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Abstract

Epsilon-near-zero (ENZ) materials that operate in the spectral region where the real part of the permittivity crosses zero have
recently emerged as a promising platform for all-optical switching because of the large, optically induced reflectance and
transmittance modulation they offer at ultrafast speeds. To gain insights into the ENZ modulation, this study focuses on the
reflectance and transmittance modulation of commonly used ENZ switching schemes and applies an analytical framework
both for intraband and interband pumping. We consider the effects of the wavelength, the angle, and the probe polarization
on the modulation amplitude for different configurations, specifically highlighting the locations of the maximum reflectance/
transmittance modulation and the maximum refractive index modulation, which often occur at different wavelengths around
the ENZ point. We find that the maximum modulation, while proximal to the ENZ point, can occur away from the ENZ point
and even slight deviations can result in seemingly anomalous modulation behavior. The occurrence of resonances at the
ENZ region for ultrathin films further increases the modulation strength. This work paves the path for practical and effective
all-optical modulation approaches employing ENZ materials, and will help design the best experimental configurations for

future material studies and nonlinear optical experiments employing ENZ materials.

1 Introduction

One of the longstanding goals of photonics is to control
the flow of light using all-optical excitation that is typically
achieved via nonlinear light-matter interactions. Since all-
optical control is free from many inherent resistance—capaci-
tance delays in electrical control, there is a great effort for
ultrafast optics on the picosecond timescale to compete and
surpass current electronic technologies. As a result, the
availability of CMOS compatible materials which exhibit a
significant refractive index change under low illuminations
with a picosecond-to-femtosecond response time is crucial
for the realization of many on-chip nonlinear applications.
However, the nonlinear response of most materials is gener-
ally feeble and only considered as a perturbation to linear
effects. The common strategy to overcome this hurdle is to
use long interaction lengths or intense laser illumination,
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which is not desirable for practical applications. This has
prompted extensive research to develop new platforms that
show strong nonlinearities.

In recent years, the so-called epsilon-near-zero (ENZ)
materials, with a spectral region where the real part of the
permittivity € crosses zero, have emerged as one of the most
promising platforms for all-optical switching. Naturally
occurring homogeneous ENZ material comprises metals
[1-4] and semiconductors [5—7], and ENZ regions may also
be engineered with metamaterials [8—16]. They have been
shown to exhibit exotic behaviors such as photon tunneling
[10, 16-18], highly directional radiation [19-21], cloaking
[22], and perfect absorption [23-25]. Additionally, due to
the diverging phase velocity and electric field enhancements,
ENZ materials have been used to significantly enhance non-
linear responses [6-9, 26—-29] described in the recent reviews
[30-34].

One promising homogeneous ENZ material class is
transparent conducting oxides (TCOs). TCOs such as doped
oxides of zinc or indium are advantageous, because their
ENZ regime is located in the telecom range (1.3—1.5 um)
and they exhibit low losses (small imaginary part of the
electric permittivity) [35, 36] while offering an ultrafast
response time on the scale of femtoseconds at the ENZ [5,
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37, 38]. Importantly, the optical properties of TCOs, includ-
ing losses and the location of the ENZ region, can be effec-
tively tailored by altering the growth/deposition conditions,
thickness, and dopant ratio [39—-43]. By utilizing TCOs as
ENZ materials, ultrafast switching [5, 44], enhanced third
harmonic generation [45-47], resonance pinning [48-51],
optical time reversal [52], and adiabatic frequency conver-
sion [53-55] have been demonstrated.

In this paper, we focus on the dynamic behavior of a
homogeneous ENZ medium under optical modulation at
the maximum modulation, that is, at maximum pump-probe
overlap. Using the Drude model, we explore how an optical
pump affects the optical properties of a TCO film by modu-
lating the plasma frequency and damping rate. These effects
are framed in the context of ultrafast all-optical switching
experiments. The paper consists of four parts. The first part
focuses on the theoretical study of the modulation of the
optical properties. The second and third parts analyze how
the reflectance and transmittance are modulated under intra-
band and interband pumps for optically thick and thin ENZ
layers, respectively. The last section discusses the effects
resulting from changing the damping. Understanding the
effects of the modulated plasma frequency and the Drude-
damping coefficient provides the foundations for setting up
transient pump-probe experiments for practical ENZ studies.

