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ABSTRACT: We experimentally demonstrate a broadband
electro-absorption modulator exploiting indium tin oxide
(ITO) as the active switching material. Si strip waveguides are
fabricated and covered with 8 nm of HfO, and 15 nm of ITO

to form metal-oxide-semiconductor capacitor (MOS-C) based ¢ ound

modulators. The mobile carrier density in the ITO film is
controlled using a postanneal treatment to tune its
permittivity € to a near-zero value at the operation wavelength
of 1550 nm. Using simulations and experiments, we
demonstrate that realizing an epsilon-near-zero (ENZ) can
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enhance the modulation performance as it increases the overlap of the guided mode with the active ITO layer. We then show
even greater benefits of this approach with Si waveguides featuring a central slot filled with ITO. Leveraging the ENZ effect, we
achieve a notable 3 dB modulation depth of optical signals in a nonresonant waveguide structure with a length of 20 ym. The
results provide insight into the design of very compact modulators for chip-scale optical links.

KEYWORDS: silicon photonics, electro-absorption modulator, transparent conducting oxide, epsilon-near-zero material

With the ever-increasing demand for computing power,
the performance bottleneck has shifted from individual
transistors to the interconnection network between transis-
tors." On-chip optical links can provide a key breakthrough in
reducing power consumption in chips.l_3 However, new
concepts for realizing high-speed, ultracompact, and power-
efficient electro-optic modulators are needed to realize this
vision.”> This is because current modulator designs that
exploit weak electro-optical effect in silicon (Si) tend to require
a large device footprint that comes with an undesirably large
capacitance.” Si modulators integrated with high-Q optical
resonators can increase the modulation strength for a given
footprint, but suffer from a reduced bandwidth and thermal
instabilities.” Modulators that leverage the beneficial optical
properties of germanium and compound semiconductors face
notable integration challenges with existing Si platforms.*~"’
Plasmonic modulators offer high field confinement capable of
boosting electro-optic effects, but the high intrinsic loss that
comes with using metals hinders their application."" Graphene-
based modulators have achieved high modulation efficiencies
by electrically tuning the Fermi level of graphene, but it is
challenging to realize a good modal overlap with an atomically
thin material.'>"?

Strong electro-optic effects have recently been observed in
transparent conductive oxides. The Si-compatible material,
indium tin oxide (ITO), has proven to be a particularly
promising candidate for integration into modulators.”'* The
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optical properties of ITO can be electrically tuned by changing
its electron density.”'>'® Both accumulation and depletion of
mobile electrons in ITO films has been achieved by applying
an electrical gate bias, and this can change its permittivity in
the near-infrared regime from a positive value (dielectric-like)
to a negative value (metallic-like)."”"® When the permittivity
of the ITO material is tuned to be close to zero, which is
referred to as the “epsilon-near-zero” (ENZ) state, the
absorption losses inside the ITO material can effectively be
changed and open the door to realizing very strong electro-
optic effects.'”~** For this reason, ENZ electro-absorption
modulators show great potential for achieving a large
modulation strength.”'* In this paper, we experimentally
demonstrate a broadband, ultracompact, Si waveguide
modulator exploiting the ENZ effect in ITO.

ITO behaves as a free electron Drude metal whose optical
properties are governed by its mobile carrier density.””** The
optical permittivity of ITO can be described as
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where €., is the background dielectric constant, @ is the
angular frequency of light, and I is the collision frequency for
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Figure 1. ITO characterization and modulator operation mechanism using the ENZ effect. (a) ATR spectrum of an ITO/Au/quartz film stack for
ITO material characterization. The black curve shows experimental results and the blue curve shows a simulation that best fits the experimental
data. (b) The real part of the Drude-model permittivity for ITO films with different carrier densities that can be realized by changing the
postdeposition annealing treatment. The Drude parameters are extracted by fitting to the ATR experimental curves. The top blue area in the graph
represents the dielectric-like region of ITO and the bottom yellow part represents the metallic-like region of ITO. The red circle highlights the ENZ
region near the modulator’s operation wavelength of 1.55 ym (vertical dashed line). (c) The imaginary part of the Drude-model permittivity of
ITO films with different carrier densities. (d) Cross sectional view of the proposed waveguide modulator design. It shows a 440 X 220 nm? Si strip
waveguide on top of a 3 ym thick SiO, base that is overcoated with 8 nm thick HfO, and 1S5 nm thick ITO layers. The color map shows the
normalized electric field intensity profile of the fundamental TE mode of the Si waveguide. Electrons are accumulated at the ITO/HfO, interface in
the OFF-state. (e) Electrical field profile of the guided mode plotted along the red dashed line shown in the waveguide cross section in panel (d)
for the ON-state without gate bias. (f) Electrical field profile along the red dashed line in panel (d) for the OFF-state with an applied gate bias. In
this state, the electrical field is strongly enhanced inside the ENZ region.

