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Femto-Joule All-Optical Switching Using
Epsilon-Near-Zero High-Mobility Conductive Oxide
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Abstract—Recently discovered extraordinary optical nonlinear-
ities in epsilon-near-zero (ENZ) materials open a new realm of
ultra-energy-efficient, all-optical switching devices for future op-
tical communication and computation. In this paper, we propose
a sub-micron, sub-pico-second, femto-joule level all-optical switch
(AOS) using hybrid plasmonic-silicon waveguides driven by high
mobility transparent conductive oxides (HMTCOs) such as cad-
mium oxide. Our analysis indicates that the ENZ-induced non-
linear optical effect is greatly enhanced by the high free carrier
mobility in the telecom wavelength region. We propose an elec-
trically tunable AOS device which is precisely biased at the ENZ
condition, or the high-loss “OFF” state. Then the AOS device can
be switched to the “ON” state with an unprecedented modulation
strength of 15.9 dB/um and a rapid switching time of 230 fs at
the cost of an ultralow switching energy of 13.5 fJ. By defining a
comprehensive metric using the product of device size, switching
energy and switching time, the proposed ENZ-enabled device shows
superior performance than any existing on-chip AOS device. We
envision that such HMTCO-driven AOS device can be integrated
with silicon photonic integrated circuits to realize on-chip optical
signal processing and computation with ultra-low energy and ultra-
high bandwidth.

Index Terms—All optical switches, epsilon-near-zero, nonlinear
optics, optical computing, photonic integrated circuits, plasmonic
waveguides, transparent conductive oxides.

1. INTRODUCTION

PTICAL computing has resurged in recent years due
O to the tremendous throughput and low latency superior
to the electronic counterpart [1]. While most state-of-the-art
optical computing systems adopt hybrid photonic-electronic
approaches due to the lack of optical logic gates and opti-
cal signal processing units, ultra-fast and energy-efficient all-
optical switching (AOS) devices may hold the key to enable
true photonic computing systems in the incoming decade [2].
Especially, on-chip AOS devices based on integrated photonics
offers the potential for compact size, high density integration,
ultra-high bandwidth and energy efficiency. Traditional AOS
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integrated photonic devices rely on the refractive index change
of the waveguide induced by various optical nonlinearities, such
as inter-sub-band transition (ISBT) in quantum wells [3]-[6],
Kerr effect [7]-[9], band-filling dispersion (BFD) [10], [11],
and two-photon-absorption (TPA) [12]. However, such devices
require hundreds of microns to millimeters length of waveguide
and high-energy input optical signals, which are not suitable for
on-chip optical computation and signal processing. The energy
consumption and device footprint can be dramatically reduced
by microcavities, for example, microring resonators [13]-[16]
and photonic crystal (PC) cavities [17]-[20]. Nevertheless, it
sacrifices the operational bandwidth due to the elongated photon
lifetime, which undermines the most significant advantage of
AOS devices. A thorough comparison of most representative on-
chip AOS devices can be found at Section IV in this manuscript,
which shows a general trade-off between the switching time and
energy efficiency. To break such intrinsic limit, it is essential to
discover new nonlinear optical effects for AOS devices.

Very recently, transparent conductive oxides (TCOs) have
emerged as increasingly favorable tunable materials for ac-
tive photonic devices because of their unique epsilon-near-zero
(ENZ) effect in the telecom wavelength range. The permittivity
of TCOs can be engineered over a wide range through tailoring
the free carrier concentration [6]. At the ENZ condition, TCO
materials experience vanishingly small permittivity and possess
intriguing properties such as subwavelength light confinement,
enhanced light-matter interactions, slow light effect [21], and
extreme nonlinear dispersion [22]. TCO electro-optical devices
have been reported including electro-absorption (EA) modula-
tors [23]-[27], micro-resonator modulators [28], [29], and tun-
able meta-surfaces [30]. For AOS applications, unprecedented
nonlinear optical effects have been observed in indium-tin oxide
(ITO) [31]-[34], aluminum-zinc oxide (AZO) [35]-[37], and
cadmium oxide (CdO) [38], [39]. For example, unit order light-
induced refractive index change has been demonstrated in bulk
ITO [31], which is beyond the common perturbative description
of nonlinear optical response [40]. The nonlinear optical effect
in TCOs occurs in the sub-picosecond range, which offers the
promise to break the intrinsic limit of switching speed and energy
efficiency of AOS devices.

