
__ ___ -- USC OMDL 1901

INTEGRATED OPTICAL INFORMATION PROCESSING

jdrFNELEC 1-
FINAL RESEARCH REPORT OCT 0 6 1988-

(RESEARCH PERIOD: 09/01/85 - 08/31/87

Submitted To:-

Air Force Office of Scientific Research
Electronics and Materials Science Division

AFOSR/NE
Boiling AFB, Bldg. 410
Washington, D.C. 20332

-Attn: Dr. C. Lee Giles

DitributioDUnii-ited- -I Submitted By:

Dr. Armand R. Tanguay, Jr.
Optical Materials and Devices Laboratory

University of Southern California
University Park, MC-0483

Los Angeles, California 90089

&0:3

/0 6303



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

U. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS
UNCLASSIFIED

2.. SECURITY CLASSIFICATION AUTHORITY 3. OISTRIBUTION/AVAILABILITY OF REPORT

APPROVED FOR PUBLIC RELEASE:
2b. DECLASSIFICATION/OOWNGRAOING SCMEOULE DISTRIBUTION UNLIMITED

4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)

USC OMDL-1901 AFOSR.TR. 88-0 994
6L NAME OF PERFORMING ORGANIZATION 60. OFFICE SYMBOL 78. NAME OF MONITORING ORGANIZATION

UNIVERSITY OF fif aplicblej

SOUTHERN CALIFORNIA AIR FORCE OFFICE OF SCIENTIFIC RESEARCH
6c. ADDRESS (City. Slate and ZIP Code) 7b. ADDRESS (City, State and ZIP Coae)

UNIVERSITY OF SOUTHERN CALIFORNIA AFOSR/NE
UNIVERSITY PARK, MC-0483 BUILDING 410
LOS ANGELES, CALIFORNIA 90089-0483 BOLLING AFB, DC 20332

., NAME OF FUNOING/SPONSORtNG 181. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

ORGANIZA ONI (it appcable)

4 F - AFOSR-85-0312

Bc. ADDRESS (C " "dZPCd)10. SOURCE OF FUNDING NOS.

/0a~adP ot PROGRAM PROJ ECT TASK WORK UNIT
E LEMENT NO. NO. NO. NO.

11. TITLE (InclueScrt lGiiain,'&( ~3)~2
INTEGRATED OPTICAL INFORMATION PROCESSING '6t I .

12. PERSONAL AUTHOR(S)

DR. ARMAND R. TANGUAY, JR.
13&. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Yr., Mo.. Day) 15. PAGE COUNT

FINAL REPORT FROM 09/01/85 TC08/31/87 1988, AUGUST 249
16. SUPPLEMENTARY NOTATION

17. / COSATI CODES lB. SUBJECT TERMS (Continue on !wucrse if mectuwry and identify by block number)

PIELo GROUP SUB GR. f OPTICAL INFORMATION PROCESSING, OPTICAL COMPU TN,
_________________________INTEGRATED OPTICS, GUIDED WAVE OPTICS, ,SYNTHETIC

I, IAPERTURE RADAR, .....(y/ .
19. ABSTRACT fConinue on rvuerse f nece&&ary and i1dntify by blocki number,

The principal objective of this research program was the advancement of novel integrated
optical and optoelectronic device technology suitable for inherently nonplanar optical
information processing applications. As a first demonstration, a compact, low cost, low
power optical synthetic aperture radar (SAR) processor was investigated for real time image
formation aboard airborne and spaceborne platforms. The key to implementation of the
integrated optical SAR processor is the use of a time- and space-integrating architecture,
which allows two-dimensional processing to be performed with inherently one-dimensional
signal processing devices. This permits the monolithic or hybrid integration of all of
the necessary components into a single compact structure. An additional novel feature of
this concept is the utilization of partial waveguide confinement (selective outcoupling)
to achieve either uniform or modulated light emission vertically out of the integrated
optical substrate plane. This feature in turn permits the realization of three dimensional
optical signal processing architectures. *-.. u "  . ,

20. OISTRIBUTIONIAVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION

UNCLASSIFIEC/UNLIMITED SAME AS RPT C: OTIC USERS 0 UNCLASSIFIED

22.. NAME OF RESPONDBLE INDIVIDUAL 22t TELEPHONE NUMBER 22c. OFFICE SYMBOL
,Include ."., Codr,

OD FORM 1473, 83 APR ED01T L 1 JAN 72 Z 3BOLETF UNCLASSIFIED
in w.. SECURITY CLASSIFICATION OF THIS PAGE



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE

19. ABSTRACT (continued)

The unique features of this optical processing concept include: j.
The implementation of two-dimensional information processing utilizing both integrated I

optics and time- and space-integration;

2. Vertical integration of an optical waveguide with extra-planar optoelectronic components
such as a CCD image sensor;

3. Use of in-plane rib or channel waveguiding to retain image dissection integrity;

4. Surface acoustic wave generation in optical waveguide materials with slow acoustic
velocity to achieve large effective time delays;

5. Selective partial waveguide outcoupling of channelized light from an integrated optical
chip;

6. Potential monolithic integration of optical waveguides with two-dimensional opto-
electronic detector technology.

The integrated optical architecture described in this report is potentially programmable
to allow additional types of computational algorithms to be implemented. These include
the compensation of SAR images for change; in platform variables and geometric distortions;
two-dimensional correlation, convolution, and Fourier transform operations; selective
frequency cross-correlations; and real time computation of ambiguity functions.

During the contract period, significant progress has been achieved in the design,
development and implementation of the advanced integrated optical components necessary to
achieve the required degree of integration. These components include wide aperture low
F-number integrated optical lenses fabricated by titanium indiffusion within a titanium-
indiffused and proton exchanged waveguide, large area rib waveguide arrays with a pitch
appropriate for the focal properties of the system (660 individual rib waveguides 8 microns
wide with 2 micron gaps), and submicron resolution outcoupling gratings fabricated on top
of the rib waveguide arrays.

The degree of integration achieved to date incorporates all of the above elements on a
single integrated optical chip. The near diffraction limited performance obtained from
the integrated lenses allowed for the demonstration of focusing into a single rib within
the entire array. Uniform outcoupling from the single rib waveguide was also achieved,
well within the sensitivity range of typical CCD detector arrays for modest input optical.
power levels.

L

UNCLASSIFIED
SE!JPF, TY CLASSIFICATION OF THIS



INTEGRATED OPTICAL INFORMATION PROCESSING

TABLE OF CONTENTS

SECTION PAGE

LIST OF FIGURES 1

LIST OF APPENDICES ii

ABSTRACT 1

1. INTRODUCTION 3

2. B..,.A " ROUND OF RESEARCH PROGRAM 7

3. STATEMENT OF TECHNICAL OBJECTIVES 12

4. SUMMARY OF RESEARCH PROGRAM 14

5. PUBLICATIONS 22

5.1 PUBLISHED MANUSCRIPTS 22
5.2 CONFERENCE PRESENTATIONS 22

5.3 DEGRESS AWARDED 24

6. SCIENTIFIC PERSONNEL 25

7. REFERENCES 26

APPENDIX A: K. Rastani, "Advanced Integrated Optical Signal Processing 28
Components", Ph.D. Dissertation, University of Southern
California, (1988).



INTEGRATED OPTICAL INFORMATION PROCESSING

LIST OF FIGURES

FIGURE PAGE

Fig. 1. Acoustooptic synthetic aperture radar processor utilizing discrete 8
components (1]. The top view shows the range focus due to the linear 4
FM SAR return; the side view shows the vertical expansion in a given
range bin required for time integration on the CCD array detector.

Fig. 2. Schematic diagram of the Integrated Optical Synthetic Aperture 10
Radar Processor, as described in Sect. 4 of the text.

Fig. 3. Waveguide outcoupling from a rib or channel waveguide by uni- 17
form periodic modulation of the waveguide surface.

Fig. 4. Schematic diagram of the guided wave optical chip with the fol- 19
lowing integrated IOSAR processor elements: TI lens in TIPE slab
waveguide, rib waveguide array, and surface outcoupling grating. The
input beam is coupled into the TIPE slab waveguide via a prism, and
the guided beam is focused by the TI integrated lens into individual
rib waveguides which can be observed at its cleaved end. The light
guided in the rib waveguides is subsequently outcoupled by the sur-
face grating.

Fig. 5. Modified version of the IOSAR processor architecture which can 21
correct for bias buildup. A secondary rib waveguide array with surface
outcoupler is used to excite a secondary CCD array to determine
the bias (see text). A wide rib waveguide is used to remove the
undiffracted order. Other components are similar to the preliminary
IOSAR architecture.



INTEGRATED OPTICAL INFORMATION PROCESSING

LIST OF APPENDICES

APPENDIX PAGE

Appendix A: K. Rastani, "Advanced Integrated Optical Signal Processing 28
Components", Ph.D. Thesis, University of Southern California, August, 1988.

fNSPEGCTE

A-I.



INTEGRATED OPTICAL INFORMATION PROCESSING

ABSTRACT

The principal objective of this research program was the advancement of novel in-
tegrated optical and optoelectronic device technology suitable for inherently nonplanar
optical information processing applications. As a first demonstration, a compact, low

cost, low power optical synthetic aperture radar (SAR) processor was investigated for real
time image formation aboard airborne and spaceborne platforms. The key to implemen-

tation of the integrated optical SAR processor is the use of a time- and space-integrating

architecture, which allows two-dimensional processing to be performed with inherently

one-dimensional signal processing devices. This permits the monolithic or hybrid inte-

gration of all of the necessary components into a single compact structure. An additional
novel feature of this concept is the utilization of partial waveguide confinement (selective
outcoupling) to achieve either uniform or modulated light emission vertically out of the

integrated optical substrate plane. This feature in turn permits the realization of three
dimensional optical signal processing architectures.

The unique features of this optical processing concept include:

1. The implementation of two-dimensional information processing utilizing both inte-
grated optics and time- and space-integration;

2. Vertical integration of an optical waveguide with extra-planar optoelectronic com-
ponents such as a CCD image sensor;

3. Use of in-plane rib or channel waveguiding to retain image dissection integrity;

4. Surface acoustic wave generation in optical waveguide materials with slow acoustic
velocity to achieve large effective time delays;

5. Selective partial waveguide outcoupling of channelized light from an integrated

optical chip;

6. Potential monolithic integration of optical waveguides with two-dimensional opto-

electronic detector technology.

The integrated optical architecture described in this report is potentially programmable

to allow additional types of computational algorithms to be implemented. These include
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the compensation of SAR images for changes in platform variables and geometric dis-
tortions; two-dimensional correlation, convolution, and Fourier transform operations;

selective frequency cross-correlations; and real time computation of ambiguity functions.

During the contract period, significant progress has been achieved in the design, devel-

opment, and implementation of the advanced integrated optical components necessary to
achieve the required degree of integration. These components include wide aperture low
F-number integrated optical lenses fabricated by titanium indiffusion within a titanium-
indiffused and proton exchanged waveguide, large area rib waveguide arrays with a pitch
appropriate for the focal properties of the system (660 individual rib waveguides 8 mi-
crons wide with 2 micron gaps), and submicron resolution outcoupling gratings fabricated
on top of the rib waveguide arrays.

The degree of integration achieved to date incorporates all of the above elements on
a single integrated optical chip. The near diffraction limited performance obtained from
the integrated lenses allowed for the demonstration of focusing into a single rib within

the entire array. Uniform outcoupling from the single rib waveguide was also achieved,
well within the sensitivity range of typical CCD detector arrays for modest input optical

power levels.

[ ".
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INTEGRATED OPTICAL INFORMATION PROCESSING

1. INTRODUCTION

The primary goal of the research program described herein was the development of
novel integrated optical devices that can be used in the implementation of optical infor-
mation processing systems constructed in three dimensions. The development of opti-
cal processors thus far has progressed along two basically separate paths: integrated or
guided wave optics, and bulk or free space propagation systems. The principal advantage
of bulk systems is the fact that they can be readily configured in three dimensions and
consequently can exhibit extremely high computational power. The three dimensional
nature of these systems gives optics a clear advantage over semiconductor technology,
which is inherently planar.

The principal advantage of semiconductor technology is the very advanced state of
development of the device technology involved. In contrast, the devices used in bulk
optical processors are highly specialized, typically requiring a long development cycle to
produce a few devices that are suitable for system applications. This is not only very
expensive, but also impedes the progress of the whole field since system architects are
forced to rely on a very small number of available devices, which in turn severely limits
the range of architectures that can be optically implemented.

Integrated optics, on the other hand, shares to a large extent the generic character
of the fabrication technology that is the hallmark of semiconductor devices. We believe
that this feature is the most significant attribute of integrated optical processors. The
obvious limitation of currently investigated integrated or guided-wave optical systems, on
the other hand, is that they are planar, and therefore do not utilize the most distinctive
and powerful features of optics. The research we describe herein was aimed at developing
optical processors that share the positive attributes of both integrated and bulk systems,
and hopefully have the limitations of neither. Specifically, we have developcd a new class
of integrated optical devices that exhibit the capability for communicating information
from the planar structure into the third dimension, are fabricated using standard or
modified microfabrication techniques, and allow the flexible hybrid integration of optical,
electrooptical, and possibly purely electronic devices into a powerful computing structure.
The objective is to produce a flexible, generic device technology for optical information
processing systems that are configurable in three dimensions.

There are several ways that signals in a planar structure can be optically conimu-
nicated into the third dimension. For instance, if the signals in the device plane are
electrical, then they can be used to optically modulate an incident light beam. This
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function is representative of an electrically addressed spatial light modulator. If opti-
cal signals are guided within the plane as well, then we need to provide mechanisms
for vertical outcoupling. We can also imagine hybrid devices in which optical signals
guided in the plane interact with electrically applied signals, following which the light is
broadcast into the third dimension. If the planar structures are implemented on semi-
conductor substrates, or if dielectric and semiconductor substrates are combined into a
single multilayer structure, then signals can be electronically processed within the plane
and then optically communicated into the third dimension. All such devices create very
interesting architectural possibilities. Thus the proposed development of devices that are
fabricated using conventional or modified planar microfabrication techniques and that
are suitable for the implementation of three dimensional processors can have a broad
impact in optical signal processing and computing.

We have selected synthetic aperture radar as a specific problem to which we have
applied the general ideas outlined above. SAR is a two dimensional signal processing
problem that normally requires a three dimensional optical implementation. We have
identified an optical architecture, that will be discussed in more detail below, for per-
forming SAR imaging utilizing integrated optics. This processor makes use of all of the
essential features of the integrated optical devices we propose to develop. Namely, it
requires that optical processing be performed both within and outside the planar struc-
ture, it requires that light is coupled vertically out of the plane of the integrated optics
chip, it requires the integration of optical and electro-optical devices, and it requires that
a combination of optical and electronic processing be performed. We have thus chosen
SAR as a specific application towards which we will focus our efforts in developing inte-
grated optical devices suitable for the implementation of three dimensional processors.
In addition to providing a focused vehicle for the development of the necessary technolo-
gies, this particular choice of SAR image formation will also demonstrate the power of
the proposed approach by providing an elegant solution to a difficult problem.

Synthetic aperture radar (SAR) is a very powerful imaging technique that allows the
formation of high resolution images using radar-frequency probes. In a conventional real
aperture imaging radar, the resolution is inversely proportional to the aperture dimension
of the imaging system. Thus, improved resolution can only be obtained at the expense
of a large radar antenna, which is in general too bulky to carry aboard an airborne
or spaceborne platform. In many cases, the desired resolution would require antennas
of truly massive size, which are impractical for any platform. In a SAR system, on the
other hand, the resolution is approximately equal to the antenna aperture in the azimuth
direction, and it is entirely independent of the antenna aperture in the range dimension.

The signal detected by a SAR system, however, is not a focused image; extensive

0
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processing is required to form the image from the received signal. Film based optical
processing systems have been very effectively used in the past twenty-five years to perform
the required SAR processing. More recently, digital computers have been also used

extensively in SAR image formation. However, film based optical processors and high
speed minicomputers are not suitable for real time image formation aboard the radar

platform because of computational speed limitations, and also because of the large size,
weight and power consumption of such systems.

In order to circumvent such difficulties, optical techniques have been demonstrated at
both Caltech and USC that allow real time SAR image formation with relatively compact

and power efficient optical systems. These systems were implemented with discrete com-

ponents [1,2,3]. In one approach [1,2], an acoustooptic cell was employed to input each
radar return into a time-and-space integrating optical architecture comprised of several

lenses, a CCD area array detector, and a proximity-coupled mask. In this approach, the

range compression derives from self-focusing of the chirped radar pulse, while azimuth

compression is achieved by mask multiplication and sequential time-integration on the

CCD array, operated in the shift-and-add mode. This architecture is explained in more

detail in Section 2 and in Appendix A. In the second approach [3], the incoming radar
return at a given azimuth coordinate is written onto one column of a two-dimensional
real-time spatial light modulator such as the PROM (Pockcls Readout Optical Modu-

lator) [4]. Sequential pulses are written onto adjacent columns. This input function
is performed by a serial-to-parallel converter such as the Linear Array Total Internal

Reflection Spatial Light Modulator [5]. Range and azimuth compression are then both

achieved in parallel by means of an anamorphic imaging system, which relies on the
self-focusing properties of the radar return Fresnel zone plate in both dimensions.

A further reduction in the size, weight, power and cost requirements of a real-time

SAR processor can be realized if these optical components could be integrated onto a

single optical waveguide substrate. The value of such an achievement can be immediately

realized by comparison of several pertinent characteristics of existing real-time SAR

processors. For example, a current digital implementation comprises the equivalent of

two vertical six-foot equipment racks, weighs about 1500 pounds, consumes from one

to five kilowatts of power, and costs several hundred thousand dollars [6]. The optical

implementations described above are of order one-half cubic meter in size, weigh about

twenty pounds, consume less than five watts of power, and cost about ten thousand

dollars. The integrated optical approach prop'scd herein will be of order four cubic

inches in size, weigh about one-half pound, consume less than 200 milliwatts of power.

and cost no more than a few hundred dollars in quantity.

The novel aspect of the research reported herein is the computation of two-dimensional
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operations using integrated optics. The formation of a SAR image is inherently a two-
dimensional operation, in that both azimuth and range information must be extracted
from the microwave radar returns. Integrated optics, on the other hand, is a planar
technology usually thought suited for only one-dimensional processing functions (and to
which it has been recently-applied [7,8,9]. In this research program, we have proposed to
implement two-dimensional processing within an integrated optics structure, using the
time-and-space integrating architecture [10]. With this method, two-dimensional data is
encoded in time and one spatial coordinate, and the data is processed by a combination of
spatial and temporal integration within the optical system to achieve the requisite range
and azimuth compression functions. Although only one spatial coordinate is utilized, it
is possible to accomplish extremely complicated two-dimensional signal processing func-

tions such as SAR image formation within the confines of the planar integrated optics
structure by means of a novel architecture that involves the vertical extraction of image
intensity from an array of parallel waveguides. Temporal integration is provided by a
proximity-coupled area array CCD detector.

6
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2. BACKGROUND OF RESEARCH PROGRAM

Microfabrication techniques that are commonly used in the semiconductor industry
have also been used extensively for the fabrication of optical devices, most notably semi-
conductor light sources, detectors, and of course integrated optics. Our primary interest
is in using these fabrication techniques to build integrated optical devices that can be
used in three dimensional architectures. Some of the recent work on spatial light modula-
tors is largely based on these same fabrication techniques. Such spatial light modulators
include the Litton magnetooptic device [11], the gallium arsenide CCD spatial light mod-
ulator under development at Lincoln Labs [12], and the Xerox Linear Array TIR Spatial
Light Modulator [5]. We believe that it is not accidental that the three devices men-
tioned above axe among the most exciting device developments in optical processing.
The development of semiconductor chips with optical sources and detectors that has
been undertaken recently for providing optical communications within and among semi-
conductor circuits is another relevant area. As such, there is a significant accumulation of
knowledge and experience that allowed us to achieve rapid progress in the fabrication of
integrated optical devices for three dimensional optical systems and the implementation
of the SAR system in particular.

The integrated optical implementation of the SAR processor is based on principles
previously developed for a bulk acoustooptic implementation. A schematic diagram of
the acoustooptic SAR processor [1,2] is shown in Fig. 1. The theory of operation of
this processor is described in detail in Appendix A. Briefly, the input to the processor is
the radar signal return, which is applied to the acousotooptic device (AOD) in Fig. 1.
The light diffracted by the AOD is expanded uniformly in the vertical direction and it
self-focuses horizontally due to the linear FM pulse shape of the radar signal. The self-
focusing of the diffracted light produces a focused radar image in the range dimension
only. The range focused image is multiplied by a fixed two-dimensional mask, on which
the azimuth phase history is recorded, and the product is detected on a two-dimensional
CCD detector array. The photogenerated charge on the CCD is continuously transferred
step-wise in the vertical direction during the exposure of the device to light. The relative
motion between the signal on the CCD and the stationary mask results in the required
correlation in the azimuth direction. Thus the output video signal from the CCD is the
two-dimensional, focused radar image. In this architecture the simultaneous use of time
and space integration allows the two-dimensional image-forming operation to be imple-
mented with the one-dimensional AOD as the input transducer. This implementation
utilizes two transverse spatial coordinates; the second dimension is needed to uniformly
expand the light in order to address the two-dimensional mask and CCD. In the inte-
grated optics (10) implementation of such a processor, a method must therefore be found
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Fig. 1. Acoustooptic synthetic aperture radar processor utilizing discrete
components [1]. The top view shows the range focus due to the linear
FM SAR return; the side view shows the vertical expansion in a given

range bin required for time integration on the CCD array detector.
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for addressing the mask and CCD in a planar geometry. This method is described in 0

Section 4.

The components of the SAR processor that we are interested in integrating on a single
substrate are the light source, detector, lenses, waveguides, and modulators. Therefore,
in selecting a substrate material, consideration must be given to the technology that is
available for fabricating each of the individual components with this material. At present,
no one material exists within which all the required components can be optimally fabri-
cated. Consequently, fully integrated optical systems are not yet feasible. The material
most commonly used thus far is LiNbO 3 , within which optical waveguides, lenses, elec-
trooptic and acoustooptic (SAW) modulators can be monolithically fabricated. The laser 4
diode source and detector are typically butt-coupled at the two ends of the integrated
optics chip. Materials such as GaAs and III-V multiple quantum well structures show
promise for full integration in future years.

To date, integrated optical spectrum analyzers [9, 13], one-dimensional correlators [8, 4
14], and simple vector-matrix multipliers [15] have already been demonstrated. However,
until now the implementation of two dimensional signal processing operations has not
been possible with integrated optics. The time and space integrating method, combined
with in-plane waveguiding and vertical outcoupling into the third dimension (as described
below) provides a potentially powerful and elegant solution to this problem.

As described in the Introduction, the incorporation of a surface acoustic wave trans-
ducer, an integrated optical waveguide, a rib or channel parallel waveguide array, vertical
outcoupling, two-dimensional masking, and a CCD array detector into a single hybrid
integrated structure provides significant potential for compact, reliable, and low power
optical processing and computing systems. Many possible versions and modifications
of the basic structure can be envisioned, ranging from algorithmic changes imposed by
the two-dimensional mask, through time-and space-integration variations, to multiply
layered structures that implement extremely sophisticated functions. In this section,
we describe one possible architecture for implementing synthetic aperture radar image
formation. As discussed previously, the purpose of the initial focus on this particular
implementation was to provide a specific vehicle for the development of technologies and
concepts that will both allow immediate implementation of a processor that is competi-
tive with other electronic and optical approaches, and allow generalization to a broader
class of problems.

The Integrated Optical Synthetic Aperture Radar Processor (IOSARP) is shown in
Fig. 2. It consists of a single crystal substrate which has been modified to change the
index of refraction of a shallow layer near the surface and thus form a planar waveguide.
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Fig. 2. Schematic diagram of the Integrated Optical Synthetic Aperture

Radar Processor, as described in Sect. 4 of the text.
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Light from a semiconductor laser (attached to the integrated optics (10) chip) is butt-
coupled at the left and is guided in the vertical direction along the surface of the chip. In
the horizontal direction the light is diverging and waveguide-lens L1 is used to collimate
it. A surface acoustic wave (SAW) is launched along the top surface of the chip in a
direction approximately perpendicular to the direction of propagation of the light. The
SAW is modulated by the radar signal and causes a portion of the incident light to be
diffracted. Lens L 2 focuses the diffracted light at plane P0 . The one dimensional light
distribution at plane Po is the radar image focused in the range dimension only. An
array of rib waveguides is fabricated on the 10 chip after plane P0 . The rib waveguides
serve a two-fold purpose. First, they retain the integrity of the range focused image after
plane P0 (i.e., they prevent the image from going out of focus as it propagates away from
plane PO). Second, they expand the range focused-image in the plane of the chip so that
the two-dimensional mask and CCD that are part of the acoustooptic SAR processor
can be addressed. This is accomplished by making the top surface of the rib waveguides
selectively leaky, so that a portion of the light escapes upwards as it travels in each
waveguide. Several methods for achieving this are discussed later. The mask and CCD
are then placed in contact with the surface of the 10 chip so that the escaping light will
be multiplied by the transmittance of the mask and detected by the CCD. The radar
image is focused in the second (azimuth) direction by transferring and integrating the
photogenerated charge on the CCD precisely as in the the acoustooptic SAR processor
described in Appendix A.
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3. STATEMENT OF TECHNICAL OBJECTIVES

The research program described herein involved a wide range of definable tasks, in-
cluding design, fabrication, and characterization of a hybrid-integrated (commercial)
laser diode, a waveguide surface acoustic wave transducer, several integrated optical col-
limation lenses, a rib or channel waveguide array, SAR azimuth compression masks, a
charge-coupled device (CCD)-to-waveguide interface, system integration, device char-
acterization, demonstration of real-time SAR image formation, and the exploration of
applications to other significant problems amenable to solution by optical processing al-
gorithms. Our perspective was such as to recognize clearly the importance of utilizing
wherever possible established technological advances, such that the primary research ef-
fort described herein was devoted to the proof of novel conceptual principles, and the
development of improved or modified fabrication technologies only in those cases that are
deemed critical to the eventual implementability of the processor concept. In order to
accomplish these tasks, a collaborative effort between research groups at the University
of Southern California (Principal Investigator: Professor Armand R. Tanguay, Jr.) and
the California Institute of Technology (Principal Investigator: Professor Demetri Psaltis)
was proposed, as represented by two separate proposals. In general, the algorithmic and
architectural considerations, source hybridization, surface acoustic wave device design
and fabrication, specialized time delay integration CCD considerations, and SAR algo-
rithm mask designs were the responsibility of Caltech, while the integrated optical lens
design and fabrication, electrooptic multiple element transducer investigations, rib or
channel waveguide design and fabrication, selective optical outcoupling techniques, and
CCD detector interface were the responsibility of USC. System integration, device char-
acterization and analysis, and real time SAR image formation tasks were shared by both
institutions, as were the investigation of other optical processing applications of the novel
architecture.

Our principal goal for the current research period was the demonstration of the fea-
sibility of the approach, and the solution of the key issues that will make it practical. In
what follows, the specific research task items that were pursued are listed, as given in
the original statement of work.

1. A detailed study was performed of optical processing and computing applications
that are amenable to solution by an integrated optical processor of the type outlined
in this report.

2. A substrate material was chosen for study that allowed for simultaneous optical
waveguiding, surface acoustic wave propagation, and rib or channel waveguide fab-
rication. Optical waveguides were formed in this substrate material, and charac-
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terized in terms of optical propagation uniformity and loss.

3. Integrated optical means for one-dimensional spatial light modulation were inves-
tigated, including scrolling (e.g. surface acoustic wave) and fixed pattern (e.g.
electrooptic multiple, element) transducers.

4. The central issues that bear on fabrication of a parallel array rib waveguide struc-
ture were examined in detail. Rib waveguide structures were fabricated by means
of photolithographic pattern definition and ion beam milling.

5. The central issues that bear on fabrication of a parallel array channel waveguide

structure were examined in detail. Channel waveguide structures were initially
fabricated in lithium niobate by means of the titanium in-diffusion process. Com-
parison of rib and channel waveguide performance criteria with respect to various
optical processor architectures was undertaken.

6. Mechanisms for introducing a controllable vertical intensity loss from the rib or
channel waveguides were investigated, including uniform overlayer, nonuniform
overlayer, uniform grating, nonuniform grating, and area modulation techniques.

Characterization of the resultant loss uniformity and overall optical efficiency was
performed.

7. The fabrication of large aperture single element and multiple element integrated

optical lenses in the chosen substrate system was studied to ascertain the most
promising technology to pursue. Preliminary lens design calculations were per-
formed.

8. The rib or channel waveguide structure was designed to be interfaced with a masked
two-dimensional CCD detector array by means of proximity coupling or fiber optic

relay plates.

9. The feasibility of monolithically integrating and interfacing optical waveguides and

CCD detector arrays in a semiconductor substrate such as GaAs was investigated.
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4. SUMMARY OF RESEARCH PROGRAM

The research program described herein is a follow-on to AFOSR-84-0352, "Integrated
Optical Synthetic Aperture Radar Processor", for which the research period was 9/1/84
through 11/30/85. The research period for the current program was 9/1/85 through

8/31/87. Results of preliminary investigations that anticipate the contents of this report
are described in the previous Final Research Report, USC-OMDL-1601, September, 1987.
In the summary outlined below, the major accomplishments of the current research
program are highlighted in order to detail the status of the research effort. Further
details on all of the topics discussed below are provided in Appendix A.

The principal accomplishment of this research program has been the successful demon-
stration of proof-of-principle for advanced integrated optical signal processing compo-
nents that can address multidimensional computational problems in an extremely com-
pact format. As described below, all of the major novel features of this unique integrated
optical approach have been explicitly demonstrated, and a significant level of component
integration achieved. Integrated optical signal processing chips with in excess of 1000 fre-
quency or time delay channels and in excess of 1000 time-delayed integration operations
can be foreseen.

4.1 Substrate for Integration

During the research program, a number of potential substrate materials were investi-
gated in order to provide an optimum compromise between expected system performance
and availability of the critical technologies required to implement the desired spectrum
of individual components. On this basis, lithium niobate (LiNbO 3) was chosen for the

proof-of-principle phase of the research, as it has been intensively researched, many of the
important physical and optical properties are now well documented, several processing
technologies have been successfully developed, and it is capable of supporting all of the
necessary components for a fully configured processor in a hybrid integrated format.

The current state of the art of thin film and iltrathin film structures within the
compound semiconductor system is such as to suggest additional research in this area as

applied to the advanced integrated optical signal processing components described herein.
The primary advantage of the compound semiconductors such as gallium arsenide is the
potential for full integration of the mask and CCD array functions on top of the outcou-
pling array, and more particularly the prospect of incorporating a fully programmable
outcoupling function by employing electric field induced optical perturbations to fulfill
both the outcoupling and mask functions.
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4.2 TI and TIPE Waveguides in LiNbO3

Both titanium indiffused (TI) and titanium indiffused, proton exchanged (TIPE)
waveguides were fabricated in lithium niobate substrates in order to provide a uniform
slab waveguide within which the individual components could be fabricated. Loss mea-
surements were made on both waveguide types, resulting in 1-2 dB/cm for the TI wave-
guides, and 4-6 dB/cm for the TIPE waveguides. Since the change in the extraordinary
index of refraction is much higher for the TIPE process, these waveguides exhibit signif-
icantly better mode confinement than that provided by the TI guides, at the expense of
additional loss. Efforts in our laboratory as well as in other laboratories are currently in
progress to reduce the losses characteristic of TIPE waveguides, in order that they may
be incorporated in standard processing sequences even for large area integrated optical
components.

4.3 Large Aperture Low F-Number Integrated Optical Lenses

For fully configured processors with upwards of 1000 individual rib waveguides in
the array, large aperture (1-3 cm) integrated lenses are required that simultaneously ex-
hibit diffraction limited performance, relatively short focal lengths (low F-numbers of
order 1-5), and process compatibility with the full array of required processor compo-
nents. In addition, we required from the outset that any of the lens fabrication processes
contemplated be capable of straightforward incorporation in a microphotolithographic
processing sequence, in order that the resultant complex chip be capable of eventual
inexpensive mass production.

To this end, we experimented with three novel integrated lens structures during the
course of the research. In one such approach, ion beam milling was employed on a
Ti:LiNbO 3 slab waveguide to produce a lens-shaped recess. Titanium dioxide (Ti0 2)
was then vacuum evaporated to fill the recess with higher index material, simultaneously
creating an index mismatch from the slab waveguide to the lens waveguide regions,
and from the lens waveguide region to the substrate for maintenance of vertical mode
confinement. In the second approach, the same recessed region was coated first with
magnesium flouride (MgF) and then with silicon dioxide (SiO 2) to provide a lower index
lens within a higher index waveguide. In both cases, preliminary attempts at depositing
films of the desired bulk index were not successful, and the investigation of such thin
film coated recessed lenses is continuing. The primary advantage of such structures is
the extremely large index difference that can be anticipated, which yields either very low
F-number lenses or modest F-number lenses with very low profiles and associated chip
real estate.

A third approach involved a modification of the successful technique employed by
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Tsai and coworkers [16] to fabricate TIPE lenses in TI waveguides. In our experiments,
TI lenses were fabricated in TIPE waveguides, which by employing concave curvature
lens surfaces resulted in positive focal behavior. This approach has numerous advantages,
including the use of Si0 2 as a processing mask that does not require post-processing re-
moval, minimization of the lens footprint on the integrated optical chip, and capability for
integration with large area TIPE rib waveguide arrays characterized by a concomitantly
high degree of mode confinement. Lenses fabricated by this process included several
with apertures of 0.25 cm and F-numbers of 4.8 that exhibited nearly diffraction limited
performance, and proved in fact to be integrable with both rib waveguide arrays and
surface outcoupling gratings, as described in Sect. 4.6 below.

4.4 Large Area Rib Waveguide Arrays

Since preliminary calculations of overall system performance indicated that several
processor configurations could be envisioned with in excess of 1000 individual rib wave-
guides, and that the focal spot sizes determined by the input linear FM chirp in combi-
nation with the integrated lens would be in the range 5-20 pm, we chose as a proof-of-
principle goal to demonstrate the fabrication of a 10 pm pitch rib waveguide array with
of order 1000 individual elements. During the program, this goal was achieved with the
fabrication by ion beam milling of a 660 element (mask-geometry-limited) rib waveguide
array in a Ti:LiNbO3 waveguide, consisting of 8 Mm wide ribs 1 pm in height with 2 pm
gaps. Demonstration of guiding in individual ribs of the array was achieved, as well as
integration with other components.