the mobile electrons in ITO. The plasma frequency of ITO w,
depends on the carrier concentration n, electron charge e,
vacuum permittivity €y, and effective mass of electrons in the
ITO film m* ( see ref 23). The carrier density of ITO can be
passively tuned by thermal annealing® or actively tuned by
electrical gating'>'” as well as optical excitation.”**¢

The optical properties of ITO films can be characterized by
attenuated total reflection (ATR) measurements in which
surface plasmons are excited.””**”” Figure la shows an
example of an ATR measurement on an ITO/Au/quartz
stack with a 15 nm thick ITO layer and a 50 nm thick Au film
(black dots). The presence of the ITO layer produces a
reflection dip in the ATR spectrum due to the resonance at the
surface plasmon frequency wgp of ITO, where the ITO’s

permittivity is close to the negative value of air’s permittivity
@p

—&,ip Wgp N ﬁ
reflection dip is determined by w, and the width of the dip is
governed by I'. The ATR spectrum can be simulated using the
transfer matrix method (TMM; blue curve in Figure 1a), and
the Drude model parameters such as @, and I can be extracted
from the best fit to the experimental data.”” The blue curve in
Figure la shows such a fit for an ITO film with a carrier
concentration of n = 6.5 X 10® em™3 and " = 2.5 X 10" rad/s.

To identify the optimum optical properties for modulation,
several ITO films were grown and received different
postannealing treatments to tune the intrinsic electron density
of ITO from 2.9 X 10* cm™ to 9.5 X 10*° cm™ (see
Methods). The real and imaginary value of the permittivities
are extracted for those films from best fits to the data (Figure
1b for the real part e, and in Figure lc for the imaginary part
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slmag). The real part of ITO’s permittivity is negative at low
frequencies and monotonically grows with increasing fre-
quency to ultimately become positive-valued. At a specific

frequency (wgyny ® %), the magnitude of the permittivity is

close to zero legy,|l = 0, known as the ENZ point. As the
carrier concentration is increased, the permittivity curves shift
and the ENZ point moves to a higher frequency. Knowledge of
these permittivity curves facilitates the design of our
modulator, in which we will aim to achieve similar changes
in the optical properties by electrically induced charge
accumulation and depletion. For the optimum performance,
we will show in theory and experiment that it is beneficial to
operate close to the ENZ point. In order to achieve that, we
optimize our anneal treatment and thus initial carrier
concentration.

