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Micrometre-scale silicon electro-optic modulator

Qianfan Xu', Bradley Schmidt!, Sameer Pradhan' & Michal Lipson'

Metal interconnections are expected to become the limiting factor
for the performance of electronic systems as transistors continue
to shrink in size. Replacing them by optical interconnections, at
different levels ranging from rack-to-rack down to chip-to-chip
and intra-chip interconnections, could provide the low power
dissipation, low latencies and high bandwidths that are needed'.
The implementation of optical interconnections relies on the
development of micro-optical devices that are integrated with
the microelectronics on chips. Recent demonstrations of silicon
low-loss waveguides®~, light emitters®, amplifiers’" and lasers'>"?
approach this goal, but a small silicon electro-optic modulator
with a size small enough for chip-scale integration has not yet been
demonstrated. Here we experimentally demonstrate a high-speed
electro-optical modulator in compact silicon structures. The
modulator is based on a resonant light-confining structure that
enhances the sensitivity of light to small changes in refractive
index of the silicon and also enables high-speed operation. The
modulator is 12 micrometres in diameter, three orders of magni-
tude smaller than previously demonstrated. Electro-optic modu-
lators are one of the most critical components in optoelectronic
integration, and decreasing their size may enable novel chip
architectures.

Highly compact electro-optical modulators have been demon-
strated in compound semiconductors'. However, in silicon, electro-
optical modulation has been demonstrated only in large
structures'’, and is therefore inappropriate for effective on-chip
integration. Electro-optical control of light on silicon is challenging
owing to its weak electro-optical properties'®. The large dimensions
of previously demonstrated structures were necessary to achieve a
significant modulation of the transmission in spite of the small
change of refractive index of silicon'”'**. Liu et al. have recently
demonstrated a high-speed silicon optical modulator based on a
metal-oxide—semiconductor (MOS) configuration'’. Their work
showed a high-speed optical active device on silicon—a critical
milestone towards optoelectronic integration on silicon. However,
owing to the weak dependence of silicon’s refractive index on the
electron—hole pair concentration, and the limited mode confinement
in the active region of the MOS device, the devices in ref. 17 have
relatively large lengths (of the order of millimetres).

Light-confining resonating structures can enhance the effect of
refractive index change on the transmission response® . In ref. 23,
silicon ring resonators were used for all-optical modulation. The
optical properties of the device were changed by using one beam of
light to optically inject electrons and holes and thus control the flow
of another beam of light. Using the principle of high confinement,
here we present a silicon electro-optical modulator of a few micro-
metres in size™.

The schematic of the electro-optic modulator is shown in Fig. 1.
The modulator consists of a ring resonator coupled to a single
waveguide. The transmission of the waveguide is highly sensitive to
the signal wavelength and is greatly reduced at wavelengths in which
the ring circumference corresponds to an integer number of guided
wavelengths*>**. By tuning the effective index of the ring waveguide,

the resonance wavelength is modified, which induces a strong
modulation of the transmitted signal. The effective index of the
ring is modulated electrically by injecting electrons and holes using a
p-i-njunction embedded in the ring resonator. Figure 1 (inset) shows
the cross-section of this rib waveguide. It consists of a strip waveguide
formed on a 50-nm-thick slab layer. Because the thickness of the slab
is much smaller than the wavelength propagating in the device
(~1.5pm), the mode profile of this waveguide is very close to that
of the silicon strip waveguide. The highly doped p- and n-regions are
defined around the ring using ion implantation. Ohmic contacts are
deposited on the doped regions. To minimize absorption losses, the
doped regions are formed approximately 1 pm away from the ring
resonator, ensuring that the overlap of the resonating mode with the
doped regions is minimal®.

We fabricated the p-i-n ring resonator on a silicon-on-insulator
substrate with a 3-pm-thick buried oxide layer. Both the waveguide
coupling to the ring and that forming the ring have a width of 450 nm
and a height of 250 nm. The diameter of the ring is 12 pm, and the
spacing between the ring and the straight waveguide is 200 nm. To
ensure high coupling efficiency between the waveguide and the
incoming optical fibre, nanotapers® are fabricated at the ends of
the waveguide. The structures are defined using electron-beam
lithography followed by reactive ion plasma etching. Figure 2a
shows the top-view scanning electron microscopy (SEM) image of
the ring coupled to the waveguide with a close-up inset of the
coupling region. Following the etching, the n+ and p+ regions of
the diode are each defined with photolithography and implanted
with phosphorus and boron to create concentrations of 10'* cm ™. A
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Figure 1| Schematic layout of the ring resonator-based modulator. The
inset shows the cross-section of the ring. R, radius of ring. V¥, voltage
applied on the modulator.
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1-pm-thick silicon dioxide layer is then deposited onto the wafer
using plasma-enhanced chemical vapour deposition followed by an
annealing process to activate the dopants (15 s at 1,050 °C for p+ and
15min at 900 °C for n+). Holes were patterned using photolitho-
graphy and then etched down to the doped silicon regions, followed
by evaporation and liftoff of the titanium contacts. Figure 2b shows
the top-view microscope image of the ring resonator after the metal
contacts are formed.