4.5 Surface Outcoupling Gratings on Large Area Rib Waveguide Arrays

Although thin film outcoupling layers were thoroughly analyzed during the course of
the research (see Appendix A), surface outcoupling gratings were chosen as the primary
vehicle for investigation, principally due to ease of integrability, degree of functional
control, and the possibility of nonuniformity compensation by direct modulation of the
grating period.

Surface outcoupling gratings were fabricated both on TI slab waveguides, and on large
area rib waveguide arrays as shown schematically in Fig. 3. Both holographic exposure
and direct contact mask photolithographic methods were employed, with the latter pro-
ducing the most reproducible results with the lowest degree of optical scatter. Using the
direct masking method, both 2 pm and 4 pm gratings periods were fabricated. Standard
photolithographic methods were found to produce gratings of exceptional quality, even
on the surfaces of individual 8 pm rib waveguides in a high density array. Outcoupling ef-
ficiencies were determined, and were in substantial agreement with theoretical estimates.
Losses of 10-100 %/mm are within the range of straightforward processing parameters,
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as required for the envisioned spectrum of advanced integrated optical signal processing
components.

4.6 Integration of Advanced Integrated Optical Signal Processing Components

In order to test the performance of each of the components described above in an
integrated architecture, large aperture lenses, large area rib waveguide arrays, and surface
outcoupling gratings were successfully integrated onto a common substrate, as shown
schematically in Fig. 4. Characteristics of the individual components were as described
above.

Experimental tests of the integrated structures were also successful. In one such
experiment, prism incoupled light was focused by the integrated lens into a single rib
within a 660 element array, as observed by a CCD detector array focused on the end

of the substrate shown in Fig. 4. In addition, vertical outcoupling from the surface
grating fabricated on top of this single rib was clearly observed. Integrated optical chips
designed to use both the first order and second order modes (producing substantially
different focal lengths in the integrated lenses) were fabricated and successfully tested.

4.7 Systems Performance Evaluations

During the course of the research, our perspective has been such as to continually
evaluate both the fundamental physical limitations to the computational performance
that can be expected from such advanced integrated optical signal processing structures,
as well as potential technological limitations that derive from the particular implemen-
tation choices made in a given system design. Such systems performance evaluations can
yield relatively surprising research directions, as well as specific insight into inadvertant
system compromises.

To this end, we have estimated the performance characteristics of the Integrated Op-
tical Synthetic Aperture Radar Processor described earlier, as a specific implementation
of the key features of such novel computational modules. Using lithium niobate as the
substrate, and employing a surface acoustic wave (SAW) transducer to input the radar
return signal, an assumed radar bandwidth of 50 MHz with a pulse duration of 1 usec
is capable of generating 333 individual range bins with a resolution of 3 m for a total
swath of 1 km. In this example, the required integrated lens aperture is about 2.7 cm.

The swath size is limited in the case described above by the extraordinarily high
surface acoustic velocity of lithium niobate. Utilizing a material with a much slower

SAW velocity such as tellurium dioxide (TeO 2), and employing a 1 cm aperture lens to
compensate for the higher acoustic attentuation in TeO 2, the -wath can be more than

doubled at fixed range resolution to approximately 758 individual range bins.
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Fig. 4. Schematic diagram of the guided wave optical chip with the fol-
lowing integrated IOSAR processor elements: TI lens in TIPE slab
waveguide, rib waveguide array, and surface outcoupling grating. The
input beam is coupled into the TIPE slab waveguide via a prism, and
the guided beam is focused by the TI integrated lens into individual
rib waveguides which can be observed at its cleaved end. The light
guided in the rib waveguides is subsequently outcoupled by the sur-
face grating.
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Another method for inserting the radar return signals into the processor involves
the use of an integrated electrooptic modulator array, similar in structure to that of
the Linear Array Total Internal Reflection Spatial Light Modulator [5]. In this case, the
processor capability can be increased to in excess of 1175 elements for a specific processor
geometry. For the radar parameters discussed above, this would yield a swath size of 3.5
km with 3 m resolution.

Another issue that was addressed during the research effort was the question of the
bias buildup that accompanies any time-delay-and-integrate architecture [1]. One means
of eliminating such a bias can be provided by the architecture shown in Fig. 5, in which
a second rib waveguide array without a mask is utilized to detect the space-variant bias
distribution, which can than be directly subtracted from the output signal.

4.8 Extensions of the Concept

The specific example of synthetic aperture radar image formation was used through-
out this research program in order to provide a systems focus to the scientific and techno-
logical development effort. The integration concept described herein, however, has much
broader applicability, due primarily to the flexibility inherent in the choice of input signal
format, mask (correlation) function, CCD orientation, and CCD readout mode. For ex-
ample, the input signal format can be chosen to be a linear FM chirp as described herein
to produce a temporal delay (range) distribution in the plane of the rib waveguide (image
dissection) array, or it can be chosen to be temporal frequency encoded, which produces
a temporal frequency segmentation in the output plane. Choice of appropriate mask-
ing functions and CCD array orientation/readout mode can then allow additional types
of computational algorithms to be implemented, including two-dimensional correlation,
convolution, and Fourier transform operations; selective frequency cross-correlations; real
time computation of ambiguity functions; vector-matrix operations; and matrix-matrix
multiplications.
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Abstract

This research was aimed at the development of advanced integrated opti-

cal components suitable for devices capable of processing multi-dimensional in-

puts. In such processors, densely packed waveguide arrays with low crosstalk

are needed to provide dissection of the information that has been partially pro-

cessed. Waveguide arrays also expand the information in the plane of the pro-

cessor while maintaining its coherence. Rib waveguide arrays with low loss, high

mode confinement and highly uniform surface quality (660 elements, 8 m wide,

1 pm high, and 1 cm long with 2 pm separations) were fabricated on LiNbO 3

substrates through the ion beam milling technique.

A novel feature of the multi-dimensional 10 processor architecture proposed

herein is the implementation of large area uniform outcoupling (with low to
moderate outcoupling efficiencies) from rib waveguide arrays in order to access

the third dimension of the processor structure.

As a means of outcoupling, uniform surface gratings (2 pm and 4 pm grating

periods, 0.05 pm high and 1 mm long) with low outcoupling efficiencies (of

approximately 2-18 %/mm ) were fabricated on the nonuniform surface of the rib

waveguide arrays. As a practical technique of modulating the low outcoupling

efficiencies of the st --face gratings, it was proposed to alter the period of the

grating as a function of position along each waveguide.

Large aperture (2.5 mm) integrated lenses with short positive focal lengths

(1.2-2.5 cm) were developed through a modification of the titanium-indiffused

proton exchanged (TIPE) technique. Such integrated lenses were fabricated by

increasing the refractive index of the slab waveguides by the TIPE process while

maintaining the refractive index of the lenses at the lower level of Ti:LiNbO 3

xvi



waveguide. By means of curvature reversal of the integrated lenses, positive

focal length lenses have been fabricated while providing high mode confinement

for the slab waveguides.

The above elements performed as expected when integrated on the same

substrate. Guided modes of slab waveguides were focused intp individual rib

waveguides, followed by selective outcoupling via surface gratings.

Finally, the example of an integrated optical synthetic aperture radar (IOSAR)

processor on LiNbO 3 and its limitations were considered. In addition, we ana-

lyzed the geometrical performance characteristics of advanced 10 systems.
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Chapter 1

Introduction

The advent of optics into information processing and computing brought

with it new possibilities and capabilities that were not possible before. The three

dimensionality of optical information processing systems provides the capability

of processing complex information in parallel. Such parallelism in computing,

which is highly desired in operations such as the two-dimensional correlation or

convolution of complex information, is not possible in current digital computers.

Bulk optical systems that are used in information processing are highly spe-

cialized, relatively bulky, and difficult to fabricate. Recently, lessons learned

from the field of semiconductor integrated circuits regarding large scale integra-

tion of individual components provided strong motivation for the miniaturization

and integration of bulk optical systems on the same substrate. Integr, 'ed optics

could potentially provide fast, inexpensive, compact, and rugged alternatives to

bulk optical information processors.

Despite the young age of the integrated/guided wave optics field, tremen-

dous accomplishments have taken place in the development of integrated optical

processors. This is partially due to the knowledge of photolithography and fabri-

cation techniques learned from the field of semiconductors. Modification of some

of the above techniques provided a head start in the development of integrated

optical building blocks such as optical waveguides, integrated lenses, integrated

in/outcouplers, surface acoustic wave (SAW) transducers, and others.

Although different materials have been investigated over the years as possible
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substrates in integrated optics, LiNbO 3 (3m symmetry, ne = 2.2005, and n,

2.291) has emerged as a popular substrate material [1]. An important reason for

the popularity of this uniaxial crystal is that waveguide fabrication techniques

in it are well established. Waveguides are typically fabricated by the titanium

indiffusion technique, which causes increases in both the ordinary (Ano = 0.005)

and the extraordinary (Ane = 0.05) refractive indices of LiNbO 3 (Ti:LiNbO 3)
[2,3,4,5,6,71.

As an example of an integrated optical information processor that has been

previously developed on LiNbO 3, let us consider the real-time RF spectrum

analyzer shown schematically in Fig. 1.1 [8]. This processor consists of a SAW

transducer (needed to input the RF signal), a pair of integrated lenses (for

guided beam collimating and focusing), a laser diode source, and a linear array

of photodetectors.

In the 10 spectrum analyzer, the Bragg cell driven by the RF signal deflects

the guided beam at an angle which is proportional to the frequency of the

RF signal. The second lens along the path of the guided beam brings the

Fourier plane closer, and as such acts as an angle-to position encoder. Fourier

transformed guided modes are focused into the linear array of image sensors.

The spectral power density of the signal is obtained on the photodetector in the

form of the light intensity distribution.

The acoustooptic and SAW propagation properties of LiNbO3 are very promis-

ing, which makes this single crystal material particularly suitable for use in 10

spectrum analyzers. The reported bandwidths for such spectrum analyzers are

about 1 GHz, with resolutions of about 2 MHz [0]. The response time of the 10

spectrum analyzer is about 2 ps, and the dynamic range is in excess of 20 dB.

The integrated lenses shown in Fig. 1.1 are graded thickness Fresnel lenses.

The refractive index of the lens region is increased by the proton exchange

technique in Ti:LiNbO 3 waveguides [10]. This technique of fabricating lenses
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is not unique, and other types of lenses such as geodesic and Luneburg lenses

have been demonstrated in LiNbO 3 [9]. However, proton exchanged lenses have

proven to be easier to fabricate in Ti:LiNbO 3 waveguides than the other types

of integrated lenses.

From the schematic diagram of Fig. 1.1 it is obvious that all of the informa-

tion within the 10 spectrum analyzer is confined to the plane of the processor.

In some 10 applications, the light is outcoupled from the waveguide in order

to provide extra flexibility for the system. An example of an integrated optical

device that makes use of such outcoupling is the integrated optical disk pickup

shown in Fig. 1.2, which has applications in optical disk memory systems [91.

This device is constructed in a glass/SiO2/Si waveguide. The choice of a Si

substrate allows for the integration of photodiodes that are used in calculating

the readout signal, focusing error, and tracking error.

The guided light from the laser diode is outcoupled by a chirped surface

grating that focuses the light onto the disk. The reflected light from the disk is

coupled back into the waveguide via the grating. The reflected guided wavefront

is first divided in half, then deflected and focused into two sets of photodiodes

by a twin grating focusing beam splitter. By electronically summing the signals

from the photodiodes, the complete optical disk readout signal is generated, as

shown in Fig. 1.2.

Integrated optical devices with higher levels of integration have also been

developed by others. A high level integration of elements on the same sub-

strate could include components such as arrays of input and output channel

waveguides, large aperture lens and microlens arrays, and electrooptic or SAW

modulators. A vivid example of multiple components integrated on the same

substrate is the integrated acousto-optic Bragg modulator in LiNbO 3 (shown in

Fig. 1.3) which can be used in applications such as matrix-vector multiplication

[11].
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Figure 1.3: Integrated acousto-optic Bragg modulator in a LiNbO 3 channel pla-

nar composite waveguide (after Ref. [11]).
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The use of integrated optics is not merely confined to the analog domain,

and its uses in D-A conversion and A-D conversion have also been shown [12].

However, from the examples given so far, it is evident that integrated op-

tics is currently limited to processing one dimensional input information only

[13,14,15,16,17,18]. This is a significant road block hampering the maturity of

this technology.

In some multi-dimensional processing applications, the above problem can

be surmounted if the full potential of integrated optics is employed. This is

conceivable if one of the input dimensions is processed in the plane of the pro-

cessor (similar to the integrated optical spectrum analyzer example). Partially

processed information is then selectively outcoupled from the plane of the inte-

grated optical processor (similar to the integrated optical disk pickup example)

in order to utilize its third dimension. Additional processing may then be accom-

plished (either electronically or optically) out of the plane of the 10 processor

substrate.

There are numerous applications that can readily benefit from the devel-

opment of multi-dimensional 10 processors. The proposed Integrated Optical

Synthetic Aperture Radar (IOSAR) processor employs such processing capabil-

ity to provide focused radar images from SAR radar returns [19,20].

The range information is determined when the linear FM radar return is

applied to a SAW device on the 10 processor (similar to the 10 spectrum ana-

lyzer example). This is shown in Fig. 1.4, in which the position of the focused

spot (range information) is proportional to the time delay of the radar return.

The large array of waveguides situated at the back focal plane of the integrated

lens performs two essential functions. First, it dissects the range focused infor-

mation. Second, this information is expanded in the plane of the waveguides

while maintaining its coherence; this function is equivalent to the anamorphic

expansion provided by a cylindrical lens.
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Figure 1.4: Range compression of the radar return as performed in IOSAR

processors.
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The information confined to the rib waveguide array is then redirected ver-

tically out of the waveguides along its entire length by means of a surface out-

coupler. The outcoupled light is multiplied by a mask containing the azimuth

(doppler) phase history as shown in Fig. 1.5. This light is then incident onto

a CCD array operated in the shift-and-add mode. The azimuth compression is

thus accomplished by temporal integration.

The principal features of such processors are outlined below:

1. Guided wave optical devices capable of processing multi-dimensional in-

puts

2. Compact, relatively inexpensive processors

3. Potential for use in applications other than SAR such as optical matrix-

matrix multiplication

4. Potentially faster with lower power consumption than digital systems per-

forming comparable tasks

5. Potential for monolithic integration

6. Potential for programmability in advanced systems in which the outcoup-

ling region or the mask function can be programmed

Transformation of such 10 processors from design concepts into realizable

and working devices, however, requires the development of advanced integrated

optical components that have not heretofore been available. For example, al-

though Ti:LiNbO 3 channel waveguides have been developed by other investiga-

tors, high density large area waveguide arrays exhibiting low crosstalk suitable

for multi-dimensional 10 processors have not been reported previously [2,5].

Surface relief gratings on channel and slab waveguides have been developed

by others to outcouple light from such waveguides [21,9]. Normally, the pri-

mary purpose of such gratinps has been the high efficiency outcoupling of light
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Figure 1.5: Schematic diagram of the Integrated Optical Synthetic Aperture

Radar (IOSAR) Processor (after Ref. [19,20]).
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from waveguides within the minimum distance possible. However, in some of

the multi-dimensional 10 processor applications, since the uniform outcoupling

function needs to be performed over a large area, the outcoupling efficiency per

unit length should be significantly lower as well as highly uniform over large

distances (cms). In these applications, it might also be desirable to modulate

the outcoupling efficiencies of different pixels according to their location.

Integrated lenses play important roles in 10 processors and guided wave

optical communication systems. As was mentioned earlier, the development of

integrated lenses needed to focus or collimate the guided modes in waveguides

has been the subject of numerous studies [10,9,22,23,241. In order to explore

new possibilities in integrated lenses, more effort needs to be directed towards

the development of large aperture integrated lenses with short focal lengths that

are relatively easy to fabricate.

Due to the state of technology available at the present time, only hybrid

10 processors such as the one shown in Fig. 1.5 are considered herein. Recent

advances in the development of waveguides, modulators, and integrated lenses

in the III-V compound semiconductor system of materials, however, project new

possibilities of monolithically integrated optical systems in the future.

In this research program, the development of advanced integrated optical

components needed for multi-dimensional signal processing has been addressed.

Design parameters and performance guidelines of these components have been

directed initially towards the development of IOSAR processors. However, the

analysis and fabrication of the elements can easily be appropriately modified for

other advanced 10 processing applications.

Synthetic aperture radar comprises an airborne or spaceborne radar system,

moving along the azimuth direction, capable of producing high resolution images

from radar returns [25]. Image generation in SAR, however, requires extensive

processing of the radar return signal in order to extract the range and azimuth
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information of the point scatterers on the ground [26]. Such processing has

been traditionally performed with digital systems. Bulk optical systems have

also been reported for use in processing SAR signals [27,28,29,301. Specifically,

Psaltis, et al. reported on an acousto-optic/CCD (A-O/CCD) based real time

SAR processor [29]. This processor performs a combination of space and time

integration of the SAR signals in order to obtain the range and azimuth infor-

mation characteristic of the point scatterers [27].

In the course of this research, we investigated the possibility of integrating

the elements of the acousto-optic/CCD SAR processor according to the archi-

tecture proposed in Fig. 1.5. The advantages of the integrated optical synthetic

aperture radar (IOSAR) processor over other electronic and bulk optical pro-

cessors are small size, low power consumption, and fast computational speeds.

The integrated system should also prove relatively inexpensive to manufacture

in quantity. The above advantages will allow for in situ real time processing of

radar returns in airborne systems, a task which is severely limited by the present

state of technology.

The same basic architecture of space and time integration used in A-O/CCD

SAR processors is employed in the IOSAR processor architecture. An under-

standing of the radar return signals that are employed to drive such A-O/CCD

(or IOSAR) processors, and the methods by which the images are formed, are

crucial to the development of performance criteria for both individual elements

and their interactions. Hence, a review of the basic nature of SAR signals and

of the A-O/CCD technique of processing SAR signals is provided.

1.1 Synthetic Aperture Radar (SAR)

Synthetic aperture radar (SAR) comprises a radar system which employs a

small air/spaceborne antenna flying at height h along the direction q (azimuth)

12

Sm



with a constant velocity v [28,29,25]. The objective of this system is to determine

the range and azimuth information of the point scatterers on the ground. This

operation is linear; hence determining the range and azimuth of a general point

scatterer completely describes the system by giving its impulse response.

A point scatterer can be assumed to be located at coordinates 17 = 71o and

= O as depicted in Fig. 1.6 [28]. The instantaneous range of the point scatterer

from the aircraft is R(t). The SAR signals are periodically transmitted linear

FM pulses with chirp rate B, pulse repetition frequency (PRF) equal to 1/T and

pulse duration r. The radar signal is FM in order to conserve the transmitted

peak power. Therefore, the size of the required transmitter is relatively small,

making them practical for air/spaceborne systems. The transmitted waveform

is given by

5(t) = rect [t - sT] exrp [B - sT)2J exp( j21rfot)(1)

in which s is the number of the transmitted pulse and fo is the microwave

frequency.

The radar signal illuminates a patch on the ground and the wave reflected

from the point scatterer is received aboard the aircraft. The objective here is to

form an image of the scatterers from the received signal which are of the form:

r(t) = S(t - 2R/c). (1.2)

From the geometry of Fig. 1.6, the instantaneous range R(t) can be written as

R(t) = /(70 -..7 + Ro = (qo - vt)2 + (1.3)

in which Ro = v/1yTZ is the range when the antenna crosses 77 = 77o. In most

cases range variations in time can be neglected within the duration of a single

radar pulse; therefore R(t) = R(sT). In addition, the range R0 is typically much

greater than the distance 177 - 7o1. This allows Eq. 1.3 to be written in the form:
(vsT - 77o)2

R(t) = R(sT) _ Ro + 2R 0  (1.4)
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Using Eqs. 1.4 and 1.1 in Eq. 1.2, we obtain the returned signal, which after

simplification is of the form [28]:

r(t) = ,rect [-Ic-rTI exp [jB@t - 2Ro/c - sT)21
exp [-j(27rfo/cRo)(vsT - io)7] exp(j27rfot). (1.5)

This is the signal that needs to be processed to yield the image of the point

scatterer on the ground. Next, I will summarize the acousto-optic/ CCD SAR

processor and its imaging capability as reported by Psaltis, et al. [29].

1.2 Acousto-Optic/CCD SAR Processor

A schematic diagram of the A-O/CCD processor is shown in Fig. 1.7 [28,29,27].

The radar return signal is applied to the processor through the AOD device. The

linear FM pulse shape of the radar signal causes the acoustic waves to form a

traveling chirped grating, which produces focusing of the light incident onto the

AOD. The range of the point scatterer determines the roundtrip radar pulse

propagation time delay to the target. This time delay corresponds to the propa-

gation time of the acoustic wave in the AOD device. Hence, targets with smaller

range cause focusing further from the AOD transducer than targets with longer

range. The light diffracted by the AOD is expanded uniformly in the vertical di-

rection. The self-focusing of the diffracted light produces a focused radar image

in the range dimension. This is also shown in the upper half of Fig. 1.8.

The range focused image is multiplied by a fixed two-dimenaional mask, on

which the azimuth phase history is recorded. A typical mask function is shown in

Fig. 1.9. The product is then detected on a two-dimensional CCD detector array.

The CCD array operates in the shift-and-add mode; hence the received signal is

time correlated against the mask function to perform the azimuth compression

function. Azimuth compression by the A-O/CCD processor is shown in the

lower half of Fig. 1.8.
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Figure 1.7: Acousto-optic/CCD SAR processor. The elements of the processor

include: LS-light source, AOD-acousto-optic device; F, is the focal length of

the lens Li, and the broken lines indicate the path of the rays of the reference

wave (after Ref. [28]).
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The acousto-optic/CCD SAR processor performs two tasks: spatial inte-

gration for range compression. and temporal integration for azimuth compres-

sion. In this architecture, the simultaneous use of these two integrations allows

the two-dimensional image-forming operation to be implemented with a one-

dimensional AOD as the input transducer. A more detailed explanation of the

acousto-optic/CCD SAR processor is given next.

The light amplitude of the source is modulated by

P = rect [t -T (1.6)

in which r0 is the duration of ach light pulse. The duration of the light pulse

should be short enough such that the surface acoustic modulation in the AOD

can be considered frozen during this period. This requirement is to ensure that

range smearing in the processor is negligible.

The repetition rate of the light pulse (1/T) is the same as-the radar pulse

repetition frequency (PRF). The coherence of the light source is critical in main-

taining the phase information needed for subsequent azimuth compression. The

spherical lens L, collimates the incoming beam, and the cylindrical lens L 2 fo-

cuses this beam in the vertical (y) dimension into the aperture of the AOD

device.

The piezoelectric transducer of the AOD is modulated by the following signal

rf(t) = r(t)exp [-j27r(fo - fl )t] + Aexp(j27rf 2t). (1.7)

The signal ri(t) is the summation of the signal r(t) heterodyned to the center

frequency of the AOD (fl), and a reference signal. The inclusion of the reference

signal in the A-O/CCD device allows us to record on the CCD an amplitude

dependent on the phase of the detected signal. This is necessary because the

doppler information that is essential for the focusing in the azimuth direction

is encoded as a phase modulation of the range compressed signal. When the
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RANGE COMPRESSION BY SPATIAL INTEGRATION
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Figure 1.8: The upper diagram depicts the range compression technique de-

scribed in detail in the text. The lower diagram shows the azimuth compression
technique.
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Figure 1.9: A typical mask function, bearing the azimuth doppler phase history

in the vertical dimension, and the range dependlence of the azimuth phase history

in the horizontal dimension.



antenna approaches targets, the returned signal is upshifted in frequency com-

pared to the transmitted signal. This effect is reversed when the antenna recedes

from targets, in which case the frequency is down shifted. The level of up or

down shift depends on the azimuth of the target.

The light focused into the aperture of the AOD will be modulated by the

following signal
S,(t) = P(t) r/ (t + -X (1.8)

In Eq. 1.8, x is the direction of the acoustic wave propagating with the velocity

Va.

The lenses L3 and L5 in Fig. 1.7 focus and tilt the beam in the x direction on

the plane P2 (see Ref. [28]). This is needed since the beam after the AOD is tilted

from the propagation axis due to Bragg diffraction. The lens L4 recollimates the

light in the vertical y direction so that the amplitude of the light entering plane

P 2 does not vary along y.

The mask function bearing the azimuth doppler phase history is located at

plane P2 , and the two dimensional transmissivity of this transparency is given

by:

TGi,)=9 + cos [2ruoi + -- j. (1.9)

The spatial frequency uo is given by (f2 - fl)/va, and the parameter b2 is given

by [28]
4fov2T 2va

c2Ay 2  (1.10)

The parameters in this equatior are as defined earlier.

Immediately behind the mask with the azimuth phase history, there is a

two dimensional CCD detector array, which is operating in the shift-and-add

mode [28]. In this mode of operation, the periodically generated charge pattern

is electronically shifted by one pixel during each integration time. In the A-

O/CCD processor the charge transferring is done in synchronism with the PRF
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of the radar, and the integration period is set equal to the period T of the radar.

The charge generated on the CCD during the sth radar pulse is Q(i, 9, s). After

N exposures have occurred, the charge pattern gets shifted along the 9 direction

of the CCD array by (N - s) pixels. The total charge that accumulates at each

pixel located at coordinates (i, 9) after N exposures is [28)

QGF-)= Q[1,9+(N-s)Ay,j]= Avr (s 2&M

x-incrfpo(T, (9 - ,o , + NAY)]cos [4fuoi + wp

+bias terms. (1.11)

In the above equation Ay is the CCD pixel separation, and W is a constant

phase term. The final output of the processor Q(i, 9) is the focused image of

the scatterer. Due to the inclusion of the reference wave, the output is formed

on a carrier; hence it is easily separated from the bias term. This image arrives

at the edge of the device (at 9 = NAy) where a separate CCD stage transfers

the slice of the image for each azimuth position to the output pin of the CCD.

The azimuth slices are continuously produced as long as the flight continues.

In the i (range) direction the focused image of Eq. 1.11 is a sinc function

with width 7rv,,/Br and centered at i = 2Rov,/c. The range resolution on the

ground is given by the inverse of the coefficient of the range dimension given in

the first sinc function of Eq. 1.11. This is
irv2a  c irc

6R !- = 2& (1.12)Br iv. 2Br" _

This is a well known result for SAR images stating that the resolution in the

range dimension is inversely proportional to the temporal bandwidth of the

transmitted signal (Br/r).

In the j (azimuth) direction, Q(i, 9) is also a sinc function whose position is

proportional to 7o (azimuth). The width of this function is given by the inverse

of the coefficient of 9 in the second sine function of Eq. 1.11, and is equal to
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(cAyRo)/(2Nfo(vT)2). In the same sinc function the inverse of the coefficient

of 7o gives the azimuth resolution:

cAyRo vT _ cRo = Ao/2D. (1.13)
- 2Nfo(vT)2 x -y = 2N fovT

in which D, = NvT is the distance that the aircraft travels during the integration

period (NT), which is equal to the synthetic aperture of the system.

The driving signals of IOSAR processors are similar to the ones given for

the A-O/CCD processors. A surface acoustic wave (SAW) transducer on the

substrate of the IOSAR processor (see Fig. 1.5) is driven by a radar signal

similar to the one driving the AOD device for the bulk processor. The surface

acoustic waves are launched in a direction approximately perpendicular to the

direction of light propagation. For a short duration light pulse, the acoustic-

wave-induced refractive index distribution can be considered stationary in time.

The refractive index distribution can be written as:

ndist, oC S1(t - 2R(t)/c - xlv,) o( exp (-j -) exp (4jFx). (1.14)

The term S1 is the signal driving the SAW device in an IOSAR processor, and

is given by Eq. 1.8. The two exponentials given in Eq. 1.14 are the result of

substituting the argument (t - 2R(t)/c - x/v,) for the parenthetical expression

in the first exponential term in Eq. 1.5 and considering the x dependent terms.

The refractive index distribution given above has both a quadratic and a linear

phase dependence in x. The former causes focusing, and the latter causes tilting

of the incident beam. The coordinates of this focus are given by:

2vRo 3v, 2

x- c " 2B (1.15)

The above coordinates are measured from the SAW transducer. The parameter

,3 in Eq. 1.15 is the longitudinal mode number of the guided mode (B and v

have been defined earlier). Range compression is performed when the guided
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light incident onto the surface acoustic wave is diffracted and focused by this

wave (as shown in Fig. 1.4). The focal length of the SAW device driven by the

radar signal can be of order meters. This length is adjusted to a manageable

size by using lens L2 i~ee Fig. 1.5).

In range compression, point scatterers that are situated at closer ranges cause

focusing of the incoming beam into rib waveguides located farther from the SAW

transducers than that caused by the farther scatterers.

The integrated lens L2 adjusts the distance from the SAW to the output

plane. This lens also allows for more effective removal of the undiffracted light.

The range-focused image is confined to an array of channel/ri'- waveguides in

order to preserve its spatial distribution as it propagates along the waveguide

(along the z direction). The function of the waveguide array is similar to the

function of the cylindrical lens L4 described in the bulk processor case.

Selective outcoupling of light from the channels in the plane perpendicular

to the substrate will make the third dimension accessible to the processor. This

technique surmounts the inherent limitation of current 10 processors that are

confined to the plane of the substrate. The outcoupled light is incident on a

two dimensional CCD array through a transmission mask sandwiched between

the substrate and the CCD. The CCD array operates in the shift-and-add mode

along the waveguide array, which provides the time integration correlation of the

incident light to extract the azimuth information. The intensity transmission

function and the operation of the CCD is similar to that of the A-O/CCD
processor. Consequently, the processing and image generation is similar to that

of the bulk optical system.
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1.3 Outline of Dissertation

In this dissertation, the theoretical and technological feasibility of developing

advanced integrated optical signal processing components is analyzed. These

components are essential for the development of multi-input 10 processors. Such

components include densely packed waveguide arrays, integrated outcouplers,

and large aperture integrated lenses with short focal lengths.

In Ch. 2, preliminary considerations of the requirements of multi-input 10

processor components are presented. This will include requirements, limitations,

and critical issues affecting the individual elements of these processors. The ele-

ments considered therein are: substrates, slab waveguides, laser diodes, surface

acoustic wave (SAW) transducers, integrated optical lenses, discrete waveguide

arrays, outcoupling elements, and the mask/CCD interface. In cases for which

the design requirements need to be specified more exactly, the IOSAR processing

application is used as an example.

In Ch. 3, a theoretical overview of the components studied in this research

is presented. This will include the transverse mode distribution in rib/channel

waveguides, and the characteristic equations for such modes. Examples of wave

numbers and effective refractive indices of the guided modes in typical rib and

channel waveguides of IOSAR processors are given. Also, we will present a

comparison of the crosstalk problem associated with different types of wave-

guides. The theoretical analysis of both evanescent field and grating outcouplers

is given next in this chapter, in order to understand the effect of each of the

controlling parameters of such outcouplers (such as buffer thin film thickness

and grating period) on their outcoupling efficiencies. The focal properties of

integrated lenses will also be analyzed here. The theoretical analysis of Ch.

3 will provide essential guidelines for the fabrication of rib waveguide arrays,

grating outcouplers, and integrated lenses. Finally in this chapter, the overall
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throughput efficiency of IOSAR processors will be discussed.

In Ch. 4, the fabrication issues affecting each of the components are pre-

sented. Specifically, the fabrication of slab waveguides on lithium niobate sub-

strates through titanium indiffusion (Ti:LiNbO 3 ) will be discussed. Fabrication

steps of rib waveguide arrays on Ti:LiNb0 3 substrates will follow. The method

by which surface gratings are generated on rib waveguide arrays is discussed

next in this chapter. Two methods of fabricating integrated lenses are also dis-

cussed. The first method is through the refractive index modification by thin

film deposition in ion milled recessed lens regions in the substrates. The second

approach is through index modification by the proton exchange technique in

Ti:LiNbO 3 waveguides [10].

In Ch. 5, we will examine the fabricated elements experimentally. The actual

performance of the components will be compared to the theoretical calculations.

The experimental results include the determination of guiding properties and

propagation losses of individual and rib waveguide arrays. The performance of

surface gratings with different periods on rib waveguide arrays will be presented.

Deviations from the expected performance of these gratings will be partially

explained. The performance of integrated optical lenses fabricated by means of

different techniques will be examined. Finally in this chapter, the performance

of an optical chip with a rib array, grating outcoupler on the ribs, and lenses

integrated on the same substrate will be analyzed.

In Ch. 6, we will examine the example of the IOSAR processor more closely

in order to determine how it can be implemented with the technology that is

curicntly available. In this chapter we also investigate the limitations of us-

ing LiNbO3 as the substrate for the IOSAR processor, and examine whether

or not variation of the radar parameters can rectify some of these limitations.

Alternative input modulators that can potentially alleviate some of the short-

comings associated with SAW input transducers and the high surface acoustic
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wave velocity of LiNbO 3 are discussed.

Concluding remarks concerning advanced integrated optical signal processors

are given in Ch. 7. In this final chapter several directions for future research

will be presented.
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Chapter 2.

Advanced 10 Processors: Preliminary

Considerations

In this chapter, first we will consider the geometrical aspects of advanced

10 signal processors; we will then present the performance requirements and

limitations of components for such processors.

2.1 Geometry

It is important to develop an understanding of how guided light in an ad-

vanced 10 processor interacts with the refractive index modulations caused by

inputing the signal. Such understanding is needed in order to determine the

optimum geometric orientation of the critical elements of 10 processors and also

to determine the fundamental limitations in their performance.

In the geometrical analysis of advanced 10 processors we consider here a

fairly common configuration, which is shown in Fig. 2.1. In this configuration, a

refractive index distribution with linear FM modulation is induced by the input

signal. The input index modulation has a length L, and it is bounded by its

lowest spatial frequency -L and the highest spatial frequency -. Therefore,

the spatial bandwidth of the input index modulation is -L and the chirpAlc Aoc

rate of the modulation is the bandwidth divided by the length L,.

Here we will consider a collimated guided light beam in the processor to be

incident upon the index modulation at angle 0, as shown in Fig. 2.1. In this
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Figure 2.1: Geometrical optics of the guided beam incident upon a linear FM

index modulation and an integrated lens combination (see text).
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geometry, the incident guided beam is diffracted by the index modulation at

angles that are in the range 00, - 01,. Since the incident beam cannot be at the

Bragg angle across the entire aperture of the index modulation, the appropriate

expression for the diffraction angles g0c and 01, (which we abbreviate as 0o,1,) is

tan 9 ojc = sin 0, - 2 sin 00.1B
Cos (2.1)

in which the angle 80,18 is the Bragg angle at spatial frequnecy - and is given

by

Ao.ljsinoJB " (2.2)

In the above equation the parameter 3 is the longitudinal propagation constant

of the guided mode.