The goal of this review paper is to act as a primer, going
through common experimental configurations and ENZ
schemes, particularly for all-optical switching experiments.
This will help design the best configurations for pump-probe
spectroscopy to extract material dynamics. These configura-
tions also form the basis for more complex experiments such
as time refraction [55], negative refraction in time-varying
media [56], and photonic time crystal design [57]. Under-
standing all-optical modulation through interband and intra-
band pumping serves as the first step to developing more
complex experiments involving the dynamic modulation of
epsilon-near-zero materials.

2 Theoretical model

ENZ materials have certain beneficial properties that lead
to the enhancement of nonlinear response. First, since the
real part of the ENZ material’s permittivity crosses zero,
the normal component of the electric field is enhanced at
the interface. This can be understood by examining the
charge-free boundary conditions of the normal electric
field component at the interface elElL = &,E+, where the
subscripts denote differing materials. If £, — 0, there is
a large enhancement of Ej at the interface. This is espe-
cially important for thin films, and thus, our discussion is
focused mainly on TM modes. Second, the diminishing
group velocity at ENZ gives rise to the so-called slow
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light effect [58—60]. Light—matter interactions are highly
enhanced due to the extended interaction time. Therefore,
it is possible to obtain very high modulations in the lin-
ear refractive index with small changes in the material
properties.

All-optical switching in ENZ materials is driven by mod-
ulating the refractive index, which in a non-magnetic mate-
rial is given by n = \/Z . The change of the refractive index
is then An « Ae/\/e, which indicates that large changes
in the index are expected near the ENZ point even for a
small change in the permittivity [32] (Fig. 1b). This is one
of the key advantages of using ENZ materials for all-optical
switching [5, 7, 61, 62]. However, as seen in Fig. 1b, the
modulation of the refractive index is largest near the ENZ
point but not exactly at it and the peak changes position with
different levels of modulation. This is due to the nonzero
imaginary permittivity and the shifting real permittivity with
increasing pump fluence.

The permittivity can be modulated by optically pumping
the material. We study the effects of optical pumping on
ENZ materials using the Drude model [63, 64] that describes
the permittivity of free electrons and can model reasonably
well electrons in the conduction band. The permittivity is
described as
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In Eq. (1), €, is the response in the high-frequency
limit, w, is the plasma frequency of the electrons in the
conduction band, and I'j is the damping rate of plasma
oscillations. The real and imaginary parts are given by
Egs. (2) and (3), respectively. In Eq. (4), for the plasma
frequency, N is the electron number density, e is the
charge, and g is the permittivity of free space. The effec-
tive mass m* is defined as m* = am,, where «a is a scalar
quantity and m, is the mass of an electron in free space.
If we assume a relatively small damping factor (which is
valid for many TCOs at the ENZ point), the ENZ point
occurs at wpyy X @,/4/€,, - Therefore, one can use the
plasma frequency to control the ENZ point and thus to
control the amplitude and sign modulation of reflectance
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Fig.1 a A typical experimental setup for optical pump-probe experi-
ments. An ultrafast laser pulse is generated and used to create a
probe beam at the desired frequency. Schematics for interband and
intraband pumping are shown on the sides. b The change in index
of refraction for different relative changes in the plasma frequency
Aw, /@, near the ENZ point (denoted with vertical line). See Table 1
for the initial parameters of this plot. ¢ A schematic of a dip in trans-

and transmittance. This also gives a means to control the
spectral position of the resonance for thin ENZ films.

In TCOs, an optical pulse changes the plasma frequency
(w,) by either changing the number density of free elec-
trons (/) or the average effective mass (m*). The band-gap
energy supplies a natural distinction between two regimes
of optical manipulation of the plasma frequency. For pump
photon energies higher than the band gap, electrons are
promoted from valence to conduction band, which we call
interband transitions (left Fig. 1a). Interband transitions
naturally add more electrons to the conduction band and
thus increase the plasma frequency [37, 65]. For photon
energies less than the band gap, intraband transitions
move electrons to higher energies, (right Fig. 1a) where
due to the non-parabolic nature of the band structure,
the effective mass is increased [66—68]. Thus, a decrease
in the plasma frequency is expected [7, 37, 62, 63, 69].
The changes to the optical properties happen on the sub-
picosecond timescale. Eventually, the electrons either cool
down (in case of intraband pumping) or recombine with
holes in the valence band, and the material returns to its
original state (in case of interband pumping) (Fig. 1a).
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c)

