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electric signals are applied on n+ doped Si and ITO electrodes, which stimulates the field effects in the active ITO
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Ultra-compact, High-Speed Field Effect Electro-Optical Modulators

Kaifeng Shi”, Karl Hirschman™" and Stefan Preble™"

“Microsystems Engineering PhD Program
"Department of Electrical and Microelectronic Engineering
Rochester Institute of Technology, Rochester, New York, 14623, USA

Abstract

One of the technical barriers impeding the wide applications of integrated photonic circuits is
the lack of ultracompact, high speed, broadband electro-optical (EO) modulators, which up-
convert electronic signals into high bit-rate photonic data. In addition to direct modulation of
lasers, EO modulators can be classified into (i) phase modulation based on EO effect or free-
carrier injection [1, 2], or (ii) absorption modulation based on Franz-Keldysh effect or quantum-
confined Stark effect [3- 7]. Due to the poor EO properties of regular materials, a conventional
EO modulator has a very large footprint. Based on high-Q resonators, recent efforts have
advanced EO modulators [8,9,10] into microscale footprints, which have nearly reached their
physical limits restricted by the materials. On-chip optical interconnects require ultrafast EO
modulators at the nanoscale. The technical barrier may not be well overcome based on
conventional approaches and well-known materials. Herein, we theoretically demonstrated the
possibility of realizing nanoscale EO, more specifically electro-absorption (EA) modulators
based on the integration of novel yet inexpensive materials, conductive oxides (COs), in a metal-
oxide-semiconductor (MOS)-like waveguide plasmonic or dielectric platform [ 11]. Our
experimental investigation verified the feasibility of the proposed modulators, and showed that
the EA modulation was induced by field effect in the MOS-like structure, which is enhanced by
high-k insulator, HfO, [12,13]. By utilizing a metal-insulator-CO-insulator-metal (MICIM)
structure with double-capacitor gating scheme, we successfully demonstrated an ultra-compact
field effect plasmonic EA modulator with waveguide length of only 800 nm, which is the
smallest recorded dimension according to our knowledge [14]. Measurements show that it has an
extinction ratio of 3.04 dB/um at 10 MHz, and works up to 500 MHz. Furthermore, we explored
a doped Si-insulator-CO field effect EA modulator based on silicon-on-insulator (SOI) dielectric
platform. The dielectric modulator has an ultra-compact footprint of 4 um?, and exhibits up to 2

GHz operation speed at telecommunication wavelengths.




1. Ultra-compact field effect plasmonic modulator
1.1 Background and design

Most of previous effort was focused on the exploration of the EO properties of dielectrics or
polymers owing to their low optical absorption for waveguide applications, whereas the optical
properties of absorptive materials, for example conducting oxides (COs), have been relatively
overlooked, until recent work showing that the optical dielectric constant of COs in the charged
layer of a metal-insulator-CO (MIC) structure can be tuned in a large range by electrical gating
[15]. When a large electric field is applied across the insulator layer of an MIC structure,
significant surface charge can be induced and the induced charge can greatly alter the optical
properties at the insulator-CO interface. In this sense, COs are good active materials for EO
modulation. Indeed, many EO modulators have been proposed based on COs as the active
material [16,17,18,19,20,21]. To apply a CO as active medium in an EO modulator, one
challenge is that the field-effect-induced charge layer is only few nanometers thick. To enhance
the impact of the charged layer on light absorption, three strategies are taken in this work.

First, the CO is integrated into an MIM plasmonic waveguide. Surface plasmons as hybrid
electrical-optical waves give rise to strong confinement, which makes their propagation to be
extremely sensitive to minor changes in the optical properties of the guiding materials. This
provides a remarkable opportunity for optical modulation. Various plasmonic EO modulators
have been reported since the 1980s [22,23,24,25,26], including three based on COs [12,27,28].
In particular, Dionne, et al. [26] reported an EO modulator integrating a metal-oxide-silicon
junction into two silver films, where the modulating electric field can switch the waveguide
between guiding and cut-off states. However, its large extinction ratio extremely relies on the
junction uniformity in the light propagation direction. Two more recent works from another
group reported microscale plasmonic phase modulator [29] and plasmonic intensity modulator
[30]. In both works, MIM plasmonic waveguides are employed and nonlinear polymers work as
the active media with modulator waveguide length shrunk to 10s of micrometers. Recent
experimental works [12,27,28] report the integration of the MIC structure on the silicon
waveguide, in a plasmonic waveguide, and below a glass prism, respectively. Modulation extinct
ratio is reported 1 dB/um in Ref. [27], and 2.71 dB/um in Ref. [28]. In both cases, the dynamical
operation of the modulators has not been reported. The result from Ref. [12] shows that the part
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of large modulation may only work at low speed. Whether the modulation can work at high
speed is still a question.

