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Fine-tuning of the electro-optical switching behavior in indium tin oxide
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Indium tin oxide is often used as an active material in photonics. Strong correlation between its optical
response and a state of conduction electrons, as well as an intermediate density of charges typical for semi-
conductors, makes it highly tunable using an external electric field. This property is extensively used in various
types of electro-optical modulators. Usually for infrared switching the charge concentration is manipulated in
order to reach the epsilon-near-zero regime, where the real part of permittivity is small and losses are high.
This allows one to switch between an optically transparent state and a highly absorbing state. In this paper we
investigate the possibility of a different switching mechanism, namely, between the state where the propagation
of surface plasmons is possible and another state where surface waves are forbidden. To obtain modes with
high quality factors, which is challenging in indium tin oxide, we suggest using odd pairs of surface plasmons
supported by thin films. The accumulation layer, formed at the boundary between indium tin oxide and the
insulator under the influence of an external voltage, is considered as a tunable plasmonic waveguide. Both
analytical and numerical analysis is used, first, to localize the regime where such modes are possible and, second,
to compute the characteristics of corresponding plasmons in realistic conditions. Drift-diffusion equations and
Maxwell equations are solved numerically in a self-consistent way to handle electronic and optical aspects
of the problem. High tunability of plasmonic modes is demonstrated in infrared. The obtained results can be
implemented in the new generation of plasmonic modulators and electro-optical circuits.
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I. INTRODUCTION

Modern photonics requires fast and compact electro-
optical components for further development. Today, in most
applications, their performance is limited by the laws of clas-
sical optics and electronics [1,2]. To overcome the restrictions,
it is necessary to search for the regimes of efficient light-
matter interaction at the edge of classical physics and beyond.
One elegant approach available today suggests the exploita-
tion of hybrid quasiparticles assembled from both electrons
and photons [3–5]. One such hybrid under active investigation
is an exciton-polariton (EP). It possess a number of peculiar
properties such as, for example, the ability to form Bose-
Einstein condensate at room temperature [6]. In the condensed
state it demonstrates a coherent behavior typical for quantum
fluids and supports a number of nonlinear excitations, such as
solitons [7] and quantum vortices [8–10]. Some potential ap-
plications of exciton-polaritons have already been suggested
[11,12]. Another peculiar quasiparticle is a plasmon polariton.
Hybridization of light with oscillations of electron plasma and
resulting hybrid modes, such as surface plasmon polaritons
(SPPs), demonstrate a number of useful properties [13]. Com-
pactness below the diffraction limit and the strong light-matter
interaction achievable in these modes allow plasmonic devices
to be made smaller and faster [14–16].
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The useful property of strongly hybridized states is the
ability to influence one component of the mixture, manipu-
lating the other. This principle is quite promising for future
electro-optical devices and, in particular, modulators [17].
Plasmonic frequency, which defines the optical response of a
large class of materials in infrared, depends on the density of
charge carriers. Tuning the density via standard mechanisms
used in electronics, such as, for example, applying the volt-
age, one may change the optical response. This mechanism
is extensively used in various plasmonic devices to perform
switching [18–23].

The choice of an active material in such devices is not a
trivial problem. Classical plasmonic materials are mainly met-
als, such as, for example, gold and silver. They support SPP
modes of high quality. At the same time, the concentration of
charges is high there, and one cannot change much the relative
distribution of charges applying voltages that are reasonable
in electronics (tens of volts). For this reason, metals are in
general bad switchers. Insulators cannot be used either. If the
density of electrons is too small, plasmonic properties of the
material become negligible. Materials with good plasmonic
switching behavior should be searched for among semicon-
ductors, with intermediate and well-controlled charge density.
The concentration profiles and corresponding optical proper-
ties can vary significantly there under the influence of external
fields.

One popular active material that was successfully used
in various models of modulators is indium tin oxide (ITO)
[24–26]. It is highly tunable. An external voltage can be
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used to cause two-orders-of-magnitude local charge density
variation. It influences plasmonic frequency and permittivity
a lot and can be used to construct active devices [27]. At the
same time, ITO is not considered as a good SPP supporting
material [28], and there are a few reasons for that. To obtain
propagating plasmonic modes in the popular C + L telecom
range, one should reach an extreme level of doping, close to
the maximal possible in ITO. Even when this criterion is ful-
filled, the quality factors, i.e., the propagation length relative
to the size of the mode, are usually poor. On the other hand, to
provide switching in ITO, the epsilon-near-zero (ENZ) effect
is often utilized [29,30]. The combination of a large imaginary
part and a small real part of permittivity causes significant
variation in the optical response in this regime. The charge
density required to switch on ENZ is always smaller in ITO
than the concentration required to make SPP modes possible.