In this paper, we propose the first design of integrated AOS
device with femto-joule per bit switching energy based on a
hybrid plasmonic-ENZ TCO-silicon waveguide. The innovation
of this work comes from the following aspects. First, the low
optical loss of the high mobility transparent conductive oxide
(HMTCO) enables extremely small absolute permittivity at the
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ENZ condition, resulting in unprecedented ENZ-induced light
confinement and optical nonlinearity. Second, the AOS device
is electrically tunable by precisely biasing the HMTCO gate to
reach the ENZ condition, which ensures high energy efficiency.
We theoretically investigated an AOS device driven by CdO with
a high electron mobility of 300 cm?/V-s [38]. It is shown that
the device can achieve a giant saturable absorption coefficient of
15.9 dB/pm with an ultra-low saturation energy of 13.5 fJ and
an ultrafast switching time of ~230 fs. This high AOS efficiency
leads to an ultra-compact device size to be less than 1 pm.

This article is organized in the following order. In Section 1II,
we briefly review the origin of the nonlinear optical effect in
TCOs and analyze the relationship between the electron mobility
and the ENZ-enhanced nonlinearity. In Section III, we first
present the design of a hybrid plasmonic-CdO-silicon waveguide
and describe the large electrical tuning range of the device
absorption. The AOS device proposed herein operates precisely
at the ENZ condition and is initially at the high-loss “OFF”
state by the electrical biasing from the gate. Then the AOS
device is optically pumped to a low-loss “ON” state due to
the heating of the free electrons in the CdO layer. Following
that, we describe the transient simulation of the AOS process
in the sub-picosecond and femtojoule regime based on the
two-temperature model (TTM). In Section IV, we discuss the
contribution of electron mobility to the device performance and
compare our proposed design with other reported AOS devices
by defining a comprehensive metric of device size-switching
energy-switching time product.

II. NONLINEAR OPTICAL EFFECTS IN EPSILON-NEAR-ZERO
TRANSPARENT CONDUCTIVE OXIDES

A. Ultrafast Carrier-Dependent Nonlinear Optical Effect in
Transparent Conductive Oxide

The optical properties of transparent conductive oxide in the
telecom wavelength range can be described by the Drude model:
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where €4, is the high-frequency permittivity, I is the damping

frequency, and wy, is the plasma frequency, which depends on
the material band structure and carrier density, is usually given
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with N as the electron density and m.* as the effective mass
of electron. TCO’s optical nonlinearity is induced by the non-
parabolicity of the conductive band [33], which means that the
electron effective mass my, in (2) is no longer a constant. A more
accurate form of plasma frequency can be written as [32]:
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where mg* is the effective mass of electron at the conduction
band bottom, C is the non-parabolic parameter of the conduction
band, and (— Ofrp/0E) is a measure of the thermal broadening of
the Fermi-Dirac distribution which is determined by the electron
temperature. As a result, the average electron effective mass is a
function of both the electron density and electron temperature.
When a light pulse propagates through the TCO material, the
absorbed photon energy heats up the electron temperature. The
dynamics of this thermal process can be quantitatively inter-
preted by the TTM, which we will discuss in Section III-B. The
electron density of TCOs is orders of magnitude smaller than
that of noble metals, which leads to smaller electron heat capac-
itance [31]. Therefore, the electron temperature can experience
significant change with moderate photon energy, which induces
larger optical nonlinearity. Fig 1a plots the calculated plasmas
frequency of CdO as a function of electron density and electron
temperature. The material parameters used for calculation are
as follows: e = 5.6 [41], meo* = 0.16 my[42], C = 0.5eV~!
[33], and ;& = 300 cm?/V-s [38]. We can see that increase in
electron temperature decreases the plasma frequency, similar to
the decrease in the electron density. Fig 1b plots the permittivity
spectra of CdO at different plasma frequencies, which corre-
spond to electron density of 1 x 102 ¢cm—3, 8.5 x 102 ecm—3,
9 x 10 cm™3, and 9.5 x 10* cm~3 at room temperature
(outlined by white lines in fig 1a), respectively. As the plasma
frequency increases, the permittivity decreases and the ENZ
wavelength, where the real part of permittivity crosses zero,
shifts to shorter wavelength and reaches 1.55 pm with electron
density of 9.5 x 10?° cm~ at the room temperature.

