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a b s t r a c t
Electro-optic modulation is a key function in optical data communication and possible future optical
computing engines. The performance of modulators intricately depends on the interaction between the
actively modulated material and the propagating waveguide mode. While high-performing modulators
were demonstrated before, the approaches were taken as ad-hoc. Here we show the first systematic
investigation to incorporate a holistic analysis for high-performance and ultra-compact electro-optic
modulators on-chip. We show that intricate interplay between active modulation material and optical
mode plays a key role in the device operation. Based on physical tradeoffs such as index modulation, loss,
optical confinement factors and slow-light effects, we find that bias-material-mode regions exist where
high phase modulation and high loss (absorption) modulation is found. This work paves the way for a
holistic design rule of electro-optic modulators for on-chip integration.
Ó 2017 Elsevier Ltd. All rights reserved.

1. Introduction
The field of integrated optoelectronics offers potential information processing advantages for performance advances for both
computing and information technology (IT). The inherently weak
interaction of light and matter, however, introduces fundamental
size (footprint), speed, and power (S2P) limits to photonic-based
information processing technologies. With signal modulation
being fundamental for communication and computing applications, the search for high-performing S2P modulators bears both
scientific novelty and technological relevance. Here the focus is
on electrical control of optical modulation, or short the electrooptic (EO) conversion, since it allows synergistic interfacing with
electrical driver circuitry [1,2]. In terms of terminology, EO modulation is achieved by either changing the real part (n) of the modal
refractive index leading to phase shifting-based interferometerlike devices termed electro-optic modulators (EOM), or by
modulating the imaginary part (j) of the modal index of linear
electro-absorptive modulators (EAM). In both types, the fundamental complex index of refraction is altered electrically in the

⇑ Corresponding author.
E-mail address: sorger@gwu.edu (V.J. Sorger).
http://dx.doi.org/10.1016/j.sse.2017.06.024
0038-1101/Ó 2017 Elsevier Ltd. All rights reserved.

active material, which in turn modifies the propagation constant
of the mode inside the respective waveguide. EOMs operate by
changing the real part of the index, which relates to the phase of
the light, whereas EAMs operate by changing the imaginary part
of the index, which relates to the intensity absorption of the light.
Another classification of modulators is the physical mechanism to
introduce the index change; here two classifications divide EO
modulators into either being driven by an electrical current, or driven by voltage (e.g. electric field). Their relative performance is
essentially similar, except that the voltage-driven device requires
sharp atomic resonances in order to be energy-efficient. However,
since energy levels of any 2 level system is broadened within kT
(k = Boltzmann constant, T = temperature), operation at room temperature slightly disadvantages voltage-driven modulators over
current-driven counterparts. Thus, in this work we focus on
current-driven mechanisms only.
The challenge for EOMs is fundamental; Kramers–Kronig relations dictate that changing the real part of the complex index independent from simultaneously altering the imaginary part is
impossible. That is, for EOMs any increased loss in modulation is
simply parasitic for the insertion loss (defined at the light ON
state). In contrast, EAMs are not effected significantly by a change
in the real-part of refractive index, upon tuning the loss. Thus, the
index tuning-to-loss ratio is a fundamental figure-of-merit (FOM)
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for phase shifting modulators. Conventional electro-optic materials
such as Silicon operating either with the plasma-dispersive carrier
or Kerr effect show a rather low index change (Fig. 1a) [3–5]. The
use of plasmonic modes has introduced the opportunity to shrink
the active material from hundred’s of nanometers (i.e. bulk modes)
of Silicon or LiNbO3 down to ten’s of nanometers, while inserting
the active material into the high field [6]. Similar to Silicon, transparent conducting oxides (TCOs), such as Indium Tin Oxide (ITO),
are able to tune their index via the carrier-dependent Drude model
(i.e. current-driven modulators). However, unlike Silicon the carrier concentration of ITO can be (a) higher and (b) more dramatically tuned compared to Silicon (Fig. 1c and d). This is due to (a)
the higher bandgap of ITO compared to that of Silicon, (b) the presence of an epsilon-near-zero (ENZ) region in the allowed carrier
concentration range, and (c) the dependency of corresponding
Drude model; the higher bandgap allows the density of states
(DoS) near band edge to be tighter confined leading to a higher free
carrier concentration necessary to change the index. For a discrete
spectrum, the DoS consists of a number of delta peaks at the energy
levels of the system with weighted degeneracy of that level. In
addition, the ENZ carrier concentration for ITO is within experimentally obtainable parameters (6  1020 cm3) [7]. Thus, a
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stronger modulation per unity carrier change is expected for ITO
compared to Silicon, and has recently found applications as an
EO material demonstrating unity order change in refractive index
under electrical gating, a property we explore in detail in this work
relating to an effect of ENZ (Fig. 1i and j) [8,9]. While the carrierbased index modulation of TCOs is experimentally based on creating charge accumulation in MOS-capacitor, the effective material
must at least be several nanometers thick. The thinnest material
is an one-atom active modulation material such as graphene; drastic change in graphene’s refractive index and extinction coefficient
makes it a suitable material for both EO and EA (electroabsorptive) operations (Fig. 1e, f, k, l). Graphene has shown
electro-optic response via Pauli-blocking in near IR frequencies
and modulating functionality [10,11]. The strong change in the real
refractive index and almost constant imaginary part in the same
region, thus makes graphene a naturally suitable material for
EOMs. But the atomic thin thickness of single layer graphene produces a challenge for modulation because of the miniscule optical
confinement factor and the in-plane electric field selectivity of graphene for light-matter-interaction (LMI) as investigated further
below. However, exploiting the drastic change of the index, efficient modulation can be obtained using suitable modal structures.