Practically, only a small fraction of bulk ITO is tunable
using an external voltage. A thin insulating layer incorporated
into a semiconductor is usually used as a capacitor to collect
the necessary charge density [21]. The detailed calculations
show that the width of the layer with modified properties in
this case is of the order of nanometers. Nevertheless, it is
enough to switch between the almost transparent state and the
highly absorbing state of ENZ modulators [23]. At the same
time, the existence of a very thin and highly tunable accumu-
lation layer in ITO suggests the alternative idea of using it
as an SPP supporting structure. SPP modes in very thin films
are successfully studied in such materials as graphene [31,32].
Much thicker film plasmons are also studied experimentally in
ITO [33,34]. Tunable plasmons in nanorods made from ITO
are investigated [35]. However, to the best of our knowledge,
there is no comprehensive theoretical study investigating the
possibility to use the accumulation layer as a tunable plas-
monic waveguide. In the case of ITO, thin film plasmons have
a different dispersion relation compared with single-interface
surface waves and possess a much better quality. High tunabil-
ity of the layer allows one to switch the existence of the SPP
supporting channel, instead of switching the absorption. The
appropriate usage of these modes in plasmonic waveguides
would make them a priori tunable, without the necessity to
use special devices for electro-optical modulation. Electrical
contacts attached to such a waveguide can be used to manip-
ulate the signal. In this paper we investigate the possibility to
realize the described switching mechanism.

Our paper has the following structure. In Sec. II we
overview the plasmonic properties of ITO and describe its
permittivity for different levels of doping. Characteristics of
surface waves and their quality factors in different regimes
are analyzed. In Sec. III we analyze numerically and ana-
lytically dispersion curves for SPP modes in thin films and
demonstrate their advantages for applications compared with
single-interface waves. The theory is applicable to two dif-
ferent cases. It describes SPP modes in thin films of highly
doped ITO surrounded by a dielectric (untunable case). It
also approximately describes plasmons supported by the ac-
cumulation layers created in ITO with low doping level at
a boundary with a dielectric using voltage (tunable case).
In Sec. IV we discuss the properties of a hybrid plasmonic
waveguide with an embedded thin film mode. Such a waveg-
uide represents one simple example of a device available for

experimental realization and verification of the presented the-
oretical results. The conversion between classical waveguide
modes and thin film plasmons is discussed. Qualitative differ-
ence between SPP and ENZ regimes in ITO is demonstrated.
In Sec. V we discuss the tunability of thin film SPP modes
numerically using a realistic model based on drift diffusion
and Maxwell equations. The obtained results are compared
with the simplified theory presented in Sec. III. Charge den-
sity profiles for accumulation layers formed at ITO-insulator
boundaries are obtained for different voltages and geometries.
The possibility to manipulate plasmons using the voltage is
demonstrated.

II. SPP MODES IN ITO

The concentration of electrons in ITO can be varied by
applying external electric fields (locally) or using doping.
The experimentally available range of concentrations in the
latter case varies between 1018 and 3×1021 cm−3 [36]. In this
section we provide an overview of the plasmonic properties of
ITO in a whole range of relevant concentrations.

The permittivity of ITO in the infrared range is well ap-
proximated using the Drude formula [37]

ε(ω) = ε∞ − ω2
p

ω2 + iωγ
(1)

with three parameters: plasmonic frequency ωp =√
nce2/(ε0m∗), Drude damping constant γ = e/(μnm∗),

and asymptotic permittivity ε∞ = 3.9. Thus, to describe
an optical response of ITO, it is necessary to define a
concentration of electrons nc, mobility μn, and effective mass
m∗. It is known that the last two parameters vary slightly with
the level of doping [36]. Taking into account experimental
parameters, we plot the permittivity of ITO for different levels
of doping in Fig. 1(a). Relevant ranges of frequencies such as
near infrared (NIR, 0.7-3 μm), midinfrared (MIR, 3-8 μm),
and C + L are shown by shaded areas.

The brown line represents the maximal achievable doping
in ITO. One may obtain slightly higher electron concentra-
tions in a thin layer at the boundary with a dielectric, applying
a voltage. Nevertheless, this improvement is limited by values
of voltage reasonable in modern electronics. For example,
doubling the concentration and reaching 6×1021 cm−3, ac-
cording to our computations, require a voltage around 15 V
(assuming a 10-nm layer of high-quality HfO2 dielectric and
maximal initial doping level 3×1021 cm−3). This is close to
the maximum of what we can practically expect.

In Fig. 1 we highlight the existence of two important
points: ENZ frequency ωenz and SPP upper boundary ωspp. For
the concentration 1021 cm−3 (blue line) they are shown using
blue dots. The first point represents the frequency where the
real part of the permittivity goes to zero.

ωenz =
√

ω2
p

ε∞
− γ 2. (2)

This point is characterized by the minimal refraction index
n = Re(

√
ε) and high absorption, given by the imaginary part

of the permittivity (not shown). These properties are good for
switching. Using voltage to vary the concentration between
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FIG. 1. Properties of SPP modes for ITO. (a) Permittivity of ITO
with different doping levels. (b) Dispersion curves of SPP modes at
the boundary between ITO and the dielectric. (c) Quality factors of
single-interface plasmons in ITO.

the red line, which provides negligible absorption in the C + L
range, and some value close to the blue line, one may switch
on a thin but highly absorbing layer.

The meaning of the second point becomes clear when we
consider the dispersion relation for SPP [1]

β = ω

c

√
ε(ω)εd

ε(ω) + εd
. (3)

Parameter εd stands for the permittivity of the dielectric in
contact with ITO, and β is the propagation constant of the
surface wave. The dispersion curves are plotted for considered
values of concentration in Fig. 1(b). One of the requirements
for SPP modes to exist is the negative number in the denomi-
nator of Eq. (1), which is possible when ε < −εd (see Ref. [1]
for details). It is easy to show that surface modes exist below
the frequency

ωspp =
√

ω2
p

ε∞ + εd
− γ 2. (4)

The position of this point depends on the permittivity of the di-
electric. In principle, it can be air, but in practical applications
it is usually something more optically dense. For simplicity
we consider εd = 4.

