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METHOD AND APPARATUS FOR HIGH SPEED SILICON OPTICAL MODULATION USING
PN DIODE
BACKGROUND
Field of the Invention

The present invention relates generally to optics and, more specifically, the present
invention relates to silicon optical modulators.
Background Information

Internet and network data traffic growth pushes toward optical-based data
communication. Transmission of multiple optical channels over the same fiber in dense
wavelength-division multiplexing (DWDM) systems and Gigabit Ethernet (GBE) systems
provides a simple way to use the higher data capacity (signal bandwidth) offered by fiber
optics. Commonly used optical components in data communications systems include
wavelength division multiplexed (WDM) transmitters and receivers, optical filters such as
diffraction gratings, thin-film filters, fiber Bragg gratings, arrayed-waveguide gratings,
optical add/drop multiplexers, modulators, lasers and optical switches.

Many of these building block optical components can be implemented in
semiconductor devices. In electro-optic switching devices, voltages are applied to selected
parts of a device to create electric fields within the device. The electric fields change the
optical properties of selected materials within the device and the electro-optic effect
results in switching action. Electro-optic devices typically utilize electro-optical materials
that combine optical transparency with voltage-variable optical behavior. One typical type
of single crystal electro-optical material used in electro-optic switching devices is lithium
niobate (LiNbOs3). III-V semiconductor compounds such as InP and GaAs have also been
used for high-speed modulators.

Silicon photonic integrated circuits offer low cost opto-clectronic solutions for
applications ranging from telecommunications to chip-to-chip interconnects. An optical
modulator is a key component of any optical communications link, however, it is
challenging to achieve high speed optical modulation in silicon. Currently, the free carrier
plasma dispersion effect is favored for high speed optical modulation in silicon. In this
approach, a change in free carrier density in a silicon waveguide results in a change in the
refractive index of the material. The refractive index change modifies the optical phase of

light passing through it. The speed at which this modulation can be done is limited in part
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by how fast the free carriers can be injected into or removed from the waveguide, the
region occupied by the traveling optical mode.
BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example and not limitation in the
accompanying figures.

FIG. 1 is a cross-sectional view diagram of one embodiment of a phase modulator
in accordance with the teachings of the present invention.

FIG. 2A is a diagram of a contour plot of index of refraction at applied OV in the
phase modulator of FIG. 1 in accordance with the teaching of the present invention.

FIG. 2B is a diagram of a contour plot of index of refraction at applied 0.9V in the
phase modulator of FIG. 1 in accordance with the teaching of the present invention.

FIG. 3 is a diagram illustrating a system including an optical device having an
optical phase modulator to modulate an optical beam for an embodiment in accordance
with the teachings of the present invention.

DETAILED DESCRIPTION

In the following description numerous specific details are set forth in order to
provide a thorough understanding of the present invention. It 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 embodiment" 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 features, 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 explanation purposes to persons ordinarily skilled in the art and
that the drawings are not necessarily drawn to scale. Furthermore, it is also appreciated
that the specific dimensions, index values, materials, etc. illustrated herewith are provided
for explanation purposes and that other suitable dimensions, index values, materials, etc.,

may also be utilized in accordance with the teachings of the present invention.
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In one embodiment of the present invention, optical signals can be modulated at
high speed using reverse-biased pn diodes as an optical waveguide. With either horizontal
or vertical pn junctions there is a relatively weak overlap or interaction between the charge
carriers and the optical mode of the light passing through the waveguide. This reduces the
phase efficiency, frequently to no better than 3 V.cm for light at wavelengths of around
1.55pum. The efficiency of these designs can be increased by placing the pn junction
inside the waveguide with precise position control. However, such a precision
requirement makes the modulator difficult to manufacture.

