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ABSTRACT

An optical modulator includes a ring resonator with a
waveguide adjacent to and optically coupled to the micro-ring
resonator. A p-i-njunction is formed about the ring resonator.
An optional additional doped region may beformed opposite
the waveguide from the ring resonator and when combined
with the p-i-n junction forms a nearly closed p-i-n junction
about the ring resonator. The ring resonator may be a silicon
micro-ring resonator. Multiple different resonant frequency
resonators may be coupled to the waveguide along with dif
ferent detectors to multiplex light on the waveguide. The
spectrum of the resonator may be controlled by an applied
Voltage. A prepulsing device may be used to enhance electri
cal transitions to enhance the speed of the modulator.
44 Claims, 4 Drawing Sheets
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2
resonator based modulator shown generally at 100 in FIG. 1
consists of a ring resonator embedded with a PIN junction.
RELATED APPLICATIONS
The junction is used to inject and extract free carriers into a
ring 110, which in turn modifies the refractive index of silicon
This application is a nationalization under 35 U.S.C. 371 of 5 that forms the ring 110 through a dispersion effect. The ring
PCT/US2007/018847, filed Aug. 24, 2007 and published as may be optically coupled to an input/output “I/O waveguide
In one embodiment, an n+ doped region 115 is formed in
WO 2008/024513 A2 on Feb. 28, 2008, which claimed pri a113.
ring shape adjacent the outside of the ring 110. A p-- doped
ority under 35 U.S.C. 119(e) to U.S. Provisional Patent Appli
120 is formed inside the ring 110. A contacts 125, 130
cation Ser. No. 60/839,919, filed Aug. 24, 2006: U.S. Provi 10 region
be formed to such doped regions and a Voltage source
sional Patent Application Ser. No. 60/839,975, filed Aug. 24, may
135 applied across the contacts.
2006: U.S. Provisional Patent Application Ser. No. 60/846,
As viewable in FIG. 1, the n+ doped region 120 only
530, filed Sep. 22, 2006 and U.S. Provisional Patent Appli extends
way around the ring 110, as the optical contact
cation Ser. No. 60/980,004, filed Mar. 26, 2007; which appli with the part
waveguide
113 leaves no room for continuing the n+
cations and publication are incorporated herein by reference 15 doped region 120. When
the p-i-n junction is formed on only
and made a part hereof.
part of the ring resonator, the speed of the modulator may be
limited to approximately 400 Mbps with non-return-to-zero
GOVERNMENT FUNDING
coding, because while carriers diffuse into the section of the
This invention was made with Government support under ring that is not part of the p-i-njunction, where they can not be
efficiently extracted during the reverse biased period, leading
Grant Number HR0011-05-C-0027 awarded by DARPA to
a longer fall time following consecutive logical 1's.
EPIC. The United States Government has certain rights in the
In one embodiment, an additional n+-doped region 140 is
invention.
formed on the other side of the I/O waveguide 113 to form
nearly closed p-i-n junctions. This new geometry helps
BACKGROUND
25 ensure that carriers injected into the ring can be extracted
Light offers many advantages when used as a medium for efficiently by reversely biasing the junction. Therefore the
propagating information, such as increased speed and band operation speed can be significantly increased. High quality
width. Light-wave transmission along optical fibers is wide modulation signal has been obtained at 4Gbps. Decreased in
spread in the telecommunications industry. Optical intercon contact resistance and better impedance matching between
nections on silicon have become a bottleneck for next 30 the device and the RF driver are expected to result in higher
generation computing systems. It is desirable to have an opti than 10 Gbps modulation.
In one embodiment, charges are injected and extracted
cal interconnection system that is CMOS compatible.
from the ring 110. Four concentric ring shaped doping
BRIEF DESCRIPTION OF THE DRAWINGS
regions may be formed with n-type, p-type, intrinsic, and
35 n-type silicon. The intrinsic region is formed by a ring shaped
FIG. 1 is a block diagram representation of a top view of an cavity 110. The device behaves like a p-i-n diode in series
optical modulator that includes a ring resonator according to with an n-p diode. The turn-on and turn-off transients may be