Fig. 1. Material refractive indices and extinction coefficients vs. wavelength dispersion by varying carrier concentration, N c for Si and ITO, and chemical potential, lc for
Graphene (a–f). dn=dN c , dj=dN c and dn=dj vs. carrier concentration, N c (for Si & ITO) and chemical potential, lc (for Graphene) at k ¼ 1550 nm (g–l). The n–j vs. chemical
potential, lc for Graphene is shown as an inset of the Graphene dn=dj plot (l). The Kubo formula for the Graphene’s permittivity used an approximation for the interband
contribution and an exact solution for the intraband contribution, respectively.
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Carriers begin to accumulate on the graphene sheet when a voltage
is applied to the graphene/oxide capacitor, and thus the chemical
potential, lc is tuned with the gate voltage. As jlc j reaches half
of the equivalent photon energy (1=2hm), the interband transition
is blocked hence the absorption greatly decreases [12]. Graphene
based modulators in recent works have been demonstrated with
high speed approaching 35 GHz [13,14].
In addition to the actively controlled material, the modal overlap, C, is critical as well. Diffraction limited photonic modes do not
offer strong LMIs. Hence any modulation enhancement effects can
only be designed by (a) waveguide-based slow-light effects, (b)
spectral compression via optical resonators, or (c) ensuring ideal
overlap factors approaching 100%. The latter limits the active
material usage to bulk modes however. As a result, EO modulation
in diffraction-limited photonics requires very long interaction
lengths approaching millimeters to centimeters for Silicon photonics for instance [3]. To enhance LMI and enable nanoscale operation
plasmonic modes supporting surface plasmon polaritons (SPP), or
hybridizations thereof, are employed. Plasmonic modes can offer
high index changes due to an elevated group-index (slow light
effects) compared to photonic modes, but are inherently lossy.
The latter is less critical for EAMs, but can severely limit obtainable
extinction ratios (ER, i.e. signal modulation depth) in EOMs. Thus,
we expect to find an optimum LMI length for EOMs using plasmonics. At the same time, the scaled optical mode together with a
higher group index enables plasmonic modulators to be more compact than bulky photonic counterparts. Hence the question is, what
are the details regarding index-to-loss in electro-optic modulation,
and do optimum device design parameter exist? In general, the
modulator performance depends greatly on an underlying waveguide determining coupling and propagation losses, the confinement factor of the active material with the optical mode, the
strength of the optical index change being altered [8,15], and subsequent impacts on energy efficiency, modulation speed, footprint,
and optical power penalty [10,16–19]. While previous work
focused on addressing these in an ad-hoc manner, here we show
the first systematic approach for a selected set of active materials
(Silicon, ITO, Graphene) and optical waveguide modes (bulk, slot,
hybrid-plasmon) [8,20,21].

2. Results and voltage tuning options
2.1. Material tuning properties
Towards evaluating the EO modulation potential of the active
material itself, here we investigate the material aspects of tuning
for our chosen materials, i.e. Silicon, ITO and Graphene. The Silicon
Drude model is used to calculate the refractive index and extinction coefficient dispersion relations with respect to various wavelengths for a range of permitted carrier concentrations from
1016 cm3 to 1020 cm3 (Fig. 1a and b). Given our fixed operating
wavelength at 1550 nm, corresponding to the telecom C band,
the derivatives are taken for the real and imaginary components
of the complex refractive index. Starting with Silicon, from
Fig. 1a and b it is apparent that the real part of the index, n changes
notably with carrier concentration. However, while the relative
change of the imaginary part of the index, j, appears significant,
the small absolute value of the OFF state (high carrier concentration) does not make Silicon a high performing EAM material. This
shows that Silicon may be used for its EO properties, but it is not
well suited for EA operations. This becomes evident when plotting
dn=dj; for higher carrier concentrations the slope kinks downwards for carrier concentrations above 1019 cm3 (Fig. 1h), which
indicates the material becoming lossy, but not j – dominant or
favorable for EA operations yet. Also, the gradual slope in dn=dj