The diffracted beams exiting the index modulation would cross at a distance

fc away, which is known as the focal length of the linear FM index modulation

and can be geometrically determined to be given by
Lc (2.3)

tan 1, - tan 90C"

The diffraction limited spot size of the focused beam S, due to the chirped index

modulation is given by

SC=2 7r 1 (
3 tan 0,- tan o" (2.4)

In Eqs. 2.3 and 2.4, for small angles, the denominator can be approximated as

(tan01,-tan09o) = 27r 1 -l 1 (2.5)

Therefore, the focal spot size (which is proportional to the resolution of the

processor) is equal to the inverse of the spatial bandwidth of the processor.

Let us consider a typical example in which we have a linear FM modulation

that is 3.5 mm long and is bound by spatial frequencies 114.7-129 lines/mm.

Therefore, in this example, the spatial bandwidth is 14.3 lines/mm and the linear
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FM chirp rate is 4.1 lines/mm 2. We vwill show later in Ch. 6 that such parame-

ters are characteristic of SAW propagation in LiNbO3 . In order to determine the

incidence and the diffraction angles we assumed a longitudinal propagation con-

stant of 22.2 pm - , which will be shown later in Sect. 3.1 to be the longitudinal

propagation constant that we used for titanium indiffused waveguides.

We selected the angle 0, (see Fig. 2.1) in this example to be equal to 0.99'

in order to satisfy the Bragg condition at the center frequency of the example

(i.e. 121.8 lines/mm). Therefore, from Eqs. 2.1 and 2.2, 0c and 81C are equal to

0.930 and 1.04', respectively. We used these angles and the record length (Lc)

of 3.5 mm in Eq. 2.3 and determined a 0.87 m focal length due to this linear

FM chirp. In addition, Eq. 2.4 yielded a focal spot size 70 pm wide.

In order to reduce the focal length of the linear FM chirp signal used in an

10 processor from the meter range to the centimeter range, integrated lenses

can be employed, which also reduce the effective focal spot size of the system.

In the geometry of Fig. 2.1, at a distance I away from the chirped index mod-

ulation, there is such a lens with a focal length of f and an aperture size of D.

Using the geometrical optics method, it was determined that in the configura-

tion of Fig. 2.1 the overal focal length of the index modulation-integrated lens

combination (F,,0., as measured from the integrated lens) is given by

_f~f - lf
Fs. - fM + f _l"(2.6)

In an advanced 10 processor, the waveguide array that is used to dissect the

partially processed information should be situated at the plane Fo.Y., in order

for the system to focus into individual waveguides. In order to ensure efficient

focusing into individual waveguides and also to prevent crosstalk, the diffraction

limited spot size of the beam focused by the system of the index modulation-

integrated lens combination (S,,.) should be smaller than the width of the

individual waveguides of the array. The spot size of the beam focused by the
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system is given by

=SS 2-rF8 5S7. "~ 2.7)i3 L, :

For example, let us consider a situation in which a 2.7 cm wide integrated

lens with a focal length of 10.8 cm is placed at a distance 5 mm away from the

linear FM index modulation of the example given earlier in this section. This

is an f/4 lens, and it will be shown later that such a lens can be fabricated

without much difficulty. Using Eq. 2.6 for the geometry of this example, we

determined that the focal length of the system is 9.5 cm (distance between the

lens and the waveguide array). Such izes are manageable for implementation

in LiNbO 3. We used the focal length of the system in Eq. 2.7 and calculated

the focal spot size of the system to be approximately 8 pm wide. Therefore, the

width of individual waveguides of the array should be larger than approximately

8 pm.

In order to determine the number of spots that the geometry of Fig. 2.1

can resolve (or the number of individual waveguides needed for the waveguide

array), we have to first determine the range of focus in the back focal plane

of the system when the index modulation record is within the aperture of the

integrated lens. We geometrically determined that this range (which we call

A~x~v.) is given by
-(D - L )F, yo(.8A '4 . = ( D L c) s. (2 .8 )

The number of resolvable spots (N,,,.) is given by

_(D - L)
Nre. - 2j (tan 01 - tan 0&:). (2.9)

This result was obtained by dividing Ax,,.. by the diffraction limited spot size

of the system S,,. (given by Eq. 2.7).

We then substituted for the parenthesis involving angles from Eq. 2.5 into

Eq. 2.9, with the result that the number of resolvable spots was determined to
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be the well known space bandwidth product, given by

N,.e. :- (D-L )x , - (2.10)

Therefore, for the case of a 3.5 mm long frequency chirp with a spatial bandwidth

of 14.3 lines/mm and employing a 2.7 cm wide integrated lens, the number of

resolvable spots was determined to be approximately 333. This is the number

of individual waveguides within the array needed for such an example.

Associated with the beams diffracted by the index modulation, there are

undiffracted beams that impinge upon the integrated lens and focus at a point

f tano, below the axis along the focal plane of the integrated lens (see Fig. 2.1).

In order to prevent such undiffracted modes from impinging upon the waveguide

array, it was determined geometrically that the following inequality should be 4

satisfied

(tan 01 + tan 9) (fc - 1) > D. (2.11)

For the example considered in this section, the left hand side of Eq. 2.11 was

determined to be 3 cm while the right hand side is 2.7 cm. Therefore, the

undiffracted modes would not impinge upon the waveguide array in this example.

In some advanced 10 processing applications such as IOSAR, there might

be a need for a constant frequency index modulation used as a reference signal.

The geometry for diffraction of the guided beam from such a constant frequency

index modulation is shown in Fig. 2.2, in which the collimated guided incident

beam diffracts at an angle Oc and focuses at a point f tan 0, above the axis in

the focal plane of the integrated lens. The width of the region after the lens

that is illuminated by the diffracted reference beam depends on how far from

the integrated lens the region is located. This width is given by

IV = D (I - . (2.12)
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Figure 2.2: Geometrical optics of the guided beam incident upon a constant

frequency index modulation and an integrated lens combination (sce text).
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At the focal plane of the system (z = F,,.) the width of the reference beam

is given by =
IVF Df

f +f- (2.13)

The width of the reference beam at this location is wider than the waveguide

array given by Eq. 2.8. Therefore, the array is completely illuminated by the

reference wave. However, such illumination may cause phase curvature at the

plane of the waveguides, which needs to be corrected in some applications.

2.2 Substrate

In designing integrated optical devices, choosing the right substrate is one

of the first and also one of the most critical tasks. Here we will summarize

the considerations that govern the selection of a suitable substrate material for

our purposes. Since our effort is directed towards a proof of concept study, we

will rely on a commercially available material rather than alternative materials

that are more exotic. The capability to fabricate index gradients in substrates

is essential since they are crucial to developing both optical waveguides and

integrated lenses. In addition, propagation losses in such waveguides should be

low enough to allow reasonable power levels in the resulting processors.

Earlier we showed that a number of integrated optical processors rely on

SAW devices to input the signals. Efficient processing of the input signals is -

dependent on how well the SAW device performs on the substrate. Therefore,

in these applications a substrate with high acoustooptic coefficients that provide

high diffraction efficiencies is desired.

In Eq. 2.10, we derived that one factor determining the number of resolvable

spots is the aperture size of the integrated lens minus the record length. In the

configurations employing SAW transducers, the aperture of the surface acoustic

wave that can be processed is equal to that of the integrated lens. Therefore, for
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a fixed pulse duration, the number of resolvable spots is inversely proportional

to the surface acoustic wave velocity. Hence, a low SAW velocity is desired in

order to achieve a larger number of resolvable spots.

Considering the above requirements, LiNbO 3 (3m symmetry. n1 = 2.2005,

and n0 = 2.291) is a uniaxial crystal particularly suited for these processing

applications [1]. Waveguide fabrication techniques in LiNbO3 through titanium

indiffusion are well established [2,3,4,5,6,7]. Both the extraordinary and the

ordinary refractive indices of LiNbO 3 substrate are increased by the titanium

indiffusion technique. The extraordinary and ordinary refractive indices increase

by as much as 0.05, and 0.005, respectively. The acoustooptic properties of this

crystal have also been found by other investigators to be adequate [11,31].

A major drawback to the use of LiNbO 3 in IOSAR processors is its high

surface acoustic wave velocity (v,, = 3488m/s) [32]. In a configuration that

relies on SAW transducers in LiNbO 3 to input the signal, such high surface

acoustic velocities increase the record size L, and reduce the spatial bandwidth

in Eq. 2.10 (since spatial bandwidth is inversely proportional to the velocity);

therefore, the number of resolvable spots are reduced.

At this level of examining the proof of concept of advanced 10 signal process-

ing components, the SAW velocity problem was determined to be not critical. In

addition, the possibility of using electrooptic modulators as a means of inputing

the signal can alleviate the problem of high surface acoustic wave velocity in

LiNbO 3. Therefore, LiNbO 3 was maintained as the primary substrate for this

research in spite of its high acoustic velocity.

In this research, the primary crystallographic orientation for LiNbO 3 sub-

strate was Y-cut. In this orientation of LiNbO 3 good quality waveguides can be

fabricated consistently. The waveguides were normally fabricated parallel to the

X crystallographic axis with the c-axis (optic axis) orthogonal to the length of

the waveguide. Since the refractive index gradients due to titanium indiffusion
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and the TIPE process are maximized along the direction of the extraordinary

axis, this particular choice of crystal cut provides good mode confinement when

the input is TE polarized.

In the above choice of orientation, we can also employ the most suitable

configuration for the SAW device in LiNb0 3 . The preferred configuration used

by other investigators that yields the highest diffraction efficiency of the guided

mode is realized when the surface acoustic wave propagates along the optic axis

of LiNbO3 in a Y-cut crystal.

In more advanced 10 processors, other materials such as the III-V com-

pound semiconductors can potentially be used. For example, GaAs/AIGaAs

ridge waveguides reported by Kapon and Bhat show great promise for such ap-

plications [33]. In addition, an abundant substrate material such as Si has also

been used as the substrate for 10 processors. Optical waveguides on Si have

been formed by depositing As2S3 thin films (and Si0 2 buffer layers) [18]. The

potential use of the above substrate materials in advanced 10 signal processors

needs to be investigated.

2.3 Laser Diode

Laser diodes are compact sources that are normally employed in integrated

optics. At the present level of technology, laser diodes are often bonded in butt-

coupled format to the polished edge of substrates providing efficient coupling of

light from the diode into the optical waveguide. Potentially, laser diodes could

be integrated into the substrates if III-V compound semiconductor substrates

are used.

The divergence angle of the laser diode beam in a plane either parallel or

perpendicular to the junction of the laser diode must be small enough to allow

efficient butt-coupling of light into the waveguide [34]. This is because the
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acceptance angle of an optical waveguide in the vertical direction is normally

very small also.

Several unique losses are associated with 10 processors that can place strin-

gent requirements on the light sources. To name a few, waveguide propaga-

tion losses due to absorption, surface scattering losses, and coupling losses are

amongst the most common. Of course, SAW diffraction losses and the through-

put loss of integrated lenses can compound the previously mentioned losses. In

order to retain enough photons for the excitation of photodetectors (such as the

CCD array in the IOSAR application) and the employment of their full dynamic

range, the laser diodes should have powers high enough to compensate for the

device losses.

In specific 10 applications that rely on surface acoustic waves for processing,

the laser diode pulse duration must be very small. This is needed to ensure

that during the time the laser diode is on, the SAW wave is almost stationary

in order to prevent smearing of information from one waveguide to the next in

the array. For example, if the focal spot size of the SAW wave in LiNbO 3 is 70

m, then the laser diode pulse duration should be less than 20 nsec. In order

to be able to pulse the laser for such a short duration, its modulation frequency

should be greater than 50 MHz.

When a laser diode (LD) is pulsed, the time after the onset of laser oscilla-

tion in which the LD changes from its initial multimode operation to a single

lasing mode is known as the coherence time [35]. For some of the advanced 10

applications which process part of the information interferometrically, the phase

information is critical. Hence, the coherence time of the laser diode must be a

negligible portion of the pulse width to obtain coherence. In addition, the co-

herence length of the laser diode should be larger than the physical dimensions

of the processor t341.

For example, let us consider a Hitachi model HLP1600 laser diode with the
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following specifications: 30 mW output power at 0.85 pm wavelength; 811 = 100,

and O± = 240 divergence angles; and 1 MHz-2 GHz modulation frequency. The

coherence length of such laser diodes is about 15 i [36]. The coherence time

of a typical Hitachi laser diode (model HLP1600) was determined by Haney

(Ref. [35]) to be about 1 ns. Most performance characteristics of laser diodes

satisfy the above requirements. In applications for which the laser diode beam

divergence angle in the perpendicular direction is larger than the acceptance

angle of the waveguide (i.e. 5 - 10' for Ti:LiNbO3 ), graded-index (GRIN) lenses

can be used to effectively focus the laser light into the waveguide.

It should be noted that all of the analysis and design specifications presented

in this dissertation were conducted for the He-Ne wavelength of 0.633 Pm used

in our experimental characterization. Consequently, for the case of processors

using semiconductor laser diodes (e.g. 0.85 pm) appropriate modifications to

all of the parameters must be conducted in order to account for the wavelength

difference [37].

2.4 Addition of the Reference Wave

As was mentioned in the previous chapter, in some of the advanced 10 pro-

cessors there is a need for a reference wave. For example, in IOSAR processing

applications the addition of a reference wave to the SAR return signal was

needed in order to utilize the doppler phase information needed for azimuth

determination.

One method by which the reference signal can be introduced and mixed with

the radar signal is electronically. In this technique, the radar return signal is

mixed with a signal at the center frequency of the SAW transducer (fl). The

heterodyned signal is then electronically added to the reference signal with center

frequency f2 and then applied to the SAW transducer [281. An inherent problem
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with this method is that it reduces the available dynamic range by a factor of

two.

It is also possible to add the reference signal to the radar return signal by

using a secondary SAW transducer that is driven by the reference signal. This

transducer is situated in series with the transducer driven by the radar return

signal.

2.5 Input Transducers

In the architecture shown in Fig. 1.5, a surface acoustic wave (SAW) device

is the transducer by which the radar return signals are input into the IOSAR

processor. This method of inputing the radar signals is not unique. An al-

ternative approach for spatially modulating the light guided in the processor

is to use an electrooptic modulator array such as the linear array total inter-

nal reflection (TIR) electrooptic spatial light modulator (SLM) [38]. In such a

configuration, the linear array of interdigital electrodes of the TIR spatial light

modulator would be fabricated on the slab waveguide orthogonal to the path of

beam propagation. The electrodes of the modulator are appropriately addressed

electrically by the radar return signals in order to spatially modulate the guided

light confined to the slab waveguide. Employing this type of a modulator to

input the signal into an advanced 10 processor circumvents the need for a trav-

elling surface acoustic wave device. Therefore, this technique is particularly

attractive when substrates with high surface acoustic wave velocities are used

(such as LiNbO 3 ).

For example, currently TIR modulators with electrodes that are 5 Mm wide

and separated by 5 pm can be fabricated on LiNbO 3. In other words, 100 elec-

trodes can be fabricated in 1 mm. Such a configuration of electrodes can generate

a spatial bandwidth of approximately 50 lines/mm. Using this bandwidth with

39



a lens aperture size of 2.7 cm and a record length of 3.5 mm in Eq. 2.10, we

determined that such a configuration can support 1175 resolvable spots.

In this research, however, SAW devices were primarily considered as a means

of transducing the radar signals, in order to benefit from the previously estab-

lished properties of acoustic transducers as used in similar applications [18,11,39].

In advanced 10 signal processing applications such as SAR processing, it is

important to have processors with larger bandwidths than those of the input

signals in order not to lose information. In addition, high surface acoustic wave

diffraction efficiencies are desired, in order to reduce the power requirements of

the laser diode. The diffraction efficiency of a surface acoustic wave depends on

the substrate acoustooptic properties and the wavelength of the guided mode

being diffracted.

The performance of SAW devices on LiNbO 3 substrates used in optical pro-

cessing and computing has been established by other investigators [11]. Surface

acoustic wave devices used in such applications were operated at 500 MHz center

frequencies with bandwidths of 90 MHz [11]. The possibility of 70% diffraction

efficiencies at low rf drive power (about 400 mW) was reported by Tsai, et

al. [11]. Such performance by SAW devices is quite adequate for certain 10

processor applications.

2.6 Integrated Optical Lenses

In Sect. 2.1 we showed the need for integrated optical lenses in order to

adjust some of the dimensions in advanced 10 processors. In addition, such

lenses have numerous other applications such as the collim. ion of the diverging

guided modes coupled from the laser diode.

In Sect. 2.1, we also showed that the number of spots that 10 processors

can resolve depends on the aperture size of the lens employed. Therefore, it is
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desirable to fabricate large aperture integrated lenses in such processors. How-

ever, for a specific F-number lens. a large aperture means a large focal length.

Therefore, it is also desirable to fabricate lenses with low F-numbers in order to

reduce the size of the resultant processors.

In this research effort, we limited our studies to 2.5 mm wide integrated

lenses because of their ease of fabrication. One of the lenses that we fabricated

had a focal length of about 1.2 cm for such an aperture size (F/4.8 lens). Such

principles of operation and fabrication can be extended to larger size integrated

lenses. One can foresee fabricating integrated lenses with aperture sizes of about

3-4 cm and focal lengths of about 12-16 cm with currently available technology.

Since phase information is critical in many 10 processing applications, phase

front distortion should be minimized. Phase front distortion can be induced by

either irregularities in the surface of the integrated lens or inhomogeneities in

its refractive index. Another cause of such distortions is spherical aberration,

which can be minimized when lenses with aspherical boundaries are employed.

Integrated lenses that exhibit high throughput efficiencies are desired in any

10 application since they reduce scattering noise and reduce the input power

requirements at the same time. In addition, lens configurations that occupy

minimum chip real estate are always favored in such applications.

Currently, the most promising technique of fabricating integrated lenses in

LiNbO 3 is through modification of the refractive index by the titanium indiffused

proton exchanged (TIPE) method [10]. Large aperture integrated lenses (4 mm)

with short focal lengths (1.5 cm) have been developed by other investigators [10].

In this dissertation we will present the results of other index modification tech-

niques employed in LiNbO 3, and also discuss several improvements in the TIPE

process for fabricating integrated lenses that evolved from our experiments.
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2.7 Channel/Rib Waveguide Arrays

Densely packed channel/rib waveguide arrays that exhibit low crosstalk are

essential to the development of a number of advanced 10 signal processing de-

vices. Such a waveguide array dissects the partially processed information and

expands it along the direction of propagation. Any time waveguides are closely

packed, crosstalk due mainly to mode overlap becomes an issue. This is es-

pecially critical in the IOSAR processor configuration, because such crosstalk

could cause errors in determining the range and azimuth information. This

consideration favors the use of rib waveguide arrays in place of Ti:LiNbO3 chan-

nel waveguide arrays. Rib waveguides in an array are separated by air, which

provides better guided mode confinement than Ti:LiNbO3 channel waveguides

in the same configuration since they are separated by regions of the LiNbO3

substrate. This comparison will be discussed in more detail later.

Outcoupling from the waveguide arrays discussed above excites the CCD

elements that are located on the top surfac e of the waveguides. In order to effi-

ciently use available CCD arrays and reduce registration error in CCD elements,

the size of the individual waveguides should be smaller than the CCD pixel size

(typically 10 pm). In addition, the pitch of the waveguide array must match the

pitch of the CCD array exactly to eliminate the possibility of a runout problem

when mating the CCD array to the waveguide array. Currently available CCD

arrays sizes are as high as 1000 x 1000 in a 1 cm 2 area, which yields a 10 Mm

pitch. Hence, for this specific example the pitch of the waveguide array must

also be exactly 10 pm.

The separation between the waveguides in the array is determined by their

fabrication limitations as well as the minimization of crosstalk, and is about 2

Mm. Hence, the width of the rib waveguides is about 8 pm for an overall 10 pm

pitch. This is also equal to the minimum waveguide width determined for the
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example given in Sect. 2.1.

In this research effort we aimed at developing highly uniform rib waveguide

arrays (1000 elements with S yrn widths and 2 Mm separations), in order to

match currently available CCD arrays. High surface uniformities are needed to

minimize surface scattering which can contribute to both crosstalk and overall

processor throughput loss.

Fabrication of larger arrays is also conceivable using the currently available

technology. For example, rib waveguide arrays of 5000 elements 2 j#m wide with

2 /m separations can also be fabricated without much added difficulty.

2.8 Outcoupling from the Waveguide Arrays

As was pointed out earlier, a unique feature of advanced 10 signal processors

is that the information confined to the plane of the processor is outcoupled in

order to access the third dimension for further processing capabilities. Differ-

ent techniques of outcoupling from individual Ti:LiNbO 3 waveguides have been

demonstrated by other investigators [21,40]. Their work in this area has been

aimed at high efficiency outcoupling from small areas.

Our requirements of outcoupling from arrays, however, are quite different.

For our purposes, uniform outcoupling is conducted over a large area of the

waveguide array, and thus the outcoupling efficiency per unit length should be

low enough in order to distribute the outcoupled light over a waveguide array

perhaps 1 cm long and to excite all of the CCD elements. Hence, the outcoupling

efficiencies per unit length required for advanced 10 processors are significantly

lower than the efficiencies currently used in integrated optics. If the guided mode

intensity in the waveguide was uniform throughout a 1 cm long waveguide, the

required outcoupling efficiency would have been 10%/mm. However, the guided

mode intensity decays along the waveguide due to both propagation loss and
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outcoupling. Therefore, the required outcoupling efficiencies are in the range

10-100%/mm in order to compensate for the decaying intensity.

The guided mode in a rib waveguide that has a surface grating decays with

distance due to both propagation losses and outcoupling. Therefore, it may be

desired in some advanced 10 processor applications to have the capability of

modulating the outcoupling efficiencies of individual pixels depending on their

location in order to compensate for the decaying guided mode power.

We will present in Ch. 3 the results of a study comparing evanescent field

with surface grating outcoipling techniques subject to the above requirements

[40,21,41,42,43]. It will be shown that the surface grating technique is more

favorable for our purposes.

2.9 Mask/CCD Interface

In this section, considerations pertaining to the mask function needed for cer-

tain advanced 10 processor applications are analyzed. The use of such masks,

which are sandwiched between the waveguide array and the CCD array in such

processors, has several implications on the performance of these arrays. Over-

laying the thin film of the mask on top of the surface outcouplers will affect their

performance. This effect is probably larger if evanescent field outcouplers rather

than surface gratings are used. The mask material and mask/CCD interface

technique should also be selected such that the mask will not damage the CCD

pixels when they are in contact with one another. The above problems could

possibly be circumvented if microspacers are used to introduce air gaps between

the above elements. The development of suitable mask functions was considered

not to be critical at this stage of the research in IOSAR processors; hence they

are not considered any further herein.

Two dimensional CCD arrays are also important elements of advanced 10
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processors such as IOSAR [19,20,44]. Such arrays are hybridized on top of the

waveguide arrays in order to detect the information that is being selectively

outcoupled from these waveguides [451. In certain applications, a CCD array

operating in the shift-and-add mode can perform a correlation of the outcoup-

led light with the mask function by means of temporal integration in order to

perform processing in an additional dimension.

The interaction of the CCD array with the light scattered by surface nonuni-

formities directly affects the signal-to-noise ratio and the dynamic range of 10

processors. The sidewalls of the rib waveguides under the CCD arrays should

then be highly uniform, in order to minimize the unwanted scattering.

A critical issue in the design of an advanced 10 processor is that of potential

registration errors in the mating of the CCD detector with the waveguide array.

Such errors can be caused by the excitation of CCD pixels from outcoupling

elements that are not directly below them. These errors can be minimized by

making the outcoupling element sizes smaller than the CCD pixel sizes (in the

range of 10-30 /im). Another possible cause of registration error is the runout

error. This error is caused when the separations between grating outcoupling

pixels both along the rib waveguides and across the array do not match the

CCD array exactly. The solution to this problem is nontrivial and needs to be

investigated.

The dynamic range of advanced 10 processors is controlled by the losses

introduced by the integrated components, and also by the dynamic range of

the CCD elements. The dynamic range of CCD elements is typically about

100:1 (as high as 1000:1 for some cases) since their saturation and detection

threshold energy densities are of order 1.5 x 10-' J/cm2 , and 0.015 x 10' J/cm2 ,

respectively.

Although in this research effort we have only used the CCD arrays as light

detectors, further investigation needs to be conducted in order to establish their
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time integration properties in the IOSAR processor configuration.

2.10 Summary

In this chapter we presented the results of our preliminary studies of advanced

10 signal processors and their compoi.'nts. We determined that in a geometry

of advanced 10 processors utilizing a 3.5 mm long spatially modulated refractive

index with a bandwidth of 14.3 lines/mm, and also a 2.7 cm wide integrated

lens on LiNbO 3, the number of resolvable spots would be 333.

For our studies, we selected LiNbO 3 as the common substrate because fabri-

cation of waveguides can be relatively easily accomplished through the titanium

indiffusion technique. In addition, we can benefit from high diffraction efficien-

cies and large bandwidths when employing surface acoustic *,.ve transducers

on LiNbO 3. An example of such a device in LiNbO 3 exhibited 70% diffraction

efficiency at 500 MHz center frequency and bandwidth of 90 MHz. This was

indeed shown to be adequate for some SAR applications.

It was determined that a drawback to using LiNbO 3 in advanced 10 proces-

sors was its high surface acoustic wave velocity, which limits the number of re-

solvable spots. As a means of eliminating the surface acoustic wave transducers,

it was suggested that a modification of the TIR-SLM, which is an electrooptic

method of inputing the information, should be investigated. Use of electrooptic

techniques will circumvent the problems associated with the propagating sur-

face acoustic wave in LiNbO 3. It was also determined that if an electrooptic

modulator with 100 lines/mm is employed, along with a 2.7 cm wide lens and a

record length of 3.5 mm, then the number of resolvable spots would be 1175.

We considered laser diodes as the light source in advanced 10 signal proces-

sors. As an example, we considered a Hitachi model HLP1600 laser diode which

can produce 30 mW of power. This power levels adequate for most advanced 10
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signal processing applications. Such a laser can also be modulated in the range

1 MHz-2 GHz, which is adequate for laser pulse durations of about 20 nsec that

are needed in order to freeze the surface acoustic wave index distribution during

each pulse.

Large aperture integrated lenses with short focal lengths were determined

to be essential for advanced 10 signal processors. Such lenses are needed to

collimate the guided mode and to shorten the focal lengths due to linear FM

modulated index distributions. We determined that in order to increase the

number of resolvable spots in advanced 10 processors, low F-number integrated

lenses should be developed. In this research effort, we limited our lenses to an

aperture size of 2.5 mm in order to simplify the fabrication process. However,

the developement of larger aperture lenses will follow the same principle. We will

examine different techniques of fabricating such lenses in LiNbO 3 that are also

compatible with the development of other 10 components on the same substrate.

It was determined that the development of large area densely packed rib

waveguide arrays are needed for advanced 10 processors. In order to provide

matching between the currently available CCD arrays and to provide high mode

isolation we selected large area rib waveguide arrays with 1000 elements that

are 8 pm wide with 2 pm separations.

Uniform outcoupling from the above arrays was determined to be critical

in advanced 10 signal processing applications in order to provide access to the

third dimension of the processor. Although we require efficient outcoupling

from the entire length of the waveguide, the outcoupling efficiency per unit

length is low compared with other applications. This is to allow enough light

intensity in a long waveguide to excite CCD elements that are further down

the waveguide. For example, we determined that a first order approximation

of the outcoupling efficiency along a 10 mm long waveguide would be as low as

10%/mm. It was also determined that in some applications it is desired to have
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the capability of modulating the outcoupling efficiencies of individual pixels in

order to compensate for the decaying guided mode power in the waveguide. We

also determined that the use of the mask functions can cause perturbations in

the performance of the outcoupling elements.
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Chapter 3

Advanced 10 Components: Theoretical

Overview

An understanding of guided modes in optical waveguides and their respec-

tive parameters is esscntia for the design and analysis of waveguide arrays,

outcoupling elements, and integrated lenses in the context of integrated optical

processors. Two types of discrete optical waveguides are considered here. The

first type is the Ti:LiNbO, channel waveguide which is commonly used in other

integrated optical applications. A possible alternative to the channel waveguide

geometry is the less commonly used rib waveguide geometry which provides

superior guided mode confinement. Therefore, rib waveguides are potentially

better candidates for applications that require densely packed waveguide arrays.

An analysis of guided modes in both types of the above waveguides will be

presented here.

As a means of outcoupling from the above waveguides or waveguide arrays,

we will consider both evanescent field and surface grating outcoupling. These

two techniques will be studied further to examine their merits and drawbacks.

Since the development of large aperture integrated lenses with short focal

lengths was an integral part of this research, we will also consider the index

modification techniques that are needed to fabricate such lenses in LiNbO3.

The effective refractive indices of both the guided modes in such index modified

regions and the guided modes in Ti:LiNb0 3 will be used in the analysis of the

integrated lenses. The gradient in the effective refractive index in combination
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with the geometry of the integrated lens determines its focal length. The analysis

of Sect. 3.3 provides a prediction for how integrated lenses fabricated through

different techniques should perform.

Since the above integrated lenses are normally used to focus into individual

waveguides, we will examine the coupling efficiencies of such focusing through

the use of the mode overlap integral technique.

Finally, in this chapter the overall throughput efficiency of advanced 10 signal

processors will be estimated.

3.1 Field Distributions in Discrete Optical Waveguides

Two different typical geometries of integrated optical waveguides are channel

waveguides (shown in Fig. 3.1) and rib waveguides (shown in Fig. 3.2) [46,47]. In

these geometries the optical wave is guided in the strip with refractive index ni,

which is approximately 2.25 for Ti:LiNbO 3 waveguides. The substrate refractive

index is given by n 2 , which is approximately 2.2 if the substrate is LiNbO 3. The

value of no is normally 1 unless other elements such as CCD arrays or dielectric

films are situated right above the waveguide. Comparing Figs. 3.1 and 3.2, it

is evident that for a rib configuration the strip of waveguide is raised above the

substrate, while for the channel configuration the strip of waveguide is imbedded

in the substrate.

In order to ensure that the optical wave can total internally reflect at the

upper and lower boundaries of the waveguide strip, the refractive index of the

waveguide must be larger than the surrounding refractive indices. In most ap-

plications, the appropriate refractive indices satisfy n1 > n2 > no [46]. In the

case of Ti:LiNbO3 waveguides on a LiNbO 3 substrate, the above inequality is in

fact satisfied.

Later we will discuss the fact that the concentration of titanium is Gaus-
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sian with depth in a Ti:LiNbO 3 waveguide. The refractive index increase in

the Ti:LiNbO 3 substrate which is needed for waveguides is proportional to the

titanium concentration. Therefore, the waveguide boundary in the vertical di-

mension (depth of indiffusion) is also Gaussian for both the rib and channel

waveguide geometries [2]. Others have investigated the numerical solutions to

mode distributions in such graded index waveguides [48,43,49]. However, we will

assume that Ti:LiNbO 3 waveguide boundaries can be approximated by sharp

transitions in order to simplify the analysis. The transition region is assumed

to be at a depth for which the gradient of the titanium concentration is largest.

In the case of a Ti:LiNb0 3 channel waveguide, which is fabricated through

the indiffusion of a strip of titanium film, similar exponentially decaying wave-

guide boundaries (associated with the exponentially decaying titanium concen-

trations) exist in the lateral dimension. Such soft boundaries in Ti:LiNb03

channel waveguides in combination with the resultant small refractive index

gradients could cause the modes to be weakly confined to the waveguide, which

can in turn lead to leakage of the guided mode [50].

In our discussion we will primarily consider the E, polarized guided modes

in which the electric fields are predominantly parallel to the x direction of the

coordinate system. These modes experience the highest refractive index gradient

in titanium indiffused (Ti:LiNbO 3) waveguides (Y-cut and X-propagating) com-

pared to other polarizations. Hence, guided modes with this type of polarization

are better confined to the waveguide region.

The propagation phase factors of the guided modes are of the form expfi(wt

-,3z)]. The transverse field distribution in the core of the waveguide (regions

I in both Fig. 3.1 and Fig. 3.2) is sinusoidal. The transverse field distributions

in regions II and III are evanescent fields and decay exponentially away from

the waveguide boundaries. The overlap of evanescent field distributions of two

adjacent waveguides is the principal cause of interchannel crosstalk.
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Figure 3.1: A typical channel waveguide geometry is shown schematically. The

appropriate parameters used in the theoretical analysis described in the text are

also shown.
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Figure 3.2: A typical rib waveguide geometry is shown schematically. The

appropriate parameters used in the theoretical analysis described in the texct

are also shown.
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Marcuse (Ref. [46]) has developed solutions for the guided mode distribu-

tions in dielectric optical waveguides with abrupt boundaries for different po-

larizations. In what follows below we will modify his results in order to provide

E. polarized transverse field distributions for the different regions of a rib wave-

guide. The modified versions of the appropriate eigenvalue equations (which are

needed to extract the parameters of the field distributions) will also be given.

In order to modify the following equations for channel waveguides, we merely

need to replace no with n2 and -10 with 72. In addition, the y axis in channel

geometry is opposite to that of the rib.

The transverse electric field distributions in the rib waveguide geometry of

Fig. 3.2 are [461:

Region I : = j(n, kzk2) sinkx(I +6 )cosk,(y+6,) (3.1)

Region I : E,, = fo 2 22

Region II = iE0 ^ 2 cos k,(6, -d)cosky(y+6,) exp[7o(x + d)]

(3.2)

Region III : E.,= -iE [t2 +no] cos k,6 cos k,,(y+6,) exp [-tox] (3.3)

The parameter E0 in all of the above equations is an arbitrary field amplitude.

In Eqs. 3.2 and 3.3, the evanescent field decay constant (7o) in a region with

refractive index no is given by

Y0 = (n12 - no2) k2 - k 2  (3.4)

In addition, k., and ky are the standing wave numbers in the x and y directions,

respectively. The parameters k and 03 are the free space wave number and

longitudinal propagation constant of the guided mode, respectively. In Eqs. 3.1-

3.3, the parameters b, and 6 are needed to assure the continuity of the fields

at the waveguide boundaries. All other parameters are as defined in Fig. 3.2.

The critical parameters defined above are given by the following eigenvalue
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equations [46]:

k 2r (3.5)
A

tan k~d - 2nj 2noko3.6)
?14kX2 - n14^o2(3.6)

tan = - (v ) (3.7)

tan kyb - ky (-Y2 + 70 ) (3.8)
kY2 - 7270

tan k . = 710 (3.9)
ky

The above equations have been solved numerically for the examples that will be

presented later to determine the standing wave numbers and phase factors.