Our ITO-based modulator design consists of a Si strip
waveguide (440 X 220 nm*) on top of a buried SiO, layer
coated with an 8 nm thick hafnium oxide (HfO,) layer and a
15 nm thick ITO layer (Figure 1d). This waveguide supports a
transverse electric-like (TE) mode with the dominant electric
field component along the horizontal direction (see Figure
ld).14 The ITO/HfO,/Si stack forms a metal-oxide-semi-
conductor capacitor (MOS-C) with the ITO effectively serving
as the metallic gate electrode and the HfO, operating as the
gate dielectric. The ITO film is chosen to have a relatively low
carrier concentration (1 = 6.5 X 10%° cm™) so that it behaves
as a dielectric material with a positive permittivity of g = 0.6
at the operating wavelength of 1.55 ym (blue line in Figure
1b). In the ON-state with no applied bias, Figure le plots the
horizontal mode-profile along the red dashed line shown in
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Figure 2. Schematic of the proposed modulator and fabrication results. (a) The design of an ITO-based ENZ modulator. Grating couplers couple
free-space light into and out of a Si waveguide (blue). The waveguides features a 90° bend to allow for high signal-to-background cross-polarization
measurements. The ITO material (yellow) and Si waveguides are connected to wire-bonded electrical pads. To quantify the modulation strength
per unit length, we create a number of devices in which different lengths of the Si guides are covered with ITO material. (b) Top-view optical image
of a fabricated modulator. The insets show SEM images with scale bars inside for a grating coupler and a waveguide. (c) Optical image of a laser
modulation experiment in which 1550 nm laser light couples into the waveguide at the input grating coupler. The laser light is transmitted through

the bent waveguide and then couples out at the output coupler.

Figure 1d. In this state, there is no strong field in the ITO layer
and the ITO material resembles a low-loss dielectric. As a
result, light propagating down the ITO-coated Si waveguide
does not experience significant optical loss. In the OFF-state
with a —5 V applied gate bias, electrons accumulate in the ITO
material and the resulting high-carrier-density layer can turn
into an ENZ region, as predicted by the Drude model (purple
arrow and red circle in Figure 1b). The normal component of
the electric displacement field (D, = €E,,) of the guided optical
mode has to be continuous across the materials boundary. As a
result, the electric field magnitude inside the ENZ material
displays a notable enhancement with respect to the adjacent Si
waveguide by the ratio of the permittivity magnitudes for Si
and ITO.

For our fabricated ITO film, the electric field in the
accumulation layer of ITO is eventually boosted by a factor of
3.6, given n = 6.5 X 10 cm™2 and T' = 2.5 X 10" rad/s. Figure
1f plots the electrical field distribution profile under gate bias
and shows a strong field boost inside the ITO layer. The ENZ
accumulation layer effectively redistributes the optical mode to
create a more favorable overlap with the active ITO switching
layer. Meanwhile, the imaginary part of the permittivity €1, in
the accumulation layer also increases to further boost the
materials absorption (purple arrow in Figure 1lc). Since the
increasing material loss and enhanced mode overlap occur
simultaneously, the absorption P, is maximized inside the
ENZ layer where Py, & EimogE” & Epmag/l€pnI>. Thus, the
transmitted signal is absorbed significantly more effectively by
applying the electrical gating bias and a large modulation
strength can be achieved.

Figure 2a schematically shows our modulator design and
Figure 2b shows an optical image of a fabricated device.
Scanning electron microscope (SEM) images of a grating
coupler and the Si waveguide are also shown as insets. We use
tapered grating couplers with a 1 ym period and 0.5 filling
factor to couple a normally incident, free-space laser beam into
and out of the waveguide (Figure 2¢).2%*” A bent waveguide
design is used to facilitate a cross-polarization measurement of
the light transmission through the waveguide in which any
unwanted background light that is not transmitted through the
Si guide is removed (e.g, scattered light from the grating
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coupler and reflected light from the substrate).” An 8 nm-thick
HfO, film is deposited to create an insulating layer on top of
the waveguide and then a 1S nm-thick layer of ITO is
deposited by magnetron sputtering. ITO strips of different
width are defined to create modulators with different
interaction length (see Methods). This facilitates an exper-
imental determination of the modulation strength per unit
length. There are larger Si and ITO pads for electrical wire
bonding to apply a gate bias. The gate bias is applied to the
ITO/HfO,/Si stack to electrically accumulate/deplete elec-
trons inside the ITO layer. Figure 2c presents the optical image
during an experiment in which the signal laser spot illuminates
the input-coupler and an output signal reemerges from the
output-coupler. An ultrafast photodiode is used to detect the
transmitted light emerging from the output-coupler. More
information on the setup can be found in the Methods and
Supporting Information.