The existence of both points is attributed to the same bulk
plasmonic resonance, mathematically expressed by a complex
Lorentzian [Eq. (1)] with position ω = 0, amplitude ωa, and
width γ . The real part of the distribution in the physical half
plane (ω > 0) is plotted in Fig. 1(a). The position of the
plasmonic peak is defined by free Drude electrons that do not
have the eigenfrequency and can only feel the damping force
proportional to γ . It is different, for example, for excitonic
resonances with well-defined frequency and corresponding
nonzero position. It is also different for SPP modes, since
the position of such resonances is characterized by ωenz or
ωspp [one may say that the resonance is located between these
two points; see Fig. 1(b)] and depends on ωp. For narrow
resonances, when γ can be neglected, SPP resonance position
is simply proportional to ωp [see Eqs. (2) and (4)]. This means
that both points move with the concentration nc, but an optical
behavior associated with them is very different. In particular,
no SPP modes exist in the vicinity of ωenz, but they are pos-
sible below ωspp. The range between both points is usually
considered as a forbidden optical band. The attenuation is
maximal there. Modes above ωenz are called Brewster modes
and are not surface waves [1].

Figure 1(b) shows that for smaller concentrations such
as 1019 and 1020 cm−3 (red and green lines, respectively),
all plasmonic features in ITO belong to the MIR range and
below. The concentration close to the maximal (brown line) is
required to make SPP modes available in the C + L range. At
the same time, ENZ concentration is slightly below 1021 cm−3

(blue line). This fact makes the ENZ regime more easily
reachable; however, technically, SPP modes are possible, and
varying the concentration between the maximal value and
some smaller-value one can switch SPP modes on and off.

The surface plasmon propagation constant [Eq. (3)] can be
used to define the propagation length L, size S, and quality
factor Q in the following way [1,38]:

L(ω) = [Imβ(ω)]−1, (5)

S(ω) = 1

Im
√

ω2

c2 εd − β2(ω)
+ 1

Im
√

ω2

c2 ε(ω) − β2(ω)
, (6)

Q(ω) = L(ω)/2S(ω). (7)

The quantity Q is plotted for different concentrations in
Fig. 1(c). Even when the concentration is high, propagation
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length does not exceed several times its own size. It is hard to
reach quality factors larger than 3 in C + L for these modes.
For this reason, ITO is usually not considered to be a good
SPP supporting material but rather is considered to be an ENZ
material [28].

Another challenge which appears when one wants to create
tunable SPP modes in ITO is the thickness of the accumula-
tion layer under control, which is quite small. To switch on
the absorption mechanism using ENZ, a layer that is a few
nanometers thick but highly absorbing is enough [23]. On the
other hand, the classical SPP mode [with dispersion given
in Eq. (3)] requires one single ITO-dielectric interface. This
suggest an idea to consider thin film surface waves instead.
As we show in the next section, they are perfect candidates
for tunable surface modes in ITO.

III. THIN FILM PLASMONS IN ITO

In this section we analyze plasmons in thin films of ITO.
A large concentration of electrons nc = 3×1021 cm−3 and
thicknesses in the range of 1-20 nm are considered. Such
films can be practically realized in two ways. A thin film of
highly doped ITO surrounded by relatively thick layers of
dielectric with permittivity εd can be experimentally obtained
using various deposition techniques [39–42]. Alternatively,
undoped ITO can be used as a cladding material. As is
shown in Fig. 1(a), a low concentration of electrons, such as
1019 cm−3, guarantees almost dielectric constant permittivity
in the NIR range. Its numerical value is close to the permittiv-
ity of popular dielectrics, such as SiO2 and HfO2. The second
way assumes the usage of an external field to create a thin
accumulation layer with the required concentration. In this
case a layer of high-quality dielectric should be incorporated
between claddings made of undoped ITO. Such a structure
works as a capacitor, allowing the necessary charge to ac-
cumulate at the ITO-dielectric boundary. To compare with
the first case, it is a challenge to create accumulation layers
thicker than a few nanometers. However, they are still thicker
than, for example, sheets of graphene and are sufficient to
support plasmonic modes (more in Sec. V). The second case
is much more interesting, since the accumulation layer can
be assembled and disassembled with a very high frequency.
According to our evaluations, the layer formation time is of
the order of picoseconds [23]. This mechanism can be utilized
to control SPP modes. In this section we assume for simplicity
that the concentration profile inside the layer is constant. The
influence of charge distribution inside the layer on the proper-
ties of plasmons is discussed in the last section.

It is known that in structures with two interfaces, pairs of
SPP modes hybridize to form even and odd combinations.
When the distance between interfaces (i.e., the film thick-
ness) becomes small, the dumping of even solutions increases,
while the dumping of odd modes becomes small and allows
them to propagate much farther. The dispersion relation for
odd modes ω(β f ) is a solution of the algebraic equation [43]

tanh

(
d

2

√
β2

f − ω2

c2
ε(ω)

)
+

εd

√
β2

f − ω2

c2 ε(ω)

ε(ω)
√

β2
f − ω2

c2 εd

= 0. (8)

In our model, parameter d corresponds to the thickness of the
film. The notation β f is used for the propagation constant of
thin film SPP (FSPP) modes.