suggests weak EO modulation before this transition region making
the entire carrier concentrations range n–dominant, which is analogous to favoring EO operations. Note, the material can be termed
n or j – dominant, based on the carrier concentration regions
where the change in one exceeds the change in the other corresponding to tuning.
The Drude model characterizes the ITO material accurately
within our specific wavelengths of interest (NIR regime). Modulation is an effect of change in the refractive index; and the broadening of the corresponding resonances inside a cavity with respect to
wavelength can be related back to the loss in the material absorption itself, which corresponds to the extinction coefficient, j. When
ITO is packaged as one electrode of an electrical capacitor, applying
the voltage can put the capacitor into the three known states of
accumulation, depletion, or inversion. For example, in accumulation, free carriers are accumulated in the interface of the ITO and
the oxide, thus changing the carrier concentration. The optical
property of the active material therefore changes dramatically,
resulting in strong optical modulation effects (Fig. 1c and d).
Derivatives of the real and imaginary parts of the complex index
with respect to the carrier concentration are taken, from which
the respective derivative dn=dj can be calculated (Fig. 1i). It is
interesting to note that the ratios dn=dN c and dj=dN c intersect each
other close to the ENZ region at a carrier concentration of
6.2  1020 cm3. The relative change in dj=dN c is more than the
relative change in the dn=dN c after a certain point in the carrier
concentration prior to ENZ, which suggests the effect of n change
with modulation is stronger to the left of this point and the effect
of j change is stronger to the right (Fig. 1j). This phenomenon suggests that the material is n–dominant to the left of this point, and j
–dominant to the right. Thus, ITO can be used for the EO case in the
n–dominant regime, or for the EA cases in the j –dominant regime
depending on the bias (carrier) condition. The dn=dj -ratio for Si
and ITO differ because Si, even with tuning, has several orders of
magnitude lower j. This originates from ITO having a 30 larger
collision frequency, c ¼ 1=s, compared to Si, which relates to the
carrier concentration difference for these materials. Furthermore,
the different band structures of the two materials contribute to differences in electronic properties such as effective mass and mobility, which connects to the damping constant, c .The graphene
dispersion relation can be obtained via the Kubo formula (Section 4.2.2, Fig. 1e and f). The material n and j for graphene are calculated with varying wavelength and chemical potential, lc . We
note that the chemical potential for graphene used in the Kubo formula is equivalent to the carrier concentration in the Drude model,
and used as the voltage-dependent index tuning parameter for
modulation. Due to the unique electro-optic property of graphene,
n changes abruptly for lc values between 0.4 and 0.5 eV, while j
changes everywhere else. Thus, 0.4–0.5 eV is the n–dominant
region and elsewhere in the lc range is j –dominant (shaded
region, Inset Fig. 1l). Since the n change is abrupt in the aforementioned range of lc , and j does not change noticeably dn=dj has an
abrupt peak in that region, resembling a delta function. It is, therefore, better to characterize the n and j –dominance in the dispersive relation keeping the wavelength fixed at 1550 nm and
changing the chemical potential (inset Fig. 1l). Here the j –dominance for graphene is found to the left and right side of the n–dominant region.

2.2. Modal tuning properties
Having established the index character regimes as a function of
voltage tuning, we are next interested in the possible modal impact
of such modulation. In this work, we study three different mode
structures for each of the three active materials introduced above
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Fig. 2. Schematic of the mode structures and FEM simulated mode profiles for all the structures at their respective starting point from the material dispersion at k ¼ 1550 nm.
k=nSi ¼ 451 nm, k=nITO ¼ 800 nm, hSi ¼ hITO ¼ 200 nm, hITOblk ¼ 600 nm, hslot ¼ 100 nm, wslot ¼ 300 nm, hSislot ¼ 30 nm, g ¼ 20 nm, wmetal ¼ 550 nm, wITO ¼ 300 nm,
hmetal ¼ 20 nm, hITOhyb ¼ 10 nm, wITOhyb ¼ 250 nm. The simulated results are shown in log scale due to their largely varying electric field strengths. All gate oxides in this
work have thickness hox ¼ 5 nm to ensure similar electrostatics.

(Fig. 2). Our aim is to explore modulator-suitable material/mode
combinations for both EA and EO modulation mechanisms. We
aim to explore increased LMIs towards ultra-compact modulators
while maximizing extinction ratio (ER), i.e. modulation depth. Here
we considered plasmonics as a spatial mode compression tool
towards increasing the LMI and compare two distinct plasmonic
modes with a bulk-case. The two plasmonic modes analyzed are
the slot waveguide in a metal-insulator-metal (MIM) configuration
[22–27], and a hybrid photon plasmon (HPP) design in a metalinsulator-semiconductor (MIS). In order to understand the LMI
enhancement effect from modal compression, we compare each
active material with a bulk case where the entire waveguide consists of the active material only. The resulting design space is a
3  3 matrix, and we track the modal field distribution (Fig. 2) as
well as effective index for each waveguide case (Fig. 4).
All mode structures are chosen on top of a SiO2 substrate thus
providing a leveled playing field. The bulk Si waveguide is the classical silicon on insulator (SOI) rib waveguide. Starting our discussion with the active material Si case, the height and width of the
waveguide were chosen to coincide with the diffraction limited
dimension k=n towards maximizing packing density. For all three
Si cases we assume that it is possible for the entire Si portion to
change index with applied bias. This is possible as the method of
modulation is bulk carrier injection as previously demonstrated
[28–32]. It is noticeable that this mode is not strongly confined
to the physical cross-sectional area of the waveguide due to modal
field leakage (Fig. 2a0 ). Similarly, the bulk ITO structure is a waveguide made of ITO on top of a SiO2 substrate (Fig. 2d0 ). Index modulation for bulk ITO can in principle be done via thermo-refractive
effects but the effect is rather slow where the carrier concentration
in ITO increases with annealing temperature [33,34]. A second
mechanism for index tuning of ITO is via a capacitive carrier
modulation-based mechanism discussed above [2,8,12,20,
24,35,36]. Thus, for biasing purposes a 5 nm gating oxide layer is
included. Here the accumulated carriers shift the plasma dispersion via the Drude model. In praxis, a 1/e decay length of about
5 nm was measured before [24], and high index modulation has
been experimentally verified over 1/e2 (10 nm) thick films [7,36].
As such the modulation mechanism for ITO considered here is
capacitive-gated carrier accumulation rather than injection as for
the Si case. The accumulation layer of ITO (activated ITO) is modeled by assuming a thin (10 nm) layer of uniform carrier profile
in this work [7]. However similar to the Si bulk case, the bulk ITO

