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Abstract—Electro-optic modulators are one of the most criti-
cal components in optoelectronic integration, and decreasing their
size may enable novel chip architectures not previously possible.
Here, we discuss high-confinement resonators as modulators for
achieving high performance in micrometer-size structures.

Index Terms—Integrated optics, optical resonators, planar
waveguides, silicon-on-insulator technology.

I. INTRODUCTION

HE use of silicon for optical interconnects would enable
T a platform for a monolithic integration of optics and mi-
croelectronics [1]-[4]. Photonics on silicon has been suggested
since the 1980s; however, it is only in the last few years, that
submicrometer-size photonic structures have been realized. Pho-
tonic structures that bend, split, couple, and filter light have re-
cently been demonstrated in silicon [5]-[7], [9]. However, such
structures have their flow of light predetermined by the design
of the structure and cannot be modified once fabricated. In order
to control the flow of light, modulators and switches need to be
developed in silicon, where a change in the refractive index in-
duces a change in the transmission properties of the device. One
of the main challenges of using silicon as an active photonic
material is its low electro-optic coefficient.

The most common electro-optic effects found in compound
semiconductors are weak in silicon. Unstrained pure crystalline
silicon does not exhibit a linear electro-optic (Pockels) effect.
The Franz—Keldysh effect (“electroabsorption”) and the Kerr ef-
fect (the second-order electro-optic) have very low efficiencies:
arefractive index variation of An ~ 10~° in the near infrared for
the Franz—Keldysh effect, and An ~ 1078 for the Kerr effect for
an applied field of 10° V/cm. Therefore, high electromagnetic
fields potentially close to the breakdown of silicon are required
in order to achieve a useful change in the index of refraction.

The most effective mechanism for changing the refractive in-
dex in Si at a fast rate is the carrier plasma dispersion effect,
which also has the advantage of being polarization independent.
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The induced real refractive index and optical absorption coeffi-
cient variations (An and Aq, respectively) produced by carrier
dispersion at a wavelength of 1.55 pm are given by [10]

An = An, + Any,
—[8.8 x 10722AN + 8.5 x 107 3(AP)*®] (1)
Aa = Aa, + Aqy,

=85x10"AN 4+ 6.0 x 107 8AP 2)

where An, is the refractive index change due to the electron
concentration change, Any, is the refractive index change due
to the hole concentration change, AN (cm™3) is the electron
concentration change, AP (cm™3) is the hole concentration
change, Aca, (cm™!) is the absorption coefficient variations due
to AN, and Aay, (cm™!) is the absorption coefficient variation
due to A P. Thus, electrorefractive changes of An ~ 2 x 103
at a wavelength of 1.55 pum can be produced with a depletion or
injection of 10'® carriers/cm?.

Recently, several structures in silicon have been demon-
strated [11]-[17] using the plasma dispersion effect for mod-
ulation. However, such structures are large with dimensions of
the order of millimeters. The fact that the electro-optical proper-
ties of silicon are weak allowed the use of such dimensions with
a small change in the index of refraction of silicon, resulting
in a correspondingly small modulation of the transmission of
the necessarily large device. Liu et al. [11], for example, have
recently demonstrated a high-speed silicon optical modulator
based on a metal-oxide-semiconductor (MOS) configuration.
The work was the first one to show a high-speed optical active
device on silicon—a critical milestone towards the optoelec-
tronic integration on silicon. Liao et al. [17] have also recently
presented a modulator capable of 10 Gb/s. However, due to
the weak dependence of silicon’s index of refraction on the
electron—hole pair concentration, and the limited mode confine-
ment in the active region of the MOS device, the devices in [11]
have relatively large lengths of the order of millimeters.

