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This final scientific report contains a summary of research
at Caltech on the wavelength sensitivity of speckle, Included in
this bibliography are research pubiications by N. George, A. Jain,
A. Livanos, R.D.S. Melville, C.H., Papas, and J. Roth. Topics
in speckle supported under the subject contract are described:

(1) diffraction by a serrated aperture and (2) propagation in

an experimental test chamber containing a turbulent gaseous

mixture.

Research on the fabrication of graiing structures for use in
integrated optics is also described. Chirped or variable period
gratings have been successfully made by a holographic process.
Briefly, a waveguiding layer of Corning 7059 glass is sputtered
onto a substrate glass using the Technics MIM Model 5.5 ion-

beam etching machine. Photoresist is coated ontc the waveguiding

layer, exposed holographically in an argon or helium-cadmium

laser beam, developed and then ion-milled. Extensive theory and

technique are reported in the bibliography of publications listed

in this report. LRERIN tw
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Final Scientific Report on

OPTICAL DATA PROCESSING and STATISTICAL OPTICS

Nicholas George, Principal Investigator

1. Introduction and Time Period

l This report describes a program of research in two main
areas of modern optics: Sec. 2. Tepics in Speckle and Sec. 3.
Photoresist Techniques for Inteqrated Optics. The main portions
of research supported under the subject contract were conducted
during the period from 1 July 1976 to 30 June 1977; however a
no-cost extension of the contract date was requested from 30 June
[ 3

1977 to 390 June 1978,

. 2.0 Topics in Speckle
The study of speckle is basically a combining of ideas 1
in communication theory with those in electromagnetics in order }
to set quantitative l1imits on the performance of general optical #
Y confiqurations. In essence, it is a study of noise and resolution,
In comparing the working resolution of single color systems to
white light systems, it is immediately evident that with diffuse
objects the latter illumination is considerably easier to manage.

The reason for this is the deleterious speckle noise which occurs

with the use of monochromatic light. With multi-color lasers, we 2

have shown that the effect of speckle can be essentially eliminated;
and thus the performance of systems with this type of illumination
is competitive with white light in,ofar as resolution and superior !

both in terms of brightness and in the application of Fourier

B S

® optical methods. The general trend of our studies in speckle has

shifted now to the consideration of the questions: "In what ways,

frn daiinndtls, £ ..




if any, can one achieve better performance using separate multiple
tones from a laser rather than white 1ight? What method for
combining single-tone images is optimum in regard to image quality
and resoltution?" Coupling of microscopes or any imaging optics

to tiny photodiode arrays, thence to electronic digital computers,
seems the logical way to study the various correlation possibilities
which may ultimately lead to substantial advancements over current
methods.

A complete bibliography of the speckle publications by the
Principal Investigator and his colleagues is given in Sec. 2.3.
Since this is a final technical report and further effort is not
planned, it was felt appropriate to provide a comprehensive list-
ing of the speckle publications which resulted from contractual
support by the U.S. Air Force Office of Scientific Research. How-
ever, it is emphasized that this listing includes research completed
prior to the period of the subject report. The topics detailed
in Sections 2.1 and 2.2 are speckle research supported under the

subject contract period.
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2.1 Serrated Aperture (N. George and G.M. Morris)

A new class of diffraction theory problems has been
studied, In these an aperture with a rough or serrated edge is

considered. This is in contrast to the usual speckle problem

in which longitudinal phase variations cause perturbations in

the phase front, i.e., the diffuser problem. It is also different

from the usual blackbody radiator problem, where finite correla-

tion lengths of the aperture illumination are the essence of the

problem,

Under the subject contract, we studied the roughened edge

in considerable detail. While this is only one example, it was

felt to be of special interest as a building block in image quality v
studies. Also because of our interest in diffraction pattern

sampling and hybrid (opto-electronic) computers, it was felt

desirable to consider first the problem of finding the optical

é transform of a serrated edge. For this problem, we obtained a

closed form solution for the second order moment of the electric

E field in the transform plane. As first derived, this correlation

4

function did not include wavelength variation; but more recently
the analysis has been generalized to incliude wavelength dependence.
A first report of the analysis together with some experiments

using razor blades roughened with emery paper was presented at 1
[ the 1977 Annual Meeting of the Optical Society of Americe., The

abstract of the presentation foHows:+
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ThK17. Randomly Scrrnted Edges, Lines, an¢ Apertures®
NICHOLAS GFORGE AND G. M. MORRIS, The Institute of
Opticz, University of Rachester, Rochester, M.Y. 14627.—In suto-
matic pattern recognition, film grain nolse and other Image-quality
degredation can give rise 10 characte: stic optical trandforms which
are readily sampled. Related to this interest, x new class of diffrac-
“tion-theory problems has been analyzed, Asa simple flrst step, we
calculate the optical transform, as well as the Fresnel zone pattern,
for a serrated edge. The edge roughness is described by a second-or-
der dendty and its associated characteristic function. For convergent
monochromatic Hlumination, we derdve an expression for the output
electric field and for the second-grder correlation function in terma
of output position, wavelength offsct, edge roughness, and correla-
tion length. The effect of the scrration is to distribute the encrgy in
the transform plane; the large central spike, characteristic of an edge,
is greatly suppressed, Theoretical results are also presented far other
serzated apertures, As the roughness increnses, the general trend s
to trade the regular interference ringing for a speckis pattern. Wave-
length-sensitivity experiments are described for these serrated apers-
tures, using a tunable dye laser and computer-penerated patterns of
controlled correlation, Possible applicstion to multitone diffaction
pattern sampling is also described. (13 min) -

*Researeh supported in part by the Air Force Otfice of Scientific

Research.
TCalifornia Inrdtute of Techuology, Pasadena, Calif. £1136.

This research has been considerably extended since the
above report. However, the abstract above presents the status
at the close of the subject contract. The later refinements
will be described at the 1978 OSA Meeting in San Francisco,
also under sponsorship by AFOSR; and they will be the subject

of a paper in the JJSA.

2.2 Laser Propagation Through a Turbulent Gaseous Mixture
(N. George and L. Yesselink)

A problem of particular interest in statistical optics
is that of propagation through a random, time-varying atmosphere.

For high speed aircraft using laser sensors, one would expect

*N. George and G.M. Morris, J. Opt. Soc. Am. 67, 1416 (1977).




1o encounter both turbulences and shock waves. We seek to obtain
a better understanding of this phenomenon. Recently, L. Hesselink,
working with H, Liepmann and B, Sturtevent, designed and built a
special chamber which, when added to the GALCIT shock tube, gives
one the capability to produce controlled random atmospheres with
fine scale turbulences of lmm and a decay time of 100 ms.

While considerable experimentation had been performed with
this apparatus using sound detectors and spark-gap light sources,
N. George and L. Hesselink started a study of the effectiveness
of laser light, Viewing the turbulent mixture as a cascaded
diffuser, one would expect a strong wavelength dependence. 1In
June-July of 1977, a series of experiments were performed using
an arqon laser operated first at a sinyle wavelenygth and then
multitone. Both motion pictures and single color ﬁhotographs
were obtained thereby demonstrating our hypothesis that multi-
tone laser illumination is effective as an instrumentation
technique for wind-tunnel experiments,

The status of this research at the close of effort under
the subject contract is given by the following abstract of a
talk presented at the annual meeting of the Optical Society of

America in October 1977.+
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TuL 1. Lases Propagation Experiments Using A Controlied
T‘gll'ulcnl Gawous Minture,* NICHOLAS GEORGE, The Ia-
#titvie of Optics, University of Rochester, Rochesier, N. Y. 14627,
AND LAMBERTUS HESSELINK, Qulifornia Institute of Tech-
nology, Risadena, CBlif. 91125, -In stellar speckle interferometry
and many lawer systems, the effect of atmuospheric turbulence isa
dominant issue. In prior work by one of us (LH), an apparatus

has been consiqucted for generating a 25 cm cube of ndumly
lnhonu-;c noous gas in the Guggenheim Acronautice! Laboratorics
17:n.diam. shock tube.® In the cuntent study, wo desciibe the
use of this turbuient gas mixture 1o study laser propagation,
Tunable lasess and multitone argon are useful either asa diagnostic
for the gaseous mixture of as a means for studying speckle. In the
chambet an array of fine jets in two oppusing sidewalls is used to
inject helium and freon-12 in a neutratly buoyant minture. The
optical index of refliaction has an rms Nuctuation os high as

3 x 10" with a turbulent microscale of 2 mm and an iategral scale
of 14 mm. High-speed motion pictures are shown of the Schlieren
image of the turbulence and of the speckle image using trundorm
plane stop and pinhole, tespectively, A simulation of stellar speckie
images of 3 paint source o more complex input can b obtained by
simple variations in the lens configuration. Preliminary analysis I
of the optical uander function for this mixture are desaaibed in the
context of our data using monochromatic, multitone, and white-

Keht ilumination, Some interesting color speckie pattcmns niing
“static” turbulense screens are also described and compared to

the index inhomogencities resulting in the test chambez. (13 min)
*Rescarch supported in pert by the Alr Force Office of Scientific

Resoarch.
TL. Hesamlink, “Aun Experimental Investigation of Propagation of
Weak Shock Waves in a Random Medium." Fh.D. Thesis (Calitomia

Institute of Technology, 1877).

2.3 Cumulative Listing of Publications on Speckie

Since 1972, the research in Speckle at the California
Institute of Technology has been supported in part by the U.S.
Air Force O0ffice of Scientific Research. The following pub-
lications have resulted:
A. Subject Contract Period
"Randomnly Serrated Edges, Lines and Apertures", J. Opt.
Soc. Am. 67, 1716A*1 (1977}, Nicholas George and G.M. Morris.

“"Laser Propagation Experiments Using A Controlled
Turbulent Gaseous Mixture", J, Opt. Soc. Am., 67, 1375A

(1977), Nicholas George and lLambertus Hesselink.

+N. George and L. Hesselink, J. Opt. Soc. Am. 67, 1375 (1977).
++A following the page number means Abstract oaly.




B.

Prior AFOSR Contracts

"Speckle from rough moving cbjects", J. Opt. Soc. Am. &6,
1182 (1976), Nicholas George

"Speckle noise in displays", J. Opt. Soc. Am. 66, 1282
(1976), Nicholas George, C.R. Christensen, J.S. Bennett,
B.0D. Guenther,

“Topical issue on speckle”, J. Opt. Soc. Am. 66, 1316
(1976), Nicholas George, Douglas C., Sinclair,

"Scattering by Glass Microballoons", J. Opt. Soc. Am. 66,
1135 A(1976), Nicholas George.

"Speckle Noise and Object Contrast”, Symposium on Image
Processing at Toronto, SPSE edit by R. Shaw (1976), B.D
Guenther, Nicholas George, C.R. Christensen, J.S. Bennett.

“"Remote sensing of large roughened spheres", Optica Acta .

23, 367 (1976), Nicholas George, A.C. Livanos, J.A. Roth,

C.H. Papas.

“The Wavelength Sensitivity of Ba t i
Communications 16, 328 {1978), Ni r
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"Speckle", Optics News 14, January 1976, Nicholas George.