waveguide is also rather leaky and unconfined due to the relatively
small index contrast with the surrounding air (Fig. 2d0 ). Only the
thin accumulation layer of 10 nm changes optical properties with
tuning while the remainder of the ITO remains same with applied
bias. The bulk graphene structure consists of placing a single layer
graphene on a gate oxide on top of a Si waveguide, thus forming an
electrical capacitor. The Si waveguide was chosen to have a height
of 200 nm, which supports the 2nd order TM mode resulting in an
improved modal overlap with the active graphene sheet [10]. It is
important to point out that all the waveguides requiring a gate
oxide in this work have been designed with a fixed oxide thickness
such that we can compare them in a similar standard. That is, to
ensure the same electrostatic potential during the comparison,
all gate oxides in this work are 5 nm in thickness. The Si slot is
inspired by the dielectrically loaded surface plasmon polariton
(DLSPP) structure; with a 30 nm Si layer on top of the substrate
is chosen to enhance the plasmonic modal interaction with the Si
material [26]. This narrow thickness allows the necessary index
contrast between the Si and SiO2 substrate to squeeze the light in
the plasmonic gap. Two metal pads are placed to facilitate the plasmonic mode in the gap of 20 nm. From simulation results, the gap
mode is chosen to ensure high ER. Note, that the mode is rather
lossy and the field intensity in the slot is about 232 times more
compared to the bulk case despite the structure being a Si slot. This
is due to the fact that the light is confined in the gap in the slot
between the metal walls more than the active Si. The ITO slot follows the PlasMOStor design [25]. The gap between the metal pads
is chosen as a 5 nm Al2O3 layer for gating and subsequently topped
with ITO. The slot gap is taken to be 300 nm, for preserving the
photonic mode within the gap when ITO is not in the lossy state
(modulator ON state). Due to the fact that carrier accumulation
can only be around 10 nm, the width of the slot beyond 20 nm will
have little impact on confinement, since only activated ITO contributes to the confinement factor with tuning. Our results show
a nice confined structure (Fig. 2e0 ). Also, the considerably larger
dimension reduces the fabrication complexity. The graphene slot
consists of placing a single layer of graphene on top of the SiO2 substrate separated by a gating oxide of 5 nm. Then two metal pads
form the slot structure. Here the gap is also 20 nm similar to the
Si slot, which we have found previously to deliver high modulation
performance [12]. We note that broader gap dimensions lead to
higher order modes, lower optical confinement, and hence lower
ER. This value (20 nm) can be understood from two aspects both
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relating to the fact that metallic confinement beyond 20 nm is not
favorable: (a) the skin depth of plasmons at telecom wavelengths
is about 20 nm, and (b) the Purcell factor reduces dramatically
beyond ten’s of nm small plasmonic cavities due to high losses
and field leakage [37].
Our results indeed confirm a modal confinement to the gap and
a high field strength, which is 4600 times higher compared to the
bulk case (Fig. 2h0 ). Finally, for confinement of light in the transverse direction and to obtain a dielectrically aided plasmonic mode
for better modulation control, we choose the hybrid mode structures [20,38–40]. The hybrid Si mode is comprised of a metal and
an oxide layer on top of a Si waveguide that is 200 nm thick. The
results show a confined mode with most of the field being inside
the oxide. The hybrid ITO mode is similar to the hybrid Si mode,
with an added 10 nm layer of ITO between the oxide and Si layers
[7]. The hybrid ITO structure is essentially an MOS structure with a
10 nm ITO layer inserted between the oxide and Si interfaces. With
the metal on top and Si on bottom, it creates an optical capacitor.
The gap (oxide + ITO) provides the means to store electromagnetic
energy, leading to sub–wavelength optical guiding [40]. The strong
energy confinement in the gap arises from the continuity of the
displacement field at the material interfaces, which leads to a
strong normal electric-field component in the gap [6,41]. The
dielectric discontinuity at the semiconductor–oxide interface produces a polarization charge that interacts with the plasma oscillations of the metal–oxide interface; that is, the gap region has an
effective optical capacitance. The hybrid graphene mode is comprised of a metal layer on top of a 10 nm oxide layer, and the graphene single layer sheet is sandwiched inside the oxide. These are
stacked on top of a Si waveguide with 200 nm thickness [8]. Both
the hybrid ITO and graphene structures show reasonably high confined modes and field enhancements of 46 and 63 times compared
to their corresponding bulk cases, respectively. It is worthy to mention that the slot and HPP modes are comparably lossy without
accounting for the material loss to contribute as a byproduct of
tuning. As such one intuitively would expect these to be suitable
for EAM devices. However, there are also regions where the EOMs
(real part index tuning) via phase shifting outperform bulk cases