very fast, on the order of <30 ps in one embodiment, leading
an example embodiment.
FIG. 2 is a side view of a portion of a optical ring resonator to high data rates.
modulator having an N-P-I-N junction according to an 40 In one embodiment, ring 110 has an approximately 10
micron diameter and is embedded in the n-p-i-n device. The
example embodiment.
FIG. 3 is a block schematic diagram of an optical multi silicon ring may be manufactured on silicon on insulator
wafer using CMOS compatible technology. In one embodi
plexer according to an example embodiment.
FIG. 4 is a top view diagram of a fabricated optical multi ment, ring 110 is a ring resonator. Light at the resonant fre
45 quency of the ring 110 travels many times around the ring, and
plexer according to an example embodiment.
FIG. 5 is a block schematic diagram of a system that interacts with the same carriers many times. As a result, the
generates pre-pulsed driving signals for an electro-optical total number of carriers needed to change the optical trans
mission of the ring resonator is less than some other resona
modulator according to an example embodiment.
FIG. 6 is a block diagram of an alternative prepulsing tors. Further, less power may be used to drive the carriers into
50 and out of the active region.
device according to an example embodiment.
An alternative ring modulator 200 is described with refer
DETAILED DESCRIPTION
ence to FIG. 2, which shows a cross section and top view of a
portion of a ring resonator 205. In one embodiment, ring
In the following description, reference is made to the resonator 200 is fabricated on a silicon-on-insulator substrate
accompanying drawings that form a part hereof, and in which 55 210 with a 3-mm-thick buried oxide layer. Both a waveguide
is shown by way of illustration specific embodiments which 215 coupling to the ring 205 and the ring itself have a width of
may be practiced. These embodiments are described in suf approximately 450 nm and a height of 250 nm. The diameter
ficient detail to enable those skilled in the art to practice the of the ring is approximately 10-12 um, and the spacing
between the ring and the I/O waveguide is approximately 200
invention, and it is to be understood that other embodiments
may be utilized and that structural, logical and electrical 60 nm. These dimensions may be varied significantly in further
changes may be made without departing from the scope of the embodiments. In one embodiment, nano-tapers may be
present invention. The following description of example formed on each end of the I/O waveguide to facilitate cou
pling efficiency between the waveguide and an incoming
embodiments is, therefore, not to be taken in a limited sense,
and the scope of the present invention is defined by the optical fiber.
65
appended claims.
In one embodiment, a junction is formed integrated with
Silicon modulators are a key component for CMOS-com the ring 205. The ring 205 may be said to be embedded in the
patible optical interconnection systems. A silicon micro-ring junction. The junction comprises an outern doped ring region
ELECTRO-OPTICAL MODULATOR
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3
220, an outer or p doped ring region 225 sandwiched between
then doped ring region 220 and the ring 205, and an inner n
doped region 230 inside the ring 205. An anode contact 227
may be formed electrically coupled to the outer n doped
region 220, and a cathode contact 228 may be formed elec
trically coupled to the inner n doped region 230.
In one embodiment, the outern doped region 220 and outer
p doped region 225 are interrupted by the waveguide 215.
They may however be continued adjacent the other side of the
waveguide as shown at an adjacent doped region 240 and an
adjacent p doped region 245, along with an additional anode
contact formed coupled to region n doped 240.
Modulator 200, incorporating an N-P-I-N device with the
ring resonator may overcome slow rise time dynamics of pin
devices without the need for pulse shaping. In some embodi
ments, turn-on and turn-off transients are extremely fast, Such
as less than 30 ps, leading to high data rates. Some embodi
ments using a silicon ring of approximately 10 microns may
operate at around 40 billion bits per second.
In one embodiment, a transient response to a 2V step
voltage of the device 200 may have an electrical transition

