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1 ITO epsilon-near-zero properties

In general, the response of a metal to an external E-field is defined by electron gas plasma oscilla-
tions, which influences the permittivity of the metal in accordance with the Thomas—Fermi screening mi-
croscopic model [1, 2, 3|. Following this approach, the complex permittivity of a metal e(w) can be ex-
pressed as a function of light frequency w using the Drude model of electrical conduction, [4, 5, 3]
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where
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is the plasma frequency of the metal (i.e., the resonant frequency of free electron gas in the metal), n

is the density of electrons in the metal, £y is the vacuum permittivity, m* is the effective electron mass,
q ~ 1.602 x 1071 C is the elementary charge, and 7 is the electron relaxation time in that metal, which,
along with the frequency dependence of the metal’s conductivity, determines the Drude response of the
metal. When w7 > 1, one can neglect electron collisions in the metal’s crystal lattice, and equation (1)
reduces to the following approximation
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From equation (3), we can deduce the following:

wWp > w = e(w) = —0o0, (4)
wp R w = e(w) =0, (5)
wp K w = e(w) — 1. (6)

Equation (4) implies that the permittivity is negative when the light frequency w is lower than the
plasma frequency of the metal w,. Equation (5) describes the ENZ mode; the permittivity ¢(w), of the
metal layer converges to zero as the plasma frequency becomes closer in value to the light frequency.
ENZ metamaterials and plasmonic materials pertain to a material category whose constituent metas-
tructures have profoundly subwavelength thicknesses in which £(w) approaches values close to zero for
a given incident light frequency [6]. More specifically, when that frequency is near the plasma frequency
wp of a transparent conducting oxide (TCO), e.g. ITO, the real part of ¢(w) attains a near-zero value.
On the other hand, the imaginary part of £(w) is negligible [7]. The ENZ mode makes up a portion of
the long-range surface plasmon mode, and therefore is a transverse electric (TE) mode [8]. Moreover, for
conductive media with thicknesses significantly smaller than the skin depth §, the plasma resonance can
be easily seen and an approximation using a linear relation between w and the transverse component of
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the wave vector can be employed. The ENZ-related E-field across a film increases in magnitude when its
thickness decreases. When exploited right, this phenomenon can create a multitude of new applications,
such as more efficient electro-optical modulation [9]. For ITO with free carrier density n ~ 6.3 x 102
cm 3, the ENZ regime lies at a light wavelength A\ of 1550 nm, corresponding to fuw = 790 meV as dis-
cerned from Figure S1(b). The dielectric constant of ITO as a function of depth z into the ITO layer,
erto(z), can be determined using
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where e, = 3.9 is the high-frequency dielectric constant of ITO, N(z) is the depth-specific free carrier

concentration, and v = 1.8 x 10 rad s~! the electron scattering rate (i.e., the inverse momentum relax-

ation time or collision frequency). At a specific depth z, the permittivity of ITO erro(z,w) can be writ-

ten as [10]

w2(2) ®
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where the ITO plasma frequency w, depends on the electron concentration n at that specific depth, which

can be calculated as described following equation (1). The real part in equation (8) accounts for polar-

ization while the imaginary part accounts for losses. Figure S1(a) plots the real and imaginary compo-

nents, as well as the magnitude, of I'TO permittivity as functions of accumulation layer carrier density

Nace at A = 1550 nm using the Drude model (equation (8)), where

erro(2,w) = €00 —
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Figure S1(b) plots Re(erro), Im(erto), and |erro| as functions of radial light frequency (i.e., light
photon energy fiw). To calculate w, of ITO, we presumed ... = 6.3 x 102° em™ and m*/mgy = 0.35. The
former corresponds to a carrier density value within the ENZ regime as determined using equation (1)
and shown in Figure S1(a). As one can see in Figure S1(b), as the light wavelength increases, the sign of
Re(erTo) changes from negative to positive at approximately Aiw = 790 meV (or A = 1550 pum). When
lerrol is in the ENZ regime, that is, —1 < |erro| < 1, a large E-field enhancement occurs in the accu-
mulation layer for NIR wavelengths, allowing for an efficient electrical modulation of the attributes of
nanoscale optoelectronic devices (i.e., high-speed modulation with low power consumption) [11, 12, 13,
14, 10].

When the operating frequency of an I'TO-based device is near the plasma frequency of ITO, the real
and imaginary parts of ITO permittivity are strongly suppressed [15]. In a hybrid plasmonic waveguide,
the absorbed areal power and field intensity are proportional to the dielectric spacer’s Im(e,)/|e;| ratio.
Therefore, as |e,| — 0, it is possible to absorb EM energy from the high-index Si core and the dielectric
spacer layers and localize the optical field within the accumulation region of ITO. Because of the strong
free carrier absorption and ohmic losses originating from the neighboring metal layer, the mode propaga-
tion length is significantly reduced. As a result, under the assumption of uniform carrier accumulation,
the ENZ effects enable refractive index change within a 1 nm-thick accumulation layer to significantly
disturb a well-guided hybrid plasmonic mode [16, 14].



