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Abstract: We demonstrate a near-infrared electro-optic modulator with a
bandwidth of 3 GHz and a VπL figure of merit of 0.8 V-cm using a pushpull configuration. This is the highest operating speed achieved in a siliconpolymer hybrid system to date by several orders of magnitude. The
modulator was fabricated from a silicon strip-loaded slot waveguide and
clad in a nonlinear polymer. In this geometry, the electrodes form parts of
the waveguide, and the modulator driving voltage drops across a 200 nm
slot.
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1. Introduction
The silicon-polymer hybrid platform [1–3] shows great potential for a number of applications,
including building low drive-voltage modulators [4] and high-speed all-optical switches [5].
Recently, a slot-waveguide [6] based silicon waveguide clad in an electro-optic polymer has
been used to build a modulator with a Vπ of 0.25 V [4], approximately a factor of 20 lower
than a typical commercial modulator [7]. Photonic crystal – slot waveguide hybrid devices
have also been demonstrated [8]. However, in all cases, the results have been at slow speeds,
on the order of 1 kHz.
All-silicon-based electro-optic modulators rely on the modulation of charge density, in
which the process of carrier injection and removal limits the speed [9]. However, the secondorder nonlinear moment of electro-optic polymers is believed to be ultrafast [10], and
modulators that can operate at frequencies higher than 100 GHz have in fact already been
demonstrated [11,12]. For polymer-silicon hybrid systems, the silicon contacts only act as
transparent electrodes, and so carrier drift velocities are not a fundamental limitation. There is
therefore the potential that polymer-silicon modulators could perform at speeds not only on
the order of 10 GHz, but could eventually perform at speeds in the 100 GHz regime or higher
[13]. But to our knowledge no high-speed electro-optic modulation results have yet been
shown in silicon–polymer hybrid system.
Here, we demonstrate a polymer-clad silicon slot waveguide that can work in the
gigahertz regime. Our device is relatively short, at only 1 mm, and so the Vπ is relatively large
at 8 V. The VπL figure of merit for this modulator is 1.6 V-cm (single-ended), and 0.8 V-cm
(push-pull) [14,15], which is within a factor of 2 of the figure of merit used achieved by the
0.25 V Vπ result [4]. This demonstrates that the same low drive voltages achieved at slow
speeds are likely to eventually be realized in RF bandwidth devices.
While VπL values of 0.036 V-cm have been achieved with forward-biased p-i-n diode
modulators [16], the need for a bias voltage creates a number of problems, and drives power
consumption. Additionally, modulators based on this technique will likely be ill-suited for
analog applications requiring high linearity. Unbiased, highly linear, Lithium-Niobate
modulators are still a dominant technology for high-performance optical modulation. Silicon
modulators that do not require bias, and can operate at higher speeds, have typical VπL values
of 4 V-cm [17].
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2. Design and fabrication
The configurations as well as an SEM micrograph of the “strip-loaded” slot waveguide used
in the device are shown in Fig. 1. A thin silicon strip, so called “strip-loading”, is used to
make electrical contact from the metal pad to each arm of the slot waveguide. In this specific
device, the waveguide dimensions are 200 nm silicon thickness, 300 nm arm width, and 200
nm slot width, the modal pattern near 1550 nm as shown in Fig. 1(a). A very conservative 10
µm metal-to-waveguide clearance was used to allow for fabrication error and avoid excess
optical loss.

Fig. 1. (a) The diagram of the silicon slot waveguide as used in the Mach-Zehnder modulator
described in this work. The modal pattern near 1550nm is plotted; contours of |Ex| are shown
(x-axis is assumed to be parallel to the substrate and perpendicular to the propagation
direction). (b) SEM micrograph of the cross-section of a strip-loaded slot waveguide.