mission as material is changed due to optical pumping. Two observa-
tion points are noted with vertical solid and dashed lines. The arrows
indicate the direction of change seen by the observer. At the wave-
length indicated by the solid line, increasing pump results in increas-
ing the transmission. However, under the same conditions, a probe at
the dashed line observes first a decrease in transmission at low pump
intensities, followed by an increase at higher intensities

The damping factor in TCOs is also modulated by opti-
cal pumping. The rate of collisions between free electrons
is described by the damping factor I',, and depends on
the number density of electrons, which is increased by
interband pumping. The damping affects the ENZ point,
red-shifting it for larger values of I';, and contributes to
the width of optical resonances (see Sect. 5).

The center of Fig. la illustrates the conventional
transient pump-probe experiment. In many experiments
involving TCOs, the pump is a Ti-sapphire laser at the
fundamental wavelength (~ 800 nm), or is frequency-
converted by passing through a nonlinear crystal or an
optical parametric amplifier. The probe pulse is a femto-
second pulse close to the ENZ wavelength of the mate-
rial. The sources can vary depending on the type of the
experiment, the kind of excitation targeted, and the ENZ
point of the materials being investigated. The optical pump
generates (interband) or excites (intraband) free carriers
in the conduction band of a material, causing the electric
permittivity and the refractive index to change. The probe
pulse then measures changes in reflectance, transmittance,
or both.
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The measured response depends on the pump-pulse dura-
tion (10-100 fs), the probe-pulse duration (10-100 fs), and
the material relaxation (typically ps-ns). The changed reflec-
tance/transmittance measured at a specific pump-probe delay
is generally an ‘average’ response during the probe’s tem-
poral pulse-width which is short compared to the material
relaxation. Under that assumption, our calculations of the
dynamic changes measured by the probe pulse can be car-
ried out with a static calculation. More complicated models
have been employed that, for example, take into account the
relaxation of the material using a two-temperature model
[7, 68].

Intuitively, one might expect the change in the transmit-
tance or the reflectance of a material at a particular wave-
length to be monotonic. For example, an increasing inter-
band pump generates free carriers, making the material more
metallic, thereby decreasing the transmittance at longer
wavelengths, and increasing the reflectance. However, we
show that ENZ facilitated resonances—especially for thin
films—complicate this intuitive picture. The reflectance and
transmittance dynamics can exhibit non-monotonic trends
as the pump intensity is increased. As shown in Fig. lc, the
transmittance measured at one particular wavelength can be
monotonically increasing, while at other wavelengths, it can
first decrease and then increase. This is experimentally rel-
evant when measuring at the steady-state ENZ point, since
the minimum of transmittance or reflectance may not occur
at the exact ENZ point. We investigate the monotonicity of
modulation for different pump-probe configurations in the
subsequent sections of this tutorial.

The above analysis describes the physical framework for
all-optical switching. However, we also need metrics to com-
pare different configurations. An optical switch should be
judged on its modulation depth between high and low states
and the amount of pumping required to initiate switching.
The switching is realized in the reflectance and transmit-
tance changes which we scale to the incident power of the
probe beam. Therefore, the switch with the best contrast
will have an absolute change in reflectance or transmittance
close to one and will have a relative change much greater
than one. We now explore standard experimental configura-
tions utilizing the concepts covered in this section. First, we
discuss cases of optically thick layers of ENZ material and
then move on to thin cases.

3 Semi-infinite (thickness ~ o0) and optically
thick (thickness ~ 1) ENZ films

The first experimental configuration to examine is the
interface between a semi-infinite ENZ material and vac-
uum. The interaction between optical pump and ENZ is
modeled using the Transfer Matrix Method (TMM) [71].
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TMM has been employed both for theoretical analysis [72]
and for verifying experimental works [73]. For all exam-
ples discussed below, unless stated otherwise, we use the
initial parameters given in Table 1 for the ENZ material.
Interband and intraband pumping are introduced by rela-
tive changes to the plasma frequency.