In the modulation experiments, the output signal is
controlled with a gate bias applied between the ITO and Sj,
across the HfO, layer. Figure 3a shows the experimentally
observed changes in the output light intensity versus the
applied bias (black data points and curve). Here, the device has
a 30-um-long waveguide section covered with ITO and is
annealed in forming gas at 230 °C for 10 min. According to the
ATR characterization, this ITO film has a carrier concentration
of 6.5 X 10*° cm™ without an applied bias (blue curve in
Figure 1b). Compared to the unbiased output signal, the
transmitted signal intensity decreases when we apply a negative
bias to accumulate carriers in the ITO layer and the intensity
increases when we apply a positive bias to deplete the film. The
normalized output intensity changes from 74% to 120% at
1550 nm. The modulation curve displays hysteresis at first, but
this disappears after several modulation cycles (see Supporting
Information).

The modulation results are analyzed in a quantitative
manner (red curve in Figure 3a) with the help of finite-
difference time-domain (FDTD) simulations. The inset to
Figure 3a presents the simulated TE mode field distribution of
the waveguide. The imaginary part of the effective mode index
for this mode quantifies the optical propagation loss.” For the
red square region shown in the inset to Figure 3a, we plot the
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Figure 3. Signal modulation experiments and simulation results.
(a) Output signal intensity versus applied gate bias for a 30-um-long
ENZ modulator. The left axis plots the output signal intensity
normalized to the output signal without bias. The black curve
represents the experimental results with error bars calculated from
multiple measurements. The red curve represents the simulation
results with the beneficial ENZ effect while the blue curve represents
the simulation without the ENZ effect. The inset shows a mode
profile analysis of the modulator at a 0 V applied bias. (b) Plots of the
electron density, permittivity and electric field distribution change in
the red square region shown in the inset to panel (a) and for applied
gate bias values of —5 V (left panel), 0 V (middle panel) and S V
(right panel). The top row shows the electron density of ITO niro
across the air/ITO/HfO,/Si stack. The middle row shows the real
part of the permittivity for air, ITO, HfO, and Si. The permittivity of
the ITO changes with an applied gate bias while the other materials
remain unchanged. The bottom row shows a zoom-in of the red
square region depicted in the inset to (a) for various applied gate bias
values and show the electrical field distribution in the stack.

electron density, material permittivity and electrical field
distributions to see how they vary across the air/ITO/HfO,/
Si stack (see Figure 3b). The left panel of Figure 3b represents
the case in which a —5 V gate bias is applied. It shows the
accumulated electron density nipg inside the ITO layer near
the ITO/HfO, interface as calculated from the Poisson
equation and resulting from band bending.'>’' Inside the
accumulation layer, the real part of ITO’s permittivity &g,
decreases based on the Drude model, which is also shown in
the panel. The permittivity of the other materials are
unaffected by the applied bias. As the ITO accumulation
layer turns into an ENZ material, the electrical field is strongly
enhanced close to the ITO/HfO, interface (the bottom part of
the left panel in Figure 3b). The creation of an ENZ layer
induces a strong electro-absorption effect and the transmitted
signal is suppressed (red curve in Figure 3a at —5 V). The
middle panel of Figure 3b represents the case of 0 V gate bias.
Here, the electrical field distribution inside ITO remains
uniform. The right panel of Figure 3b represents the case in
which a positive 5 V gate bias is applied. This results in a
depletion of the ITO layer near the ITO/HfO, interface and
the real permittivity of ITO ¢, curves upward. This results in
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a decreased electrical field inside the depletion region (the
right panel of Figure 3b). Since the optical mode is
redistributed so that it is effectively pushed out of the
absorptive region and the materials loss itself reduces with the
local decrease in carrier density, more light is now transmitted
through the waveguide. This results in an increase in the
output signal intensity (red curve in Figure 3a at 5 V). Based
on the simulation, the modulation strength is 0.07 dB/ um
while the intrinsic loss due to material absorption is 0.51 dB/
pum. The simulated modulation qualitatively reproduces the
experiments considering the ENZ effect.