The use of resonators enables high modulation in silicon
using compact devices. The transmission of a resonator is given
approximately by

TII]&X

T= 2
1+ (#x5%) " sin® (3rnL)

where A is the wavelength incident on the resonator, and A\ is
the full-width at half maximum of the transmission at resonance,
determined by the quality of the resonator and its geometrical
configuration. The ability of a resonator to circulate light within
the cavity at the resonance wavelength can be used to increase
the optical path length without increasing the physical device
length unlike, for example, a Mach—Zehnder device. After a
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typical photon lifetime in the resonator given by 7, = AL/ Ac,
light exits the device with transmitivity 7" = Tp.x. At all other
wavelengths within the stop band, light destructively interferes
in the cavity region and is not transmitted through the resonator
(it is either reflected or directed to a different path, depend-
ing on the geometrical configuration of the modulator). Note
that for waveguide resonators, typically micrometer in size with
A/AX ~ 102 — 104, the photon lifetime is typically short, of the
order of a few picoseconds. This is important in order to guar-
antee fast operation of the resonator as a modulator. In order to
achieve modulation using resonators, the resonances of the de-
vice are tuned by modifying the index of refraction of the struc-
ture. Due to the strong light confinement nature of the device,
a small change in index of refraction induces a strong tuning of
the resonance. From (3), one can note that if the refractive in-
dex is changed by a small amount, the transmission can change
significantly at or near resonance, resulting in a strong-intensity
modulation of the signal transmitted through the resonator.

In [18], a ring resonator is used as a modulator for achiev-
ing high modulation in micrometer-size structures. For a ring
resonator, we show that an index change as small as 1073 is
sufficient to tune the resonance by 1 nm and modulate the out-
put intensity of the device by nearly 100%. This index change
is achieved by carrier injection. Note that the disadvantage of
using resonators for modulation versus Mach—Zender, for ex-
ample, is the high temperature sensitivity of the device. For
example, from (3), for a resonator with A\/AX ~ 103, a silicon
thermo-optic effect of 2 x 10~*/degree induces a modulation of
approximately 5% in the transmission for every degree change.
In order to minimize the effect of the temperature variations on
the index of refraction, recent studies have been investigating
the use of strain in the waveguide structure between the silicon
and the oxide cladding, created by using a variety of oxidation
methods for compensating the effects of temperature variations
on the index of refraction [19], [20].

II. ELECTRO-OPTIC MODULATION IN SILICON
RING RESONATORS

The carrier concentration in silicon can be varied by injec-
tion, accumulation, depletion, or inversion of carriers. The p-i-n
diodes [21], [22] and metal-oxide-semiconductor field-effect-
transistors (MOSFET) [23], [24] may be employed for this pur-
pose. In MOS devices, the carriers are typically located only in
a small region, resulting in a small overlap between the optical
mode and the nonequilibrium charge distribution in the waveg-
uide, and thereby leading to a smaller effective index variation
in a MOS system than that in a p-i-n configuration [23]. A small
effective index change requires a very long structure, of the order
of millimeters, in order to induce a significant modulation depth
(see (5), [24]). For this reason, we choose to work with p-i-n
devices. Fig. 1 (inset) shows a schematic cross section of a ridge
waveguide with an integrated lateral p-i-n diode for electro-optic
modulation [22]. It consists of a ridge waveguide with a p™ re-
gion and an n™ region defined in the slab at each side of the

ridge. The waveguide is fabricated on a silicon-on-insulator
(SOI) wafer comprising of three layers, one single-crystal layer
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Fig. 1. Schematic layout of the ring-resonator-based modulator. The inset
shows the schematic of the cross section of the ring (from [37]).
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Fig.2. SEM and microscopic images of the electro-optic device. (a) Top-view
SEM image of the ring coupled to the waveguide with a zoom-in picture of the
coupling region. (b) Top-view microscopic image of the ring resonator after the
metal contacts are formed (from [37]).