Second, HfO, is employed as the insulator layer to enhance the field effect. HfO, has high
DC dielectric constant, large dielectric strength, and is transparent for NIR light. Basically, the
MIC structure functions as a parallel plate capacitor. Thus, a high-k insulator can induce large
surface charge for a given gate voltage.

Third, two MIC structures are designed back-to-back to double the field-induced charge,
simultaneously on top and bottom sides of CO, for the same gate voltage. The use of this double
capacitor gating scheme in modulators can date back to dual-channel EO modulators proposed in
1970s or earlier [31]. It was recently used in a graphene modulator [32] and a proposed silicon
slot-waveguide-based EO modulator [33]. The entire structure in this work is thus a metal-
insulator-CO-insulator-metal (MICIM) structure, as shown in Fig. 1(a). The CO used in this
work is ITO. Another advantage of using the double insulator layers is to decrease the MIM
plasmonic waveguide attenuation, which sharply decreases with the increase of insulator

thickness, especially at the nanoscale.

This work shows that the three strategies can greatly improve the modulator performance and
result in an EA modulator with a propagation length only 800 nm. To our knowledge, this is the
first experimental demonstration of an EO modulator with a nanoscale waveguide length. The
EO modulators in previous works [26,27,28,29,30] involve waveguides with nanoscale width or
thickness, but the waveguide length is still at the microscale.

1.2 Modeling and fabrication

As shown in Fig. 1 (a-c), the principle of this EO modulator is quite straightforward. Light
absorption in the gap between two gold films is controlled by the electric-field-induced charge in
the ITO layer. Each MIC structure functions as a parallel plate capacitor. The field induced
charge on each side of ITO can be calculated according to Q = €EA, where ¢ is the DC dielectric
constant of HfO,, E is the applied electric field across the HfO, layer, and A is the capacitor area.
According to the bias polarity and strength, an MIC structure may work in two well-known
modes. When a positive bias is applied at the ITO layer, depletion (of electrons) ( @ > 0) occurs.
Effectively, the thickness of ITO layer decreases and the MICIM waveguide becomes less

absorptive, resulting low attenuation (i.e. ON state). When a negative bias is applied at the ITO



layer, accumulation (of more electrons) ( Q < 0) occurs. The ITO layer becomes more
conductive and the MICIM waveguide becomes more absorptive, resulting high attenuation (i.e.
OFF state). The third working mode of a metal-oxide-semiconductor structure, inversion (of

carriers into holes), is less likely to occur.
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Figure 1. Illustration of the working modes of the metal-insulator-CO-insulator-metal structure:

(b)

(e)

(a) Without bias. (b) Depletion mode, where the ITO is less absorptive and the waveguide has
lower attenuation. (c) Accumulation mode, where the ITO is more absorptive and the waveguide
has higher attenuation. (d) The mode profile for the no bias case. (€) The mode profile for the

depletion case. (f) The mode profile for the accumulation case.

Quantitatively, the optical dielectric constant € of the ITO can be approximated by its free
carrier concentration according to the Drude model,
9

w(w +jy)
where €, is the high frequency dielectric constant, w, is the plasma frequency, and y is the

