
r e— — -
I AD—AO 3M 679 HOICYWELL CORPORATE RESEARCH CENTER BLOOMINGTON MINN F/s 20/6

STRAIN IPCUCED WAVESU IDING IN OPTICAL MATERIALS FOR INTEGRATED —ETC U
DCC 76 0 CHIN. S KOCPI(E. C KNUDSON NO0Olli~75~C~ jO97

t*CLASSIFIED I#—N702*
I

.. . 
_ _____

I f l M U SE  
LI _U _

_ _ _  _ _

_ _  

__ILP1 IL~~.r~a



.if ~ I~~ I~2& ~~~l.u L~
_ _  

2.2

~ ~~

• I ~~

HH~1II•il’ .25 
~ ~

MICROCOPY RESOLUTION TEST CHA$~T
NAflONAL BURFIAU OF STAN DA RDS - 1963-A



STRAIN INDUCED WAVEGUID ING IN

OPTICAL MATERIALS FOR

INTEGRATED OPTICS APPLICATION

by

D. Chen, B. Koepke , C. Knudson and G.B. Hocker

Honeywell Inc.
Corporate Resea rch Center

Final Technical Report
— 1 May 1975 to 30 September 1976

• ~• IJOC
—

U JAN 21 i~ T1

December 1976 Th1r[cL~
)

-

Resea rch Supported by
Office of Nava l Resea rch

Ar lington, Virginia, 22217
Contract No. N00014-75-C-1097

N~~~~~~~~~~~~ A

i Approved for public ieleaSe~

L~~~~~ u~
n U

~~~
t
~

r~~.



rw
I 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _
5~ECURITY CLASSIFICATION OF THIS PAGE (WHEN DATA ENTERED) 

______________________________________

BEFORE COMPLETING FORM
RT NUMBER

: 
REPORT DOCUMENTATION PAGE READ INSTRUCTIONS

12. 
00V1 ACCESSION NUMBER ~.-BL~IPtENT5 CATAL OG NUMBER

ST~~~IN INDUCED WAVEGUIDI NG IN OPTICA LI
in ~ ~~~~~~~~~~~~~~~ ~

) COVERED
Final ~~~~Ii May ~~7 5 — 3 Ø  Sept~~~~~tMATERIALS FOR INTEGRATED OPTICS ________________________

—---- —
~~~~~~~~

j  APPLICATION . ~~~~ N~~~~~ MT NUMBER

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~ 4 7fi2 4
LadrITJL..ST 3* 3*.,I..~ NUMBER(S)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _ _ _ _ _ _ _ _ _

_~~~~/~~ocke r

i 9. PERFORMING ORGANIZATIONS NAME/ADDRESS 10. PROGRAM ELEMENT PROJECT ,TASK AREA

Honeywell Inc ., Corporate Research Center y aw ORKUNIT NUMBER5

• 10701 Lyndale Ave S.,
Bloomington . MN 55420 ________________________________

ii. CONTROL.LING OFFICE NAME/ADDRESS FP~~Q.T~~~~~TC -* Office of Naval Research Dec~~~~~~ h 7 6
Department of Navy rl~.Iu~~~
Arlington, Virg inia 22217 115

1T MONITORINGA.G~ NCY NA /A r1r~P~~ 5 (IF DIFFERENT FROM CONT. OFF.) 15. SECURITY CLASSIFICATION (OF THIS REPORT)

UnclassifiedJ 15a. DECLASSIFICATION DOWNGRADING SCHEDULE

t6. DISTRIBUTION STATEMENT (OF THIS REPORT)

1~j~..LiLJii. . L~~:LJ L. ~~~~~ ~~ ~~~~~~~~~~~~~~~~~~~~ ~~~ l.~~~a1 ‘sjr t?)IR,

P1
~

TPjB

~

b0N STATEMEN~~ H
Approved for public release;

Distribution Unlimited
17. DISTRIBUTION STATEMENT (OF THE ABSTRACT ENTERED IN BLOCK 20. IF DIFFERENT FROM REPOR,)— -

Approved for public release, distribution unlimited .

18. SUPPLEMENTARY NOTES

19. KEY WO RDS ( CONTINUE ON REVERSE SIDE IF NECESSARY ANO IDENTIFY BY BLOCK NUMBER)

Integrated Optics , Photoelastic Effect , Strain Induced ,
Laser Hea ting, Opt ical Waveguide

~O. ABSTRACT (CONTINUE ON REVERSE SIDE IF NECESSARY AND IDENTIFY BY BLOCK NUMBER)

~ ~Significant research result s achieved under this investigation are:
~ Techniques for preparing laser heating strain-induced (LHSI ) optical waveguides

have bee n developed, and the properties of waveguides made with optical filter
m / glass were obtained .

• A microprocessor-controlled LHSI optical waveguide circuit fabrication facility
was constructed, and simple waveguide circuit element s were obtained . ~~~~~~~~~~~

DD F O R M  1473 EDITION OF 1 NOV S5 ISOBSOLETE ~~~~~~~~~~~~~~~~ 

~31 JAN 73 UNCLASSIFIED
‘

S

SECURITY CLASSIFICATION OF THIS PAGE (WHEN DATA ENTERED)

- - - ‘‘‘



~ -~~~- .•.- ~--~--S ~~~~~~~~~~~~~~~~~~~ 5- 5-- — -  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~-

• UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (WHEN DATA ENTERW) 

— 
U.

(20 Cont .)

~~~~ ~~~~C-ray and optical measurement techniques were developed for the characterization
of the photoelastic effect and the effect of optical polishing in selected integrated -

optic materials.
.‘

.4

U’

r

I \ ( I A ~~SIFIED
SECU~~ IT V C L A S S I F I C • A T ON C)F THIS PAGE ( W H E N  DATA ENTERED)

IL5 
~~~~~~~~~~~ - v -  •~~~~~ S 5 : ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .r~~~~ ‘~~~~~



F.—-. 
~~~~~—- - - V -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - S

T

I’ TABLE OF CONTENTS

- - Page

SECTION I INTRODUCTION 1
S 

SECTION II LASER HEATING STRAIN-INDUCED CHANNEL
WAVEGUIDES IN GLASS 5

Techniques of Laser Heating 5
Properties of Glass for LHSI Waveguides 5
Laser Heating and Temperature Profile 6
Surface Deformation and Laser Beam 8

• Refractive Index Profile 12
- Residual Stresses in LHSI Waveguides 19

LHSI Waveguide Properties 26
S Waveguide Mode Theory for LHSI Guides 26

Losses Due to Index Reversal in LHSI Guides 33
Properties of LHSI Waveguide 36

SECTION III FABRICATION OF LHSI WAVEGUIDE CIRCUIT
• ELEMENTS 43

Fabrication Technique 43
The Laser Beam Exposure System 43
Microprocessor Controlled Program 48

• Properties of Waveguide Circuit Element s 57
LHSI Waveguide Constriction 57
LHSI Waveguide Bends 59
LHSI Waveguide Gaps 61
LHSI Waveguide Coupler 61

SECTION IV RESIDUAL AND INDUCED STRAIN IN WAVE-
GUIDE MATERIA LS 64

Polishing-Induced Residual Strain 64
Waveguiding in PLZT 65
Polishing-Induced Strain in LN Crystals 65

Measurement of Photoelastic Effects 89
• Measurement Technique and Theory 89

Result s and Discussion 96

SECTION V CONCLUSIONS 103

4 REFERENCES BIIU SutIOl 
~~~ 107 

.:: ‘

. • - 
-

lIISTIISUTIO*~~YL11A8’i~~ ~ 1!S

-

~~~~ ii i 
-

H

~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ !A _______ —~ —•~~~~
z._,_~~~~~~.



S 

• 

~~~~~~~~~ 

• . 5
~ ~SS5 ____ _-

~~~~~~ •.--_ •S~~--_ __ •••__ __~~~,__ .__.;

LIST OF ILLUSTRATIONS

Figure 
° 

Page -

• 1 Normalized instantaneous temperature rise on the glass
sample by a slow scanning focus Ar laser beam . The

• grid spacings are half of the Gaussian beam radius .
Scanning direction is pointing towards lower right . 9

2 Normalized temperature as a function of the normalized
distance along the center of the scanning track . 9

3 Profile of a laser heated ridge on Corning filter glass
CS-2 60: (a) Tallysurf profile, vertical scale 0. 1pm!
small division, horizontal scale lOOpm/major division;

• (b) scanning electron microscope photograph of the ridge,
magnification 500X. 10

4 Ridge height h as a function of the laser output power in
• watts for various values of scanning speed . 11

• 5 Ridge c~~oss-sectional area parameter A = hxw as a
function of the laser output power in watts for various
values of the scanning speed. 11

6 Int erference microscope photograph of the LHSI track:
(a) top view where the fringes are mainly due to the raised
ridge; (b) cross-sectional view which exposes the refrac-
tive index profile . 14

7 Refra.~tive index profile of a typical LHSI waveguide . 15

8 Dependence of the peak value of the refractive index as a
function of the percent laser power out put used for scanning,

:1 for three different scanning speeds (100% = 1.04 watts) . 16

9 Dependence of the peak value of the refractive index as a
function of the scanning speed at 92% of laser power used . 17

10 Dependence of the peak value of the refractive index as a
function of the defocussing distance (distance between

• sample surface to the laser focal point). Data obtained for
100% laser power at 47pm/sec scanning speed . 18

• 11 Residual stress cy as a function of the normalized radius 5
-

distance n a  from the center of the LHSI track . 20

12 Photograph of fracture around an unannealed LHSI track. 23

• 1 5

~~~~ 

.Iv
I-

4~

— --~~~~~~~~~~~ •-~~ •.__;___ -S - • S  
~~~~~~~~~~~~~~ —~



W 
—°— - -- - -

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ —• - •~~~-.— -~~~~~
_ -~~~~~~~~~~

LIST OF ILLUSTRATIONS (Continued)

Figure Page

13 Scanning electron micrograph of the end view of a crack
of an annealed LHSI track. 23

14 Schematic diagram of residual stresses showing model of
fracture experienced by the unannealed LHSI waveguide. 24

15 The normalized mode effective index b as a function of the
4 

normalized guide radius V for various mode number m,
calculated for parabolic index fibers . 31

16 Relative beam intensity at a fixed point in the LHSI wave -
guide as a function of the incident angle 

~l to a 45 -degree
glass prism (n = 1. 8) coupler for both TM and TE modes. 38

17 Relative beam intensity as a function of the LHSI waveguide
path Length for both the TM and TE modes. 40

18 Relative beam intensity at a fixed point in the LHSI wave -
guides as a function of prism input angle for a preannealed
sample . 42

19 Schematic diagram of the laser beam exposure system
(LBES). 44

20 Block diagram of translation stage — Microprocessor
Int erface (see Table 3-1 for signal mnemonics) . 45

21 LBES Control Main Program flow chart . 50

22 LBES control pulse command word modification flow chart . 55

23 Relative beam intensity measured at narrow and wide part
of a constructed LHSI waveguide, as a function of prism
input angle . The data for the wide part are . — TM and
0 — TE mode and those for the narrow part are X — TM
and ~ — TE mode s. 58

24 Photograph of a LHSI waveguide bend produced by LBES
• (a) dark-field photograph of waveguide (b) photograph of

laser beam propagating through the bend . 60

25 Schematic of a LHSI waveguide directional coupler . 62

26 Schematic showing the Bond symmetrical diffractometer. 68

v

-I

---- — 5- --—



— -S•-S
~~
-••

~~~~~~~~~ 
5 - —- -. 