despite the high losses, as discussed below. Also it is noteworthy
that, all the metal used for the modal results is Gold (Au), which
has a reasonably low ohmic loss.
2.2.1. Confinement factor and index tuning
For waveguide modes containing diffraction-limited mode
(bulk) the modal confinement factor is the spatial field (E)
ratio of the modal overlap of the active region, i.e. the material
whose index is electrically being altered, relative to the size of
RR
RR
the entire mode: CBulk ¼ Bulk jEj2 dS= S jEj2 dS. A more comprehensive approach to define the modal confinement factor would be to
define it with respect to the Poynting vector (jE  Hj) corresponding to the power flow in the entire structure. For a simplistic and
comparable approach, here we define the modal confinement in
terms of the overall electric field intensity (jEj2 ). Similarly, 2D
materials show their unique electro-optic tunability when the
electric field is in the lattice plane (i.e. in-plane), but not
perpendicular to it (out-of-plane), due to the low polarizability in
this direction [12]. Hence, the confinement factor to characterize
RR
the light–2D material interaction becomes C2D ¼ 2D jEin j2 dS=
RR
jEj2 dS, where Ein denotes the in-plane electric field, and E is
S
the overall electric field. The latter is a critical requirement for
2D materials, since their polarizability vanishes for out-of-plane
fields. Thus, simply placing a 2D material on a plasmonic waveguide surface will not lead to increased overlap factors despite the
high field concentration near that metal-dielectric interface. In fact,
this is a fundamental challenge of interfacing 2D materials with
plasmonics. A possible waveguide design, however, to overcome
this bottleneck is a MIM-like slot waveguide with a graphene layer
parallel to the slot field (Fig. 2h). Starting with Silicon as the active
material, the bulk mode has an overlap factor approaching unity
(80%) for the modulator ON-state at low carrier concentrations
(Fig. 3a). However upon plasma dispersive biasing the overlap factor slightly decreases since the mode becomes more lossy. The two
plasmonic modes, hybrid and slot (Fig. 2b and c), worsen the overlap since the Silicon can only sit near the highest fields of both
modes, but not directly in it. The latter could be different, for

Fig. 3. Confinement factors of the modes from Fig. 2 with tuning. Confinement factors corresponding to the Si and ITO modes vs. carrier concentration (a) and confinement
factors corresponding to the Graphene modes vs. chemical potential (b). (i, ii) ITO slot at 1019cm3 and 6  1020 cm3, (iii, iv) ITO hybrid at 1019 cm3 and 6  1020 cm3;
respectively.
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instance, if the slot would be filled with Si, but this is not part of
this study. The Si slot has the lowest confinement of about 20%
since the field is mainly concentrated inside the metal walls of
the slot. All three Silicon-based waveguides have relatively flat
confinement factors with tuning, since the modal distribution does
not experience any significant change.
Both the confinement factor and material index change impact
the effective index with applied bias (Fig. 4a). The change in effective n is not dramatic but jeff varies rather rapidly with the carrier
concentration for the bulk Si case. However, even with the increase
in jeff , it is noticeable that the mode is relatively lossless compared
to the other modes studied as the material Si inherently exhibits
little loss. The change in the effective index and effective extinction
coefficient follows the material model from previous sections,
since this bulk mode is material homogeneous. This is further evident from the confinement factor of the mode; while we find a