In one embodiment of the present invention, by changing the shape of the pn
diode, the efficiency can be improved without requiring precise position control. A Z-
shaped pn diode design, for example, is more efficient in that it can provide charge carrier
depletion in both the horizontal and vertical directions. In this case, the total depletion arca
change with drive voltage is larger than that for either a horizontal or a vertical junction
only. The phase modulation efficiency of about 1.6 V.cm for 1.3um light can be achieved
without difficulty. The configuration described below may be fabricated using a low
energy angled implant without strict requirements on the lithography registration control.

Figure 1 shows a cross-sectional diagram of a high speed optical modulator 101 on
a silicon-on-insulator (SOI) substrate. The substrate has a silicon layer 109, covered by a
buried oxide (BOX) layer 107, although a variety of other layers may be used instead.

The modulator uses a Z-shaped pn diode design 103, 105 deposited over the BOX layer
107, where a pn junction 147 is near the edge of an optical waveguide 127. Referring to
the n-doped silicon region 103 in Figure 1, it has a shape that resembles the letter Z with
the top portion at the left running across the top of the central ridge 129, the middle
portion of the Z runs down along the right side of the central ridge, and the bottom stand
of the Z extends horizontally from the central ridge and off to the right.

The pn diode has two metal contacts 117, 119 for external connections. One metal
contact 117, on the left side of the pn diode as shown in Figure 1, is coupled to a highly p
doped (p++) region 141 through a metal pad 142 that is connected to the contact through a
via 151. The other metal contact 119, on the right side of the pn diode as shown in Figure
1, is coupled to a highly n doped (n++) region 143 through a metal pad 144 that is
connected to the contact through via 153. The highly doped regions 141, 143 are
embedded into the pn diode 105, 103. The left side highly doped p++ region is embedded
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into a p-type region 105 of the diode and the right side highly doped n++ region is
embedded into an n-type region 103 of the diode.

Approximately centered between the two regions is the waveguide 127 which
includes a central ridge. The central ridge extends upwards vertically away from the BOX
layer. The pn diode is formed in order to fill this central ridge as well as the horizontal
layer below the ridge and below the vias on either side of the central ridge. Instead of
providing, for example a p-type horizontal layer, with an n-type ridge, in the example of
Figure 1, the p-type regions extends from a p++ region across the central ridge
horizontally and also vertically up into the central ridge. The n-type part of the pn diode
fills the region from the n++ region horizontally across to the p-type region.

As shown in the example of Figure 1, the n-type area also occupies the periphery
of the central ridge, although this is not necessary to the present invention. This
configuration may be formed by first performing the p-doping and then creating the n-
doping area around the periphery of the waveguide and in the n-doped region on the right
side. Alternatively, the n-doping region may be formed first and then a p-doping area
around the periphery of the waveguide is then created. In the illustrated example, the
transition has a horizontal or lateral extent or travel near the top of the central ridge of the
waveguide and a vertical extent or travel along the right side of the central ridge. In other
words, the optical beam experiences the pn junction on two perpendicular sides. As a
result, the pn junction, by extending horizontally and vertically, fills a greater portion of
the waveguide than with many other designs.

The waveguide of Figure 1 may be constructed with a 0.4 pm width, a 0.4 um
height, and a 0.15 um slab. Although the particular dimensions may be adapted to suit the
particular circumstances.

Considering Figure 1 in more detail, the optical waveguide 127 has a depletion
region 133 at the pn junction interface 147, which extends both horizontally and vertically.
The depletion width in a pn junction depends on both the doping density profiles and
applied external voltage. The depletion width increases when an external drive voltage is
applied. Thus, the charge density in the waveguide containing a pn junction is varied
according to the radio frequency (RF) source 145 applied to the pn junction in accordance
with the teachings of the present invention. For one example, there are substantially no
free charge carriers in the depletion region 133, while there are free charge carriers outside
of the depletion region 133 due to the n-type and p-type doping.