1)

e=€ +je" =€y

electron damping factor. e'and €'’ are real and imaginary parts of optical dielectric constant,
2
respectively. Note plasma frequency w,, = %, depending on carrier concentration N, and the

effective electron mass m*. g represents the elementary charge. To make w,, located in the NIR
regime, the carrier concentration, N, should reduce to 10*°~10% cm, coinciding to that of COs.
Outside of the range, the effect of same level of electric-field-induced charge becomes less
significant on waveguide attenuation [Error! Bookmark not defined.]. The specific value of

carrier concentration can be controlled by the growth/deposition processes and post-annealing
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conditions [34]. In our work, the thickness of ITO is designed to be 10 nm; each HfO, layer is 30
nm thick. Note that thicker insulating layers can result in lower losses of the MICIM waveguide.
The schematic of the device is illustrated in Fig. 2(a). The device fabrication consists of a
series of layer-by-layer processes. For accurately patterning each layer, general photolithography
and lift-off processes are applied. The fabrication starts from the deposition of 10 nm thick Ti
adhesion and 100 nm thick gold layers on quartz substrate. Then, a 20-nm HfO, is deposited as
the first buffer insulator by atomic layer deposition (ALD). The next process is the sputtering of
10-nm active material, ITO, at a substrate temperature of 60°C. After that, another 20-nm thick
HfO, is deposited to provide the second buffer layer. Finally, 150-nm thick gold is deposited to

define the light input port, the modulator length as well as to form electric contacts.

Photodetector

(a) D Microscope
I Output
[ | |
| 10nm-IT¢ [ \
20nm-Hfd\2 N /I],u:n\m.m Lensed ﬁhfﬂ (e)
150nm-Au \, = ) !
\ @ﬁd’p?dulating signal ‘\\\\
1 . I
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Top view

" )

LTJ
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Figure 2. (a) Schematic of the fabricated EO modulator and the test setup. (b) Top view of the
modulators and their GSG contact electrodes. (c) Top view of the output port. (c) Bottom view of

the device input and output ports. (d) Bottom view of the edge of the device.

To test the device, the sample is flipped upside down as illustrated in Fig. 2(a). For easy
description, the quartz substrate is treated as the top layer. As can be seen in Fig. 2 (b, c, d), there
are three modulators with waveguide lengths, 3.0 um, 800 nm, and 2.0 um, respectively (The
prototype MICIM modulator in the proposal of this project only has one output port with a
waveguide length of 1.0 um). The three modulators share the same GSG contact electrodes. Our



investigation is focused on the 800-nm waveguide. Figures 2 (¢ & d) are the top and bottom side
microscope images of our fabricated device. Figure 2(e) is the image of the edge of the device

taken from the bottom side showing the multi-layer stacks.
1.3 Light coupling and modulation measurement

In the measurement, due to the relatively high optical losses in the MICIM waveguide, light
from a tunable laser is first amplified by an erbium-doped fiber amplifier (EDFA) and then
coupled into the sample through a lensed fiber from the bottom side of the sample. The lensed
fiber can focus NIR light into a ~2 um diameter spot at the working distance of ~15 um. The
entire sample is covered by either the top or bottom gold layer, or both layers. For easy
explanation, the top and bottom gold layers are shown as slightly different colors. The gold
layers are thick enough so that light cannot directly propagate through as shown in Fig. 2(b & c).
The input port is a 10 um wide slit in the bottom gold layer as shown in Fig. 2(d). Light
propagation through the sample has to follow the gaps, i.e. plasmonic waveguides, between the
two gold layers. See Fig. 2(a). Two MIM plasmonic waveguides simultaneously exist in our
modulator. The left side one is an Au-HfO,-1TO-Au waveguide, which has very large attenuation
and its length is designed to be 4 um. Thus, the light transmission through the Au-HfO,-ITO-Au
waveguide is negligible. The right side one is an Au-HfO,-ITO-HfO,-Au waveguide, which is
our modulating waveguide. It has much smaller attenuation, owing to the double HfO, layers,
and much shorter length, only 800 nm, terminated by a slit in the top gold layer, which works as
the output port. Therefore, the input and output ports are linked by the Au-HfO,-1TO-HfO,-Au
waveguide.