Fig. 4. Effective indices for the respective modes in Fig. 2 for different applied bias.
(a) Real part of the effective refractive index for Si and ITO vs. carrier concentration,
(b) Imaginary part of the effective index i.e. effective extinction coefficient for Si and
ITO vs. carrier concentration, and (c) Real and imaginary parts of the effective index
for graphene vs. chemical potential.
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high modal confinement factor (i.e. high overlap), its value is not
changing significantly with increased carrier concentration. The
slot and hybrid structures for Si exhibit a higher amount of loss
than the bulk Si. The change in the real part of the effective index
with modulation, in these cases, are stronger than the bulk; as
expected from better confined structures. Although the effective
extinction coefficients for the slot and hybrid Si are relatively flat
(Fig. 4b), in fact, they do decrease insignificantly towards the
end of the permitted carrier concentration range, near
1019–1020 cm3. However, this does not violate the Kramers–Kronig relations because the more tuning is in effect, the more light
is projected out from the active Si, which becomes increasingly
lossy with tuning. This effect can be seen from Fig. 3; the slot
and hybrid Si confinement factors decrease towards the right
end. This means with tuning the light leaks into the oxide for the
hybrid case, and the gap for the slot.
Unlike the Silicon case, the three ITO-based waveguides experience a rather strong index change with bias. This is mainly driven
by the drastic change in the confinement factor. Starting with the
slot waveguide, the field is loosely confined within the 10 nm thin
ITO, which is in close proximity from the metal slot arms, only separated by the 5 nm gate oxide (i, Fig. 3a). This is due to the index
change in the activated ITO, which forms sufficient contrast with
both the bulk ITO and metal on either sides, effectively creating a
Metal-Oxide-Semiconductor (MOS) capacitor facilitating electromagnetic charge storage. This effect occurs for up to near ENZ point
in carrier concentration leading to highest modal overlap with the
ITO (ii, Fig. 3a). Beyond the ENZ point, the mode starts to become
more unbounded and confinement decreases as the effective index
increases and the field tends to be squeezed into the lower index
oxide again. In (ii), it is noticeable that almost all the light in the
structure is compressed inside the activated ITO accumulation
layer of about 10 nm thickness. A similar trend is observed for
the hybrid ITO case. However the field confinement of the simple
hybrid waveguide (iii, Fig. 3a) offers a higher overlap for the ONstate. This however is necessarily desired since the ITO has usually
a higher loss than the Silicon (typical SOI) part of the hybrid design.
Hence lower overlap factor for the modulator ON state would be
beneficial to reduce the insertion loss.
For the hybrid ITO case, (iii) is the starting point in the range of
carrier concentration for ITO. The most confined state is shown in
(iv), which has a carrier concentration level near ENZ. Most light is
confined in ITO in this state thus LMI in ITO is at its maximum level
here. By means of the effective optical capacitance in the gap
(oxide + ITO), arising from the continuity of the displacement field
at the material interfaces, the light is strongly confined in the gap
region in the hybrid structure [42,43]. At the start of the carrier
concentration range, ITO index is more than that of the oxide
and light being prone to occupy spaces with lower index in these
plasmonic modes, the light in the mode tends to be more squeezed
in the oxide (Fig. 3a, iii), resulting in a lower confinement factor.
With tuning, as the carrier concentration increases, the material
index of ITO drops to values lower than that of the oxide. This
causes a change in the illumination profile of the mode and more
light now is confined in the ITO layer. (Fig. 3a, iv) As a result, the
confinement factor increases significantly near ENZ. For carrier
concentrations beyond ENZ, similar to the slot ITO case, more light,
is confined into the oxide layer rather than the ITO since the oxide
layer has a lower index, thus the confinement decreases. Hence,
the slot ITO structure can be thought of as two hybrid modes
rotated vertically and then mirrored sideways. The mode structure
sideways consists of material interfaces of metal, oxide, activated
ITO and bulk ITO respectively; and the same combination mirrored.
The activated ITO i.e. accumulation layer of about 10 nm from the
oxide interface is, in effect, similar to the ITO layer in the hybrid
case. The rest of the ITO material remains in its bulk
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(un-modulated) state and can be compared to the Si in the hybrid
silicon case. In this structure, similarly the oxide and activated ITO
confine more light at the starting carrier concentration. But the unmodulated ITO confines considerable amount of light as well.
(Fig. 3a, i) This occurs because of the mirror symmetry in this
mode. The asymmetry in the hybrid mode causes the light to be
squeezed into the gap creating an optical capacitance able to store
the electromagnetic energy. But in the slot structure, the symmetry
allows the light to be more spread out in the bulk (un-modulated)
ITO. This effect is also increased due to the fact that the bulk (unmodulated) ITO index is considerably lower than that of bulk Si.
The bulk (un-modulated) ITO index being closer to the oxide index
also decreases the forming of the optical capacitance effect. With
increasing carrier concentration, i.e. tuning, as the activated ITO
index becomes comparable to that of the oxide and lower, light
is more confined into the activated ITO giving rise to the confinement factor. (Fig. 3a, ii) This effect also can be observed increasingly more near ENZ in the carrier concentration. Similarly as the
hybrid case, the confinement goes down for carrier concentrations
beyond the ENZ region.
For bulk ITO, the effective n change is very low as tuning only
changes the accumulation layer of only about 10 nm (Fig. 4a). This
is because the carrier accumulation is only about 10 nm into the
bulk at the ITO–oxide interface, rest of the ITO remains in the bulk
state. The minimal confinement for the bulk ITO mode also reflects
this effect. The confinement increases a little towards the end of
the carrier concentration range, and this accounts for the slight
increase in the effective extinction coefficient in that range as the
material becomes very lossy. The ITO slot provides better results
in terms of both the effective index change and effective extinction
coefficient change. Fig. 3a shows a better confinement for this
structure as well. The highest confined structure, in the ITO ones,
is the hybrid one. (Fig. 3a) This reflects a considerable change with
tuning in both real and imaginary parts of the effective index. Both
the slot and hybrid structures for ITO are quite lossy to begin with,
as both of them are plasmonic modes, and with tuning they
become even more lossy as the material becomes j –dominant.
Traditionally with tuning, the effective index drops and the effective extinction coefficient rises due to the Kramers–Kronig relations. But with the ITO slot and hybrid cases we see the opposite
towards the end of the carrier concentration range, near and
beyond ENZ. A closer look into these reveals that the mode, in a
way, ‘flips’ near the ENZ region. Towards the left of the ENZ region,
the mode is more confined in the ITO and follows the material
traits, i.e. the mode becomes lossy with the material becoming
lossy. Near and beyond the ENZ region the mode is leaking toward
the oxide layer as ITO becomes metallic across ENZ region, thus
towards the end of the carrier concentration range the confinement factor decreases.
The graphene structures seem to experience lowest change in
effective indices with tuning, both for the real and imaginary parts.
But this is quite natural and expected as graphene used here is a
single layered 2D material, with a naturally low light confinement
into the graphene layer, due to its miniscule 0.35 nm thickness
(Fig. 3b). But this is essentially what separates graphene from the
rest of the bulk materials in this study; the unique properties of
graphene and the drastic change in refractive index between lc
values of 0.4 and 0.5 eV with an infinitesimally small extinction
coefficient make it a formidable opponent as it enables operations
in the nano–scale. The real and imaginary parts of the effective
index of the bulk graphene mode remain fairly the same and follow
some minor changes with tuning. The effective n of the slot graphene structure increases by a small amount and then decreases
with tuning, following the material trait. The effective j stays
almost constant and then decreases in the n–dominant region of