B. Low Loss ENZ HMTCOs and ENZ-Enhanced
Optical Nonlinearity

The optical nonlinear process in TCOs involves two steps:
absorbing the photon energy and transferring it into electron
thermal kinetic energy. Since the conduction band non-parabolic
parameters are similar for different TCOs [42], [43], how ef-
ficiently the photon energy can be absorbed determines the
strength of nonlinear effect of the TCOs. In a typical TCO-based
ENZ photonic device, there are two major factors contributing
to the absorption of TCO: the intrinsic absorption due to the
intra-band absorption and the extrinsic absorption enhancement
by the ENZ effect. The intrinsic absorption is described by
the Drude model. The imaginary part of the permittivity £~ is
proportional to the damping frequency I, ¢’ < I' = g/pum? ,
which is determined by the electron mobility u. For different
TCOs, the electron mobility can vary over one order of mag-
nitude from 20-30 cm?/V-s of the lossy TCOs like ITO [44]
to over 300 cm?/V-s of HMTCOs such as CdO [38]. It has
been reported that the small free carrier loss enabled by the
high electron mobility of HMTCOs can significantly improve
the performance of TCO based phase shifters [45]. On the
other hand, the extrinsic ENZ-induced absorption enhancement
comes from the continuity of electric displacement field. When
the electric field is perpendicular to the interface between the
TCO and adjacent material, the ratio between the electric field,
E1co/Eadjacent, 18 inversely proportional to the ratio between
the absolute permittivity, [e7co/€adjacent|- Thus, the electric
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Fig. 1. (a)Plasma frequency of CdO as a function of the electron density and

electron temperature. (b) The real and imaginary part of CdO permittivity spectra
at different plasma frequencies. (c) Absolute CdO permittivity and absorption
factor spectra at different plasma frequencies.

energy will be confined in the TCO at the ENZ condition, en-
hancing the intrinsic absorption. Based on the dissipation power
density in the TCO, Py = we“soE%CO /2, we can define the
TCO absorption factor Aas A = &'} /|ercol® < Py When
the real part of the permittivity equals zero, the imaginary part
dominates the permittivity, e gy z| = €5 - Then we have the
absorption factor inversely proportional to the imaginary part of
the permittivity, Agyz = 1/¢" 4. Interestingly, at the ENZ
condition, low loss HMTCO material actually absorbs more
photon energy than the lossy TCO material, thus, having larger
nonlinear optical effect. Fig 1¢ plots the absolute permittivity and
absorption factor spectra of CdO at different plasma frequencies.
We can see that the ENZ-enhanced absorption of CdO is like a
low-Q resonant absorber with full width at half maximum of
~20 nm. The peak absorption wavelength red shifts by ~30 nm
with a 2% decrease in the plasma frequency, which corresponds
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to reducing the electron density from 9.5 x 10%* ¢cm™ to
9.0 x 10%° cm™ at the room temperature, or an increase of
the electron temperature from room temperature to 2400K for
electron density of 9.5 x 10?° cm 3.

III. ULTRAFAST AND ENERGY-EFFICIENT AOS BASED ON
PLASMONIC-CDO-S1 WAVEGUIDE

A. Device Design and Working Principle

The working principle of the proposed on-chip AOS device
depends on the unique design to electrically bias the CdO at the
ENZ condition, which brings two exclusive advantages. First,
it can guarantee that maximum nonlinear optical effects can be
achieved and by tuning the bias voltage, the ENZ wavelength
can be dynamically adjusted. Second, the bias voltage will
only cause a very thin layer (~1 nm) of accumulation layer
while the majority of the CdO layer is still at moderate doping
concentration, which will reduce excessive optical waveguide
loss. The AOS device initially operates at a high-loss “OFF”
state by biasing the CdO at the ENZ condition. Then the device
is optically pumped to a low-loss “ON” state due to the increase
of free electron temperature by the input optical pulse. Because
of the high free electron mobility and the ultra-thin accumulation
layer of CdO, the device can be switched with an ultra-high en-
ergy efficiency and with an extremely large modulation strength
between the “ON” and “OFF” state.