5

10

15

electrical transition times to avoid distortion in the modulated

time <50ps. The hole concentration may reach 10'/cm in 18

ps, hence bit rates exceeding 40 gbps can be expected from

the device. The N-P-I-N structure induces ultra-fast transi

tions since rise and fall times are determined by the turn off
times of the diodes which can be extremely short. In one
embodiment the device conducts only during the periods of

25

In one embodiment, an extinction ratio of the device,
30

35

modulator in one embodiment can modulate is more than 30

40

nature of the modulator this index change produces strong
modulation in the optical transmission.
The maximum sequence of ones (logic high bits) that the
bits. This cutoff is determined by the surface recombination
decay of carriers. It is estimated that with a surface recombi
nation velocity of 100 cm/s the carrier life time is ~1.26 ns.
Therefore, the device will remain in an on state for ~1 ns,
45

in the resonance. Hence, the N-P-I-N modulator can be

designed for modulating 2-1 pseudo random bit sequences.

The structures may be defined using electron-beam lithog
raphy followed by reactive ion plasma etching in one embodi
ment. Other methods may be used to form the ring resonator

50

in further embodiment.

Following the etching, an n+ region 215 and a p-- region
220 are each defined with photolithography and implanted
with Suitable dopants. Such as phosphorus and boronto create

concentrations of approximately 10'/cm.

A 1 mm thick silicon dioxide layer is then deposited onto
the wafer using plasma enhanced chemical vapor deposition
followed by an annealing process to activate the dopants (15
sat 1,050° C. for p--, and 15 minat 900° C. for n+). Holes may
then be patterned using photolithography and then etched
down to the doped silicon regions, followed by evaporation

55

nature of the modulator, this index change produces strong
modulation in the optical transmission.
In one embodiment, a maximum sequence of ones or logic
high bits that the modulator can modulate is more than 30 bits.
The cutoff may be determined by surface recombination
decay of carriers.
The cascaded semiconductor material based micro-ring
modulators may be a central component of a WDM intercon
nection system. In one embodiment, the resonators are
formed of silicon. In one embodiment, each of the ring modu
lators have an approximately 5-lum radius and may be modu
lated at 4 Gbit/s. Inter-channel crosstalk is minimized with an

approximately 1.3-mm channel spacing or larger.
Light from the WDM source 335 or a broadband source is
sent into the silicon waveguide 330 coupled to the multiple
ring modulators 305,310,315, and 320 with different reso
nant wavelengths. If the input is a WDM source, the resonant
wavelength of each modulator may be selected to match the
wavelength of each channel of the WDM source. At the
receiver side, these channels can be demultiplexed using
similar ring resonators 340,345,350 and 355 with drop ports,
and detected separately. If the input is abroadband source, the
resonant wavelengths of the ring modulators may be selected
to match those of the ring demultiplexers one by one.
In one embodiment, the cascaded modulators are fabri

60

and liftoff of titanium contacts. The actual dimensions of the

various elements may be varied and the example is not
intended to be limiting.
A multiple resonator (ring, racetrack, disk, etc.) modulator
is shown generally at 300 in FIG. 3. The resonators modulate
light at particular wavelengths (the resonant wavelengths of

ling the amount of charge injection by careful design of the
PN junctions. The injected charge equals the depletion charge
of the diodes. In one embodiment, the injected carrier density

is approximately 10"/cm, which corresponds to an index
change of approximately 0.62x'". Due to the resonant

design, the injected carrier density is 10"/cm which corre
sponds to an index change of 0.62x10'. Due to the resonant

equivalent to 40 bits, before the recombination leads to shift

signal. A variation of the resonant wavelength of each reso
nator may be mainly du to the variation of average waveguide
width in a fabrication process. A 1 nm change in the average
waveguide width induces a resonant wavelength shift of
approximately 0.8 nm in one embodiment. Local heating of
each ring resonator may be used to compensate for Such shifts
in resonant wavelength if desired.

defined as 10 log 10(P/P) may be achieved by control

transition of one of the diodes from ON state to OFF state,

hence producing fast electrical transition times of the order of
25 ps. Note that in contrast, a P-I-N diode in forward bias
takes about ~1 ns to reach the steady state. A high extinction
ratio is achieved by controlling the amount of charge injection
by careful design of the PN junctions. The injected charge
equals the depletion charge of the diodes. For the present

4
the resonators) and allow light at all other wavelengths to pass
through the modulators without been affected. The resonators
may be either resonators 100 or 200. For simplicity, the fol
lowing description utilizes resonators 100, but resonators 200
may be easily substituted in further embodiments. In one
embodiment, multiple resonator based modulators 305,310,
315, and 320 with different resonate wavelengths are cas
caded on a single waveguide 330. In one embodiment, the
resonators may share a single n+ region 333 opposite the
waveguide. Multiple data channels may be modulated onto
different wavelengths of light from a wavelength division
multiplexing (WDM) source 335 or a broadband source in
that waveguide independently. At a receiverside, these chan
nels can be demultiplexed using similar resonators 340,345,
350, and 355 with drop ports 360,365,370,375 respectively,
and detected separately. In one embodiment, quality factors
(Q) of the resonators is around at least 15,000 to 20,000 so
that photon lifetime remains reasonable Small compared to