The TMM models reflectance, transmittance, and
absorptance. The steady-state reflectance of a semi-
infinite ENZ material (Fig. 2a) generally increases with
increasing wavelength across the ENZ point (vertical
solid black line), as the material transitions from dielec-
tric to metallic. Intraband pumping decreases the plasma
frequency, thus raising the ENZ point and shifting the
dielectric—metallic transition to higher wavelengths. The
absolute modulation of the TM polarized reflectance
ARy = Riodutated — Riteady - state (Fig. 2b) decreases to the
right of the steady-state ENZ point as the spectrum shifts.
The modulation is greatest near the ENZ point where the
dielectric—metallic transition occurs.

As with any semi-infinite case, common optical phe-
nomena such as the Brewster angle and the critical angle
for total reflection are apparent. The Brewster angle
described by 0y = tan~! (ngyy/ny,.), curls from near the
ENZ wavelength to approximately the 60° mark. This is
the angle where tangential components of the TM polar-
ized incident and transmitted wave exactly match at the
boundary, and thus, there is no reflected TM wave (imped-
ance matching condition is met). The total reflection angle
is described by 0, = sin™" (ngyy /Ny, ), which for our exam-
ple occurs between 25° and 90°. Since the refractive index
of the ENZ medium is complex due to absorption, the
Brewster and the critical angle do not have their traditional
meanings [74] derived for real refractive index; however,
the effects can still be seen (Fig. 2) [75, 76]. For TM
polarization, ENZ point shift induces the largest relative
reflectance change ARy /Ry along the Brewster angle
where the steady-state reflectance is nearly zero (Fig. 2c).
Because of the near zero reflectance at the Brewster angle,
small changes in the absolute reflectance can be amplified
into large relative changes, a technique utilized in extract-
ing the carrier dynamics of materials through pump-probe

Table 1 Optical properties of a hypothetical ENZ material described
by Eq. (1)

Drude model parameters (unpumped) Value

€0 3

w, 2.4 x 10" rads/s
fo 3.8 X 10Hz

Ty 2.4 x 103 Hz
ANz 1358 nm
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Fig.2 a The unmodulated reflectance of TM polarized light
from a semi-infinite ENZ material. Inset: reflectance of TE polar-
ized light. b absolute change in reflectance for intraband pump-
ing (Aw,/w, = —0.12). ¢ The relative change in reflectance for the

spectroscopy. However, for all-optical switching, larger
changes in the absolute reflectivity are desired.

These effects also are observed in the more practical case
of optically thick ENZ layers (Fig. 3). Additionally, multi-
ple reflections between surfaces results in the well-known
Fabry-Pérot resonances for wavelengths smaller than the
ENZ point. We consider a 900 nm ENZ film deposited on
glass (n,, = 1.5) and interfacing with vacuum on the other
side. The 900 nm thickness was chosen, so that Fabry-Pérot
resonances are observed in Fig. 3. The increasing interaction
between surfaces also leads to a larger absorption at the ENZ
point attributed to the electric field enhancement.

Clearly, these configurations are capable of opti-
cal switching as we can see modulation on the order of
ARy ~ 0.5. The single step-like transition from non-reflect-
ing to reflecting allows for a broadband optical switch that
can be operated with both interband and intraband pumping.
The relative change in reflection, however, is relatively small
because of the large wavelength range over which the dielec-
tric—metallic transition occurs leaving room for improve-
ment. Even still, such optically thick configurations have
been tested with great success.

For example, Kinsey et al. [5] demonstrated picosecond
amplitude modulation in optically thick aluminum-doped
zinc oxide with an interband pump, while Clerici et al. [37]
showed that even faster modulation is possible by combin-
ing both interband and intraband pumps. Modulation of the
Fabry-Pérot modes has also been observed for example in
Yttrium-doped cadmium oxide (CdO) by Saha et al. [40]. In
telecommunication wavelengths where the optically thick
CdO film is dielectric, moderate transmittance modulations
of around 4% were observed. On the other hand, for the
same film near the ENZ in the mid-infrared regime, a simi-
lar pump fluence showed reflectance modulations of 135%,

same conditions as b. The black vertical line is the unmodulated ENZ
point. This is consistent for all similar figures. The red dashed lines
are the Brewster 6 and critical 6, angles

further underpinning the importance of ENZ induced modu-
lation for lithography-free optical switching.