"Speckle From a Cascade of Two Diffusers", Optics Commun-
ications 15, 71 (1975), Nicholas George and Atul Jain.

"Experiments on the Space and Wavelength Dependence of
Speckle”, Applied Physics - Invited Paper 7, 157 (1975),
Nicholas George, Atul Jain, R.D.S. Melville.

"Spatial g Spectral Behavior of Speckle in an Imaging
System", .D. thesis Caltech 1975, Xerox Microfiim
15-20, 003 by Richard D.S. Me1v111e, Jr.

1391

"Speckle, Diffusers, and Depolarization”, Applied Physics

6, 65 (1975), Nicholas George, Atul Jain, R.D.S. Melville.

"A Wavelength Diversity Technique for Smoothing of Speckle"”
Ph.D. thesis Caltech 1974, Xe:ox Microfilm 74-XXXXXXXXX
by Atul Jain.

"Space and Wavelength Dependence of Speckle Intensity"
Applied Physics 4, 201 (1974), Nicholas George and
Atul Jain,

e
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"Speckle Reduction Using Multiple Tones of Illumination",
Applied QOptics 12, 1202 (1973), Nicholas George and Atul
Jain, and abstract in J. Opt. Soc. Am. 62, 1356 A(1972).

“Speckle in Microscopy", Optics Communications 6, 253
(1972), Nicholas George and Atul Jain.

3. Photoresist Techniques for Inteorated Optics

3.1 Introduction

A really spectacular series of research accomplishments
were obtained by a group (listed below)} of scienrtists working
on chirped-gratings as demultiplexers for dielectric waveguides.
This topic of research was partially supported by the subject
grant and partially supported by a separate grant from AFOSR with
Professor Amnon Yariv as the Principal Investigator.

The portion of the resecarch support drawn from the
subject AFOSR contract included full support of Dr. Alexander
C.R. Livanos as well as considerable Taboratory facilitation for
stabilized holography. Film supplies and other specialized
electronics were also supported by funds from the subject contract.
In this cooperative research, support for Dr. A. Katzir, one of
the principal contributors, as well as that for Yariv, Hong, and
Shellan was not derived from the subject contract, Appropriate
accredition to the U.S. Air Force Office of Scientific Research
is contained in the resulting publications listed below in Sec. 3.2

and appended in their entirety in Sec. 3.3.

3.2 Listing of Publications’
"Fabrication of Grating Structures with Variable Period”,

Optics Communications 20, 179 (1977), A.C. Livanos,
A Xatzir, A. Yariv.

+Partially supported by the subject contract.

7\ *f\
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“Chirped-grating output couplers in dieleciric waveguides”,
Applied Physics Letters 30, 225 (1377), A. Katzir, A.C.
Livancs, A. Yariv.

"Chirped Gratings in Integrated Optics™, ItEE J. Quantum
Electronics QE-13, 296 (1977), A. Katzir, A.C. Livanos,
J.B, Shellan, A. Yariv.

"Chirped-grating demultiplexers in dielectric wavequidas",
Applizd Physics Letters 30, 519 (1977), A.C. Livanos,

A. Katzir, A. Yariv, C.S. Hong.

"Lipearity and enhanced sensitivity of the Shipley AZ-
1350B photoresist", Applied Optics 16, V633 (1977), A.C.
Livanos, A. Katzir, J.8. Shellan, A. Yariv.

"Broad-band grating filters for thin-film optical wave-
guides", Applied Physics Letters gl, 276 (1977), C.S. Hong,
J.B. Shellan, A.C. Livanos, A. Yariv, A, Katzir.

"Simultaneous exposure anc development of photoresist
materials: an analytical model", Applied Optics 16,
2612 (1977), P. Agmon, A.C. Livanos, A. Ratzir, A. Yariv.
v

3.3 Appended Publications in Integrated Optics
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Volume 20, nurmber 1 OPTICS COMMUNICATIONS January 1977

FABRICATION OF GRATING STRUCTURES WITH VARIABLE PERIOD*

Alexander C. LIVANOS, Abraham KATZIR and Amnon YARIV
California Insifruie of Technelogy, Pasadena, Colifornio 91125, USA

Received 15 October 1976

Photaresist gratings with varigble period have been fabricated by recording the interference patiern of a collimated laser
hearn with a cenverging one. The period variation as a function of position, as well as the wavelength dependent focal pro-

perties of the gratings, has alto been unalyzed,

Periodic optical structures, specifically those pro-
duced by carrugation of diclectiic waveguides [1],
have alicady played an important role in thin film and
integiated optics. Such periodic devices include: grat-
ing couplers for diclectric waveguides {2,3], distribu-
ted feedback injection lasers (4], Bragg filters [5] and
reflectors j6].

For many projected applications it will be necessary
to produce gratirgs with appreciable and contiollable
period variation. Some of these applications involve
acouste-optic pulse compression, broadband optical
filters and reflectors and optical multiplexing.

In the following we report the results of experi-
ments which resulted in the fabrication of photoresi. *
gratings in winch the period varies from a value of
0.8umto 1.3 umin a distence of 6.5 mm. These pho-
toresist chirped gratings can be used us masks for repli-
cetion hy ion or chemical etching onto “working™ sur-
faces like GaAs, LINDO,, glass, etc.

The fabrication of gratings on a substrate commonly

involves the recording of an interference pattern of
two collimated laser beams on a thin photoresist layer
and the subsequent etching through the photoresist
mask [1). To generate a similar mask with g variable
period the phoioresist is exposed to the interierence
pattemn of a collimated beam and a converging one.
This method has veen proposed in the past to fabricate
holographic lensss [7], but its realization in the domain
of integrated optics has not been explored.

+ Work supposted by tne Alr Force Office of Scientific Research,
s

To analyze the characteristics of ¢k’ -ped gratings
consider the geometty shown in fig. 1. The holographic
plate is located in the z = 0 plane, the angle of incidence
of the plane wave is 4 8, and the angle sublended by the

. collimated beam and the bisector of the converging

beam angle is 8. The interference pattern is recorded
over 8 distynce s on the film plate, The conveiging wave
is generated by 8 cylindrical lens of focal length fand

Cylnirecol
Leng

Fig. 1. Chirped pating recording arrangement and geometry.
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Volume 20, number 1

width d, and the focus is located at point P(x, z,).
-Simple geometrical considerations refate the focal
line coordinates with f, s, d, and @, namely

w0080 ¥ cos (29)
It sin (2¢) m
and
X¢ = -2, tan o), ()
where

¢ = tan~} (4 d/f)

is the convergence half angle.
The electric field on the film plate (z = 0) is the sum
of the reference wave and conveiging one and is given by

E(x,2=0)= 4 exp [~ikx sin ¢ 6)]

+a exp [ik{(x - Jc()2 + Zf}ml , 3)

where k= 2n/\ is the wave number for the incideat

fields, A and a the amplitudes of the plane and converg- .

ing wave respectively, If we assume that the transmis.
sion function 1 of the hologiam i proportional 1o EE
[8), and that the amplitudes A and g are equal then:

1= B[1 + cos {kx sin (16) + kv/(x - :cf)z + z%}], 4)

where § is s proportionality consiant, The period A
for this particular grating is given by: -

A
)= )
sin (49) + (¢ - xJV/(x - %)} +2}

()

Alx

In cur experiment (x — J:_;)2 < z% (paraxial case),
therefore

(6)

A .
Al = sin(39) + (x - xlzg

Furthermore, it cen be shown that if the chirped
grating is illuminzted with a plane wave of wavelength
A’ and angle of incidence (from the normal) 8', then
the focal line (within the paraxial approximation} will
shift to a new position P’ with coordinates x' and '

given by 9]
2= (X) 2 Q)
and

180
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'’ = + Y 8! .
x'=xg4+z sin8’ —z.sin (49). (8)

To generate chirped gratings on photoresist the
4579 A line of an argon laser was used 10 produce two
collimated beams. The intensity of each beam was
3 mW/cm? and the angle between them was 0 = 26.5°.
A cylindrical lens of focal length /= 10 cm, and width
d = 2.4 cm was inserted in one of the beams such that
the inteiference pattern extended over a distance s
= 0,65 cm on the photoresist coated substirate. A neu- i
tral density wedge was introduced before the cylindrd- -
cal lens so “at the intensities of the plane and converg- |
ing wave were identical on the film plane.

The fabrication of chirped gratings was demonstra- l
ted in s layer of Shipley AZ 1350J photoresist which | ?

i
l
!
],

was diluted 5:1 with thinner. The photoresist was
spun cozated at 6000 1pm on a well cleaned microscope
slide, and then baked for 25 min at 90°C. Best 1esults
we;se obtained when this photosesist was exposed to
the interference pattern for 125 sec (corresponding to
120 ma/cm?), and then developed for 20 sec in AZ-
303 developer [10].

Fig. 2 {continuous lines) shows the theoretical de-
pendence of the period variation as a function of po- ¥
sition and angle as given by €g. {§). The expecimental
points for 6 = 26.5° w re measured using a scanning
electron microscope and the results (also shown on
fig. 2) are in good agreement with theory.

In fig. 3 scanning eleciron micioscope photographs

S

RIRUERE 137 | AP PR
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Fig. 2. Grating period {A) variation as a function of position
(x) for various angles 8. Experimental pointy for the case 8
= 26.5° were obtained vsing » scanning electror microscope.
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(a)

®)

he chirped grating. (s) The grating at position x = ~35mm

3.5 mm with period A (3.5) = 0.82 um,

photographs of two regions of t

3. Scanning electron microscope

Fig.

1.43 pm, (b) The grating at x ©

(-3.5)=

corresponding o a period A
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—® 5mm -—

Fig. 4. Focal line separation obtained from simultaneous {i-
lumination of a chirpzed grating with 6328 A and 5014 A
waveiengths,

of the wating period 3t x = -3.5 mm [A(-3.5)] and
x = 3.5 mm [A(3.5)] are presented.
T.: illustraie the variation of the focus as a function
of wavelength a chirped grating was illuminated simul-
. tancously with collimating light from a He—-Ne laser
' (6328 A) and the green line (5014 A) from an argon
laser. Both beams passed through a spatial filter any

| ; - an sngle 0 = 0°, A screen was positioned behind the

OPTICS COMMUNICATIONS

2 collimating lens, »nd were incident on the grating at

January 1977

grating and the resulting focai lines, separated by & dis-
tance of 5 mm, are shown in fig. 4, The separation pse-
dicted by eq. (7) is 5.1 mm,
To surnmarize: The fabrication of chirped gratings
in photoresiss has been demonstrated and some of their
properties studied. In addition, theoretical expressions ]

describing the transmission function of these gratings

have been presented [eq. (4)], as well as the periodicity |
as a function of lateral displacement Jeq. (5)). The varia-
tion of the focus as a function of wavelength and inci-
dent angle v2as also studied. The experimental results
are in agood agreement with the theory,
An experiment which involves the use of a chirped
grating in optical multiplexing is now in progress.
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Chirped-grating output couplers in dielectric waveguides*

A. Katzir, A. C. Livanos, and A. Yariv

California Institute of Technology, Fasadena, Calyornia 91125
(Received 4 August 1976, in final form 29 November 1976)

This paper reports on the methad of fabrication and first experiments of chirped (variable period) gratings
in & diclectric waveguide. Such gratings, which are proposed as s new optical building block, are used in

this work a3 focusing cutput couplers.
PACS numbers: B4.40.Wy, 42.80.1t, 42.82. 4 n, 42 80.Fn

Periodic perturbations such as surface corrugations
are often used for input or output couplers in dielectric
waveguides.? A guided optical mode can be coupled out
by surface gratings at an angie ¢ with respect to the
{ilm surface, where ¢ is determined by the propagation
constant f of light in the waveguide cnA by the period
A. I the cutput coupler consists of a grating with a
variable period A{e). then, for a given propagating
mode, different parts of the coupler would launch the
light out in different directions, It ie concelvable that
all these directions wiil intersect 8t 2 common point in
such a way that the light wiil be foresed outsidy the
wavegulide,

‘fo ensure this type of focusing we fabricated the
grating nolographically by exposing a photoresist layer

on top of the waveguide tc the interlerence of a coliimat-.

ed laser beam and a cylindrically focused beam, The
photoresist grating which remained after development
gorved as & mask through which the grating was re-
plicated, by lon elching, onto the waveguide suriace.
Similar exposure schemes have been used for the
fabrication of holographic lenses.?