A simulation without the benefits of the ENZ effect is also
presented in Figure 3a (blue curve), where we assume that the
real part of ITO permittivity €., remains unaffected and the
imaginary part still changes with the applied bias. The resulting
hypothetical material has the same material properties as in the
experiment except the real part of permittivity in order to
compare the situations with and without the ENZ effect. In
this way, there is neither an ENZ effect nor an electrical field
enhancement inside the ITO accumulation layer, while the
material loss change is still considered. The variation in the
material loss still leads to a modulation in the output signal
intensity, but a much weaker modulation is observed than in
the experiments.

The modulation strength can be further improved if the
ENZ material is placed in the center of the waveguide, close to
the field maximum in the mode profile. To this end, we created
a 50 nm-wide slot in the waveguide and then introduced the
HfO, gate oxide and the ITO material. In these experiments
we used a waveguide width of 650 nm to maintain the same
effective mode index as before. Figure 4a shows the optical
mode profile supported by the waveguide with a single slot in
the center and it shows an excellent mode overlap with the
active ITO material, which conformally covers the waveguide.
The new modulator goes through the same fabrication and
post annealing process as the device shown in Figure 2 to allow
for a fair performance comparison. Figure 4b shows a
performance measurement of the modulator with the slot in
the center (red curve), compared to the modulator without a
slot (black curve). The signal modulation for a slot-waveguide
modulator with a 30 ym length is 4.8 dB and the modulation
strength is notably improved to 0.16 dB/um. This result
implies that a 3 dB modulator can be achieved with a 20 ym
nonresonant waveguide-based device, while offering a broad-
band operation range (see Supporting Information). Due to
the compact size, the modulator displays a small capacitance
(C ~ 0.4 pF) as well and this results in a small dynamic energy
per bit consumption (iCV2 ~ 2p]J per bit).*?

Whereas the goal of this work was to optimize and
demonstrate the ENZ effect in a Si waveguide modulator, we
also measured the modulation speed. Figure 4c shows that the
highest modulation speed of the present devices was found to
be 117 kHz, which is limited by the Si waveguide resistance
(~MQ) and the wiring capacitance,’”'® while the inset
demonstrates that the device response follows the gate bias
with sharp edges robustly. The switching speeds for this
modulator concept are ultimately limited by the fast movement
of majority carriers and speeds up to many GHz should be
feasible, as seen in other majority carrier-based devices.””**

As the ENZ wavelength is determined by the carrier
concentration of ITO, we are able to control the ENZ
wavelength of ITO in the near-IR range by postannealing. As
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Figure 4. ENZ-based modulator with a single slot in the center and
its modulation performance. (a) Electrical field distribution of the
TE guided mode in the waveguide with a 50 nm-wide slot in the
center without HfO, and ITO layer. The field is strongly concentrated
inside the slot. (b) Measured modulation strength versus the applied
gate voltage in the waveguide with a single slot (red curve) and
without a slot (black curve). The insets show corresponding SEM
images. (c) Modulator bandwidth measurement for our Si modulator
with an ITO-filled slot. The normalized modulation depth versus the
modulation frequency is plotted. The 3 dB switching speed is 117
kHz. The inserted figure shows the modulated signal intensity (blue
line) under an AC bias of +3 V (red line).

the annealing temperature is raised from 160 to 250 °C, the
electron density in the ITO film increases from 2.9 X 10%°
em™ to 9.5 X 10*° cm™>. The permittivity values from these
films are obtained from ATR characterization (Figure 1b).
Figure Sa shows the extracted permittivity of ITO at various
annealing temperatures and Figure Sb shows the temperature
dependence of the modulation strength in the unit of dB/um.
As the magnitude of the permittivity approaches zero, a
stronger ENZ effect is observed and increases the modulation
strength to 0.16 dB/um at an annealing temperature of 230
°C. Once the permittivity crosses zero, the ITO turns metallic-
like (ie, exhibits a negative permittivity) and no ENZ
enhancement in the modulation is achieved when an electrical
bias is applied. This results in decrease in the modulation
performance. Our analysis clearly shows the importance of
tweaking the growth and annealing conditions of the ITO just
right to achieve the highest possible performance.