- : LIST OF ILLUSTRATIONS (Continued) •

- Figure Page 5

27 Change in diffraction angle t~0 caused by strain plotted
as a function of diffraction angle, 0. Curves for st rains

- - -5 -6of 10 and 10 are plotted. 70

28 Scanning electron micrographs showing surface structure
of (0001) LN face following successive lapping and polishing

• operations. 72

- 29 Scanning electron micrographs showing surface structure
of (10Th ) LN face following successive lapping and polishing

• operations. 73

- 30 Scanning electron micrographs showing surface structure
of (1011) LN face following successive lapping and polishing
operations. 74

31 Scanning electron micrographs showing surface structure
of (1120) LN face following successive lapping and polishing
operations. 75

32 Waveguide effective refractive index B /k as a function of
the thickness of the waveguide region W for substrate index
of 2 .5 and waveguide index of 2 . 5001, 2 .50 1 and 2.51. 88

5 33 Schematic diagram of the Michelson interferrometer for the
measurement of photoelastic effect: f-film , C-camera,
S. F . - spatial filter , B. S. -beam splitter, S. H. -samp le
holder , Ml-main beam mirror, M2-reference beam mirror,
M-corner reflector, B. E. -beam expander , P-polarizer ,
L-laser. 92

Li 34 Geometry of four point loading on the sample of thickness a. 92

35 Tilting of fringe lines from original unloaded condition
(dotted lines) . 93

36 Sample holding and loading apparatus with a sample in
place. 95

37 Photograph of fringe lines (a) with no load and (b) under a
- load of 26 .1 pounds, measured on Corning CS-2 -60 glass

sample. 97

r
vi 

_ • I
l 

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ &~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 
._ - :. - -



-V

7

LIST OF ILLUSTRATIONS (Concluded)

Figure Page

38 Photoelastic coefficients p 11 and p12 of Corning CS-2-60
L glass as measured from tan Old vs app lied force plot . 99

39 Photoelastic coefficients p11 and p12 of Lucite as
measured from tan O/d  vs applied force plot . 100

40 Photoelastic coefficient p11. p12, p22 and p31 as
measured by the tan Old vs applied force plot . 101

LIST OF TABLES
- Table Page

1 Approximate Values of Loss Coefficient ~ for Various
Mode Indices [m = 2p+1 due to index reversal in the
guide of Figure 7 using Eq. (32) ]. 36

2 Signal Mnemonics - 46

3 Effect of Surface Treatment on Interplanar Spacing
of Lithium Niobat e Crystals 78

4 Percentage Change in Lattice Parameter (i . e., strain
as a Function of Surface Treatment of LN Crystals) 79

5 Index Change Possibilities 85

6 Crystal and Beam Orientation for Obtaining p Values in LN 90

I.,

I.

vii

I,

-~~?. :~~~~~~~~~~.:-~~~-



S••.__~ 5_~ 
— ________

~~~~EDI~f lP A 1 ; c.N~r FrIJ,~ D

I

PREFAC E

This final report on “Strain Induced Waveguiding in Optical Materials for
Integrated Optics Application”, ONR Contract Number N000l4-75-C- 1097,
covers the research progress made and results achieved during the period
from May 1, 1975 to September 30, 1976. This work was carried out at
Honeywell Corporate Research, under the monitoring direction of Lt . David
G . Janssen and Mr . 3. Trimble of the Mathematical and Information Science
Division of the Office of the Naval Research.

Significant research results achieved under this investigation are summarized
as follows:

• Techniques for preparing laser heating strain-induced (LHSI)
optical waveguides were developed, and the properties of wave-
guides made with optical filter glass were obtained .

• A microprocessor-controlled LHSI optical waveguide circuit
fabrication facility was constructed, and simple waveguide
circuit elements were obtained.

• X-ray and optical measurement techniques were developed for
the characterization of the photoelastic effect and the effect of
optical polishing in selected integrated optic materials.
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SECTION I
INTRODUCTION

Techniques of guiding opt ical waves in planar opt ical mater ials or cylindrical
optical fibers have been advancing rapidly in recent years. The major objec-
tive of this research is to explore the micro-optic fiber-optic approach for
optical communication and data processing applicat ions , with the ultimate
goal of achieving integrated optical devices similar to the integrated elec-
tronics.

In the course of the integrated optics research it was observed that mechani-
cal stress and strain can have profound effect to the waveguide properties and
device perfor mance. Stress and strain can be induced by lattice mismatch
in epitax ial growth of material, by thermal expansion or contraction, by
inclusion of impurities as in the diffusion operation, and by grinding and
polishing of the material surface. In fact , it is safe to assume that all
material surfaces exhibit some degree of the strain effect. These residual
or ext ernally induced str ains modif y the waveguiding properties through the
photoelastic or possibly other effects. For ex ample, in an earlier ONR-
supported research effort , we have demonstrated that optical polishing on
PLZT ceramic can cause sufficient refractive index increase on the material
surface to result in waveguiding1.

Besides this interesting example, it is expected that similar effect can be
found in other integrated optic material where the surface is prepared by
optical polishing. The technique to examine the stress and strain on an
optically polished surface, and the correlation of polishing induced strain
to the waveguiding properties on integrated optic media are important tasks
of integrated optics research.
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Alternatively, an attractive technique for the fabrication of integrated optic

multimode channel waveguide is to use laser heating to introduce localized
• strain in an otherwise uniform medium. This approach is adaptable for corn-

puter control to generate the desired multimode channel waveguide patterns.

Realizing the importance of the effect of strain on integrated optic applica-

• tions , the present research was initiated by the Mathematical and Information

Science Division of the Office of Naval Research, and a contract was awarded

to the Honeywell Corporate Research Center to perform this research stud y.

- 
• The first phase of the present contract began from May 1 and ended Decem-

ber 31, 1975. A follow-on contract was granted to cover the period ending

September 30, 1976 , for the initial work of the second phase research.

The objectives of this research are:

• • To determine the usefulness of the strain-induced effect for inte-

grated-optics applications . The strain induced refractive index

change on suit able integrated optics mater ials will be of pr imary

concern.

• To obtain basic understanding and perform measurements of the

effects of strain on the variou~ physical phenomena in optical

materials us eful for integrated optics applications.

• To develop device concepts using selected materials and methods .
The use of laser beam heating for strain- induced integrated optic

circuit will be emphasized.

Thes e objectives have guided our research during this period of investiga-

tion. Specific tasks performed during this research effort are:

2
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S • To develop techniques of inducing controlled residual strain for
optical waveguiding.

• To measure the effect of strain on selected materials and to
correlate them to the properties relevant to optical waveguiding.

• To produce strain-induced planar waveguide or channel waveguide
and obtain the waveguide properties.

• To fabricate simple channel waveguide circuits by laser heating.

• To construct a microprocessor controlled facility for automated
fabrication of laser-induced channel waveguides.

• In this final report , we present the progress made and results obtained in all
the above areas. The significant progress and results are:

• Techniques for preparing laser heating strain- induced (LHSI)
waveguides were obtained and the waveguide properties measured.

• Techniques for automated fabrication of LHSI waveguide circuits
were developed and a microprocessor controlled fabrication
facility constructed.

-
~~~~ • X-ray and optical techniques were developed for the characteriza-

tion of residual or induced strain in integrated optic materials.

The techniques and results on the laser heating strain-induced (LHSI)
channel waveguide are presented in Section II. The automated method of

• fabricating the LHSI waveguide circuits and their properties are given in
Section III. The results of introducing the residual surface strain by

r
3
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polishing in PLZT and LiNb O3 and the techniques for measuring the effect of
strain are presented in Section IV. Section V summarizes the progress and
results made in the course of this study.
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SECTION II
LASER HEATING STRAIN-INDUCED CHANNEL

WAVEGUIDES IN GLASS

• Introduction of residual strain in a uniform material medium can cause suffi-
• cient refractive index change to effect optical waveguiding. To explore the

utility of this approach for fabricating multimode -channel waveguide devices ,
we have developed a refined laser heating strain -ir i du ed (LHSI )  technique
using filter glass wafers. Our approach is similar  tu that reported by Pay -
lopoulos , et al2. First, the waveguide dimens ion in our case is of the order
of 100pm; therefore it is relatively easy to couple the opt ical beam to the

waveguide. More importantly, the channel waveguide produced by the present

method does not involve bu rn ing or grooving of the glass waf er , and the wave
is guided in a semicylindrical channel on the surface, caus ed by the localized

refractive index gradient due to the laser heating. In this section, the tech-
niqu es of producing this type of channel waveguide, its refractive index pro-
file, and waveguide properties are presented.

TECHNIQUES OF LASER HEATING

Proper t ies of Glas s for LHSI Wave guides

The technique of laser heating and machining has been under development
• since the invent ion of laser . The ability e,f achieving high energy density,

high r esolut ion and the ease of beam contr ol mak e las er heatin g ideally
suited for fabricating miniature or microscopic st ructures such as encou n-
tered in the microelectronics industry. To extei~d laser heating for the fab-
r icat ion of multimode integrated opt ic devices , it is necessary to identify a
material which will absorb the laser energy effectively for the heating laser
beam and yet transmit the propagating laser beam with low loss . We have

I
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found that the Corning red filter glass CS- 2-60 satisfies this requirement.
The properties of this glass, as pr ovided by Corning Glass3 are:

Therma l
Corning Expansion

Glass Glass Coef f i c i e n t  An n e a l i n g ~~~~ H4 l L I ~~~~4 \\ r k i n g  Strain
Number  ~~~ :pe Dopant (x  10 7cm/ c m C) Temp. rc i c ; . T - - ~p. ( 5 C )  Point ( C )

2408 Zinc C ’d-Sulf o- 43 537 l01 3 so:
Soda ~-c1i naij e

The optical properties of this glass were measured at the Argon laser and
HeNe laser wavelengths. For the Argon laser of all line output of a Coherent
Radiation model 52G laser the absorption coefficient was measured to be
67 cm ~~

. The ref ract ive ind ex and absorption coefficient of this glass at the
6328AHeNe wavelength is 1. 507 and 0. 3 cm~~ respectively. We have also
measured the softening temperature by differential thermal analysis and found
that it is between 760- 790°C. The wafer is polished optically flat , with a
thickness of typically 2 -3mm, and overall dimension of 2. 5 x 5cm.

Laser Heating and Temperature Profile

To produce the channel waveguide, the sample is placed near the focal point
of an Argon laser beam using a f/ 2  or f/ 3  optical lens , and is mounted on a
x-y micropositioning stage driven by stepping motors. By cont rolling the
drive speed and laser power level, channel waveguides of various dimensions
were obtained.

l•t~

The temperature ris e due to the laser heating has been calculated following
• 
‘ Pittaway’s treatment4.

The temperature rise T(°K) in a material of thermal conductivity K (watt!
cm 2°C/ cm due to a scanning laser beam of scanning velocity v (cm/ sec)

— 
—
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focused on the surface of a semi-infinite target with a power of E0 watts ,
and a Gaussian profile of r adius d cm is given by:

T = 

E0 

f 
exp C [(m - 1)2 

+ 8 2 ) sin 2p - 
tan2p (m 2 -~

2 )]dp ( 1)
Kd~ 0

• where ~d and md are the distances measured from the center of the beam, per-
pendicular and along the scanning direct ion of the laser beam respect ively,

= 4K/v d  and K is the thermal diffusivity (cm 2 /sec) .

For the case where v = 0, the peak temperature is:

T~ = E0/ 2 Kd ~~ (2 )

using typical values for glas s ( K  = 58 x iO~~ cm 2 / sec and K = 1. 18 x io _ 2
wat t / cm 2°C/cm) ,  for a laser beam of available power at the medium surface
of 0. 5 watt (value used for our experiments ) and radius of d = 100p m, we
have

T~ = 0. 5/ 1. 18 x 10~~ . 2 ~~ 1200° C (3 )

• This is the expected peak temperature at the center of the laser scanned
track. Since the thermal diffusion time for a 100p m radius heated spot is
approximately given by

2 -4
I ~~

-
~~~

— = ___________ = 4 msec. (4
4 x 5 8 x 1 0

any scanning velocity slower than

r
7
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v ~ 2cm/ sec (5)

can be considered essentially stationary.

Calculation of temper ature rise as a function of m and ~ under slow scan

• condition (y 1 
= 0) was performed by numerical integration and the result is

shown as a 3-d plot in Figure 1. The normalized temperature at ~=0 is also
plotted as a function of m in Figure 2. It is seen that the temperature-rise
falls to about 50 percent of the peak value at m= 1 or at a Gaussian radius
from the center of the beam. For the type of glass used , we will have a t rack

• of approximately 100p m radius heated above the softening temperature.

Surface Def ormation and Laser Bea m

The t echnique of laser scanning will be described in detail in a later sect ion.
Basically, the optically polished glas s wafer is transported across the focal
point of an Ar laser beam and a heated track is produced . Since the glass
te mperature around the center of the track has been heated above the soften-
ing temperatur e as was calculat ed above, and due to thermal expansion,
this heated track is physically rais ed. Upon subsequent cooling, a S

permanent raised track results. Figure 3(a) shows a typical profile of such a
laser-heating-produced ridge as was measured by a Tallysurf profilrecorder .
A scanning electron micrograph of the track is shown in Figure 3(b) . Since
this track (or ridge) dimension is related to its waveguiding property, we
have measured the r id ge height h and width at ~~

- point , w , as a f unction of the
scanning speed and laser output power P. (The absorpted power is approxi-
mately 50 percent of the output power.)  The result is shown in Figures 4 and
5. The scanning speed varies from 4pmf sec to 87pm/ s e c  and the Ar laser
all line output power varies from 1. 04 to 0. 83 watt. In this scanning speed
region, the temperature rise is expected to be essentially independent of the

- I.
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• Fi gure 1. Nor malized instantaneous temperature on the
glass samp le by a slow scanni ng focus Ar  laser
beam. The grid spacings are half of the

• Gaussia n beam radius . Scan ning direction is
poi nting towards lower right .

03

0.U

0.7

0.4 -

0’  0.2 0.4 0.4 03 .0 20 40  1.0 $0~0
m

L F igure 2 . Nor mal ized temperature  as a funct ion of the
nor mal ized  distance along the center of the
scanning track.
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(a)
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(b )

Figure 3 . Pr ofile of a laser heated ridge on Corning filter glass CS-2-60 :
(a) Tallysurf profi le, ver tical scale 0. 1pm! small division ,
hori zontal scale 1 OOpm/major division; (b ) scannin g electron
microscope photograp h of the ridge, ma gnification 500X .

r
10

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • •~i S • •-



3

0
• 

- w

Q SCANMN ~~~~PE~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0.8 0.85 0.9 0.95 1.00 1.04
LASER POWER IN WATTS

Fi gure 4 . Ridge height h as a function of the laser output power
i n watts for variou s values of scanning speed .
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speed. This is clear ly shown in Figure 5. However , the detailed shape of
the heated track is not entirely independent of the scanning speed , as is seen
in Figure 4. Since temperature ris e, therefore the product h. w =A , is propor-
tional to the laser power , we expect A to be linearly related to P. This is
observed in Figure 5. The least-squares fit of the data gives

A = 320(P-0. 55)p m 2 (6)

The effec t of laser heat ing to the localized r efract ive index change and the
waveguiding properties are discussed in the following subsection.

.1
REFRACTIVE INDEX PROFILE

Based on the surface defo rmat ion, we can estimate the upper limit of the
elastic strains induced in the neighborhood outside the laser-heated region,
assuming ther e is no stres s relief during coolin g and the change of volume
occurs elastically. For h = 1pm , we obtain a strain of 0. 005. The strain-
induced refractive index change 

~~~~~ 
at this point can in turn be estimated to

be

1 3
= -~~~n sp = -0. 002 (7)

where n = 1. 507 is the measured refractive index of the glass. p is the
photoelastic coefficient and is measured to be 0. 2 (see Section IV). Out-
side this region, the strain is tensile and falls off as h r 3 as does ~~n5.