As illustrated in Fig. 2(a), the top gold layer seems three separate parts, but the middle and
right parts actually represent a continuous film with a 5um-by-30pum rectangular window (The
window dimension was 10um-by-60um in the prototype MICIM modulator), as shown in Fig.
2(c), which means the top gold layer only has two electrically insulated parts. The bottom gold
layer is also two insulated films: the left part works as a metal contact electrode for ITO; the
right part simultaneously works as another electrode and a confining layer of the Au-HfO,-1TO-
HfO,-Au plasmonic waveguide. As can be seen in Fig. 2(a), two confining gold layers of this
waveguide are electrically connected at the right end. Consequently, when a voltage is applied
between ITO and bottom gold layer, the same voltage is always applied between ITO and the top

gold layer. The result is the double capacitor gating scheme as shown in Fig. 1. The gate voltage
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comes from a function generator and is applied to the electrodes through a microwave GSG
probe from the sample bottom side. See Fig. 2(b).

In the experiment, a microscope, installed with an NIR camera at the top through an adapter,
is placed over the sample for observation, alignment, and NIR imaging. The microscope is first
adjusted to locate the output port. Figure 3(a) shows the image of the sample by the NIR camera.
Then amplified NIR light (A = 1560 nm) is fed into the input port through a lensed fiber. After
the light propagates through the device, it is scattered into the quartz substrate and then into the
air. Partial scattered light is imaged by the microscope NIR camera. Figure 3(b) shows the light

scattering from the middle output window.

Figure 3. (a) Image of the output ports by the NIR camera. (b) Image of the output of the device
through the NIR camera when NIR light is fed in from the input port.

When an AC voltage (14V-Vpp) is applied on the device, the change of power level of the
output light with the voltage fluctuation can be observed. This verifies that the light output is
really modulated. The modulation is so obvious that light intensity change in the NIR image can
easily be seen by eyes at extremely low frequencies (several hertz).

To test response of the device to higher frequency modulating voltage, the NIR camera is
first replaced by a DC-coupled InGaAs photodetector (Thorlabs PDA10CF), which is positioned
exactly at the focused image of the microscope adapter. The photodetector collects the output
light power and converts it into an electric signal in an oscilloscope. A 50-Q load is used to
convert the photocurrent into voltage, V,,. Figures 4 (a&b) depict the tested photo voltage of the
EA modulator under an applied 14 Vpp RF sine signal of 1 MHz and 10 MHz, respectively. If

max{V,p}

the extinction ratio (ER) is defined by r, = the ER measured at 10 MHz is around 1.75

min{V,p}’
or 3.04 dB/um (The ER for the prototype modulator was ~0.8 dB/um at 1 MHz). To demonstrate

the operation of the modulator at even higher frequency, the DC-coupled photodetector is
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replaced by an AC-coupled, amplified InGaAs photodetector (Newport 818-BB-30A), and the
output is amplified by a microwave amplifier. Figures 4 (c&d) plot the tested photo voltage of
the EA modulator under an applied 14V-Vpp RF sine signal with frequencies f = 100 MHz and f
=500 MHz, respectively.
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Figure 4. Oscilloscope measurement of the output light power under an applied electric signal of
(@) 1 MHz, (b) 10 MHz, (c) 100 MHz, and (d) 500 MHz. (a&b) are obtained using a DC-coupled

photodetector. (c&d) are obtained using an AC-coupled photodetector.

1.4 Circuit analysis

In the measurement, we obtained a modulation speed up to 500 MHz, which is a considerable
improvement compared with our previous investigations. However, it is still very insufficient to
be considered an ultra-fast EO modulator. The speed of the photodetector (bandwidth up to 1.5
GHz), the power level of the incident light, and the input coupling efficiency might be the factors
that limit the operation speed of the MICIM plasmonic modulator. However, considering the
relatively large modulator waveguide width and contact pads, the device RC constant should be
the main constraint for the speed. Therefore, we conducted circuit analysis to examine the RC
delay of the device.

A high speed (20 GHz) network analyzer is used for the analysis. In Fig. 5(a), we plot the RF
reflection coefficient S;; of the device circuit as a function of frequency. We can see S;; value
drops to -3dB at ~300MHz, and bounces back at higher frequencies, which indicates that the
device circuit turns from capacitive to inductive due to the existence of parasitic inductance. As a

result, we treat the device as a simple RLC circuit shown in Fig. 5(b), where L is series

8



inductance, C is gate dielectric capacitance, g is AC conductance, and R is series resistance of
the substrate and metal contact. From the fitting curve, the circuit parameters are extracted as
R=250 Q, C=3.9 pF, L=11.3 nH, and 1/g=330 k€Q, leading to a cutoff frequency of f.=163 MHz.
Thus, we have verified that the circuit RLC components limit the performance of the modulator.
By appropriate optimization of the device circuit design, the operation speed is expected to reach
GHz region, so the MICIM plasmonic modulator promises to serve as ultra-compact and ultra-

fast optical interconnection.
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Figure 5. (a) Measured RF reflection coefficient S;; and curve fitting. (b) Simple RLC
equivalent circuit model of the MICIM plasmonic modulator.