For small d , one may decompose the hyperbolic tangent
and solve the equation analytically. After certain simplifica-
tions the following dispersion relation can be derived:

k2
x = ω2

c2
εd + η4

2η2 + 4ξ 2
, (9)

where

η ≡ ω

c

√
ε(ω) − εd (10)

and

ξ ≡ 1

d

ε(ω)

εd
. (11)

The resulting FSPP dispersion relation is plotted for a few
different values of thickness in Fig. 2(a). An ordinary SPP
mode is plotted for comparison using a brown line. Figure 2(a)
shows that FSPP modes are essentially different compared
with SPP. The group of thin film solutions is shifted towards
higher frequencies. In general, this means that FSPPs require a
lower electron concentration than SPPs to appear in the same
frequency range.

It should be stressed that Eq. (9) becomes less reliable
when the thickness of the layer becomes larger than 20 nm.
A comparison between the analytical formula and numerical
solution of Eq. (8) obtained using the secant method is shown.
Starting from d = 10 nm and less, the precision of the ana-
lytical calculation becomes excellent. The validity of Eq. (9)
is also confirmed by numerical simulations of FSPP modes
in COMSOL MULTIPHYSICS. Effective mode indices obtained
using both methods coincide.

It is clear from Eq. (9) that for d = 0 we obtain a
plane-wave solution (first term). Moreover, decreasing d is
accompanied by smooth transformation of the FSPP into a
plane wave with corresponding delocalization of the mode.
At the same time, even for d = 1 nm we still observe local-
ized surface waves with a localization length of the order of
micrometers. This last statement we prove by visualizing the
quantity β f − ω

c

√
εd in Fig. 2(b). The green curve correspond-

ing to d = 1 nm is easily distinguishable from the vertical
line. Green and magenta dots show the solutions obtained
using a fully numerical eigenmode solver. They coincide well
with the analytical values.

FSPP modes as well as SPP modes have the upper limiting
frequency which is shown using the horizontal red line in
Fig. 2(b). Above this line the dumping coefficient (represented
by the imaginary part of the propagation constant, not shown
here) passes through zero and then becomes negative. Such
modes are described in the literature [1,44]. They are not
useful in the sense that they require a practically unrealizable
excitation condition, and we do not consider them here. Two
examples of the field distribution in FSPP modes are demon-
strated in Figs. 2(c) and 2(d) for d = 5 nm. The corresponding
positions of the plasmons are shown by arrows on the disper-
sion curve [Fig. 2(b)]. As in the case of ordinary SPP, modes
with frequency approaching the upper limit (red line) are
characterized by large dumping and small propagation length.
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FIG. 2. Properties of thin film plasmons in ITO. (a) Dispersion curves of FSPP modes for different widths of the supporting layer. The
single-interface SPP mode (brown line) is plotted for comparison. (b) Dispersion curves in a modified axis allow us to visualize, among other
things, the curve for a 1-nm-wide layer (green line). (c) and (d) Field distributions for two specific FSPP modes denoted as “1” (λ = 843 nm)
and “2” (λ = 957 nm) at the dispersion curve (magenta line, 5-nm-wide layer). (e) and (f) Size and quality factors of FSPP modes compared
with a single-interface SPP mode (brown line).

The size and quality factors of FSPP modes [shown in
Figs. 2(e) and 2(f)] can be evaluated using the propagation
constant β f as was described in the previous section. The
FSPP is a hybridized pair of plasmons which exist inside the
film and in both surrounding half planes. The SPP is a single
mode, and its size is mainly concentrated in a dielectric half
plane (the size of the part inside ITO is much smaller). To
compare both modes, we calculate the size of the FSPP mode
only in one half plane. Please note the factor of 2 in Fig. 2(e)
for the whole FSPP mode. The plots demonstrate the fact that
the quality factors for FSPP are much larger than for SPP.
They also grow fast for large wavelengths and small layer
thicknesses. Thus, decreasing the thickness, one may obtain
very high values. Combining this principle with other methods
to increase the propagation length may allow one to reach
even more impressive results [45]. At the same time, the size
of FSPP modes also grows for thinner layers. A size of the
order of micrometers is quite affordable for waveguiding and
signal transmission applications. We should note also that the
quality factors grow much faster than size. So, in general, a
reasonable balance may be achieved. Since the size of FSPP
modes is significantly larger than the expected experimen-
tal inaccuracy in the fabrication of ITO-insulator interfaces
(about 10 nm), such modes are particularly robust to various
surface imperfections and roughness. The question of stability
is additionally discussed in Appendix.

IV. IMPLEMENTATION OF FSPP IN HYBRID
PLASMONIC WAVEGUIDES

In this section we demonstrate how a thin FSPP supporting
layer with sufficient charge density can be practically used.
The tunability of the layer and possible ways to manipulate
it are discussed in the next section. For the demonstration
we choose a 5-nm-thick layer with density 3×1021 cm−3 as
described in the previous section. The FSPP mode with a
wavelength λ = 957 nm is considered, corresponding to the
example in Fig. 2(d). Its position at the dispersion curve is
shown in Fig. 2(b). The mode is characterized by the propaga-
tion length 19 μm, size 0.75 μm, and corresponding quality
factor 12.6. Thus the propagation length is not very large,
but it is useful for visualization. The mode also has a con-
venient plasmon-waveguide conversion length (see below).