The standing wave numbers are used in Eq. 3.4 for 70 and the following

equations to determine the field decay constants and the longitudinal propa-

gation constant. The determining equations for the remaining, evanescent field

decay constant -f2 (in a region with refractive index n 2 ) and the longitudinal

propagation constant / are:

12 n [n2 n 22) k 2 - k 2] 1/2 (3.10)

=n 2flk2 -(k-.' + k Y2) ]1 2. (3.11)

A useful parameter of the guided mode in a waveguide is the effective refrac-

tive index (N) which can be determined from the relation

A = _ .. (3.12)

As the guided mode propagates through the waveguide, a change in the refrac-

tive index will cause a change in the effective refractive index experienced by

the mode. This change provides a means of calculating the focal lengths for

integrated lenses with different geometries. Such analysis will be presented later

in Sect. 3.3.
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It was mentioned earlier that closely packed waveguide arrays might be re-

quired in some of the advanced integrated optical signal processors such as the

IOSAR processor. In a geometry that has a number of closely spaced waveg-

uides, the guided modes can couple from one waveguide to another. One reason

for such coupling can be due to scattering of the guided modes into neighboring

waveguides by means of surface inhomogeneities in the sidewalls of the wave-

guides. Another reason might be due to the weakly guided modes in channel

waveguides with low refractive index discontinuities such as Ti:LiNbO3 wave-

guides, as discussed earlier. In a geometry that employs closely packed and long

Ti:LiNbO3 waveguide arrays, weakly guided modes can potentially couple out

of one waveguide and couple into the neighboring waveguide.

For the case of closely packed waveguides that have sharp boundaries and

are strongly guiding, there could still be significant crosstalk due to mode over-

lap. The coupling occurs because the evanescent field in one waveguide extends

outside its boundaries into the neighboring waveguide, causing the excitation of

the guided mode in the second waveguide. If the coupling coefficient due to the

mode overlap in such a situation is K, the power in the first waveguide decays

as exp(-Kz) while the power in the coupled waveguide grows as exp(Kz) along

the waveguide.

The coupling coefficient between two discrete waveguides with abrupt bound-

aries has been determined by other investigators using mode coupling theory

[51,52,53,54]. We will herein adopt the coupling coefficient (r) determined by

Kuznetsov (Ref. [51]) for our geometry in which t, :o rib waveguides are sepa-

rated by a distance W (or a gap between the waveguides of W - d). In order to

modi this equation for the case of channel waveguides, again we substitute n 2

for no and 72 for -yo. The coupling coefficient determined for the rib waveguide

56



geometry is

2(ni/no) 2 k x-,oexp (- (IV - d)-yo)

3d (k. 2 + (n/noo)4) O2

X 1+ 2 ("/nlo) 2k 
2 +i/ )4yo2] (3.13)

The parameters in this equation are similar to those defined for the field dis-

tributions given earlier and also as shown in Fig. 3.2. A major determining

parameter in the above equation is the evanescent field decay constant -o (or %,

for the channel waveguide case).

For the case of rib waveguides. if we assume homogeneous surface quality the

above coupling coefficient is a good approximation for the crosstalk, because the

boundaries separating the rib waveguides are abrupt. In the case of Ti:LiNbO 3

channel waveguides, however, the waveguide boundaries are not abrupt, caus-

ing the actual coupling coefficient to be higher than the one determined from

Eq. 3.13. This is because in the derivation of this equation, mode coupling due

to weakly guided modes is ignored.

Next, we will use the analysis of the transverse field distributions and also

of the coupling coefficient between two discrete waveguides presented in this

section to study two examples of rib waveguides and Ti:LiNbO3 channel wave-

guides. We will calculate the field distribution parameters including the field

decay parameters. We will also determine the coupling coefficients between two

neighboring waveguides for both waveguide types.

For example, let us consider rib waveguides suitable for use in the advanced

10 processors discussed previously. It will be shown later .aat the 1/e depth

of the Ti:LiNbO3 waveguides is approximately 1 ym, which is considered to be

the rib waveguide height (b). Other parameters for our example are: width (d)

8 pm, ni (Ti:LiNbO 3) = 2.25, n2 (LiNbO 3 ) = 2.20, and no (free space) = 1.

These parameters were used in Eqs. 3.6, 3.7, 3.8, and 3.9, which were solved

numerically in order to determine the mode parameters. The parameters for the
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lowest order rib waveguide mode are: k., 0.4 pm - ', ky _ 2 Mm', and yo - 20

um -'. The parameters 6 and 6, were determined to be approximately C and

-0.7 Mm, respectively. Using the above parameters in Eq. 3.11, the longitudinal

propagation constant (f) was determined to be 22.2 um - 1. For the He-Ne

wavelength of 0.63 pm the value of the free space propagation constant k is

about 9.9 pm -1 .

We next used the determined values for 13 and k in Eq. 3.12 to calculate the

effective refractive index experienced by the lowest order guided mode (N) in

this example of rib waveguide geometry to be approximately 2.23. This value

will be used later in determining the outcoupling efficiencies of surface gratings

on rib waveguide arrays.

For a typical Ti:LiNbO 3 channel waveguide with similar dimensions to that of

the rib waveguide, the relevant parameters are (see Fig. 3.1): width (d) - 8 jm,

height (b) = I pm, ni (Ti:LiNbO 3) = 2.25, n 2 (LiNbO 3)= 2.20, and no (free

space) =1. These parameters were used in Eqs. 3.6, 3.7, 3.8, and 3.9 as mod-

ified for the case of channel waveguides, which were solved numerically in order

to determine the channel waveguide mode parameters. The parameters for the

lowest order channel waveguide mode are: k. = 0.37 pm - , k 2 pm -1, and

72 = 5 Pm - 1.The parameters b, and b. were determined to be approximately 0

and -0.6 pm, respectively. Using the above parameters in Eq. 3.11 the longitu-

dinal propagation constant (0) was determined to be approximately 22.2 m 1 .

Similarly, the effective refractive index experienced by the lowest order mode

in this example of a Ti:LiNbO 3 channel waveguide (N) was determined to be

approximately 2.23.

Comparing the longitudinal propagation constant /3 of the Ti:LiNbO3 chan-

nel waveguides with that of the rib waveguides in the above examples, it is

determined that they are approximately equal. The equality of the longitudinal

propagation constants results in the equality of the effective refractive indices
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of the guided modes in the Ti:LiNb0 3 channel waveguide with those of the rib

waveguide of comparable geometric parameters. We will try to explain why the

propagation constants (and the effective refractive indices) are the same for the

above two geometries next.

Comparing the parameters k, and k, determined for both channel and rib

waveguide examples, we see that the former values are slightly different, while

the latter values are exactly equal. In addition, the determined k, values are

much larger than k.. values. Therefore, from Eq. 3.11 it is obvious that k. is

the determining factor for 3, which makes it equal for both channel and rib

waveguide examples.

The reason why the values of k. are similar for both channel and rib wave-

guide examples is that the major factors governing its value are the waveguide

dimension in the y direction and the waveguide core refractive index. These

two factors are the same for both channel and rib waveguides in the examples

presented.

An extension of the reasoning just presented shows that both ky and 3 of

the modes in a 1 lim thick Ti:LiNb0 3 slab waveguide are equal to those of a

Ti:LiNbO 3 channel waveguide. Numerical solutions of the characteristic Eq. 3.8

for such a slab waveguide yielded 3 distinct solutions for ky, which means that

the waveguide can support 3 modes that are polarized parallel to the x direction

(TE modes).

It was shown earlier that rib waveguides differ from channel waveguides in

the horizontal (x) dimension. In this dimension a rib waveguide is bounded by a

much lower refractive index material (which is air for our example) than LiNbO 3,

which surrounds a Ti:LiNbO 3 channel waveguide. Therefore, the guided modes

in rib waveguides are better confined laterally than the modes guided in Ti:LiNb03

channel waveguides. The results of the examples presented earlier show that the

evanescent field decay constant of the lowest order rib waveguide mode (yo)
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is about 4 times larger than that of the lowest order channel waveguide mode

(72). This means that the guided modes in a rib waveguide decay much faster

with distance in the transverse dimension than do guided modes in a Ti:LiNbO3

channel waveguide of comparable geometric parameters.

Let us now consider two situations in which we have densely packed Ti:LiNbO 3

channel waveguide arrays in one, and rib waveguide arrays of comparable geo-

metric parameters in the other. In both of the above situations we will use the

waveguide geometries and propagation parameters presented earlier in Eq. 3.13,

in order to determine the coupling coefficient due to the mode overlap of the

neighboring waveguides. The gap between neighboring waveguides that we used

in this analysis is 2 pm. This gap combined with the waveguide width of 8 am

provides a 10 pm pitch for the waveguide arrays, which is a suitable separation

if we need to mate the waveguide arrays with CCD detector arrays in which the

smallest pitch that is currently available is about 10 um.

For the above examples, the coupling coefficients were determined using

Eq. 3.13 to be approximately 8x10 - 19 cm - 1 and 2x 10 - 4 cm - 1 , respectively.

Therefore, for waveguides that are 1 cm long the coupling at the end of wave-

guides due to neighboring rib waveguides is approximately zero, and that due

to neighboring Ti:LiNbO 3 channel waveguides is approximately 1%. In reality

however, the actual power transfer from one Ti:LiNbO3 channel waveguide to

the neighboring waveguide is larger than the value shown above. Specifically, it

was mentioned earlier that Eq. 3.13 is not adequately representative for the case

of Ti:LiNbO 3 channel waveguide arrays, due to weakly confined guided modes

in such waveguides which can cause significant additional crosstalk. On the

other hand, the results obtained above are in fact representative of the power

transfer in the rib waveguide array situation, given that the surfaces of the rib

waveguides are highly uniform (to prevent scattering).

The above results suggest the potential of using rib waveguides in the densely
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packed array configurations needed in advanced 10 processors. We will show in

Ch. 5 the results of fabricating large arrays of rib waveguides on Ti:LiNbO3

substrates in which we examine their potential more closely. For this reason we

consider only rib waveguide geometries in the following analysis.

3.2 Integrated Outcouplers

It was mentioned earlier that as one of the critical components required for

advanced 10 signal processors, we need to develop integrated outcouplers on

rib waveguide arrays in order to make the third dimension of the processors

accessible for processing functions. In the IOSAR processor, for example, the

range focused light confined to the rib waveguides is outcoupled and incident

on a two-dimensional CCD array through a mask function. Time integration

correlation of the outcoupled light and the mask function is subsequently ac-

complished by the CCD array operating in the shift-and-add mode, in order to

provide the required azimuth compression function. It was mentioned earlier

that higher numbers of integration steps will yield better azimuth resolution.

Cu :rently available CCD arrays have a maximum of 1000 pixels, in which the

pixel size is about 10 pm; this translates into a CCD array that is 1 cm long.

Therefore, in order to obtain the maximum performance from currently avail-

able CCD arrays, we need to match the CCD elements with the outcoupling

elements over a 1 cm long distance.

In outcoupling light from rib waveguides over such distances, we need to

extract the guided light as uniformly and as efficiently as possible. For example,

if the integrated outcoupler on the surface of the rib waveguide array in an

IOSAR processor provides an outcoupling efficiency per unit length of 10%/mm,

by the end of the 1 cm rib waveguides all of the light confined to the wave-

guides is efficiently outcoupled. We define the outcoupling efficiency in units of
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percent per millimeter as the ratio of the total power extracted by a 1 mm long

outcoupler to the guided power incident upon the outcoupler. The outcoupled

light, however, is not necessarily uniform over the entire length of the wave-

guides. This is because the intensity of the guided mode in a waveguide decays

due to propagation loss. In addition, the introduction of surface outcouplers

which partially outcouple light from the waveguide also causes a decay in the

guided mode intensity. It is therefore desirable to compensate for such a decay

by somehow modifying the outcoupling pixels so that the outcoupling efficiency

increases along the rib waveguide. Any residual nonuniformity in the outcoupled

intensity can possibly be corrected by modification of the mask function.

In this section, two major techniques of accomplishing the outcoupling of

guided modes from optical waveguides will be discussed and compared subject

to the above requirements. The first technique of interest is that of introducing a

high refractive index detector at close proximity to the surface of the waveguide

with a buffer thin film between the two elements, which has been used by other

investigators to outcouple light from individual waveguides [40]. Surface gratings

fabricated on top of a waveguide are another way of outcoupling the confined

modes from the waveguide [55,21,9,41,56,57,58,591.

Surface outcoupling elements such as those analyzed and fabricated in this

research are unique in three respects. The first major issue is the outcoupling

efficiency per unit length requirements. Outcouplers that were typically used by

other investigators have been designed for maximum or near maximum outcoup-

ling efficiencies. For example, the outcoupling efficiencies reported by Huang

and Lee for 500 pm long blazed gratings with different blaze angles, formed on

channel waveguides fabricated on LiNbO3 substrates, were 20-60% [21]. This

translates into an outcoupling efficiency per unit length of 44.6-90%/mm. It

was shown earlier that we may require a much broader range of outcoupling

efficiencies per unit length in our research. For example, outcoupling efficiencies
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in the range 10-100%/mm are more appropriate for advanced 1O processors such

as the IOSAR processor.

The second reason why the development of uniform outcouplers in this re-

search is unique is that they have been fabricated on the nonuniform surface of

fabricated large area rib waveguide arrays. The third point of departure from

previous work is the potential for modification of the outcoupling efficiency ac-

cording to the location of each outcoupling element along a particular waveguide.

In this section, the above two techniques (i. e. evanescent field and surface

grating outcoupling) will be analyzed and compared according to these three

criteria in order to determine their potential for use in integrated optical signal

processors.

3.2.1 Evanescent Field Outcouplers

In the analysis of the optical waveguides, it was mentioned that associated

with the guided modes there are also evanescent fields outside of the boundaries.

Such fields decay exponentially away from the boundaries. In the technique of

evanescent field outcouplers, if we introduce a high refractive index material such

as a Si detector (n = 3.8) at close proximity to the waveguide, the evanescent

fields will leak into the detector causing outcoupling [40].

We determined earlier that the evanescent decay constant in air for a Ti:LiNb-

03 waveguide (-to) is approximately 20 pm-; hence at a distance of 0.05 /Am

away from the boundary the field decays to 1/e. This distance also approximates

the distance between the detector and the waveguide. In order to allow more

tolerance for the assembly of the detector to the waveguide, a thin film with a

higher refractive index than air such as Si0 2 is used as a buffer layer between

the two elements [40]. In such a geometry, the outcoupling efficiency from the

waveguide to the detector can be controlled by the refractive index of the buffer

layer and its thickness. The geometry of the evanescent outcoupling technique
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is shown in Fig. 3.3, in which tf and n1 are the thickness and refractive index of

the buffer thin film. In addition, in this figure n3 is the refractive index of the

detector.

In order to maintain the guiding condition in the overlayed Ti:LiNbO 3 wave-

guide, the buffer layer should have a refractive index 1 ver than that of the

LiNbO 3 substrate (ne = 2.2). This is indeed true for most buffer thin films that

are used for this purpose. The reason for this choice of refractive indices is to

maintain the total internal reflection (TIR) condition of the guided mode in the

region with the overlayer, as will now be explained in more detail.

Let us consider the simplistic view of optical ray propagation in waveguides.

which are composed of a high refractive index dielectric material in a I-- --

refractive index surrounding. As was mentioned earlier, the negative gradient of

the refractive index from the waveguide to the surrounding is needed so that the

optical ray may total internally reflect at the waveguide boundaries. In order for

the light ray to do so, the angle at which the ray is incident upon the waveguide

boundaries should be larger than the critical angle 0,. If the refractive index of

the surrounding outside of the specific boundary is n, and the refractive index

of the waveguide is n,,, the critical angle is determined from

sin(0,) = n, (3.14)

nw

In addition, the TIR angle for the guided mode must be equal for both

upper and lower waveguide boundaries, since these boundaries are parallel. The

above assertions reveal that the critical angle governing the TIR condition at the

upper and lower boundaries is set by the lowest of the refractive index gradients

across these boundaries. For a Ti:LiNbO3 waveguide the lowest refractive index

gradient is from Ti:LiNbO 3 (nw = 2.25) to LiNbO 3 (n. = 2.2).

In order to determine the evanescent field outcoupling efficiency, we must

consider the electric field transmittance from the waveguide to the detector
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Figure 3.3: This schematic diagram depicts evanescent field coupling with a

buffer thin film between the waveguide and the high refractive index detector.

The appropriate parameters and refractive indices are shown.
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every time the guided mode reflects from the region with overlayer. The partial

outcoupling of the guided mode due to field transmittance causes the guided

mode intensity to decay along the length of the thin film. If the electric field

transmittance of the thin film on the waveguide is given by Tf, then every

time the ray is reflected from the thin film the intensity outcoupling iactor is

equal to ITuI 2. The number of times that the guided ray is reflected from an

overlayed region that has length Lf multiplied by the intensity outcoupling factor

determines the outcoupled intensity. From Fig. 3.3, we can determine that the

separation between two reflection points is given by 2 b tan 01.

If we assume that the guided mode under the thin film region exponentially

decays due to outcoupling with the leakage corresponding to an average decay

constant a, the outcoupling efficiency of such a geometry will be given by

'Out
- 1- (3.15)

The guided mode intensity decay factor af is the ratio of the power leaked out

of the waveguide per unit length divided by the power carried in the waveguide

[40]. Ranganath and Wang showed that the decay factor a! is given by [40]

2bta 1  (3.16)a/ - 2-b tan 01"

The field transmittance at various dielectric interfaces for oblique incidence

with different polarizations has been analyzed extensively by Klein, in which

he has also considered multiple reflections within the dielectric film [60]. We

can easily modify his results for the geometry of Fig. 3.3. For the E, polarized

guided modes, we determine that the field transmittance Tf is given by

Trrfexp (-iT/2) (3.17)
T-"1+ Ppf exp (-'T)"

The parameters r, and r1 are the transmission coefficients of the waveguide to

the buffer thin film, and of the buffer thin film to the detector, respectively.
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The parameters pw and Pi are the reflection coefficients at the above interfaces.

The parameter T is the phase factor of the transmitted field with respect to

the incident field in the waveguide. For the geometry of Fig. 3.3, the above

parameters can be determined from the following relations:

2 tan Of .-

tan 81 + tan (1

2 tan 83

P/ = tan Of-tane3  (3.19)

tan 81 - tan Of
Pw = tan 3+tanOf (3.20)

tan 3 - tan 03
P! = tanG1 + tan8 3  (3.21)

and
T=4rn/t1 cos 8

T (3.22)

The angle 01 is the angle at which the guided mode is incident at the waveguide-

thin film interface, and for a guided wave this angle can be determined from

[46]

sin - -. (3.23)nlk

At the waveguide-thin film interface, part of the guided mode is refracted into

the thin film at angle 61. The refracted beam in the thin film is subsequently

refracted out of the structure at angle 83 (see Fig. 3.3). The above angles all

satisfy Snell's law:

nj sin 01 = n/sin 81 = n3 sin 03. (3.24)

Normally, the angle 0f is imaginary due to the TIR condition. However, the

above analysis still applies for such cases by using a complex number represen-

tation of the angles.

As an example of such an outcoupling technique, let us consider a situation

in which a Si detector (n 3 = 3.8) is situated above a rib waveguide (considered

67



in Sect. 3.1) with a buffer thin film of SiO 2 (nf = 1.46) sandwiched between

them. We will attempt to determine the film thickness required to provide an

outcoupling efficiency of 10%/mm.

The propagation parameter of the lowest order mode in the rib waveguide (3

_ 22.2 Mm- 1 ) along with the free space propagation constant of approximately

9.92 pm - ' for a He-Ne beam was used in Eq. 3.23 to determine the angle 01 to

be 810. The remaining angles were determined from the Snell's law relationship

presented in Eq. 3.24. The field transmittance of the SiO 2 thin film of thickness

t1 sandwiched between the waveguide and the detector was determined using

the appropriate parameters in Eq. 3.17. The resulting Tf was used in Eq. 3.16,

in order to determine the guided mode intensity decay factor as a function of

t1 . This factor was finally used in Eq. 3.15, in which the outcoupling efficiency

was set equal to 10% and the film length Lf was set equal to 1 mm. Solving

the resulting Eq. 3.15 for t1 we determine the thin film thickness needed for

10%/mm outcoupling efficiency to be approximately equal to 1000A.

In order to examine the case of high efficiency evanescent outcoupling, we

also calculated a required film thickness of 360 A for 90%/mm. Therefore,

the approximate range of Si0 2 film thicknesses needed for advanced 10 signal

processing applications is about 360-1000 A. Such thicknesses of Si0 2 can be

deposited by both electron beam evaporation or sputtering techniques.

The effects of using three different film materials (air, Si0 2, and Si3N4 (n!

= 1.95)) for the buffer layer between the detector and the waveguide has been

analyzed by Ranganath and Wang [40]. In their analysis they calculated the

length of the buffer film required to extract 95% of the light from a single mode

Ti:LiNbO3 channel waveguide (i.e., the interaction length) as a function of the

buffer film thickness, and their results are shown in Fig. 3.4.

The results plotted in Fig. 3.4 show that for the same interaction length,

lower refractive index films require smaller thicknesses to extract 95% of the
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Figure 3.4: Length of the evanescent field coupling region (interaction length)

required to extract 95% of the guided light from a single mode Ti:LiNbO 3 chan-

nel waveguide plotted for different thicknesses and refractive indices of the buffer

region (after Ranganath and Wang [40]).
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light. Therefore, the use of buffer films with higher refractive indices provides

a less stringent proximity requirement between the detector and the waveguide,

which can make the assembly of such elements easier.

An implication of the buffer film thicknesses determined for our example and

also those given by Ranaganath and Wang, is that they are much smaller than

the typical thicknesses of the masks, which are a few microns thick. Therefore,

assembly of a mask (as is needed for advanced 10 signal processors) between

the detector and the waveguide can become impractical. A method by which

such masks can be incorporated in the evanescent field coupling scheme is to

area modulate the buffer layers in order to control the transmissivity from the

waveguide to the detector.

3.2.2 Uniform Surface Grating Outcoupling

Gratings fabricated on the stirfaces of waveguides are another means by which

the guided light can be outcoupled [55,21,9]. A schematic diagram of rectan-

gular surface gratings on a rib waveguide showing the appropriate geometrical

parameters is shown in Fig. 3.5. The parameter d1/A is the aspect ratio of the

grating and A is the grating period. The parameters t, and b are the grating

and rib waveguide heights, respectively.

The guided modes incident into the region of the gratings are scattered into

space harmonic fields that vary as exp[i(wt - kmz)] [55,41,56,57,58,59]. The

propagation parameters of the scattered fields are

=2m7r
k+i, +-t ++ i , m =0, ±1, ±2, ±3, .... (3.25)

In Eq. 3.25, the parameter m is the order of the grating spatial harmonic giving

rise to the scattered field.

In Eq. 3.25, the wave number do is closely approximated by the longitudinal

propagation constant (0) of the rib waveguide modes in regions without grating
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Figure 3.5: The fabrication of uniform surface gratings on rib waveguides is

shown schematically. The light is incoupled into the slab waveguide via a rutile

prism, and the guided mode is subsequently partially coupled into rib waveguides

(61]. The modes that are excited in the rib waveguides are partially scattered out

of the waveguides by the rectangular surface gratings. The parameters deter-

mining the performance of the gratings are shown in this figure. The appropriate

crystallographic axes of LiNbO 3 as used in the analysis are also shown.
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modulation [55]. This approximation is valid when the grating refractive index

is the same as that of the waveguide. In addition, the grating height should

be much smaller than the rib waveguide height. The parameter a, in Eq. 3.25

is the decay constant of the guided modes propagating in the grating region.

This decay of the guided modes is due to the transfer of energy from the guided

modes into the modes that are outcoupled by the grating into the air and into

the substrate.

The outcoupling efficiency into the mth mode is given by the following equa-

tion
Iout

- 1 - e- 2o Lg (3.26)I..

in which L, is the grating length, Lj,, is the incident intensity of the guided mode

and I.,t is the outcoupled mode intensity. The total outcoupling efficiency of all

the modes can be determined from the same relation by performing a summation

of all the leakage factors.

Due to the periodicity of the scattering elements of the gratings, the outco.up-

led modes form constructive interference at specific angles [55]. The radiation

angles of these leaky waves are given by

Sin-'k m = 0, ±1, ±2, ... (3.27)

In order to obtain real outcoupling angles, the following inequality must be

satisfied [55]
k- < (3.28)

As before, in the above equations k is the free space propagation constant. It

is evident from this inequality and Eq. 3.25 that only a few spatial harmonics

satisfy the outcoupling criteria.

Tamir and Peng (Ref. [55]) have analyzed several different geometries of

surface gratings extensively. Specifically, they have determined the guided mode

decay factor a,, which can be interpreted as the leakage factor for the mth mode
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scattered by the grating. We modified the expression for the leakage factor

a, provided by Tamir and Peng in order to apply directly to the geometry of

Fig. 3.5. We also limited our analysis to the case in which the aspect ratio (d,/A)

is equal to 0.5. This choice of aspect ratio provides the maximum outcoupling

efficiency for a fixed grating height and grating period [55]. The outcoupling

efficiencies for aspect ratios that are greater or less than 0.5 decrease from this

maximum, and will ultimately be zero for gratings with aspect ratios that are 0

or 1, as expected.

For the case of an aspect ratio equal to 0.5, the leakage factor a.. for the mh

mode scattered by the grating, when the incident beam is E, polarized, can be

determined from

2 (n1
2 - _2) (n1

2 - no) D (2

m 2N(n 1
2 -no 2) X f A

In the above equation, telf is the effective thickness of the rib waveguides as

determined by proper consideration of the Goos-Haenchen shift [611. This thick-

ness, however, can be approximated by the waveguide thickness (b). The pa-

rameter N is the effective refractive index of the guided modes ( N = /k), which

was shown earlier to be about 2.23. The parameter D in Eq. 3.29 is given by

D A n .2(N +- -/] (3.30)

in which n. is the volume average of the refractive index in the grating region

(n. 2 = no2 + [n1
2 - n02 ] 4L; for our geometry, di/A - 0.5).

It is evident from the above analysis as well as intuitively that the grating

outcoupling efficiency can be increased by increasing the grating height. How-

ever, there is a limit beyond which an increase in the grating height will not

result in an increase of the outcoupling efficiency, because the evanescent fields

scattered by the grating will decay substantially at this distance. This limiting

grating height is known as the saturation height. Grating heights (t.) that are
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larger than the saturation height satisfy the following inequality [55]

-yo t9 = 2 7r(N 2 - n,2) ( 1. (3.31)

When the grating height is larger than the saturation height the leakage factor

for the mth mode, which therefore does not depend on the grating height, is

1- (n 2 
- N 2 ) (n 2 

-
n

0 2)2  D A
m 2 2r 2N (n1

2 - n02) (2N + mA/A) X . (3.32)

According to Eqs. 3.29, 3.32. and 3.30 the waveguide parameters that de-

termine the leakage factors of the guided modes outcoupled by surface gratings

are the effective refractive indices of the guided modes, the waveguide thickness,

and the appropriate refractive indices of the waveguides in the vertical dimen-

sion. The effective refractive indices of the guided modes and the refractive

index profiles of the waveguides across the boundaries in the vertical dimension

were determined in Sect. 3.1 to be the same for rib waveguides and Ti:LiNbO 3

waveguides (both channel and slab). Therefore, the leakage factor of a surface

grating on a rib waveguide is approximately equal to the leakage factor of an

equivalent grating profile on a slab waveguide, given that the refractive index

profiles across the boundaries in the vertical dimensions axe equal. Equality of

the leakage factors implies that if such gratings (on a rib waveguide and on a slab

waveguide) have equal lengths according to Eq. 3.26, the outcoupling efficiencies

should also be equal.

As a matter of practicality, we should examine appropriate grating periods

and grating heights as case studies that can be used for advanced 10 signal

processor applications. The analysis presented in this section will then be used

in order to predict the performance of the grating geometries chosen for the case

studies.

A major practical issue in developing surface gratings on rib waveguide arrays

is the capability to fabricate such gratings. The photolithographic techniques
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needed to pattern such gratings, and the subsequent ion milling of the samples to

imprint the grating patterns on the rib waveguide arrays is currently limited to

grating periods of about 1-2 pm. However, further work needs to be conducted

in order to fabricate gratings with submicron periods. In some applications such

as the IOSAR processor, we require the incorporation of CCD pixels on grating

outcoupling pixeh Selecting larger grating periods will pose another limitation,

which is its compatibility with the CCD element size. In other words, along the

length of every CCD pixel (about 10 pm), we should have at the very least a

few grating periods.

Another practical consideration in the fabrication of surface gratings on rib

waveguides is the ability to control the grating height relatively accurately. In

our fabrication of surface gratings on rib waveguides, the gratings heights that

are larger than approximately 0.05 pm were relatively easy to control.

As practical examples of surface grating outcoupling, we will consider two

grating periods of 2 pm and 4 pm formed on the surface of rib waveguides

characterized by material and geometric parameters that were considered earlier.

The choice of a 4 pm grating period only allows for 2.5 grating cycles along a 10

pm CCD pixel, which we assume to be a minimum number of cycles. The grating

lengths and heights are approximately 1 mm and 0.05 pm, respectively. The

reason for this choice of grating length is that due to the multitude of gratings

on the same test patterning mask that we used in the fabrication of the gratings,

we were limited to lengths of 1 mm. Therefore, the theoretical calculations for 1

mm grating lengths will correspond to the experimental analysis of gratings that

are 1 mm long presented in a later chapter. For the above grating geometries

we will now determine the number of modes outcoupled from the rib waveguide

and their outcoupling efficiency. For all of the outcoupled modes, we will also

calculate the saturation outcoupling efficiencies which, for the example of the

rib waveguides presented earlier, occur for grating heights that are larger than
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0.07 pm.

The rib waveguide propagation constant that was determined in Sect. 3.1

(63 = 22.2 pm - 1 ) and the grating periods were used in the expression for 0,

given in Eq. 3.25. The expression for 3, is then used in Eq. 3.27, subject to the

inequality of Eq. 3.28, in order to determine the number of outcoupled modes

for each outcoupling grating. It was calculated that gratings on rib waveguides

with 2 and 4 pm periods generate 7 and 13 outcoupled modes, respectively.

The appropriate parameters of the rib waveguide and the gratings were used

in Eq. 3.29 in order to determine the leakage factors for the outcoupled modes.

These leakage factors were used in Eq. 3.26 in order to determine the outcoup-

ling efficiencies for gratings that are L. long. In determining the saturation

outcoupling efficiencies, we followed the same steps as above except for using

Eq. 3.32 instead of Eq. 3.29. The calculated outcoupling efficiencies for all the

modes outcoupled by 1 mm long gratings with 2 and 4 pm periods on the rib

waveguide are presented in Figs. 3.6 and 3.7. The appropriate saturation out-

coupling efficiencies, which occur for gratings that have heights larger than 0.07

Pm, are also shown in Figs. 3.6 and 3.7. In these figures, we have also shown

the outcoupling angles associated with the outcoupled mode numbers. The an-

gles are measured from the vertical, and positive angles refer to the outcoupled

beams that are codirectional to the direction of the guided mode propagation;

the negative angles refer to the outcoupled beams that are contradirectional to

the direction of the guided mode propagation.

The outcoupling efficiencies plotted in Figs. 3.6 and 3.7 increase with in-

creasing angle. It is also evident from Figs. 3.6 and 3.7 that by increasing the

grating height from 0.05 pm to 0.07 pm (saturation height), we can approxi-

mately double the outcoupling efficiency of each mode.

Let us compare the outcoupling efficiencies of the grating with a 2 pm period

(Fig. 3.6) with that of the grating with a 4 pm period (Fig. 3.7). The comparison
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Figure 3.6: Calculated outcoupling efficiencies as a function of outcoupled mode

numbers (and outcoupling angles) plotted for 2 um grating periods that are 1

mm long. The calculations are for 0.05 pm grating heights (below saturation);

also shown are theoretical calculations for gratings with heights greater than the

saturation heights.
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Figure 3.7: Calculated outcoupling efficiencies as a function of outcoupled mode

numbers (and outcoupling angles) plotted for 4 /m grating periods that are 1

mm long. The calculations are for 0.05 pm grating heights (below saturation);

also shown are theoretical calculations for gratings with heights greater than the

saturation heights.
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reveals that the grating with a 2 pin period in our example has outcoupling

efficiencies for some modes that are approximately 4 times larger than those of

the comparable modes outcoupled by the 4 pm grating.

For applications in advanced 10 signal processors, however, we need to com-

pare the total outcoupling efficiencies of the two grating examples, since ideally

the detectors that are mounted on top of the gratings absorb all of the outcoup-

led modes collectively.

For a 1 mm grating with a 2 pm period, the total outcoupling efficiency

due to all of the modes was calculated to be about 33%. The total saturation

outcoupling efficiency was calculated to be about 64% for this grating period.

Similar calculations for a grating with a 4 pm period yield a total outcoupling

efficiency of about 15%, and a saturation outcoupling efficiency of about 29%.

Comparing the total outcoupling efficiencies of the 2 pm and 4 um gratings, we

see that the former grating provides a total outcoupling efficiency that is about 2

times larger than that of the latter. Comparing the total saturation outcoupling

efficiencies yields a similar result.

In other applications, grating heights are traditionally used as a means of

modulating the outcoupling efficiency for fixed gratings, especially for high ef-

ficiency gratings. This is also evident from the examples given above in which

we can almost double the outcoupling efficiency by increasing the grating height

from 0.05 pm to 0.07 pm. Such a small variation in grating height, however,

would not allow much tolerance for the fabrication of desired modulated gratings

and would likely imply significant fabrication difficulties.

We propose instead to use the grating period as a more practical means of

controlling the outcoupling efficiency. The above examples clearly show that by

reducing the grating period from 4 pm to 2 pm, the outcoupling efficiency can

be increased by a factor of 2. Such a dynamic range might not be adequate for

most advanced 1O processor applications. However, the possible use of gratings
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with submicron periods can significantly enhance the available dynamic range.

Therefore, further research in fabricating gratings with submicron periods needs

to be conducted.

3.2.3 Comparison of Evanescent Field and Surface Grating

Outcouplers

In this section, the two techniques of evanescent field and grating outcoupling

from waveguides which were discussed previously are compared in order to assess

their merits and drawbacks for advanced 10 signal processing applications.

It was determined earlier that for these applications we need to uniformly and

efficiently outcouple light over large distances (about 1 cm). These requirements

can be satisfied by employing outcoupling elements that have low outcoupling

efficiencies per unit length. At the same time, it is desirable to design the

elements such that the outcoupling efficiency integrated over the entire length of

the waveguide provides 100% total outcoupling efficiency. It may also be desired

to modulate the outcoupling efficiencies of individual elements according to their

location.