2. Ultra-compact, high-speed dielectric modulator
2.1 Background

Based on the field effect (i.e. carrier accumulation and depletion) within active
conductive oxide layer in the MIC and MICIM structures, we have experimentally demonstrated
plasmonic EA modulators that have broadband EO response, ultra-compact footprint as well as
potentially high operation speed. According to the numerical study of field-effect optical
modulators based on ENZ-slot waveguide [11], we can also realize field-effect EA modulation
by dielectric waveguide configurations. Compared with plasmonic modulator where light can
propagate as surface plasmon polaritons (SPPs) at metal-dielectric surface, dielectric modulator
may lose some compactness. However, it promises much easier integration with existing
platforms based on CMOS technology. Without metallic components, the optical losses of
dielectric modulator will become much smaller. This may solve the problem of the MICIM

plasmonic modulator in high input power requirement. Thus, it is worthy of exploring an
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efficient and compact dielectric modulator. Besides, we can also utilize optimized design to
achieve improved operation speed.

Since 2010 when the EO properties of CO was revealed [15], many works towards CO-based
EO modulation have been proposed. However, most of the proposed modulators utilize
plasmonic waveguide configurations. Few modulators integrated with dielectric materials have
been reported [33, 35]. Zhao et al. reported their numerical study of a high-confinement Si slot-
waveguide modulator, in which SiO, buffer layer and polysilicon cladding are used to confine
EM fields within 10nm ITO film [35]. They also investigated the integration of the slot-
waveguide modulator with Si strip waveguides. In Ref. [27], Sorger et al. demonstrated an ITO-
based nanophotonic modulator on SOI platform with a modulator length of 3/, which can reach
an extinction ratio of 1 dB/um over a wide bandwidth range. However, the broadband modulator
is actually utilizing the field-effect in an MIC structure. The silicon substrate is mainly used as a
waveguide for light interaction with the MIC modulator. Therefore, it is necessary to
experimentally demonstrate the operation of a dielectric modulator to facilitate the development

of CO-based EO modulators for future integrated photonic circuits.

2.2 Design, modeling, and fabrication

Figure 6. (a) The multi-layer stack of the dielectric modulator. (b) The 3D schematic of the
doped Si-insulator-CO dielectric modulator.

The design of the CO-based dielectric modulator is shown in Fig. 6(a). As can be seen, in this
dielectric slot waveguide, TiO, will serve as the waveguide for guiding light to interact with
ITO. ITO slot is embedded between TiO, waveguide and doped Si, and again, high k material,
HfO, is used as gate dielectric. External electric signals will be applied on doped Si and ITO,

which stimulates the field effects in the active ITO layer on ITO-HfO, interface. Figure 6(b)
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illustrates the designed schematic for the device to be fabricated. The device will be fabricated
on SOI substrate. In order to reduce optical losses and electrical resistance, only Si in the
modulator region will be doped for applying electric signal. Besides, nickel silicide will be used
to further reduce contact resistance on doped Si. Since the light coupling in the MICIM
plasmonic modulator through a lensed fiber and input/output slits is very poor, we utilize grating
couplers in the dielectric modulator. Here, a TiO, waveguide with gratings on the two ends is
used for light coupling and propagation, where the U-shaped is designed for easy light coupling
by using angled fiber arrays. Gold will only be used as contact pads in the device.

Numerical simulation has been done for modulator based on dielectric ENZ-slot waveguide,
showing greatly enhanced light absorption at ENZ state. Here, with the designed schematic, we
model the whole device for both light coupling and modulation performance. The center
wavelength for device operation is set to be 1550 nm, where, according to the simulation, the
maximum light coupling efficiency can be achieved with the grating period of 1.4 um and an

incident angle of 28°.