Fig 2a and 2b show the 3D schematic of the AOS device and
the 2-D cross-sectional view of the active region of the plasmonic
CdO-Si waveguide. The pump and probe light are coupled to the
device through a directional coupler for wavelength multiplex-
ing. The active region consists of an Au/CdO/HfO,/Si capacitor,
which is directly coupled to a silicon rib waveguide operating in
the transverse electric (TE) mode. The silicon rib waveguide in
the center has a height of 250 nm and a width of 300 nm. 40 nm
silicon slab provides the conduction path between the waveguide
and the metal contact pad. On top of that are 10 nm HfO5 as the
insulator, 10 nm CdO and 100 nm Au as the gate electrode. The
fabrication of the device has been described and demonstrated
in previous articles, which used similar structures for high speed
electro-absorption (EA) modulators [23], [24], [46]. The same
processes can be used to fabricate the proposed on-chip AOS
device, but with much less stringent requirement on high-speed
electrodes. A negative gate bias induces electron accumulation
at the CdO/HfO,, interface. To simplify the analysis, we adopted
an uniform electron density approximation for the optical sim-
ulation, where the continuous distribution of electron density
in the accumulation layer is treated as an equivalent accumula-
tion layer with a uniform electron density distribution over the
thickness of the Thomas-Fermi screening length around 1 nm
[47]. Compared to non-uniform electron density distribution by
quantum moment model [48], the uniform accumulation layer
approximation can achieve good accuracy in simulating the peak
optical absorption at the ENZ condition of the device with less
than 15% error, but greatly simplify the analysis of the AOS
device. The relatively big deviation in the required bias voltage
between the quantum moment model and uniform accumulation
model to reach the ENZ condition is not a concern for AOS
devices. Fig 3a plots the loss of the AOS device as a function
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X(pm)

Fig. 2. (a) 3D schematic of the proposed plasmonic-CdO-Si AOS device with
the pump and probe light coupling to the device through a directional coupler
for wavelength multiplexing. (b) Cross sectional schematic of the active region
of the AOS device. (¢) and (d) Electric field distribution of the AOS at the
(c) zero bias (“ON” state) and (d) ENZ condition (“OFF” state). Inset: zoomed-in
electric field distribution at the side wall of the AOS device (cyan dashed box in
2c¢ and 2d).

of the accumulated electron density and wavelength. At zero
bias, the accumulated electron density equals to the initial bulk
electron density of CdO, which is ~3 x 10?° cm 3, away from
the ENZ region in the telecom wavelength range. The wave-
guide exhibits an “ON” state with low loss of 1 dB/um. Finite-
difference time-domain (FDTD) simulation shows that the mode
conversion loss between the silicon rib waveguide and the “ON”
state of plasmonic waveguide is around 0.1 dB/interface. The

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 27, NO. 2, MARCH/APRIL 2021

Loss (dB/um)
(@ &~ 100
95 35
30
90 increase 13
25

Electron Density N (x102° cm™)

7.5
4.0
35
3.0
1540 1560 1580 1600
Wavelength (nm)
(b) : : :
-| Accumulation layer B i
" electron temperature T, pump
354 K)
—300 |
= ——600
g 301 — 1000 :
—— 1500
B 25+ — 2000 | 8
) 2500
» 207
72
O 151
|
104
54
0 T T T T
1540 1560 1580 1600
Wavelength (nm)
Fig. 3. (a) Optical loss of the AOS device as a function of the wavelength and

electron density in the accumulation layer. (b) Optical loss spectra of the AOS
with accumulated electron density of 9.18 x 1029 cm—3 (dashed line in 3a) at
different electron temperatures.