-4-
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As shown in the illustrated example, the optical device 101 includes an optical
waveguide 127 including adjoining regions 103 and 105 of semiconductor material having
opposite doping types. In the illustrated example, the optical waveguide 127 is shown as a
rib waveguide including a rib region 129 and a slab region 131. As can be seen in the
illustrated example, the intensity of a propagating optical mode 121 of an optical beam
through the optical waveguide 127 is vanishingly small at the "upper corners" of the rib
region 129 as well as at the "sides" of the slab region 131 of optical waveguide 127. The
optical beam is shown propagating "into the page" through the optical waveguide 127. In
other examples, it is appreciated that other types of suitable waveguides may be employed.

In one example, the semiconductor material includes silicon (Si). For example,
region 103 may include n type silicon and region 105 may include p type silicon such that
the free charge carriers in the n type silicon outside of the depletion region 133 are
electrons and the free charge carriers in the p type silicon outside of the depletion region
133 are holes. In other examples, the semiconductor material may include other suitable
types of semiconductor material such as for example germanium (Ge), Si/Ge, or the like.
In one example, regions 103 and 105 have doping concentrations such that the pn junction
interface 147 between regions 103 and 105 is reverse biased due to the built-in electrical
field. In another example, the polarities of the dopings (n and p) of regions 103 and 105
may be reversed in accordance with the teachings of the present invention.

As mentioned above, the optical device 101 may be formed on a silicon-on-
insulator (SOI) wafer and therefore includes a buried oxide layer 107 disposed between
another semiconductor layer 109 and the semiconductor material of the doped regions 103,
105. As shown, optical device 101 also includes a buffer layer insulating material 123
above the doped regions which also serves as cladding material for the optical waveguide
127. The higher doped regions, 141 and 143, are outside the optical path of the optical
mode 121 through the optical waveguide 127. With the higher doped regions 141 and 143
disposed outside the optical path of the optical mode 121 through the optical waveguide
127, optical loss is reduced. The higher doped regions 141 and 143 have higher doping
concentrations than the doping concentrations of regions 103 and 105 within the optical
path of the optical mode 121 along optical waveguide 127.

As shown, the higher doped regions 141 and 143 are symmetrically adjoining and
coupled to respective opposite lateral sides of the pn diode regions 103, 105. The optical
device 101 also includes contact pads 117 and 119, which are coupled to higher doped
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regions 141 and 143, respectively, through the buffer layer insulating material 123 through
vias 151 and 153, respectively. As shown, contacts 117 and 119 are also located outside
the optical path of the optical mode 121 through optical waveguide 127. For one example,
contacts 117 and 119 include metal with high electrical conductivity and low resistance. In
one example, contacts 117 and 119 are combined and connected with a metal electrode
designed for high frequency traveling wave signal transmission in accordance with the
teachings of the present invention.

As shown in the illustrated example, one end of contact 119 at one end of the
waveguide is coupled to receive a traveling wave signal from an RF source 145. Another
end of contact 119 at the other end of the waveguide (not shown) is terminated with a load
impedance or termination load coupled to a reference voltage such as ground. In addition,
contact 117 is coupled to a reference voltage such as ground. As a result, the bias of the
pn junction or interface 147 between regions 105 and 103 is adjusted with the application
of the external drive voltage through the traveling wave signal 155 and through the higher
doped regions 141 and 143. The higher doping concentrations of the higher doped regions
141, 143 help improve the electrical coupling of the coplanar contacts 117, 119 to the
semiconductor material regions 105, 103 in accordance with the teachings of the present
invention. In another example, a RF signal may be applied between contacts 117 and 119.
In this case, the pn junction acts as a capacitor in series with a source resistor from the RF
source.

The improved electrical coupling reduces the contact resistance between the metal
contact pads 117, 119 and the semiconductor material regions 105, 103, which reduces the
RF attenuation of the traveling wave signal 155. The reduced contact resistance improves
the electrical performance of the optical device 101 in accordance with the teachings of
the present invention. The reduced RF attenuation and good optical electrical wave
velocity matching enable faster switching times and device speed.