From Fig. 7(a), we can see the schematic model of the device built in Lumerical FDTD
solutions. The modulator is located at the center of the U-shaped waveguide. Over each grating
coupler is an optical fiber for illuminating or receiving light. In the simulation, light transmission
of the device under both original state (g0 = 2.53 4+0.11) and ENZ state (&0 = 0.44 +
j0.32) are examined. For the 4-um-long modulator, the output transmission has a peak value
25.5% for 1555 nm input light when ITO is at original state, and dramatically drops to less than
3% at ENZ state, as can be seen in Fig. 7(b). Therefore, significant light modulation can be

expected when the device is switching between original and ENZ state.

Figure 7(c) illustrates the fabrication flow. Starting from 220 nm SOl wafer, the Si layer is
first thinned to 120 nm, the designed thickness for Si. Wet oxide furnace growth is used to
consume the undesired Si, and the grown thermal oxide then serves as the mask for doping Si
layer in the modulator region by solid-source phosphorous diffusion. After stripping the oxide
mask in the buffered oxide etch solution, undesired Si layer is removed by plasma etch. In order
to optimize electrical contact on doped Si, a thin nickel film is deposited and then annealed by
rapid thermal process (RTP) to form nickel silicide, which significantly decreases the resistance

of electrical contact films. After that, similar to the plasmonic modulator, layer-by-layer
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deposition and liftoff processes are utilized to fabricated the multi-layers of HfO, (ALD), ITO
(sputtering), TiO, (E-beam evaporation) as well as gold (E-beam evaporation). The SEM image
of the fabricated device is also shown in Fig. 7(c). The distance between two grating couplers is
127 pm, which matches the spacing of the fiber arrays. The modulator, located in the center of
the U-shaped waveguide, is shown in the enlarged image. The modulator width is 1um, and the
minimum designed modulator length is 4 um. Therefore, the dielectric modulator has a very
compact footprint of 4 pm?.
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Figure 7. (a) The simulated device schematic in Lumerical FDTD solutions. (b) The output
transmission of the modulator at original state and ENZ state. (c). Fabrication flow and SEM

images of the device.

2.3 Light coupling and modulation measurement

The experimental setup for the light coupling and modulation measurement is depicted in
Fig. 8(a). This is a whole-wafer test setup. A motorized wafer stage is used to hold as well as to

precisely control the rotation of the 4-inch wafer. On the right side, four-channel angled fiber
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arrays are set above the devices for coupling light in and out. Note that the modulator can only
work with TM-polarized light, so the input light from a tunable laser source (1260 nm to 1520
nm) will first go through polarization control before coupling into the device. The output light is
fed into a photodiode which connects an oscilloscope or a spectrum analyzer to examine the light
power and modulation response. On the left side is a GSG RF probe, which is paired with a
function generator, and used for applying electrical signals on the contact pads of the devices. A
microscope, installed with an NIR camera at the top through an adapter, is placed over the device
under test (DUT) for observation, alignment, and NIR imaging. From the inset of the figure, we
can see an NIR camera picture showing light coupling in (bottom side) and out (top side) of the
device. Thus, we have achieved successful light coupling without amplifying input optical

signal.
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Figure 8. (a) Test setup of light coupling and modulation measurement. (b) Output transmission

of the simulated device with updated parameters and the measured output transmission without

external electric signal. (c) The output light power waveform of the modulator under a 500 Hz,

11V-Vy, electric signal.

Firstly, we investigate the coupling performance of the devices. Due to the wavelength
limitation in the laser source, we only plot measured coupling efficiency of the device in the
range of 1480 nm to 1520 nm, which shows a peak value of 2% at 1510 nm, which is far less
than the simulated result. We update the FDTD simulation results based on the measured film

parameters of the fabricated device (thicknesses, indices, dimensional errors), and obtain a peak
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5.5% output transmission at the wavelength of 1510 nm, as shown in Fig. 8(b). From the inset,
we can see the simulation and test results match well except the magnitude of the coupling
efficiency. The degradation should be mainly attributed to the fabrication and measurement
imperfection. Note that the highly doped Si contributes to about 0.7% optical loss according to
numerical simulation.