To conclude, we have experimentally demonstrated an ENZ-
based modulator employing a Si waveguide coated with an
ITO/HfO, stack. We have demonstrated that it is critical to
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Figure 5. Material permittivity and modulation strength under
various postannealing temperatures. (a) The permittivity of the
ITO versus annealing temperature for 10 min forming gas anneals.
The black line represents the real part and the blue line represents the
imaginary part of the ITO film permittivity. The magnitude of the
permittivity for the ITO annealed at 230 °C is closest to zero. By
applying an electrical bias, an ENZ region is created along with strong
electro-absorption results, as shown in the red highlighted area. (b)
The modulation strength of ITO-based modulators with a single slot
in the center and for various annealing temperatures in the range from
160 to 250 °C. The ITO annealed at 230 °C displays the largest
modulation strength as it operates near the ENZ point.

design the anneal treatment of the ITO to achieve a
permittivity close to zero and realize the highest possible
modulation depth. In this case, one can simultaneously benefit
from enhanced local optical fields and an increased material
loss due to the presence of more free carriers upon electrical
gating. These points were verified with finite-element
simulations. The work highlights that ENZ effects facilitate
ultracompact, nonresonant modulator designs that can offer
low energy consumption, high speed and broadband operation.

B METHODS

Modulator Fabrication. The devices are fabricated using
SOI wafers obtained from SIMGUI Co., with a nominal 220
nm device layer and 3.0 ym buried oxide layer. A JEOL JBX-
6300FS electron-beam lithography system is used to pattern a
ZEP-520A electron-beam resist layer spun on the samples,
followed by a dry etching process to remove Si (Applied
Materials Precision 5000 Etcher).”* HfO, is conformally
deposited on the device by atomic layer deposition (Savannah
$200, Cambridge Nanotech). A second e-beam resist layer of
PMMA is then spun on and patterned by the JEOL e-beam
tool. The ITO layer was deposited by a DC magnetron
sputtering process using an ITO ceramic target of In,O; 90 wt
% /SnO, 10 wt % with Ar and O, flow rates of 80 and 10 sccm,
respectively. The sputtering power was 2 kW at 6.5 mTorr and
the substrate temperature was kept below 80 °C. After
deposition, a standard lift-off procedure is performed. The
slot’s width and waveguide dimensions are determined with
SEM. The samples were diced into 1 cm X 1 cm size and
postannealed under forming gas (5% H,/95% N,) to tune the
carrier concentration of the ITO films at various temperatures
between 160 to 250 °C for a duration of 10 min.>®
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Electrical Measurements. For electric modulation experi-
ments, the sample is provided with a 300 X 300 ym? Si contact
pads and these are wire-bonded to a chip carrier. These pads
are used to electrically contact the ITO layer and Si waveguide.
A semiconductor parameter analyzer (Agilent Technologies
B1500A) is used to apply a gate bias to the ITO/HfO,/Si stack
as well as performing IV measurements to quantify the
breakdown voltage. Speed measurement are performed up to
200 kHz (see Supporting Information).

Optical Far-Field Detection. An uncollimated light
source together with a thin glass slide is used to illuminate
the sample for imaging purposes. The waveguide and grating
couplers are imaged in reflection mode using an infrared
InGaAs CCD camera (C10633-12, Hamamatsu Photonics
K.XK.). A collimated and linearly polarized near-infrared laser
beam (New Focus 6300) is gently focused using a 10X
objective lens onto the grating coupler to excite the optical
mode in Si waveguide. The grating coupler is precisely aligned
to the laser spot using a microposition stage. An iris diaphragm
and a linear polarizer are used to only collect output light
coming from output coupler. The signal intensity is measured
by an ultrafast photodiode (Newport 818-BB-3) which allows
us to perform accurate and fast speed intensity measurements.
All of the waveguides are designed with a 90° bend so that the
linearly polarized emission from the output of the waveguide is
orthogonal to that of the input polarization, thus suppressing
back-reflections coming from the incident beam and providing
a good signal-to-noise ratio for the desired output signal.*
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