In the illustrated example, the traveling wave signal 155 is applied to one end of
contact 119 by the RF source 145 to adjust the size or thickness of the depletion region
133 at the pn junction interface 147 between the n and p doped regions 103, 105 of the
optical waveguide 127 in accordance with the teachings of the present invention. As
shown, the depletion region 133 overlaps with the optical mode 121 of the optical beam
propagating through the optical waveguide 127. Both the optical wave and RF
microwaves co-propagate along the waveguide. When the RF phase velocity matches the
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optical group velocity, the optical beam experiences a phase shift responding to the
applied electrical field. The device speed is therefore not limited by the RC time constant
as in some other devices.

The respective widths, heights, and relative positions of the higher doped regions
141, 143 coupled to contacts 117 and 119 may be selected to obtain the velocity matching.
For example, RF phase velocity is generally determined by the device inductance and
capacitance. By varying the metal contact geometry and semiconductor as well as
dielectric layer thickness, the inductance and capacitance values can be changed, and in
turn, the RF phase velocity can be matched with optical group velocity. This is called
"real" phase velocity matching. In another example the phase velocities may be
"artificially" matched by, for example, utilizing a phase reversed electrode design. In
addition, doping distribution and metal electrode may be designed to obtain a small RF
attenuation. For instance, less than 6 dB is enough to obtain the benefit of using a traveling
wave drive scheme.

When there is no external drive voltage or when the external drive voltage from the
traveling wave signal 155 is substantially zero, the depletion region 133 at the pn junction
interface 147 between the regions 103, 105 of the optical waveguide 127 is a result of the
built-in electrical field caused by the doping concentrations of the doped regions 103, 105.
However, when a non-zero external drive voltage is applied via the traveling wave signal
155, the reverse bias at the pn junction interface 147 between the doped regions 103, 105
of the optical waveguide 127 is increased, which results in the corresponding depletion
region 133 being substantially larger or thicker in accordance with the teachings of the
present invention.

A carrier density change may be used for optical modulation by operating the pn
diode in reverse bias. Reverse bias corresponds to carrier depletion mode. Carrier
depletion may provide benefits in certain circumstances over carrier injection (as in
forward bias). Carrier depletion is inherently faster and not limited by the generally slow
carrier dynamics of injection.

In the example of Figure 1, the p-type Si may be designed to have a lower doping
concentration than the n-type Si. Accordingly, most of the depletion width change occurs
inside the p-type material, near the center of the waveguide. As shown in Figure 1, the p-
type Si fills most of the center of the waveguide. A better mode overlap with p-type Si
depletion typically increases the amount of change in the refractive index. This occurs
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because hole depletion, which occurs in the p-type material, results in a larger refractive
index change than electron depletion. Accordingly, the amount of overlap can be adapted
to achieve the desired effect.

The Z-shaped pn junction design simultancously depletes the Si (hole depletion) in
both the vertical and horizontal directions. This enhances the optical mode-to-charge
interaction improving phase modulation efficiency. Such a device may have efficiency of
1.6 V/cm at a 1.3 um wavelength and an optical loss of less than 3 dB for a 6 dB
modulation depth. The intrinsic modulation bandwidth of this device, which is determined
by its carrier dynamics may be in excess of 10 GHz.

Figures 2A and 2B are diagrams of contour plots produced by modeling the
refractive index of the pn diode of Figure 1 in response to applied voltage across the two
contacts 117, 119. Figure 2A shows the resulting contours from applying 0 V and Figure
2A show the same diode with a 0.9 V reverse bias applied. In both Figure 2A and Figure
2B, the p-doped region 105 has a very low index of refraction near the left metal contact
142 and extending horizontally to the waveguide. Similarly the n-doped region 103 has a
low index of refraction 165 near the right metal contact and extending horizontally to the
waveguide. Both low index areas extend into the waveguide , with the low index area of
the n-doped area extending up into the central ridge and around the p-doped region.