The setup used for the fabrication of chirped gratings
is shown schematically in Fig. 1. A thin layer of re-
cording materlal Is exposed to the interference pattern
of a collimated ]aser beam with a converging beam.
The converging beam is generated by a cylindrical lens
of focal length f and width d, The bisector of this beamn
subtends an angle 8 with the collimated bezam. The
coordinates x, and t; of the focal point P are simple

geomstrizal functions of f, d, 8, and L, where L is the

Cylindrigcol
tem

Recording Phite

Pay,2))

FIG. 1, Recording arrargoment and geometry fu: the {ebrica-
tion of chirped grscings,
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length of the recorded pattern (see Fig. 1). One can
assume that the transrilssion function ¢ of the record-
ing medlum s propo-tiona! to EE* * and derive the
following expressiun for #:

¢ =p(1+ cos{kz sin(16) + k[(z — 2,7 + 23} /1)), n

where 8 {s a proportionality factor. The perfod Alz)
can now be written

Y
MY T e - g P AP )

The period is thercfore a function of A, 8, f, d, and L.
Each of these can be changed, independently, so as to
give a different variavion A{2).

The interference pattern described above was used,
as discussed above, to fabricate chirped gratings on
top of sputtered glass waveguldes.

Consider next the dielectric waveguide shown sche-
matically in Fig. 2. The curface of the waveguide i8
corrugated over a length L, and the corrugation period
is given by Eq. (2). For a given propagating mode with
a propagation constant p =kn, cos8,, the light coupled
out at a point £’ along the grating will propagate in alr

according to
exp(ifk ()2 + [(w/c)* - ki) <} 73],

where k,(2')=8 - 2r/A(2). ¥ we define B, 2k, (0)=P

- 2n/A(0Y and B, ® k(L) =8 ~ 2n/A(L), & can now be
shown that the light will be focused by the chirped
grating at & point P(x,, £,) whose coordinates are given
by

P B L(k‘—-ﬂ’ )llt - (")
VB BT, (R

P(-v!‘)
/ \ ny
____'Ej \!_} x\_/_'l L
e

"

FIG. X. Geometry for a chirped grating etched on the top sur-
face of 0 waveguids of index r;. The rubstrate has an index n,,
aod n, v the ludex of refraction of aly. A waveguide mode will
focus at polnt Plx,_£,) dejending on the waveguide, the chirp
of the grating, and the wavelength.
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FIG, 3. Fxperlmantal and theoretical rosults of the focusing of
ifght for the corrugated structure used. The rolid line repre-
sents the theoretical position of the focus as a function of
wavelength. The s0lid dots represent the focus of the promi-
nent lines of the Ar* and HeNe lasers. The large circles are

the experimental points for these wavelengths as measured
with a two-dimensional translation probe,

= [(* -8 /8, ) e, (4)

The focal-point coordinates thus depend on the chirp of
the gratings, on the waveguide, and on the wavelength
of the gulded mode. Some examples of the variation of
the focal point with wavelength and with chirping are
given (for a pariicular waveguide) in Fig. 3.

To illustrate the focusing effect we designed a wave-
gulde to focus light a few centimeters away from the
waveguide. We first used iun spuliering ¢ depocit a
layer of 7059 glass on a regular microscope slide.

The relfraciive index of the waveguide was determined
by the prism coupler method! and was found io be

1, 565. The thickness of the deposited layer was Jeter-
mined by Sloan Dektak. The thickness was 1.35 um
and was found to be uniform within 5% over the region
of interest, A thin layer of undiluted AZ-1350B Shipley
photoresist wis then spin coated on the waveguiding
layer at 3600 rpm. The photoresist was prebaked at
125°C for 25 min and then exposed to the interference
pattern between the colllimated beam and the converg-
ing beam. In this axperiment we used the \ =4379

line of an Ar’ laser, with 1,0 mW/cm?® per leg. The
other variables were 6 =94,5°, F=1.33, andL=1.1
cm. The photoresist layer was expesed for 60 sec, and
then developed for 10 sec in AZ-303A developer,
Chirped gratings were thus obtained and the grating
period was measured and found to very between A(C)
=0,285 um and Alz=1.1 cm)=0. 33 pm. The photo-
resist wag then baked in vacuum, and the chirped grat-

236 Appl. Phys. Lett., Vol. 30, No. 6, 1 March 1977

ings were transferred onto the waveguide using the
same fon beam etching machine,

We calculated the position of the focal point P(x,, z,)
for various lUnes of the Ar® laser. For each line, and
for the waveguide used, we calculated the propagation
constant and obtained x, and £,. The results of these
calculations are shown in Fig. 8, both for the chirped
gratings used and for other chirped gratings.

In the experiment we used a prism coupler to couple
light from an Ar* laser into the waveguide. The light
coupled by the grating was found to focus to @ line nor-
mal to the xz plane. The x-z coordinates of this line
were measured for various lines of an Ar® laser. The
experimental points are also shown {n Fig, 3, and are
found to fit well to the theoretical curve. it should be
noted that the focal point moves 1.2 cm when the wave-
length is changed from 4579 to 5145 A.

In conclusion we demonstrated in this work the fab-
rication of a chirped-grating output coupler in an opti-
cal waveguide. This struciure focuses light outside the
waveguide while simultaneously separating between
propagating beams of different wavelengths,

Various integrated optics components are based on a
periodic perturbation. Such components as narrow-
band reflection filters,® heam splitters, * distributed
feedback lasers,” distributed Bragg reflectors,® and
grating couplers’ are all based on a perfodic perturba-
tion, Very often the perturbation takes place as & sur-
face corrugation. The addition of a new variable,
chirping, into these components is bound to open up

KLrpit

new possibilities in their utilization,

The authors wish to thank Proiessor N, George for
many helpful discussions and D, R. Armstrong for his
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Chirped Gratings in Integrated Optics

A.KATZIR, A. C. LIVANOS, J. B. SHELLAN, aND A. YARIV

Abstroct - Gratings with variable periods (chirped gratings) have been
fabricated by recording the interference paticm of a collimated laser
beam with a converging beam genersted by a cylindrical lens. An anal-
yuis is presented for the behivior of the chirped gratings as a function
of wavelength, the angle between the illuminating beams, the F number
of the lens, and its position. To calculate the power radiated into akr,
the coupled-mode equations are scived [or the case of & wavegulde with
chirped surface corrugation. Experimentslly, chirped gratings have
been etched on the surface of an optical 'waveguide and used to couple
light out of the waveguide, It was found that the light was focused
outside the waveguide, and the fraction of the power radiated into alr
compared favorably with the theoretical caiculation, The focal point
outside the wrveguide was found to move by about 1 cm when the
wavelength was changed by 500 A~in agreement with theoreticsl
estimates. :

I. INTRODUCTION

ERIODIC S$TRUCTURES, and in particular corrugated

structures, play a significant role in integrated optics [1].
Corrugated wavdguides serve as narrow-band filters, which re-
{fiect wavelengths which satisfy Bragg’s faw {2]. Such reflec-
tors may be incorporated in laser structures to form distribated
feedback lasers [3] or distributed Bragg reflectors [4]. Peri-
odic structures with longer periods have been used to couple
between guided n:odes and air, such as in the cases of irput
or output coupl: rs [S].

In this paper, we consider the problem of gratings with
large and monotoni. variation in th: period. We describe a
method for fabricating such chirped gratings, present a theory
for treating them, and present experimental results demon-
strating some of their unique applications.

II. GRATING FABRICATION CONSIDLRATIONS

The gratings are fabricated, as in the case of uniform grat-
ings, by the interference of iwo laser beams. The period chirp
is obtained by cylindrical focusing of ore of the two beams,
as shown in Fig. 1. The recording plate is located at the
x =0 plane, the angle of incidence of the plane wave is 6/2,
and the angle subtended by the collimated beam and the
bisector of the converging beam angle is 8. The interference
pattem is recorded over a distance L on the recording plate.
The converging wave is generated by a cyiindrical lens of
focal length f and width d, and the focus iz located at point
P(xg, 2p). . _

Simple geometrical calculations relate the focal line co-
ordinates with S, L, d, and &, namely

Manuscript recelved November 16, 1976 ; revised December 16, 1976.
This research was_gypoorted by AFOSR. The work of one af the
authors (1. B. S.) was supporisd in part by the Hertz Foundation.

The cuthois are with the Califorela Institute of Technology, Pasa-
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Lytingrical
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Fig. 1. Recording artangement and geometry for the fabrication of
chirped gratings.

{,.0)

-L cos yg + .
\" "2 e)
T 2en2e (¢ 2 m
and
L cos (¢ + _0_ 0
YT in2e OO (¢ ) 5) @
where

¢=tan™! (;f)

4
is the convergence hali-angle. We note that in (1) xgis always
negative, while 2, can take negative or positive values depend-
ing on the angles 8 and ¢.

The electric field in the recording plane (x = Q) is given by
the sum of the reference wave and converging one and is given
by

E(x=0,2)=A4 exp - tkz sin (8/2)
+taexpik {i(z - 1) +x3]'/%} 3)
where k= 2u/A is the wavenumber for the incident field, ang
A and a ave the amplitudes of the plane and converging wave,
respectively. If we assume that the transmission function of
the recording medium ¢ is propostional to EE® {6], and that
A = a, then

¢=B[1 +cos {kzsin (6/2)+ k/x~2,)F +x3}] (4)

where § is a proportionality constant. The period A for this
particuler grating is given by

e ——. P
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A

1\(1)’ . (S)

sin(6/2)+ — \/( _—V—_}-

In the paraxial approximation (z - 27)* <<x}, (4) and (5}
reduce to

k
r-ﬂ[l + cos{E%!z2 + (k sin (8/2) - -;;—f)z

+ kx +~h} 6 |
¥ 2%, 6)

The corresponding expression for (§) is therefore
A

sin{6/2)+ (z - z/)x,”

1t is seen from (1), (2), and (5) that the period variation

AQ) = Q)

Afz) depends on the F number of the lens {F = f/d), and that -

d i the angle subtended by the coliimated beam and the bi-
secior of the converging beam angle, A is the wavelength of
illumination, and L is the length of the grating.