These configurations can also be used to study the opti-
cal properties of materials by performing pump-probe spec-
troscopy near their ENZ regime. The large changes in the
relative reflectance minimum near the ENZ point makes
such experiments quite useful for extracting otherwise hid-
den dynamics in materials. In such experiments, materials
are pumped with a high-intensity laser pulse and a lower
intensity probe pulse extracts the dynamics. This approach
is particularly fruitful at the ENZ point where small changes
in the index due to carrier dynamics are amplified.

For example, titanium nitride, a refractory ceramic used
for many on-chip and hot-electron applications [70, 77],
has an ultrafast electron—phonon response time, which was
not apparent in pump-probe spectroscopy experiments per-
formed on it with a probe far from its ENZ value[70]. How-
ever, subsequent experiments on TiN and ZrN performed
near their respective ENZ points showed this sub-picosecond
relaxation time quite clearly, making a strong case for per-
forming pump-probe experiments for material characteriza-
tion near the materials’ ENZ points [61].

4 Thin ENZ films

As the thickness of the ENZ layer decreases beyond the skin
depth, the non-radiative surface modes on the upper and
lower boundaries start to couple and split into symmetric
(long-range) and antisymmetric (short-range) modes [78].
If the film thickness is further reduced, these two modes
become even more distinctive, and the symmetric mode
forms a flat dispersion curve at the ENZ spectral region
called the ENZ mode. The flat dispersion of the ENZ
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Fig.3 Modulated (Aa)p/cup = —0.12) TM reflectance a and TM
transmittance b from an ENZ material pumped with intraband
laser. The inset of a shows the experimental configuration of the

mode implies a reduction of the group velocity that is often
referred to in slow light schemes [58—60]. Additionally,
there is a mode in the radiative region around the ENZ point
known as the Ferrell-Berreman (FB) mode [79-81]. When
light couples into any of these modes, a large absorptance
(reflectance/transmittance) peak (dip) is observed. Optical
pumping is then used to shift the peak (dip) resulting in giant
reflectance or transmittance modulations due to the narrow
resonant features (Fig. 1c). We separate the resonances as
the radiative and bound (non-radiative) modes.

The radiative FB modes occur in subwavelength films at
slightly lower wavelengths than the ENZ point and to the left
of the light line. This allows the advantageous coupling of
light from free space without the need of a special geometry
or pattern [24, 62]. Coupling generally requires the incident
wavevector to have a nonzero transverse component and is
achieved in configurations where a subwavelength ENZ film
lies on top of another medium acting as a back-reflector. The
phenomenon is named after R. A. Ferrell [79] who showed
an absorption peak near the plasma frequency for thin plas-
monic films and D. W. Berreman [80] who showed a similar
absorption for phononic thin films near the longitudinal pho-
nonic resonance that occurs in the optical frequency range.

The bound ENZ mode occurs on the right side of the
light line and is therefore not accessible via direct optical
excitation. A common configuration to excite ENZ modes
is to use the Kretschmann geometry [82—-85] where a prism
is placed on an ENZ film. The refractive index and incident
angle into the prism are used to match the projection of the
light momentum along the interface to the ENZ dispersion.
This meets the phase-matching condition and excites the
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ENZ mode. Gratings are also used in a similar capacity to
meet the phase-matching conditions [24]. In the literature,
the static characteristics of the FB and ENZ modes have
been studied in detail [72, 84, 86, 87]. Here, we focus on
the modulation around those modes with optical pumping.

4.1 Thin ENZ film on glass

First, we consider a 40 nm ENZ film deposited on glass
(Fig. 4a, inset). In this configuration, the film supports a
radiative mode that can be excited directly by light from
free space. The steady-state absorption in Fig. 4a has a
peak slightly to the left of the ENZ point. The large absorp-
tion leads to a local minimum in the transmittance at the
ENZ point similar to the schematic in Fig. 1c. Therefore,
non-monotonic behavior is expected when measuring the
transmittance at the ENZ point. A monotonically increasing
pump fluence can result in a sign reversal of the transmit-
tance modulation.

