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1
VARIABLE OPTICAL POWER LIMITER

BACKGROUND OF THE INVENTION

1. Field of the Invention

Embodiments of invention relate generally to optical
devices and, more specifically but not exclusively relate to
limiting power in an optical beam.

2. Background Information

An optical power limiter is a device that can limit the
intensity of light transmitted by the device to some value.
Optical limiters can be useful for a number of purposes
including protecting human eyes or sensors from high inten-
sity light. Known optical power limiters include solid-state
optical power limiters based on photoconductivity and the
electro-optic effect has been observed in electro-optic crys-
tals. Other known materials used for optical power limiting
include molecular materials such as matallophthalocyanines
and metallonaphthalocyanines, which exhibit relatively low
linear absorption and high ratios of exited-state to ground-
state absorption. Christiansen filters have also been utilized in
optical power limiter applications to limit the maximum
power transmitted by a device to some fixed value. Chris-
tiansen filters include for example small grains of crushed
glass mixed with a liquid exhibiting a precise linear refractive
index such that the glass grains disappear into the host liquid.
An index mismatch between the liquid and glass components
is induced by exposure to high intensity light, which therefore
results in the optical power limiter behavior in the device. Use
of the known optical power limiters such as those summa-
rized above has been limited due to their complexity and the
challenges involved with integrating and combining these
technologies with other optical technologies into practical
solutions.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting and non-exhaustive embodiments of the
present invention are described with reference to the follow-
ing figures, wherein like reference numerals refer to like parts
throughout the various views unless otherwise specified.

FIG. 1is a block diagram illustrating one embodiment of a
system including one embodiment of a variable optical power
limiter in accordance with the teachings of the present inven-
tion.

FIG. 2 is a cross section diagram of one embodiment of a
rib optical waveguide included in a variable optical power
limiter according to embodiments of the present invention.

FIG. 3 is a diagram illustrating the relationship of output
power with respect to input power for various reverse bias
voltage values in an embodiment of a variable optical power
limiter according to embodiments of the present invention.

FIG. 4is adiagram illustrating an embodiment of a variable
optical power limiter utilized as an equalizer in an optical
communications network having multiple channels in accor-
dance with the teachings of the present invention.

FIG.5is adiagram illustrating an embodiment of a variable
optical power limiter utilized to substantially remove noise
from a noisy input optical signal in accordance with the
teachings of the present invention.

DETAILED DESCRIPTION

Methods and apparatuses for variably limiting the optical
power of an optical signal are disclosed. In the following
description numerous specific details are set forth in order to
provide a thorough understanding of the present invention. It
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2

will be apparent, however, to one having ordinary skill in the
art that the specific detail need not be employed to practice the
present invention. In other instances, well-known materials or
methods have not been described in detail in order to avoid
obscuring the present invention.

Reference throughout this specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure or characteristic described in connection with the
embodiment is included in at least one embodiment of the
present invention. Thus, appearances of the phrases “in one
embodiment” or “in an embodiment” in various places
throughout this specification are not necessarily all referring
to the same embodiment. Furthermore, the particular fea-
tures, structures or characteristics may be combined in any
suitable manner in one or more embodiments. In addition, it
is appreciated that the figures provided herewith are for expla-
nation purposes to persons ordinarily skilled in the art and that
the drawings are not necessarily drawn to scale.

FIG. 1 is a block diagram illustrating generally one
embodiment of a system including one embodiment of a
variable optical power limiter 101 in accordance with the
teachings ofthe present invention. As shown in FIG. 1, optical
power limiter 101 includes optical waveguide 103 disposed in
semiconductor material 105. An optical source 111 is opti-
cally coupled to optical waveguide 103 to direct an optical
beam 113 through optical waveguide 103. As will be dis-
cussed, optical beam 113 generates free charge carriers in
optical waveguide 103 while propagating through optical
waveguide 103 via two-photon absorption in response to the
input power level of optical beam 113.