of silicon, a base silicon substrate, and a thin insulator (BOX)
that acts as bottom cladding and therefore prevents light leakage
to the substrate. The silicon layer (device layer) has an n-type
background doping concentration of 10!® cm~3, whereas a uni-
form doping concentration of ~10' cm™2 for both p* and
nT regions is considered. A top SiOs cladding layer covers
the whole structure. Using configurations with a cross section
similar to the one shown in Fig. 1 in waveguides and inter-
ferometers, several devices have been demonstrated [24]-[35].
In [36], the authors embedded a p-i-n in a large rib waveguide
and demonstrated a 20-MHz modulator. The speed of this device
is limited by the free-carrier recombination time in the waveg-
uide. By embedding the ridge waveguide into a ring resonator
with (Q = 40 000 (as the one shown in Fig. 1), we demonstrated
in [22] and [37] the modulation depth of 15 dB with a mod-
ulation speed of 1.5 Gb/s."! The high modulation speed was
achieved using both forward and reverse bias for injecting and
extracting carriers, respectively.

I'Since the submission of the paper, we have demonstrated modulation speeds
of 12.5 Gb/s using a similar device to the one shown in Fig. 1. These results are
reported in [38].
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Fabrication process flow. (a) EBeam lithography on the SOI wafer coated with photoresist to define the waveguides and rings. (b) RIE etching.

(c) Deposition of oxide. (d) Etching of holes and ion implantation. (e) Contact metallization.
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Fig. 4. DC measurements of the ring resonator. The main panel shows the
transmission spectra of the ring resonator at the bias voltages of 0.58, 0.87, and
0.94 V, respectively. The inset shows the transfer function of the modulator for
light with wavelength of 1573.9 nm (from [37]).

Fig. 2 shows the SEM of an electro-optic modulator de-
vice [37] based on the ring resonant light-confining structure.
The structures in [37] were patterned by electron-beam lithog-
raphy and subsequently etched by inductively coupled, plasma
reactive ion etching on Smart Cut SOI wafers with a buried
3-pm-thick oxide layer. These required dimensions can, in prin-
ciple, be achieved by more cost-effective methods such as cur-
rent production photolithography. The fabrication process flow
for the structures is described in Fig. 3.

The relative TE-like transmission through the modulator
around the resonance of 1574 nm at different bias of the
p-i-n junction is shown in Fig. 4. The transmission was mea-
sured using a signal coupled into the silicon waveguide by an
external tapered-lensed fiber and an on-chip fiber-to-waveguide
nanotaper coupler [39]. The fiber-waveguide coupling losses are
measured to be approximately 2 dB. The solid curve shows the
spectrum when the forward bias (0.59 V) 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 the detection limit
(0.1 pA). The spectrum shows a 15-dB drop of transmission
at the resonant wavelength of 1574.9 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
AM is 0.04 nm measured from the spectrum, correspond-
ing to a quality factor of 39350, defined as @ = \/AM.
This Q) factor corresponds to a cavity photon lifetime of
Teav = A2/ (2mc AApwaM1) = 33 ps, where c is the speed
of light in vacuum. Thus, despite the resonant nature of the
structure, the photon confinement of the modulator does not
limit its speed. The small ripples (~1 dB) on the waveform
originate from the reflections at both ends of the waveguide,
which can be eliminated by the antireflection 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
and 0.94 V, and the current is 11.1 and 19.9 pA, respectively.
In both cases, the resonance is blue-shifted due to the lowering
of the effective index caused by the increase of electron—hole
pair density in the cavity [10]. The depths of the notches in the
spectra decrease due to the increased absorption loss in the ring
induced by the electrons and holes. The extra absorption per
round trip in the ring is estimated from the spectra as 0.02 dB at
0.87-V bias and 0.04 dB at 0.94-V bias. At the probe wavelength
of 1573.9 nm, one can note from Fig. 4 that 97% (15 dB) modu-
lation can be obtained with less than 0.3-V bias voltage change.
At this wavelength, since light does not couple to the ring when
the 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
the shrinking of the device size, but also enables a high-speed
operation under the p-i-n configuration. The p-i-n configuration
of the modulator, as opposed to the MOS configuration [11],
is important for achieving high modulation depth, since the
overlap between the region where the index is changed and
the optical mode of the waveguide is large. However, the p-i-n
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Waveforms of the electrical driving signal and the transmitted optical signal. (a) Waveform of the 32-bit pseudorandom NRZ signal at 0.4 Gb/s applied