the material, due to the fact that j of the material itself here is
infinitesimally small, near zero. The confinement factor also follows the same trait, i.e. confinement is more as graphene becomes
lossless. The hybrid graphene case is contrary to the slot, the effective index takes a dip towards the end of the chemical potential
range. The effective extinction coefficient also takes a minor dip
in that region. This can be explained by the confinement factor,
which is less as the chemical potential reaches the n–dominant
region of the material (Fig. 3b). The drastic change in the index
amounts to only small changes in the confinement factor because
of the single layer of the material and the fact that only in–plane
components of the associated electric field corresponding to it.
The higher losses of deeply confined waveguide modes must be
accompanied by strongly index-changing active materials for high
modulator extinction ratios. This is because the parasitic loss
incurred upon plasma dispersion tuning of Silicon is yet orders of
magnitude lower compared to the modal loss of plasmonic waveguides. The high modal overlap for Silicon bulk waveguides results
in almost similar index changes compared to plasmonic-Silicon
based modes with lower overlap factors than bulk. For example,
the modal overlap differs by a factor of 4 for the Silicon bulk relative to the plasmon-slot is compensated by the field enhancement
more than 200 times in the plasmonic mode compared to that of
the bulk mode. The strong index modulation of active TCO materials in combination with increasing the modal overlap upon plasmonic field squeezing offers high modulation index differences
beneficial for electro-optic modulation. However, the electrical
biasing scheme and subsequent index changing region of TCOs
make them weak candidates when diffraction limited modes are
used due to low overlap factors. For 2D materials such as graphene,
the combination of such a material with diffraction-limited modes
(bulk-case) does not allow for strong modulation despite high
material index potential due the miniscule field overlap. Furthermore, plasmonic modes need to be designed with care since their
TM character (field normal to the metal surface) hinders in-plane
field components inside the 2D material. If this is not observed,
the only modulation performance enhancement relevant to the
modulator is the plasmonic field enhancement upon mode squeezing that offers any in-plane component such as roughness or edges.
On the other hand, slot waveguides do provide the correct field
polarization (in-plane) for 2D materials and allow for overlap factors with 2D materials approaching 1% [12]. This is possible when
the plasmonic slot gap and metal height is decreased to ten’s of
nanometer dimensions.

3. Conclusion
Out of the three materials chosen for this study, ITO and Graphene clearly outperform conventional Si, in both electro–optic
and electro–absorptive cases. Also the different modes discussed
have their distinguishable advantages. The more confined slot
and hybrid modes lead to shorter device lengths and are beneficial
for achieving improved results for small scaling. But for overall
higher EOM results the bulk structure is the favorable option. Scaling and footprint reduction is of utmost importance to enabling
nano-scale operation and improving the on-chip packaging density. The unique electro-optic property of graphene with the sharp
real part of the index change and the almost constant infinitesimal
imaginary part of the index in that region can make it the highest
performing material in terms of modulation strength. But consideration must be given to the corresponding confinement factor
and to placing the graphene sheet in such a manner that interaction with the in-plane components of the involved electric field
in the mode is maximized. ITO slot and HPP structures can offer
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superior performance, whereas the graphene slot is also noteworthy considering the atomic thin layer of graphene.
4. Methods
4.1. Kramers – Kronig relations in electro-optic modulation
The Kramers–Kronig (K-K) dispersion relations are fundamental
with respect to the LMI and applicable to transparent matter,
molecules, gases, and liquids. They provide restrictions for ensuring self-consistency of experimental or model-generated data. Furthermore, they allow for the possibility for optical data inversion;
that is information on dispersive phenomena can be obtained by
converting measurements of absorptive phenomena over the
whole spectrum and vice versa. Especially, these general properties
permit the framing of distinguishing phenomena that are relevant
at given frequencies showing that their dispersive and absorptive
contributions are connected to all the other contributions in the
rest of the spectrum [44]. Thus, the K-K relations share the principle of causality in LMI. The principle derives from time order of
cause and response of a system; that is, it states that the effect cannot precede the cause [45]. The passage of electromagnetic waves
through dielectric media is characterized by a complex permittiv~ ðxÞ ¼ nðxÞ  ijðxÞ ¼
ity, leading to a complex refractive index, n
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0
00
~
ðxÞ ¼  ðxÞ  i ðxÞ, where x is the angular frequency,