For thin film outcouplers this can be accomplished by modulating either the

thicknesses or the refractive indices of the outcoupling elements. From a fab-

rication standpoint, controlling the refractive index as a function of outcoupler

location on large area 10 processor chips will likely prove to be somewhat im-

practical. Controlling the outcoupling efficiency of thin films by varying the

thickness over a large area, on the other hand, is a more practical method. For

example, in order to compensate for the decaying guided mode intensity along

a rib waveguide, we can gradually reduce the deposited film thickness in order

to increase the outcoupling efficiency per unit length.

Since thin films outcouplers rely on evanescent fields to outcouple the energy

of the guided modes, they are required to be in close proximity to the photode-
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tector elements. We determined that for 10-00%/mm outcoupling efficiency, we

require SiO 2 film thicknesses in the range 360-1000 A. This close proximity

requirement for the outcoupling elements and CCD photodeteetors would be a

drawback in cases requiring a mask to be sandwiched between the waveguide

arrays and the CCD arrays.

Now let us consider the surface grating outcouplers. In such an outcoupling

geometry, the outcoupling efficiency can be controlled by the heights or periods

of such gratings. The fabrication of surface gratings with modulated heights

in the range 0.05-0.07 14m (determined by our fabrication tolerance) on large

area waveguide arrays such as those envisioned for advanced 10 processors is

impractical. Modulating the grating period, however, can potentially be used

as a much more practical method of controlling the outcoupling efficiency of

each pixel. To provide higher dynamic range for this technique, development

of gratings with submicron periods on rib waveguide arrays is needed. The

practicality of modulating the grating period stems from the fact that the mask

that is used in generating the surface grating patterns can have grating lines

with continuously varying separation.

Grating outcouplers provide outcoupled modes that are highly collimated

away from the gratings. However, due to the multitude of diffracted orders, the

largest outcoupled angle determines the proximity requirement of the photode-

tector to the grating. This is due to the fact that the large angle modes can

excite neighboring photodetectors if the separation between these two elements

is large enough.

In a number of advanced 10 signal processing applications the power reflec-

tivity of the guided modes due to any surface outcoupling elements needs to be

minimized. For example, in the IOSAR processor application such reflectivities

could give rise to azimuth smearing. The power reflectivity due to an evanes-

cent field outcoupler on a rib waveguide array occurs more or less at at interface
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between the region of the rib waveguide without a thin film layer, and the corre-

sponding region with the layer. The grating outcoupler, on the other hand, can

produce a distributed power reflectivity along the rib waveguide, influencing the

outcoupled power distribution.

The power reflectivity of a surface grating can be minimized by selecting

grating periods that are significantly larger than the Bragg period determined

from AB = 2ir//0. The Bragg period determined for the rib waveguide of

our example, for which fi was determined to be about 22.2 Am-1 , is 0.1 /im.

Therefore, for grating periods in the range 2-4 Am the power reflectivities are

negligible. On the other hand, if gratings with submicron periods are employed

such power reflectivities will become more significant.

Due to the potential advantages of surface grating outcouplers over thin film

outcouplers, we have investigated grating outcouplers further during the course

of this research.

3.3 Focal Properties of Integrated Lenses

Step-index or graded-index integrated lenses can provide focusing or defo-

cusing of the guided optical beams in the plane parallel to the surface of the

waveguide [24,23,62,63]. Over the years, different techniques have been imple-

mented to fabricate integrated lenses on a variety of substrates such as LiNbO 3

[64,65,10,91. One type of integrated lens developed on LiNbO 3 substrates is the

geodesic lens. The structure of this type of lens is formed when a spherical de-

pression is fabricated on the LiNbO 3 substrate. The substrate is then overcoated

with a titanium thin film followed by a high temperature indiffusion, in order to

fabricate the required Ti:LiNbO3 waveguide. In this manner the guided modes

incident at the depression will encounter different optical path lengths depending

on their point of incidence, causing focusing to occur. Vahey et al. reported on
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the fabrication of 0.6 cm wide geodesic lenses on LiNbO 3 that have focal lengths

of about 1 cm (F/1.5 performance) [64]. Despite their satisfactory performance,

geodesic lenses are extremely difficult to fabricate because the spherical depres-

sion in the substrate needed for such a lens must be diamond turned in order

to produce an optically polished surface with minimal induced scattered light.

Such a process is not easy to control or automate for mass production.

Another type of integrated lens is the so-called Luneburg lens, which is

formed by depositing circular high refractive index thin films on the waveguide.

The introduction of the high refractive index circular thin film on the waveguide

causes the guided modes to be focused by altering the effective refractive index

in the overcoated region of the waveguide. Luneburg lenses thus normally oper-

ate on the evanescent fields of the guided mode, while the geodesic lens operates

directly on the field in the waveguide.

An exciting new method of fabricating integrated lenses in LiNbO 3 that has

recently been developed is the titanium indiffused proton exchanged (TIPE)

technique [66,67,68,69,70,71]. In this technique the Ti:LiNbO3 substrate is first

coated with a Si3 N4 thin film in order to form a mask. Lens shaped openings

are then etched in the mask to allow for the waveguide underneath to be proton

exchanged in molten benzoic acid (C6H5 CO 2H). In this process, the region of

Ti:LiNbO 3 substrate that is exposed through the mask opening loses lithium

ions in exchange for an equal number of protons. This exchange causes an

increase in the extraordinary refractive index of approximately 0.1 compared

to the unexchanged Ti:LiNbO 3 region [10,67]. Large aperture TIPE integrated

lenses (4 mm) with short focal lengths (1.5 cm) have been reported by Zang and

Tsai [10]. The TIPE technique has also been used to develop graded thickness

Fresnel lenses for use in 10 spectrum analyzers as shown in Fig. 1.1.

An important part of this research program was to explore additional pos-

sibilities by which the refractive index gradients required for large aperture in-
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tegrated lenses may be formed in Ti:LiNb0 3. Three methods of modifying

the refractive index in selected regions of Ti:LiNbO 3 waveguides were consid-

ered during the course of the research. In the first and second techniques, the

Ti:LiNbO 3 material within the desired lens region is removed and replaced with

thin films having either higher or lower refractive indices. Therefore, we will call

these integrated lenses "thin film coated recessed lenses". By properly choosing

the lens profile for either of the two possibilities of higher or lower index thin film

coated recessed lenses, we can produce positive lensing. These two techniques

to our knowledge have not been performed previously in LiNbO 3.

The third method of modifying the refractive index of LiNbO 3 is through

a variation of the previously developed titanium indiffused proton exchanged

(TIPE) technique [10,67,72]. The modification of the TIPE technique was

prompted by several requirements for the components used in advanced 10

processors. In such processors, it is desirable to further increase the degree

of mode confinement available in Ti:LiNbO 3 slab waveguides. Integrated com-

ponents should have the smallest possible footprint on the substrate in order to

maximize the degree of miniaturization available. It is also required that the

integrated lenses in such processors be fabricated by a process that is inherently

compatible with the processes used to fabricate all of the other necessary com-

ponents. The novel process described below was developed to meet these design

requirements.

In our modified technique, we mask a Ti:LiNbO 3 substrate with a lens shaped

thin film of SiO 2, followed by the proton exchange process. In this modified tech-

nique the refractive index of the Ti:LiNbO3 slab waveguide is further increased

by the proton exchange process while masking the integrated lens regions from

this process. Hence, the refractive index of the lens region is maintained at a

lower value (that of the Ti:LiNbO 3 waveguide) while the refractive index of the

surrounding waveguide is raised to that characteristic of the TIPE process. The
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result is a TI integrated lens in a TIPE slab waveguide. The geometry of this

integrated lens is shown in Fig. 3.9, in which both the longitudinal cross section

and view from above are depicted. In this geometry, the combination of the

concave curvatures of the TI lens with the lower refractive index (as compared

to the TIPE slab waveguide) provides positive lensing.

The use of an SiO 2 thin film mask eliminates the need for Si3N4 films (which

typically require plasma CVD deposition). The thin film of SiO 2, which only

covers the lens region, may be left on the substrate without a significant effect

on the performance of the integrated lens. The thin film of Si 3 N4 on the other

hand, covers all of the substrate except for the lens region, and hence has to

be removed. The removal of a Si3N4 thin film is relatively more difficult to

accomplish than a SiO 2 thin film.

The modifications described above significantly simplify the fabrication of

integrated lenses that are formed through the use of the TIPE process. The

method of fabricating a TI lens in a TIPE slab waveguide also provides better

mode confinement in the slab waveguide. The other advantage is that for the

same focal length and aperture size, the TI lens in a TIPE slab waveguide

occupies a significantly smaller surface area than a TIPE lens in a TI slab

waveguide. This can be verified by comparing the footprint of the convex pattern

(used for a TIPE lens in a TI waveguide) with that of the concave pattern (used

for a TI lens in a TI waveguide) in Fig. 3.8.

In all of the integrated lens geometries, if the effective refractive index of the

slab waveguide is larger than the effective refractive index of the integrated lens,

a concave lens profile (similar to the one shown in Fig. 3.9) will perform positive

lensing (positive f). In this configuration, lenses with convex boundaries would

act as negative lenses. Similarly, if the effective refractive index of the lens region

is larger than that of the slab waveguide, then a convex lens profile will perform

positive lensing. Negative lensing in this configuration will be performed by
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Figure 3.8: Schematic diagram of the contact mask used for patterning inte-

grated lens geometries.
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concave lenses.

Let us analyze the performance of the types of integrated lenses that we

proposed to make in order to predict their focal properties. In order to simplify

the analysis and experimental implementation, we will only consider integrated

lenses with spherical boundaries. Spherical aberration is a problem associated

with all lenses that have spherical boundaries [601. This problem, however, can

be minimized by using aspherical surfaces for the lens boundaries (651. It is

noteworthy that the simplicity of photolithographic mask definition makes the

extension to far more sophisticated lens profiles straightforward.

The focal length (f) of an integrated lens is determined from the following

simplified relation for thin lenses [60,651

1 V,-N (1 1) (3.33)
f - N U, - R2)"

In the above equation R, and R 2 are the radii of curvature of the two lens

interfaces (see Fig. 3.9). The sign convention for these radii is positive and

negative for convex and concave curvatures (as seen from the left), respectively.

The two parameters N, and N are the effective refractive indices of the guided

modes in the lens region and in the slab waveguide re: )n, respectively. The

effective refractive indices are determined from Eq. 3.12 by using the appropriate

propagation constants (/3) for each region.

For an E. polarized guided beam of diameter (width) D focused by such an

integrated lens, the diffraction limited spot size in the focal plane is given by

Af/neD. The parameter n, is the refractive index which is excited by the E.

polarization, which in the case of Y-cut Ti:LiNbO3 is the extraordinary refractive

index.

The focal lengths of the integrated lenses fabricated by means of the three

techniques described earlier can now be calculated using the above analysis.

By the first (thin film coated recessed lens) technique, the refractive index of
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Figure 3.9: The upper and lower drawings are the cross section and top view of

the integrated lens geometry discussed in the text, respectively. The appropriate

dimensions and refractive indices are marked in the drawings. Note the crys-

tallographic axes of LiNbO3 as used in the advanced 10 processor applications.

The SiO 2 mask that is shown here is only required in the fabrication of titanium

indiffused (TI) lenses in TIPE waveguides as discussed in the text.
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the lens region in the Ti:LiNbO 3 (1le = 2.25) waveguide is increased. This

can be accomplished by replacing the waveguide material in the appropriate

region with a thin film that has a higher refractive index (e.g. TiO 2, n = 2.4).

For a 1 pm thick TiO2 waveguide on a Ti:LiNbO 3 substrate (N about 2.23),

calculation yields an effective refractive index of about 2.38. Using these two

effective refractive indices in Eq. 3.33, we determine that a convex lens with

radii of order 1.25 mm should have a focal length of about 9 mm (an F/4 lens).

Alternatively by the second (thin film coated recessed lens) technique, the

material in a selected region of the waveguide is completely replaced with a

lower refractive index thin film (e.g. SiO 2, n = 1.46). The use of a thin film

with a refractive index lower than that of LiNbO 3 requires the use of a buffer

material (such as MgF, n = 1.38) separating the thin film from the substrate.

The refractive index of the buffer material should be lower than that of the thin

film used in the lens region, in order to insure that the TIR condition is satisfied

at the lower interface of the lens region. In this manner, in the lens region

we will effectively have a SiO 2/MgF waveguide combination which replaces the

Ti:LiNbO 3/LiNbO 3 waveguide combination.

The effective refractive index of the mode confined to a 1 Mm thick SiO 2 film

(deposited on a MgF buffer layer) was determined using the analysis of Sect. 3.1

to be 1.44. For a concave lens (with radii of order 1.25 mm) fabricated with

this technique in a Ti:LiNbO3 waveguide (N of order 2.22), in a manner similar

to the TiO 2 coated lens, we calculated a focal length of about 2 mm (F/0.8).

Integrated lenses with such low F-numbers can be very attractive for use in

advanced 10 processing applications, due to the fact that despite their large

apertures they exhibit short focal lengths and diffraction limited spot sizes.

On the other hand, the large refractive index gradients that are characteristic

of low F-number integrated lenses may cause back-reflection of the guided modes.

In order to minimize the back-reflection problem, research should be conducted
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in developing integrated anti-reflection (AR) coatings.

For the modified TIPE integrated lens, the effective refractive index of the

guided mode in a TIPE waveguide (1 jim thick) was theoretically determined to

be 2.3. The effective refractive index of the guided mode in the TI integrated

lens was already shown to be 2.23. Calculations similar to those presented for

the thin film coated recessed lenses, reveal that for a concave lens with radii of

1.25 mm the focal length is about 1.2 cm (F/4.8). Since, in our experiments we

used a 1 mm wide He-Ne beam (A = 0.633 jr), we determined the diffraction

limited spot size for such a beam incident on a TI lens to be approximately 5

pm. If the aperture size of a TI lens in a TIPE waveguide is about 1 cm, the

focal spot size for a beam filling the entire aperture would be approximately

1 pm. Such spot sizes are smaller than the rib waveguide widths (typically 8

pm), as required in order to provide efficient and discrete coupling into individ-

ual waveguide elements. The coupling of slab waveguide modes into individual

waveguide modes via integrated lenses will be considered next.

3.4 Focused Gaussian Beam Coupling into

Rib Waveguides

In advanced 10 signal processors, the light that is guided in the slab wave-

guide is diffracted from the modulations in refractive index induced by the SAW

device and focused by the integrated lens L2 into individual waveguides of the

array (see Fig. 1.5). Hence, it is imperative to analyze the coupling efficiencies

of the slab waveguide modes focused by the integrated lens into the individual

rib waveguide modes. In order to simplify the analysis of the mode coupling effi-

ciency, it is assumed that there is no angular misalignment between the direction

of propagation of the focused beam and the rib waveguides [73,74,. In real situ-

ations, however, slight angular misalignments could exist which can reduce the
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mode coupling efficiency.

Let the transverse field profile of the focused beam at the back focal plane of

the integrated lens, which is a Gaussian distribution, be denoted by EG. Let the

transverse field distribution in the rib waveguide be denoted by E. as specified

by Eqs. 3.1, 3.2, and 3.3. The mode coupling efficiency (17,) determines how

much of the mode distribution EG overlaps with that of E,. High overlap is

required for successful coupling (high efficiencies). The mode coupling efficiency

is determined from the following mode overlap integral [611

If2f_ EG(x) E.(x) d. 2 34
7c - ff. EG2(X) d. f° E,2(X) d. (3.34)

In the above equation, the x dimension is transverse to the direction of prop-

agation and parallel to the surface of the slab waveguides (see Fig. 3.2). This

is the direction in which there are discontinuities in the two modes involved in

the overlap integral. There are no such discontinuities in the mode distributions

in the vertical waveguide dimensions (y dimension in Fig. 3.2). Hence, the rib

waveguide mode distributions appropriate for the mode overlap integral can be

determined when terms involving y are eliminated from Eqs. 3.1, 3.2, and 3.3.

The electric field distribution at the waist of the integrated lens is a Gaussian

distribution given by [751

EG(X) 1  ex+ )](3.35)

In this equation ZR' is the Rayleigh length of the focused Gaussian beam and

W(O) is its waist size. Due to the choice of the origin in the coordinate system

of Fig. 3.2, the dimensional parameter x is offset by one half the width of a

single rib waveguide (d) in order to insure that the maximum of the Gaussian

beam occurs at the center of the rib waveguide.

The waist size (for a beam focused by the TIPE lens) in our experiments

was already determined to be about 5 Mm. The relation between the Rayleigh
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lengths before and after a focusing lens (with focal length f) is given by [75]

ZR' f (3.36)
Z _R

Since the Rayleigh length of the He-Ne beam that we used is about 2.2 m, this

translates into a length of order 75 pm after the TIPE lens. The above waist

size and the Rayleigh length were used in Eq. 3.35 to determine the Gaussian

beam distribution.

The appropriate rib waveguide transverse mode distributions (along the x

direction) were determined using the parameters given in Sect. 3.1. These distri-

butions and the focused Gaussian beam distributions were then used in Eq. 3.34

in order to determine the coupling efficiencies. The integrals in Eq. 3.34 were

solved numerically to yield a coupling efficiency of about 92% (which corresponds

to a loss of about 1 dB).

If a 2.7 cm wide TI lens in a TIPE slab waveguide is used in the above

coupling efficiency analysis, the focal spot size -ill be about 1 um. This implies

that the coupling by such a lens into the rib waveguides will be better than 92%.

These results indicate that by focusing the guided beams into the rib wave-

guides using integrated lenses, high coupling efficiencies can be achieved. In

advanced 10 processors characterized by large area waveguide arrays, however,

these efficiencies could be somewhat lower due to angular misalignment of the

focused Gaussian beams and the various individual rib waveguides. In reality

the focal spot sizes of the integrated lenses may be somewhat larger than the

calculated values due to fabrication inaccuracies, which may further reduce the

coupling efficiency between the focused guided beams and the rib waveguides.

3.5 System Throughput Efficiency

Up to now the performance efficiencies of the individual components needed

for advanced 10 processors have been considered; in this section, however, the
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overall throughput efficiencies of typical advanced 10 processor systems will be

estimated. This estimation is based on the theoretical analysis presented herein

and as such is subject to the same set of assumptions and approximations. The

experimental verification of some of the contributing efficiency factors will be

given later.

One of the major sources of losses arise from reflections of the guided modes

at the dielectric interfaces. The reflection coefficient ( the transmission

coefficient (Tnd,,), and the loss (dB) for a guided wave incident on a dielectric

with effective refractive index Nt from a medium with effective refractive index

N is given approximately by [61]

Rboundar- = t "-, (3.37)
Nt + N,(337

Tboundary d = 1 - r (3.38)

Loss (dB) = -10logTbod,v • (3.39)

These equations can be used to determine to a first order of approximation

the losses at all of the dielectric interfaces in such processor configurations.

Specifically, these interfaces are the laser-slab waveguide interface (N = 1 and

Nt = 2.22), and the slab waveguide-integrated lens interfaces (N = 2.23 and

Nt = 2.3). In the slab waveguide-rib waveguide transition "interface", we have

assumed that there is no mode mismatch. This is indeed a good assumption,

since for both waveguides the longitudinal propagation constant is 22.2 Jim'.

The loss at the laser diode-waveguide interface is approximately 1 dB. In

this approximation, it is assumed that the laser mode size has been made to

match that of the slab waveguide by the use of a GRIN lens. In addition, it is

assumed that the laser beam is normally incident at the waveguide edge, which

is in turn perfectly polished. It is also assumed that the source is not bonded

to the edge of the waveguide. Such bonding with an optical cement (refractive

index of about 2) will further lower the coupling loss [761.
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In order to estimate the losses at the slab waveguide-integrated lens inter-

faces, the simplifying assumption was made that the guided modes are normally

incident at the lens boundaries. Losses due to two integrated lenses were esti-

mated to be about 0.4 dB (each lens has two interfaces; at each interface, there

will be a 0.1 dB reflection loss).

In the advanced 10 processor configuration discussed herein, if we use one

2.7 cm wide integrated lens with focal length of 10.8 after the transducer and

another one with a focal length of about I cm after the laser diode, the length of

the waveguide (slab waveguide added to the array waveguides) is approximately

13 cm long. The propagation losses for the Ti:LiNbOs waveguides have been

determined by others to be approximately 1 dB/cm [2]. The total propagation

losses for the waveguides hence are estimated at 13 dB. It will be shown later

that for some of the advanced 10 signal processors it is desired to use TIPE

slab waveguides for higher mode confinement. Propagation losses in TIPE slab

waveguides could be slightly higher than those of the TI slab waveguides. Other

investigators are working on the reduction of the propagation losses associated

with TIPE waveguides [71].

The unwanted scattering losses due to the surface gratings and the integrated

lens interfaces are not well characterized at this point in the research. These

losses are roughly estimated at 1 dB. Other losses that were determined earlier

include surface acoustic wave (SAW) device diffraction losses of order 3 dB, and

mode coupling losses of the focused beams into rib waveguides of order 1 dB.

Hence, the total loss of the system should be about 20 dB. In Ch. 6 we will

use a system loss of approximately 20 dB in order to determine the laser diode

power requirements for the IOSAR processor example.
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Chapter 4

Advanced 10 Processors: Fabrication of

Critical Components

In this chapter the fabrication of critical components for advanced integrated

optical signal processors on LiNbO 3 substrates will be discussed. These elements

are: Ti:LiNbO 3 waveguides (slab and channel), large area rib waveguide arrays,

surface outcoupling gratings (holographically patterned and contact mask pat-

terned) on rib waveguide arrays, and large aperture integrated lenses (thin film

coated recessed lenses and TIPE lenses).

In the fabrication of low loss Ti:LiNbO 3 waveguides (both slab and channel),

we basically employ the fabrication technique of titanium indiffusion developed

by others [2,5,6,77,4]. The fabrication of individual rib waveguides on LiNbO 3

has also been reported by Belanger and Yip [78]. They have fabricated rib

waveguides that are 8 um wide and 3 rm high through the reactive ion beam

etching technique. To our knowledge, however, the fabrication of large area

rib waveguide arrays has not been reported. Hence, we will herein present the

fabrication steps required to form such arrays on LiNbO 3 substrates.

In addition, the fabrication of surface outcoupling gratings on rib waveguide

arrays is not well established either. Therefore, we will also present the ap-

propriate fabrication procedures to form such gratings on rib waveguide arrays.

Grating patterns will be formed both holographically and using a contact mask,

in a photoresist coating on top of the substrate followed by ion beam milling

to form surface gratings. The performance of the above two techniques will be
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compared.

It was mentioned earlier that new techniques of developing large aperture

integrated lenses (0.2 cm) with short focal lengths (1-3 cm) will also be inves-

tigated here. Two new techniques were examined to fabricate such integrated

lenses. In these techniques the Ti:LiNb0 3 material within the desired lens region

is removed and replaced with thin films having either higher or lower refractive

indices. By properly choosing the lens profile in either of the two geometries,

we can produce positive lensing.

Through the preliminary experimental evaluation that is presented later, it

was observed that the above lenses did not perform satisfactorily. This prompted

us to examine the technique of fabricating TI integrated lenses in TIPE slab

waveguides as was discussed in Sect. 3.3. Therefore, the fabrication of these

lenses will also be presented.

We will present the fabrication issues for integrating the critical components

such as integrated lenses, rib waveguide arrays and the surface outcoupling grat-

ings in Ch. 5.

4.1 Fabrication of Low Loss Ti:LiNbO3 Waveguides

As was mentioned in Sect. 2.2, the substrate that was chosen for the ini-

tial fabrication of proof-of-principle advanced 10 signal processor components is

LiNbO 3, which is a uniaxial crystal [1]. Through the considerations that were

also presented in Sect. 2.2, it was determined that the preferred crystallographic

orientation for use in the fabrication process is Y-cut. Optical-waveguide-quality

wafers of Y-cut LiNbO3 , with the top surfaces optically polished to A/10, were

obtained commercially from Crystal Technology, Palo Alto, CA.

The wafers were then wire-sawed to appropriate dimensions with lengths

(directions of propagation) that were parallel to the crystallographic X-axis and
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widths parallel to the optic axis (c-axis) (see Fig. 3.5). The reasons leading to

this choice of orientations were also presented in Sect. 2.2. It should be pointed

out that the crystallographic axes as shown on the substrate in Fig. 3.5 are not

the same as the coordinate system used in the analysis of Ch. 3 (see Figs. 3.2

and 3.1).

Slab waveguide fabrication in LiNbO 3 was accomplished through the tech-

nique of titanium indiffusion [2,5,6,41. In this technique, thin films of titanium

(100 - 500 A1) are vacuum deposited on process cleaned LiNbO 3 substrates [791.

The titanium film is then indiffused into the substrate at high temperatures

(900-1050" C) to form Ti:LiNbO 3 waveguides.

In order to prepare the substrates for waveguide fabrication, they were first

cleanea in 18 Mfl-cm deionized (DI) water and Micro cleaning solution (pur-

chased from Cole Parmer, Chicago, Ill.). The substrates were then immersed

in 1,1,1 trichloroethane (40 'C) for 10 min. followed by immersion in DI wa-

ter, acetone, and methanol in order to remove any cleaning solution or grease

residue. In order to remove any metallic ions from the surface of the substrates

that could cause scattering elements after the indiffusion, they were immersed in

a hydrochloric acid-hydrogen peroxide-DI water (1:1:5) solution that was heated

to 75 "C for 20 min. Following the above procedures the substrates were rinsed

with DI water, dryed with nitrogen gas and baked at 150 "C for 30 min.

In order to fabricate the waveguides needed for our purposes, titanium films

with thicknesses of 40051 were deposited on cleaned Y-cut LiNbO 3 substrates.

This choice of titanium thickness provides multimode waveguides (3 TE) that

are approximately 1 pm deep, which were needed for some of our experiments.

In order to fabricate single mode waveguides which are eventually needed for

advanced 10 processors, the thickness of the titanium thin film should be reduced

to approximately 100A.

The Ti deposition was accomplished in a Balzers BAK 640 electron beam
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evaporation system at pressures of order 10- 8 Torr. The targets used were

99.99% pure titanium pellets. The rate of deposition was as low as a few

angstroms per second to allow high film uniformity and good adhesion to the

substrate.

The indiffusion of titanium was conducted in a quartz chamber of a pro-

grammable furnace. The temperature of the furnace was increased from room

temperature to the indiffusion temperature of 10000 C in 2 hrs. The indiffusion

was conducted for 3 hrs then the furnace was turned off to allow normal cool

down to room temperature.

According to Burns, et al. a steady flow of ultra high purity argon or oxygen

should be maintained through the indiffusion chamber in order prevent lithium

outdiffusion, which leads to degradation of the fabricated waveguides [2]. In our

fabrication process, however, the use of argon produced waveguides with low

surface qualities due to reasons that are not well understood. Maintaining a

constant flow of wet oxygen (1.5 liters/min) which is heated to 35 *C, on the

other hand, helped in fabricating waveguides with good surface quality.

Below the surface of a Ti:LiNbO 3 waveguide, the titanium concentration

profile is a complementary error function [2,80]. This function is the solution of

the diffusion equation in the constant source (undepleted surface concentration)

approximation. This complementary error function, however, can be approxi-

mated by the simpler Gaussian profile in the bulk for long diffusion times in

which the diffusion depths are much larger than the film thicknesses [2]. The

concentration profiles in such cases are given by

C(Y,,0 = (2/vl~) (aktT/D)exp [(yD)2J (4.1)

In this equation tTi is the titanium film thickness (i- 400A), y is the depth below

the surface, and a. is the atomic density of the titanium film (of order 5.65 x 1022

atoms/cm3 ). The diffusion depth (D) is related to the diffusion coefficient Dc
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(which is equal to 9.4 x 10 - 13 cm2/sec at 1000 ° C) and to the diffusion time (t)

by [21

D = 2-Vbt. (4.2)

In the analysis of Chs. 3 and 5, we have assumed that there is an abrupt

boundary at the depth of 1 pm below the waveguide. This is the depth at which

the largest gradient in the titanium concentration (or the refractive index) oc-

cured for the waveguides that we fabricated. Comparison of the experimentally

determined longitudinal propagation constant of the fabricated slab waveguide

with the calculated values presented in Ch. 5 will show that the above assump-

tion is indeed a good one for our purposes. In cases for which a more accurate

analysis considering the graded index profile of the Ti:LiNbO 3 waveguides is

needed, numerical methods similar to those reported by others should be used

[43,481.

The fabrication of Ti:LiNbO 3 channel waveguides was accomplished through

the indiffusion of strips of titanium (widths - 6 - 15 pm) following the steps

described earlier. In order to generate strips of titanium on LiNbO 3 substrates,

photolithographic techniques and a lift-off process designed for Ti (which is

standard for certain types of integrated circuit fabrication) was used [81].

In our technique the substrate was spin coated with Shipley S1400-27 pos-

itive photoresist at 5000 RPM for 30 seconds. The use of positive photoresist

allows the formation of high resolution patterns. According to the specifications

for S1400-27 the thickness of the photoresist film that is formed is about 1.14

pm. The pre-exposure and post-exposure treatment of the photoresist layer was

conducted according to the steps prescribed in the Shipley data sheet.

Contact masks with appropriate channel patterns which are needed for expo-

sure purposes were ordered from ASET electromask, Woodland Hills, CA. The

photoresist coated substrate was exposed in a Karl Suss MJB 3 mask aligner

using a mask with an appropriate pattern. The exposure time was generally in
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the 10-20 second range.

The exposed photoresist was then developed in a 1:1 mixture of deionized

water and Shipley Concentrated Developer for a few seconds, until the patterns

were visible on the photoresist coating. The patterns are generated when the

exposed regions of photoresist are removed in the developer, while the unexposed

regions are left intact.

A titanium thin film was then deposited on the substrate, over the patterned

photoresist (as discussed for the slab waveguide case). The substrate was then

immersed in either acetone or Shipley Microposit Remover 140. This process

dissolves the photoresist, which also lifts off the titanium film that is deposited

on top of the photoresist coating. This leaves a pattern of titanium in the regions

of the substrate that were not covered with photoresist (due to exposure and

development). In this way, strips of titanium can be formed on the surface of

the LiNbO 3 substrate. The indiffusion of the titanium strips to form channel

wavegwides is then achieved with times, temperatures, and wet oxygen flow rates

similar to those used for the case of slab Ti:LiNbO3 waveguides [4].

A channel waveguide fabricated by means of the indiffusion of a 5 Am wide

titanium strip (1 cm long along the crystallographic X-axis) on a Y-cut crystal

is shown in Fig. 4.1. This image was produced using the Nomarski technique in

a Leitz model SM-LUX-HL polarization microscope.

A critical issue that affects the indiffusion of strips of titanium in LiNbO 3 is

lateral diffusion in the direction of the crystallographic Z-axis [5]. This causes

the Ti:LiNbO3 channel waveguides to be wider than the corresponding titanium

strips prior to indiffusion, causing smearing of the waveguide boundaries (see

Fig. 4.1). The width of an indiffused channel waveguide can be approximately

1-3 Am wider than a 10 Am titanium strip used for its fabrication [5].

It was mentioned earlier that for the efficient butt-coupling of a laser diode

to a Ti:LiNbO3 slab waveguide, the edge of the waveguide should be optically
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Woveguide

Figure 4.1: Optical micrograph (300X) of a nominally 5 pm wide Ti:LiNbO 3

channel waveguide taken with a phase contrast microscope (Nomarski mode).

The actual channel width is of order 6 pmn. This increase in width was caused by

lateral diffusion of the deposited titanium strip (5 pm wide). Note the polished

edge of the sample where the channel waveguide is terminated.
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polished. High edge surface qu-lity is also needed for fiber butt-coupling of laser

light into Ti:LiNbO 3 channel waveguides.

In order to edge polish LiNbO 3 substrates with Ti:LiNbO3 waveguides, we

used the technique developed by Furch, et al. [82]. In their technique, a specially

designed jig was used to securely hold the substrate so that only its edge is ex-

posed for polishing. We used a similar jig for our purpose. The sample that was

secured in the jig was then rough lapped successively with polishing compounds

that have 30, 15, and 10 pm grit sizes. Finer polishing was accomplished on

an R. H. Strausbaugh, Inc. 6DA-1 mechanical polisher using silica compound

solution (0.1 pm particle size) for lengths of time up to 2 hrs. The final result of

the polished edge of one of the samples that has a Ti:LiNbO 3 channel waveguide

is shown in Fig. 4.1. Despite the roughnesses in some parts of the edge, the edge

quality is highly uniform at the channel waveguide termination, which is pre-

cisely what is needed for fiber butt-coupling. The results of fiber-butt coupling

into this Ti:LiNbO 3 channel waveguide will be presented in the next chapter.

4.2 Fabrication of Rib Waveguide Arrays

It was mentioned earlier that the fabrication of high quality rib waveguide

arrays with high packing densities was a major point of this research. Specifi-

cally, for advanced 10 signal processors such as the IOSAR processor, waveguide

arrays in which the individual ribs are about 8 pm wide and separated by 2 Jm

gaps (10 um pitch) might be needed. For this purpose rib waveguide arrays

with 660 elements (in 6.6 mm) were fabricated on Ti:LiNbO3 slab waveguides

[83]. The number of elements in the rib waveguide arrays was chosen for ex-

perimental flexibility as will be discussed later. The total number of elements

in such arrays can easily be extended to 1000 or more elements in 1 cm (with

the same dimensions as above), which might ultimately be required in advanced
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10 processing applications. The fabrication steps applicable to rib waveguide

arrays are discussed in detail next, and are shown schematically in Fig. 4.2.

The substrate used for the purpose of fabricating each rib waveguide array

was a Ti:LiNbO 3 slab waveguide processed as discussed earlier in Sect. 4.1. Rib

waveguide arrays were fabricated by employing the selective ion beam milling

technique in order to generate the troughs and associated ridges necessary to

form rib structures.

In order to mask the desired rib waveguides we used appropriately patterned

Shipley S1400-33 photoresist coating (2.2 jm thick) on the substrate. The use

of thick photoresist is one of the essential steps in fabricating a rib waveguide

array with high surface quality because such layers can provide sufficient pro-

tection against the ion beam milling process. We determined that the use of

photoresist layers that are thicker than 2.2 m (such as S1400-37) would not

produce acceptable arrays, since the 2 pm openings needed in some of the array

patterns could not be properly exposed.

The mask that we used for patterning the rib waveguides was obtained from

ASET Electromask Co., Woodland Hills, CA. In order to make maximum use

of this mask, it was designed to have both a densely packed rib waveguide array

pattern and a low density rib waveguide array pattern. The densely packed

rib waveguide pattern consisted of 2 cm long ribs with 8 jm wide openings

and 2 pm separations. Due to the limited space available on the mask, we

were limited to 660 elements (or 660 rib waveguides after the completion of

the fabrication steps). The low density waveguide array pattern on the mask

consisted of openings in the range of 5-20 pm with comparable separations.