device loss remains low as the bias increases due to the high
electron mobility of CdO until it reaches the “OFF” state at
the ENZ condition. When the accumulated electron density
increases from 8.78 x 102 cm™3 to 9.75 x 102 cm™3, the
ENZ wavelength is tuned from 1610 nm to 1550 nm. Therefore,
we can precisely match the ENZ wavelength with the pump
wavelength by controlling the bias to maximize the absorp-
tion efficiency and optical nonlinearity. For example, the loss
spectrum with electron density of 9.18 x 10%* ¢cm~ (dashed
cutline in fig 3a) is plotted in fig 3b, which exhibits an ENZ
wavelength of 1585 nm. The peak loss reaches over 35 dB/um
due to the ENZ enhanced absorption. At this condition, if a
pump pulse at the ENZ wavelength is coupled into the AOS
device, the optical energy will be absorbed efficiently to heat up
the electron temperature in the accumulation layer. Fig 3b shows
the loss spectra of 9.18 x 10?° cm~3 electron density at different
electron temperature T, by assuming the accumulation layer has
a uniform electron temperature. As discussed above, increase of
the electron temperature has a similar effect as reducing the
electron density, which will red-shift the ENZ wavelength. In
this case, we can send a probe signal at 1570 nm, achieving both
large extinction ratio (ER) and relatively low insertion loss (IL).
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Fig 2c and 2d plot the simulated electric field distribution of the
AOS device at zero bias (“ON” state) and at the ENZ condition
(“OFF” state), respectively. At zero bias, due to the plasmonic
effect, the electric field is pulled towards the metal surface from
the silicon core and concentrates in the CdO/HfO, oxide layer
on both side walls of the waveguide. At the ENZ condition,
the electric field is dramatically concentrated into the thin CdO
accumulation layer due to the ENZ induced field confinement.
Strong electric field confinement is especially important for
reducing the optical energy consumption of the AOS device.
Because the TCO nonlinear effect is quasi-proportional to the
optical power intensity [31], [32], more confined optical modes
induce larger optical intensity to enhance the nonlinear optical
effect. In our design, the AOS device generates an ultra-small
mode area of 3.6 x 10~* um? at the ENZ condition. It produces
a power intensity of ~0.15 GW/cm? in the accumulation layer
with a moderate optical power of 1 mW in the waveguide,
which is one order of magnitude larger than the plasmonic effect
only, and more than two orders of magnitudes larger than a
regular silicon waveguide. In addition, we want to point out
that the electrically accumulated 1 nm thick TCO ENZ layer
in our AOS device can achieve higher energy efficiency than
the conventional bulk stoichiometric doped ENZ TCO [32],
which has the entire TCO layer (10 nm thick) at ENZ condition.
Because in terms of ENZ induced field confinement, the level of
light confinement is also affected by thickness of the ENZ layer,
despite the free carrier mobility as discussed above. The light
power intensity in the accumulated ENZ layer is ~10 x higher
than the case of bulk doped ENZ TCO for the same energy
input due to thinner ENZ layer thickness, even though the total
absorption for latter case is larger.

B. Transient Response of AOS Based on Two-Temperature
Model

To evaluate the energy efficiency of the AOS device, we per-
formed transient simulation of the AOS process by integrating
the TTM with Lumerical MODE software, which is based on
finite difference eigenmode (FDE) method. According to TTM,
the evolution of the electrons and lattice temperature can be
described by the following equations [31], [32]:

C. a%t(t) = — g€p(Te (t) _ Tl(t)) i 2]72513)’
Cl aj;t(t) — ep(Te(t) _ ﬂ(t)) i 7{:;((?)’
ON(t) _ _ N@) _ Nt
B 2mel)  Tepll) P, @