nðxÞ and jðxÞ are the real and imaginary parts of the refractive
index, and 0 and 00 represent the real and imaginary parts of the
permittivity, respectively. The basic principle of causality of the
response of any material to an external electromagnetic field
ensure that the permittivity being a holomorphic function in the
upper half of the complex frequency plane, obeys Kramers–Kronig
relations that connect the real and the imaginary parts of refractive
index [44,46–48]. The Kramers–Kronig relations can be used to
model the propagation of light in a homogeneous and lossy dielectric medium relating the real and imaginary parts of the index to
each other. With the aid of traditional material models, it is established that upon index modulation the material changes its optical
properties. Tuning or modulation causes the real index, n to drop.
Kramers–Kronig relations dictate that in order for the real part to
drop, the imaginary part i.e. the extinction coefficient, j must rise.
Consequently, electro-optic tunability of materials or resonance
shift in cavities and associated losses thereof are competing factors, which are connected by the Kramers–Kronig relations, as
one cannot have an ideal active material that has only a real or
imaginary index change.
4.2. Material models
4.2.1. The Drude model for Silicon and ITO
The active material changes its optical properties with modulation. There are established models that characterize the change in
these properties. For Silicon and ITO, we characterize the corresponding complex refractive index change from electrical tuning
~ ¼ 0  i00 , as defined by
with the Drude model. The permittivity 
2

xp
~ ¼ 1  xðx
~2 ¼ 
, where
Drude model, is given by n
þicÞ

1

is the

high-frequency dielectric constant, x is the angular frequency of
the illuminating light, c ¼ 1=s is the carrier scattering rate i.e. collision frequency, and xp is the unscreened plasma angular frequency defined by x2p ¼ N c q2 =0 m [49,50]. Here N c is the carrier
concentration, q the electronic charge, 0 the permittivity of vacuum, and m the effective carrier mass. The electron mobility l
and s are related by l ¼ jqjs=m . Silicon is a conventional photonic
material for ease of fabrication and pricing concerns. To characterize the complex refractive index change with EO modulation, we

use the dielectric constant of undoped silicon 1 ¼ Si ¼ ð3:415Þ2
for the Drude model computations [51]. The effective mass, m is
taken as 0:26m0 , where m0 is the free electron mass [52], l is taken
as 1100 cm2 V1 s1[49]. As the drive voltage is increased, free carriers are created leading to dispersive effects, and a net increase in
the carrier concentration ensues. For EO modulation, the dispersion relations were calculated by varying carrier concentration,
N c in the permitted range of 1016–1020 cm3. In the nearinfrared, ITO is quasi-metallic since its free electrons dictate its
optical response. In fact, ITO and related TCOs have recently been
explored as plasmonic materials in the optical frequency range
[53–58]. It has been shown that Drude model accurately predicts
the permittivity of ITO at wavelengths beyond 1 mm [50]. Several
previous studies have calculated the permittivity of ITO using the
experimentally measured reflectance and transmittance, and we
choose a fitting result of Michelotti et al. whereas 1 and c depend
on the deposition conditions; in our analysis we have taken
1 ¼ 3:9 and c = 1.8  1014 rad s1[50,54]. The plasma frequency,
xp is mainly determined by the ITO doping concentration, Nc ,
which is in the range of 1019–1021 cm3 depending on the deposition conditions, defect states, and film thicknesses [55,57].

4.2.2. The Kubo model for graphene
Graphene shows anisotropic material properties given its
dimensions; in its honeycomb like lattice plane, the in-plane permittivity (jj ) can be tuned by varying its chemical potential lc ,
whereas the out-of-plane permittivity is reported to remain constant around 2.5 [59]. Here, graphene is modeled by a surface conductivity model rðx; lc ; c; TÞ, where x is the angular frequency, lc
is the chemical potential, c is the scattering rate and T is the temperature. The conductivity of graphene is given by the Kubo formula [60]:

rðx; l; c; TÞ ¼

iq ðx  i2cÞ
2

ph

2

Z

0

1

"

Z

1
ðx  i2cÞ

2

2

2



@f d ðEÞ @f d ðEÞ

dE
@E
@E
#

E

0

f d ðEÞ  f d ðEÞ
ðx  i2cÞ  4ðE=hÞ

1

dE

ð1Þ

where f d ðEÞ ¼ 1=½eðElc Þ=kB T þ 1 is the Fermi-Dirac distribution function, ⁄ is the reduced Planck’s constant 
h ¼ h=2p, and q is the electron charge. We point out that the Kubo formula contains two
contributions: (a) the intraband transitions, i.e. the Drude tail, and
(b) the interband (band-to-band) transitions. Solving (1) and performing the integration, while we used an exact solution for the
intraband contribution, we did use an approximate solution for
the interband contributions, which assume a temperature of 0 K.
As such the permittivity as a function of chemical potential (Fig. 1l
and k) creates a curve that is not smeared out enough, which may
underestimate the amount of applied voltage needed. With applied
gate voltage, the chemical potential lc is tuned, thus the optical
property of graphene is a function of gate voltage, V g and the capacitor model, which is actually similar to the ITO case. We can calculate the in-plane conductivity rjj from the Kubo formula. Then the
in-plane permittivity is obtained via jj ¼ 1  rjj =ðix0 DÞ where
D = 0.35 nm, is the thickness of a single graphene sheet, and the
corresponding refractive index and extinction coefficient are found
from the complex in-plane permittivity [12]. Unlike bulk materials,
the unique electro-optic properties of graphene dictate its modulation response in a manner such that the out of plane components of
the electric field do not contribute to any change in the material,
only the in-plane components correspond to enhance LMI. The latter has consequences for the modal overlap factor, C, as discussed
above.
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