At the center of the waveguide, is a high index of refraction area 167,
approximately. The index of refraction quickly falls off as shown by the intermediate
index areas 169. With the voltage applied, the holes are quickly depleted and as can be
seen by comparing Figures 2A and 2B, the high index area grows significantly, pushing
the low and very low index areas 163, 165 out of the waveguide and reducing the size of
the intermediate index areas 169. As shown, the change in carrier concentration is
primarily at the center of the optical mode 127 traveling through the waveguide.

The contour plots of Figures 2A and 2B do not show actual values for the index of
refraction. Instead, the possible range of indices has been normalized to a scale from 0 to
1. This shows that depleting the charges increases the index. As can be seen in the
drawing figures the contour plot for 0.9 V, compared to that for 0V, shows a larger region
of the waveguide having a higher index of refraction due to charge depletion. Most of this
change is near the waveguide center.

The transient response of the modulator of Figure 1 can also be modeled. The
models show rise time and fall times on the order of 30 ps. Furthermore, modifications of
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the waveguide geometry and placement of the electrodes can scale this device to speeds in
excess of 20 GHz. For 10 Gbps operation, such as with 10GbE (Gibabit Ethernet), this
modulator is estimated to consume ~10 mW of electrical power with an applied voltage <1
V . This combination of modulator performance makes this device particularly suited for
high speed, low loss, and low power applications such as converged 1/0.

FIG. 3 shows a block diagram of one embodiment of a system including an optical
transmitter 181 and an optical receiver 189 with an optical device 185 including an optical
phase modulator according to embodiments of the present invention. In particular, FIG. 3
shows an optical system 180 including an optical transmitter 181 and an optical receiver
189. The optical system includes an optical device 185 optically coupled between the
transmitter and the receiver. The transmitter transmits an optical beam 183, for example, a
continuous wave beam that is received by the optical device 185. The optical device
includes a phase modulator 101, such as the phase modulator of Figure 1 to shift the phase
of the optical beam 183 in response to an external drive voltage Vp 191. In the illustrated
example, an optical fiber 187 is optically coupled between the optical device 185 and the
optical receiver 189. The output optical waveguide includes tapers in the optical device to
improve the optical coupling to the output 183.

A semiconductor-based optical amplitude modulator may be provided in a fully
integrated solution on a single integrated circuit chip that includes an optical device such
as the optical device 185 shown in Figure 3. In the example of Figure 3, the optical phase
modulator 101 is included in one of the two arms of the optical device. It is optically
coupled between cascaded Y-branch couplers of a Mach-Zehnder Interferometer (MZI)
configuration disposed in semiconductor material. In operation, the optical beam 183 is
directed into an input of the optical device, which is directed into the MZI configuration as
shown. The optical beam is split so that a first portion of the optical beam is directed
through one of the arms of the MZI configuration and a second portion of the optical beam
is directed through the other one of the arms of the MZI configuration. As shown in the
depicted embodiment, one of the arms of the MZI configuration includes the optical phase
shifter or phase modulator, which adjusts a relative phase difference between the first and
second portions of the optical beam in response to the external drive voltage Vp.

The first and second portions of the optical beam are then merged in the
semiconductor substrate such that the optical beam is modulated at the output of the MZI
configuration as a result of constructive or destructive interference. Ideally, the light
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output to the receiver is switched on and off with the changes in the drive voltage. In the
described embodiment the phase modulator can respond to voltage changes quickly
enough to switch the optical beam at speeds sufficient for GbE (Gigabit Ethernet), USB 3
(Universal Serial Bus, Version 3), DisplayPort and other high speed data interfaces.

In the illustrated example, only one of the arms of the MZI configuration includes
an optical phase modulator. Alternatively, both of the arms of the MZI configuration may
include an optical phase modulator. For instance, for one embodiment, optical phase
modulators inserted into both arms of the MZI configuration are able to provide an
extinction ratio of greater than 12 dB at the output using a push-pull driving scheme.