Alternatively, using the results of the previous section, any
available FSPP with a desired quality factor can be selected.
The qualitative results of the present section remain valid.
To obtain the results of this section, we used eigenmode
and frequency domain Maxwell solvers realized in COMSOL
MULTIPHYSICS. A detailed mathematical description can be
found in our previous work [23].

FSPP modes can be excited using appropriately designed
grating couplers. Their quality factors are sufficient to make
them attractive for applications such as, for example, on-chip
communication. Nevertheless, at the present time it is hard
to implement purely plasmonic optical circuits because of
Ohmic losses. Large-scale circuits have to combine integrated
photonics and plasmonics together [5]. The idea of finding a
balance between the low losses of integrated silicon photonics
and the high performance of plasmonics leads to the concept
of hybrid plasmonic waveguides (HPWGs) [46,47]. For a
practical realization of HPWG-based devices it is important
to know how FSPP modes interact with more conventional
waveguide modes and how they can be converted from one to
the other.

In Fig. 3(a) we show what happens when we add a thin
FSPP layer into a waveguide (the layer is shown with yellow).
The waveguide is made of a material with permittivity εd and
surrounded by air. Equations are solved in two dimensions
(2D), assuming that the system is infinite and homogeneous
in the direction perpendicular to the figure. The resulting
HPWG contains at least two interacting p-polarized modes.
When the waveguide mode feels the presence of the layer,
modes hybridize. The subsequent propagation is accompanied
by periodic conversions between what we call the “mainly
waveguide” mode and the “mainly plasmonic” mode (during
the propagation, the original modes are mixed and cannot
be completely distinguished). The process is qualitatively
similar to the propagation of waves in coupled waveguides.
Unfortunately, the analytical theory of coupled waves is not
appropriately generalized yet to describe plasmonic modes
[46].

Field profiles of the pure FSPP mode and the waveguide
mode are shown in Fig. 3(b). The fundamental p-polarized
mode of the selected 1900-nm-wide waveguide has the effec-
tive index neff = 1.9848. This is close to the effective index of
the FSPP, neff = 2.0088 − 0.008i, which allows the modes to
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FIG. 3. (a) Hybrid plasmonic waveguide obtained by incorpo-
rating a thin FSPP supporting layer (yellow) into an ordinary
waveguide. (b) and (c) Pure and hybridized mode field profiles,
respectively. (d)–(f) The influence of the FSPP layer (yellow) and
ENZ layer (green) on the waveguide mode is demonstrated using the
expanding waveguide. Layer thickness is 5 nm, λ = 957 nm.

interact efficiently. Confining the FSPP inside the waveguide
makes it a little bit more lossy and notably more compact. At
the same time, the existence of the layer causes a narrow peak
to appear in the center of the waveguide mode profile. Corre-
sponding shapes of the hybrid mode during the propagation
obtained from the frequency domain simulation are shown in
Fig. 3(c). Positions of the cross sections with corresponding
profiles are shown in Fig. 3(a) with vertical dashed lines.
Despite the obvious attributes of mixing, the original modes
are still recognizable. One important conclusion from this pic-
ture is that the FSPP can be excited without grating couplers
inside ordinary waveguides using the described conversion
mechanism. To do so, one should know the conversion length.
In the present example it is 3588 nm. In the right place the
waveguide should be smoothly removed, leaving the light in
the “mainly FSPP” state. Of course, some losses are expected
since the conversion between the components of the hybrid is
not perfect.

It is important to note that the waveguide mode is held by
the walls of the waveguide (shown using gray lines), while
the FSPP mode is stuck to the layer. This is a qualitative
difference between the propagation of two classical coupled
modes in a waveguide and the picture shown in Fig. 3. The
second important conclusion from the presented numerical
experiment is that the FSPP mode is held by a layer which oc-
cupies just 0.3% of the waveguide volume. Just a 5-nm-thick
layer in a 2-μm-wide waveguide, with a density of electrons
much smaller compared with usual metals, may cause a quite
significant effect.

To clearly demonstrate the importance of the embedded
layer as well as the difference between the FSPP and ENZ
regimes, we perform another numerical experiment presented
in Figs. 3(d)–3(f). The waveguide is 3.7 times broader at a
distance of 30 μm. In the first example it does not contain
any layers, and the light expands together with the waveguide
[Fig. 3(d)]. In the second example [Fig. 3(e)] there is an FSPP
supporting layer, shown using a yellow line. The result is
completely different. The light remains “attached” to the layer
in the form of a surface wave. Such a device would realize the
FSPP excitation mechanism mentioned above. Note that the
propagation length of this particular FSPP is 1.7 times smaller
than the length of the device shown in the figure. In the third
example [Fig. 3(f)] we exchange the FSPP layer with an ENZ
layer. It is quite simple to evaluate the ENZ concentration
using Eq. (1). In this particular case, nenz ≈ 2×1021 cm−3

(1.5 times smaller than the FSPP concentration). The result is
completely different. The ENZ layer does not support surface
modes; it splits and attenuates the mode instead.