By appropriately situating the substrate to be exposed under this multipurpose

mask in the mask aligner, we were able to generate several types of rib waveguide

arrays with different geometries.

Exposures through the mask were such that the long axes of the rib wave-
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guide patterns were oriented parallel to the crystallographic X-axes of the sub-

strates.

It was suggested by others that the photoresist coating on the substrate needs

to be hardened at high temperatures in order to withstand the ion beam milling

process [78,211. We experimented with different temperatures and durations of

such a hard bake. It was determined that when the photoresist layer is baked

at 1400 C for 2 hrs, it hardens sufficiently to withstand ion beam milling for

the combination of times and energies appropriate for rib waveguide fabrication

in Ti:LiNbO 3. Therefore, this is the procedure by which we hard baked the

photolithographically-defined photoresist patterns on the Ti:LiNbO 3 substrates

following pattern development.

In order to imprint the photoresist patterns onto the substrate and form the

rib waveguide structure (see Fig. 3.2), the baked sample was subsequently ion

milled using argon ions [84,79]. A Commonwealth (3 centimeter in diameter)

ion gun was used in a vacuum chamber for ion beam milling. The pressure in

the chamber was first reduced to 4 x 10- 1 Torr; then ultra high purity (99.999%

pure) argon gas was bled into the chamber in order to increase its pressure to

about 2 x 10- Torr. The gas was purchased from MG Industries, Valley Forge,

PA.

The beam current and voltage were adjusted in the ion gun to approximately

7 mA and 150 V, respectively. At these settings, the ion gun current density

was rougly estimated to be about 0.1 mA/cm2 . We examined the mill rate of

Ti:LiNbO 3 in the above system by milling different samples (with photoresist

rib patterns) for different durations using the ion beam settings just described.

By correlating the heights of the fabricated rib waveguides with the ion beam

milling durations, we determined that this milling rate is approximately 0.4

Am/hr.

Ion beam milling of the substrates with photoresist-defined rib patterns pro-
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duces troughs in regions without a photoresist coating; the regions that have

a photoresist coating are not ion milled, and thus produce rib waveguides (as

shown in Fig. 4.2). In advanced 10 signal processors, other components such

as integrated lenses and SAW transducers need to be integrated along with

rib waveguide arrays. Hence, mesas (as shown in Fig. 4.2) are needed on the

substrates in order to accommodate such components.

It was mentioned earlier that differnent substrates with hard baked photo-

resist patterns were ion milled for different durations. It was determined that

ion milling could only be conducted up to a maximum of 2 hrs and 30 minutes,

after which the photoresist started to discolor and could no longer withstand

the ion beam milling process.

Continuous ion beam milling of the substrates conducted for 2 hrs and 30

minutes formed rib waveguides that are about 1 Mm high. Arrays of 660 rib

waveguides (8 /m wide, 1 p m high, 1 cm long, with 2 pm separations) were

fabricated on Ti:LiNbO3 substrates using the above technique. An optical mi-

crograph of a portion of such an array (taken in a Nomarski phase contrast

mode) is shown in Fig. 4.3, which shows high surface uniformity on all sur-

faces. The number of waveguides in such arrays can easily be extended to 1000

elements in order to occupy a full 1 cm 2 area.

Up to this point, we have assumed the lower boundary of the Ti:LiNbO 3

waveguides to be at about 1 pm below the surface. In the particular situation of

the rib waveguide arrays discussed above, some residual Ti:LiNbO3 waveguide

material will still exist in the trough regions (due to the Gaussian refractive index

distribution in the waveguide) which can in some cases allow for partial guiding.

Such guiding in the trough regions can be a cause of crosstalk. Fortunately,

due to the same Gaussian distribution of the refractive index with depth, lower

guided modes are mostly confined close to the top surface. Therefore, crosstalk

due to guiding in the troughs for such modes can be minimal. A more accurate
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Figure 4.3: Optical micrograph (1.OOOX) of a portion of an array of 060 rib)

waveguides (8 pim wide, 1 im high. I cm lonig, with 2 pmn separations).
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analysis of such crosstalk needs to be conducted.

In applications that require significantly higher rib waveguide isolation, how-

ever, the troughs need to be deeper than 1 pm in order to effectively undercut

the waveguide defining boundary as shown in Fig. 4.2. In fabricating rib wave-

guide arrays for these situations, we cannot use photoresist as the protective

mask of ion beam milling because of its degradation during a prolonged milling

process. In those situations, alternative mask materials for the ion beam milling

process which has a much lower mill rate than that of Ti:LiNbO 3 should be

investigated.

In parallel with the fabrication of the large area densely packed rib wave-

guide arrays, we also fabricated sparsely spaced rib waveguide arrays on different

substrates, for fiber coupling and other experiments which require such geome-

tries. For example, a scanning electron microscope (SEM) micrograph of a rib

waveguide that is 5 pm wide and about 0.5 Mm high (milled for 1 hr) is shown

in Fig. 4.4. It is evident that the surfaces of the fabricated waveguide are highly

uniform; such uniformity is needed in order to achieve low scattering losses in

such a waveguide structure. The results of coupling experiments conducted with

rib waveguides (in both individual and array geometries) will be presented in

Ch. 5.

In producing the SEM micrographs that are presented herein, we used a

Cambridge model S ,.0 scanning electron microscope (SEM), with an accelerat-

ing voltage of 20 KV .nd z filament c-rrent about 20 pAA.

4.3 Fabrication of Uniform Surface Gratings on

Rib Waveguide Arrays

In the analysis of Sect. 3.2, we presented a comparison of thin film and

surface grating outcouplers from rib waveguide arrays for use in advanced 10
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Figure 4.4: Scanning electron microscope image (10,OOOX) of a 3 pUm wide and

0.5 pm high rib waveguide. High uniformity of the top surfface and sidewalls is

evident in this photograph.
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signal processors. We decided to explore the possibilities of surface gratings on

rib waveguides further, because of the several potential advantages they exhibit

over thin film outcouplers, as discussed in Sect. 3.2.

We also mentioned that others have produced highly efficient surface grat-

ings to outcouple light from individual Ti:LiNbO 3 channel waveguides in short

distances [21]. For our application, however, we faced new challenges. Our

requirement was to outcouple light from a long waveguide uniformly and effi-

ciently, which translates in some cases into much lower outcoupling efficiencies

per unit length (roughly 10%/mm). One of the implications of this requirement

is that the grating heights are smaller than those used by others. The other

implication is that longer grating periods are used in order to reduce the out-

coupling efficiency. Another major difficulty that we faced was that we needed

to fabricate uniform surface gratings on the nonuniform surface characteristic of

a rib waveguide array, subject to the performance criteria given above.

In the analysis of Sect. 3.2, we also limited the grating periods to range

from 1 to 4 pm. The lower bound in this range is dictated by the minimum

photolithographic resolution that we can achieve in a photoresist layer that at

the same time is a well-defined, resistant mask for subsequent ion beam milling

of the surface gratings. The upper bound was set by the minimum number of

grating cycles that we need to have under a 10 pm long CCD pixel.

In this section, we will present the techniques by which we attempted to

fabricate surface gratings on rib waveguide arrays through the selective ion beam

milling process. We will explore the two different techniques of holographic

exposure and exposure through a contact mask in order to form grating patterns

in photoresist layers. In order to imprint the gratings onto the surface of a rib

waveguide array, first we generated a similar grating pattern in the photoresist

coating of the rib waveguide array, such that the gratings are oriented orthogonal

to the long axis of the array. This was followed by ion beam milling to imprint
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the gratings on the top surface of the array. Afterwards the photoresist coating

is removed, so that the resulting surface gratings on top of the rib waveguides

will have a similar geometry to that of Fig. 3.5.

We will now discuss the methods by which such surface gratings can be

formed in more detail. First, we will consider the hol-graphically patterned

surface gratings. This is followed by a discussion of the contact mask patterned

surface gratings.

4.3.1 Holographically Patterned Surface Gratings

In the holographic patterning technique, two beams derived from a He-Cd

laser -are interfered within a photoresist coating on the substrate to form a

photoresist grating [85,86,87 . A simple and versatile method of holographically

fabricating such surface gratings in a photoresist layer can be accomplished in

a setup as shown schematically in Fig. 4.5 [86].

In this setup, the portion of the incident He-Cd beam (A = 0.44 pm) reflected

from the mirror interferes with the direct beam to form a grating within the

photoresist coating deposited on the substrate. The angle between the plane

of the mirror and substrate is 900, and they are mounted so that they can be

translated transverse to the incident beam path. This is needed in order to

control the area of the substrate that is being exposed by the beams. The

exposure time is controlled by a programmable shutter.

In order to control the grating period, the angle Oh can be varied by rotating

the mount about the axis (common to the plane of the mirror and the plane of

the substrate as shown in Fig. 4.5). The grating period (A) can be determined

from the condition

A - A (4.3)
2 sin .0j,

In cases for which chirped (frequency modulated) gratings are needed, a cylin-
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Figure 4.5: This schematic diagram depicts the required elements and their

orientations for the holographic generation of gratings in photoresist. The beam

of a He-Cd laser (0.44 pm) which has been spatially filtered and expanded is

used as a source of coherent illumination. For the purpose of exposure control.

a programmable shutter is used. Details of operation are as given in the text.
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drical lens can be used in order to curve the phase front of one of the writing

beams, consequently varying the grating period along the direction of propaga-

tion [87,86.

In order tc examine the holographic grating quality and the range of grating

periods that can be fabricated, several LiNbO3 substrates were spin coated with

Shipley S1400-17 (positive photoresist) at 5000 RPM for 30 seconds to produce

coatings that are about 0.4 ym thick (according to Shipley specifications). The

choice of positive photoresist was made in order to allow higher resolution grating

features.

The appropriate exposure time and photoresist development time for each

grating period was determined by multiple trials. Using the above technique,

we fabricated gratings with fundamental periods in the range 0.6-1.6 pm.

We also examined the suitability of S1400-27, which has double the thickness

of S1400-17 for a similar spin rate, for holographically generated gratings. This

thicker photoresist did not prove to be suitable for this purpose, since we could

not generate features with resolution close to 1 ym in it.

In order to examine the surface uniformity of the holographically patterned

gratings, we examined a few of the substrates with different grating periods in

the same SEM, the use of which was discussed before. For example, a SEM

micrograph of a grating with a 1.3 prm period is shown in Fig. 4.6. There were

observable nonuniformities (0.2 /m features) on the surface of grating that is

shown in Fig. 4.6; these nonuniformities were characteristic of all of the gratings

examined. Other investigators have also observed such surface nonuniformities

on holographically generated gratings [88].

These nonuniformites may be due to inhomogeneities in photoresist compo-

sition, which varies the exposure requirements of the photoresist locally. An

optical interference pattern that causes a grating by nature exhibits an analog

spatial intensity modulation. Therefore, exposure intensities incident on the
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Figure 4.6: Scanning electron microscope (SEM) micrograph (20.OOOX) of aA

grating (A -1.3 jim) holog-raphlicall formed in Shipley S1400-17 photoresist.

Note the grating nonuniforinities.
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photoresist also vary locally, producing local anomalies in response to minor

compositional variances. Such nonuniformities would not be observed in the

more traditional utilization of such photoresist layers in integrated circuit man-

ufacture, since in this case the exposure is binary, and can be below and above

threshold in unexposed and exposed regions, respectively, regardless of minor

local sensitivity variations.

We also examined the surface quality of gratings that were holographically

patterned and ion milled on the surface of a single 5 Mm wide rib waveguide. This

experiment was conducted in order to determine what fraction of the photoresist

nonuniformities would be transfered onto the milled grating on a rib waveguide.

For this purpose we holographically patterned a surface grating with a 1.3

Mm fundamental period on a sample with a rib waveguide geometry (5 Am wide

and 0.5 pm high), using a similar procedure as that previously described for

the fabrication of such gratings on slab waveguide in LiNbO 3. Prior to the ion

beam milling process, we hard baked the above sample at 140 OC for 2 hrs. Ion

beam milling of such holographically-defined grating patterns was conducted

with parameters similar to those employed in the milling of the rib waveguide

arrays, except for reductions in the ion beam current to 6 mA. The beam current

densities were thus slightly lower than 0.1 mA/cm2 , producing lower ion milling

rates than the current density used in fabricating the rib waveguides. Due to the

use of thin S1400-17 photoresist layers, we were limited to short durations of ion

beam milling up to 45 min. It was rougly estimated that during the fabrication

of surface gratings, ion milling for durations of 20-30 min. will generate grating

heights of 400-500 A, which is the range of grating heights that we normally

fabricated.

An ion beam milled grating with a 1.3 pm period fabricated on a single 5 pm

wide rib waveguide is shown in Fig. 4.7. As was expected, the nonuniformities

apparent in the photoresist grating were imprinted onto the surface of the ion
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milled grating. Such nonuniformities may cause unwanted scattering in advanced

10 processors that could prove unacceptable for some applications. We have

not conducted a quantitative measurement of the unwanted scattering by the

holographically patterned ion milled gratings. This measurement needs to be

conducted in order to determine their potential advantages and drawbacks more

definitively.

On the basis of the surface nonuniformities observed for the holographically

formed gratings, we decided to investigate the possibilities of contact mask pat-

terned surface gratings. Gratings patterned on photoresist via the contact mask

approach had the potential for better surface uniformity. This is because there

is no gradual variation of the intensity that is exposing the photoresist through

the contact mask. Indeed, the intensity that exposes the photoresist (after the

mask) is either zero (behind the opaque part of the mask), or very high (un-

der the opening). Such a binary variation of intensity can potentially provide

highly uniform features in the photoresist after developing, even in the presence

of minor compositional and/or photosensitivity variations.

4.3.2 Contact Mask Patterned Surface Gratings

We mentioned earlier that the gratings that are needed for advanced 10

signal processors cover an area of approximately 1 cm 2 , and have periods in the

range 1-4 um. We also mentioned that a rectangular grating that has an aspect

ratio equal to 0.5 has the maximum outcoupling efficiency compared to a grating

which has the same grating period and grating height, but which has a different

aspect ratio. Hence, for patterning gratings using a contact mask we needed a

mask with features that were in the range 0.5 - 2 pm. Masks with such a high

resolution are normally produced through a computer controlled electron beam

lithographic process (at a generally high cost).

We ordered such a mask from Advance Reproduction Corp., N. Andover,
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Figure 4.7: An optical micrograph (1,OOOX) of a surface outcoupling grating

(1.3 ;im period, with a 500. height) ion milled onto the surface of a single

rib waveguide. The surface grating was originally patterned holographically in

photoresist prior to ion beam milling. Nonuniformities of the grating are visible

in this photograph.
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MA. The grating patterns on this mask included three sets of gratings with

periods of 1, 2, and 4 pm. In order to accomodate all of the above gratings

on the same mask, however, we were limited to gratings that were only 1 mm

long. Although this length is smaller than the desired 1 cm, at this level of

the research it is quite adequate for evaluating the grating performance. This

is the reason why we used 1 mm long gratings in the surface grating examples

that we solved earlier in Sect. 3.2. This facilitates correlating the outcome of

the theoretical examples with that of the experimental evaluation of the surface

gratings that will be presented later (see Ch. 5).

As was mentioned earlier, the primary aspect that distinguishes our effort

from those of others is that we desired to fabricate highly uniform surface grat-

ings on the inherently nonuniform surface of rib waveguide arrays. The nonuni-

formity of the rib waveguide arrays posed a problem in uniformly coating pho-

toresist over the entire array. Such uniformity of the photoresist layer on the

top surface of the rib waveguides is especially important in order to generate

uniform surface gratings.

Despite the above problems, we attempted the most straightforward ap-

proach by spin coating the substrates (on which rib waveguide arrays had been

previously fabricated) with photoresist and then exposing them through the con-

tact mask. After developing the exposed photoresist, we in fact observed highly

unitorm grating patterns on the top surfaces of the rib waveguide arrays. These

results will be considered in more detail next.

The photoresist chosen for the purpose of contact mask patterning the surface

gratings was S1400-17, as was used for the holographically patterned gratings

discussed previously. Substrates with 1 cm long rib waveguide arrays (660 ele-

ments, that are individually 8 pm wide, 1 pm high, and are separated by 2 pm

gaps) were spin coated with 0.4 pim thick photoresist. The pre-exposure steps

recommended in the specifications for Shipley S1400-17 photoresist were again
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followed.

The substrates were individually aligned with the mask in the mask aligner,

such that the gratings were orthogonal to the long axes of rib waveguides, fol-

lowed by exposure. The exposure time and developing time required to generate

high quality gratings normally varied from one sample to another. However, both

times were in the range of a few seconds. The resulting gratings with 2 and 4 pm

periods formed in the photoresist layers deposited on the rib waveguide arrays

were highly uniform. Further studies need to be conducted in order to develop

gratings with submicron periods oil the surface of rib waveguide arrays.

The successful photoresist grating generation (2 and 4 pm periods) on the

surface of the rib waveguide arrays using a contact mask prompted the further

investigation of ion milled surface gratings on such arrays. Ion milling of the

photolithographically defined (and hard baked) samples was conducted following

the same procedures as given earlier for the holographically patterned gratings,

producing grating heights of approximately 500 A1. This height was estimated in

a manner similar to the estimation of the heights of the holographically patterned

gratings. We fabricated a grating with a 2 pmn period on one sample, and a

grating with a 4 pm period on another sample. Although all of the grating

patterns with different periods (resulting from the multiplexing of such patterns

on the contact mask) were formed in the photoresist deposited on all of the

samples, we covered the unwanted gratings on each sample with cover glass

slides during 'he ion beam milling process. After the ion beam milling step, the

protective photoresist coating was removed by Shipley Microposit Remover 140.

An example of a 2 pm grating fabricated on an array of 660 rib waveguides

(discussed in Sect. 4.2) is shown in the optical micrograph (100OX) of Fig. 4.8.

Excellent uniformity of the surface grating formed on the rib waveguide array

can be seen in this micrograph. The degree of uniformity of the surface out-

coupling gratings fabricated on rib waveguide arrays is further revealed in the
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SEM photograph shown in Fig. 4.9. One rib waveguide is shown in the middle

of the photograph, and parts of the neighboring waveguides are shown at the

top and at the bottom (all oriented from left to right). The uniform surface

grating fabricated on the top surfaces of these waveguides is delineated by the

vertically oriented narrow bright lines (which mark the ridges of the gratings).

The aspect ratios of the fabricated gratings (as seen in Fig. 4.9) were de-

termined to be approximately 0.2. This reduction in the aspect ratio from the

value of 0.5 characteristic of the original pattern is understood to be due to the

reduction in the width of individual masking photoresist strips that occurs when

they are hard baked. The results of several outcoupling experiments, and the

evaluation of the outcoupling efficiencies of different modes that are presented

in Ch. 5 will indeed reveal that the actual outcoupling efficiencies are lower than
expected partially due to such reductions in the aspect ratios of the different

gratings.

It is evident from Fig. 4.9 that gratings were also formed in the separation

regions between the rib waveguides (i.e. in the cladding regions). The widths

of the grating ridges in the cladding regions, however, increased from the upper

boundaries of the claddings towards the lower boundaries. This can be due to

the accumulation of photoresist next to one sidewall of each trough when the

process of spin coating is started.

It was mentioned earlier that modulation of the outcoupling efficiency of the

grating pixels depending on their location may be desirable for certain 10 signal

processing applications such as IOSAR processor configurations. The most prac-

tical method of performing such a space-variant modulation was determined in

Sect. 3.2 to be variation of the grating period along the rib waveguides. This can

be easily accomplished by using a contact mask that has gratings with appropri-

ate periods depending on their locations already patterned on it. This advantage

of contact mask patterning of surface gratings in addition to the experimentally
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Figure 4.8: Optical micrograph (1.OOOX) of 2 jim gratings with 500 theights

fabricated on an array of rib waveguides (S pm wide, 1 pim high. with 2 pm

separations). The waveguides are oriented left to right, while the gratings are

oriented from top to bottom.
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Surface Gratings

Rib
Waveguides

Separations

Figure 4.9: Scanniing electron microscope (5.OOOX) micrograph of 2 pm gratings

with 500) A heights fariaedo an array of rib waveguides (S pm wide. 1

Jim high. with 2 pmr separations). The waveguides are oriented left to right.

while the ,-ritiiios are oricinte(l from top) to bottomn. Note the uniformity of the

gratings aud rib waveg-uide stinfaces.
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verified surface uniformity of such gratings (which minimizes unwanted scat-

tering) make this technique superior to the use of holographically patterned

gratings for advanced integrated optical signal processing applications.

4.4 Fabrication of Integrated Lenses

In Sect. 3.3, we mentioned that a major thrust of this research was to explore

new possibilities in the fabrication of large aperture, low F-number integrated

lenses on LiNbO 3. One of the techniques that was outlined in Sect. 3.3 was

the method of fabricating thin film coated recessed lenses by using either a

high refractive index or a low refractive index thin film in the recess of the lens

region. We will present the fabrication process utilized for such lenses, in which

we employed TiO 2 thin films for the high refractive index material and SiO 2 thin

films for the low refractive index material.

Ideally, for thin film coated recessed lenses we would prefer to replace the

waveguide material completely with the thin film. A cross sectional view of such

a lens in a waveguide is shown schematically for the TiO 2 coated recessed lens

case in Fig. 4.10 (a). In this situation, there would be some loss of the guided

modes due to reflections from the interfaces. As shown in Fig. 4.10 (b) it is also

possible to have a geometry in which the recess is not as high as the waveguide

in which it is being fabricated. Another possible geometry is shown in Fig. 4.10

(c), in which the recess is higher than the waveguide. In both of these cases, the

protrusions of the thin film can cause additional scattering of the guided mode.

For the case of the SiO 2 coated recessed lens, possibilities similar to those of

TiO2 coated lens (shown in Fig. 4.10) can exist. It was mentioned in Sect. 3.3,

however, that a buffer layer of low refractive index material is required to sep-

arate the low refractive index thin film from the high refractive index LiNbO 3

in order to ensure the TIR condition. For this purpose we have selected a MgF
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Figure 4.10: Cross sectional view of possible geometries for thin film coated

recessed lenses (see text).
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thin film, which has a refractive index of 1.38 (see Fig. 4.10 (d)).

Through the experimental evaluation that is presented later, the above lenses

did not perform satisfactorily due to reasons that we do not understand fully.

This prompted us to examine the technique of fabricating TI integrated lenses in

TIPE slab waveguides as was discussed in Sect. 3.3. Therefore, the fabrication

of these lenses will also be presented.

4.4.1 Thin Film Coated Recessed Lenses

Substrates that we have selected for the purpose of fabricating thin film

coated recessed lenses were similar to the substrates for which we previously

presented the fabrication process in Sect. 4.1.

Fabrication of thin film coated recessed lenses on Ti:LiNbO 3 can be catego-

rized into two steps: selective ion beam milling, and thin film deposition. For

the selective ion beam milling process we used Shipley S1400-33 photoresist (2.2

Mm thick) that was properly exposed and developed through a mask which con-

tained numerous lens patterns (see Fig. 3.8). Exposure times needed to generate

the lens patterns were generally in the range 10-15 seconds. After developing

the photoresist, the resultant patterns were lens shaped openings (both convex

and concave).

An important part of the fabrication of thin film coated recessed lenses is

that the same photoresist coating used in the ion beam milling process must

also be used in the subsequent lift-off process required in order to define the

thin film overlayer deposited into the recessed region. Therefore, the photoresist

layers on the substrates were not removed after ion beam milling prior to thin

film deposition.

In order to selectively remove the Ti:LiNb0 3 waveguide material from the

lens regions, the substrates were ion beam milled. Again, hard-baked photoresist

coatings (1400 C for 2 hrs) were used as the protective mask during the ion beam
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milling process. These samples were ion beam milled for durations of up to 2

hrs and 30 min (depths of about 1 pm), using the same parameters as discussed

in Sec. 4.2. The ion beam milling process created recesses in the Ti:LiNbO 3

substrates that were shaped like convex or concave lenses.

The substrates were then coated with the appropriate thin films in order to

form the integrated lenses. After the lift-off process, excess thin film material will

be removed from the region surrounding the lens leaving the thin film overlayer

in the recessed lens region only.

Samples that were prepared according to the steps ,ascussed above were used

for the deposition of both high (TiO 2 film) or low (SiO 2 thin film and MgF buffer

layer) refractive index materials, as described in more detail below.

One thin film material that was chosen to increase the refractive indices of

the recessed lens patterns was titanium dioxide (TiO2 ). The refractive indices

of thin films of TiO2 are approximately 1.9-2.54 depending on the particular

method of electron beam deposition employed. [89,90].

We deposited TiO 2 thin films using titanium dioxide crystals in the Balzers

BAK 640 electron beam deposition system. During electron beam evaporation,

TiO2 films are decomposed due to excessive heat generation into

Ti0 2 + heat --- TiO + 02-r (4.4)

The resultant TiO_ films are highly absorptive and have refractive indices that

are not well determined. We attempted to partially reverse the process of de-

composition of TiO 2 by increasing the pressure within the deposition chamber

to 5 x 10' Torr (from a base pressure of 10' Torr) by back-bleeding ultra high

purity oxygen (99.999% purity oxygen obtained from MG Industries) during the

deposition run.

Different samples with recessed lens patterns were electron beam coated (at

a rate of a few angstroms per second) with TiO 2 thin films ranging in thickness
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from 0.5 jim to 0.7 jim. Due to limitations in the crucible capacity of the

electron beam evaporator used, we could not deposit thicknesses larger than 0.7

jim in one run to match the waveguide thicknesses of about I uim in some of

our samples. In those cases, the surfaces of the lenses were slightly below the

surface of the Ti:LiNbO 3 substrates.

The thin film coatings from the unwanted regions were removed using the

lift-off process in Microposit Remover 140 that was slightly heated to assist the

removal of hard baked photoresist. A 20X optical micrograph of two resultant

convex lenses (radii of 1.25 mm with a 2.5 mm aperture) are shown in Fig. 4.11.

Minor defects at the boundaries of these lenses are visible. Such defects should

n.,t prove significant in the coupling experiments that are presented later to

examine the focal properties of these lenses.

In order to fabricate lenses with lower refractive indices than those of the

Ti:LiNbO 3 waveguide, substrates with recessed lens patterns as discussed earlier

in this section were again used. The thin film selected with a lower refractive

index than that of Ti:LiNbO 3 waveguides was SiO 2 (n - 1.46). During the

electron beam evaporation of SiO 2, decomposition similar to that observed in

the case of TiO2 takes place [90]. In order to minimize such decomposition,

therefore, back-bleeding of oxygen into the deposition chamber was conducted

during the deposition. In such lenses, prior to the deposition of SiO 2 (about 0.8

ym thick) thin buffer layers of MgF (about 0.07 pm thick) were deposited on the

substrates. The thin films deposited on the regions outside of the lenses were

again removed using the lift-off technique. The quality of the lenses fabricated

using this procedure was similar to that observed for the lenses fabricated with

TiO 2 coatings (see Fig. 4.11).

Results of examining thin film coated recessed lenses (which will be presented

later) revealed that at this level of research we were not successful in obtaining

focusing by such lenses. Hence, we will explore the fabrication of TI lenses in
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TIPE waveguides in the next section.

I

4.4.2 TI Lenses in TIPE Waveguides

It was mentioned in Sect. 3.3 that other investigators have used the proton

exchange technique of modifying the refractive index of Ti:LiNbO 3 waveguides

to fabricate integrated lenses [10,67]. They used either plasma enhanced chem-

ical vapor deposited (CVD) films Of Si 3 N 4 , or thin metal films (i.e. Ti or Cr)

as the mask for the proton exchange process on Ti:LiNbO 3. Lens shaped open-

ings were then photolithographically formed in the Si3 N4 or metallic thin films.

Hence, only the regions of the Ti:LiNbO 3 waveguides under the openings were

trans".ormed by the proton exchange process into TIPE material. Subsequently,

the thin film masks were required to be removed, leaving Ti:LiNb0 3 waveguides

with integrated TIPE lenses.

We determined in Sect. 3.3 that for advanced 10 signal processing appli-

cations it is often desirable to increase the degree of mode confinement of the

Ti:LiNb0 3 slab waveguides. The integrated lenses in such processors should

also be easy to fabricate, and their surface areas should be as small as pos-

sible. In addition, the lens fabrication process must be compatible with that

used to integrate other required components such as the rib waveguide array.

The above requirements prompted us to attempt a modification of the standard

TIPE technique that resulted in the fabrication of novel integrated lenses with

several attractive features.

In this modified technique, the refractive index of the Ti:LiNbO3 slab wave-

guide was further increased by the proton exchange process while masking the

integrated lens regions from this process [70,66,71,67]. Hence, the refractive in-

dex of the lens region was maintained at the lower value characteristic of an

unmodified Ti:LiNbO 3 waveguide. The combination of concave curvatures of

these TI lenses (see Fig. 3.9) and their lower refractive indices (as compared to
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the TIPE slab waveguides) provided positive lensing characteristics.

In the fabrication of these lenses, thin films of SiO 2 were used as masks for

the proton exchange technique (see Sect. 3.3). The masks only cover the lenses,

and due to their relatively small refractive index they can be left on the substrate

without significant perturbation to the performance of the lenses. The SiO 2 thin

films can be removed if the samples are submerged in hydroflouric (HF) acid for

a few seconds, if such removal is required.

In the fabrication of TIPE integrated lenses in TI slab waveguides used by

others, Si 3N4 (n = 1.95) masks were used that cover the entire substrate except

for the lens pattern openings. Hence, this film should be removed after the pro-

ton exchange process. Deposition and removal of Si 3N4 thin films are relatively

more difficult process than those for SiO 2 thin films.

Besides the relative ease of fabrication, this method of fabricating TI lenses in

TiPE slab waveguides also provides better mode confinement in the slab wave-

guide regions. Another advantage is that for the same focal lengths and aperture

sizes, the TI lenses in TIPE slab waveguides occupy much smaller surface ar-

eas than the TIPE lenses in TI slab waveguides. A disadvantage of fabricating

TIPE slab waveguides, which is characteristic of our technique, is that they nor-

mally exhibit higher propagation losses than TI waveguides (by as much as a few

dB/cm depending on the method of proton exchange). This loss can lower the

dynamic range of processors that employ TIPE waveguides [70,66,67,68,69,31].

Currently, promising work is being conducted by other investigators that could

significantly reduce propagation losses in TIPE waveguides in the future [71].

The specific details of TI lens fabrication in TIPE waveguides are presented

here. The substrates used here were similar in their fabrication parameters to

the ones used to fabricate the thin film coated recessed lenses. In order to form

SiO 2 thin film lens patterns on these substrates, we employed similar photoresist

coating and exposure parameters as was discussed for the SiO 2 thin film coated
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recessed lens. Thin films of SiO 2 (approximate thickness 400 A) were deposited

on the prepared samples. Following the lift-off process, the thin films were

patterned on the slab waveguides as shown in Fig. 3.9.

In order to start the proton exchange (PE) process, the above samples were

immersed in molten benzoic acid (C6H5COOH, freezing point 1220 C) when the

acid temperature was at 1400 C, and the temperature was subsequently increased

to 225' C. Different samples were proton exchanged for 3 and 6 hrs in order to

examine the change in the refactive indices and the change in propagation losses

as a function of proton exchange time. At the end of the proton exchange

process the acid was cooled to 1400 C and the substrates were then removed

from the acid baths. The gradual increase and decrease of the acid temperature

is required in order to prevent thermal shock induced cracks in the LiNbO 3

substrates.

An example of the resulting concave TI integrated lens (1.25 mm radii of

curvature, and 2.5 mm aperture size) in a TIPE slab waveguide is shown in

Fig. 4.12. Lenses of this type were used in a number of experiments that will be

presented in Ch. 5 to determine their focal properties, and such lenses produced

quite satisfactory results.
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Figure 4.12: Optical micrographi ( OOX ) of a concave TI initegratedl lens fabri-

cated in a TIPE wavegnide as discuss ed in the tex-,t. The Si0, mask for the

proton exchiange process remains on the lenis surface.
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Chapter 5

Experimental Characterization of the

Fabricated Components

In this chapter, we further analyze and characterize the critical components

required for advanced 10 signal processors, for which we presented the fabri-

cation procedures and issues in Ch. 4. Furthermore, we will compare these

characterization experiments to the results of the analysis presented in Ch. 3, in

order to develop a better understanding of the performance limitations, advan-

tages and potential problems of these components. An outline of the principle

characterization experiments and results is provided in what follows.

As part of the characterization program, we determined the number of TE

and TM modes that can be supported in a fabricated Ti:LiNbO 3 slab waveguide

by prism coupling of different polarization He-Ne beams at different angles, and

the results are presented in Sect. 5.1. The number of modes that can propagate

in a slab waveguide is an important characteristic of modes confined in the

vertical direction to channel and rib waveguides due to the reasons described

in Sect. 3.1. In addition, we excited the guided modes of a Ti:LiNbO 3 channel

waveguide by a fiber-butt coupling technique, in order to investigate if the guided

modes would stay confined to the channel over distances in the cm range. These

results are presented in Sect. 5.2.

We have also prism coupled a TE polarized He-Ne beam into a fabricated

rib waveguide array, in order that multiple measurements of the power at the

end of the array could be conducted for different array lengths. These mea-
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surements can be used to determine the propagation loss of the rib waveguide

array. An increase of the propagation loss over the Ti:LiNbO 3 slab waveguide

case was observed, which was primarily due to increased scattering loss at the

sidewalls. Such scattering can induce background noise in CCD arrays, and

hence reduce the dynamic range of 10 processors. The results of propagation

loss measurements of rib waveguide arrays are presented in Sect. 5.3.

An analysis of surface gratings with low surface modulation depths, as are

needed to outcouple light from waveguides in order to access the third dimension

of the processor, was an important thrust of this research. In addition, it is of

considerable importance to determine the issues that attend to the fabrication

of such gratings on the surface of rib waveguide arrays.

We needed to determine the outcoupling efficiency of the guided modes of rib

waveguide arrays due to such surface gratings. However, experimental compli-

cations due to the inherent nonuniformity of the surface of a rib waveguide array

(in addition to their relatively high scattering), prompted us to first investigate

the performance of low modulation surface gratings on a slab waveguide. There-

fore, 1 mm long surface gratings with 2 and 4 /m periods and heights of 0.1 pm

were fabricated on a Ti:LiNb0 3 slab waveguide. The lowest order guided mode

of the slab waveguide was excited using a prism, and the outcoupled modes due

to the surface gratings were observed. We measured the resultant power levels

in each mode outcoupled by the two gratings. An estimate of the guided mode

power incident upon each grating was determined by measuring the power at the

end of the slab waveguide for a beam that was not incident upon the gratings.

The ratio of the guided mode power to that of each outcoupled mode provided

an estimate of the outcoupling efficiency for that mode. The determined out-

coupling efficiencies were lower than the calculated values presented in Sect. 3.2.

