ITO; see Fig. 4(b). Decreasing the HSiO2 from 30 to 5 nm results in a 2x increase in the
modulation performance. Similar to Fig. 4(a) and (c), decreasing HSi improves the modulation
behavior by almost one order of magnitude.
Scaling down the device length of the modulator is important for both realizing a low insertion loss
and high operating speed, i.e., low electrical capacitance. Low IL is a general challenge for
plasmonic-based modulators due to the inherent SPP loss of the mode. However, for ultra-compact
(i.e., sub- long) device lengths, IL can be quite low, and the design task is to ensure sufficient ER for
logic operations above the signal-to-noise level of the photodetector. In order to test the device
performance of a sub- long plasmonic EOM device, we simulated the performance (i.e., ER & IL) of
a 0.78 long device, shown in Fig. 4(d). Here, we select the optimized parameters from Fig. 4(a) and
(b), and sweep the only free geometric parameter, that is the Silicon width, HSi , (i.e., MOS stack
width). The general trend for ER is to increase strongly with decreasing Silicon height and to increase
gradually with decreasing the MOS stack width. The insertion loss, which is a function of ON , scales
similarly as the extinction ratio due to the same field confinement arguments above. However, an
exception is the case for HSi ¼ 200 nm; here ER is rather flat with WSi [see Fig. 4(d): orange solid
line]. The reason for this is that the portion of the optical energy residing in the Silicon core is close to
being cut-off, which happens around 218 nm ð=2neff ¼ 218 nm; neff ¼ 3:0;  ¼ 1310 nmÞ. Thus,
this denotes an optimum modulation case where most of the energy of the mode is pushed into the
MOS gap, increasing the ITO-mode overlap factor. Interestingly, while ER is flat for this case, the
insertion loss does change with HSi . The reason for this is that the amount of optical energy in the gap
region of this plasmonic MOS mode is increasing due to the lateral confinement effect. Commenting
on the overall performance of the device, the highest extinction ratio is about 6 dB=m, which is quite
outstanding. At the same time, this high modulation performance is accompanied by a reasonably
low insertion loss of 0.7 dB.

6. Conclusion
In this paper, we have demonstrated an ultra-compact electro-absorption modulator (EOM) based
on a plasmonic MOS-mode design. Different EOM performances have been achieved with respect
to changes in the device geometry. In our simulation, 6 dB=m high extinction ratio with a low
insertion loss of 0.7 dB has been shown for 0.78 long device. Furthermore, benchmarking EOM
device performance results in plasmonic devices displaying a significant performance potential
beyond that of classical (i.e., diffraction-limited) architectures. With respect to the potential for future
communication networks and computing, highly scalable EOMs that feature strong modulation
performance and low power consumption will allow for advancements in network communication
and computing speed.
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