The dependence of the period variation on F is illustrated
by Figs. 2 anc 3. In Fig. 2, the angle 6 is set at 60° and the
grating has a total lengih of 1 em. For various F numbers,
period variations from 0.8 um to 0.4 um are obtained. The
lower the F number the greaier the period variation; higher
F numbers result in simalier and more lincar period variations.
In Fig. 3, the angle 6 has the value of 90°. Here the maxi-
mum period variation is for an F =1 Jens and it extends from
0.45 10 0.28 pm over a distance of 1 em. It is noted thet
large values of 8 produce smaller petiod variations.

This particular point is illustreted in Fig. 4, where an £=
1.33 lens was chosen and 6 was varied from 45° 10 120°,
Again the groting extends over a distance of ! cm. It is seen
that with @ = 120°, the period varies only by 0.05 um, while
for 6 = 45° the period variation is 0.5 um.

The lintarity of the period variation as a function of grating
length L i shown in Fig. 3. ii should be noted that the
beginning and end period is identical for all values of L.
Again the F number is'1.33 and the angle 6 is 90°.

lll WAVEGUIDE Coum_mc

Chirpzd grating ctched onto a diclectnic wavcguxde results
in a simultaneous output coupling and focusing to a point
P(xy, 2)), which will vary as a function of the modes sup-
ported by the waveguide and the wavelength of the guided
modes.

Consider the gcomctry described by Fig. 6. When the

"guided mode i3 propagating unpertrubed in the _waveguide,

jts 2 dependence is given by €% where f=kn; cos 6.

When the wave reaches the perturbltion. the radiated mode
will have a z dependence given by e™*s*. At point 2= 0, k,
i glvcn by

k,(O) [ |2 7\“(6") _ , (8)

andatz=[

97
. 10 '—"._';“'r";—"*,‘~1“‘f‘—“ . v M _'T
&+ 60*
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Fig. 2. Perlod variation as a function of the F number of the con-
verging lens (F=f/d). The angle 6 « 60° is mmblc for variations

* of 0.8-0.4 um over s distance of 1 cm,
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Fig. 3. Pcnod variation s¢ 8 function of the F number. The angle 8
has a value of 90° and the range of period variation is from 0.45
to 0.23 um, again overs distance of l em.
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Fig. 4. Perfod variation ss a function of @ (the ang:. Setween the
plane wave and the bisector of the converging wave), The F num-
bey of tre len is 1,33 and the llumination wavelength is O 4579 sm,
The recording distance is kept conmm n 1om.
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A(L)

I can be shown that by 2) mntchins ‘the tangential com-
ponent of the electric field inside and outside the waveguide,
b) requiring that k? = k2 + kJ outside the waveguide, and ¢)
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Fig. S. Period varistion as a function of recording distance L. The

tcl amount of chirp Is the same for all curves; the linearity of
varietion s seen to improve for large values of L. Tha angle 0 1y
$0°, the F number Is 1.33, and the wavelength s 0. 4579 pm.
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Fig. 6. Geometry for a chirped grating etched on the top surface of
n wavcluido of index n). The substratc has an Index n;, »nd ny
i the Index of refraction of sir. A waveguide mode will focus
at paint P(x,, 7)), depending on the chirp of the grating and the
weovelength. .

sssuming that the transmission function for the grating is
given by (4), the light will focus outside at a point P(x,, z,)
gven by

2 x\o)L Vit -k le - Q10)

M KO VE - B - k(L) VEE - B (0) )
and

x,‘-'k -ﬁ__‘[()f“. : . . (11)

%,(0)

The fogusing effect and especially the vadation of the focus
as function of wavelength and period variation is illustrated by
Fig. 7. Taking n, = 1.565, ny = 1.51, ny = 1.0, and a wave-
guide thickness of d=1.35 um, the eigeavalue equation for
B was solved for wavelengths ranging from 43500 to 6500 A,
Having thus determined f for the unpertutbed waveguide, we
calculate &,(0), k(1) for various ranges of period variation.
It can be seen {rom this figure that u) the larger the period
varirtion the closer to the waveguide the locus of the focal
i the smaller the period variation the larger
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Fig. 7. Locus of the foci of various wavelenghts for diffzrent chirps.
The grating is located between 220 and 2= 10 em et x=0. A(Q)
is the longest pzriod and A() cm) is the shortest. The waveguide
mode is traveling in the positive z direction.

the separation between the different wavelengths and the
larger the distance of the locus of the focal points from the
waveguide, and c) if the average pesiod of the chirped grating-

_ Is increased the focus will shift towards greater values of 2.

IV. CALCULATION OF PowEeRr Quiryt
DISTRIBUTION FOR CHIRPED GRATINGS

In the previous secvion we discussed the characteristics of
the chirped gratings and some of their properties. To com-
plete our theoretical discussion we present a celeulation of
the actual power radiated into air by a chirped grating.

To analyze this problem we expand the electric field of the
perturbed waveguide in terms of the guided modes, the sub.
sirate modes, and the air modes. This work is essentially an
extension of Marcuse’s work [7), in so much that in our
case the wavegnide is no longer symmetric (we include the
substrate). Our notation and imethod are similar to his.

We present a closed-forra solution for the power radiated
into air by a chirped grating, and illustrate the solution with
examples of gratings where we vary the amount of chirp and
the wavelength of the guided radiation.

Consider the geometry and notation as presented in Fig.
8(a). Using the results obtained by Marcuse [8], we have
fot the TE guided modes

8, «Aetr, fax>0  (12)
-A[cosxx-'-:-sinxx], for0>x>-d
(13)

=A [cos Kd + —:~ sin ud] e"l(“"), for»x <-d (14)

where
K= (a]K? - g1)? (5)
y=(f? - nd&*)'\? (16)
5= (p* - nlx?)'/? amn
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Fig. 8. (a) Geometry for a diclectric waveguide. (b) Dielectric wave-
guide with a chirped grating etched on the top surface.

whese n,, 1z, ny are the indices of refraction of the wave-
guide, substrete, and air, respectively, k is the wavenumber in
air, and B describes the 2 dependence of the clectric field. It
should be noted that the factor €/*? e7#* has been suppressed
in (12)-(14). Furthermore, the constants &, 7, and & can be
detenined by the eigenvalue equation

_k(y+d)
k3-8

tan xd (18)

The amplitude of the electric field A is related to the power
carried by the mode, namely

4x? WP _

IB{d + 1/y+ 1/8](x® +87)

. sa it s
, yIRITA J,.. 1oyl o

A? 09)

where P is the power carried by the mode, d is the thickness of
the guide, w is the radian frequency, and py is the magnetic
permeability of vacuum.

These guided modes occur for kny <|fl < k. For the
vegion kny < |B] < kny the substrate modes cxist, and, finally,
in the region 0 <|B{ < kny the TE air modes of the continuum
occur. For the purposes of this discussion we consider the air
mode since we want to calculste the power radiated by the
waveguide into the air. Reference [8] gives the electric
ficld »s

&3 = C,[zos Ax + (0/A) Fy sin Ax]
forx >0 20)
=, (cos ox + F; sin ox)
for0ax»>-d (21)

= C, [(cos 0od ~ Fysin ad) cas 2(x + d)
+-§(sin od + F; cos od) sin px + d)),

forx<-d .(22)

a=(ndk - 1) (23)

o= (nik? - F2)12 4)

o= (nJk - g2y 12 (25)
where C, iz apain related to the power carried by the mode

4wpoP

3 & ——
T T

[(cos od - Fysin 0d)?

o e, o —
. T e e A rmwe. e

299
o
+ -;’- (sin od + F} cos od)?
-1
+ (1 + 1:— Fi) 2] (26)
143 P

and Fy cun be chosen arbitrasiiy. Following the conventional
procedure, F; and Fy are chosen so that the two radistion
modes are orthogonal to one another.
FI.I b l(G’ - D’)Siﬂ 20d]_l {(0’ - p’)cos 2ed
+(—§) (@ - 4%) ¢ [(o* - p7)

+ 2(p/aXa? - PIXo - &) - cos 20d

+ (P /AT Yo" - A‘)’l"’} @
where
PiGo- Y=g | 8300 £376) ax

Again the factor €' ¢7#" has been suppressed in (20)-
(22). In this work fis an inherently positive quantity.

Next we expand an arbitiary TE electiic field for the per-
turbed waveguide in terms of the discrcte guided modes and
the continuum of both substrate and air modes

2.0 L33
2~y

E,= 3, Cu2)8, +f £(p.2) 8(p)dp
discrete (]
tn,
+ 3 f H(p.2) 8*(pydp 28)
:v;; k(n} -n})

where &, are the discrete guided modes given by (12)-(14)
for the n vslues of B determined from the eigenvalues of (18).
Similarly, 8 are the air modes given agsin by (20)-(22),
whers even and odd refer to the choice of F; and Fy (27).
&% me the substrate modes which have not been presented
explicitly since they do not affect this calculation. It is to
be noted that the previous expansion for the totai electric
field £, is possible since the set of eigenfunctions is com-
plete. The calculation is simplified due 19 the orthogonality
of the modes ac a result of the choice of F;. Furthennore,
this expansion is similar to the one present in {7], as well
as the notation and the method used to solve this prohlem.

To determine the value of h(p, £), we substitute {28) into
the Helmholtz wave equation, raultiply by 8%, integrate over
x, and, using the orthogonality relations, get a differential
equation for h(p, z). This differential equation is then con-
verted into an integral equation following the procedures of
{71, namely

h{p.2) = Q(p) + R{p) exp 2ifz + i:_ﬂ

[ tew2ine - - 11 o Da 29)
1]

where - -

ke
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H(p,z)- _ﬂ___ [EC (z)f §8*%(p)An’8, dx
kn, -
g s 80
xn,
. : I} ? d L] ‘
An’g (p)dx+f;(":-";)‘l‘ ph{p, 1)
. -f_ 8*“(p) An*&%(p")dx (30)

where An? describes the deviation of the corrugated-guide
dielectric constant from that of a uniform waveguide. '

To solve the previous integral equaticn, we use the Bom
approximation. In cther words, we use C,(0) = 6y, instead
of Cy(z) and set g(p, 1) = h(p, 2} = 0, in (30), resulting in

2

H(p, )~2__tik;};f 8*%(p) An? §; dx. 31

In the next step, we assume that the perturbation of the
guide from its ideal shape is on the top surface of the guide,
as shown in Fig. 8{b). By taking 2 shallow grating and seiiing
x =0 in the previous equation, we get

-l - A () 840, 5.0) 86(0,2). (D)
Equstion (29) can then be divided into parts as follows:
t2 - — H(p,{)d 33
055 f (0. D)t @3)
.. 1 {* 1 :
h™ lR + ﬁ exp -2iBt H(p, ) d{J exp2ifz (34)
such that
h=k*+h",
\ Recalling (28), we note that the contribution to the total
l electric field arises from the product of A(p, 7)* &%(p, 1).
The z dependence of 8%(p, z) is ¢#*. If we consider the z
dependence of the product, then
. 1
{ k(p,2) &%(p, x)=h" exp -ifz + R+-—
(s depandence) 2ip

| ’ ‘ . f exp -2iBS H(p, b) d{] exp ifs.
[-] .