on the modulator. (b) Waveform of the output optical power of the modulator with NRZ modulation, normalized to the output power when the ring resonator
is completely out of resonance. (c) Waveform of the 27 — 1 pseudorandom bit sequence RZ signal at 1.5 Gb/s applied on the modulator. (d) Waveform of the
normalized output optical power of the modulator with RZ modulation (from [37]).

devices have been traditionally considered as relatively slow
devices when compared to the MOS devices. In p-i-n devices,
while the extraction of electrons and holes in reverse-biased
operation can be fast, down to tens of picoseconds [40], the
injection of electrons and holes in forward-bias operation is
slow, which limits the rise time of the p-i-n to be of the order
of 10 ns, as measured in our device. The resonating nature of
the modulator removes this speed limitation. The inset of Fig. 3
shows the transfer function of the device, i.e., the transmission
of the modulator at the wavelength of 1573.9 nm with different
bias voltages. This transfer function shows that the resonating
nature of the device enables voltages larger than 0.9 V to be
applied without modifying the transmission response (7" ~ 1).
This is because, at these voltages, the resonance of the device
is completely detuned from the probe wavelength. This insen-
sitivity 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
operating at higher voltages, the optical transmission can go to
~1 well before the p-i-n junction reaches its steady state. This
means that the RC time determining the electrical rise time
(of the order of 10 ns) does not limit the speed of the device. The
optical transmission rise time in a resonator is much shorter

(of the order of 80 ps) and does not follow the electrical rise
time, which is critical for achieving high-speed smodulation.

In order 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. Fig. 5(a) and (b) shows
the waveform of the driving signal using both the nonreturn-
to-zero (NRZ) pattern and the optical output, demonstrating
high modulation depths at 0.4 Gb/s. The peak-to-peak voltage
(Vpp) of the driving signal is 3.3 V, from —1.85 to +1.45 V.
The speed of the device is limited by the fact that the p-i-n
junction is formed on only one part of the ring resonator (see
Fig. 1). During the forward-biasing period, the electrons and
holes diffuse into the section of the ring that is not a part of
the p-i-n junction (the section close to the straight waveguide),
where they cannot be efficiently extracted during the reverse-
biased period, leading to a longer fall time (~1.5 ns) following
consecutive “1”’s. This longer fall time is determined by the
intrinsic surface recombination electrons and holes lifetime in
the non-p-i-n region, which is of the order of ~1 ns, and is
independent of the reverse-biased voltage. This can be clearly
seen following a longer injection time, for example, in Fig. 5(b)
around 40 and 60 ns, where the signal following the longer
forward bias has a longer decay time. In order to verify this
point we used a return-to-zero (RZ) pattern, where the injection
time is short, minimizing the effect of carrier diffusion. Using
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this pattern, we have been able to demonstrate the data rate of
1.5 Gb/s [see Figs. 5(c) and 1(d)].!

III. DYNAMICS CONTROLLING THE SPEED OF THE MODULATOR

The speed of the device is limited by: 1) the photon lifetime
within the resonating structure; 2) the carrier injection time;
and 3) the carrier extraction time.

The photon lifetime depends on the geometry of the resonat-
ing structure, and for a typical resonator dimensions of about
10 um with Q ~ 10%, it is of the order of picoseconds. This
lifetime, therefore, should not limit the speed of the modulator.