65

cated on a silicon-on-insulator (SIO) substrate. The speed of
the modulator in one embodiment may be limited to 400
Mbps with non-return-to-zero (NRZ) coding. In one embodi
ment, the p-i-njunction is nearly closed by the addition of the
n+ region333. Carriers injected into the ring can be extracted
efficiently by reversely biasing the junction. The distance
between the doped regions and the edge of the ring resonators
and straight waveguides may be reduced from approximately
1 um in some embodiments to approximately 300 nm to

US 8,295,655 B2
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further increase the extraction speed with the same reverse
bias Voltage. The radii of the four ring resonators are approxi
mately 4.98 um, 5um, 5.02 um, and 5.04 um, respectively.
The difference in the radii corresponds to a channel spacing of
3.6 mm.

A top-view microscopic picture of a fabricated device is
shown in FIG. 4. Two of the four ring modulators are shown
in the picture. The ring resonators are optically coupled to the
straight waveguide 330, Metal pads 410 are shown contacting
the p" and n' doped regions.
In one embodiment, a prepulsed driving signal may be used
to drive the junctions of the modulators. A block diagram of a
system 500 for generating prepulsed driving signals for
enhanced carrier injection is illustrated in FIG. 5. The
prepulsed driving signal is formed by passing the signal from
a signal generator 510 into an impulse forming network 515
and combining the impulses from the impulse forming net
work515 with the original signal at adder 520. In one embodi
ment, an inverting amplifier 525 is coupled between the signal
generator 510 and impulse forming network515 for inverting
the signal provided by the signal generator. A DC bias may be
added to the impulses at a bias T circuit 530 before being
provided to an optical modulator 540. The impulses may be
used to cause modulator 540 to modulate and optical input
signal 545 to provide a modulated optical output signal 550.
In one embodiment, Zero to one and one to Zero represen
tative transitions in the driving signals are enhanced by the
prepulsing signal. The prepulse increases the rate of injection
of carriers while limiting the total carriers injected. Since the
total number of injected carriers is limited, the extraction time
may be reduced.
ExampleNRZsignal amplitudes include 1.62V and 3.00V.
Many other amplitudes may be used in further embodiments.
An example duration of the pulse is approximately 50 ps in
one embodiment. Such signals may result in an enhanced
transient response from the modulator. PseudoOrandom NRZ
pulses of approximately 12.5 gbps may be used in some
embodiments. In one embodiment, an RF amplifier output
Voltage may be set to approximately 5V at the peak of a pulse
with a steady state voltage of 4V and a DC bias of -1 V.
A relatively high driving voltage (5V) may be used to
compensate for high contact resistances of the fabricated
device (~10 KS2). The contact resistance may be greatly
reduced by optimizing the doping profile and annealing con
dition for the contacts. A lower driving Voltage may be used

5

diode forms one of the diodes. Since the device consists of
10

15

two diodes 610, 620 connected in series in opposite direc
tions, the net device 600 is non-conducting in steady state
irrespective of the polarity of applied voltage. However, the
device 600 conducts during the turn on-turn off time of the
diodes 610, 620. Hence, the device 600 conducts only during
the transitions in the drive Voltage. In various embodiment,
the speed of silicon electro-optic modulators may be up to 40
gbps or higher using pulse shaping techniques.
In one embodiment, the modulator can be used for wave

25

length multiplexing with hundreds of carriers. This will lead
to bandwidths approaching 1 Tera bit per second on silicon
based systems. In further embodiments, the modulator may
overcome the limitation of similar P-I-N based electro-optic
modulators in silicon by reducing both the rise andfall time of
the electrical response of the device. In one embodiment, rise
and fall times may be approximately 40 ps and 60 ps respec
tively. The pulsed driving may also enhance the Small signal
bandwidth of the modulator.