In one embodiment, a diode structure including a P region
107 and an N region 109 is disposed along either side of the
optical waveguide 103. In one embodiment, the diode struc-
ture is coupled to a variable voltage source 115 to be reverse
biased to control the lifetime of the free carriers generated in
the optical waveguide via two-photon absorption process. By
controlling the free carrier lifetimes, the output power of the
optical beam can be variably limited or clamped in accor-
dance with the teachings of the present invention. The optical
beam is shown as optical beam 114 in FIG. 1 when output
from optical waveguide 103. In one embodiment, the power
level of output optical beam 114 is clamped to an output
power level in response to the bias of the diode by variable
voltage source 115 in accordance with the teachings of the
present invention.

As also shown in the depicted embodiment, system 101
also includes an optical receiver 119 optically coupled to
receiver output optical beam 114 from optical waveguide. In
one embodiment, output optical beam 114 is directed from
optical waveguide 103 through optical fiber 117 to optical
receiver 119. In one embodiment of system 101, optical
power limiter 101 is one of a plurality of optical power lim-
iters in system 101. In such an embodiment, a plurality of
optical beams 113 are each directed into corresponding opti-
cal power limiters 101, such that output optical beams 114 are
each directed to respective optical receivers 119 in accor-
dance with the teachings of the present invention. In such an
embodiment, the output power levels of the output optical
beams are all equalized to the clamped output optical power
levels in accordance with the teachings of the present inven-
tion. In such an embodiment, system 101 may be an optical
communications system such as for example a dense wave-
length-division multiplexing (DWDM) system where each of
the plurality of optical beams 113 corresponds to a unique
channel of the DWDM system.

FIG. 2 is a cross section diagram of one embodiment of
optical waveguide 103 included in a variable optical power
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limiter 101 according to embodiments of the present inven-
tion. As illustrated in the embodiment depicted in FIG. 2,
optical waveguide 103 is a rib waveguide including a rib
region and a slab region. In the illustrated embodiment, a
optical beam 113 is shown propagating through the rib
waveguide. As shown, the intensity distribution ofthe optical
mode of optical beam 113 is such that the majority of the
optical beam 113 propagates through a portion of the rib
region of optical waveguide 103 towards the interior of the rib
waveguide. In addition, a portion of optical beam 113 propa-
gates through a portion of slab region towards the interior of
the optical waveguide 103. As also shown with the optical
mode of optical beam 113, the intensity of the propagating
optical mode of optical beam 113 is vanishingly small at the
“upper corners” of rib region as well as the “sides” of the slab
region of optical waveguide 103. In the illustrated embodi-
ment, optical waveguide 103 is formed in a silicon-on-insu-
lator (SOI) wafer including the silicon of semiconductor
material 105, a silicon layer 223 and a buried oxide layer 221
disposed between the substrate semiconductor material 105
and silicon layer 223.

In the embodiment shown in FIG. 2, P region 107 and N
region 109 of the diode structure disposed in optical
waveguide 103 are disposed at opposite lateral sides of the
slab region in the optical waveguide 103, outside of the opti-
calmode ofoptical beam 113. As shown in the embodiment of
FIG. 3, the diode structure is a PIN diode structure, which
includes P doped silicon in P region 107, intrinsic silicon in
semiconductor material 105 and N doped silicon in N region
109. In the illustrated embodiment, the optical mode of opti-
cal beam 113 propagates through the intrinsic silicon in semi-
conductor material 105 of the PIN diode structure.

In the embodiment of FIG. 2, variable voltage source 115 is
illustrated as being coupled between P region 107 and N
region 109. Variable voltage source 115 is coupled to apply an
adjustable voltage between P region 107 and N region 109 to
reverse bias the diode structure in accordance with the teach-
ings of the present invention. By reverse biasing the diode
structure as shown, an electric field is created between the P
region 107 and N region 109 to sweep free carriers 225, which
are electrons and/or holes, from the optical waveguide 103.
By sweeping out the free carriers 225, the free carrier life-
times of the free carriers 225 can be controlled to control the
clamping of the output power level of optical beam 113 in
accordance with the teachings of the present invention.