The injection and extraction times are limited by the com-
bined optical and electrical characteristics of the devices. We
[37] have shown that it is possible to operate the device in a
nonsteady state regime in order to achieve much higher speeds
than the traditional carrier injection devices, by controlling the
dynamics of the modulator. In [37], the device was operated in
an overdrive mode. In this mode, the voltage (positive and nega-
tive), much larger than the one needed in order to induce enough
index change to modulate the device, is applied on the device for
only a short time, much shorter than the equilibrium time of the
junction. When operating as an “‘on—off”” modulator, the ring res-
onator is “on” resonance when there are no charge carriers within
the ring resonator, and the modulator is in “off” state when there
are carriers within the resonator and the transmission is mini-
mal. When the junction is forward biased, the steady-state carrier
density is proportional to the current. A 10-uA current flowing
through the diode is sufficient to detune the resonance and turn
the modulator on [37]. The junction reaches its steady-state car-
rier density after about 10 ns. Stronger forward biasing of the
diode, which corresponds to a higher steady-state carrier density,
allows the modulator to be turned on well before the junction
reaches its steady state. For example, the optical rise time will be
reduced 200 times to 50 ps, if the steady-state current is 2 mA.
When the p-i-n junction is reverse biased, the carriers are swept
out of the junction by the electric field. The fall time of the mod-
ulator is therefore determined by the length of the junction and
the voltage applied. Assuming that a 2-V potential is dropped
over a 1-um long junction, the switch time is limited by the sat-
urated speed of the hole movement with vg ~ 5 x 1076 cm/s.
Therefore, the fall time is ultimately limited by the time required
for the carriers to move out of the micrometer waveguide.

In order to estimate the fundamental limitations for the
carrier injection time, we consider the carrier density required
to detune the resonance

Tleft

Fan

where I is the mode confinement factor, () is the quality factor
of the resonator, ne is the effective index of the optical mode,
and oy ~ 1.35 x 10721 cm? is the coefficient of free-carrier
dispersion effect. In order to reduce the optical rise time N
times, the steady-state carrier density needs to be N times the re-
quired value for turning the modulator on. The carrier extraction

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 12, NO. 6, NOVEMBER/DECEMBER 2006

400 0 7_—b }—Pump On
h c rwmp=10 ps
350 - i S 06
. @
% 300 - 5 %°7
c
£ 4 S 0.4
'_
2 250 \ 03
= 1 3 S 02
S 200 @ =4 Probe Transmission (V= 4V)
= \ E
8 ] i 6 0.1 —=---Exponential Fit (x = 112 ps)
S 150 z
2 % o0 ; . .
w b 0 500 1000 1500
100 {\;; Time (ps)
50 - '§*~--§---~§.___
O e e S e e IS N s m s s e e ey e
0 2 4 6 8 10 12 14 16
Reverse Bias (V)
Fig. 6. Carrier extraction time as a function of reverse-bias voltage. The inset

shows the temporal probe signal for reverse-bias V' = 4 V and the exponential
fit used to obtain the extraction time (1/e point) (from [40]).

speed is limited by the contact resistance and is given by

\%

qR
where R is the contact resistance, V' is the reverse-bias
voltage, and g = 1.6 x 107'9C. Therefore, for the electro-
optic modulator in [18], given I' ~ 0.8, R~ 10Q,V =2V,
and V; ~5x107'2 cm® for a 12-pum-diameter ring,
Q ~ 4 x 10%, neg ~ 2.5, the fall time is limited by

ar
Vv

Neff ‘/I
Ta; Q ~ 50 ps.

For a ~3-V voltage swing, we can expect the modulator to
give ~50-ps rise and fall time, and at least 10-Gb/s modulation
speed. This speed can be easily increased to values greater than
10 Gb/s by increasing the () factor of the device and decreasing
the contact resistance. Conservative changes in certain parame-
ters in the above equation, such as an increase of () by a factor
of 2 and a decrease of the contact resistance also by a factor
of 2, reduces tgy to a value of 10 ps, which corresponds to a
modulation speed of 40 Gb/s.