To achieve high-bandwidth modulation, low-resistance electrical contact between the slot
arms and the driving electrodes must be made to avoid a large RC time constant, thus the
thickness and doping of the strip-loading region are important considerations. A tradeoff
between optical loss and electrical conductivity needs to be made to determine the doping
concentration [18]. Making the strip-loading thicker will naturally decrease the resistance in
accordance with Ohm’s law, although the process of waveguide design will become more
challenging.
A further consideration is the surface states that are frequently created in the course of
processing silicon. For a surface terminated by a chemical oxide, the surface state density is
about 1012 cm−2 [19]. This density of surface states will “pin” the Fermi-level, depleting the
near surface region, making the effective height of the arms for current flow less than the
physical height of the silicon. Therefore, we chose a relatively thick strip-loading as 70 nm to
accommodate various doping concentrations.
A Mach–Zehnder modulator was built using this geometry of waveguide, and the device
layout is shown in Fig. 2. The fabrication of the slot waveguides was done with two selfaligned photolithography steps on a 193 nm stepper and two Si dry etching steps on SiliconOn-Insulator (SOI) wafers (having 220 nm thick silicon layer, 2 µm thick buried oxide layer
and substrate resistivity of 10 Ω-cm). Thin thermal oxide was employed to smoothen the
waveguide sidewalls [20]. This oxide was stripped by buffered oxide etch (BOE) before
metallization. The chip was uniformly 1018 cm−3 Boron doped (resistivity was anticipated as
0.04 Ω-cm) and annealed after fabrication. The metallization process was done by contact
photolithography and the pads were formed by Al evaporated and lift-off process. Before
polymer coating, a 10min anneal at 460 °C was performed to enhance metal-semiconductor
contact since there was no contact implant step.
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Fig. 2. (a) Mach-Zehnder modulator layout; (b) SEM micrograph showing the fabricated
device; (c) SEM micrograph of the layout of one arm showing the region where ridge
waveguide couples into strip-loaded slot waveguide and metal pads sitting on strip-loading.

The AJSP-series electro-optic polymers are newly developed high-efficiency nonlinear
optical materials, and their r33 values range from 50 to 200 pm/V at telecommunication
wavelengths [21]. AJSP100 exhibits relatively large electro-optic activity (r33 value of ~65
pm/V at 1550 nm), low optical loss (~1 dB/cm), and good temporal and photochemical
stability, and it is suitable for a broad spectrum of photonic applications. The electro-optic
polymer cladding was prepared by doping AJSP100 into PMMA host and the resultant
refractive index of the polymer was 1.54 at 1550 nm. A poling field of 100 V/µm and poling
temperature of 103 °C were used. During the poling the center pad was set to 0 V, left pad
was set to + Vpole and right pad was set to –Vpole, where Vpole = 20 V to achieve the poling
field across a 200 nm slot. During modulation, the center pad was set to signal while the left
and right pads were held at ground, so that the modulator was operated in a push-pull fashion.
3. Measurement results
Grating couplers were used to couple light on and off the chip [22], which had a 3-dB
bandwidth of around 35 nm. Total device insertion losses were approximately −44 dB fiber to
fiber.
3.1 DC Vπ
Figure 3 shows device transmission spectra for various DC drive voltages, which was applied
to the center pad of the device while the side pads being held at ground. Because this data is
for an unbalanced Mach–Zehnder with arm lengths of 1mm and 1.08 mm, there is an
approximately 7 nm periodicity in the transmission as a function of wavelength. The more
gradual variation is from the grating coupler bandwidth. The half-wave voltage Vπ can be
roughly determined as 8 V, from the plots, which corresponds to a VπL of 0.8 V-cm. Due to
the strip-loading, the optical mode was less confined as compared to that of a slot waveguide
without strip-loading, and the 200 nm relatively wide slot further lowered the effective index
susceptibility [23], which turned out to be only 0.2 µm−1. Thus, 0.8 V-cm VπL suggested that
an in-device poled r33 of 40 pm/V was achieved.
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Fig. 3. Transmission through the Mach–Zehnder device as a function of wavelength, for
various modulator drive voltages. As can be seen, 2 V bias suggested the direction of spectrum
shift, 8 V bias was slightly above Vπ voltage.