An interesting example is found by inspecting at the 60°
angle of incidence shown in Fig. 4b—d. Some wavelengths
have monotonic behavior when the colors from blue to
red do not overlap. For example, at the ENZ wavelength
for both transmittance plots (Fig. 4c, d), the modulation
increases monotonically with increasing pump fluence.
At other wavelengths, the colors overlap showing a non-
monotonic behavior. Examples of this are seen at the
ENZ wavelength for reflectance and the dashed lines in
the transmittance plots (see insets). The sign reversal of
the optical response can have an important impact when
trying to retrieve optical properties from experimental
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angle. b TM reflectance change for interband pumping at 60° inci-
dent angles for 40 nm-thick ENZ material on glass substrate. The
inset shows the reflection modulation at the ENZ point. The colors
represent the magnitude of relative plasma frequency modulation. ¢
TM transmittance modulation for interband pumping. The inset dis-

data. Especially, for nonlinear processes, it is common to
measure reflectance/transmittance and then recover the
nonlinear susceptibility from those measurements [27, 88].
A sign reversal might then be erroneously attributed to an
incorrect sign of the susceptibility.

We appraise this configuration for it prospects in optical
switching by evaluating the modulation depth and maxi-
mum relative modulation. The steady-state reflectance is
small for all angles, because the thin ENZ film does not
reflect much light and glass is also transparent. There-
fore, reflectance is a poor choice for optical switching,
because the depth of modulation is small. This is evident
when investigating the steady-state reflectance at the ENZ
point, where Ry, ~ 0.1 and the maximum modulation is
ARy ~ 0.01 (Fig. 4b inset). The transmittance cases show
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plays the transmission along the dashed line 4 = 1320 nm, showing
non-monotonous change. The transmittance modulation in ENZ in
this case will increase monotonically. d The TM transmittance modu-
lation for intraband pumping. The modulation for the dashed line at
1440 nm is plotted in the inset

a larger change of nearly AT, ~ 0.5 at selected wave-
lengths. However, the unmodulated transmittance at 60°
is Ty ~ 0.5, making the relative change small. Transmit-
tance is the better of the two, but does not meet both the
criteria of large relative change (AT /Ty > 1) and a
large depth of modulation (AT ~ 1).

4.2 Thin ENZ film on metal

Another common experimental configuration is a thin
layer of ENZ material deposited on a metal substrate [23,
25, 38, 84, 89](Fig. 5a). The Drude model is used here to
describe the metal substrate with the parameters shown in
Table 2. This is another example of a radiative mode where
a large absorption peak exists near the ENZ point. The
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Fig.5 a Configuration schematic. b Unmodulated TM reflectance as
a function of wavelength and incident angle for 10 nm ENZ film on a
metal substrate. ¢ Modulated absolute TM reflectance for intraband

transmittance in this case is negligible and the reflectance is
high because of the metal layer. The reflectance shows a dip
where the absorption is the highest (Fig. 5b) that can be used
for optical switching. The reflectance dip follows parallel to
ENZ wavelength for lower incident angles and diverges to
the ENZ-metal surface polariton resonance at higher angles.
The offset of the minimum from the ENZ wavelength causes
a probe at the ENZ wavelength to experience non-monotonic
reflectance for intraband pumping (Fig. 5c inset).

The large contrast of the reflectance dip motivates the
use of this configuration for all-optical switching and both
interband and intraband pumping are applicable. For larger
angles of incidence (8 > 60), the reflectance dip is not sym-
metric around the minimum; therefore, interband and intra-
band pumping require different intensities to achieve the
same switching contrast. Intraband pumping is then slightly
favorable, because the transition from low to high reflec-
tance happens over a shorter wavelength range requiring less
modulation of the plasma frequency.

Comparing the absolute reflectance change in Fig. 5c to
the changes in Fig. 4, we see a larger absolute modulation
for improved switching. At some wavelengths|ARpy| > 0.6,
such as at A = 1320 nm where the relative reflectance change
is approximately ten times. Both the relative change and the
modulation depth are large here making this configuration
a better candidate for switching (recall that reflectance and
transmittance are scaled to one). This also illustrates how
the ENZ wavelength is not always the best suited for all-
optical switching, since the largest modulation for 60° angle
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pumping at 60° incident angle. The Drude parameters for the metal
can be found in Table 2. The inset of ¢ shows the trend of reflectance
at the ENZ point

of incidence is at A = 1320 nm and the ENZ wavelength is
Agnz = 1380 nm.