The Abstractis provided to comply with 37 C.F.R.S 1.72(b)
to allow the reader to quickly ascertain the nature and gist of
the technical disclosure. The Abstract is submitted with the
30

understanding that it will not be used to interpret or limit the
Scope or meaning of the claims.
The invention claimed is:

35

40

45

with Such lowered contact resistances.

In one embodiment, an overshoot may be observed on
every rising edge of the signal. While a small portion of this
overshoot may be due to the response of an optical detector,
most of the overshoot may arise from the inherent property of
the ring modulator when the rising time is comparable to the
photon lifetime of the resonator. When the resonator is at the
on-resonance state with low optical transmission, light is
trapped inside the resonator with high optical intensity. The
optical transmission at this state is low because the light
coupled back from the ring resonator destructively interferes
with the directly transmitted light in the output waveguide.
When the cavity is quickly tuned from the on-resonance state
to off-resonance state, the input light is transmitted through
the device with little coupling to the ring resonator. At the
same time, light trapped inside the resonator is slightly wave
length shifted due to the temporal change of refractive index.
Therefore, instead of destructively interfering with the
uncoupled input wave, the trapped light couples back into the
output waveguide and beats with the input wave, resulting in
an overshoot and damped oscillation. The frequency of the
damped oscillation is proportional to the wavelength shift of
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the trapped light and the damping rate is determined by the
photon lifetime of the resonator.
An alternative device illustrated as a lumped component
equivalent at 600 in FIG.6 may be used to achieve a prepuls
ing effect on a chip containing a modulator. Device 600
consists of two equivalent diodes 610, 620 connected in
reverse directions. A ring resonator 630 embedded in a p-i-n
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1. An optical modulator comprising:
a ring resonator,
a waveguide adjacent to and optically coupled to the micro
ring resonator;
a p-i-n junction, wherein the ring resonator is embedded
with the p-i-n junction; and
an additional doped region opposite the waveguide from
the ring resonator.
2. The optical modulator of claim 1 wherein the additional
doped region combined with the p-i-njunction forms a nearly
closed p-i-n junction about the ring resonator.
3. The optical modulator of claim 1 wherein the ring reso
nator is a silicon micro-ring resonator.
4. The optical modulator of claim 1 wherein the p-i-n
junction comprises an n+ doped area outside of the ring
resonator, and a p-- doped area inside of the ring resonator,
and wherein the additional doped region is n+ doped.
5. The optical modulator of claim 1 and further comprising
electrical contacts formed in electrical contact with the n+and
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p+ doped areas and the additional doped region.
6. The optical modulator of claim 1 and further comprising
an electrical driver coupled to the p-i-njunction that provides
a pulse shaped input to the p-i-n junction.
7. An optical modulator comprising:
a ring resonator,
a waveguide adjacent to and optically coupled to the micro
ring resonator;
a p-i-n junction formed about the ring resonator, and
an electrical driver coupled to the p-i-njunction that provides
a pulse shaped input to the p-i-n junction.
8. The optical modulator of claim 7, wherein the pulse
shaped input increases electro-optic modulation speed.
9. The optical modulator of claim 8 wherein the electro
optic modulation speed is increased up to 12.5gbps.
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10. The optical modulator of claim 7, wherein the ring
resonator is of a micrometer scale feature size.

11. The optical modulator of claim 7, wherein the ring
resonator is frequency selective.
12. The optical modulator of claim 11 wherein the modu
lator may be used for simultaneously modulating many car
1S.

13. The optical modulator of claim 7 wherein the diode
comprises an n-p-i-n device.
14. The optical modulator of claim 7, formed using a
complementary metal oxide semiconductor, (CMOS) silicon
fabrication facility.
15. The optical modulator of claim 7 integrated into a
integrated microelectronic chip.
16. The optical modulator of claim 7 wherein injected
charges are limited to less than 0.5 million electrons and
hence reduces the power consumption to a level adequate for
microelectronic integration.
17. An optical modulator comprising:
a waveguide;
a plurality of micro-ring resonators serially disposed along
and coupled to the waveguide;
a plurality of p-i-njunctions formed about the ring resona
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resonator,

tors;