As it is approved by numerous models of electro-optical
modulators, the ENZ layer is quite an efficient way to attenu-
ate optical modes. Assuming that the layer is tunable (see the
next section), it can be integrated directly into a waveguide to
manipulate a signal. However, what is more important, a small
shift in the density of electrons inside the layer changes the
picture completely and allows it to guide surface waves. The
dispersion curve [Fig. 2(a)] has a complex structure, and the
usage of its different parts may result in very different effects.
The meaning of the fine-tuning is to control precisely which
part of the curve is in use by choosing the appropriate con-
centration of electrons. Now, assuming that the accumulation
layer can be assembled and disassembled, the existence of the
FSPP mode can be switched on and off. Such a mechanism
can be extremely useful for future electro-optical devices.

V. REALISTIC CONCENTRATION PROFILES
AND SWITCHING

Real-life systems, where tunable FSPP modes are possible,
obviously include more physics than we take into account
in the analytical model. The simplest system to observe the
tuning would be just a thin layer of high-quality dielectric sur-
rounded by a semiconducting material with a well-balanced
density of electrons. In this case the external voltage would
create an accumulation layer at the boundary with the dielec-
tric. The main difference with the models of Sec. III is that the
concentration profile is not a step function, but has a shape that
varies smoothly between its maximum and minimum values.
The mathematical problem considered in the present section
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is to compute properties of FSPP modes supported by tricky
concentration profiles and study the possibility to manipulate
these plasmons using density profile engineering. The non-
rectangular shape, among other things, means that along with
the maximal value, the profile also includes other values. If
we tune it to have a maximum at the FSPP concentration, we
automatically get a point with ENZ concentration (which is
slightly below). Moreover, the thickness of the accumulation
layer may be effectively thinner than we would prefer it to be.
Of course, a semiconducting cladding material has a complex
refractive index. The imaginary part can be made small, but it
also disturbs the analytics of the previous sections. As a result,
the realistic model should be treated numerically.

To compute the concentration, we use the drift-diffusion
system of equations. The obtained profiles are used in an
optical model based on frequency domain Maxwell equations.
The corresponding math is presented in our previous work
[23]. Both solvers are realized in COMSOL MULTIPHYSICS

software with modules Wave Optics and Semiconductors, cor-
respondingly. The numerical challenge comes from the two
length scales in the problem. FSPP modes, which can be quite
large, of the order of tenths of micrometers, are supported by
a very thin layer with an effective thickness of the order of
nanometers. Both parts of the model should be well resolved,
and for that reason, strongly inhomogeneous mesh should be
used. Another computational difficulty is related to the fact
that in the extreme regimes (thin layers, large wavelengths),
FSPP effective indices may be very close to the plane waves.
To find and identify these modes numerically, one should
know exactly where to search. For this reason the analytics of
the previous sections is very helpful and sometimes absolutely
necessary. As it appears, Eq. (9) well describes the properties
of realistic FSPP qualitatively. It also can be used to obtain a
reasonable numerical evaluation (see below).

The drift-diffusion equations that we use are quite success-
ful in describing nanoscale semiconducting systems [this ap-
proach is used for the modeling of metal-oxide-semiconductor
field-effect transistors (MOSFETs) for industrial applica-
tions]. Among other things, the theory predicts properties of
the accumulation layer quite precisely. At the same time, the
electrons in our system are trapped in a thin layer, and a
question about possible quantum effects appears. Quantum
corrections could be evaluated in alternative approaches, such
as, for example, the quantum hydrodynamic model. The influ-
ence of Fermi pressure, Bohm potential, exchange-correlation
interaction, and spin polarization on the dispersion relation
of plasmons is demonstrated using this approach [48,49].
As is indicated in these papers, such corrections play a role
in electron gases of high density. In the case of an Au
sample analyzed in these works, the density of electrons is
6×1022 cm−3. The theory predicts certain corrections in this
case, but no qualitative changes in the dispersion curves are
observed. In our work we operate with semiconductors with
typical densities of about 1019-1021 cm−3. The maximal local
concentration that we obtain as a result of manipulation with
the charge density distribution using an external potential is
approximately an order of magnitude smaller than the typical
concentration in gold. For this reason we do not expect any
measurable influence of these corrections on our results.

In the previous sections we studied the upper limit for the
concentration and FSPP frequencies in ITO, which is close
to λ = 843 nm. In this section we choose the wavelength
λ = 1550 nm belonging to the telecom C + L range, which
is frequently used in the applications. Practically, this leads to
larger FSPP modes and allows us to use slightly smaller con-
centrations and voltages. More specifically, according to the
analytical model, the mean concentration in the accumulation
layer should be not less than 1021 cm−3.

Models considered here consist of a 10-nm-thick layer of
the high-quality insulator HfO2 with a static permittivity ε̄ =
25 (or a couple of such layers) surrounded by ITO. The density
of charges in the claddings is 1019 cm−3. Such a concentration
allows ITO to be transparent enough in IR and, at the same
time, conductive. For example, a 1900-nm-thick waveguide,
similar to the one presented in a previous section, made from
such ITO supports classical optical TM modes with propaga-
tion length of ∼460 μm at the wavelength 957 nm. In contrast
to the analytical model the medium is dispersive here, and
the propagation length at the wavelength 1550 nm is smaller,
around 170 μm. From the point of view of the propagation
length, shorter wavelengths are slightly more preferable, but
both distances are large enough for experimental verification.
The lengths can be increased further by decreasing the doping
level in ITO. In this section we consider only purely plasmonic
modes, but a hybridization experiment similar to the one dis-
cussed in the previous section is, of course, possible.