The FB mode illustrated in this example has been used
for femtosecond polarization switching by Yang et al.[38].
A linearly polarized probe beam with both TE and TM com-
ponents was incident on doped CdO deposited on gold and a
pump beam was used to modulate the ENZ point. The reflec-
tance was modulated from Rpy; = 0.01to Ryy; = 0.86 in the
TM component, while the TE component had no observable
modulation. Taking advantage of the different absorptance
for TE and TM polarized light near the ENZ point, an opti-
cally controlled polarization switch was demonstrated by
either increasing or decreasing attenuation of the reflected
TM light.

4.3 The ENZ mode

Exciting the ENZ mode requires a special geometry such
as the Kretschmann geometry using a prism. For our
calculations, we assume that a prism with a refractive
index of 1.95 is placed on a 10 nm ENZ film on a glass

Table 2 Optical properties of

. Drude model Value
hypothetical metal parameters
Emetal 35
- 9.6 x 10" rad/s
IMetal 4.8 x 10"3571
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Fig.6 a Experimental configuration. A prism (n;, = 1.95) geometry. ¢ Modulated absolute TM reflectance for interband pump-

is placed on top of a 10 nm ENZ film which is deposited on glass
(141055 = 1.5). b Unmodulated TM reflectance for the Kretschmann

substrate (ng,s, = 1.5). A schematic of the configuration
is shown in Fig. 6a, where angle of incidence is defined
with respect to the normal of ENZ film and not the prism,
to make comparing with previous examples easier. The
ENZ layer needs to be deeply subwavelength to observe
the ENZ mode [72] and because of that a clear line at
approximately 50° shows the total reflection angle cor-
responding to the prism-glass critical angle. At angles
larger than 50°, the ENZ mode is visible as a dip in the
reflectance spectrum (Fig. 6b). Investigating again along
the 60° angle of incidence (to compare with previous
cases), we see a similar amount of modulation in the
reflectance as in the FB mode. In contrast, the dip in this
case is at larger wavelengths than the ENZ point, where
for the FB mode, it is at smaller wavelengths. Therefore,
the ENZ mode is equally viable as an optical switch com-
pared to the FB mode.

A similar configuration was utilized by Bohn et al.,
where a 60 nm ITO film was placed on a prism and
exposed to air. Using the coupling between pump and
probe beam they reported reflectance changing from
Ryym = 0.01 to Ry = 0.45 with ultrafast switching speeds
[62]. By probing away from the reflectance minimum,
they also observed the ultrafast non-monotonic behav-
ior of reflectance as the pump pulse shifted the reflec-
tance minimum through the probe wavelength. This exact
behavior is seen in the inset of Fig. 6¢, where a sweeping
of modulation intensity shows first a decrease, and then
increase in reflectance. This brings about an important

ing at 60° incident angle. The inset shows the modulation trend at the
ENZ point as the modulation is increased

point that the ENZ modulation may not be monotonic
during the interaction with a pulsed laser as intensity
ramps up. This is especially important for cases where the
probe-pulse duration is less than the pump-pulse duration,
which is often true for pump-probe experiments.

5 Effect of Drude-damping factor
and energy dissipation

In the previous examples, we assumed that photoexcita-
tion of free carriers only changed the plasma frequency by
increasing the free-carrier concentration or their effective
mass. However, damping also plays an important role in
all-optical switching. The damping factor represents the
inverse of the scattering time for free electrons and is there-
fore related to the electron density [90]. Optical pumping
has been shown to change the damping factor [38, 63, 68,
91, 92], and depending on experimental factors, it can either
decrease or increase.