We will present an analysis in Sect. 5.4 to explain such discrepencies.

We then measured the outcoupling efficiencies due to surface gratings on rib
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waveguide arrays using techniques similar to the one described for gratings on

slab waveguides. It will be shown in Sect. 5.5 that these experimentally deter-

mined outgoupling efficiencies were lower than those determined for comparable

modes outcoupled from the slab waveguide case.

In Sect. 5.6, results of experiments in which we prism coupled a collimated

beam into several slab waveguides, each having a different type of fabricated

integrated lens, will be presented. The fabricated thin film coated recessed lenses

did not produce any focusing despite the predictions of theory as presented in

Sect. 3.3. We will present an analysis of why such lenses did not perform as

expected in Sect. 5.6.

Fabricated TI integrated lenses in TIPE slab waveguides, on the other hand,

produced focusing at focal lengths close to those predicted by the theory pre-

sented in Sect. 3.3. We measured the throughput efficiency of one of the TI

lenses in a TIPE slab waveguide. The results of experiments with such lenses

will be presented in Sect. 5.6.

In order to determine the focal spot size of TI lenses, we fabricated rib

waveguide arrays at the lens focal planes on a large TIPE substrate. Collimated

beams were then excited in the TIPE substrate and were subsequently focused

into individual waveguides within a large area rib array. By determining the

number of waveguides excited in this manner we were able to estimate the focal

spot sizes of such lenses. In addition, it was determined that fabrication of rib

waveguide arrays at the focal planes of such integrated lenses can be conducted

with relative ease. The outcome of these experiments are presented in Sect. 5.7.

The guided modes of the rib waveguides that were focused into by the in-

tegrated lens were then outcoupled using surface gratings fabricated on the rib

waveguide arrays, in order to access the third dimension of the chip and there-

fore to simulate the similar process proposed for advanced 10 signal processors.

These experimental results are also presented in Sect. 5.7.
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5.1 Titanium Indiffused (Ti:LiNbO 3) Slab Waveguides

In this section, we will present the results of experiments in which mode

coupling into a Ti:LiNbO 3 slab waveguide was conducted by a prism. These

experiments were needed in order to determine the number of different modes

that the slab waveguide can support [61,911. The fabrication parameters of the

Ti:LiNbO 3 slab waveguide that were used for this purpose were the same as

those of the waveguide discussed in Sect. 4.1. Since similar Ti:LiNbO 3 slab

waveguides were used as substrates for all of the experiments presented here,

the number of guided modes in such waveguides was also characteristic of the

channel and rib waveguides in the vertical direction because of the assertions in

Sect. 3.1.

For the purposes of these experiments and all of the other prism coupling

experiments that are presented later, we employed a rutile prism (n, = 2.871 and

no = 2.583) oriented with its optic axis perpendicular to the triangular sides of

the prism, in a setup similar to the one shown in Fig. 3.5. The method by which

a beam is coupled into the waveguide by a prism is effectively the reciprocal of

the evanescent coupling geometry shown in Fig. 3.3. In the evanescent coupling

geometry, higher refractive index of the detector (compared to the waveguide)

provides higher coupling efficiency.

Therefore, in the reciprocal situation, a higher refractive index of the prism

will provide a higher coupling efficiency. Hence, we selected this particular optic

axis orientation of the coupling prism in order to enhance the coupling efficiency

for E, polarized input beams (which then experience the extraordinary refractive

index of the rutile prism).

For the prism coupling situation, the beam is made incident at the bottom

of -. e prism at an angle which is always larger than the critical angle; therefore,

evanescent fields are induced in the air gap between the prism and the waveguide.
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For the cases in which the air gap is thin enough, and the phase propagation

velocity of the evanescent field along the surface of the waveguide matches the

phase velocity of specific guided mode, the incident light will then couple into

that mode of the waveguide efficiently [61]. In our setup the air gap between

the prism and the waveguide is optimized by using a clamp to hold the prism

onto the waveguide.

A TE polarized He-Ne beam was coupled into the slab waveguide. By varying

the incidence angle of the beam onto the prism we were able to excite 3 distinct

TE modes. This number of TE modes is exactly equal to the number of modes

that we predicted in Sect. 3.1. In the analysis of Sect. 3.1, we assumed an

abrupt Ti:LiNbO 3 waveguide boundary that was 1 pm thick. Therefore, such

assumptions proved adequate for the determination of the number of modes.

In another experiment, we investigated the propagation loss of the fabricated

Ti:LiNbO 3 slab waveguides. We prism coupled into a slab waveguide (prepared

in the same manner as the one used for the mode determination) and measured

the guided mode power at the end of the waveguide for different waveguide

lengths. This method of determining the propagation loss of waveguides will

be discussed in more detail later. We determined a propagation loss of ap-

proximately 1-2 dB/cm, which was in agreement with the losses reported by

Jerominek, et al. [3] for typical Ti:LiNbO 3 waveguides.

5.2 Titanium Indiffused (Ti:LiNbO3) Channel Waveguides

on an Edge Polished Substrate

In the experiment that is presented here, we used an optical fiber to excite the

guided modes of a 5 pm wide (1 cm long) channel waveguide on an edge polished

substrate that was fabricated as presented earlier in Sect. 4.1. This experiment

was conducted in order to examine the possibility of soft guiding in Ti:LiNbO 3
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channel waveguides, which can cause leakage of guided light from the waveguide

over long propagation distances. In addition, we desired to investigate how

suitable the edge polished surface was for fiber butt-coupling into the channel

waveguide, in an attempt to simulate the laser diode-slab waveguide coupling

configuration (needed for 10 processors).

The channel waveguide used in our experiments is shown in Fig. 4.1. In our

setup for butt-coupling experiments, we coupled a circularly polarized He-Ne

beam into a Newport F-SV single mode fiber (4 Mm core diameter) using a 20X

microscope objective. The fiber was secured at its output end to a stage with

two dimensional translation and tilt capability, in order to align the fiber with

the channel for optimum coupling.

The resultant guided mode of the channel waveguide as seen looking down

on the substrate is shown in Fig. 5.1. The fiber used for butt-coupling is seen

as the faint line oriented'from left to right against the left edge of the substrate.

The bright streak within the substrate is about 1 cm long, and is an indication

of the light confined to the channel waveguide. The edge of the substrate at the

output end of the channel waveguide (edge on the right side) was not polished,

which thus exhibited significant scattering in the form of blooming at this end.

The scattered light visible at the left end of the substrate maybe due to chipped

edges of the substrate.

The degree of confinement of the guided modes to the Ti:LiNbO 3 channel

waveguide was not determined quantitatively. However, close inspection of the

guided light shown in Fig. 5.1 suggested that in the photograph the beam width

increased from approximately 0.1 mm to approximately 1 mm from a point close

to the input end of the channel towards the output end. Since the magnification

associated with the photograph was 2.5 times, the actual beam width increased

from approximate, 0.04 mm to 0.4 mm. This is characteristic of soft guiding in

Ti:LiNbO 3 channel waveguides (see Sect. 3.1), which exists both in the vertical
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Figure 5.1: This photograph is a top) view of the guided mfodeCs in a Ti:Li'\-)

03 channel waveguide. which is butt-coupled to an optical fiber. The b~eamn 2s

soft-guided sinice the beam widthi increases in the direction of p~ropag~ation1. The

coupling fiber in contact with the left polished eleof the slb),trnte is fanitly

visible. The right edgec of the subst rate is not polished. camisinl vsil scatterini-,

at this end.
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and the lateral dimensions. This was one of several reasons that prompted us

to use the TIPE waveguides in order to better the degree of mode confinement.

In the above fiber butt-coupling experiments, the quality of the edge polished

surface seemed to be satisfactory. The angular and linear alignment of the fiber

to the channel for efficient coupling were estimated to be sensitive to 0.50 and

0.5 pm, respectively.

5.3 Rib Waveguide Arrays

In Sect. 3.1, we showed that rib waveguides are potentially better candidates

than channel waveguides for use in large area arrays due to their crosstalk and

mode confinement performance.

In this section we will present the experimental results that were obtained for _ -

characterizing rib waveguide arrays and determining their impact on the perfor-

mance of advanced 10 processors. Specifically, we determined the propagation

loss of a typical fabricated rib waveguide array. For this purpose, we used a

LiNbO 3 substrate with a 1 cm long rib waveguide array (with 660 elements sep-

arated by 2 pm gaps; each element is 8 pm wide and 1 pm high), the fabrication

of which was presented in Sect. 4.2.

In order to determine the propagation loss of the above rib array we deter-

mined how the guided mode power decayed as a function of distance along the

array. The power in the rib waveguide array decayed from p(z1 ) to p(z2 ) when

propagating from a distance z- to a distance z2 further down the array. Hence,

we were able to determine the propagation loss in the rib waveguide array (a,,b

in dB/length) from

10 log (EPR_)2Ooa71 b - ( (5.1)
z 2 -Z

Guided modes of the rib waveguide array (E2 polarized) were excited using

a rutile prism in contact with the array top surface in a manner similar to that
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used for coupling into slab waveguides as described in Sect. 5.1. The coupled

beam width was about 2 mm, which excited approximately 200 rib waveguides.

Since it was experimentally difficult to measure the power within a single rib

waveguide at different locations, we instead cut the array at different lengths,

and each time positioned a fiat detector against the waveguide end and measured

* the power at the end of the array.

Each time we needed to cut the array (by means of a diamond impregnated

wire saw), we had to remove the substrate from the prism coupling setup. There-

fore, there was a possibility of a change in prism coupling efficiency from trial to

trial(due to a change in the air gap thickness) that lead to an inherent estimated

error of 10% in power decay measurements performed by this technique. In ad-

dition, since we did not optically polish the output ends, they induced scatter

that could vary from trial to trial.

In our experiment, the distance z was measured from the edge of the prism

to the output end of the rib array. The output power measurements for three

* different distances are plotted in Fig. 5.2. Using this information in Eq. 5.1,

we determined that the rib waveguide array exhibited a propagation loss of

about 6 dB/cm. This loss was about 4 dB/cm larger than that of the fabricated

Ti:LiNbO 3 slab waveguide. This increase in the propagation loss can be par-

tially attributed to scattering by nonuniformities in the ion milled sidewalls. In

addition, the rib waveguides might not have been sufficiently undercut, which

could induce significant scatter of the guided light at the sharp edges of the

troughs.

The increase in scattering that was observed for a rib waveguide array has

certain implications for its use in advanced 10 signal processors, since the in-

corporated CCD array on the rib waveguide array will pick up the scatter noise,

thus reducing the signal-to-noise ratio. Therefore, further work needs to be con-

ducted in order to reduce such. scattering in rib waveguide arrays. A possible
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Figure 5.2: Output power as a function of rib waveguide length for an 8 pm wide

rib waveguide within a rib waveguide array of 200 ribs with 2 irn gaps. Note

that the ordinate scale is logarithmic, such that the slope yields the propagation

loss of an individual rib waveguide.
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avenue that needs tv be investigated is the possibility of using reactive ion beam

etching (RIBE) with C2F6 (Freon 116) gas for the fabrication of rib waveguide

arrays with better sidewall quality and higher undercuts [92].

5.4 Grating Outcoupling From a Ti:LiNbO 3 Slab

Waveguide

In the theoretical consideration ol surface gratings with low surface modula-

tion on rib waveguide arrays presented in Sect. 3.2, we predicted the efficiencies

of the modes outcoupled from rib waveguides by surface gratings characterized

by parameters representative of the fabricated gratings. We then needed to de-

termine how the actual outcoupling efficiencies for these modes compared to the

predictions.

Surface gratings on rib waveguide arrays constitute relatively complex struc-

tures, which made the experimental verification of outcoupling efficiencies due

to rectangular surface gratings rather difficult. Such difficulty was due to scat-

tering by the fabricated rib waveguide arrays. In addition, variations of the

fabricated grating profiles from the original design added more complexity to

their understanding. Therefore, we examined large area surface gratings with

low surface modulation on a Ti:LiNbO 3 slab waveguide in order to circumvent

the problems mentioned above. The results of this examination may also prove

useful for other applications, since to our knowledge the fabrication, character-

ization, and analysis of large area surface gratings with low modulation on a

Ti:LiNb0 3 slab waveguide has not been reported previously.

We fabricated 1 mm long gratings with both 2 and 4 jsm periods on a stan-

dard Ti:LiNbO 3 slab waveguide (see Sect. 4.1). In fabricating these surface

gratings, we followed procedures similar to those used for fabricating gratings

with 2 and 4 jgm periods on rib waveguide arrays as discussed in Sect. 4.3. The
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resultant surface gratings are shown in the scanning electron microscope micro-

graphs of Fig. 5.3 (2 Mm grating period), and Fig. 5.4 (4 pm grating period). It

is evident from these micrographs that the gratings fabricated on the slab wave-

guide were also characterized by a reduction of the aspect ratio similar to that

observed for the gratings on rib waveguide arrays (as discussed in Sect. 4.3). The

aspect ratios of the fabricated gratings on the slab waveguide were determined

to be about 0.2 for the 2 Mm grating case and about 0.3 for the 4 pm grating

case. The effect of this reduced aspect ratio on the outcoupling efficiency will

be presented shortly.

Although the ion beam milling times and settings used for fabricating surface

gratings on the slab waveguide were equal to the times and settings used for

gratings on the rib arrays, the grating heights for both 2 and 4 pm periods were

estimated from Figs. 5.3 and 5.4 to be about 0.1 pm as opposed to the height of

0.05 pm (characteristic of the gratings on rib arrays) that was intended. This

might be due to variations in the location of the substrate with respect to the

Gaussian profile of the ion beam used for milling. In Sect. 3.2, we calculated

the saturation grating height to be about 0.07 pm. Therefore, the gratings on

the slab waveguide should be in the saturation regime.

We employed the above surface gratings to outcouple light that was prism

coupled into the Ti:LiNbO3 slab waveguide. The gratings were situated on the

slab waveguide such that by translating the incident beam in the transverse

dimension, we were able to excite either of the gratings individually, or neither

of them. This provision was needed in order to estimate the guided mode power

that was incident onto the gratings. In Fig. 5.5, the light that is outcoupled

by the 2 jm grating is shown. In Fig. 5.6, on the other hand, the light that is

outcoupled by the 4 pm grating is shown. In both figures, the guided mode in

the slab propagated from the top to the bottom of the substrate.

Associated with every mode outcoupled into the air by the surface grating
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Figure 5.3: A scanning electron microscope micrograph of an outcoupling grating

(with a 2 pm period and a height of 0.1 pin) fabricated on a Ti:LiNbO 3 slab

waveguide is shown here. The uniform region to the right is the surface of the

Ti:LiNbO 3 slab waveguide. Note that the aspect ratio of the grating is about

0.2 (less than 0.5) which reduces the outcoupling efficiency.
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Figure 5.4: A scanning electron microscope micrograph of an outcoupling grating

(with a 4 jim period and a height of 0.1 jim) fabricated on a Ti:LiNbO 3 slab

waveguide is shown here. The uniform region to the right is the surface of the

Ti:LiNbO3 slab waveguide. Notc that the aspect ratio of the grating is about

0.4 (less than 0.5) which reduces the outcoupling efficiency.
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Figure 5.5: Prism incoupling and grating outcoupling from a Ti:LiNbO3 slab

waveguide. The grating (1 mm long, with a 2 psm period) is oriented from left

to right. Many of the modes scattered into the substrate by the grating are also

shown (see text).
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on the substrate are modes that are coupled down into the substrate from the

waveguide, which we call substrate modes [55]. In our situation, the substrate

modes were scattered from the unpolished surface at the bottom of the sub-

strate, forming the series of bright lines which are visible in Figs. 5.5 and 5.6.

Between the outcoupled modes and the end of the substrate in these two fig-

ures, there were 4 and 7 visible substrate modes for the 2 pm and 4 Pm gratings,

respectively. In applications that such substrate modes are undesirable, blazed

gratings can be used which de-emphasize the power in such modes in favor of

outcoupled modes [21].

The determined number of outcoupled modes for both gratings agreed with

the predicted numbers shown in Figs. 3.6 and 3.7. In addition, the outcoupling

angles were in close agreement with the predicted angles of Figs. 3.6 and 3.7.

These results indicated that the value of longitudinal propagation constant of

the slab waveguide used in Sect. 3.2 was a reasonable approximation to that of

the actual waveguide.

We measured the outcoupled powers in each mode as a first step in determin-

ing the outcoupling efficiencies. In order to reduce the effect of scattered light on

the measurement of the outcoupled powers, we covered both the top suface of

the substrate and its end. The only exposed area was the grating region, in order

to allow the outcoupled light to exit. In addition, we measured the outcoupled

power levels at a large enough distance to reduce the effects of undesirable scat-

tering. As was expected (from Figs. 3.6 and 3.7), the outcoupled power levels

steadily decreased from the codirectional modes towards the contradirectional

modes. This made the weaker power levels of the contradirectional modes more

susceptible to measurement error.

We then translated the guided beam into the region with no grating, and

measured the power at the output end of the Ti:LiNbO 3 waveguide, in order

to estimate the power of the guided mode incident upon the gratings (as was
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needed for the determination of the outcoupling efficiencies). Since the gratings

were situated close to the output end of the Ti:LiNbO3 slab waveguide, the

measured power at the output end was a good approximation of the input Power

level incident upon the gratings. We also estimated the power reflection at the

output interface in order to adjust the measured output power accordingly.

By dividing the power in each outcoupled mode by the input power incident

upon the gratings, we determined the outcoupling efficiencies for the 2 and 4 pm

period cases. The resulting outcoupling efficiencies are plotted for each mode of

the two gratings in Fig. 5.7 (for the 2 Im case) and Fig. 5.8 (for the 4 pm case).

The experimental points that are missing in these two figures correspond to the

outcoupling efficiencies of modes that were difficult to measure reliably. Also

plotted in these figures are the theoretically predicted outcoupling efficiencies

for each case (for heights larger than 0.07 Mm) and the predicted outcoupling

efficiencies for grating heights of 0.05 Mm.

The outcoupling efficiencies due to the 2 pm grating (as shown in Fig. 5.7)

were generally lower than the expected outcoupling efficiencies (saturation out-

coupling efficiencies). The ratio of the experimental to the expected outcoupling

efficiencies ranged from 0.7 (for mode m = -4) to 0.03 (for mode m = -9). The

outcoupling efficiencies due to the 4 pm grating (as shown in Fig. 5.8) were also

generally lower than the expected outcoupling efficiencies denoted by the sat-

uration outcoupling efficiencies. The ratio of the experimental to the expected

outcoupling efficiencies in this case ranged from 0.15 (for mode m = -8) to 0.01

(for mode m = -14).

We attributed part of these reductions in the outcoupling efficiencies com-

pared to the expected values to the observed reductions of the fabricated aspect

ratios (in the range 0.2-0.3) from the intended value of 0.5. According to Tamir

and Peng, the dependence of the grating outcoupled mode leakage factors (a
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Figure 5.7: Outcoupling efficiency as a function of outcoupled mode number

(and outcoupling angle) plotted for a 2 /rm grating period that is 1 mm long

and 0.1 m high (above saturation height). The plotted values include those

theoretically calculated for saturation and also the experimentally determined

outcoupling efficiencies (see text). Also shown are the theoretical calculations

for a grating that has a height of 0.05 am.
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Figure 5.8: Outcoupling efficiency as a function of outcoupled mode number

(and outcoupling angle) plotted for a 4 Am grating period that is 1 mm long

and 0.1 pm high (above saturation height). The plotted values include those

theoretically calculated for saturation and also the experimentally determined

outcoupling efficiencies (see text). Also shown are the theoretical calculations

for a grating that has a height of 0.05 pm.
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and a..t, defined in Sect. 3.2) on the aspect ratio (d i /A) is given by [55]

a ox sin 2 (rdl/A). (5.2)

From this equation we determined that the leakage factors for a 0.2 aspect ratio

grating were 0.3 times those for a 0.5 aspect ratio. Similarly, the leakage factors

for a 0.3 aspect ratio grating are about 0.65 times those for a 0.5 aspect ratio.

We used the saturation leakage factors for both gratings that were appro-

priately corrected for the aspect ratios (as shown above) in Eq. 3.26 in order to

determine the corrected expected outcoupling efficiencies for 1 mm long gratings.

We then determined the ratio between the measured outcoupling efficiencies and

those of the corrected expected outcoupling efficiencies. For the case of the 2

jim grating, the above ratio ranges from 1.5 (m = -4 mode) to 0.12 (m = -9

mode). Similarly, for the case of 4 ym grating the above ratio ranges from 0.5

(m = -8 mode) to 0.04 (m = -14 mode).

The above results reveal that for the lower order outcoupled modes, the mea-

sured outcoupling efficiencies were in better agreement with the theoretical pre-

dictions (corrected for aspect ratio) than those for the higher order modes. The

higher order outcoupled modes in a rectangular grating are induced by higher

spatial frequencies due to the sharp corners of such gratings [55]. Therefore,

we believe that the fabricated gratings were slightly rounded around the edges

for both gratings, causing reduced power levels in the higher order outcoupled

modes. This claim, however, needs to be investigated further and if found true,

a better theoretical model of the fabricated gratings needs to be developed. In

any case, it may turn out to be advantageous for processor integration to de-

emphasize the higher order contradirectional modes, in order to enhance the

outcoupling of the codirectional modes for coupling through the mask and into

the CCD array.
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5.5 Grating Outcoupling From Rib Waveguide Arrays

In this section, we will present the results of experiments in which 2 pm

and 4 pm gratings were used to outcouple the guided light from rib waveguide

arrays on two samples. In addition, the measured outcoupling efficiencies will be

presented and compared to those determined for the Ti:LiNbOa slab waveguide

case presented previously.

Both samples that were used in these experiments had 1 cm long rib wave-

guide arrays (with 660 individual waveguides 8 Mm wide, 1 ptm high, and sep-

arated by 2 pm gaps). On the first sample, which we will refer to as sample

1, a 1 mm long grating with a 4 pm period and a 0.05 pm grating height was

fabricated on the array. The second sample, which we will refer to as sample

2, was essentially the same as sample 1 except for the grating period, which in

this case was 2 pim (for the fabrication details pertaining to these samples, see

Sect. 4.3).

In each case, a TE polarized He-Ne beam (2 mm wide) was prism coupled,

hence, exciting about 200 rib waveguides uf the 660 element arrays. The guided

modes of the rib waveguide array of sample I were outcoupled by the 4 pm

grating into modes at discrete angles. The number of the outcoupled modes and

their respective angles agreed (within the measurement error) with the predicted

numbers and angles shown in Fig. 3.7. The measured outcoupling efficiencies

will be discussed later.

One of the outcoupled modes in the above experiment (m = -8 at 710) is

shown in a direct photograph in Fig. 5.9. In this photograph, the guided modes

of the rib waveguide propagate from top to bottom. The rectangular beam

which appears highly uniform in this photograph is the mode outcoupled from

the waveguide array by the 4 pm grating. Other bright spots in the photograph

that appear on the substrate were due to scatter of the refracted light from the
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coupling prism, and are characteristic of prism coupling experiments.

In another experiment, the 2 pm gratings of sample 2 were employed to

outcouple light from 200. rib waveguides (in a manner similar to that of sample

1). We will present the measured outcoupling efficiencies for this experiment

later. The number of outcoupled modes and their respective angles for this case

were also in agreement with the predicted values of Fig. 3.6. The maximum

outcoupled angle for sample 2 was the same as that of sample 1, which was the

result of one grating having a period twice that of the other.

One of the resultant modes outcoupled by the 2 pm grating (m = -4 at 710)

from 200 rib waveguides was imaged by a Fairchild CCD camera model 3000, and

is shown in Fig. 5.10. In this figure, the guided modes in the rib waveguide array

propagate from top to bottom. The outcoupled mode appeared as the bright

rectangular region, which was the result of a highly angle sensitive outcoupled

beam impinging upon the CCD camera. The bright spot above the outcoupled

beam was due to the scatter of the refracted beam from the incoupling prism.

The bright band across the top of the photograph was due to the reflection from

the clamp holding the prism to the sample.

The above result showed that the outcoupled beam intensities were large

enough to excite a CCD array. In advanced 10 signal processor applications,

such a two dimensional CCD array needs to be ultimately assembled upon the

rib waveguide array.

We will now present the results of measured outcoupling efficiencies for the

two experiments that employed sample 1 and sample 2 as was discussed earlier.

The power levels in the outcoupled modes for both sample 1 and sample 2 were

below levels measured for similar outcoupled modes in the slab waveguide case

presented in Sect. 5.4. One possible reason for such lower power levels was that

the grating heights for samples 1 and 2 were about 0.05 pum, as opposed to

a grating height of 0.1 pm for the slab case. In addition, we expected larger
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Figure 5.10: A CCD camera image of one of the modes outcoupled from an

array of 200 rib waveguides by a grating with a 2 im period (see text). The rib

waveguides are oriented on the substrate from top to bottom in the photograph.

The grating is oriented from left to right. Note the uniformity of the outcoupled

mode.
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propagation losses in the rib waveguide arrays (compared to a Ti:LiNbO 3 slab

waveguide), which in turn causes a reduction in the available power incident

upon the gratings in samples 1 and 2. The reduced power levels incident upon

the gratings resulted in lower absolute outcoupled power levels.

Hence, we were only able to accurately measure the power of the outcoupled

mode with the highest power for each sample. In order to estimate the incident

guided mode powers for the two samples, we measured the power of the guided

modes at the output ends of the rib arrays. We then accounted for the part

of the guided power that was outcoupled, in addition to the part of the power

reflected at the output interface.

For sample 1, the outcoupled mode (m = -8 at 71 ° ) was estimated to be

about 0.05 JAW, and the incident power for this sample was estimated at 0.03

mW. Therefore, the outcoupling efficiency into this mode due to a 1 mm long 4

pm grating on the rib waveguide array of sample 1 was estimated at 0.2%/mm.

In Sect. 5.4, we measured the outcoupang efficiency into mode m = -8 due

to the 4 pm grating on the slab waveguide to be about 0.01. Comparing this

efficiency with that of the grating on the rib array shown above, we determined

that the outcoupling efficiency due to the grating on the slab waveguide was 5

times larger than that of the rib waveguide array case.

For sample 2, the outcoupled mode (m = -4 at 71 0) was measured (in a

manner similar to that for sample 1) to be about 0.14 ;AW, and the incident power

was also determined to be approximately 0.03 mW. Hence, the outcoupling

efficiency into this mode by the 2 Am grating on the rib waveguide array was

determined to be about 0.5%/mm.

We also compared the above outcoupling efficiency to that of the mode

m = -4 outcoupled by the 2 pm grating from the slab waveguide (which was

determined to be 0.15). The comparison revealed that the outcoupling efficiency

due to the slab waveguide in this case was approximately 30 times larger than
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that of the rib waveguide case. The accuracy of the outcoupling efficiency of this

mode for the slab waveguide case was in doubt, hence a second measurement

was conducted yielding an outcoupling efficiency of 0.05. Therefore, the ratio of

the outcoupling efficiency of the slab waveguide case to that of the rib waveguide

was reduced to 10.

The height of the gratings on the rib waveguides were about 0.05 um, as

opposed to 0.1 pm for gratings on the slab. Therefore, part of the reduction

in outcoupling efficiencies in the rib waveguide case can be explained by such

a reduction in height. Another more important factor, however, was possibly

due to changes in the shape ui the gratings fabricated on the rib arrays, which

were not rectangular as expected. Therefore, a better process model should be

developed that accounts for the change in the shape of the fabricated grating

on a rib array from the prescribed rectangular form.

In advanced 10 signal processing applications, the need for grating outcoup-

ling efficiencies that are larger than 10%/mm implies that the shape of the

gratings on rib waveguide arrays should be optimized for performance by vari-

ations in height, aspect ratio and blaze. In addition, in order to improve on the

outcoupling efficiency, surface gratings with submicron periods should be de-

veloped on rib waveguide arrays. The development of gratings with submicron

periods will lend itself well to the idea of using the grating period as a tech-

nique of modulating the outcoupling efficiencies. This is because such gratings

would greatly improve on the dynamic range of modulation, which is limited by

geometry to a factor of 2 for our fabricated gratings.

Although the outcoupled beams visually appeared to be uniform, quantita-

tive measurements of how their intensities decay along the array have not yet

been determined. Such measurements are needed in order to determine the uni-

formity of the outcoupled modes, since such uniformities are critical for advanced

10 signal processor applications.
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5.6 Integrated Lenses

In this section, we will present the results of experiments conducted to de-

termine the focal properties of the integrated lenses that were fabricated during

the course of this research. In these experiments, we prism coupled two parallel

TE polarized beams (1 mm separation) into the slab waveguides containing the

integrated lenses. The two parallel beams were formed by putting an aperture

(with two openings 0.2 mm wide) in the path of the incident collimated beam

immediately before the prism.

The location behind the lens at which the two guided beams crossed revealed

the focal point of such lenses. We examined the focal power of both fabricated

thin film coated recessed lenses and TI lenses on TIPE waveguides (the fabri-

cation procedures for these lenses were presented in Sect. 4.4). These results

were then compared to the focal properties predicted by the theory presented

in Sect. 3.3, as described in detail below.

5.6.1 Thin Film Coated Recessed Lenses

In this section, we will present the results of experiments conducted in order

to determine the focal properties of thin film coated recessed lenses.

First, we coupled the two beams into the Ti:LiNbO3 substrate having the

TiO2 coated recessed lenses with convex patterns as shown in Fig. 3.8. The

recess in this lens was about 1 pm deep, and the deposited film thickness was

about 0.7 Mm. The two guided beams that were parallel before the lens remained

parallel until the output end of the substrate, which was about 1.5 cm away from

the lenses.

Theoretically, however, the two parallel guided beams should have refracted

at the lens interfaces and intersected about 9 mm away from the lens (see

Sect. 3.3). The fact that this type thin film coated recessed lens did not perform
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as expected was likely due to the lack of a significant index gradient across the

lens boundaries. The reduction in the refractive index of the thin film from the

desired value was possibly due to the method of deposition.

We examined the laser power reflectivity of the top surface of the thin film of

TiO 2 in order to estimate its refractive index from Eq. 3.37. This power reflection

coefficient was determined to be about 0.15, which when used in Eq. 3.37 yielded

a refractive index of about 2.24 for the TiO 2 thin film. The fact that this

refractive index was close to that of Ti:LiNbO 3 (2.25) can partly explain the

lack of refractive index gradient across the lens boundary. For depositing TiO 2

thin films for such lenses, we could perhaps employ the technique of ion assisted

electron beam evaporation reported by Martin, et al., by which they were able

to achieve refractive indices as high as 2.5 [89]; other possible techniques include

ion beam deposition and RF sputtering.

In another experiment, we coupled the two parallel beams into a Ti:LiNbO 3

substrate with a concave SiO 2 (with MgF buffer layer) coated recessed lens (the

dimensions of this lens are also shown in Fig. 3.8.) The parallel guided beams

again remained parallel after the lens, despite our theoretical predictions of a 2

mm focal length (see Sect. 3.3). The above result also suggested that the index

gradients across the lens boundaries were not sufficient. This was a plausible

possibility, since during the electron beam evaporation of Si0 2 it might have

fractionated and decomposed, leaving a film of stoichiometry nearer that of

SiO, which has a refractive index of 2.2. This value also is too close to that of

Ti:LiNbO3 to produce strong focusing.

However, Si0 2 coated recessed lenses show tremendous potential for the de-

velopment of low F-number integrated lenses. Such lenses have numerous ap-

plications in advanced 10 signal processing applications that require large aper-

tures. Alternatively, integrated lenses fabricated through modifications of the

proton exchange technique in Ti:LiNbO3 were examined, and the results are
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presented next.

5.6.2 TI lenses in TIPE Waveguides

In this section, we will present the results of experiments conducted to de-

termine the focal properties of concave TI integrated lenses (1.25 mm radii of

curvature) fabricated on TIPE slab waveguides (see Sect. 4.4.2). For this pur-

pose, two different substrates, proton exchanged for 3 and 6 hrs, were used.

Similar to the previous lens experiments, two parallel TE polarized He-Ne

beams (with a 1 mm separation) were prism coupled into the TIPE slab waveg-

uides, and were then incident onto the TI integrated lenses in order to determine

where they intersected.

We first coupled the two beams into the lowest order guided mode of the

TIPE slab waveguide proton exchanged for 3 hrs; the two guided beams inter-

sected at a distance approximately 1.2 cm away from the integrated lens, as

shown in Fig. 5.11. This experimentally determined focal length was in close

agreement with the calculated focal length of approximately 1.3 cm, as predicted

in Sect. 3.3 for such a geometry. We then prism coupled the two parallel beams

into the TIPE slab waveguide that was proton exchanged for 6 hrs, and the TI

lens on this sample also focused at a distance of approximately 1.2 cm from the

lens.

The slab waveguide p- -ton exchanged for 6 hrs, however, showed high propa-

gation losses which were large enough to render the intensity of the guided mode

undetectable after 2 cm of propagation. For the case of slab waveguides proton

exchanged for 3 hrs, on the other hand, the guided light did not decay signifi-

cantly even after 3 cm of propagation. The propagation loss comparison, and

the fact that longer proton exchange times did not produce significantly larger

refractive index gradients, prompted us to limit the proton exchange times to 3

hrs for substrates that were subsequently used for the integration of elements.
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In order to measure the throughput efficiency of a TI integrated lens in a

TIPE waveguide (proton exchanged for 3 hrs), the output power of the guided

mode after the integrated lens was measured. The prism-substrate setup was

then translated transverse to the beam propagation direction so that the guided

mode would not be incident onto the integrated lens. The output power of the

guided mode was again measured in this configuration. The reduction of power

from the second measurement to the first measurement yielded a throughput

efficiency of about 75% (loss - 1.3 dB). This measured throughput efficiency is

0.8 dB lower than the estimate presented in Sect. 3.5, which can be due to addi-

tional scattering from nonuniformities at the lens-slab interface. The measured

throughput efficiency, however, was higher than the previously reported value

of 71% for TIPE lenses fabricated in TI slab waveguides (101.

An important property observed for these lenses was that when coupling

into the next higher mode of the TIPE slab waveguide, the focal length of the

same TI lens was increased to 2.5 cm. This is shown in Fig. 5.12, in which the

substrate and the TI lens are the same as the one shown in Fig. 5.11; however,

in the case of Fig. 5.12 the next higher mode of the slab waveguide was excited.

In order to investigate the reason for the increase in the focal length, we cal-

culated the effective refractive index of the second guided mode of the TIPE slab

waveguide, and it was about 2.28. Calculation of the effective refractive index of

the second order guided mode in the TI lens revealed that it was approximately

the same as that of the lowest order mode in these waveguides (about 2.22).