(33)

Then we can assoclate the h* part of the wave with the ampli-
tude of the forward-traveling radiating mode and the term in
brackets with the negative-traveling one.

The power radiated into air is given by

MR e e T RS

VR ekl M-Ma el
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AP) -/""lt
== - o .
( P /radintes !§n k(n! ~n)'lt Pl (o L)

into sir odd

18%)? dx
+h(p, O)] —————>. (36
1891 dx

The term involving the integration with respect to x gives
the fraction of the air mode radiated into the zir. Further-
more, the boundary conditions require'that

K (p,2=0)~0
. r
— =g [ Hena
h(s,2=L)=0 37D
'-[-Lf cxp-21ﬁ§H(p.§)d§]cxp2iﬁz. (38)
2'6 L ]

Using the previous conditions and (32), (12), and (20), we get
k*(ni - n3)

h*(p,L)= aionP 9, AC, 39
2

h(p.0)= ¥ ("' “;").»_AC, (40)

where
) .

¢.=¢.(ﬂ.L)‘f T(@)expi(f-F)2dz (41)

and
L . ..
6. 0.0.00= [ @ expiGaepo)ran “2)
[+]

Using (19) and (26) we can calzulate h*{p, L), namely
K (n] - n3)le.l’ ¢}
1Bo1[d + L/yo + 1/80] (k3 + 83) il

'h’(pl L)(P -
a
. [(cc_)s od - F;sin ad)? 4 F (sin od

+ Fycos od)? + (l + iﬁ) }_l (43)

where kg, 7o, 6°‘rel'er to the zero-order-mode solutions for
(15)-(18). '
Similarly
15, L l'1e.2 -
e ’

Finally, to calculate the fraction of the air mode radiated into
air, we use (20)-(22)

'h-(p: o)l ‘1 - (44)
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Fig. 9. Fiaction of mode po wer radiated into air per unit # a8 2 func
tion of # ot &y, where 6y is the angle of scatiering with respect to
the 7 axis (see Fig. 6) for various chisps. The area under each curve
represents the total power sadiated into air for & given chirp.
= a’ : C )
/f 18°1% dx o1 = (52)
0 1+ (oA R} 45 4
[ 1 4o} tw} (018 R @)
8% d .
1 R dxfean Y>0 atB-Fo<0 a+f-fo+27L>0  (52a)
where or
o +8-B8,>0 +f-B+27L < 52b
v = cos od - F; sin 0d @) T<0 atb-h Ctf-Bot27L<0  (52)
0 - ) (o}
W‘R-;(Sin(Jd'fﬂcosOd). (47) 7<0 ﬁ*ﬂo'ﬁ>0 °+ﬂo_ﬁ+27!‘<0 (52C)
Now, using (45)-(43) (3¢) becomes otherwise ¢, = 0.
Similarly,
AP) ’ a
= - |¢0| 4 |¢ ‘, ‘
( P [ yaiated into l l {-z:; .17 =— (53)
alr per unit 8 ) 4'7
. ol 5 (48) f
l(v:)’+(wo’+ud-[(v,)W(w.)’*;;x] 1>0 a-B-Bo<0 a-B-Po+29L>0  (532)
where oF
e ) <0 a-$-8,>0 a~f-Fo+27L<0 (53b)
=i+ AT ) (49) or .
and y<0 a+f+8>0 a+f+8+27L <0 {53¢c)
k*(ni - ng) k3 otherwise |¢_|* = 0.
§= (50)  These conditions, (522)-(52¢) and (53a)-(53¢), give the

18ol(d + ]/70 +1/Bo)xg +83)w

Equation (48) shows the fractional power radiated pe: unit
beta for an arbitrary perturbation on the 10p surface. Once
the p=rturbation is given, then ¢, and ¢. can be calculated.

For the particular case of the chirped grating with a trans-
mission funciion given by (4), f(z) can be written as

f(2) =asin (02 + 72*). 162))

Divect substitution into (41} and (42) and usmg the method
of stationary phase results in

range of f for which the guide radiates.

To illustrate (48), we present Fig. 9. The guide is 1.0 cmn
long, its thickness is 0.6425 um, xind the index of refraction is
n, ~ 1.55. The substrate index of refraction is n; = 1.52,
and that of air is taken to be ny = 1.0. The film perturbation
is of the form of (51) and a ‘vas chosen to be 0.01 um. The
calculation for the fundamental mode gave f; = 1.505 X 107
m™} coresponding to a wavenumber of 9.78 X 10° m™'. The
figure illustrates the fractional power output in the air per
unit § as a function of B for vartous chirps. We sce from the
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Fig. 10. Fraction of mode power radisted into air per unit g as a
function of 8 for & chirp of 0.33-0.295 um and various wavelengths.
The amplitude of the chirp is set at 500 A, and the corrugation ex-

tends oves a fength [, of 1.1 cm,

figure that the lower the chirp (curve 4) the narrower the
range of g distribution. In the limit of no chirp, we expect the
familiar §-function. For high chirp we have a wide range of §
distribution extending over moust of the theorctically possible
range (k, = 0 to k). The total power output radiated into air is
the area under the curves. For Fig. 9, it ranges fmm 10to 15
percent of the incideni-mode power.

It is important to note that in the actual calculation the
waveguide is divided into approximately ore hundred sections.
AP/P is calculated from the first section and then it is sub-
tracted from the total P. This new value of P is used as input
power for the next section, and so on. This enables us to
handle large power coupling and not be limited by the first
Born approximation.  This particular point is ilfustrated in
Fig. 10. The total power output radiated into air is greater
than 45 percent, due to the larger perturbation. In Fig. 10 the
film thickness is 1.35 ym and itsindex of refractionn; =1.565.
The substrate has an index of refraction n; = 1.51 and air ny =
1.0. - The guide is 1.1 ¢m long and again the perturbation on
the top surface is given by (51). In this case, a is 0.05 um, 2nd
the period varies from 0.295 to 0.33 um. The different curves
represent the fractional power output per unit £ for various
wavelengths. 1t can be seen from this figuie that different
wavelengths radiate over different and nonoveslapping firanges.

In additicn, we have calculated the fractionzl power (per
unit § radiated into air and substrate) and found that, as pre-
dicted by the theory [9], it is twice as large as the one radiated
into air.

V. EXPERIMENTAL RESULTS

As a first demonstration of a device based on chirved grat-
ings we chose a focusing output coupler. This grating coupler,
with variable period, was corrugated on the surface of an optical
weveguide, and was designated to focus the light a few centime-
ters away from the surface.

A layer of Comning 7059 glass which was sputtered on 3 glnss
substrate served as a waveguide. The 7059 glass was sputtered
using Techinics MIM Medel 5.5 jon-beam etching machine, re-
sulting in a layer of a refractive indéx of 1.565 and thickness
uniformity of about S percent. For the focusing experiment

we deposited a layer of thickness 135 pm (as measured by
a Sloap Dektak instrument).

Chirped gratings were fabricated on the surface of the wave-
guide as follows: a layer of undiluted Shipley AZ1359B photo-
resist was spin coated at 3600 rpm on the waveguide. After
prebaking, the photoresist was exposed to the interference
pattern of a collimated laser beam with a converging beam.
As detailed above, such interfe,eice pattern gives rise to
chitped gratings. We used the A =4579 A line from an Ar*
laser, and under the following conditions 8 =94.5, F = 133,
L =12 cm, we obtained gratings with periods varying from
0.29 to 0.33 um over a distance of 1.2 cm.

Typically the laser beam inteunsity was 0.6 mW/cm? (in each
leg) and the exposure time ysed was 60 s. Gratings of high
efficiency were obtained using an AZ 303 developer and 10-s
development time. It should be mentioned that the intensity
of Ar* las=rs is usualiy inferior to thst of He-Cd ones, and in
our experiment we had to use a fringe-stabilization system in
order o improve the peak.o. trmmh height of the phmoxcslst
gratings. ' J .-

The photoresist was next postbaked under vacuum for 30
min, and the waveguide was ion-beam etched through the
photoresist, at ion current density 0.1 mA/cm? and accelerat-
ing voltage of 1800 V, for 30 min. The sample was kept at an
angle of 30° with respect to the ion beam. The gratings thus
fabricated in the glass had a pcak -to- uoug,h height of about
S00 A. .
In the focusing experiment, we coupled light from an argon
laser into the waveguide using a prism coupler. The light
entering the corrugated section was focused outside the wave-
guide. The position of the focal point (x/, z;) was measured
experimentally for various lines of the argun laser. " The ex-
perimental points are shown in Fig. 11, atong with the theo-
retical predicted curve for this psrticular waveguide,

An output prism coupler was added at the end of the cor-
rugated vegion. The light intensity which was coupled out
was measured for two cases: a) light going through the cor-
rugated region, and b) light going through a neighboring un.
corrugated region. The ratio between the intensities in case
a) and case b) was feund 1o be 1:10,
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Fig. 11. Experimental and theoretical results of the focusing of the cor-
rugated structure used. The solid line represents the theoretical posi-
__tion of the focus as 3 function of wavelength., The solid dots repre-
sent the focus of the prominent lines of the Ar* laser. The lage
circles are the experimental points for these wavelengths as mes-

suied with a two-dimensional translation probe.

V1. DiscussionN

'n this work we have demonstrated first how chirped grat-
ingy can be fabricated in a phoiovresist laysr by the inter.
ference of a collimated beam with a converging beam, We
have calculated how the chirping varies with the various
parameters of the experimental setup involved. As one im-
portant spplication of chirped grating, we demonstrated the
focusing effect in A waveguide incorporating a chirped grating.
The thickness of this waveguide and the chirp were chosen so
as 1o focus the light about 6 cm away from the waveguide.
The theoretical calculations, which were verified experi-
mentally, show that the focal point moves by about 1.2 cm
when the wavelength was changed from 4579 to 5145 A. The
chirped-graiing structure theretore separates very well beiween
propagating beams of different wavelengtts, while focusing
them outside the waveguide.

Other devices, which are based on chirped gratings, can also
be realized. The first is a broad-band optical filter {10]. It
is well known [12] that a grating structure with 3 period A
will act as a2 selective reflector, and will reflect only wave-
length A that satisfies Bragg law A\/2n= A. The reflectivity
can be rather high if the depth of the corrugations and if the
length of the corrugated region are high. If the gratings have
variable period A(z), say between A, and A;, then all the
wavelengths A3 >A> X, will be reflected, provided A, =
2rnA, and Ay = 2nA;. The response of this broad-band filter
(i.e., reflectivity versus wavelength) can bhe changed by chang-
ing the chirp. Such broad-band filters may well be incorpo-
rated as reflectors in corrugated laser structuies such as DFB
lasers [3] or DBR lasers [4].