To illustrate, FIG. 3 is a diagram illustrating the relation-
ship of output power with respect to input power for various
reverse bias voltage values in an embodiment of a variable
optical power limiter according to embodiments of the
present invention. In particular, FIG. 3 illustrates light trans-
mission curves according to embodiments of the present
invention. As shown, the output power level of optical beam
114 output from optical waveguide 103 depends at lower
input power levels on the input power level of the optical
beam 113. At low input power levels for optical beam 113, the
silicon of semiconductor material 105 is transparent for infra-
red (IR) light because the band gap of silicon is greater than
the photon energy of optical beam 113. Therefore, this optical
power limiter 101 transmits substantially all of the IR light of
output optical abeam 114 with very low loss. As can be
observed in FIG. 3, the output power level at low input power
levels depends linearly on the input power level.

However, as the input power level increases towards a high
input power level, two-photon absorption process occurs in
optical waveguide 103, in which an electron in the valance
band can absorb two photons simultaneously and gain
enough energy to make a transition to the conduction band

20

25

30

35

40

45

50

55

60

65

4

and leaves a hole behind. These electron-hole pairs generated
by the two-photon absorption process have a finite lifetime
that depends on the material properties and the waveguide
dimensions. As the input power level of optical beam 113
continuously increases, the density of the free electron hole
pairs making up free carriers 225 can accumulate to a signifi-
cant level that they start to absorb the photons of optical beam
113 in optical waveguide 103. Eventually the output power
level of output optical beam 114 will be limited or clamped
and will stop increasing with respect to the input power level,
as illustrated in FIG. 3 in accordance with the teachings of the
present invention. Therefore, an optical power limiter accord-
ing to embodiments of the present invention functions as a
self-actuating nonlinear optical device that transmits low-
intensity light, but clamps high-intensity light in accordance
with the teachings of the present invention.

As shown in the example of FIG. 3, the free carrier lifetime
of free carriers is approximately 16 ns for an open circuit
condition between P region 107 and N region 109, while the
free carrier lifetime reduced to approximately 6.8 ns for a
short circuit, 3.2 ns for a 5 volt reverse bias and 1 ns for a 25
volt reverse bias according to an embodiment of the present
invention. With a free carrier lifetime of 16 ns, the output
power level is clamped to, or starts to level off at, an output
power level of approximately 150 mW, approximately 250
mW for a free carrier lifetime of 6.8 ns, approximately 350
mW for a free carrier lifetime of 3.2 ns and approximately 500
mW for a free carrier lifetime of 1 ns. It is appreciated of
course that the power levels and free carrier lifetimes of these
measurements are only examples and are provided for expla-
nation purposes and that other values may be realized in
accordance with the teachings of the present invention.

In one embodiment, the power limiting threshold, which is
where the output power starts to level off, depends on the
lifetime of the free carriers (electrons and holes) generated by
the two-photon absorption process in the silicon of optical
waveguide 103. By controlling the free carrier lifetime, the
saturation level of the output power can be varied in accor-
dance with the teachings of the present invention. Therefore,
with the diode structure variably reverse biased as discussed
above, the free carriers are swept out of optical waveguide
103 by the applied electric field between P region 107 and N
region 109. Accordingly, the effective free carrier lifetime of
free carriers 225 is reduced. The output power level can be
adjusted by changing the reverse bias voltage applied to P
region 107 and N region 109 with variable voltage source 115,
which in turn alters the free carrier lifetime in accordance
with the teachings of the present invention.

FIG. 41is adiagram illustrating an embodiment of a variable
optical power limiter utilized as an optical power equalizer in
an optical communications network having multiple channels
in accordance with the teachings of the present invention. In
the depicted example, a plurality of input optical beams or
channels 413 have non-uniform or unequal optical power
levels. An optical power limiter 401 according to embodi-
ments of the present invention can be employed to equalize
the power levels of the plurality of input optical beams as
shown with the plurality of output optical beams or channels
414. In the illustrated example, the power limiter 414 is set to
have clamp the output power level less than the lowest power
level present in the plurality of input optical beams 413 to a
level as shown. Therefore, the output optical power levels of
the plurality of output optical beams are all equalized to the
same clamped value as shown in accordance with the teach-
ings of the present invention.