Here, N is the energy density stored in the non-thermalized
part of the electron distribution, T, and T are the electron and
lattice temperature, C. and C; are the heat capacity of the electron
and lattice, g¢}, is the electron-phonon coupling coefficient, 7
and 7, are the electron-electron and electron-lattice relaxation
time, and P is the absorbed power density. The calculation of
each parameter can be found in ref [31], [32]. We first extracted
the absorbed power density distribution from the eigenmode
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simulation and plugged into (4). Then, the updated temperature-
dependent CdO refractive index distribution was fed back into
the eigenmode solver. Repeating this process, we can simulate
the change of guided mode properties when a short laser pulse
is passing through the AOS device. Because the absorption
is majorly confined in the ENZ accumulation layer, we only
considered the change of the refractive index in the accumulation
layer. We also ignored the thermal diffusion of electrons because
in the sub-picosecond time scale, the electron gas heating domi-
nates the time response over the phonon thermal diffusion [49],
[50], which has also been verified by the previous TCO-based
AOS effect demonstrations [31], [32]. If thermal diffusion were
considered, the hot electrons would tend to diffuse away from
the accumulation layer, which could shift the ENZ wavelength
in the same direction as heating up the electron temperature. The
actual switching time would be even shorter. Therefore, it is safe
to ignore the thermal diffusion in our analysis.

We chose an accumulation layer with electron density of
9.18 x 10%° cm™? for the transient simulation. A femtosecond
pump pulse with a duration of 150 fs at 1585 nm is coupled
into the AOS device. Fig 4a shows the evolution of the electron
temperature distribution in the CdO accumulation layer at the
side wall with the input laser pulse energy of 50 fJ. The cyan
curve denotes the incident pump laser pulse. The non-thermal
energy stored in the excited electrons acts like a delayed source,
heating the electrons and exhibits a quasi-intensity-dependent
optical nonlinear effect. Fig 4b plots the loss spectra of the AOS
device at the maximum modulation point for different energy of
the pump pulse. The AOS provides a broadband nonlinear re-
sponse near the ENZ wavelength. The pump wavelength reaches
the largest ER over 20 dB/um. The probe wavelength is chosen
at 1570 nm since it produces the largest ratio between the ER
and IL, which is critical for real applications. We should point
out that the irregular shape of the loss spectra at the large input
pump energy is because of the different electron temperatures
in the accumulation layer as shown in fig 4a. Fig 4c plots the
transient response of the AOS device loss at the pump and
probe wavelength with different input pulse energy. Generally,
the simulation predicts rising time ~100 fs and slightly longer
relaxation time, matching the previous reported experimental
results [38]. The total switching window is ~230 fs at 100 fJ
input energy. It means that the device can potentially operate
at a repetition rate over 1Tera bit/s. Fig 4d shows the ER and
IL at 1570 nm as a function of input pump energy at different
pump wavelength. Clearly, as the input energy increases, the ER
increases while the IL decreases. With sufficiently large input
pump energy, the AOS device exhibits saturable absorption. To
quantitatively analyze the saturable absorption, we fit the AOS
device to the following absorption coefficient o

as

a )p +ans, (5)

N 1+ (U/US

where aig and arng are the saturable and non-saturable absorption
coefficients, which correspond to the maximum ER and mini-
mum IL, respectively, U and Ug are the input pump energy and
saturation energy, and p describes the sharpness of the transition.
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Fig. 4. (a) Simulated evolution of the electron temperature distribution in the
CdO accumulation layer at the side wall of AOS device with input pump pulse
energy of 50 fJ, assuming the accumulated electron density of 9.18 x 1020 cm 3.
The solid curve indicates the input laser pulse profile (arbitrary unit). (b) Loss
spectra of the AOS device with different input pump pulse energy. (c) Transient
transmission of the AOS device at 1570 nm and 1585 nm with different input
pump pulse energy. (d) Extinction ratio and optical loss of the AOS device at
1570 nm as a function of input pulse energy for different pump wavelengths.
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TABLE I
CHARACTERISTIC METRICS OF THE DESIGNED AOS

Device Footprint ER L Switching SW1.tch1ng
length energy time
330 nm 128 um> 3dB  24dB 251 230 fs

The fitted curve is plotted in fig 4d as solid lines. We derive
as, ans and Ug to be 15.9 dB/um, 4.3 dB/um, and 13.5 fJ,
respectively, which will provide a guidance for the AOS device
design. Table I lists the characteristic metrics of an example
AOS design. Assuming a length of 330 nm, the AOS device
can achieve an ER of ~3 dB and an IL of ~2.4 dB including
the mode conversion loss with 25 fJ input energy, but with
requirement of pumping the AOS device at the ENZ wavelength.
As comparison, if we pump the AOS device away from the ENZ
wavelength, for example at the probe wavelength of 1570 nm
(red curves in fig 4d), the saturation energy Ug increases from
13.5 1] to 22.7 £J due to the reduced absorption efficiency.