The refractive index profile can be understood by invoking the concept of
the ficti~ e temperature, ¶ , and the relation of r to density 5. In the central
portion of the laser-heated region, the temperature rise exceeds i~~ , the
existing fictive temperatur e of the glass. The rate of cooling and consequently
the fictive temperature is expected to be dependent on the radial coordinate.
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Since the center of the heated region cools at a lower rate than the outer
region, it will acquire the lowest r value, highest density and therefore
the highest refractive index. Based on this deduction, the cross-sectional
profile of the index of refraction of the laser-heating-induced waveguide
should take a W shape. The central hump corresponds to the region of
higher density resulting from a lower ~~, and the wings are due to the strain-
induced effect.

Experimental measurements of the refractive index profile were obtained
using a Jamin-Lebedeff interference microscope. The laser-written track
as viewed from the top is shown in Figure 6(a) . The glass slab containing
a cross section of the laser-heating- induced waveguide was cut and polished
optically flat and parallel on both sides to expos e the cross sect ion. A
photograph of a typical interference pattern of the waveguide cross section
is shown in Figure 6(b). The semicylindrical symmetry of the profile is evi-
dent here. Careful examination of this interference pattern as the analyzer
angle on the microscope is varied reveals that there is a refractive index
minimum at a dist ance of 8Opm from center. The final analyzed profile for

~~n is shown in Figure 7. The magnitude of the refractive index change in
the st rained region is about 3 x ~~~~ in general agreement with E q. (7) .
The centra l r egion has a locali z ed refractive index increase of ~~n ~~~~
Based on these results , we can estimate the numerical aperture N . A. of the

waveguide. Using the analysis for step-index optical fiber 6, N. A. ~ /2n~~n,

and for n = 1.5 , z~n ’~ l0~~ , N. A. ~ 0. 05.

The high residual stress could be substantially redu ced by a stress-relieve
annealing at 550°C for 1 hour . The resultant refractive index profile in the
central core region is essentially unaltered. We have measured the incre-
mental refractive index near the track center for various values of power
P. scanning speed v and defocusing condition. The results are shown in
Figures 8, 9, and 10. These profiles were measured along a 45-degree line

13
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(b)
Figure 6. Interfe rence microscope photograph of the LHSI track: (a)

top view where the fringe s are mainly d ue to the raised rid ge;
(b ) cross-sectional view which exposes the refractive index
profi le.
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f rom the center of each track, It is seen that by proper choice of P. v and

defocusin g condition , the peak value of ~~n can be cont rolled. The profile
for all the scanning speed , power and defocusin g condition are approximately
parabolic . The waveguide mode analysis to follow will therefore use a para-
bolic profile approximation .

RESIDUAL STRESSES IN IJISI WAVEGUIDES

In this subsection the residual stresses introduced into the glass by laser
hea ting are discussed. As was discussed earlier , the stresses are substan-
tial and , und er some conditions , can cause an intriguing form of fracture .
It should be noted that the residual stresses cause a reduction of the refrac-
tiv e index and acted to trap the guided wave which propagates in the softened
region. The residual stresses can be substantially removed by a stress
relief anneal , the laser heated region still acts as a waveguide and the
material is no longer susceptible to f racture. All LT-I SI waveguides and devices
used for waveguiding measurements reported here were annealed and are
stable and f rac ture  free.

The residual stresses can be estimated from the refract ive index profile
shown in Figure 7. The change in refractive index is given b y Eq. (7) .
From this we can derive

2EA n
= - 3 ( 8)

n p s

where E is Young ’s modulus . Residual radial stresses calculated from the

$ index measurements made on the 8Op m radius laser heated track shown in
• 

- 
Fi gure 7 are shown in Figure 11. For these calculations the values of the
constants were assumed to be E = 9. 9 x io 6 psi , n = 1. 5 and p 0. 5. Th~
st resses are plotted as a function of the distance from the outside of the

8-
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heated zone nor malized by a, the radius of the heated zone. Note that the
• radial stress field is tensile and decreases approximately linearly with dis-
• tance from the heated region.

These stre sses can be est imat ed with the aid of the following simple model 7.
Assume that a cylindrical region of radius a, in the glas s is suddenly heated

to above the softening point , 
~~ 

(the fictive temperature) .  Above the

cylindrical region is stress-free. As the region cools throu gh ¶ it becom es
an elast ic solid and starts exer t ing a radial t ensile str ess on the surr oundin g
material as it shrinks. The radial tensile stress field resulting from the
cylinder cooling to room temperature is given by

- 
-~~E~~T a 2

- 2 ( 1-v )  (9)

wher e a is the coefficient of thermal expansion, v is Poisson ’s rat io and r is

the radial dis tance from the axis of the cylinder; E = 9. 9 x io 6 psi , ~ . 2,
and a is assumed to be 6 x l0 6°C~~ , Th e radial st r esses calculated from

the simple shrink fit model are shown in the solid line on Figure 11. The
model does not predict the observed linear dependence of ar with r but the

• values of stress are of the  r ight  order . It should be pointed out, however ,
that the data on both the \ ‘ n ~~~ m o d u l u - , 1~, and the thermal  expan-

• sion coeffici ent , a are estimated , since valu es measured at room tempera-
ture are not expected to be valid . For this reason the m agnitude of stress
plotted on Figure 11 should only  be considered as approximate.

In the abov e discussion we have only cons idered the stresses in the material
ou tside the heated region. The stresses inside the heated region cannot be
deter min ed f rom int erfer ence microscope measurem ents such as those

shown in Figure 7 because heating above the softening point has also altered
the density. In this cas e the index of refraction is a function of both the
density and the residual stress. The two cannot be separated.

8-
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When an unannealed waveguide comes into contact with a foreign object (e. g.,
a coupling prism), it sometimes f r actures in a most unusual manner. A 

S

crack forms at the point of contact , usually at the edge of the glas s where
the waveguide terminates, and runs along one side of the guide parallel to it.
After propagation has continued for some distance the crack turns and runs
through the guide at ri ght angles to it until it reaches the opposite side. At
this point the crack moment arily stops and then sta rts moving again parallel
to the guide as before but now on the opposite side. After running approxi-

• mately the same distance as before the crack turns and runs across the guide
and stops. At this point the process repeats itself . A top view of this frac-

• ture process is shown in Figure 12. The crack itself is cylindrical, as ex-
pected from the radial tensile stress field shown in the interference measure-
ments. A scanning electron micrograph of the end view of the crack is shown
in Figure 13. The ridge running down the surface of the glass is the top of
the region heated above the softening point by the moving argon laser beam.
The cr ack runs at quit e a slow rate and it t akes many minutes to tr averse the
whole length of the guide. Thus , the fracture is subcritical and occurs
most likely by a stress corrosion mechanism.

In what follows , a phenomenological model describing the f racture  is pre-

sented. Quantitative discussion must postponed till fur ther  analysis is
• made. As we have seen, the waveguide is a semicylindrical r egion at the

glass surface that was heated above the glass transition temperature by a
moving argon laser beam. The softened region is rap idly quenched following
passage of the laser. The quenched region has a lower density than the bulk

• glass as is evident from the ridge seen in Figure 13. Heat flow during cool-

ing is predominantly into the glas s and the resulting residual stress field has
radial symmetry about the axis of the guide.

The principal stresses in this cas e are ar , a r adial tensile st r ess, a~ ,
a compressive tangential ~~~~~. ess , and C z a tensile stress lying along the axis
of the guide. The principal stresses are shown on Figure 14 which is a

1 
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Figure 12 . Photograph of fracture aroun d an unannealed LHSI track.
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Figure 13. Scanning electron micrograph of the end view of a crack of
an annealed LIISI t rack.
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schematic of the proposed fracture model. The magnitudes of the principal
tensile stresses, ar and 

~ 
dep end on the quenching rate. Glas s is a visco-

elastic material and can undergo stress relaxation during cooling. ar de-
pends on heat flow along the guide in the z direction which in turn depends
on the rate of travers e of the laser beam. We p resume that ar>az as m d i -
cated on the figure. The initial crack will be perpendicular to ar and will run

parallel to the guide in the z-direction. ar is a residual stress and is
• relieved as the crack propagates. Since the crack will follow th e di rect ion of

maximum tensile stres s it will turn across the guide as the ratio
dec reases. When the crack runs acros s the guide 

~~ 
is relieved and the crack

halts, We have observed that the crack bifurcates (i , e. , branches) as it
stops. One of the branches is in a favorable orientation with respect to

• • in the uncracked region and the process repeats itself . S

A number of questions concerning the model remain to be answered. Firs t ,
as ment ioned above, due to unc er ta in t ies in the Youn g’ s modulus  and
in the thermal expansion coefficient, the str esses in the region outsid e the

heated zone where the crack is running are not known with much certa3nty .

Another estimate of the radial stress can be obtained from the separation

at the crack (i. e., at point A in Figure 13). The separation was measured

by scanning electron micros copy to be about 1~ for the crack running 235M m

outside of the center of the guide. This corresponds to a surface radial strain

of 2. 1 x 10~~ . The residual stress corresponding to this strain is 21000 psi

~81S which is on the order of the stresses shown in Figure 11.

While the magnitude of the residual stress is reasonable the position of the

crack is not. The maximum radial tensile stress is at the interface between

• the heated zone and the surrounding material. The observed fractures occur
at a cons iderably distance from the heated zone as obvious from Figure 13.

- , Typically the distance of the crack to the waveguid e is an orde r of ma gnit ude
• larger than the radial dimensions of the guide. At this distance from the

guide the stress birefrigence shown in Figure 7 is small indicating a low
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stress level. At this time we do not understand why the guides crack where

they do.

Alternate models of the residual stress in the glass following passage of the

laser beam have been suggested whicn more realistically treat the glass as
a viscoelastic material8. More analysis and experimentation are needed to
achieve a better understanding of this crack mechanism. It should be empha-
sized here that in all the optical waveguiding experiments , the LHSI wave-
guides are all pr eannealed and stresses are substantially removed. No

crack was obs erved in the annealed samples.

LHSI WAVEGUIDE PROPERTIE S

Waveguide Mode Theory for LHSI Guides

Th e LHSI guides described above may be conveniently modeled as having an

index profile with semicircular symmetry. That is, there is a line of

symmetry  on the surface of the guide material with the index of the guide a

function only of distance from this line inside the material. In this section

we present a simple analysis of the modes of multimode graded-index fibers

(ci rcular symmetry) and semicircular graded-index guides. Normalized

parameters are defined so that a single equation or a sin gle universal cha rt
describes all such guides having a particular index profile shape, such as para-

bolic , Gaussian, etc. The init ial steps in the problem descri ption come from

Referenc e 6. We first consider circularly symmetric graded-index fibers

and will later explain the modifications necessary for a description of semi-

circular guides.

We assume that the fiber waveguide is circularly symmetric with a small
index change in the core region , and that index variations on the scale of a

wavelength are small. The index pr ofile is a cont inuous func t ion of r adial

I.
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position, n(r ) . At any r adial posi tion r the wave vector has the magnitude
k(r )  = 2rni (r ) /X = k n(r ) .

The mod es of this waveguide are described by two integer mode numbers , ‘~~

and u. The azimuthal mode number , v describes the number of cycles of the

elect ric fi eld in the az imuthal di r ection. At position r the azimuthal compon-

ent of the wave vector is therefore v/ r  ( = 0, 1, . . . )  in order that the phas e

go through v cycles around the circumference 2irr; e. g.,  the variation of

amp litude with azimuthal angle 9 is either sin ( v O / r )  or cos (~j 9/r ) .  If a

mode exists which propagates down the fiber with wave vector 8, then by a

geometrical construction the radial component of the wave vector at radial

position r is

2 ‘U
2 2 1/ 2

u(r) = rk (r)  - — - 8 J ( 10)
r2

Only between two radial posi tions R 1 and R2 is u (r )  real and the radial phase

variation periodic. u (R 1
) = u (R 2

) = 0 and R 1 < R 2. Outside this region the

field is aperiodic. The wave can be through to undergo reflections from the

graded index profile at H 1 and H 2. Such a reflection introduces a phas e

shift 9 of ~-r / 4 , The total radial phase change between H 1 and R 2, including

these phase shif ts, must add up to an integer multiple of ~- for a mode to

exist , leading to the mode dispe rsion equat ion

H2 2 2 1/ 2f [k 2( r ) - ~~--- - S  J d r = ( ~~ +~~~)~~ (M 0, 1, 2, . . . )  ( 11)

R 1 
r 2

A similar mod e disper sion equat ion applies fo r diffused planar guides9.