Typical concentration profiles obtained for the described
system are presented in Fig. 4(a) for different voltages. The
charge is accumulated at the right boundary of the ITO and
dielectric, and the profile decays exponentially into the bulk
of the ITO. At the opposite boundary one gets the depletion
layer. Since the initial concentration is 1019 cm−3 and the

FIG. 4. Tunable FSPP mode in the constructive scheme.
(a) Charge concentration profiles for different voltages. (b) Cor-
responding refractive indices (both real and imaginary parts).
(c) Normalized field profiles of FSPP modes plotted in log scale.
(d) and (e) Details of the plasmonic field distribution profiles.
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depletion profile varies between 0 and 1019, it is not recog-
nizable in Fig. 4(a). The density of charges in the insulating
layer is close to zero. The thickness of the accumulation layer
is obviously quite small. Moreover, since the profile is not
rectangular, it contains a range of values between 1019 and
approximately 800×1019 (the maximum value depends on the
voltage), which unavoidably includes the ENZ point along
with the FSPP point. This has an influence on the shape and
properties of plasmons supported by such a layer.

The refractive index profiles associated with the calculated
density profiles via Eq. (1) are shown in Fig. 4(b). Outside the
accumulation layer the junction demonstrates almost dielec-
tric properties. Both HfO2 and ITO have similar values of the
dynamic permittivity close to 4. There is also a small jump in
the depletion layer. Both jumps are too small to be visible in
Fig. 4(b). Doped ITO also possesses a small imaginary part
of the permittivity of the order of 10−3. At the position of the
accumulation layer this value grows significantly, assuming
that the voltage is sufficient to fulfill the FSPP excitation
condition.

Plasmonic modes supported by the accumulation layer at
different voltages are shown in Fig. 4(c). The electric field
norm is plotted as a function of distance from the layer in
the log scale. Obviously, no FSPP modes are possible at zero
voltage, since the refraction index profile is almost flat in
this regime. According to the computations, 10 V are not
enough to reach the mean value of concentration necessary to
support FSPP. Our numerical solver cannot clearly recognize
the corresponding mode and distinguish it from other higher-
order modes (green curve). Starting from 20 V, we observe
well-recognizable plasmonic modes. The value of the switch-
ing voltage can be decreased, if necessary, using more thin
insulating layers and high-quality dielectrics with larger static
permittivity [50,51]. The shape of the 30-V plasmon field is
plotted separately in Fig. 4(e). Along with the classical profile
decaying exponentially in both directions from the layer, it
has an unusual shape near the accumulation layer that is
attributed to the nonrectangular refraction index distribution.
The detailed field profile near the accumulation layer is shown
in Fig. 4(d).

The size of the obtained modes at the wavelength λ =
1550 nm is of the order of 25 μm. Although this is not ex-
actly small, such modes can be used for some applications,
for example, to pass optical messages through the body of
an appropriately prepared silicon-on-insulator (SOI) wafer,
while the surface of the wafer can be used for traditional
electronic schemes. Besides, the obtained value characterizes
an idealized case with two semi-infinite pieces of ITO, but
it does not mean that the obtained plasmons cannot be com-
pressed down to a certain extent using a more complicated
geometry. For example, the accumulation layer can be created
inside a waveguide, as in Sec. IV, that provides additional
compression.

As is clear from the analytical model of the previous
sections, the size depends strongly on the thickness of the
accumulation layer. A change of thickness of just a few
nanometers may cause a significant difference. Unfortunately,
variation of the voltage does not change much the thickness
of the accumulation layer, but rather its maximum value. To

FIG. 5. Tunable FSPP mode in the destructive scheme.
(a) Charge concentration profiles for different voltages. (b) Corre-
sponding refractive indices. (c) Normalized field profiles of FSPP
modes plotted in log scale. (d) Both constructive and destructive plas-
mons (cyan and green dots, respectively) placed on the dispersion
curve.

increase the thickness, one should think about more tricky
geometries. Along with the “constructive approach” imple-
mented above, where the accumulation layer is created by
voltage, we may use a “destructive approach,” where one
starts with a layer of a necessary width and concentration,
provided by the structure of the sandwich and distorts it using
the voltage to make the propagation of plasmons impossible.
Such a configuration is suggested in Fig. 5(a). Two identical
insulating layers are surrounded by ITO. Between the insula-
tors we incorporate a 5-nm-thick layer of highly doped ITO
with a concentration of electrons of 1021 cm−3. Without the
applied voltage, such a system provides a rectangular profile
of concentration. The corresponding FSPP mode is shown in
Fig. 5(c) (green curve). Its size is just 3 μm, which is eight
times smaller than the corresponding plasmon in Fig. 4(c)
(cyan curve). This significant change in size corresponds to
the variation of the effective thickness between approximately
1 and 5 nm and agrees well with the analytical model.

The influence of voltage on the plasmonic mode in the “de-
structive scheme” is shown in Fig. 5. The presented junction
is equivalent to the scheme with two capacitors, where two
accumulation layers and two depletion layers are formed. In
contrast with the “constructive scheme” the depletion layer in
the middle is clearly visible [Fig. 5(a)], since the original con-
centration is high. As is shown, the FSPP vanishes smoothly
starting from 20 V, when the distortion of the concentration
profile becomes significant enough [Fig. 5(c)].