Like many AOS devices, power handling capability of our
proposed device may be of a concern and should be analyzed.
The light intensity at the CdO accumulation layer can be esti-
mated as [ = % coercol|E|*c/nes s, where c is the light speed,
E is the electrical field, and n . is the effective refractive index
of the waveguide mode. Then, assuming an input pump energy
of 25 fJ, the peak light intensity at the accumulation layer is
calculated to be 35 GW/cm? based on the simulated “OFF” state
mode profile at ENZ condition. Besides, considering that the
accumulation layer has already been heated up and deviates from
the ENZ condition before the input pulse reaches maximum, the
real peak light intensity may be even smaller. In ref [31], the
authors have measured the nonlinear optical response of an ITO
thin film with an incident light intensity up to 250 GW/cm?.
Therefore, we anticipate that the CdO at the active region of the
AOS device is able to handle the instantaneous light intensity
with input pump energy up to the saturation energy.

IV. DISCUSSION
A. The Effect of High Mobility Materials

We have discussed the AOS design based on CdO with a high
electron mobility of 300 cm?/Vs. Similar AOS structure may also
apply to other TCO materials. There are other HMTCO materi-
als, such as Ti-doped In, O3, which has a mobility ~100 cm?/Vs
[51]. In fact, the electron mobility of CdO itself may also vary
from ~30 cm?/Vs to 600 cm?/Vs depending on the material
process conditions, such as the deposition method, substrate
materials, and dopant types [52]-[55]. Here, we compare how
the electron mobility of TCOs will affect the performance of the
AOS device. Fig 5a plots the optical loss of the AOS device as a
function of the accumulation layer electron density for different
electron mobilities of 30 cm?/Vs, 100 cm?/Vs, and 300 cm?/Vs
by assuming other parameters remaining the same as CdO. We
can see that HMTCOs bring two major advantages. First, the
peak absorption is proportional to the electron mobility. TCOs
with higher mobility can be heated up to higher temperatures
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Fig. 5. (a) Optical loss of the AOS device as a function of the accumulation
layer electron density for different electron mobilities. (b) Extinction ratio and
optical loss of the AOS device at 1570 nm as a function of input pump pulse
energy at 1585 nm for different TCO electron mobilities.

due to the larger absorption efficiency at the ENZ wavelength.
Second, when the plasma frequency is shifting away from the
ENZ condition, the slope of optical loss versus the shift of the
plasma frequency is steeper for higher electron mobility. We
simulated the AOS nonlinear response with the three electron
mobilities. The pump and probe wavelength are kept the same
during the simulation. The results are plotted in fig 5b. Generally,
reducing the electron mobility from 300 cm?/Vs to 100 cm?/Vs,
the ER of the AOS reduces by half, and the saturation energy
increases around 3 x but still in the femtojoule range. However,
for the mobility of 30 cm?/Vs, the peak absorption is signif-
icantly smaller at the ENZ wavelength and it is not sensitive
to the change of the accumulation layer electron density. The
maximum ER is 3 x smaller than the IL within the simulation
range of the input energy. Thus, the energy consumption is
significantly higher. Obviously, HMTCO plays a critical role
in the operation of the AOS device.