27

—S ~~~~~~~~~~~ - 
~~~~~~~~~~~~~~~~~~~~~~~ ~~~ L - — ‘p~ ~~~ .~~~~ 

~~~~~~ - -



— r— -._ _.~ _ . . S • - —
- —~ -’-—- -- - -— ----~~~~~~~~~~ -—--- - - - - S - S - • - --- - ---- - —- S-——------ • -- --- - ---- • 

Let the index profile be written as

n (r) 2 = + (n 2 
- nb )f(t’IRo

) (12)

where n is the index at the cen ter of the fiber , 
~~ 

is the constant index away

from the graded core, and f ( r / R 0
) is the normalized shape of the index pro-

file, f(0 ) = 1 and f ( r / R ) declines monotonically to zero with increasing r.

For example, a parabolic index fiber would have f(u ) = 1 - u2 for 0 < u < 1.

H0 is the scale factor for the index shape.

Two normalized parameters can be defined: The normalized guide radius V,
and the normalized mode effective index b

1 / 2
V ~~~~ ~~a 

- ‘
~b

3 (13)

2
b = 

neff 
_n
b ( 14)

n -ri 2a b

where the effective index of a waveguide mode is n eff = 5 1k 0. Similar nor-

malized parameters c-an be used to define thin film and diffused planar wave-
9 , 10guides

The mode dispersion Eq. ( 1 1)  can now be written in normalized form as

U -f rv f(u )  - V b - du = (M + 1/ 2 )  ( 15)

where we have made the substitution u = r f R 0, and the limits U 1 and 1.2 are

where the integrand equals zero , with < U 2. For a given profile shape 1(u) ,

this normalized mode dispersion Eq. (15) describes the modes of all fibers

28
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having such a shape in terms of the normalized parameters b and V. Equiv-
alently, for each shape f(u) a univers al chart of b veysus V can be plotted
from Eq. (15) which describes the modes of all waveguides having this index
shape.

The total number of modes in a graded-index fiber is shown in Heference 6 to
be

2 a
M = ~~~~~~~~ 

10 
rn (r ) 2 

- nb ]rdr (16)

where a is where n (r )  reaches the cladding index 
~b’ and M includes both a

two-fold degeneracy in polarization and a two-fold degeneracy in azimuthal

orientation. Changing variables to u = n H  and substituting Eqs. ( 12)  and
( 13) gives

= v 2 ( f (u ) u d u  ( 17)

Many of the index proii les for  LII SI guides can be approximated as parabolic.
We now show how a parabo 1i~ index  profile leads to an ex t remely simple form

fo r the mode dispersion equation .

For a parabolic index fiber , the shape function f ( u )  is

1
1 - u  f o r 0 < u < l

f(u )  = ( 18)

for u~~~1

Substituting this into the mode dispersion Eq. (15) ,  that  equation can then be

integrated. The mode dispersion equation for a parabolic index fiber becomes

29
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V ( 1  — b) = 2 (2~i + v+ 1) = 2m (m = 1, 2, . . . ) ( 19)

where all modes with indices p and v giving the same value of m = 2~ + v + 1
are degenerate. This equat ion can be shown to be equivalent t o the unnormal-
ized mode dispersion equation derived in Reference 11 for parabolic index
fibers. A universal chart of b versus V describing the modes of all para-
bolic index fibers can easily be plotted and is shown as Figure 15.

For a parabolic index fiber the total number of modes M can be written in
nor malized form using ( 17) as:

M = ~ V 2 (20 )

T’.I includes both the two-fold degeneracy in polarization (x or y) and the two-
fold degeneracy in orientation (azimuthal  variation of sin (v 9 / r )  or cos
(‘

~ 
e/ r ) ) ,

The above results may be used to describe parabolic index profile fibers.
These fibers are of grea t importance because of the small variations in group
velocity for the various modes , leading to a narrow impuls e respons e and
the capabil ity for transmitt ing infor m at ion at hi gh data rates.

To apply the results given by Eq. ( 15) and ( 17) fo r the general graded-index
fiber to the semicircular model of LHSI guides , we note that a semicircular
guide is one which looks like half of a circularly symmetric fiber which has
been sliced along its axis. Denoting the plane of this cut as y = 0 and assum-

• ing the guide is bounded above by air, the index profile in rectangular
coordinates is:

2 ~~~ 
+ (n 2 

- 

~~~~ 
f((x 2 

+ y 2 ) / D 2 ) for y~~ 0
n(x ,y)  = a (2 1 )

1 for y < 0

I.
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Figure 15. The normal ized  mcde  effect ive index b as a f u n c t i o n  of the
normalized guide  rad ius  V for  var ious  mode number  m ,
calculated for pa rabolic index f ibers .
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In cylindrical coordinates, the index profile is given by ( 12)  and (21 )  when

the azimuthal angle is in the range 0 < 9 <r , Outside the range of B , n(r )  = 1.

At the y = 0 s u r f a c e  of this semi-circular guide, the electric field amplitude

of any mode is small compared to its maximum inside the guide, but a weak

evanescent field still exists for y < 0. The larger ‘
~~ 

is , the weaker this field .

If we make the assumption that the y = 0 surface is a perfect reflector (or

that is large, or that n 0 for y < 0), then the field amplitude of each mode

is zero acros s the y = 0 plane, and we can make use of the previous

description of the modes of a circular fiber. Modes of the fiber having a null

along y = 0 thus are modes of the semi-circular guide. Modes with ‘U = 0

are ruled out , but all modes with other values of ‘U have null planes. The

requirement that this null plane be along y = 0 merely serves to remove the

degeneracy in azimuthal orientation previously described. Only modes with

azimuthly variation sin (‘U ~/ r )  with ‘U >  1 are permitted , and not modes with

cos (
~ O / r )  variation or ‘U = 0. Equation ( 15) may still he used to find the

allowed combinations of b and V for a particular f (u )  and mode indices

‘U
> 1, ~A ‘

~~ 0.

The total number of modes in a semi-c i rcular  guide is halved f rom that

given by Eq. ( 12)  due to the elimination of the orientatiorial degenera -y , and

is fur ther  reduced h not pe rmi t t i ng  modes with v = 0.

For a parabolic index fiber , Eq. (20 )  gives the total number  of modes , in-

cluding the four-fold degeneracy.  A number  of possible pairs of ~ and

for a particular V is

H N = ~~
M = 5

~T V ( 2 2 )

For a semi-circular  guide , we subtract  the n u m b e r  of pairs  with  ‘U 0. For

each value of m there is one such pair , so the number  of pairs el iminated

equals the maximum value at m which is V. M ’i l t ip lying by the two-fold
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degeneracy in polariz at ion , we obtain the total number of modes for a para-
bolic se mi-circular guide as

• = ~- V 2 - 2 V  (23 )

For a typ ical LHSI guide, R = 80g m, nb = 1. 51, and (n a 
- nb ) = 1. 0 x l0~~~,

so V 44 for operation at X = 6328A . This leads to a total number  of modes
151.

Losses Due to Index Reversal in LHSI Guides

The LHSI optical waveguides have a higher-index central region with the
• index decreas ing with distance from the axis of symmetry.  However , out-

side a certain radius the index profile reverses and beg ins to increas e,
reaching a value in the bulk material which is often higher than in the cent ra l
guiding region. Energy in the waveguide would he expected to tunnel through
the low index region and leak into the higher-index bulk material. We pre-
sent here calculations which show that the losses due to this leakage should
he very small for the LHSI guides.

We again model the guides as having semi-c i rcular  s y m m e t r y  and a parabol ic
profile , so that we can adapt results obtained for parabol ic- index fibers.

~\Iarcuse 11 shows that a parabolic-index fiber defined by:

n(r ) 2 = no
2 ( 1 - 2Ar 2/ a 2 ) ( 2 4 )

has modes with t ransverse  electric field amplitudes in Cartesian coordinates

E mn (X
~ 

y) 
~
“1m~ ~ 2 x / W f l 1 ( j 2y / W )exp  1-( x 2 V 2 ) / \ v 2] (2 5 )

I,
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where m and n are the mode indices , A is a const ant, H~ denotes a Hermite
polynomial, and W can be considered the mode radius given by

W ( 2 / A ) ~~
4 ( a/ n 0k) h / 2  (26 )

These modes have the same form as the modes of a laser resonator, except

that in the latter case W is a function of axial position as well. The electric

fields of the modes can also be written in cylindrical coordinates as 13:

Epq = E0 
(~~~r/ W)~ L: (2r 2 IW 2 ) exp ( -r 2 IW 2 ) r (~~~

) q~~ (27)

where p and q are the radial and azimuthal mode indices , respectively, E
q

is a constant, and L is the generalized Laguerre polynomial.
p

Using the typical LHSI profile of Figure 7, we find it is approximately para-

bolic , and with n0 = 1. 51 we calculate that W 17j ~tm.  Thus the fields at the

index reversal radius of about R 0 = SOpm are expected to be small and the

leakage into the higher-index bulk material should be very slow.

We can make an approximate cal culation of this los s rate by modif ying the

theory of Marcatili and I \ I i l I e i - 14 , used to calculate the radiation loss from

curved guides. They approximate the attenuation coefficient a’ as:

a’ = 2Z 
(28 )

where 2Z is the colimated-beam length associated with the transverse field
distribution, i. e., it is the length in which the beam radius would double due

to diffraction in material of index n , For the cas e considered here

t 2Z ~ n (2W) 2 / X  (29 )
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I
and fo r the pr ofile of Figure 7, 2Z ‘

~~ 2. 8mm. The rat io 
~l ’~ T is the frac-

tion of the mode energy in the region where loss occurs, For loss due to

index reversal, we can consider all energy is lost for r~”R 0. €~~ ~‘ are
then given by:

2r~
rdr J E(r , ~) 2d (30)

= f rdr f E(r , ~ ) 2d (31)

where E(r , ~ ) is given by Eq. (27).

By approximating the Laguerre polynomial in Eq. (27 )  for large values of

x / W  and /o r  small values of q, we find that approximately:

rn rn- i
€ —u ~~—‘
—

~
-— ‘

~~ e ° ° ‘ I  
( 32 )( m-i) .

i=0

where u0 = 2H 0
2 /W 2 and rn = 2p+q. S

We hav e calculated a’ from Eq. ( 3 2 )  using W l?~ m, n0 = 1. 51 , ‘. = 0. 6328M m,

and R 0 = 8Op m as in Figure 7. The results are shown in Table 1 for values of

m f rom 0 to 28. While these calculations are very approximate , they do show
that the los s rate should be very low for most waveguide modes . This is ex-

pected for the small value of W compared to R 0.

I.

p
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Table 1. Approximate Values of Loss Coefficient  ~ for
Var ious  Mode Indices [m = 2 p + 1  due to index
reversal in the guide of Figure 7 us ing Eq . (32 )J .

m = 2p+l Approximatea ’
-20 -10 6 x 10 cm

2 6 x 10~~
7

-144 l x l O
6 7 x 1 0 ’3

8 3 x 10~~~
10 6 x 10-10

-9
12 9 x 1 0

-714 l x l O
-7

16 9 x 1 0
-618 G x l O

20 4 x 10 5

22 2 x 1 0 4

24 6 x 1 0 4

26 2 x 1 0 3

28 6 x 1 0 3

Properties of LHSI Waveguide

The waveguiding properties of the LHSI glas s waveguide has been measured
using a glass pris m coupler with a base angle = 45° and a refractive index

• of n
1~ = 1. 8. The parameters measur ed are the waveguide acc eptance an gle

and the waveguide losses.
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I
I The effective index of refraction of the waveguide neff is related to the pris m

input coupling angle 8~ by the Snell’s law.

I
1”eff = n~ sin (B + 

~~

I where n sin 0 2 = sin

From this , we have

• dn cus 8

dO 1 
= cos0 2 

cos(B~ + 8
2

)

For ~~ = 45° , n~ = 1. 8 and in the region where = 22°, we have

dn
dO = 0.516 (35)

1

The measurement of the acceptance angle is indirectly obtained by plotting

the laser beam intensity from an output prism as the incident angle B~ is

varied. The result for both the TE and TM modes is shown in Figure 16.

The acceptance angle at half intensity point for both cases is 8 minutes or

0, 0023 radian. Therefore

~~‘eff = 0. 0023 . 0. 516 = 0. 0012 (36)

Using the relation of numerical aperture N. ~. for opt ical fiber ’6 with a
step index ~~n of core index n,

N .A . = ~/2n ~~n (37)
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Figure  16 . Relat ive beam i n t e n s i t y  at a f ixed point in the LII SI wave-
guide as a func t ion  of the inc ident  ang le (~~~ to a 45-degree

glass pr ism (n = 1. 8) coup ler for  both TM and T1- modes.
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we can estimate the N. A. of the LHSI waveguide. We obtain

N. A. = 12 1. 5 1. 2 x ,o~ = 0. 06 (38 )

The 
~~~eff values calculated from the acceptance angle is in agreement with

the ~~n value observed from the interference microscope measurement of
io~~.