Another device, which may have a significant importance is a
beam splifter. It was shown [10] that if a guided beam of
wavelength A is incident on a corrugated region with an in-
cidence angle a, the becam will be deflected at an angle 2e¢,
provided N2n cos a= A, where A is the period and n is the

refractive index of the waveguide. The fraction of the in-
tensity that is deflected depends again on the corrugation
depth and the length of the corrugated region. 1If the cor-
tugated region consists now of chirped giatings with variable
period A(z), then a particular wavelength A, will be reflected
from a particular region where the period A, satisfies Bragg's
law Ay =7 [2n cosax.

A different A; will be reflected by A,, so that A; = ay/2n
cos c. Actually, Ay =A(z;) and A3 = A(z3), so that the two
wavelengths will be reflected from different regions, and they
will be separated spatially. And, therefore, if we have a beam
that consists of many wavelengths Ay, the chirped-grating
structure will demultiplex it. It is conceivable by this method
to demuitiplex a signal traveling in a fiber, and to send each
frequency component 1o 2 different fiber. If the dizcctions
of the previously menticned beams are reversed, the chirped
grating structure will act as a multiplexer. Beams of different
frequencies will be refiected now to a common direction, and
could then be focused into a single fiber. Such multiplexing
and demultiplexing experiments are now in progress in our
laboratory.

Chirped-gratings structures will undoubtedly be useful not
only in integrated optics but in other fields. One important
field is that of surface acoustic waves, where gratings with
variable periods have been made using clectron-beam writing
f111.
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Chirped-grating demultiplexers in dielectric waveguides

A. C. Livanos, A. Katzir, A. Yariv, and C. S. Hong

California Institute of Technology. Pusadena, California 91123
(Reveivad 17 January 1977, accented for publication 14 March 1977)

A wavelength-selective beamsplitter has been realized by fabuicating chirped (variable peiind) giating in an
optical waveguide. This beamsplitter can demultiplex a signal traveling in a lber and send each frequency

component to & different fiber.

PACS numbers: 42.80 Hg, 42.80.Lt, 42.60.Fc

the wavelength A, falls within the “forbldden” propaga-
tion gap. It is thus & tunction of the chirp rate and the
coupling constant, which {n a given wavepuide depends
on the corrugation height and profile,

We have recently described the fabrication of chirped
{variable period) gratings in dielectric waveguides®

and have demonstrated the use of these gratings in
fabricating focusing outpet couplers, ! In this work we
report the use of chirped gratings for the realization of

multiplexing or demultipiexing devices.

Consider a dielectric waveguide with a corrugated
region of period A, and & guided optical beam of wave-
length ) incident on the corrugated reglon at an angle
a fvec Fig. 1(a)]. The beam will be deflected’® at an A
angle 2a, provided Bragg's law A=2A/2ncosa is satis-
fied, whare n is the effective rofractive index of the
waveguide.

1 the corrugated region consists of a grating with a
variable period Az}, then it follows that ditferent loca- T T
tions in the corrugated waveguide will deflect different L T
wavelengths as shown in Fig. 1(b). A particular wave-
Jength A; will be refiected from that pari of the chirped
grating where the porliod A, sxtisfies the condition

A, = 7/2n cosa, while a (different) wavelongih A, will
be reflectad from the portion of the grating where tie
period A, satisfies the condition Ay=),/2ncose. These

two wavelengtha, which initially occupy the same beam, FIG. 1. () Beamaplitting in 2 dieleciric wavegulde with a cun-
are thug deinuitiploxed, i.e., sepirated spatially. The atant grating periad A, () Bermsplitting ud dymultiplaxtng in
a dlelectric wavegulde with chirped [variable period Adx})

fraction of the light of wavelangth A, that is reflected
depends on the length of the waveguide nection for which grating.

Apglied Physics Lotters, Vol. 30, No. 10, 16 May 1977
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To fabricste waveguides we used an ion-milling sys-
tem, and sputter deposited a wav . guiding layer of 7052
Corning glass on No. 3010 Clay -Adams microscope
slides. The samples were cleaned according to the
method deseribed in Ref, 4, and the back surface was
painted flat black, A layer of AZ-13508 photoresist
was ther deposited, and after 30 sec was spun at 3600
rpm for 30 sec. This was fullowed by buking for 30
min at 12§ °C,

The chirped grating was recorded in the photoresist
by expusing the latter to the interference pattern of a
collimated laser beam with a converging one, gencrated
by a cylindricul lens, The chirping depends on the
angle between the illuminating beams, the wavelength,
the F number of the lens, and the position of the lens
with respect to the sample, !

For this experiment we used an Ar® laser at the
4579-A line. The angle between the collimated beam
and the bisector of the converging beam was 85°, The
F nuniber of the lens was chosen to be 2,66 and the
pattern was recorded over a distance of 9 to 14 mm,
This arrangement resulied in a total period variation
of 8 to 107, over the grating length. The samples were
exposed for 65 sec and the power per beam was 1,2
mW/cm?, Subsequently they were developed for 10 sec
in AZ-303A developer and rinsed for 2 min in deionized
water. They were vacuum baked at 100 °C for 30 min,
and then the chirped-grating pattern was {ransferred
onte the waveyuides using the same ion-milling
machine.

In the first experiment reported here we have used a
single mode waveguide of thickness 0.85 pm, as mea-
sured at & number of points by a Slorn Dekiak machine.
The thickness uniformity was better than 15%,. The
total period variation of the chirped grating was 2930
to 3210 A over 2 distance of 8.5 mm, normal to the
grating lines, and it was determined from the diffrac-
tion angle of an exterually incident Ar* laser beam.
The peak-to-trough height of the corrugations in the
glass was approximately 500 A.

In the demonstration oi wavelcngth demultiplexing we
launched the tunable ocutput beam of a cw dye laser into
the waveguide using a prism coupler, The angle a be-
tween the propagating beam and the grating was adjust-
able, and was chosen to be approximately 48°,

It was found that for yellow light, the light Is refiect
¢d from the ieft side of the chirped grating, and as the
wavelength incroases the reflected beam moves to the
right. The refiaction at two distinct wavelengths 6070
and €270 A is shown in Fig. 2(a). These beams are
separated spatially by 4 mm. Figure 2(b) shows the
outline of the grating, as well as the positions of the
refliacted beams.

To measure more quantitatively the ¢ coordinate of
the location where refiection occurred as 2 function of
wavelength, © second experiment was performed,

A 0,05-pura wavegulde with surfli.ce uniformity better
than 5%, was used, The effective index of refraction of
the waveguide was measured with conventional prism
coupling methods and was found to be 1,531 0.01, The

520 Appi. Phys. Lett,, Vol. 30, No. 10, 15 May 1977
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FIG. 2. (a) Double-vagmrure photegravh showing the reflection
of two different wavelengths from two different locatfone tn a
chirped-grating beameplitter. @) Schematic representation of
the exporiment shown in Fig, 2(a), The dashed lines outline the
corrugated regton and the solid ones outline the Iaser beams.

period variation as & function of distance was measured
as before and was found (o vary from 2975 to 3360 A
over the total distance of 9.9 mm, This variation was
Mnear over the region of interest of 3,5 mm and ranged
from a low of 29754 10 & to & high of 3105410 A, By
measuring the diffraction efficiency of the Ar® beam
used, the peak-to-trough heighi of the grating was
estimated to be 400 A, The angle a betweon the inci-
dent beam and the grating was measured to be 50° £ 1°,

The dye laser was tuned frem 6030 to 6300 A and the
tocations of the reflection of different wavelengths
were determined by using a traveling telescope mounted
on a translation stuge. Since the period variation A as a
function of £ was already known, we could now corre-
late the wavelength A, and the period A, that caused
reflection. The plot of A as & function of A is shown in
Fig. 3.

The r i lina plot of A versus A agrees with
Bragg's law A =A/2ncoaa, From the slope of the line
and the measured incidence angle a=50" 2 1° we cwl-
culats an effective index of refractionn=1.53+0C. 1 in
sgreement with the value determined, independently,
by the prism coupling method,

As a rough estimate of the reflection at a given wave-
length we use the expression {or the power reflection

Livanos ot o). ' B0
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FIG. 3. The dopondonce of reflected wavelength A on the period
A st the reflection reglon. The stralght line plot ugrees with
Bragg's law A =7\/2n cosn,

at the Bragg condition fromn a corrugated section of
length L of & diclectric waveguide

R =tanh'(x,L), (1)
where x, is the Brayg Ith-order coupling constant.® In
the case of » corrugated waveguide we roplace L by Lo
which is taken as the length of the waveguide section in
which the period A(z) {alis within the forbidden propaga-
tion gap. The range of A which is within the forbidden

gap i3

Al
- \
(ah)s 8unlcos¥a * (2
Assuming a linear chirp
A(2) = Ay + az, (3)

we find that the distance over which the period varies
by (aA), is

L= X Al
" Bran' cos’a : ()
which when substituted in Eq. (1) gives
1,1
[ XAl
Rmtan’ gt cos’s ©)

uMﬂu Letiers, Vol, 30, Ne. 1_0. 16 Muy 1977

for the reflectivity at A,

From the corrugation depth and the waveguide param-
etera we obtain &, =100 cm™, a~2%10™ which leads to
R =0,50. This value does not clash with the visual ob-
servation of roughly equal power splitting by the grat-
ing. Quantitative determination ol R was thwarted by
excessive waveguide scattering. An examination of
Eq. {4) shows that in practice values of R between zero
ond unity are obtainable by controlling the coupling
constant ¥ and the chirp constant a. We note that «,
is a decreasing function of I {typically x,x ') so that
the raflectisn will tend to decrease with increasing
Bragg order,

In this work we demonstrated the fabrication of a
chirped-grating beamsplitter in an optical waveguide.
The beamspiitter reflects light in the plane of the wave -
guide, and separates spatiully beams of differenl wave-~
lengths, As a device, this beamsplitter can demultiplex,
according to wavelength, 2 signal travellig in a fiber,
and send each frequency component to 2 differeat (iber
or detector. If the directions of the beams are rr-
versed, the same beamsplitter can be used for multi-
plexing, thus combining beams of differant frequencies
into a single beam,
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Linearity and enhanced sensitivity of the Shipley AZ-1350B

photoresist

A. C. Livanos, A. Katzir, J. B. Shellan, and A. Yariv

The properties of the Shipley AZ.1350B positive photoresist used with the Shipley AZ-303A developer were
investigated. It was found that the use of AZ-303A develaper results in a significant improvement of the
sensitivity and the linearity of the photoresist. The unexposed etch rate of the photoresist was 35 A & & A/
sec. Gratings of high efficiency have been successfully fabricated using the above cambination of photores-

ist and developer.