In the foregoing detailed description, the method and apparatus of the present
invention has been described with reference to specific exemplary embodiments thereof.
It will, however, be evident that various modifications and changes may be made thereto
without departing from the broader spirit and scope of the present invention. The present
specification and figures are accordingly to be regarded as illustrative rather than

restrictive.
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CLAIMS

What is claimed is:

1. An apparatus comprising:

an optical waveguide having first and second doped semiconductor regions of
opposite doping types, the first and second regions adjoining each other at a junction, the
junction extending in two different directions through the waveguide;

a first higher doped semiconductor region outside an optical path of the optical
waveguide, an inner portion of the first higher doped region adjoining and coupled to the
first doped region of the optical waveguide, the first higher doped region having a higher
doping concentration than a doping concentration within the optical path of the optical
waveguide; and

a second higher doped semiconductor region outside an optical path of the optical
waveguide, an inner portion of the second higher doped region adjoining and coupled to
the second doped region of the optical waveguide, the second higher doped region having
a higher doping concentration than a doping concentration within the optical path of the
optical waveguide.

2. The apparatus of Claim 1, wherein the optical waveguide has a slab region
and a rib region and wherein the junction extends across the slab region in one of the two
different directions and into the rib region in the other of the two different directions.

3. The apparatus of Claim 2, wherein the first doped semiconductor region
substantially fills the waveguide.

4. The apparatus of Claim 2 wherein the two different directions are
horizontally and vertically through the waveguide.

5. The apparatus of Claim 1, wherein the two different directions are
perpendicular to each other.

6. The apparatus of Claim 1, wherein the junction surrounds the periphery of
the waveguide on at least two sides.

7. The apparatus of Claim 1, wherein the junction extends across a top and a
side of the waveguide.

8. The apparatus of Claim 1, wherein the junction is Z-shaped.

9. The apparatus of Claim 1, further comprising a depletion region within the
waveguide at an interface between the first and second doped regions, the first and second
doped regions of the waveguide having respective doping concentrations such that the
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depletion region is present without a drive voltage externally applied to the optical
waveguide.

10.  The apparatus of Claim 9, wherein a size of the depletion region at the
interface between the first and second regions of the optical waveguide is increased to
more completely fill the waveguide in response to a drive voltage externally applied to the
optical waveguide.

11.  The apparatus of Claim 1, further comprising a first buffer disposed along
the optical waveguide and adjoining an outer portion of the first higher doped region, the
first contact having an outer portion adjoining the first buffer, wherein an outer portion of
the second higher doped region adjoins the first buffer, and the first contact has an outer
portion adjoining the first buffer.

12. The apparatus of Claim 1, further comprising:

a first contact having an inner portion adjoining and coupled to the first higher
doped region; and

a second contact having an inner portion adjoining and coupled to the second
higher doped region.

13. A method comprising:

projecting an optical beam through an optical waveguide having first and second
doped semiconductor regions of opposite doping types, the first and second regions
adjoining each other at a junction, the junction extending in two different directions
through the waveguide;

driving the first and second doped semiconductor regions through a first higher
doped semiconductor region outside an optical path of the optical waveguide, an inner
portion of the first higher doped region adjoining and coupled to the first doped region of
the optical waveguide, the first higher doped region having a higher doping concentration
than a doping concentration within the optical path of the optical waveguide and a second
higher doped semiconductor region outside an optical path of the optical waveguide, an
inner portion of the second higher doped region adjoining and coupled to the second
doped region of the optical waveguide, the second higher doped region having a higher
doping concentration than a doping concentration within the optical path of the optical

waveguide to modulate the phase of the optical beam through the waveguide.
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14. The method of Claim 13, wherein the optical waveguide has a slab region
and a rib region and wherein the junction extends horizontally across the slab region in
one direction and vertically in the other direction into the rib region.

15. The method of Claim 14, wherein the two different directions comprise
horizontally and vertically through the waveguide.