Using the second order mode effective refractive indices of the TIPE and the TI

waveguides in the analysis of Sect. 3.3, it was determined that in this case the

focal length of the concave lens with radii of 1.25 mm was approximately 2.5

cm, which was in close agreement with the experimental result.

In some advanced 10 signal processing applications such as SAR image for-

mation, it might be required to fabricate integrated lenses that have singular
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Figure 5.12: Photograph of the focal property of a TI lens integl;, II ili a TIPE

slab waveguide (proton exchanged for 3 hrs). Two parallel beams (1 mm sep-

aration) of TE polarized He-\e light were prism coupled into the TIPE slab

waveguide from the left (exciting the second order mode). The TI Iens is lo-

cated on the slab abeam the zero marker of the scale on top. The two parall

beams were refracted after the concave integrated lens. and subsequeyntly crosed

at a point 2.3 cm from the lens.
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focal lengths. This is needed because when buttcoupling laser diodes to a TIPE

substrate as used in such processors, possibly more than one guided mode will

be excited, which will cause multi-focusing of the incident beam. In these situ-

ations, it is desirable to fabricate single mode TIPE slab waveguides, which can

be accomplished by fabricating single mode Ti:LiNbO3 waveguides followed by

reduced proton exchange times. Ultimately, hybrid integrated configurations of

the laser-substrate coupling geometry can be envisioned that selectively excite

only a single substrate mode through the use, for example, of gradient-index

(GRIN) lenses.

5.6.3 Comparison of Fabricated Lenses

The results of experiments conducted in order to determine the focal prop-

erties of the fabricated integrated lenses revealed that both types of thin film

coated recessed lenses, one with a high index thin film (TiO2 ) and the other

with a low index thin film (SiO 2 ), did not produce any easily detectable focus-

ing. It was determined that the refractive index of the TiO2 thin film used in

the fabrication of the lens was close to that of the Ti:LiNbO3 substrate; hence,

the index gradient was not large enough to produce observable focusing.

For the thin film coated recessed lens requiring an SiO 2 thin film, it was sug-

gested that the actual deposited thin film was close to the stoichiometry of SiO,

which again exhibited a refractive index close to that of Ti:LiNbO3. However,

due to the potential of fabricating low F-number large aperture integrated lenses

and its implications for advanced 10 signal processing applications, both TiO 2

and SiO 2 coated thin film lenses should be investigated further.

Results of experiments conducted to determine the focal properties of the

fabricated TI lenses in TIPE waveguides revealed that the lenses did in ttct

focus the guided modes at the predicted focal lengths. It was determined that

a concave (1.25 mm radii) TI lens focused the lowest order guided mode of the
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TIPE slab waveguide at a distance of 1.2 cm. The same lens focused the next

higher guided mode at 2.5 cm away from the lens. The reason for the increase in

the focal length was due to a decrease in the effective refractive index gradient

when the higher order mode of the TIPE slab waveguide was excited.

We also determined that a proton exchange time of 3 hrs provided bet-

ter propagation loss performance than the 6 hrs proton exchange time without

any loss in the available refractive index gradient. This made the TIPE slab

waveguides proton exchanged for 3 hrs more attractive for use in the subsequent

integration of elements, the results of which will be presented in the next sec-

tion. Such integration provided valuable information about the focal spot size

properties of the above lenses, in addition to the integration issues.

This novel configuration of TI lenses in TIPE waveguides provided a rel-

atively easy method of fabricating integrated lenses which at the same time

provided good mode confinement of the information guided in the waveguides.

The use of concave lenses in this configuration also provided positive lensing,

while exhibiting surface areas that were smaller than those expected for convex

lenses (TIPE lenses in TI waveguides) having similar focal lengths.

In IOSAR processor and related applications, care must be taken to fabricate

single mode TIPE slab waveguides in order to provide single focal lengths when

TI lenses are fabricated. This can be accomplished through the fabrication of

single mode titanium indiffused waveguides followed by reduced proton exchange

times.

The lenses that were fabricated here suffered from aberrations because of

the simple spherical design of the boundaries of the lenses. This design was

chosen to simplify the production of the mask which was required to pattern

such lenses. Such aberrations can be easily minimized by using masks with lens

patterns that have aspherical boundaries.
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5.7 Lens, Rib Array, and Grating Outcoupler Integration

on the Same Substrate

In this research effort, it was essential to develop an understanding of the

issues that accrue to the integration of fabricated components on the same sub-

strate. In addition, we needed to determine if the focal spot sizes of the fab-

ricated integrated lenses were adequate for focusing a relatively wide guided

beam into individual waveguides of a large area array. Therefore, we decided to

integrate TI integrated lenses and large area rib waveguide arrays with surface

gratings on the same TIPE substrate.

In order to fabricate the TIPE slab waveguide, we selected two 4 cm long

Ti:LiNbO3 slab waveguides (which were fabricated as presented in Sect. 4.1). In

the fabrication of a pair of TI integrated lenses (with the same dimensions as

discussed in the previous section) on the above slab waveguides, we followed the

procedure presented in Sect. 4.4.2.

We needed to locate the focal plane of the fabricated lens on the substrate

as accurately as possible in order to integrate the rib waveguide array precisely

at this plane. Earlier, we determined that the same TI lens exhibited two focal

lengths depending on the mode that was coupled into the TIPE waveguide.

Therefore, we located these focal planes by prism coupling into the appropriate

mode of the above TIPE substrates.

On one substrate, we fabricated the rib waveguide array at the shorter focal

length (1.2 cm), and on the other one they were fabricated at the longer focal

length (2.5 cm). The rib waveguides consisted of 660 elements (with individual

waveguides 8 pm wide and 1 pm high with 2 um separations), and they were

fabricated following the procedure given in Sect. 4.2.

In order to complete the integration of elements, we fabricated a 1 mm long

outcoupling grating (4 ym period and 0.05 /Am grating height) on the surface
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of the rib waveguide array that was situated at the 1.2 cm focal plane. In

the fabrication of such a surface grating, we followed the procedures explained

in Sect. 4.3.2. A photograph of the resultant guided wave optical chip with

the above elements is shown in Fig. 5.13. The pair of TI integrated lenses are

visible close to the left edge of the TIPE substrate. In this photograph, the

rib waveguide array is oriented from left to right, and the surface gratings are

oriented from top to bottom close to the right edge of the substrate.

In order to use the integrated lens to focus into individual rib waveguides of

the array, we prism coupled a 1 mm wide TE polarized beam into each of the

fabricated chips. The schematic diagram of this experiment for the integrated

chip with surface gratings on the rib waveguide array is shown in Fig. 5.14. By

examining the cut end of the rib waveguide array we were able to determine

the number of rib waveguides excited by the integrated lens in each case. The

modes of the rib waveguides were imaged using an appropriately aligned CCD

camera (with a 5OX microscope objective head), which provided a magnification

of about 200X making the detection of individual rib waveguides (8 Pm wide

with 2 um separations) possible.

We used the integrated chip in which the array was at the 1.2 cm focal

plane in the setup of Fig. 5.14, and excited the lowest order mode of the slab

waveguide. The CCD camera image of the cleaved end of the rib array is shown

in Fig. 5.15 which clearly shows 5 distinct rib waveguide modes (with 10 pm

center to center separations).

The calculations of Sect. 3.3 showed that the focal spot size of the above

integrated lens for an incident beam of 1 mm in diameter was approximately

3 pm. With this beam incident onto the above rib waveguide array, it should

therefore have been possible to excite exactly one rib waveguide. The result

of Fig. 5.15, however, clearly shows that 5 such rib waveguides were excited.
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Figure 5.13: Photograph of a guided wave optical (chip with integrated lenses.

rib waveguide array, and surface outcoupling grating.
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Coupling Prism Titanium Indiffused Outcoupled ModesS Integrated Lens

Input Beam Beam Beam -

LiNbO3 Substrate Waveguide

Titanium Indiffused x Array

Proton Exchanged (TIPE) /
Slab Waveguide Surface Grating

Figure 5.14: Schematic diagram of the guided wave optical chip with the follow-

ing integrated IOSAR processor elements: TI lens in TIPE slab waveguide, rib

waveguide array, and surface outcoupling grating. The input beam is coupled

into the TIPE slab waveguide via a prism, and the guided beam is focused by - t

the TI integrated lens into individual rib waveguides which can be observed at

its cleaved end. The light guided in the rib waveguides is subsequently ouccoup-

led by the surface grating. Note the appropriate crystallographic axes of the

substrate.
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5 Rib Woveguide Modes
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Figure 5.15: CCD camera image (with 5OX microscope objective head) of the

cleaved end of a rib waveguide array. Shown are 5 rib waveguide modes. In this

case, the rib waveguides are located at the 1.2 cm focal plane (first order guided

mode) of the TI integrated lens.
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The excitation of more rib waveguides than expected might have been due to

the fabrication of the rib waveguide array at a plane that was not exactly on

the focal plane. Considering the divergence angle of this focused beam which is

about 50, a displacement of approximately 600 ym from the focal plane could

account for the excitation of 5 rib waveguides.

The individual rib waveguide modes focused into by the integrated lens were

then outcoupled into the third dimension of the chip by the 4 pm surface gratings

(1 mm long) on the rib arrays (see Fig. 5.14). Discrete outcoupled modes were

visually observed at the expected outcoupled angles. A photograph of one of

the modes outcoupled from 5 rib waveguides via the surface grating is shown

in Fig. 5.16. In this photograph, the guided light propagated from left to right.

The bright spot to the left of the photograph was due to scattering induced by

the prism coupling. Moving to the right of the photograph, the first bright light

region observed is the grating outcoupled mode, which was highly directional.

Other bright bands observed in the photograph were due to scattering of the

substrate modes outcoupled by the grating.

In another experiment, the TI lens on the second -hip was used to focus

the guided light into the rib waveguides located at the 2.5 cm focal plane. The

end view CCD image of the guided mode of a single rib waveguide, as well as

the weak mode of a neighboring rib waveguide excited by the integrated lens,

is shown in Fig. 5.17. It is evident from Fig. 5.17 that the spot size of this

fabricated TI integrated lens was in fact about 10 pm for a 1 mm wide incident

beam, which agrees well with the calculated value of 7 pm.

An implication of the results of coupling into individual waveguides by the

integrated lens was that such waveguides should be located at the focal plane

of the integrated lens within 60 pm to prevent misfocusing into multiple rib

waveguides. In addition, guided modes of such rib waveguide arrays can in fact

be coupled into the plane perpendicular to the plane of the processor by surface
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Figure 5.16: Photograph of one of the resultant outcoupled modes from 5 rib

waveguides scattered by a 4 ym surface grating. These rib waveguides were

excited with light focused by the integrated TI lens in the TIPE slab waveguide.
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Figure -5- 17: CCD camera ima,:e with .30X microscope objective head) of the

cut end of a rib waveguide array. Shiowni are the rib waveo-uide modes of a single

rio: a second rib wave-uide is partiallv excited. The rib waveg-uides are located

at the 2.3 cm focal plane isecond order guided modle) of the TI integrated lens.
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gratings.

At this point in the research, we have shown that the fabricated advanced

10 signal processor components performed predictably. However, further work

is needed to significantly improve the performance of some of the components.

For example, the propagation loss of the rib waveguide arrays should be re-

duced further, in order to reduce scatter and thus to increase the signal to noise

performance of the 10 processors. Uniform surface gratings on rib waveguide

arrays should be examined using a more accurate model in order to account

for the reduction in the actual outcoupling efficiencies. In addition, thin film

coated recessed lenses should be investigated further as potential alternatives

to TI lenses in TIPE waveguides in developing large aperture low F-number

integrated lenses. Further research directions are discussed in Ch.7.
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Chapter 6

IOSAR Processors

Up to this point in the dissertation, we have been concerned with the issues

involved in developing components needed for advanced 10 signal processors. As

an immediate application we also briefly considered the IOSAR processor ex-

ample (see Fig. 1.5), which can benefit from such components. In this chapter,

however, we will investigate the example of the IOSAR processor more closely.

We will evaluate the critical issues involved in developing such a processor using

both the components that were presented here, and also other technologies that

are currently available. In this investigation we will use typical radar parame-

ters, and we will attempt to examine how variations in these parameters affect

the processor configuration and design rules. Finally, a more sophisticated archi-

tecture for the IOSAR processor will be presented that can potentially overcome

some of the problems associated with the preliminary architecture of Fig. 1.5.

Implementations of IOSAR processors are assumed to be fabricated on Y-

cut LiNbO 3 substrates, since a decided advantage accrues to the use of currently

available technology. In addition to LiNbO 3, we will also present examples for

Te0 2 as an alternative material.

The use of LiNb0 3 allows us to integrate lenses, rib waveguide arrays, and

surface grating outcouplers on the same substrate using the techniques presented

herein. In addition, we need to borrow technological achievements from a wide

variety of 10 applications in order to fabricate input devices such as the SAW

device IDT and to butt-couple the laser diode against the substrate. Finally,
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in order to make the IOSAR processor complete, further research should be

conducted in the hybridization of the CCD array and the mask function on the

rib waveguide array.

Let us consider in the discussion that follows the example of an upchirp

linear FM radar signal that has a 50 MHz bandwidth transmitted at a starting

frequency (fo) of 10 GHz. Radar pulses were assumed to have durations (r) of I

psec and a transmitted pulse repetition frequency of I kHz (a period of I msec).

The size of the range swath of the airborne system is assumed to be 1 km and

it is flying at 170 m/sec. The time that is required for the radar ,.gnal to make

one round trip across the range swath was determined to be 6.6 psec.

The chirp rate of the above linear FM signal was determined to be 5 x 1013

Hz/sec. In order to determine the radar range resolution, we multiplied the chirp

rate just determined by the factor 7r and used it as the factor B in Eq. 1.12,

which yielded a range resolution of 3 m. Therefore, the number of resolvable

points of the radar system was determined to be 333 by dividing the range swath

by the range resolution.

In order to input the radar signal to the IOSAR processor, we need to hetero-

dyne it to the center frequency of the SAW device (typically 400 MHz). There-

fore, the range of frequencies driving the SAW IDT are from 400-450 MHz,

which when divided by the surface acoustic wave velocity in LiNbO3 , yielded

spatial frequencies of 114.7-129 lines/mm (as utilized in the example of Ch. 2).

Multiplying the radar pulse duration by the SAW velocity in LiNbO3 we also

obtained an index modulation length of 3.5 mm.

During the time that the radar pulse is applied to the SAW IDT, surface

acoustic waves emanate from the IDT and propagate across the processor. Thus,

we must allow enough aperture for the radar signal to cover the required range

swath and resolution. Hence, the total time that the processor should be ca-

pable of handling is I psec plus 6.6 jsec, or 7.6 psec. Therefore, the product
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of this time with the SAW velocity in LiNbO 3 (1a of 3488 m/sec) yields the

maximum required processor (and integrated lens aperture) width needed for

full processing of the radar signal. This width for our example is about 2.7 cm.

Such widths are within the capabilities of integrated lens fabrication currently

available.

The size of the integrated lens determined above, in addition to the spatial

frequencies and the modulation length determined earlier in this chapter are

equal to the values used in the example given in Sect. 2.1. Therefore, the analysis

of that section directly applies to the example given here, which means that this

processor is capable of resolving approximately 333 points. In other words,

the full range and swath of such a radar signal processor can theoretically be

processed by the IOSAR processor.

In applications such as spaceborne radars that require large swath sizes

(larger than a few kilometers) and large pulse durations (larger than a few

microseconds), direct processing of the signals input by SAW transducers are

impractical. However, using pulse compression and bandwidth expansion tech-

niques common to signal processing, the return signals from such radars can be

preprocessed and then used in the IOSAR processors.

Since the high surface acoustic wave velocity of LiNbO 3 is not suitable for

some applications of SAR processing, let us consider TeO2 (v, = 620 m/s) as

a potential substrate for applications requiring large time delays. This con-

sideration is despite the fact that the methods of fabricating waveguides and

integrated lenses in TeO 2 are not well established.

This material suffers from a relatively high acoustooptic propagation loss of

90 dB/cm GHz 2 (compared to that of LiNbO3 which is about 2.6 dB/cm GHz2 )

(931. Therefore, in order to keep such losses low we will consider an acoustooptic

frequency of 100 MHz which translates into a propagation loss of 1.8 dB/cm. In

addition, the aperture size of the integrated lens is assumed to be 1 cm, which
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yields a nonuniformity across the input aperture of 1.8 dB.

We used the radar parameters of the example given at the beginning of this

chapter (a 50 MHz bandwidth and a pulse duration of 1 psec) to determine

a spatial bandwidth and record length in TeO 2 of 80.6 lines/mm and 0.6 mm,

respectively. The focal length of the frequency chirp in this material (which

has a refractive index of 2.2) when driven by this radar signal was approximated

from Eq. 2.3 to be about 2.6 cm. The number of resolvable spots was determined

from the above parameters and a 1 cm wide lens in Eq. 2.10 to be 758. Although

this number looks attractive, using the appropriate parameters (and a temporal

frequency of 100 MHz) in Eq. 2.11 we determined that there is a complete

overlap between the undiffracted mode and the region of the waveguide array.

This problem may be rectified by using a downchirp FM signal which allows the

removal of undiffracted orders before the waveguide array.

Another interesting method of inputing radar signals into IOSAR proces-

sors that needs to be investigated further is the electrooptic modulator array

discussed earlier. In Sect. 2.5, we determined that for a specific geometry the

processor capability can be increased to 1175 resolvable points. Therefore, for

the radar parameters used in the example given at the beginning of this chapter,

in an electrooptic modulator array configuration, the processor can accommo-

date swath sizes of approximately 1175 x 3 m, or about J.5 km.

Up to this point in this chapter, we have concentrated on the front end

of the IOSAR processors, i.e., the portion of the processor that performs the

range compression. Next, in this chapter, the results of considerations pertaining

the other end of the processor that performs the azimuth compression will be

presented.

The mask used in IOSAR processors contains the doppler phase history of

the azimuth function as shown in Fig. 1.9. In addition, such masks can be

modified appropriately in order to account for possible phase anomalies in the
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reference signal and the range signal that could exist at the input end of the

waveguide array.

The range focused signal that is outcoupled from the waveguide array and

multiplied by the above mask function is then time integrated by the CCD array.

Since the saturation energy density of the CCD array is of order 1.5 x 10- ' J/cm2 ,

and the array area size is 1 cm 2 , therefore, the total saturation energy of the

array needed for a full dynamic range is 1.5 x 10- ' J. The number of integration

steps is equal to the number of CCD elements along each waveguide (about

1000). Therefore, the total saturation energy per integration step is 1.5 x 10- 0

J.

Let us now determine the peak power required for the laser diode for the

example of the IOSAR processor. The pulsed laser diode should provide enough

power to compensate for losses in the processor and also saturate the CCD array.

In Sect. 3.5, we estimated a total throughput loss in the lOSAR processor of

about 20 dB. This loss is due to propagation, surface acoustic wave diffraction.

and interfaces in the processor. In calculating this loss we assumed that the

total outcoupling efficiency due to the surface outcouplers is 100%.

In IOSAR processor applications, the laser diode is pulsed for short durations

(for example 20 nsec) so that the surface acoustic wave is effectively frozen in

time in order to prevent range smearing. Using such pulse durations, the peak

saturation power needed for the CCD array was therefore determined to be 7.5

mW. Considering the total throughput loss of the IOSAR processor, the peak

power requirement of the laser diode is approximately 750 mW. Since the laser

diode in most advanced 10 processors with SAW input transducers is pulsed, the

required average laser diode power is lower than the peak power. For example,

the derating factor due to pulse mode operation in our example is determined

from the ratio of the laser diode pulse duration (20 ns) to the pulse repetition

period (1 ms) which yields 2 x 10'. Hence, the average power requirement
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for our example is about 0.015 mW, which is easily attainable from laser diodes

that are currently available. Developing lo .er F-number lenses will significantly

reduce the propagation losses of the system which in turn will reduce the peak

power requirements.

A critical issue in image formation on the CCD array of the IOSAR processor

(that was refered to earlier in passing), is bias buildup on the CCD array (see

Eq. 1.11), which can reduce both the image fidelity and the dynamic range.

The bias terms consist of a reference dependent pedestal term which is ideally

uniform over the entire CCD array, and other -ignal dependent terms present

in the range bins (rib waveguides) [35]. Therefore, for efficient removal of the

bias terms, the center frequency of the reference wave is chosen such that it is

higher than the center frequency of the SAW device by the bandwidth of the

radar signal [281.

A modified IOSAR processor archit .ure is proposed in Fig. 6.1 which can

ideally correct for the bias buildup. In this modified version of the IOSAR

processor the function of the laser diode, integrated lenses, and the surface

acoustic wave device is similar to the original architecture of Fig. 1.5.

A major difference between the original architecture and the modified ver-

sion is the use of a secondary rib waveguide array and a secondary CCD array

(wi.thout the mask function) to determine the bias level. In addition, the refrac-

tive index of a strip of the substrate after the focusing lens is modified such that

it acts as an integrated beam splitter. This beam splitter causes focusing of the

range processed information into the primary and the secondary rib waveguide

arrays.

The functions of the primary rib waveguide array, its associated mask, and

the CCD array are the same as those of the unmodified IOSAR processor. The

bias determination is accomplished by reflecting part of the range focused signal

into the secondary rib waveguide array, followed by time integrating the out-
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secondary rib waveguide
array for bias determination integrated

/beam splitter

- ll~II~W ___ ,,rib woveguide
array

laser LI -
diode rib waveguide

for undiftracted
order removal

SAW radar return

IDT for SAW signal

Figure 6.1: Modified version of the IOSAR processor architectuic which can cor-

rect for bias buildup. A secondary rib waveguide array with surface outcoupler

is used to excite a secondary CCD array to determine the bias (see text). A

wide rib waveguide is used to remove the undiffracted order. Other components

are similar to the preliminary IOSAR architecture.
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coupled light from the array that is incident on a secondary CCD array. The

bias is then removed by the direct subtraction technique [35].

Differences in the illumination levels of the two CCD arrays can be corrected

by varying the gain of the video signals from the CCD arrays. In the modified

IOSAR processor architecture of Fig. 6.1, we also show a relatively wide rib

waveguide that is used to efficiently capture the undiffracted order.

In some applications that require a relatively modest number of rib wave-

guides, the bias determination can be accomplished by using alternating rib

waveguides in the original array for this purpose. In order to perform this task,

the range focused beam in the IOSAR processor is focused into two neighboring

rib waveguides, instead of one rib waveguide in the original architecture. Surface

grating outcouplers on both of the neighboring waveguides outcouple light from

both such waveguides. The mask containing the algorithm-defining function is

mounted on the surface of one of the above rib waveguides. The CCD array,

however, covers both waveguides. The signals generated from the rib waveguide

without the mask determine the bias level, while the signals from the rib wave-

guide with the mask determine the azimuth information. These two signals are

then subtracted electronically in order to remove the bias signal.

Possibilities of employing new algorithms in integrated form to process SAR

signals should be investigated further. One such possibility is the joint collinear

interferometric configuration analyzed by Daniel, which can improve the bias

buildup problem, and in addition allows for wider range swaths to be accommo-

dated [94].
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Chapter 7

Conclusions

7.1 Summary

In this research effort we have studied the theoretical and technological fea-

sibility of developing advanced integrated notical components needed for multi-

dimensional signal processing applications. An example of such an application is

the Integrated Optical Synthetic Aperture Radar (IOSAR) processor architec-

ture, which could immediately benefit from these advanced components. Large

arrays of densely packed waveguides that exhibit low crosstalk and low prop-

agation losses were among the more important components considered. Such

waveguide arrays can be used in multi-dimensional 10 processing applications

to dissect the partially processed information (i.e. range information for the

IOSAR processor example) and expand it along the plane of the processor.

We investigated both Ti:LiNbO3 channel waveguides and rib waveguides as

possible candidates for use in waveguide arrays with the requirements presented

earlier. Rib waveguides were determined to have better mode confinement and

hence have potentially lower crosstalk in an array configuration. The above

conclusion led us to fabricate highly uniform rib waveguide arrays (660 guides,

8 Mm wide, 1 im high, 2 jsm separations, and 1 cm long) on Ti:LiNbO3 sub-

strates. The number of waveguides in the array with the same pitch can easily

be extended to 1000 elements in order to match currently available CCD ar-

rays. The fabrication of such rib waveguide arrays was accomplished through
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the selective ion beam milling of LiNbO 3 substrates. Standard photoresist was

photolithographically patterned and used as the mask for the ion beam milling

process. The photoresist mask was hard baked (140 'C for 2 hrs) in order to

harden it sufficiently to allow for suitably deep ion beam milling processes.

The above rib waveguide widths and separations were chosen so that the

waveguide separation matches the typical CCD pixel separation of 10 am. In

order to examine the guiding properties of the rib waveguide arrays, we con-

ducted coupling experiments that revealed propagation losses of better than 6

dB/cm for such arrays.

In order to expand the processing capability of 10 processors, the information

confined to the waveguide array needs to be selectively outcoupled in order

to access the third dimension of the processor for further processing. Hence,

0 uniform outcouplers on the surface of the waveguide arrays were essential in

order to accomplish the above task. The required outcoupling efficiencies of the

surface outcouplers are determined by the application at hand. For the IOSAR

* processor example, such efficiencies are required to be approximately 10-100

%/mm. This requirement stems from the fact that in the IOSAR processor

application, 1 cm long CCD arrays (of 1000 x 1000 elements) are hybridized

on top of the waveguide array for imaging purposes, and hence outcoupling

0 efficiencies of this magnitude can be employed to ensure significant but uniform

illumination along the entire length of the waveguide array.

We considered both thin film outcoupling and surface grating outcoupling

* techniques from the waveguide arrays, and the former technique was determined

to be less practical than the latter technique. This was primarily due to the fact

that grating outcouplers provide added flexibility: control of the outcoupling

efficiency of each pixel, through control of the grating period or aspect ratio

at constant grating height. This flexibility is particularly appropriate for the

IOSAR processor example, since the outcoupling efficiency will require compen-
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sation for any guided mode decay along the rib waveguides,

Highly uniform surface gratings were fabricated on the nonuniform surface of

the rib waveguide arrays through the ion beam milling technique. The grating

pattern was first generated within a photoresist coating on the rib waveguides.

The grating patterns were generated both holographically and by contact mask

exposure. The surface uniformities of patterns made by the latter technique

were far superior to those of the former. Uniform surface gratings (patterned by

a contact mask) with 2 pm and 4 pm periods (aspect ratios 0.2-0.3) that were 1

mm long and 0.05 pm high were fabricated on rib waveguide arrays. In addition,

0.1 pm high gratings with the same periods and lengths were fabricated on a

Ti:LiNbO 3 slab waveguide.

The surface gratings on the Ti:LiNb0 3 slab waveguide were employed in

order to examine the outcoupling properties of low modulation surface gratings.

The number of outcoupled modes and their respective outcoupling angles at

both fabricated grating periods were in close agreement with the theoretical

predictions. Experimentally determined outcoupling efficiencies for the gratings

on slab waveguides revealed that they are generally lower than the theoretical

calculations. For the 2 pm grating, the outcoupling efficiencies were 1 - 0.12

times the expected values (for m = -5 to m = -9), and for the 4 pm grating

they were 0.5 - 0.04 times the expected values (for m = -8 to m = -14).

Hence, higher order modes produced much lower outcoupling efficiencies than

expected. We believe this to be due to rounding of the grating corners, which

in turn de-emphasizes the higher orders of gratings.

Results for fabricated grating outcouplers on rib waveguide arrays revealed

that their outcoupling efficiencies were even lower than those of the appropriate

modes on the slab waveguide case (by a factor of 5 - 10). Part of this reduction

(up to a factor of 4) can be explained by the reduced grating heights used for

the rib waveguide array cases.
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Other critical components that can benefit both currently existing 10 pro-

cessors and advanced versions include large aperture integrated lenses with short

focal lengths. Such lenses are especially needed in order to adjust the dimensions

characteristic of advanced 10 processors. The large apertures of such lenses are

needed in order to allow processing of a large number of resolvable spots.

We investigated the development of large aperture (0.25 cm) integrated lenses

with short focal lengths (1-3 cm) in LiNbO 3. First we examined the development

of thin film coated recessed lenses. These included both TiO 2 coated recessed

integrated lenses and SiO 2 coated recessed lenses (with a MgF buffer layer). In

this technique, a lens shaped region of the Ti:LiNbO3 waveguide is replaced with

either a higher refractive index (TiO 2) or a lower refractive index (SiO 2 ) thin

film.

Experiments did not produce conclusive evidence of focusing by either of the

above architectures for integrated lenses. We speculate that the reason for this

behavior is that the refractive indices of the thin films deposited in the recessed

lens regions were either lower than expected (for TiO, thin films) or higher

than expected (for SiO, with an index of about 2.2) which in either case could

produce very large focal lengths. In the case of the multi-film coated recessed

lens (Si0 2 and MgF thin films), the complexity of the structure used could also

have a bearing on why such integrated lenses did not perform as expected.

The above results prompted us to investigate the titanium indiffused proton

exchanged (TIPE), technique which has been developed by others as a means

of index modification for Ti:LiNbO 3. We used a modification of the above tech-

nique to increase the refractive index of the slab waveguides ,'-hile maintaining

the desired lens region at the lower refractive index of Ti:LiNbO3 . In this tech-

nique, we protected the desired lens pattern (1.25 mm radii with a 2.5 mm wide

aperture) with a thin film of SiO 2 while proton exchanging the substrate. The

increase in the refractive index of TIPE slab waveguide compared to that of the
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Ti:LiNbO3 lens region combined with the concave lens pattern produces positive

lensing.

Collimated guided modes of TIPE slab waveguides with similar integrated

lenses on them were excited. The collimated modes were focused at two distinct

focal lengths by the same integrated lens depending on the particular mode that

was excited. The first order mode was focused at 1.2 cm (F-number - 4.8),

and the focal length of the second order mode increased to 2.5 cm (F-number

- 10). This increase in focal length is observed because the change in the

effective refractive indices from the lowest guided mode to the next in our TIPE

waveguide is larger than the change in similar effective refractive indices for the

TI waveguide case. Therefore, the lowest order mode experiences a larger index

gradient compared to the next higher mode.

The lenses that we fabricated through a modification of the TIPE technique

have several advantages over the TIPE lenses fabricated by other investigators.

Relative ease of fabrication is achieved by using an electron beam evaporated

SiO2 thin film as the proton exchange mask instead of the plasma chemical

vapor deposited (CVD) Si 3N4 thin film used by others (which is more difficult

to deposit, pattern and finally remove). Other investigators have used this mask

to cover the slab waveguide region while leaving an opening with the shape of

the lens to allow for the proton exchange process. Following the proton exchange

process, it is then necessary to remove the Si3 N4 thin film. In our technique,

however, the SiO 2 mask covering the TI integrated lens could be left on the

substrate without significant perturbation to the performance of the lens.

Since the Ti:LiNbO3 slab waveguide was proton exchanged, the refractive

index of the slab waveguides was further increased, providing even better mode

confinement. This configuration in which a higher refractive index surrounds

a lower refractive index integrated lens allows the use of concave boundaries,

which in turn reduces the surface area of such a lens when compared to the
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surface area of a convex TIPE integrated lens having a similar focal length. The

throughput efficiency of one of our integrated tenses was measured to be about

75%, which is higher than the 71% throughput efficiency measured for the TIPE

lenses used by others.

We also integrated all of the components reported so far that performed sat-

isfactorily on the same substrate in order to examine their coupling interaction.

The components consisted of rib waveguide arrays with associated surface out-

coupling gratings and TI integrated lenses (which required a TIPE substrate).

The integrated lenses were used in coupling 1 mm wide beams into individual

rib waveguides (8 pm wide) which showed that the diffraction limited beam

sizes at the focal planes of such lenses were less than 10 jim as expected. The

modes excited in individual rib waveguides by focused beams were subsequently

outcoupled successfully from the guides by the associated surface gratings.

The above studies revealed that at this stage, the new components that

have been developed here perform as expected, and that they can potentially

be used for advanced integrated optical signal processors. For example, the

development of the IOSAR processor can readily benefit from such components

and their integration. However, in this example the use of LiNbO3 (which has a

high surface acoustic velocity) as the primary substrate combined with the SAW

method of inputing the signal causes several limitations in the performance of

the processor such as lowering the range resolution or reducing the range swath

size.

7.2 Future Research Directions

In this research program we developed and characterized a number of critical

components for advanced 10 signal processors; however, the work is by no means

complete. More work is needed in further characterizing the above elements, and
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also investigating related issues that are important for the IOSAR processor

example such as hybridization of the imaging CCD arrays on top of the rib

waveguide arrays.

We have not as yet determined the crosstalk between the neighboring rib

waveguides quantitatively, and this is a task which needs to be investigated.

This can be accomplished by fiber coupling into individual rib waveguides, and

determining the beam profiles of neighboring rib waveguides that are in close

proximity. This study should also shed light on the coupling coefficients between

the neighboring rib waveguides due to mode overlap and scattering. There

is need for fabricating rib waveguide arrays with higher sidewalls. Such rib

waveguides should be fabricated and also analyzed for scattering.

Outcoupling efficiencies due to surface gratings should be measured more

accurately. In addition, the uniformity of outcoupling by surface gratings on

rib waveguides needs to be studied further. Specifically, the outcoupled beam

profiles along rib waveguides need to be studied in order to determine the decay

rates of such beams. Also, outcoupled mode profiles of surface gratings with a

decreasing spacing along the rib waveguides should be examined to determine

whether such increases can compensate for the decay of the guided beams. The

unwanted scattering from such gratings must also be analyzed quantitatively in

order to develop a better understanding of the background noise generated in

hybrid-coupled CCD arrays.

The diffraction limited spot sizes of larger aperture TI integrated lenses in

TIPE waveguides need to be examined at their focal planes in order to determine

accurately if they are capable of exciting individual rib waveguides. These lenses

also must be corrected for spherical aberrations.

Two dimensional CCD arrays and mask functions can be mounted on the

surface of rib waveguide arrays with associated surface outcoupling gratings,

in order to determine the charge buildup due to background noise, and also
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to perform the time integration correlations by using appropriately modulated

input light and mask functions.

In some applications such as IOSAR processors, it is desirable to replace

the use of surface acoustic wave devices for inputing the signal. We propose

the investigation of electrooptic modulators as a means by which signals can be

input to such processors, which eliminates the need for SAW devices. In addition

to the other techniques of inputing signals, new algorithms and the possibility

of their implementation in integrated form should be investigated. One such

algorithm is that employed in the joint collinear interferometric configuration,

which ,-an improve the swath sizes that can be processed.

One can clearly envision the development of monolithically integrated ad-

vanced 10 signal processors in III-V compounds such as GaAs in the near fu-

ture. In such processors, outcoupling elements can ultimately be programmable,

providing highly desirable dynamic system flexibility.
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