Continuous-wave light (dominant electric field parallel to the
plane of the substrate) from a tunable laser is coupled to the
waveguide adjacent to the ring, and the output spectrum of
the waveguide is measured. The free-spectrum range of the ring
resonator is 15 nm. Figure 3 shows the relative transmission through
the modulator around the resonance of 1,574 nm at different bias
values of the p-i-n junction. The total optical loss of the testing
sample, including the coupling loss between the fibre and the
waveguide, and the propagation loss in the 7.5-mm-long waveguide
leading to the modulator, is about 9 dB. The solid curve shows the
spectrum when the forward bias (0.59V) on the p-i-n junction is
much lower than the built-in potential of the junction, and the
current through the junction is below our detection limit (0.1 pA).
The spectrum shows a 15-dB drop in transmission at the resonant
wavelength of 1,574.9 nm. The low transmission at this wavelength is
the initial condition of a ‘dark-to-light’ intensity modulator. The
3-dB bandwidth of the resonance AA is 0.04 nm measured from the
spectrum, corresponding to a quality factor, defined as Q = A/AA, of
39,350. This Q factor corresponds to a cavity photon lifetime of
Teaw = A2/ (2TcAN) = 33 ps, where ¢ is the speed of light in vacuum.
Thus, despite the resonant nature of the structure, the photon
confinement of the modulator is not limiting its speed. The small
ripples (~1dB) on the waveform originate from the reflections
at both ends of the waveguide, which can be eliminated by anti-
reflection coating.

The electron-hole pair density in the cavity increases as the
forward bias on the p-i-n junction increases. The dashed and dotted
curves in Fig. 3 show the spectra when the bias voltage is 0.87 V and
0.94V, and the current is 11.1 pA and 19.9 pA, respectively. In both
cases the resonance is blue-shifted owing to the lowering of the
effective index caused by the increase of the electron-hole pair
density in the cavity'®. The depths of the notches in the spectra
decrease owing to the increased optical absorption in the ring
induced by the electrons and holes. The extra absorption per
round-trip in the ring is estimated from the spectra to be 0.03 dB
at 0.87 V bias and 0.05dB at 0.94 V bias. At the probe wavelength of
1,573.9 nm, we can see from Fig. 3 that 97% (15 dB) modulation can
be obtained with less than 0.3-V bias voltage change. At this
wavelength, because light does not couple to the ring when the

Figure 2 | SEM and microscope images of the fabricated device. a, Top-
view SEM image of the ring coupled to the waveguide with a close-up view of
the coupling region. b, Top-view microscope image of the ring resonator
after the metal contacts are formed. The metal contact on the central
p-doped region of the ring goes over the ring with a 1-pm-thick silicon
dioxide layer between the metal and the ring.
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electrons and holes are generated, the effect of the extra absorption in
the ring on the modulation is less than 0.1 dB.

The light-confining nature of the modulator not only enables
shrinking of the device size, but also enables high-speed operation
under p-i-n configuration. The p-i-n configuration of the modulator,
as opposed to the MOS configuration'’, is important for achieving
high modulation depth, because the overlap between the region
where the index is changed and the optical mode of the waveguide is
large. However, p-i-n devices have traditionally been considered as
relatively slow compared with MOS devices. In p-i-n devices, while
extraction of electrons and holes in reverse-biased operation can be
fast, down to tens of picoseconds™, injection of electrons and holes in
forward-bias operation is slow, which limits the rise time of the p-i-n
to of the order of 10 ns, as measured in our device. The resonating
nature of the modulator removes this speed limitation.