It is important to note that the LHSI waveguide should be relatively easy to S

couple to typical mult imode opt ical fiber which possess a N. A. value of 0. 1-
• • 0. 2 and a fiber diameter comparable to the LHSI waveguide dimension.

The attenuation of the LHSI waveguide was also measured using a sliding out-
put prism coupler. The measured relative beam intensity as a function of
waveguide length for both the TE and TM waves is shown in Figure 17. The
data were least-squares fitted with an exponent ial curve and the result is
also shown in the same fi gure . From these curves , we obtain the optical
losses as f ol lows:

Optical losses for TM waves = 1. 66db/cm
Optical losses for TE waves = 3. 1db ! cm

These results as well as the LHSI refractive index profile has been reported
in a recent publication 12 .

Based on the understanding of the fictive temperature change for the forma-
tions of the waveguiding region , we could expect an increased n and there-
for N. A. if the glas s wafer were preannealed for a longer time duration.
This approach was experimentally investigated. We learn that the annealing
schedule for the CS-2-60 glass as prepared at Corning was as follows: 3

• Heating from room temperature to annealing temperature within
15-20 minutes.
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Figure  17. Relat ive beam intensity as a funct ion of the LITSI waveguide
path lengt h for  both the TM and TE modes.
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• Stay at this temperature for about 1 / 2 or 1 hour.

• Cool back to strain point 501°C at a rate of 10°/minute.

• Cool to room temperature rapidly with furnace off .

To attempt to decrease the fictive temperature, we have chos en a slower
cooling rate. The schedule adapted was as follows :

• Heating from room temperature to 600°C in 1/ 2 hour.

• Stay at this temperature for 2 hours.

• Cool back to 500°C at 6°/hour or 0. 1°/minute.

• Cool to room temperature with furnace off .

Usin g two glas s waf ers cut from the same plate from Corning, we prepared
one according to our new preannealing schedule and leaving the other
untreated. LHSI waveguides were then made on both wafers under identical
conditions. The measured waveguide acceptance angle for the preannealed
sample is shown. in Figure 18. It is seen that the half power aperture for the
TE and TM modes are 9. 5 and 10. 5 minutes respectively, as compared to
the as-received sample which gives an half power aperture of 8, 5 minutes
for both the TE and TM wave. This indicates that preannealing is effective
for increas ing the numerical aperture of the LHSI waveguide.

This result is a further indication that the fictive temperature of the glas s
plays an import ant role in the r efractive index of the glass as was pr evious-
ly expect ed. However, our result shows the range of modification in ~~n by
slow preannealing is not very large.
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1”igure 18 , Rela t ive  beam in tens i ty  at a f ixed  point in the lAISI  waveguides
as a f u n c t i o n  of pr i sm input  angle for a preannealed  samp le .
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SECTION III
FA E3RE C AT ION OF LIJ SI W A V E G L I D E  C I R C C I I  ELL 5 \ I L \ 1s

FABRICATION T E C H N I Q U E

The Laser Beam I~xposure  System

The use of a laser beam for LHSI waveguide fabricat ion of fers  a uni que
capability in the realization of complex optical waveguide devices . To im-
plement this capability, a laser beam exposure system ( L BE S)  was designed ,
constructed and tested , In this system the focused laser beam is stat ionary
and the samp le receiving the exposure is mounted on an x-y  microposit ioning
stage, controlled by a microcomputer , An electronic shutter  is also incor-
porated to control the beam on-off  duration . This system has been used for
the fabricat ion of channeled waveguide bends , mode selectors, and coup lers .
It should be app licable for multimode optical waveguide device  fabricat ion
where the waveguiding region is produced by the photon energy in the laser
beam ,

The schematic  d iagram of the LBES is shown in Figure 19 . The laser
employed for  this  system is a Coherent  Radiat ion \Iodel  52G A r  laser wi th
an max imum a l l - l ine  power output of about I watt . The laser beam is
fil tered by a spatial filt er , controlled by an electronic shut ter  and is foc used
by a 30mm f , 1. lens opera ting at an F n u m be r  of 2 to 3. The x - y  micro-
positioning stage consists of two Aerotech model ATS-3 02\ i  linear translators
with stepp ing motor drive , dr iven by Aerotech model 200 d r ive r s . A

• Motorola M6800 microprocessor  (u P )  was used to control the dr ive i ’s  of the
microposi t ion stages . The schemat ic  diagram of the electronic c i r c u i t s  is
shown in Fi gure 20 , where the mnemonics  are given in Table 2.

r
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Figure 19. Schematic diagram of the laser beam
exposure system (LBES) .
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Table 2. Signal V l n em on i c s

V-Stage 5\-Stage

PAO - Home Selected (STAT) PI~0 - Home Selected (STAT )

PAl  - Acknowledge  Home Selected FlU - Acknowledge Home Selected
(C\1 D )  (C~ 1JJ )

PA2 - Limit Switch A c t i v e  (STAT ) P1-32 - Limit Switch Act ive  (STAT )

PA3 — Drive F W D / R E \  (C~~ID) PB3 - Drive F W D / R E V  ( C \ I D )

PA4 - Direct ion of Travel  (STAT ) PH4 - Direct ion of Travel  ( STAT)

PB5 - Laser Shut ter  Control  (C2d D )
PA 5 - Spare
PA6 - Spare P136 - Spare

PA7 - Spare 1) 137 - Spare

CA l  - Spare CR 1 - Spare

CA2 - Step Strobe (V-Stage)  C13 2 - Step Strobe (X-Stage)

In the fo l lowing,  the hardware  components  and the ir  f u n c t i o n s , as well as the

software and programs ut i l ized are discussed in detail ,

The dr ives  consis t  of two independent  e l ec t ron ic  p ackages  capable of opera-

tion in a lical or remote mode . When  operated in the  local mode , the

direction , slew , on/ o f f  and a single step f u n c t i o n  are  ( ‘ontrollec i by switches

on the front  panel of the drives . A potent iometer  ad justs  the in ternal l y

generated stepp ing rate f rom a min imum of 55 s t eps/ sec  (27 . 5 L l m / s e c )  to a

maximum of 500 steps ( 2 5 0u m/ s e c) .  An LED light s when the range limit

switch has been actuated indicat ing the stage l imi t  of t ravel  has been reached .

The range limit swi tch  also removes stepping motor  d r i v e  and the stage

stops . When the stepp ing rate was varied , it was de te rmined  that  one stage

resonated at 192 s teps/ sec , 110 s teps/ sec . and 71 s teps / sec . M e a s u r e m e n t s

of the resonant f requenc ies  were not made on the second stage (~ ax i s )

although s imi l a r  resonant points were  evident ,
S
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• When the stages are switched to the remote r~iode of operat ion , t he \ 1G 800
microprocessor (uP)  provides a 7usec stepping t r igger  pulse to the stage
driver . The stepping pulse t r iggers  a one-shot m u l t i v i b r a t o r  w h i c h  st r e t c h e s
the pulse to the 30usec width required by the dr iver  c i r c u i t r y ,  ‘l’ h ste pp ing
rate in the remote mode is ent i re ly  dependent on the rate at wh ich  the uP
supplies the t r igger  pulses . The maximum pulse rate in the remote mode is
approximately the same as in local mode , although the uP is capable 01
supp lying step pulses at a rate much higher than the stepper motor is capable
of stepping.

The uP in te r face  also provides the exchange of status signals which  will
indicate whether  the “home select ” ( in i t ia l izes  or ig in  point ) switch has been
actuated, the t ravel  l imit  switches have been actuated , and the direct ion the
stage is stepping. Command signals sent to the d r iver  stage consist of the
step strobe, the “acknowledge home selected ” command which  wil l  reset the
home select l ’/ F , the dr ive f o r w a r d/ r e v e r s e  s ignal , and a command which
will  open or close the laser  shut te r ,

The m i c r o c o m p u t e r  consis ts  of an \ l N h O O  microprocessor  s i tuated on a
Motorola \ IEK68 00D 1 evaluation P CI3 along with a ROM (\ I U M 6 8 3 0 L 7 ,
\IINN[ ;) and associated RA M  ( M C M 6 8 I O ) ,  a per i phera l  i n t e r f ace  adapter
(P TA , \ I ( \1 6820 )  f o r  communica t ion  with  a Teletype ( T T V )  or other R S232
compat ible  communicat ion device , and a P I A  for communica t ion  with the
translat ion stages.

A separate memory  card was const ructed  which expanded the basic evaluat ion
PCB memory  capacit y from 640 words to 1536 words . This card is isolated
f rom the evaulation PCB bus by a bus expander card (us ing  National 8833
party line t ransce ivers)  which will  allow up to 100 MOS devices to be placed
on the buf fe red  bus .
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The PIA used for  translation stage interfacing has 16 parallel programmable
I/ O lines and 4 control lines . Two con trol lines are strictly input and can be
programmed by the uP to generate an interrupt request on the rising or
fallin g edge of the input applied by the peripheral device. The othe r two
control lines may be programmed to act as either input or output . In the
present program config urat ion, they are both used as outputs to strobe the
two translation stage drivers . Presently, the interrupt request feature of
the P IA is not util ized. The m icrocompute r ope rates at a basic cycle time
of 2 microseconds.

Microprocessor Controlled Program

The goal was to develop a program which would control the stepping velocity
and number  of steps of both the X-axis and V-axis stepping motors on the
Aerotech translation stages . This would provide the control needed to pro-

vide laser beam exposure such as the LHSI optical waveguide using the argon

laser ,

The approach taken in designing the software program involved building a set
of short subroutines which control the functions in the translation stages,
configure the PIA control registers, perform double word ar i thmetic, deter-
mine t ime delays for pulsing the axis , count the number  of pulses , input
initial parameters from the TTY , convert decimal input to binary, control

the laser shutter , and supply a debug subroutine which will output the content s
of the program counter , X-reg is te r, A-regis ter  and B-register.

S 

The program in it’ s present form contains subroutines which are not utilized

but available for fu ture  improvements in the program . The program has not

been optimized with respect to execution t ime and also contains many “no

ope ration (NOP )” com mands which serve as break poin ts for insertion of a
“jump to debug ” subroutine.  The NOP command also allow temporary
modification of the program without the necessity of genera t ing a new object

1’
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I

tape on the h oneywell computer  network ( I I C N )  which is a very  tim e consuming

process . As the number of modificat ions accumula te , it eventually becomes

necessary to return to the II CN system to up date the source  file program and

generate a new assembly listing and object tape.

Figure 21 shows the main program flow chart and Figure  22 shows the Pulse

Command word modification subrout ine  flow chart , The present program

begins by allowing entry of ini t ia l  decimal parameters . The pa rameters  are

converted to binary fo rm and scored in constant locations . They consist  of a

step count along the N -axis (used to wr i te  horizontal  l ine) ,  a step count which

is used in the curve subrout ine  (count s N-axis pulses only) and a step count

which is used in the diagonal subrout ine (again only N -axis  pulses are counted) .  -

Multi plier constant s are entered for use in the curve subrou t ine .  ‘I hese

multipliers determine the number  of pulses issued at any pa r t icular  rate

before the rates are changed by fixed delta constants previously entered for

the X and V axes. The mul t i pliers essentially de termine  the radius of the

curve . The N and V axes stepp ing rate will also be a factor in radius deter-

mination.

When the N count for the hor izontal  line , curves line , and diagonal have been

entered and converted to b i n a ry  form , the program allows en t r y  of the N and

V axes mul t ip l ier s , the initial N and V axes velocit ies in the fo rm of words

to he counted down and the f ixed delta count s which will be added to the N

Count thus  decreasing the N velocity by the fixed delta , and subtracted f rom

the \ count  thus  increasing the ‘
~~ velocity by the f ixed delta . These decimal

• entries a re  also converted to binary.

Af t e r  the parameters  are  entered , the program proceeds to conf igu re  iìe

PIA . One eight bit port in terfaces  the N-axis  driver  and the second eight-

bit port interfaces the V-axis driver . The data direction mask for each

port is wri t ten in the appropriate  data direct ion register  in the PIA then the

I/ O capability becomes act ive upon the command to open the perip heral  data

registers.
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ENTER U~IT AL

CONFIGURE A ND
I N I T I A L  I L L
I -O PORTS

I J
~~M[ S\~ I T C H  NOD

BEENS
N~~~~~T IV A T E ~~~ATE ~

,
7~

F

RESET HOME
SELECT r r

SET DRIVE
DIRECTION
FOR X y

OPEN LA SER S HUTT F~~

E ET  UP X-CO UNT
FOR HORIZONTAL
L I N E , INITIALIZE
C O U N T  FLAG

F igu re  21 . LBES Control Main Program flow chart . (1 of 5)
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Figure 21. LBES Control Main Program flow chart , (2 of 5)
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Figure 21 . LBE S Control Main Program flow char t . (3 of 5)
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Ne xt the port words are initialized . When ini tialized the following conditions
are set up. All command bits are set to zero , then bit 1 is set high . This

proced ure resets the “home select ” F/F  in the driver . On the N-axis port ,
bit 5 is held high to keep the laser shutter in the closed position .

When the ports have been initialized, the program will now ioop until  the home

select switch is actuated . When the switch sets the “home select ” F / F , bit 0

of the status word goes high and causes the program to exit the wait ioop and
enter the ma in program .