an additional doped region opposite the waveguide from
the ring resonators; and
a plurality of detectors coupled to the waveguide.
18. The optical modulator of claim 17 wherein the detec
tors comprise multiple ring resonators optically coupled to
the waveguide.
19. The optical modulator of claim 17 wherein the plurality
of micro-ring resonators have different resonant frequencies,
and wherein the plurality of detectors have corresponding
different resonant frequencies to demultiplex optical signals
of different frequencies.
20. The optical modulator of claim 17 wherein the p-i-n
junctions comprise ann+ doped area outside of a correspond
ing ring resonator, and a p-- doped area inside of the corre
sponding ring resonator, and wherein the additional doped
region is n+ doped.
21. The optical modulator of claim 17 and further compris
ing electrical contacts formed in electrical contact with each
n+ and p+ doped areas and the additional doped region of the
p-i-n junctions.
22. The optical modulator of claim 17 and further compris
ing an electrical driver coupled to the p-i-n junction that
provides a pulse shaped input to the p-i-n junction.
23. A device comprising:
a waveguide;
a plurality of semiconductor optical modulators having
different resonant frequencies disposed along and
coupled to the waveguide wherein the modulators have
integrated p-i-n junctions; and
a plurality of detectors having corresponding different
resonant frequencies coupled to the waveguide.
24. The device of claim 23 wherein the detectors comprise
multiple ring resonators optically coupled to the waveguide.
25. The device of claim 23 wherein the plurality of optical
modulators comprise silicon micro-ring resonators.
26. The device of claim 25 wherein the micro-ring resona
tors have dynamically adjustable resonant frequencies.
27. The device of claim 23 wherein the plurality of optical
modulators modulate multiple data channels onto different
wavelengths of light in the waveguide.
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28. The device of claim 23 wherein each optical modulator
comprises an additional doped region opposite the waveguide
from the optical modulator.
29. The device of claim 28 wherein the p-i-n junctions
comprise an n+ doped area outside of a corresponding ring
modulator, and a p-- doped area inside of the corresponding
ring modulator, and wherein the additional doped region is n+
doped.
30. The device of claim 28 and further comprising electri
cal contacts formed in electrical contact with each n+ and p-doped areas and the additional doped region of the p-i-n
junctions.
31. The device of claim 23 and further comprising an
electrical driver coupled to the p-i-n junction that provides a
pulse shaped input to the p-i-n junction.
32. An optical modulator comprising:
a ring resonator,
a waveguide adjacent to and optically coupled to the ring
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an N-P-I-N junction integrated with the ring resonator.
33. The optical modulator of claim32 and further compris
ing an additional p and n doped region opposite the
waveguide from the ring resonator to form a nearly closed
N-P-I-N junction around the ring resonator.
34. The optical modulator of claim 32 wherein the N-P-I-N
junction comprises an outer n doped region followed by a
sandwiched p doped region between the n doped region and
the ring resonator, and an inner n doped region inside of the
ring resonator.
35. The optical modulator of claim 34 and further compris
ing an anode contact formed on the outern doped region and
a cathode contact formed on the inner n doped region.
36. The optical modulator of claim 32 wherein the ring
resonator is a silicon micro-ring resonator.
37. The optical modulator of claim 32 having an electro
optic modulation speed consistent with a bit rate of 40 gbps.
38. A device comprising:
a waveguide;
a plurality of semiconductor optical modulators having
different resonant frequencies disposed along and
coupled to the waveguide wherein the resonators have
integrated N-P-I-N junctions; and
a plurality of detectors having corresponding different
resonant frequencies coupled to the waveguide.
39. The device of claim 38 wherein the detectors comprise
multiple ring resonators optically coupled to the waveguide.
40. The device of claim 38 wherein the plurality of optical
modulators comprise silicon micro-ring resonators.
41. The device of claim 40 wherein the micro-ring resona
tors have dynamically adjustable resonant frequencies.
42. The device of claim 40 wherein the micro-ring resona
tors modulate multiple data channels onto different wave
lengths of light in the waveguide.
43. The device of claim 40 wherein each micro-ring reso
nator comprises additional doped p and n regions opposite the
waveguide from the micro-ring resonator.
44. The device of claim 43 wherein the N-P-I-N junctions
comprise an outer n doped region followed by a sandwiched
p doped region between the n doped region and the ring
resonator, and an inner n doped region inside of the ring
reSOnatOr.
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