16.  The method of Claim 13 wherein driving comprises applying a drive
voltage to cause a size of a depletion region to alternately more and less completely fill the
waveguide at an interface between the first and second doped regions, the first and second
doped regions of the waveguide having respective doping concentrations such that the
depletion region is present without a drive voltage externally applied to the optical
waveguide.

17. A system, comprising:

an optical transmitter to generate an optical beam;

an optical receiver optically coupled to receive the optical beam;

an optical device optically coupled between the optical transmitter and the optical
receiver, the optical device including an optical phase modulator optically coupled to an
optical fiber to modulate a phase of the optical beam, the optical phase modulator
including:

an optical waveguide having adjoining first and second doped semiconductor
regions, the first and second regions having opposite doping types, the first doped region
extending in two different directions through the waveguide to form a carrier depletion
zone through the optical waveguide;

a first higher doped semiconductor region outside an optical path of the optical
waveguide, an inner portion of the first higher doped region adjoining and coupled to the
first doped region of the optical waveguide, the first higher doped region having a higher
doping concentration than a doping concentration within the optical path of the optical
waveguide;

a second higher doped semiconductor region outside an optical path of the optical
waveguide, an inner portion of the second higher doped region adjoining and coupled to
the second doped region of the optical waveguide, the second higher doped region having
a higher doping concentration than a doping concentration within the optical path of the

optical waveguide.
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18.  The system of Claim 17, wherein a size of the depletion region is adjusted

in response to an external drive voltage applied to the first and second doped regions.
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WO 2010/039594 PCT/US2009/058315

1/3
101
/‘(145 )
RF
_/
= (117 119
T~151 129 1
123—-T 142 7 123
\'[ T TN
141 /
1
P++ -
/ ~103
1051 . [
PtypeS|J/\ _______ ~-_131
121
107—1T
109-T Si

FIG. 1



PCT/US2009/058315

WO 2010/039594

2/3

r T T T 1 o) N
o 10 S
-
o =
Il -
N
o =
K Lo B
= © -
o) ~—
= -
o
3 » -
ge] KHICHICIIH I B
< S OO O OO e e e seiatetesetetetete’s |
o AN 000000202020 2020 20 0202020.0202029494 940
\/ O -
2] N 4
o 7 |
[b] N T e ettt it 1N AR
o ¢ LS r
Sl o N Y =
= O~ N XY N =
— ~  PEESSOOOOG N oo a oo
“— ] @ R e A ayr s R G R R nG -
ol TN e
Y RS 5
© EEELE —
=l S [
= o~ 5
s R |
ol o S
el oo PR
= o ] AL LLELELICPP Y -
Q AL LLT ST XTXYCIOI =
ol T [
............................. o
............ L— O |
.................... N
N B I I I B T
3. 3.
S 3

(wm) uonoau [eantap

-0.2 0.0 0.2 0.4 0.6
Horizontal Direction (um)

-0.4

-0.6

FIG. 2A

=0

Contour Map of Transverse Index Profile a Z

0.3

— N~
I T 1 % )
o {e] ~ -
-
WU N
A =
A N
A
IN -
N
“” »
o)) Y —
6 =
N
LI |
N - Q - N e
s © S 3 < 9

(wi) uonoauq [eldA

-0.2 0.0 0.2 0.4 0.6
Horizontal Direction (um)

-0.4

-0.6

FIG. 2B



PCT/US2009/058315

WO 2010/039594

3/3

€ 'Old

d3LLINSNYYL

|
|
"\
H3AIFOIY L
TvILdO Q|“ /
-
|
§ ¥3LdIHS
684 181~ €8} “ 4/ ASYHd \
_ VOILdO
" L0L~
G8i~—
e e
o 16}
an
081"

T¥OILdO
— r \
£81

181



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - claims
	Page 13 - claims
	Page 14 - claims
	Page 15 - claims
	Page 16 - drawings
	Page 17 - drawings
	Page 18 - drawings