Then, with the setup set for maximum output transmission, an AC electric signal is applied
on the DUT. With a DC-coupled photodiode (25 MHz bandwidth), the output light power is
displayed on the oscilloscope. Figure 8(c) shows the output waveform of the DUT under a 500
Hz, 11V-V, sinusoidal electric signal, which verifies the EO modulation response. The
measured extinction ratio is less than 1dB/um, which should be mainly due to fabrication

imperfections.
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Figure 9. (a) Modulation depth versus frequency measured by a spectrum analyzer. (b) Spectrum
analyzer measurement showing optical intensity modulation at 2 GHz.

To investigate the operation speed of the dielectric modulator, an AC-coupled InGaAs
photodiode with 10 GHz bandwidth is utilized. The output signal is then analyzed by a high
speed (up to 13.2 GHz) spectrum analyzer, where an intensity peak can be observed at certain
modulating frequencies. Note that the measurements are taken under the optimum coupling
condition (A = 1510 nm). The amplitude of the peak represents the modulation depth. In Fig.
9(a), the modulation depth of the device under 11V-V,, electric signal is plotted with respect to
different modulating frequencies. Clearly, EA modulation at GHz has been successfully
achieved. Here, we have obtained an AC modulation depth of 2.5 dB/um (for 8-um long modulator

waveguide) at 100 MHz. The modulation depth decays with increasing frequency, showing that
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the device has a RC circuit-limited operation speed. In particular, we have achieved a modulation

speed of up to 2 GHz, as shown in Fig. 9(b).
2.4 Circuit analysis

Due to the RC-limited operation speed exhibited in the dielectric modulator, we again
conduct circuit analysis to identify the limitation factors. The measured S;; data as a function of
frequency is shown as black diamonds in Fig. 10. From the figure, the S;; value decreases to -2
dB at 3.2 GHz, and bounces back a little after a certain frequency. We fit the curve by using the
same simple RLC equivalent circuit model as the plasmonic modulator (Fig. 9(a)). From the
fitting curve, the circuit parameters are extracted as L=108 pH, C=3.1 pF, R=6.2 Q, and 1/g=4.4
kQ. and the cutoff frequency can be estimated as f.=8.3 GHz. Compared with the plasmonic
modulator, the resistance and parasitic inductance of the device circuit have significantly
dropped due to the optimized design of the device circuit. In Fig. 9(b), a more complicated
circuit model, which takes the capacitance and conductance of the ITO layer into account, is also
well fitted. The real circuit of the device should be much more complicated with many more
components. We are still working on developing a realistic model to locate the key components
that limit the device performance, and expect to achieve an operation speed of tens of GHz by

optimizing the design and fabrication accuracy.
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Figure 9. S1; measurement and curve fitting of (a) a simple RLC equivalent circuit model of the

modulator and (b) a more complicated model.

3. Conclusions

In conclusion, we have experimentally demonstrated ultra-compact and high-speed CO-based
EA modulators integrated in plasmonic and dielectric platforms. By utilizing an MICIM
structure, where the field effect is enhanced by the double capacitor gating, the plasmonic
modulator has an 800-nm long waveguide length, and can achieve an impressive extinction ratio
of 3.04 dB/um. The modulator can work up to 500 MHz according to the measurement. With the
U-shaped waveguide and grating coupler design, the doped Si-HfO,-ITO dielectric modulator
exhibits an operation speed of up to 2 GHz at telecommunication wavelengths, which is the first
experimental demonstration of GHz operation of CO-based EO modulators. The modulator also
has an ultra-compact footprint of 4 um® For both plasmonic and dielectric modulators, the
involved fabrication processes are undemanding and CMOS-compatible. According to the circuit

analysis, the operation speed of the modulators is mainly limited by circuit RC constant, which
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can be boosted to 10s of GHz by optimizations in device design, material properties, and
fabrication process. The modulation depth of the dielectric modulator is also expected to be
significantly enhanced with the optimization. We can further consider utilizing double capacitor
gating scheme in the dielectric modulator to improve modulation efficiency as well as to shrink
device dimension. The proposed CO-based modulator devices provide promising candidates for

ultra-compact and ultra-fast optical interconnects in future integrated photonic circuits.
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