3 CHARGE TRANSPORT SOLVER

(b) 4 n=6.30x 102 cm=

A=1550 nm

5
4 sl
3 L
20 2
r 1
o o
=0r =
5 @
b O
_2 j _O_Re(‘c"ITO) —1 Y Re(ngO)
-3F O Im(gg) : O—Im(ziro)
4l el 2r o
L _A‘_|5|To|
_5 L L L L L L L L _3 L il | | | |
0 2 4 6 8 10 12 14 065 080 095 110 125 140
n (x10% cm) ho (eV)

Figure S1: ITO optical attributes—(a) Plot of the real and imaginary components, as well as the magnitude, of ITO per-
mittivity as a function of accumulation layer carrier density at A = 1550 nm using Drude model (equation (8)). (b) Plot
of ITO permittivity as a function of light energy using the simplified Drude model (equations (3)). The shaded regions
indicate the ENZ regime.

2 Atomic force microscopy analysis

Figure SS2 shows AFM images of deposited TiN and SiO, surfaces thin films. The root mean square
(RMS) roughnesses of the TiN and SiO, layers are 1.12 nm and 1.36 nm, respectively.
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Figure S2: AFM map images of the deposited (a) TiN and (b) SiOy surfaces.

3 Charge transport solver

Taking advantage of its self-consistent algorithm, a charge solver, namely Lumerical DEVICE (CHARGE
module), was used to plot the theoretical carrier density concentration and estimate the accumulation
layer thickness. By solving the drift-diffusion equation for electrons and holes
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J, = quppE + ¢D,Vn, (13)

where J,, and J, are the current density vectors resulting from electron and hole transportation, respec-
tively, p,, and p, are the carrier mobilities, E is the E-field vector, and D,, and D,, are the carrier dif-
fusion coefficients, and n and p are the carrier densities. Evidently from equation (12) and (13), each
charge carrier undergoes several transport processes under the effect of two competing mechanisms, namely
carrier drift and diffusion. The former is cause by the applied E-field, whereas the latter is induced by

the gradient in carrier density. The carrier diffusion coefficients are determined using the Einstein rela-
tion,

kgT
Dy, = Nn,p%? (14)

where kg is the Boltzmann constant. To solve the drift-diffusion equations, the applied E-field must be
determined. To obtain the E-field, Poisson’s equation

=V - (eVV) = qp, (15)

must be solved, where ¢ is the dielectric constant, V' the electrostatic potential (E = —VV'), and p the
net charge density. To account for charge conservation, the continuity equations that describe charge
carrier transport are solved

1

—ZZ = Vd - R, (16)
dp 1

5 = —av J,— R, (17)

where R, , is the net recombination rate. By discretizing the equations along a finite-element mesh and
imposing the following condition in equations (16) and (17)
I __,, (18)
ot ot
CHARGE can solve the drift-diffusion and Poisson’s equations, resulting in steady-state solutions to the
carrier density and electrostatic potential.

4 Graded-index layer model

For a metal-insulator-metal (MIM) modulator waveguide employing ITO layers in its slot region,
the UAL model has traditionally been used to analyze the electrical behavior. In such a model, the ITO
layer is conceptualized as a stack of two layers: a layer with an invariable permittivity and a layer with
an effective permittivity tunable by virtue of a variable applied voltage. The latter layer is referred to as
an accumulation layer. Put differently, in the UAL model, ITO is modeled as homogeneous layer with
an initial uniform carrier concentration Ny and an accumulation layer with uniform carrier concentra-
tion N, tuned electrostatically. The analysis based on this model are rendered incorrect if the applied
voltage is sufficiently large; in particular, when the voltage is around the value for which the real part of
the accumulation layer permittivity converges to zero and uncertainty in determining the accumulation
layer thickness is warranted. Therefore, precise calculation of the carrier concentration in an ITO layer
must involve a GIL model structure in which the ITO layer is perceived as a layer with a continuous and
variable dielectric constant distribution [17]. Recall the Thomas—Fermi model, the carrier density N as a
function of depth into the ITO layer (z) can be expressed as [18]

V) = () (19)
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where ¢(z) is the electric potential on which N(z) is dependent and E¥r is the Fermi level:
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where h is Planck’s constant, m* = 0.35my is the effective electron mass in ITO, and mg ~ 9.109 x 1073!
kg is the rest mass of an electron. To determine ¢(z), the following second-order differential equation de-

duced from equation (19) and Poisson’s equation must be solved:
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Here, 170 = 9.3 and e44q. are the static dielectric constants of ITO (at low-frequencies or constant E-
field) and the capping oxide layers, respectively. For HfOg, €oxige = 25, whereas for SiOsg, €oxige = 12.

5 MISM device C'V measurements at lower small-signal frequencies
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Figure S3: Frequency response curves of fabricated SiOy/ITTO MISMs with different niro levels as functions of bias voltage
at (a) 10 kHz and (b) 100 kHz.

6 MISM device CV-1V adherence curves

Figure S4 shows 6, adherence measurements, demonstrating near-ideal MISM devices as capacitors
(i.e., 0, is as close as possible to —90°). For an ideal capacitive device, it is necessary that 0, (i.e., the
angle between I and V') be —90°, implying that there is no external influence of R on measured Z and
therefore the measured Z values are entirely imaginary (Rs =0 — Z = 1/(jwC)).
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Figure S4: 0, adherence characteristics of measured I'TO-based MISM devices with different Fo, at fss = 100 MHz.
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