In the main program the f irst  step is to set up the X and I axes drive direction .
In this case X will drive clockwise and V will drive counter-clockwise,  The

laser shutter is then opened , the horizontal count is set up in the counter and

the initial pulse command word is entered . The horizontal  pulse ioop is now

entered and will not exit until the total N count equals the required N count .

When in the horizontal pulse loop, the pulse command word is not modified

by the delta N count .

U pon completion of the horizontal  count , the program jumps to the curve

subroutine. A new count is entered in the N counter . Both ~~N count and

~~Y count are allowed to mod i fy  the pulse comm and word when the mult ipliers

have counted to zero . ~ N count is added to the N pulse command word which

causes the pulse command word to increase in size thereb y requiring more

time to count to zero and , consequently,  the velocity along the N -axis, 1N’
becomes slower . ~~V count is subtracted f rom the V pulse command word

which causes the word to decrease in size thus requiring less t ime to count

to zero and , consequently, the velocit y along the V -axis , V \S~ becomes

faster . As an initial experiment, we have fixed both ~ N count and ~~V count .

When the N counter reaches the required N count , the program branches  to

the diagonal subroutine which essentially freezes  the N and ‘~ pulse command

words thus f ixing the V~~ and V~~. The resul t ing diagonal cont inues  until  the
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diagnonal X count reaches the required X count entered in the initial para-

meters. The program exits the diagonal loop, the laser shut ter  is closed ,

and the computer is returned to MIKBUG control .

A number of channel waveguides based on the laser heating strain induced

(LIT SI) technique was made using the LBES facil i ty.  The results  are dis-

cussed in the following subsection .

PROPERTIES OF WAV EGU IDE CIRCUIT ELEMENTS

Demonstration of some of the simple waveguide circuits that  can be made

using the LHSI technique were perfo rm ed. In the followi ng we d isc uss the
results of the properties of these waveguide devices . j

LHSI Waveguide Constr ict ion

A continuous straight LI-ISI waveguide consisting of a wide part and a na r row

part joined together was made by power reduction to 8O~~ of the init ial  va lue

in the middle of a scanning.  The  resultant  waveguide has a cross-sect ional

dimension of 7O~ m radius in the wide part and a l5~ m radius in the na r row

part . The waveguide acceptance ang le were then measured  for  both the

narrow and the wide part of the constriction with beam input coupled from

the wide waveguide. The result in shown in Figure  23 . It is most unexpected

to observe that the acceptance angle for the TM and TE modes for both parts

of the constricted waveguide to be about the same ~—~9 minutes) ,  This result

may be due to the eff ic ient  coup ling f rom the wide guide to the narrow guide

by the tapered constriction ,
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Figure 23 . Relative beam intensity measured at narrow and wide part
of a constructed LUSt waveguide , as a function of pr ism
input angle . The dat a for the wide part are . - 1Th1 and 0 -
TE mode and those for the narrow part are N - Ti\1 and

- TE modes .
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LH SI Waveguide Bends

The waveguide bending loss could be treated by an anal ysis given by Gloge 15 .
To be useful in constructing integrated optical circuits , LII SI guides will have

to possess acceptably low losses in the bends used to dis tr ibute the light

along the various branches . We con sider these losses here , again using the

parabolic-index fiber as our model .

The major losses in multi-mode f ibers  are caused by h igher -order  modes

striking the interface at less than the critical angle. These modes become

leaky rather than bounded and af ter  some distance have lost their  energy.

The fraction of modes lost in a bend of radius R Ic. a parabolic-index fiber
15is

2ay =
~~~~~

2 2 2
where a is the fiber radius , ~ = 

~ ‘a 
- 

~b /% = 2
~~

n / n b and ~~n = - n b.
This is independent of the angle of the bend , and is actuall y an upper limit

on loss assuming all energy in a leaky mode is immediately lost .

Typical LHSI guides have a = 5Oum , ~ n = ~~~~~ and nb 
= 1. 5, which gives

= 1. 33 x l0~~ and the product yR = 7 . 5cm . So to limit the f ract ion of modes

becoming leaky to y = 0. 1 (0 . 5dB) requires a bend of 75cm .

Those bending losses and m i n i m u m  bend radii are probably acceptable for

the construct ion of integrated optical circuits , although it may be desirable

to obtain guides with t igh te r  confinement  (larger sn/n)  to lower these  losses .

Experimentally, we have made waveguide bends by the LI3F.S, with a bending

radius approaching 10cm . F igu re  24 (a )  shows such a waveguide bend. Fig-

ure 24(b)  dep icts a HeNe laser beam proagating though such a bend . The

beam intensity measured  along the bend gives the bending loss of 5db/cm .
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( a)

(b)

Figure 24 . Photograp h of a IJI SI  waveguide  bend produced by LBE S:
(a)  da rk-f i e l d  p hotograp h of wdveguide ;  (b )  photograp h
Of laser beam propagat ing th rough  the bend .
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LHSI Waveguide Gaps

We have also made s t ra igh t  waveguides  with a gap of var ious  length . The
gap should serve as a mode selector since higher order modes leaving the
end of a straight waveguide will not be able to couple into another section of
the wavegu ide at a distance away. This will result in a reduct ion  of the beam
intensity in the LHSI waveguide as the gap wid Eh increases . ~\ -e have observed
this effect  by measuring the intenb ity of the beam at the output prism coupler
with the input prism at a fixed distance (2. 3cm) away from it , This 2. 3cm
waveguide path includes a gap of vary ing width . An examp le of the measured
output is shown in the following tabulation ( a rb i t ra ry  units of in tensi ty) :

Distance Gap Spacing Beginning 2cm from Input Prism
Measured from
Input Prism 0 0 , 5mm 2 . 5 m m

1. 5cm 5. 42 3. 92 3. 2 9

2 , 3cm 3. 13 1. 52 0 , 163

It is seen that the additional loss is 1. 7db for the 0. 5mm gap and 11db for  the
2. 5mm gap. Giving an average loss of 4 d b/m m  of gap spacing.

LHSI Waveguide Coupler

A waveguide directional coupler was designed based on the fact that optical
wave can propagate through a gap and a bend in the LIISI waveguide as dis-
cussed previously. A schematic diagram of such a coupler is shown in Figure
25 . The wave propagating from port A. will exist at H through a bend and at
C through a gap. But there is very little coupling to port D if coup ling between
adjacent waveguides is small , Similar resul t  is obtained for input p rom C .
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Figure 25 . Schematic of a LHSI waveguide directional coupler ,

To assure that coup ling between adjacent  waveguides are small , we have

made an analysis  of the coup ling between modes of adjacent mult imode para-
bolic-index f ibers  which can be applied to LII SI guides . The mathematics
are involved and follow the method of Marcuse 16 , V~e consider the modes of

each guide to be unaffected  by the presence of the othe r with  the electr ic field

amplitudes given by the same expressions used in the preceeding section .
Some integrals must  be evaluated numerical ly.

The results of those calculations are best expressed qualitativel y as follows:

S • F~~r a mode described by mode indices m , n in Cartesian coordi-

nates , coupling is l imited to modes in the other guide with indices m ’,

n ’ satisf ying:
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Ifl , fl
m ’, n ’ = m -i- 2 , n-2  (40)

m-2 , n+2

Since mode effect ive index depends only on the sum ( m t n + l ) ,  we
see that the modes which are coupled propagate with the same

phase velocity.

• For a fixed spacing between adjacent guides , only the hi ghest-

order modes (lowest effect ive  index ) which can still be ident i f ied
as belonging to a single f iber  are  s ignif icant ly  coup led . Lower-
order m odes are much more t i gh t l y  confined by the graded index
profile , overlap very  little, and are coupled more w e a k ly  by
several orders of magnitude .

• For a given pair of coupled modes , the strength of the coup ling
decreases very quickly with increasing guide separation, t yp ically

several orders of magnitude for a change in separation of one
diameter .

In summary ,  appreciable coup ling occurs onl y between a few modes at a
time in adjacent mult imode parabolic- index guides . This renders  unsuitable
the counled-ad j acent-waveguide approach used with s ingle-mode step-index

guides or designing direct ional  coup lers , etc . We are there fore  assured
that as long as the parallel section of the directional coup ler is more than

one radius of the waveguide diameter  apart , cross talk will  be negligible .

We have made one such di rec t ional  coup ler with a gap scpaing of 1, 0mm and

a bending of 5 degrees . The directionality of the coupler was easily observed ,

However , the losses of the coupler is about 10db to each fo rward  branch .
Furthe r improvement  is needed to reduce this loss ,
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SECTIO N IV
RESIDUAL AND INDUCED STRAIN IN

WAVEGUIDE MATER IALS

POLISHING-INDUCED RESIDUAL ST RAIN

When a surface is abras ively machined by finish grinding, lapping and polish-
ing, a highly deformed layer adjacent to the surface is produced 17 20 . In non-
metallic crystalline solids with high yield poin ts the deformed layer is fairly
shallow and the ~oundary between the deformed zone and the underly ing bulk
material can be very sharp 17 20. The residual stresses (and strains ) in
these ma’ hined layers are compressive if extensive heating does not occur
during machining20. In polishing operations heating is minimal, The resi-
dual compressive stresses arise from the fac~ that the deformation taking
place during polishing is, in essence, a type of “smearing” that tends to
inc rease the lateral dimensions of the polished surface. The increase in sur-
fac e area is resisted by the underlying bulk and the deformed layer is put in
a stat e of biaxial compression. If the strain optic coefficient ~~~~, where n is
the index of refraction and S is the strain, is negative, the index in the
deformed layer will increase as a result of polishing and the layer could act
as a waveguide. This is the situation found by Chen et al in polished PLZT 1.
In this study we have extended their observations on PLZT and have syste-
matically attempted to introduce a waveguiding surface layer in a material
with a negative strain optic coefficient and a much simpler microstructure
than PLZT , namely single crystal lithium niobate (LiNb O3), In what fol-
lows, the results of the study of PLZT waveguides are presented first
followed by the dis cussion of waveguiding in LiNb O3 (LN )  crystals.

1’
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Waveguiding in PLZT -

In a material such as PLZT ceramic, the magnitude of the photoelast ic coef -
ficient p is expected to be about 0. 225. The polishing-induced strain S for
this cas e could be in the range of 17 < S  < io 2. Since the refractive
index is 2. 5, if we assume S = io 2, the polishing-induced refractive index
could be as high as i0 ’2 . If the layer thickness W is a few ~ m, as expected 18

there will be a few TE and TM modes that could propagate in the polished layer
of PLZT wafer. Experiment ally, we have achieved opt ical waveguiding in
polished PLZT wafer. The measured waveguide effective refractive index
for the two lowest-order TE modes gives a best fit value of

~~n ’~~0, 0 18 and W ~~~2. 33Mm

This result was obtained in an earlier research work entitled “An Investiga-
tion of PLZT for Interpreted Optics ” support ed by the Offic e of Naval
Research, Further details could be found in the final report 1 of that resear ch

work.

Polishing-Induced Strain in LN Crystals

Our choice of studying strain-induced waveguiding in a single crystal as
opposed to a polycrystalline material such as PLZT is based on the idea that ,
first , characterization of the waveguiding layer is easier in the crystal and,
second, that the anisotropic properties of the crystal could be used to our
advantage. Briefly , the stud y consist ed of fi rst giving diff erent crystal -
lographic faces a number of different polishing treatments. The nature and

- ‘ extent of deformation and damage in the polished layers were then charac-
terized by x-ray techniques and by direct observation in an optical and a

• ~~anning electron microscope. Finally, the polished surfaces were

then checked to determine if they guided a wave from a HeNe laser.
-1~
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Experimental Procedure -- The experimental procedure employed is des-

cribed in the following paragraphs.

Polishing Technique - - The samples were polished in a five-step opera-

tion similar to that used to prepare surfaces for microscopic examination .

For lapping and polishing the samples were mounted on metal discs with a hot

melting wax. Cylindrical conditioning m-ings were used to maintain flatness

dur ing lapping and lithium niobate “feet ” were cemented to the outside of the

specimen holder to maintain flatness during polishing. The five stages of

surface preparation were:

• Stage 1 -- Lapped with a 12g m SiC slurry on cast iron using a Gyro-

matic 12 precision lapp ing machine. An abrasive concentration of

20 gm/liter of distilled water was used at a rotation rate of 60 rpm.

When the downward stress on the sample was 3 psi the material

removal rate was approximately 12gm/mm .

• Stage 2 - - Lapped with a 3gm A1203 slurry on cast iron using a

Frant z “unipol ” lapping machine. An abrasive concentration of

10gm/liter of distilled water was used at a rotation rate of 90 rpm.

The removal rate was approximately 6gm / m m .

• Stage 3 -- Lapped for 15 minutes with the same Al 203 slurry on

the same machine using a lead lap. The removal rate was ap-

proximately 1gm / m m .

• Stage 4 - - Hand polished for several minutes with 3gm diamond

abrasive on Metcloth* rotating at 550 rpm. K erosene was used

as a carrier for the abrasive. 
S

*A B. Buhier Co.
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• Stage 5 - - Polished for one to two hours with cerium oxide on a
Pellon PANW lap using a Strasbough RGY Precision Polishmaster
machine operating at 80 rpm.

Examination of Lapped and Polished Surfaces - - The LiNb O3 samples

were examined at all stages of prepa ration optically and with a Cambridge
Instruments Model S4-10 scanning electron microscope. To prevent charg ing

while in the SEM the samples were coated with carbon.

Characterization of Surfaces by X-Ray Technique — -- One of the ways to

charact eri ze the highly deformed subsurface layer introduced by lapping and

polishing is by x-ray techniques. The res idual stresses in the layer cause

changes in the lattice parameters which may be detected by x-rays. The

changes may be subtle so precision techniques are necessary. In this study

we used Bond’ s technique2’ to measure the changes in lattice parameter per-

pendicular to the surface resulting from the biaxial stresses in the layer

parallel to the surface. The two are related by Poisson ’s ratio with the

changes perpendicular to the stresses being about three times the changes

parallel to the surface,

The Bond technique uses a symmetr ica l  diffractometer suc~ as shown in

Figure 26 . The crystal is rotated till a reflection is detec- .ed in the upper

detector. It is then rotated till the same reflection is detected in the lower

detector. By accurately measuring the angle between the t . vo reflecting

positions the lattice parameters can be measured to a few ppm.

The necessary sensitivity (-an be discussed in t e rms  of the angular changes

that need to be measured to detect strains in the deformed layer on the order

of 1 to 10 ppm. The sensitivity requirements for x - r ay  -~surements  of

lattice parameters are found from Bragg ’s Law, nX 2d sin ~ whe re n is an

integer, X the wavelength , d the interplanar spacing and 9 the diffraction

1t 67
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Figure 26 . Schematic showing the Bond symmetrical diffractometer.

68

I, 
- --I 