Current work in integrated opties requires the fab-
rication of relief grating structures on photoresist and
the subsequent chemical or ion beam etching through
the photoresist.? 1f the period of the grating is to be less
than (.4 um the Shipley AZ-13508 photaresist is com-
monly used. The properties of this positive acting
photoresist have been examined in detail,2® and it was
found that the phetoresist exhibits strong nonlinearity,
especially for etch depth ranging from 0.05 um t¢ 0.2 ym.
Bartolini*® first showed that a different developer,
namely the AZ-303A, used with the old AZ-1350 pho-
toresist (now replaced by the 1350B) results in an
unexposed resist etch rate of approximately 200 A/sec,
removes the nonlinearity, and improves the sensitivity
by afactor of 20r 3. Linearity and speed or sensitivity
are always of practical interest.57 Norman and Singh?®
have studied the characteristics of the AZ-1350J resist
(which has replaced the old AZ-1350H) used with the
AZ-303A developer and report resulis similar to the
ones presented in Ref. 5. Tt is the purpose of this paper
to show thet the AZ-303A deveioper can be used with
the AZ-1350B photoresisi resulting in improved sensi-
tivity and linearity and unexposed resist etch rate of 35
+ 5 A/sec.

Bartolini® has shown that for a positive acting pho-
toresist the following relationship exists between etch
depth Ad and exposure E (in units of energy per unit
area):

Ad = T[ry = ar exp(~cE}}, (10

where T is the development time in seconds, ¢ is the
exposure constant characteristic of the photoresist, ry
is the rate of etching of exposed molecules, rpis the rate

The authoru are with California Institute of Technology, Pasadena,
Californis 91125.
Received 27 November 1976.

of etching of unexposed ones, and Ar = (r; —-ry). If the
term cE ismuch less than 1, Eq. (1) can be linearized as
follows:

Ad ~ ArTcE 4 ryT. {2)

In this work we determined the parameters involved
in Fq. (2) for the Shipley AZ-1350B photcresist used
with the AZ-303A developer,

"I'he sampies used were NG, 3010 microscope slides
made by Clay Adams, which, cut in half, resulted in a
size of 38 mm X 25 mm X 1 mm. The samples were
cleaned accerding to the method presented in Ref. 8,
and for some experiments the back surface was painted
black with 3M Nextel 101-C10 velvel coating. The
AZ-1350B photoresist was then deposited in a single
layer, and after 30 sec it was spun at 3600 rpm for 30 sec,
The samples were baked, next, for 30 min at 100°C.

The first experiment involved the determination of
the etcli rate of the unexposed resist as a function of
development time for various solutions of AZ-303A
developer with distilled water.  For this purpose the
samples were half immersed in the developer for the
required time, rinsed with deionized water for 2 min,
and ther. baked under vacuum at 100°C for 30 min.
The step size was measured using a Sloan Dektat in-
strument, and the results are shown in Fig. 1. The 4:1
solution (four parts distilled water, 1 part AZ-303A
developer) gave unacceptsbly high etch rates, and the
8:1 gave low and nonlinear ones. We chose the 6:1
dilution for all our experiments, since it exhibited a
linear behavior and an acceptable etch rate of ry = 35
A 1 5 A/sec. The development time chosen for the
subsequent experiment was 10 sec.

For comparison, we performed the same experiment
using the Shipley MF-312 developer. This developer
is free from trace-metgllic elements and is commonly
used in the fabrication of photoresist gratings in semi-
conductor substrates. Figure 2 shows the unexposed
etch rate as a function of development time in minutes
for the manufecturer’s recommended dilution of 1:1. In
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Fig.1. Etch depths in pm of unexpased AZ-1356B photoresist as a

function of development time in seconds for various dilutions ratios

of AZ-303A developer. The slope of the curves determines rq, which

for the 6:1 dilutionis 35 A £ 5 A.
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Fig. 2. Etchdepth in um of unexposed AZ-1350B photoresist as a
function of development time in minutes for M¥-312 developer. The
1:1 dilution resubts inra =5 A 2 1 A,
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Fig. 3. Thickneas change ad in unv of AZ-1350B photoresist ps a
function of exposurs & in mW/em®. The circles ropresent the AZ-
303A developer, and the squares represent the MF-312 duveloper.
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Teble |, Unexposed Etch Rate for AZ Photoresists and
AZ-303A Developer

Unexposed AZ-303A
Photoresist etch rate dilution Reference
AZ-1350 150 A /yec 41 4.5
repiaced by
AZ-1350B 35 A /sec 6:1 This paper
AZ-1350H — — —
replaced by
AZ-1350¢ 200 & /jsec 6:1 8

this case rois 5 A & 1 Afsec, which is a much lower etch
rate than the one for AZ-303A developer. If resist
thickness is small, if long exposure times are acceptable,
and if linearity is unimportant, this may indeed be a
better choice.

The results for the different resists using the different
dilutions of the AZ-303A developer are given in Table
I

To demonstrate the thickness change as a function
of exposure time, the 0.4416- um line of a He-Cd laser
was used to illuminate half of the sample. The back
surface of the sample was coated with black paint to
avoid interference fringes. The intensity distribution
of the lascr was better than 5% across the surface of the
sample. The photoresist was exposed for a given Lime
and then developed 10 sec in the AZ-303A developer 6:1
dilution. Figure 3 shows the thickness change as a
function of exposure energy. 1t can be clearly seen that
the behavior of the photoresist in the important 0.1~
0.2-um range is linear. In contrast, the MF-312 devel-
oper gave very small thickness changes for the same
range of exposures. In order to verify that the stylus
of the instrument was not scratching the surface, the
same samples were aluminized and then tested.

To demonsirate the feasibility of using AZ-1350B
photoresist with the AZ-303A developer in making high
efficiency gratings, the following experiment was per-
formed. Photoresist was spin-coated on samples at
3000 rpm, resulting in a resist thickness of about 3.1 pm.
The gratings were gencrated by exposing the samples
to the sinusoidal intensity distribution produced by the
interference pattern of two collimated Ar? laser beams.
The wavelength used was 0.4579 um, the angle between
the beams 94.5°, and the intensity per beam 0.60
mW/cm? The exposed samples were developed in
AZ-303A developer, baked under vacuum, and the ef-
ficiency of the gratings was measured. Figure 4 shows
the absolute efficiency of the gratings as a function of
exposure for two different development times. It is
clear that high efficiency 23% resulted by developing the
samples for 10sec. To verify the theoretically predicted
period and the peak to trough height, a scanning elec-
tron microscope was used. The period was mesasured
to be 0.3] um, and the peak to trough height was 0.28
Hm.
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Broad-band grating filters for thin-film optical waveguides®

C. 3. Hong, J. B. Shellan® A. C. Livanos,®! A. Yariv, and A. Katzir®

California Institute of Technology, Pasadena, California 91J25

(Received 16 May 1977; acczpted for publication 17 Junc 1377}

Broad-band grating filters have been fabricated on glass thin-film waveguides angd evalutted with a tunable
dyc laser. Measured and calculated filter responses were found to be in good agreement. Grating filters
with bandwidths of 300 and 150 A, and reflectivitics of 18 and 40%, respuctively, are reported.

PACS numibers: 42.80 Cj, 42.80.Lt, 42.80.Fn, 42.8%.+u

Gratings on the surfaces of thin-film optical wave-
guides have beep used in a variety of applications such
as couplers, ' beam splitters,? and filters™* in integrat-
ed optics. The grating with nonpuniform period (chirped
grating) has been the subject of current theoretical in-
terest. ¥ ¢ Recently chirped gratings fabricated on thin-
tilm waveguides as output couplers' and wavelength
deraultiplexers® have been demonstrated,

In this work we report the use of chirped gratings
for the realization of broad-band optical filters in
thin-{ilm wavepguides. Chirped grating corrugations
were fabricated on sputtered glass waveguides using the
procedure described in Ref. 7. A tunable dye laser was
used to measure the wavelength dependence of the
filters’ reflectivities, Bandwidths of 300 and 156 A and
reliectivities of 18 and 40%, respectively, were
achieved. These values were In agreement with calcula-
tions based on measured waveguide and grating
parameters.
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Consider a thin-film waveguide supporting only the
fundamental mode. A surface corrugation gratiug with
a period equal to half the wavelength of the guided mode
will cause the normally incident mode to underg? re-
troreflection.? The analysis of this problem uses the
coupled-mode theory. *® In a chirped grating whose
period A varies as

2n/A(2)=20/A(0) ~ 2ye,

the coupled -mode equations become

O<z<L, (1)

A .. e
iz i0A = - ixB explive?), (2a)
g—:-?- 4 {08 = ixA exp(- ire®), (2b)

A and B are the compiex amplitudes of the incident and
reflected modes under consideration. « is the coupling
coefficient, which depends on the profile and the depth

Yuroble
Oye Laser

S o

FIG. 1. Schematic of 1iltar evaluation setup.
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T1G. 2. Reflectivty versus wavelength for three grating fil-
ters, O represeris filler 1; © represents filter 2, A narrow-
band filter ({ilte. 3) (58 also shown and detniled {n the (nset.

of the grating corrugation. 8 is a phase mismatch factor
and {s defined by

6=%/A(0) - B, &)

where 8 is the propagaticn constant of the uncorrugated
waveguide mode. The point where the Bragg resonance
concition 25/A{2) — 28 = 0 is saticfied ¢hall be referred
tc as the Bragg point, 2,= 86/, Equations (2a) and (2b)
can be combined to give second-order differential
equaiicus for the incident wave A and the reflected wave
R. The solutions of these equations are the parabolic
cylinder functions.!® By matching the boundary condi-
tions {ox 4 and B and using the asymptotic expansions
fors the parabolic cylinder [unctions, we obtain the ex-
pression {e.: reflectivity

R=1-exp(~rxl/y). )

This asymptotic expansion is good {for cases when the
Bragg point is far {rom the grating edges, i.e., 5x/y
<1p<L -5x/7." However, for large chirps the incident
mose is coupled into the reflected mode only over a
portion of the grating Yength, and the resulting reflec-
tion may be small. Under these conditions we may set
B=0 in Eq. (2a), solve for A, and use this approximate
soluticn of A In Fq. (2b) to soive for the rellected wave
B. We account {or residual waveguide losses by replac-
ing & everywhere by 8 4+ {ia, where « is the {intensity)

TABLE 1. Summary of data obtained {rom three grating filters,

loss constant.' Xmposing the boundary condition B(L)
=0, the solution of Eq. {2b) using the approximation
desarioed above {s

Z
B(O)L--tf' k(2) exp(-iye?) exp[2i(6 + }ia)r)dz, (5)
Carrying out the integration leads to a reflectivity