FIG. 51is adiagram illustrating an embodiment of a variable
optical power limiter utilized to substantially remove noise
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from a noisy input optical signal in accordance with the
teachings of the present invention. In the depicted example,
an input optical beam 513 is illustrate as being a noisy input
signal. In order to remove the noise from the noisy input
signal of input optical beam 513, the variable voltage source
can be set to adjust the clamp output voltage of power limiter
501 as shown to result in a clean output signal 514 as illus-
trated in FIG. 5.

It is appreciated that the variable optical power limiting
function provided according to embodiments of the present
invention has other versatile applications in accordance with
the teachings of the present invention and the examples pro-
vided are for explanation purposes. For example, other
embodiments in accordance with the teachings of the present
invention include eye protection applications, power sensi-
tive instrument protection, equalization of optical signals,
limiting power of high power optical amplifiers and/or other
suitable applications in which the optical power of an optical
beam is to be clamped or adjusted in accordance with the
teachings of the present invention.

The above description of illustrated embodiments of the
invention, including what is described in the Abstract, is not
intended to be exhaustive or to be limitation to the precise
forms disclosed. While specific embodiments of, and
examples for, the invention are described herein for illustra-
tive purposes, various equivalent modifications are possible,
as those skilled in the relevant art will recognize. Indeed, it is
appreciated that the specific wavelengths, dimensions, mate-
rials, times, voltages, power range values, etc., are provided
for explanation purposes and that other values may also be
employed in other embodiments in accordance with the
teachings of the present invention.

These modifications can be made to embodiments of the
invention in light of the above detailed description. The terms
used in the following claims should not be construed to limit
the invention to the specific embodiments disclosed in the
specification and the claims. Rather, the scope is to be deter-
mined entirely by the following claims, which are to be con-
strued in accordance with established doctrines of claim inter-
pretation.

What is claimed is:

1. An apparatus, comprising:

an optical waveguide including a slab region and a rib

region formed from a layer of substrate semiconductor
material, wherein the rib region includes intrinsic sili-
con, an optical beam to be directed through the optical
waveguide such that the optical beam propagates
through the intrinsic silicon of the rib region, the optical
beam to generate free carriers in the optical waveguide
via two-photon absorption in response to an input power
level of the optical beam; and

areversed-biased PIN diode structure disposed in the opti-

cal waveguide, the reverse-biased PIN diode structure
including an electric field between a P region and an N
region of the reverse-biased PIN diode structure to
sweep out free carriers from the optical waveguide to
control free carrier lifetimes of the free carriers in the
optical waveguide to limit an output power of the optical
beam to a clamped output power level in response to the
electric field of the reverse biased diode structure such
that substantially all of the optical beam propagates
through the optical waveguide when the input power
level of the optical beam is substantially less than the
clamped output power level and such that the output
power of the optical beam is clamped to the clamped
output power level when the input power level is greater
than the clamped output power level, wherein the intrin-
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6

sic silicon of rib region is disposed directly on intrinsic
silicon of the slab region without a layer of dielectric
material intervening between the intrinsic silicon of the
rib region and the intrinsic silicon of the slab region.

2. The apparatus of claim 1 further comprising a voltage
source coupled to the P region and the N region of the reverse-
biased diode PIN structure.

3. The apparatus of claim 2 wherein the voltage source is a
variable voltage source to vary the clamped output power
level.