The inset in Fig. 3 shows the transfer function of the device, that is,
the transmission of the modulator at the wavelength of 1,573.9 nm
with different bias voltages. This transfer function shows that the
resonating nature of the device enables voltages larger than 0.9V
to be applied without modifying the optical transmission (T = 1).
This is because at these voltages, the resonance of the device is
completely detuned from the probe wavelength. This insensitivity of
the optical transmission at higher bias voltage is in strong contrast to
Mach—-Zehnder modulators, in which higher voltage strongly affects
the transmission. When the device is operated at higher voltages, the
optical transmission can reach ~1 well before the p-i-n junction
reaches its steady state. This means that the optical rise time can be far
less than the electrical rise time of ~10ns with high forward bias,
which is crucial for achieving high-speed modulation.

To measure the dynamic response of the modulator, electrical
signals generated by a pulse-pattern generator and a wideband
microwave amplifier are used to drive a modulator. The output of
the waveguide is sent to a 12-GHz detector and the waveform is
recorded on an oscilloscope. Figure 4a, b shows the waveform of both
the driving signal using a non-return-to-zero (non-RZ) pattern and
the optical output, demonstrating high modulation depths at
0.4 Gbits™'. The peak-to-peak voltage (V) of the driving signal
is 3.3V, from —1.85V to +1.45V. The speed of the device is limited
by the fact that the p-i-n junction is formed on only part of
the ring resonator (see Fig. 1). During the forward-biasing period,
electrons and holes diffuse into the section of the ring that is not part
of the p-i-n junction (the section close to the straight waveguide),
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Figure 3 | DC measurement of the ring resonator. The main panel shows
the transmission spectra of the ring resonator at the bias voltages of 0.58 V,
0.87'V, and 0.94V, respectively. The vertical dashed line marks the position
of the probe wavelength used in the transfer function and dynamic
modulation measurements. The inset shows the transfer function of the
modulator for light with a wavelength of 1,573.9 nm.
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Figure 4 | Waveforms of the electrical driving signal and the transmitted
optical signal. a, Waveform of the 32-bit pseudo-random non-RZ signal at
0.4 Gbit s~ " applied on the modulator. b, Waveform of the output optical
power of the modulator with non-RZ modulation, normalized to the output
power when the ring resonator is completely out of resonance. ¢, Waveform
of the 127-bit pseudo-random bit sequence RZ signal at 1.5 Gbits ' applied
on the modulator with a microwave amplifier. d, Waveform of the
normalized output optical power of the modulator with RZ modulation.

where they cannot be efficiently extracted during the reverse-biased
period, leading to a longer fall time (~1.5ns) following long
forward-biasing periods. This longer fall time is determined by the
intrinsic lifetime of the electrons and holes in the non-p-i-n region
and is independent of the reverse-biased voltage.

Figure 4c, d shows high modulation depths of the device at
1.5Gbits™'. The modulator is driven by a 1.5Gbits ' RZ signal
with V,, = 6.9V (from —2.8V to +4.1V). The RZ signal does not
have a long forward-biasing period, so the diffusion of electrons and
holes into the non-p-i-n region is reduced. This enables the device to
work at a higher bit-rate, despite the fact that the RZ signal generally
requires twice as much bandwidth as the non-RZ signal for the same
bit-rate. The higher voltage swing allows faster injection and extrac-
tion of electrons and holes, and the rise time and fall time of the
optical output are found to be 200 ps and 150 ps, respectively. Note
that, owing to the step-like transfer function of the modulator, the
optical output does not follow the distortion of the electrical signal
caused by reflections in the electrical driving system.

The driving voltage of the modulator can be decreased by reducing
the contact resistance (currently ~4kQ). Using a typical value of
~100Q (ref. 29), the voltage drop on the contact resistance, esti-
mated to be ~4 V,;, in the RZ-driven experiment, can be reduced to
~0.1 V,,. We estimate that the silicon ring resonator, with the p-i-n
junction covering the whole ring and low contact resistance, can be
modulated at a bit-rate higher than 5 Gbits~"' with a non-RZ signal
of ~3 V.

The wavelength-selective modulation property of the modulator
can be used for building wavelength division multiplexing (WDM)
interconnections, which can greatly extend the bandwidth of optical
interconnections. Given the short length of the modulator (<20 pm)
and the waveguide propagation loss of 4 = 1 dBcm ™" (refs 6, 7), the
insertion loss of the modulator is negligible to light with wavelength
detuned from the ring resonance. The small insertion loss of the
modulator makes it possible to cascade multiple modulators along a
single waveguide and modulate each WDM channel independently.
Note that this implementation would require the dimensions of the
ring resonators to be controlled such that the resonant wavelength of
each ring resonator equals the wavelength of the corresponding
WDM channel.
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