R=[B(0)]Y > [x(eg)i/y)exp(- 20z,) M 0<2y<L

' 0 otherwise, (6)
In the experiment a glass waveguide was [abricated by
sputter deposition of a layer of Corning 7059 glass on

a glass substrate. A Shipley AZ-1350B photoresist film
was spin coated on the waveguide, The chirped grating
was recorded in the photoresist film by exposing the
photoresist film to the pattern produced by the inter-
ference of a collimated laser beam and a cylindrically
focused beam derived from the same laser." Ar Ar*
laser line at 4579 A was used. The exposure of the
photoresist film took place inside a xylene bath, thus
reducing the laser vacuum wavelength by 1.51, the
index of refraction of xylene. Periods of ~1950 A were
thus obtained, The F number of the cylindrical lens was
chosén 50 that it resulted in a desired period variation
over the grating surface whose length was 10 mm, The
photoresist grating was then transferred to the wave-
guide surface by fon -beam etching. To evaluate the
chirped grating fiiters, the output beam from a tunable
dye lascr (linewidth ~0.5 A) was Jaunched into the
waveguide by & prism coupler. This prism coupler also
served as the output coupler for the reflected waveguide
nmiode, The incident and reflected waves were separa.ed
by a beam splitter, and their relative power ratio was
measured. The experimental setup is sketched in Fig.
1. In a chirped grating di{ferent wavelengths are re-
flected at different points along the grating. The light
is launched intc the short period end of the grating so
as to minimize losses due to coupling into substrate
radiation modes. As a result, longer wavelengths
penetrate further into the grating and thus undergo a
larger attenuation due to the residual waveguide loss.
This loss o was determined and the observed reflec-
tivity at A was multipiied by the (actor exp][2az,(1)] to
odtain the inirinsic filter reflectivity, The logs-cor-
rected spectral responses for two grating filters with
different chirp factors are shown in Fig. 2. Also shown
in Fig. 2 for comparison is the response of a uniform-
period grating filter (1 ram long) whose band -limited
characteristics is presented in the inset. The ability to
tailor-design the bandwidth of an optical filter is thus
manifest,

Effective index

Period Length Corragation Waveguide of rofraction Wavelength

(A w) depth () thickness (! st A=$950 A®  response _ Bandwidth Reflectivity
Fllter 1 Chirpsd 1905-2005A 1C¢.mm 350 0,77 pm 1.524 5810--6110 A 300A 18%
Fiter 2 Chirped 1825-1575A 10mm 400 A 0. 85 jn 1,524 5876—6020 XA 150 A 0%
Flter 3 Unlform 18554 1mm 250 % 0.00 pm 1,519 5946 A 44 80%

period

n,~1.51, ny~1.54, n,~1.

mn Appl. Phys, Latt, Vol. 31, No. 4, 15 August 1977
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The measured parameters of the three Hiters are
‘sustmarized in Table I. The bandwidths 2re in good
agreement with the design values, while the measuied
and calculated values of reflectivity are within 10%.

In conclusion, we have demgnstrated the fabrication
of chirped grating filters in thin-film optical wave-
guides, The control of the waveguide, corrugation, and
chirp parametcrs leads to band rejection filters whose
response conforms «closely to design values,

The authors wish to acknowledge the gssistance of
D.R. Armstrong.
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Simultaneous exposure and development
of photoresist materials:

an analytical model
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Positive photoresist plays an important role in fabricating
a variety of devices, including diffraction gratings. The
conventional method for making such gratings is to expose the
photoresist to the interference pattern of two collimated laser
beams, and then in a separate step to developit. Tsangand
Wang! proposed a new technique in which they exposed and
developed the photoresist simuitaneously. We shall refer to
this technique as the SED (simultsneous exposure and de-
velopment). This technique enabled them to reduce the ex-
posure time and hence increase the SNR of the image in sit-
uations requiring large exposures. In addition they succeeded
in producing gratings of deep grooves and narrow lines. In
what follows, a simple analytic model for the SED method is
described. ‘The theoretical calculstions are compared with
experimental date.

Positive photoresist materials are composed of two major
components: a base resin and a light-sensitive inhibitor
compound. Photodecomposition of the inhibitor molecules
during the exposure decreases its concentration and, as a
congequence, increases the etching rate during develop-

ment.
The rate at which the inhibitor concentration is reduced by

2612 APPLIED OPTICS / Vol. 16, No. 10 / October 1977

exposure to light can be described by?3
AM(x,t) aMix.t) I{x.t) .
-~y {1
ot hy

where

x = depth in the photoresist film,
M = inhibitor conc wntration (cra™3),
I = light intensity,
» = quantum efficiency,
a = absorption cross section of inhibitor molecules
{cm?), and
» = light frequency (sec™1).

Equation (1) can be rewritten

M (x.t) - M(x,t) , @)
at T{x,t)
where the decompositionr time 7 is defined as
. -1
(xt) = [Eﬁz(x,:)] . @
ke

7 is an important parametei: It contains the interaction be-
tween the light and the photoresist.

If we keep the source intensity constant and aM (x,0)f «
1, where f is the film thickness, we may take {x,t) = Jo. In
this case 1 is independent of x and ¢, and Eq. (2) is easily
solved. If the exposure starts at¢t = ¢, thenatt = T

M(x,T) = M{x,0) exp(~T/) )

In the conventional method during the development step,
which follows the exposure, the photoresist is being etched at
a rate which depends on the local inhibitor concentration. 1f
the etching rate of unexposed photoresist is rg(um-ssc~?) and

3
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that of fully bleached is ry (um-sec™?), the development pro-
cess can be modeled by

dx .- Ar M(x,T
do T MGx.0) ®)
where Ar = ry — rgand T = the exposure time. In the ap-
proximation of I{x,t) = Jo, Eq. (5) becomes?

Lo = [ry = &r exp(--T/1)|D: 6)

where Lp is the thickness of the photoresist layer removed
during development time D).

In the SED technigue a substrate coated with positive
photoresist is immersed in the deveioper while exposed. As
a result, the photoresist is exposed and etched simulta-
neously.

b Following Eq. (5), the etching rate during SED is given
y

dx M(x,t)

@ T M e M
which, far the approximation I{x,t) = I, becomes

dx

I' ry = Arexp{—t/1}- (8)

I SED is started at t = 0, then st ¢ = 8 the thickness of the
photoresist layer which has been removed is

Ls =8 — Arrll ~ exp(~S/n)). 9)

If after following the SED step the exposure is turned off and
the photoresist remains in the developer for a time D (i.e.,
canventional development), using Eq. (6), the thickness of the
removed layer is

Lr=Ls+Lp=rS+rD+ &r(l ~ exp(-S/7)}] (D - r). (10)

The difference in -height bet ween the exposed and the unex-
posed areas isis

ALwLy-ry{S+ D)= arlS+ (D - 1)1 - exp(--S_/v)]I. Qan
Definings 2 §/1,d = D/1, Al » AL/Arr,
Al ={s + (d - I)}|1 - eapl~s)]i. (12)

Equation (12) describes the SED process and & following
conventional development, independently of light intensity
and develeping narameters, provided Eq. (8) is valid.

To compare the theory with experimental data, Shipiey
13504 positive photoresist in AZ-303A developer® was chosen.
Earlier work by Bartolini? suggested that this photoresist-
developer system satisfied Eq. (6) (for conventional exposure
and development). A glass substrate ceated with Shipley
1350J positive photoresist was immersed in AZ-303A devel-
oper, contained in a rectangular liquid gate with walls made
of optically fiat glass. The expased region of the photoresist
was uniformly iluminated by a 4579 = A argon laser beam.
The photoresist film thickness was initially 50 um. To
compare eaperimental data with Eqs. (11) and (12) the plate
was partially covered, such that only half of it was exposed to
the laser light, while the whole plate (including the unexposed
half) was immenrsed in the developer. As the plate was illu-
minated, the exposed half was simultaneously exposed and
developed, while the covered half was developed only. The
thickness difference between the two halves was measured
using a Sloan Dektak instrument. The intensity used in the
experiments was ~5.3 mW/cm? (on the photoresist) surface).
The developer was diluted in 8 1:6 ratio.?

For the theorstical calculations the values of v, o, and Ar
are needed. Broyde® has found 5 = 3.2% and o = 5.9 X
10-Vcr? (measured at 3654 A). Bartolini? bas found Ar =

25
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Fig. 1. Difference in etched depth between exposed and unexposed

Shipley AZ-1350J) photoresist in AZ-203A developer: (a) for varying

SED time followed by constant conventional developing time (D =

b sec); (D) for coustant SED time (8 = 7 68 sec) followed by varying

conventional developing time. The solid lines are calculated using

Eq. (12) withs = S/r.d = D/r, v = 37.7sec, I, = 5.3 mW/em?, Ar =
0.1 ym/sec.

0.1 pum/sec. These values fit our measurements within the
experimental error, and no effort was made to measure them
directly.

The theoretical model and experimental data are compared
in Fig. 1.

In Fig. 1(a) the SED duration is varied, while the conven-
tiena! developing time is constant and smell (5 sec, the time
required to remove the sample from the liquid gate and rinse
it in deioinized watgr). Thie cace is the most important one
becase it represents the regular use of SED. 1t is to be noted
that here the agr: ement between theory and experimental
data is good even when the removed layer is quite thick (for
instance, the experimental point fors = 1.4, {r = 37.7xec, §
= g7y = 52.8 sec) corresponds to AL = 2.8 um or total etched
depth of Ly = 3.7 gm, using?rg = 0.015 um/sec). InFig. 1(b)
the duration of the SED is constant and siall while the fol-
lowing conventional developing time is varied. As expected,
since the theoretical model does not take into account the
nonuniform distribution of the light intensity through
thickness of the photoresist, the theoretical predictiun does
not sgree with the experimental points when the development
time is long (thick photoresist layer).

The exposure energy and the etching rate as a function of
depth can be calculated.

Consider a layer at depth x which is removed at t = S(x).
The exposure energy at that depth is

Six)
E(x)-"; 1) dt e 1,S(x). (3

Define e(x) ® E(x)/[o7 and § = x/Ary. Equation {13) be-
comes

Octoosr 1977 / Vol. 16, No. 10 / APPLIED OPTICS 2613
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Fig. 2. Normalized etching rate [1/Ar/(dx/dt)] and exposure
energy (¢« = E/I,1) as a function of depth {using? ry/Ar = 1.15).

e (§) = 3(8). (14)
From Eq. (9),

t- (;—‘r.u) -~ expl—t(f)]l). 1s)

From Eq. (15) the axposure energy as a function of depth can
be found. Once ¢(£) is known, it can be used, together with
Eq. (14) and Eq. (8) to calculste the etching rate (dx/dt) as
a function of depth.

The normalized exposure energy [e{{)] and etching rate

are plotted in Fig. 2.
As is expected, in the SED process, both the exposure en-
ergy and the etching-rate increase with depth, since each layer

. is exposed to radiation until it is etched. Thig is mn contrasi

to the conventional method, where the deeper the layer the

2614 APPLIED OPTICS /' Vol. 16, No. 10 / October 1977

smaller the exposure energy and, hence, the smaller the
etching rate.

1t is interesting, and important, to note that while in the
conventional method the difference in etched depth between
the exposed and unexposed photoresist is linear with the ex-
posure time (and energy) for /7 <1 [sec Fg. (6)]. in the SED
method it is linrar with SED time for (S/1) > 1.

In conclusion, a simple analytic model was applied to the
simultaneous exposure and development of positive photo-
resist. The model has been confirmed to be in zood agree-
ment with experiment under the following conditions.

1. Shipley 1350J positive photoresist in AZ-303A devel-
oper,

2. up to 5 um thickness of photoresist,

3. uniform illumination, and

4. short conventiona! developing time.

The validity of the model, for other types of photoresist/
developer systems, is under investigation.” In addition, its
application to grating fabrication is studied.

The authors thank D. R. Armstrong for his assistance. This
work was supported by the National Science Foundation, by
the Office of Naval Research, and by the Air Force Office of
Scientific Research, —_—
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