4. The apparatus of claim 1 wherein the reverse-biased PIN
diode structure comprises:

the P region disposed on a lateral side of the optical

waveguide; and

the N region disposed on an opposite lateral side of the

optical waveguide.
5. The apparatus of claim 1 wherein the optical waveguide
comprises a silicon rib waveguide disposed in the semicon-
ductor material.
6. The apparatus of claim 1 wherein the electric field
between the P region and the N region of the reverse-biased
PIN diode structure is coupled to sweep out the free carriers
from the optical waveguide generated in response to the two-
photon absorption occurring in the optical waveguide in
response to the optical beam.
7. The apparatus of claim 1 wherein the reverse-biased PIN
diode structure is coupled to be variably reversed biased.
8. A system, comprising:
optical waveguide including a slab region and a rib region
formed from a layer of substrate semiconductor mate-
rial, wherein the rib region includes intrinsic silicon, an
optical beam to be directed through the optical
waveguide such that the optical beam propagates
through the intrinsic silicon of the rib region, the optical
beam to generate free carriers in the optical waveguide
via two-photon absorption in response to an input power
level of the optical beam;
areverse-biased PIN diode structure disposed in the optical
waveguide, the reverse-biased PIN diode structure
including an electric field between a P region and an N
region of the reverse-biased diode structure to sweep out
free carriers from the optical waveguide to control free
carrier lifetimes of the free carriers in the optical
waveguide to limit an output power of the optical beam
to a clamped output power level in response to the elec-
tric field of the reverse biased PIN diode structure such
that substantially all of the optical beam propagates
through the optical waveguide when the input power
level of the optical beam is substantially less than the
clamped output power level and such that the output
power of the optical beam is clamped to the clamped
output power level when the input power level is greater
than the clamped output power level, wherein the intrin-
sic silicon of rib region is disposed directly on intrinsic
silicon of the slab region without a layer of dielectric
material intervening between the intrinsic silicon of the
rib region and the intrinsic silicon of the slab region;

an optical fiber optically coupled to receive the optical
beam from the optical waveguide; and

an optical receiver optically coupled to receive the optical

beam from the optical waveguide through the optical
fiber.

9. The system of claim 8 further comprising a variable
voltage source coupled to the reverse-biased diode structure
to control a reverse bias of the reverse-biased PIN diode
structure to vary the clamped output power level.
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10. The system of claim 8 wherein the optical beam is one
of a plurality of optical beams and the optical receiver is one
of a plurality of optical receivers, each of which is optically
coupled to receive a respective one of the plurality of optical
beams, wherein each of the plurality of optical beams
received by the optical receivers has a power level equalized
to the clamped output power level.

11. The system of claim 8 wherein each of the plurality of
optical beams corresponds to a unique channel of an optical
communication system.

12. An optical power limiter, comprising:

a layer of substrate semiconductor material;

an optical waveguide including a slab region and a rib

region formed from the layer of substrate semiconductor
material, wherein the rib region and the slab region each
include intrinsic silicon, wherein the optical waveguide
is configured such that an optical beam is to be directed
through the intrinsic silicon of the rib region and through
the intrinsic silicon of the slab region to generate free
carriers in the optical waveguide via two-photon absorp-
tion in response to an input power level of the optical
beam; and

a PIN diode structure coupled to be reverse-biased and

disposed in the optical waveguide, the PIN diode struc-

—
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ture including a P region, an N region, and the intrinsic
silicon of the slab region, wherein the P region and the N
region are disposed at opposite lateral sides of the slab
region and on opposite lateral sides of the intrinsic sili-
con of the slab region, wherein an electric field is to be
created between a P region and an N region to sweep out
free carriers from the optical waveguide to control free
carrier lifetimes of the free carriers in the optical
waveguide to limit an output power of the optical beam
to a clamped output power level in response to the elec-
tric field of the PIN diode structure when reverse-biased,
wherein the intrinsic silicon of rib region is disposed
directly on the intrinsic silicon of the slab region without
a layer of dielectric material intervening between the
intrinsic silicon of the rib region and the intrinsic silicon
of the slab region.

13. The optical power limiter of claim 12, wherein the
optical waveguide is configured such that an intensity distri-
bution of an optical mode of the optical beam includes more
of the optical beam propagating through the intrinsic silicon
of'the rib region than propagates through the intrinsic silicon
of' the slab region.