In order to experimentally evaluate the carrier extraction time
of the device in [37], the device was optically modulated. A
beam of light was used to photoexcite the charge carriers, while
a second beam acted as a probe signal. Using the diode in re-
verse bias, we experimentally found that the extraction time can
be brought down to 50 ps. Fig. 6 shows the measured extraction
time taken from [41]. The inset of Fig. 6 shows the probe signal
for a reverse-bias voltage of 4 V. As seen, the probe signal ini-
tially decreases after the pump pulse is applied. The time it takes
for this transition to occur is determined by the resonant cavity
lifetime Tprope, Which dictates how quickly the optical field in
the resonator is built up. The initial decrease is then followed by
an exponential increase, corresponding to the extraction time of
the photoexcited carriers as determined by fitting a simple expo-
nential decay to this part of the probe signal temporal response
(shown as a dashed line over the temporal signal). After the

N
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exponential increase, the probe signal does not return to its ini-
tial state, but instead slowly increases, as the fraction of the car-
riers generated in the ring is not extracted by the diode, because
it encompasses only two-thirds of the ring. The dynamics of
any carrier in the remaining part of the ring is solely determined
by slow recombination mechanisms, and is thus equivalent to
the open-circuit recombination time of 1.19 ns. If the diode was
to encompass the entire ring, then the carrier dynamics would
solely be determined by the reverse-biased diode carrier extrac-
tion time. Note also that a high voltage was necessary in order
to achieve a 50-ps extraction time. This high modulation depth
is needed mainly due to the high resistance of the device and
could be improved by at least an order of magnitude.

In order to experimentally evaluate the carrier injection time
of the device in [37], we measured the modulator response at
high voltages (8 Vpp), at a single frequency of 5.5 GHz. We
find a rise time (injection time) of 88 ps. A higher voltage is
needed to increase the speed of the device. The high voltage of
8 Vpp was necessary due to the high contact resistance of the
present device. The short rise time indicates that the device is
capable of operating at data rates higher than 10 Gb/s in short
interconnection systems, where the modulator is the bottleneck
of the transmission speed.’

IV. MINIMIZATION OF THE SIZE OF THE RESONATORS

The speed of the device could be improved with the minimiza-
tion of the size of the device. The limiting factor in shrinking
the size of resonators is the radiation loss. This loss can be eval-
uated numerically. The optical field distribution is shown in the
inset of Fig. 7. The simulated silicon waveguide measures 450
by 250 nm, is surrounded by SiOs at the bottom and air at the
top and sides, and has a 1-um bending radius.

Fig. 7 shows the roundtrip losses in a silicon ring resonator
as a function of the ring radius [42]. From the figure, an optical
field propagating in a ring of radius 1 pm suffers losses of less
than 0.5 dB. We expect these losses to have an insignificant ef-
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fect on the performance of the device, since they are much lower
than the current measured propagation losses of approximately
10 dB/cm in tight bends. Note that these losses are much higher
than the measured losses in straight high confinement waveg-
uides (typically 3 dB/cm) [9] due to the high overlap of the field
with the roughness fluctuations in the sidewall of the waveguide
(inset of Fig. 7).

V. CONCLUSION

The ring resonator is a promising approach for enabling high
speed modulation in micrometer-size device on silicon. A high
modulation p-i-n junction embedded in the ring resonator is
used, in which the modulation of the index strongly affects
the transmission properties. We show that despite the carrier
injection nature of the device, the speed of modulation is not
limited by the carrier lifetime. Instead, it is limited by the photon
lifetime, carrier injection, and carrier extraction time. We show
that the device is capable of operating at data rates higher than
10 Gb/s in short interconnection systems, where the modulator
is the bottleneck of the transmission speed. Such ring resonators
could be further shrunk in size down to 1 um in bending radius
without suffering high radiation losses, enabling further increase
in data rates.
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