B. Performance Metric: Device Size-Switching
Energy-Switching Time Product

The development of future on-chip optical computing systems
has raised stringent requirement for AOS devices in terms of
device footprint, energy efficiency and switching speed [2].
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Here, we define a comprehensive metric of device size-switching
energy-switching time product to compare our proposed AOS
with other experimentally demonstrated on-chip AOS devices.
The results are summarized in fig 6. Fig 6a summarizes the
device performances in terms of switching time and switching
energy, and fig 6b compares the AOS devices versus switching
energy-switching time product and device size. The color and
shape of the symbols represent the structure and active material
of the AOS devices, respectively. The solid symbol indicates that
the AOS is based on a carrier-induced optical nonlinearity, which
involves real transitions, such as TPA, single-photon absorption
(SPA), BFD, carrier heating and ISBT. While the hollow symbol
indicates that the device is based on virtual transition optical
nonlinearity, such Kerr effect. Generally, there are two types.
The first type is based on light-induced real part change of
the refractive index, which requires either a symmetric Mach
Zehnder (SMZ) structure [10], [11] or a micro-resonator to
convert the phase modulation to intensity modulation. SMZ
based AOS can achieve an ultrafast switch on/off time of 2 ps,
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by sending two control pulses to the two symmetric branches
of the SMZ, despite the relative long carrier recombination
time. However, such devices require a long device length of
hundreds of microns. For a micro-resonator based AOS device,
the Q factor is proportional to the required index shift, which
determines the switching energy, and is inversely proportional
to the photon lifetime, which limits the switching speed. In this
sense, there is a trade-off between energy consumption and the
switching speed. For a given material system, the wavelength
detune of aresonator is proportional to the ratio between Q factor
and mode volume, Q/V, [56]. Since PC nanocavities offer much
better light confinement than microring resonators, the switching
energy-switching time product is also significantly smaller. In
addition, the carrier-induced nonlinearity in III-V materials is
larger than that in Si, therefore, III-V AOS is generally more
efficient. To date, the most energy-efficient AOS device was
achieved based on InGaAsP 2D PC nanocavity [20] with a
switching time of tens of pico-seconds, but impossible to scale to
sub-picosecond switching because of the limit of the long carrier
lifetime and photon lifetime. The second type of AOS is based
on saturable absorption, such as ISBT in semiconductor quan-
tum wells, Pauli blocking of graphene, and the TCO nonlinear
effect discussed in this paper. Generally, these nonlinear effects
exhibit ultrafast switching time of less than 1ps. The energy
efficiency is usually determined by how efficiently the light can
be absorbed, which is often related to the light confinement in the
active material. Recently, an ultrafast, energy-efficient AOS was
demonstrated based on graphene-loaded deep-subwavelength
plasmonic waveguide [57]. It reduces the length of device
(~4pm) by 2 orders of magnitude compared with those ISBT
AOS, achieving a switching energy of 35 fJ and a switching
time of 260 fs. However, the deep-subwavelength plasmonic
waveguides induces significant insertion loss and may limit its
potential for mass production. For our proposed AOS based on a
HMTCO, it exhibits the largest absorption efficiency at the ENZ
condition. We can reduce the device length by another order of
magnitude to less than 1pm with similar energy consumption
as the graphene-loaded plasmonic waveguide. As a result, the
proposed AOS device exhibits the smallest device size-switching
energy-switching time product, unprecedented for any known
design.

V. CONCLUSION

In summary, we propose a sub-micron, sub-picosecond, fem-
tojoule level AOS device based on an electrically tunable
plasmonic-CdO-Si waveguide. Our analysis shows that the
high free carrier mobility of CdO plays a critical role in the
ENZ-enhanced optical nonlinearity. It ensures the vanishingly
small absolute permittivity at the ENZ condition due to the
low optical loss, leading to unprecedented optical confinement
and enhanced nonlinear optical interaction. Benefited from the
electrically tunable design to induce only 1 nm of ENZ layer, the
energy efficiency of the device can be maximized by a gigantic
saturable absorption coefficient of 15.9 dB/pum with 13.5 fJ
energy and a switching time of 230 fs. In addition, this unique
design enables a sub-micron compact device size of less than
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1 pum, which is essential for advanced optical processing and
computing systems such as optical neural network [58]. Our
simulation results indicate that HMTCOs play a pivotal role in
achieving such superior performance and deserve future experi-
mental investigation. Compared with existing on-chip AOS de-
vices, our proposed HMTCO-driven device shows decisive ad-
vantages in terms of the device size-switching energy-switching
time product. Furthermore, the AOS device is compatible with
silicon photonic integrated circuits. Thus, we anticipate that our
proposed HMTCO-driven AOS device will pave a new avenue
for future development of ultra-fast, low-power, high-density
on-chip optical signal processing and computing systems.
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