The numerical model considered here is much more com-
putationally demanding than the analytical description of
Sec. III. Nontrivial charge density profiles are taken into ac-
count, and ITO claddings are treated as a dispersive medium
with a frequency-dependent permittivity. Altogether, it allows
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us to obtain much more accurate and detailed results. How-
ever, Eq. (9) still can be used to describe the system
qualitatively. Figure 5(d) shows the dispersion curves plotted
using the analytical formula with a charge concentration of
0.96×1021 cm−3 and layer widths of 1 and 5 nm. Two dots
(cyan and green) correspond to two plasmons considered here
in constructive and destructive schemes, respectively. There-
fore a slight variation of the concentration in Eq. (9) allows us
to fit the results of the numerical experiment.

Our results demonstrate that both constructive and de-
structive approaches may provide switching. FSPP modes
are supported even by very thin accumulation layers at the
standard telecom wavelength λ = 1550 nm. The nontrivial
shape of the accumulation layer causes additional fine struc-
ture to appear on top of the usual plasmonic field distribution
[Figs. 4(d) and 4(e)], but it does not change much their lo-
calization and propagation characteristics. Typically, FSPP
modes supported by a single accumulation layer are large
but highly tunable and can be used for some applications. In
general, to obtain smaller tunable modes, it is preferable to use
smaller wavelengths and thicker accumulation layers. One of
the ways to increase the thickness and significantly decrease
the size is demonstrated in this section.

Other methods of charge density profile engineering can be
proposed. Some smart manipulation of the band structure may
be used to obtain more complicated profiles. Along with ITO,
other materials with intermediate density of charges can be
considered in the context of switching. Viewing the results of
the present section, it is hard to ignore the emerging analogy
between field-effect transistors, where the accumulation layer
controls a current between a source and a drain, and the
electro-optical switching mechanism studied here, where the
accumulation layer allows one to guide FSPP.

VI. CONCLUSION

In this paper we discuss the idea of using accumula-
tion layers at ITO-insulator boundaries as highly tunable
FSPP carrying waveguides. The simplified analytical formula
presented here can be used to describe plasmons in thin layers
of highly doped ITO in a dielectric or almost dielectric envi-
ronment. The formula is also applicable for the approximate
description of dynamically assembled accumulation layers
inside ITO with low doping level. The analytical approach
allows us to evaluate properties of such plasmons, such as
the size and propagation length, in various regimes. It is also
used to compare the FSPP regime with the ENZ regime fre-
quently used in plasmonic modulators. Quality factors of thin
film plasmons in ITO are significantly larger compared with
single-interface SPP. This makes them potentially useful for
applications.

The detailed numerical analysis based on Maxwell equa-
tions and drift-diffusion equations demonstrates the possibil-
ity to create and destroy FSPP supporting layers using the
applied voltage. The specific shape of concentration profiles,
explicitly taken into account in the numerical calculations,
results in the appearance of additional features above the usual
plasmonic field distribution. In some of the regimes, FSPP
modes can be large, but there are always ways to make them
smaller by varying the layer thickness and the wavelength.

One of the schemes, allowing us to decrease them to a size
eight times smaller, is discussed in the paper. FSPP modes
can be compressed further by placing them inside a hybrid
waveguide. The main advantage of FSPP modes is their high
tunability; thereby they can be used to manipulate optical
signals (similar to ENZ modulators). Along with that, the
possibility to create and annihilate high-quality plasmonic
waveguides dynamically can be used as a basic principle in
the new generation of opto-electronics.

APPENDIX: STABILITY OF FSPP MODES WITH RESPECT
TO SURFACE IMPERFECTIONS

Surface plasmons are in general quite robust to surface
imperfections if their size is large compared with the size of
the imperfections. This is one more reason that makes FSPPs

FIG. 6. Influence of surface imperfections on the propagation
of FSPP modes. (a) Circular impurity with a diameter d = 60 nm.
(b) Close-up showing the distribution of the field near the impurity.
(c) Wavy aberration of the interface with an amplitude A = 50 nm.
(d) Field distribution in the vicinity of the interface.
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useful for possible practical applications, since their size is
of the order of micrometers (or more) and it is much larger
than the typical size of imperfections in modern experiments.
The minimalistic structure required to observe FSPP modes is
quite simple. One needs to provide an ITO-insulator interface,
where the accumulation layer can be formed under the influ-
ence of voltage. Practically, the only source of imperfections
in this case is a surface roughness. ITO-insulator interfaces
can be manufactured with a high accuracy of the order of
10 nm (or even less). This means that the relative size of
possible imperfections is practically negligible.

FSPPs are not topologically protected unidirectional
modes [52], and some backscattering caused by imperfections

is possible. We present additional computation results to prove
that this effect is small for the expected size of defects. The
results are summarized in Fig. 6, where the spatial distribution
of the electric field norm is shown (color coded). Two types
of imperfections are considered: a single circular impurity
with a diameter d = 60 nm at the interface [Fig. 6(a)] and a
wavy boundary with an amplitude A = 50 nm [Fig. 6(c)]. The
details of the field distribution in the vicinity of the defects
are shown in corresponding close-ups [Figs. 6(b) and 6(d),
respectively]. In both cases the size of the imperfections is
notably larger than the expected experimental inaccuracy of
the interface. Our demonstration shows that the influence of
such perturbations on FSPP modes is practically negligible.
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