3.2 Frequency response
The unbalanced Mach-Zehnder design allow us to bias the modulator at a π/2 bias point,
corresponding to 3 dB of extinction and the maximum response to a driving voltage, by
setting the signal wavelength to the appropriate value. The frequency response of the device
was characterized from 200 Hz to 2 GHz.
A vector network analyzer (VNA) was used to drive the modulator from port 1, with a
New Focus 1647 1.1 GHz bandwidth avalanche photodiode (APD) converting the optical
response to RF, which was directed to port 2. Data was taken from 20 MHz to 2 GHz with
this setup. Then, a New Focus 1414 25 GHz high-speed photodetector was used instead of the
APD to take data from 100 MHz up to 6 GHz. It can readily be shown that the S21 parameter
is directly related to the Vπ value of the modulator when the modulator is biased at the −3 dB
point, so as to be in a linear operating regime. The typical signal to noise ratio encountered in
this measurement was 30 dB. As the modulator was expected to have high impedance, we
assumed that the drive voltage was doubled on the actual device.
For the frequency range from 200 Hz to 100 MHz, a function generator was used to drive
the modulator with a sinusoidal signal with peak-to-peak voltage of 2 V. A DC lock-in
amplifier and an RF lock-in amplifier were used to characterize the signal output by the
photodetector, which was a Thorlab DET01CFC. The results are shown in Fig. 4 as
normalized S21. The corresponding normalized S21 of 8 V Vπ is also plotted on the same
axes. The S21 measurement from each detector was renormalized as well for the detector gain
and the laser power level, so as to allow direct comparisons between different measurements.
Typical noise floors were at least 10 dB beneath the measurement, and often substantially
lower. The noise floor during the measurement with the high-speed detector is plotted in Fig.
4. Since the high-speed photodetector only has a peak gain of 0.6 A/W, and the VNA has a
lower dynamic range in low frequency band, the data taken with the high-speed photodetector
is not presented for the frequency range from 100 MHz to 200 MHz due to the low signal-tonoise ratio.
From the spectrum of S21, we observed that the flatness of the response extended from
DC to gigahertz range, and the absolute value of S21 corresponded very well to the value
implied by 8 V Vπ. 6 dB rolloff point occurred at around 3 GHz. It should be noted that our 6
dB rolloff in S21 corresponds to a 3 dB in the optical response typically defined to
characterize modulator bandwidth as used by Liu et al [9].
The capacitance of each arm can be estimated as 80 pF/m if we assume the polymer has a
RF dielectric constant of 4 [13]. When combined with the arm resistance, which is roughly 70
Ω from each pad to the waveguide arm (assuming fully-charged surface states, thus 10nm
silicon depletion region at this doping), one would expect to see a device bandwidth on the
order of 15 GHz. So, our observed bandwidth was significantly lower than the predicted
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value. This is less likely due to RF attenuation or velocity mismatch considering the short
length of the device. One possible source of the limitation is a higher than expected resistance
in the strip-loading section. Considering the buffered-oxide etching step mentioned in Section
2, the removal of passivation oxide by wet etching could generate considerably higher density
of surface states in silicon as opposed to those terminated with high quality gate oxide [19]. It
is also possible that there is parasitic resistance in the metal pad contacts, which could be
explained by the lack of a high dose contact implant, or could be caused by mechanical
damage to the pads during poling or testing. RF coupling to the substrate is another possible
source of the rolloff – the pads are large and the silicon substrate beneath the buried-oxide
layer is not highly resistive. Further design and experimental work is expected to increase the
bandwidth of these devices greatly.

Fig. 4. The frequency dependence of the device: 6 dB rolloff in S21 occurred around 3 GHz.
The corresponding normalized S21 of 8 V Vπ is also plotted in the same axis. The inset graph
shows the response from 200 MHz to 6 GHz, in which the −6 dB rolloff appears around 3
GHz.

4. Conclusion
We have presented an electro-optic modulator based on nonlinear optical polymer and striploaded slot waveguide, demonstrating that polymer-clad silicon slot waveguides can work in
gigahertz regime while maintaining low VπL. Our measurements indicated a figure of merit
VπL of 0.8 V-cm and a bandwidth of 3 GHz.
There are several options to improve the device performance. One possibility is reducing
the metal to waveguide clearance; if the resistance in the strip-loaded section is the limitation,
and this spacing were reduced to one third of its current value, the bandwidth would likely
increase to 10 GHz, while adding very negligible optical loss according to finite-differencetime-domain simulation. Additionally, instead of heavily doping the chip uniformly, doping
the waveguide lightly while doping the proximity of the waveguide heavily would decrease
the optical loss, but lower the series resistance from metal contact to the waveguide. We
believe that device performance can be dramatically improved, with eventual bandwidths of
100 GHz achievable in a 1 mm device [13].
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