The resulting change in damping factor due to optical
pumping modulates the ENZ point. Re-examining the ENZ
frequency derived from Eq. (2) while including the effect of
damping results with wgy,; = cog J€x —T é. We can esti-
mate the size of this effect by comparing terms under the
square-root sign. For typical experimental values,
I'y/w, < 1/10 and the correction is small. There is a
stronger effect from damping changes on the ENZ resonance
width.
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An illustrative example is made by examining the spec-
tral width change for a thin ENZ layer like that in Fig. 4.
We considered three cases of differing damping constants
shown in Fig. 7, where all other parameters are the same as
in the thin ENZ case. We plot the steady-state transmission
of TM polarized light through the thin film showing drastic
changes in the resonance width with varying damping fac-
tors; careful inspection also reveals a shift in the absorption
peak indicating a change in the ENZ point.

The immediate conclusion from this example with
regards to ultrafast optical switching is the need to keep the
damping constant small for a narrow resonance. A narrow
resonance allows for sharper changes in the transmittance
and reflectance, at lower pumping intensities. For example,
if we consider the 60° incidence angle, the half width of
the transmission dip is ~ 80 nm for the case of Fig. 7a. The
unmodulated transmittance is Ty ~ 0.04. Using a plasma
frequency modulation of Aw,, /@, = 0.15, the transmittance
increases by 20 times. In contrast, for the same plasma
frequency modulation, the change in the case of Fig. 7b is
at most a factor of two and less than one-tenth change for
Fig. 7c. The losses should then be tailored to accommodate
the switching specifications. Low losses should be used for
efficient narrow-band switches, while moderate losses may
be more applicable for broadband switching.

6 Outlook

In this tutorial, we study the modulation of the reflectance
and transmittance of various ENZ media, with interband
and intraband optical pumping using the Drude model. We
discuss the effects of pumping on the plasma frequency and
employed the TMM to analyze experimental configurations.
The cases studied here point out general aspects for all-opti-
cal switching with ENZ materials. First, the use of ENZ

materials greatly increases the modulation of the refractive
index. Second, thin films demonstrate absorption peaks
near the ENZ wavelength because of the strong interaction
between surface waves. The absorption peaks imply a dip in
transmittance or reflectance that can be shifted with optical
pumping. This causes substantial changes in the reflectance
or transmittance allowing such systems to be utilized for
all-optical switching. Finally, losses due to damping affect
the ENZ point and the resonance width. There is a trade-
off where larger damping factors broaden the resonance
allowing for broadband switching. However, the depth of
the absorption is reduced and makes the contrast between
switching states smaller. Oppositely, lower damping factors
have a narrower resonance that reduces the optical switch
bandwidth, but increases the switch contrast.

We also show that although the largest modulations occur
proximal to the ENZ point, the ENZ point itself is not always
the best wavelength for optical switching. For example, the
Ferrell-Berreman mode or ENZ mode are excited above and
below the ENZ wavelength, respectively, resulting in the max-
imum modulation occurring away from ENZ point. Devia-
tions of the wavelength away from the maximum/minimum
results in a non-monotonic trend of the reflectance or transmit-
tance as a function of the optical pumping power. Therefore, it
is critical to optically characterize ENZ materials in the steady
state, so that the unpumped ENZ point and nearby resonances
are well identified. The pump power along with the pump
photon energy are also important parameters in experiments.
These effects should be carefully considered, especially when
tracking the changes in reflectance or transmittance to extract
the optical properties in the photoexcited state.

Throughout, we have discussed multiple common
experimental configurations and ENZ schemes, focusing
on all-optical switching. These configurations are building
blocks for understanding and constructing more complex
experiments such as those involving time refraction [55],

a) I'=0.1T, b) =T c) I'=2.5I%
80 0o 80 ' 09 80 - 0.9
0.8 0.8 0.8
60 0.7 60 0.7 60 0.7
06 0.6 0.6
e 40 0.5 640 0.5 640 05
0.4 04 04
03 03 03
20 20 20 ’
m>) 0.2 rr?) 0.2 m>) 02
. g " < o 5

600 1000 1400 1800 600 1000 1400 1800 600 1000 1400 1800
A [nm] A [nm] A [nm]

Fig.7 Transmission of a thin (40 nm) ENZ film deposited on glass. Same conditions as Fig. 4, except for the damping factor, which is a

I'=0.1T;, bI' =Ty, and ¢ I" = 2.5, where I'; can be found in Table 1
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time reflection [57], negative refraction [56], and four-wave
mixing [93], where the ultrafast refractive index transitions
from optical switches may be used.
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