~~~~~~~~~~~~~~~~~~~~~~~ 
-- 

~~
—

~~~~~
- ‘ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ —-~~~~~~~

-
~~~~~

-
~~~
- --

~~~~~~ -



— —-5- -
—‘—5-— -S 5 - ‘~~~ - - - ---—- — - 5- -----— —5----— -—5-----

angle. Straining the lattice causes a change in d. Thus , from the first
derivative of Bragg ’s Law

= — -a—— tan 9 (41)

we see that, for a constant strain (S = -v- ) the corresponding change in

diffrac tion angle, ~~B, is propo rtional to the tangent of the diffraction angle.
Since tan 9 increases rapidly near 9 = 90°, most high-sensitivity lattice
parameter measurements are made in this region. The increase in A9 as
the diffraction angle approaches 90° is shown in Figure 27 for lattice strains
of 10~~ and i0 6. Values of ~~9 as small as 5 to 10 arc seconds can be
detected by our Bond diffractometer. S \ 5  discussed below diffraction angles
of around 75 degrees were used to investigate LN . ;\~~ seen from Figure 27
this enabled us to detect lattice strains on the order of l0~~ with the dif-
fract orn eter. A b rief description of the diffractometer is given next followed
by a discussion of the accuracy and errors inherent in the device.

The Bond symmetrical diffractometer, as shown in Figure 26 , consists of

three main components :

• An x- ray  source and collimator

• A specimen holder attached to a sensitive angle measuring device

• Dual x-ray detectors

The diffraction angle 9 is obtained from 9°(deg) = 90° - (N 1-N 2 ) / 2  where N 1
and N 2 are the angular positions of the diffracting plane normals in the upper

and lower diffracting positions respectively. Since the highest resolution is

obtained at diffraction angles near 90 degrees the x- ray  source must be prop-
erly selecte d.

.
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Figure 27 . Change in diffract ion angle ~ 9 cau sed by strain
plotted as a function of diffraction ang le , 6,
Curves for strains of 10~~ and 10-6 are plotted ,
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70

--  5.- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ -- 
-- - L~~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- ~~~~~~~~~~~~~~~~~ ~~~



The symmetrical configuration eliminates many errors. However , some
errors such as incident beam axial divergence, ref ract ion and the Lor entz
Polar izat ion Factor error are still present. These errors can be readily
trea ted mathematically and , in fac t, are small at lar ge values of 9 .

The x-rays are produced by a standard x-ray tube with a 1mm x 10mm line
source. Slits positioned between the source and the sample allow a 150g m
x 1mm beam to impinge on the sample. The crystals were mounted on the
rotating sample holder of a Phillips powder diffractometer . Beu has shown22

the angular sensitivity of this type of support is insufficient to measure the

~~9 of 5 to 10 seconds needed to detect 10~~ strain (see Figure 27). For this
reason an autocolimator and high qualit y optical angle standards were used to
make the measurements. This is a standard technique for making angle mea-
surements23. With this setup we were able to measure ~~8to 4 seconds.

Results and Discussion - - Experimental results are discussed in the follow-
ing paragraphs.

SEM Characterization of Lapped and Polished LN Crystal Faces - - Our
goal in this port ion of the stud y was to introduce plastically deformed layers

24on L~ crystal faces by lapping and polishing. Based on previous experience
the plastic deformation resulting from an abr asive machining operation can
he revealed by electron microscopy. In the present work , scanning electron
micrographs were made of the LN crys t al faces after each lapping and

polishing step to follow the development of the deformed layer. Figures 28
through 31 are scanning electron micrographs at 2000X which illustrate the
nature of the four crystal faces after each of the five lapp ing and polishing
steps. Figure 28 shows the effects of machining on the (0001) face. The
rough regions on the lapped surfaces are where material has been removed
by brittle fracture.  The smooth patches are where material was removed

S by plas tic deformation , i. e. , the regions are “smeared ”. As finer lapping
conditions are used, the extent of brittle fracture on the surfaces decreases.
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l ’igure 28 . Scanning electron micrographs sh~~ving surface s t ruc ture  of
(0001) IJ\  face following successive lapp ing and polishing
operat ions .
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Figure 29 . Scanning electron mi— ’rograp hs showing surface s t ruc ture
of ( 1010) LN face following successive lapping and
polishing operations.
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Af ter polishing with 3gm diamond all indications of fractured regions are

gone, the surface is smooth and contains fine scratches left by the abrasive.

After a final CeO polish on Pellon the scratches are gone and the surface
is smooth. The surface features on the micrograph of the polished surface
presumably are polishing debris and imbedded abrasive particles. Material

removal du ring the production of the last two surfaces was clearly by plas t ic
deformation. The extent of the plastically deformed zone and the residual

stress state will be discussed later.

The stepwise development of the polished surface on a (1010) LN crystal
face is shown in Figure 29 . The increasing amount of plastic deformation as
the lapp ing treatment becomes finer is again obvious. No differences between

the (0001) and (1 010) surface polished with 3gm diamond and with CeO

are evident. The size of the fractured zones on the lapred (1010) faces
appea r slightly larger than those on the lapped (0001) faces. This could, in

part, be due to the fact that the (1012) cleavage plane makes a 16-degree

angle with (1010) while the angl e between the cleavage plane and the basal

plane is abou t 60 degrees.

A similar series of scanning electron rn icrographs after lapping and polish-

ing operations have been performed on (1011) faces is shown in Figure 30.

The 3gm diamond polished surface showed features that appear to be pits.

The last micrograph in the series show~ the depressions were not totally

removed by final polishing in this case. The (1012) cleavage plane makes

S an angle of 16 degrees with the (1011) face which may again account for the

larger patches on the lapped surfaces where material  was removed by brittle

fracture.

Figure 31 shows the ( l 1~~O) crystal face after various treatments .  The

straight, flat regions in the f irst  micrograph show where material was

“smeared ” by th large abrasive particles . The regions where material
has been removed by brittle f r ac tu re  appear smaller  in this case as expected

~ 5
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since the cleavage plane makes an angle of 55 degrees with the machined sur-

face. Some pits are present after 3pm diamond polishing which persist after

polishing with CeO. The surfaces with pits and scrat ches are clearly not

acceptable to use as waveguides because the imperfections would scatter the
beam. The polishing techniques used on these surfaces would have to be

refined. It is interesting that the residual damage in the (loll ) and ( 1l~ O)
polished surfaces is higher than in the(000 1) and (1010) surfaces since all

were polished simultaneously.

Precision Lattice Parameter Measurements - - The lattice parameters

measured on the LN crystal faces lapped and polished in this study are listed

in Table 3. As noted from the table, measurements were made after each

surface finishing operation. Also included on the table are lattice parameter

measurements made on commercially polished (0001 )  and (1010) faces and on a

(1010) face with a Ti in-diffused layer on it. The precisions indicated on the
table are estimates based on a measurement capability of ±4 arc seconds

with our autocollimator and the following diffraction angles:

Diffraction
Crystal Face Plane ‘~(deg)  Tube

(0001) (00018 )  74. 5
(1010) ( ; 0 ~

’0) 82. 5 WL.o- 1
( 11~~0) (33i~O) 70. 4 CoK~
(1011) (60 ~ 6) 80. 1 CuK~

In every case the surface treatment caused an increas e in the lattice spacing.

It is the Poisson expansion due to the compressive stresses in the deformed

surface layer introduced by the machining treatment.  A better indication of

the magnitudes of the changes in lattice spacing is given in Table 3 which

lists the percentage change in spacing, i. e., the strain. The lowest strain

was observed on the Z-cut (0001) face. The strain on the x-cut (1010) face

did not change systematically with treatment. The strain on the (1010) face
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Table 3. Effec t  of Surface  Treatment  on Interp lana r
Spacing* of Lithium N iobate Crystals

Machined Crystal  Face

c a_ b_ 
—

(0001) ( l O l i J )  ( 1120)  (10 11)
Surface Treatment  ±. 0001 - ±. 00002 ~~. 00002 ±. 00005

Anne aled*;’ 13 .863 5. 1483 5. 1483 4 . 2444

12~ SiC on cast iron lap 13. 8647 5, 1498 5. 1501 4.245 P

3u A 1
2
0
3 

n cast iron lap 13. 8645 5. 1499 5. 1508 4. 2456

3u A1
2
0
3 
on lea d lap 13.8647 5. 1499 5. 1501 4.245 8

3u diamond on i\Ietcloth 13.8647 5.1500 5.1491 4.24 5~’

CeO on Pellon 13 .8649 5. 1501 5. 1499 4 .2458

Commercially polished 13.8647 5. 1500 5. 1499

Ti diffused 5. 1499

~‘These values are not corrected for refract ion Lorentz polarization factor
or for  axial divergence of the incident beam .

~~~~~ l55~ I3ond referenced by S.C. Abrahams, et . al ., J. Phys . Chem . Solids ,
27, 9(~7 (1966).
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Table 4 , Percentage Change in Lattice Parameter (i . e~ , strain)
as a Func tion of Surface Treatment of LN Crystals

Z Cut X Cut \ Cut

Surface Trea tment (0001 ) ( 1010) ( 1120) ( 1011)

12~ SiC on cast iron lap .0123 .0291 . 0350 . 0353

— 3~i Al~~O 3 on cast iron lap .0108 . 0311 . 0486 . 0283

3u A 12 03 on Pb lap .0108 . 0311 . 0350 . 0330

3j
~ 

diamond on Metcloth .0123 . 0330 . 0155 . 0353

CeO on Pellon .0137 . 0350 . 0311 . 0330

Commercially polished .0123 .0330 .0311

Ti diffused .0311

Ii

4’.
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was somewhat higher and did not appear to increase as the surface treatment - -

produced a finer surface. Results obtained on the V-cut  ( 11~ 0) and (1011)
faces showed strains about as large as thos e observed on the (1010) face . No
systematic change with treatment was observed, Results on the commercially
polished samples showed the strains to be the same as those produced by us
with 3pm diamond or with CeO. The strain in the Ti diffused (1010) face is

slightly less than that produced by polishing,

Optical Waveguiding in Polished Samples - - After fabrication the polished
crystal surfaces were evaluated as optical waveguides.

The crystal was mounted on a rotating head fixture. A 60-degree rutile prism

was used to couple the beam into the polished surface. For beam polarized

perpendicular to the LN wafer, (TM case) the coupling angles are around
-4 and +7 degrees for Z—cut and V-cut wafers respectively. For beam

polarized parallel to the wafer plane, the coupling angles are around -30 and -22
degrees for coupling into fle and no respectively, The crystals are also
rotated 90 degrees in the plane so that the beam propagation directions were

changed.

-
‘ 

To the best of our ability we did not detect any waveguiding in any of the sur-
faces polished in our lab or in the commercially polished samples. We con-

4 
d ude from these results that the residual stresses introduced by the lapp ing - -

and polishing operations were insufficient to increase the index of refraction
in the deformed layer adjacent to the polished surface. This will be discussed
fu rther in the following.

Discussion of Results - - Our results to date have shown first that lap-
ping and polishing introduces a measurable amount of strain into the surface
of a lithium niob ate crystal and secondly that the strained surface , contrary
to our expectations, does not guide a laser beam. We can calculate the
change in the index of refraction in the deformed layer from the measurement
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of strain made by the Bond x- ray  technique. A change in index on the order of
-3 -4 . . . .

10 to 10 should be sufficient. The change of refraction in the strained

layer is related to the strain by the fourth-rank strain optic-tensor
which couples the dielectric impermeability tensor ( ~ )~ = S~~, to the

strain, Ski as follows:

~~ ij = 
~~ijkl Skl 

(42)

Since = 
~~~~~~~ 

d$~ . = — -  d
1~.

The strain-induced change in index is then

= - ( l / 2 ) n °3
~~~~~ 

( 43 )

where the direction of propagation is perpendicular to X~ and . n° is the

index of the unstrained material. The strain optic tensor and the strain

tensor are written with respect to the rhombohedral LiNb O3 axes. The

strain optic-tensor for LiNb O3 is, in the contracted notation:

F l1 P 12 P 13 P 14 0 0

P21 P22 P23 P24 0 0

P31 P 32 P33 0 0 0

P41 P42 0 P44 0 0

o 0 0 0 P55 ‘~S6

0 0 0 0 P P 5 565 66

-i

p
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where

P11 = P22 = -0. 02

p
12 = = +0. 08

P33 
= i-O • 07

P31 = = +0. 17

= P23 +0. 13

= P24 -P65 
= -0. 08

P41 
= P 56 = -0. 15

P44 
-
~ 

p
55 = +0. 12

P
66 

= 1/ 2  (P 11 
- P 12

) -0. 05

The principal axes of the strain-tensor lie perpendicular to and parallel to the

polished surface.

The values of the measured strains perpendicular to the polished faces are

(from Table 4) :

Z-cut S3 = 1. 3 x 1O~~

X-cut S1 
= 3. 3 x 10~~

Y-cut S2 
= 3. 1 x 10 ”

~

‘S
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I
Consider the strain-induced change in index of refraction with light propa-
gating parallel to the polished surface of three LiNbO3 fac es: (1 ) Z-cut face ,

i.e. , (0001); (2)  X-cut face , i.e ., (lob ); and (3) V -cut face , i. e. , ( 11~ 0).

( 1) Z-Cut Face -- In this case the strain, S3, perpendicular to the p01-

ished surface is the component measured by the Bond x-ray technique:

S = S 1 = S 2 = -’)S3

I-

v = Poisson’s ratio = . 3

= = (p 11+p 12 
- 

~~ 
S = + 1. 45 x l0~~ (42 )

AB 3 = (2P31 ~!p33
) S _  . 4 16 x 1o~~

= = = 0

~2) X-C-ut Face -- In this case the strain, S1, perpendicular to the

polished surface is the component measured :

S = S
2 

= S
3 = ‘~

S
~

(- ~~p11 +p 12 +p 13)S = -2. 77 x l0~~

AB 2 
= (- !p12+p11+p 13)S ~ 1. 57 x 10~~ (43)

~~B3 
= (1- 1 )p 31+p33 S = +3.26 ~

~~B4 = (-  ~- - 1)p 41S = -6.49 x 10~~
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(3)  Y-Cut  Face -- In this case the strain , 
~2’ perpendicular  to the

polished surface is measured:

S = S 1 = S 3, S
2

= s - ~~

= ~p 1~ - !p 12+p 13
)S = + 1. 45 X 10~~

~~ 2 = ( p 12~~!p 11+p13 )S = -2. 57 x

= (1- ~ )p 31 +p 33 S = -3. 03 x 10~~

= ( 1+ ~ )p 41S = 6. 04 x 10~~

We can now calculate the index change for light beams propagating in the
strained surfaces. There are 12 possibilities that exist depending on the
propagation direction and polarization. These are listed in Table 5. For
simplicity we will substitute the X 1, X 2 and axes for the X , V . Z axes.
The Z-cut face is then perpendicular to the X

3 
axis, the X-cut  face to the

X
1 
axis and the V-cut face to the 

~~2 
axis.

The ordinary refractive index in the unstrained crystal  ar n o and n e respective-
ly. n is in the X 1 and X 2 directions and n~ is along the \ 3 direction; ni = 2. 20 ,
n = 2. 297 .e

-*
(i) X3 face ,  ci = X

1, 
p = X 2

- 

— 
~~n = - ~~ n 3

~~~~ = - 7. 68 x l0~~ 
(45 )

-~

d = X  p - X  S

p

84 

-~~~~~~~~
— -- -_ -5-5--5---_- _ ___~~~~~~~~~~~~

.- -5___ . 

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ - .4



- -- — -----5—-—- - -~~~~~ —-~--- ---—-- — - -- -  -- - 
—

Table 5. Index Change Possibi l i t ies

Polished C rystal Propagation Polarization
.4 .4 -4

Face, F Direction, d Dir ect ion, p

Z-cut N
1 

N
2

N 5

x 2 x
l

N -

N — c u t  
~‘2 

N i
N

x 3 x l
x 2

~~~cut x l
N

N

C

-p

8 S ~

- -  ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ 
-



r ~~~ ~~~

- 1/2  
~e~~~~ 3 = 2. 52 x 10~~

d = N 9 p = X 1

A n =  - l / 2 n  = - 7 . 68 x 10~~o 1
.4 -4

d = X 2 p = X 3

- 1/ 2 n  3~~~
3 

= + 2. 5 2  x l0~~

Ui) fac e d = X 2 p = (46)

An~~~ 1/ 2 n  ~~~~~ = + 1. 47 x l0~~o 1

In this cas e the indicatrix ellipse is tilted slightly with respect to the
and X 3 axes. The rotation , however, is small.

~~
=
~~~2 ; = ~~~~3

- 1/2  n = - 1. 97 xe 3
-p

d = X 3 p = X 1

- 1/ 2 n  = + 1. 47 x l0~~0 1

d = X 3 p = X
2

- 1/ 2 n 0
3
~~82 = - 8. 32 x 10~~

f
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(ii i) X
2 

fa ce d = K 1 ~ = N 2 (47 )

~~n -  - 1/ 2 n  = + 1. 36 x
0 2

-p

d = X 1 p = X 3

~~~~ - 1/ 2 n 0
3
~~ B3 

= - 1.81  x 10~~
-p

d = X 3 p = X 1

= - 1/2 n 3
~~~1 = - 7. 42 x

-p

d = X 3 p = X 2

- 1/ 2 n 0
3
~~ S 2 = + 1. 36 x 10~~

Note that in some cases the change in index is positive and the magnitude of
the change ~~n ’~ l0 4. This should be sufficient for waveguiding provided that
the affect region is sufficientl y thick. Calculations ’ show that the th ickne~ s
of the layer necessary  to guide a wave depends on ~ -i . Figure 32 shows the
lowest order TE waveguide modes for a substrate of refractive index ii = 2. 5
and the waveguide layer of refract ive index of 2. SOU l , 2. 501 and 2 . 51 (this
result i~ applicable for n = 2 . 2 ari d 2 , 29 since the modif icat ion is neg ligible .
The coordinat e W in pm is the waveguide layer thickness. In order to
observe a guided wave, for ~~n ~~~~~~ as we have shown to be the cas e for
polished LN, the thickness of the layers must  be on the order of 10 microns.
The thickness of the deformed layer in LN has not been measured. However ,
the thickness of the deformed laye r  in polished sapp hire crystals has been
measured by Hockey 1 using transmission electron microscopy and has been

S found to he on the order of 1gm . Presumably the deformed layers  in I N  are
of the sam e dimensions, and are- not thick enough to cause the strained region

— to act as a waveguide.
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r
It is interesting to note that the measured lattice strain in the Ti diffused
layer on a (1010) LN face is about the same as that of a polished ( 1010) face.
The Ti diffused layer acts as a waveguide but the polished face doesn’t. Most
likely the thickness of the Ti in diffused layer is sufficient to case it to act as
a waveguide.

MEASU REMENT OF PHOTOELASTIC EFFECTS

An important part of the present research is to characterize the photoelastic
effects in candidate materials for the determination of their usefulness in the
integrated optics applications. A new interferrornetric technique has been
developed for the measurement of this effect. Results for the Corning CS-2-

60 filter glass, lucite, and LiNb O3 wafers were obtained. These as well as
the measurement techniques and theory are given in the following paragraphs.

Measurement Technique and Theory

From symmetry argument , we can show that there are two nonzero coefficient s
in the photoelastic tensor p 11 and p 12 for isotropic material such as glass.
In crystalline materials, symmetry considerations in the crystalline structure

will result in certain reduction and relationship among the photoelastic

tensor components. For instance, in LiNb O3, as stated earlier, there are

only eight independent nonzero components.

In this cas e the measurement of the p components will require crystals of

different cuts. For our measurements, thin wafers of crystals of two

given cuts (X cut means the surface of the wafer is perpendicular to the X-

axis) were used, and strain is applied perpendicular to this axis. Table 6

gives examples of the orient ation of crystal and beam for obtaining various

p values in LiNbO 3.r
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Table 6. Crystal and Beam Orient ation for Obtaining p Values in LN

Light Beam Light Beam
Crystal p-values Propagation Polarization Direction
Cut Measured Direction Direction of Strain

z p11 Y x x

_ _ _ _ _  

p31 Y z x

x 
~ l2 z x Y

p 22~~ ll z Y Y

P23~~ l3 X Y Z

p33 
— 

x z z

The p’s are indirectly measured by measuring the refractive index change

~~n. ~~n and p are related through ~~n = - -
~~ n3 p. S.

To measure ~~n, a Michelson interferometer arrangement was constructed.
The experimental arrangement is shown in Figure 33. The laser beam was
first expanded to a diameter comparable to the thickness of the sample. The

final spatial filter contains a 39mm fi lens to expand the fringe pattern onto
the film plane of a speedgraphic camera body.

All measurements were carried out using a 6328A HeNe laser beam. Let
the distance for the reference beam (between the beam splitter to mirror M2)

and the main beam (between the beam splitter to MI)  be £ ‘ and ~ respectively,

and assuming the physical beam path length in the sample is b the phase
difference between the main beam and the reference beam is given by

0 = —
~~~~ — 12V - 2( L-b)  - 2bn] (48 )
x
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I
j where n is the refractive index of the sample and X is the wavelength of the

beam. If we now rotate M2 around it~ center in the interferometer plane (x-z• - plane) with a small angle ~~~, then, depending on the beam position, we have

LI = +~~~~X (49)

This will cause a number of parallel interference lines parallel to the y-
direction to appear at the film plane.

To apply the strain to the sample a four-point loading fixtured was used. The
geometry of the loading on the sample is shown in Figure 34.

With this loading scheme the stress along the center line of the sample may
be calculated from an elementary beam flexure formula26 :

where a = stress along centerline

M = total bending moment of sample

I = moment of inertia of sample cros s section
S

y = vertical distance from neutral axis of sample

For a sample of thickness a and width b the moment of inertia is

I = ~~~~~
3

The total bending moment exerted on the sample by the four point loading
scheme is M = fc.

I
I~T 
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MI 

SH.

Figure 33. Schematic diagram of the Michelson interferrometer
for the measurement of photoelastic effect : f— film ,
C-camera, S. F. -spatial filter , B. S. -beam splitter ,S. H. -sample holder , Mi-main beam mirror , M2-
reference beam mirror , M-corner reflector, B. E. -beam expander , P-polarizer , L-laser.

____ 

_____ 

4

~~~~~~~~~~~~~ j~~o

Figure 34. Geomet ry of four point loading on the sample of
thickness a.
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Therefore the stress along the centerline of the sample in the four point
loading setup is

a = 
l 2fcy
ba3

The stress is directly proportional to the vertical distance from the neutral
axis of the sample.

Therefore the change in refractive index along the centerline of the sample

3
n(y) = - j-. p.. ( l 2fcY ) (50)

~ Eba3

where E =~ T~ is the Young’s modulus.

With a tilted mirror M2 the interference pattern produced with an unstressed
sample was a series of vertical fringes, the linear refractive index change
when stress is applied tilts the fringes at an angle to the vertical. The phase
shift produced by the stress induced ~~n can be found by measuring the tilt
angle 0 of the fringe pattern as shown in Figure 35.

Ia I

Figure 35. Tilting of fringe lines from ori ginal unloaded
condition (dotted lines).
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The phase sift for light beam pass through the sample at distance y from the
center of the sample, along the central axis, due to stress is

~~ ~~d(y ) (51)

= —
~~- 2b~~n(y)

Therefore 1
~ n(y) = -

~~~~~
_ ~~~~~~~ 

= y tan O (52) .1-

k
Comparing expressions for ~~n

EX a EX a tan O 3J d i 2fcyn 121cn3 d

The sample holder and loading apparatus is shown in Figure 36. It consisted
of a spring-loaded plunger that could be screwed down on a Lebow 3397 25-
pound load cell which in turn exerted pressure on the upper pressure bars on
the sample. The Lebow 3397 Load Cell is a strain gage bridge that can be
biased at a d-c level to produce a d-c signal output of lmV (lb -force). The
load cell was calibrated using known weights and a Hewlett Packard 3476B
digital multimeter. To produce a change in the output of the load cell of lmV
(lb-force) a bias of 12. 5 vdc was needed. The load cell bridge had an offset
of 17. 9 mV with no load applied.

The procedure used to arrive at a value of p~ began by taking several photo-
graphs of the interferometer output for a range of test stand pressure levels.
The angle of the tilting of the vertical fringes was measured on each photo-
graph. From a measurement of horizontal spacing of the fringes on several
photographs an average fringe spacing d’ was found. Since this value of
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Figure 36. Sample holding and loading apparatus with a sample in place.
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average spacing includes a magnification factor M due to the optical system,
the true value of d referred to the sample as d = d ’/M.

A graph was made of tan B vs I and a straight line fit to the points was done
by the least squares approximation in the linear form

tan B
_______ = mf

d

The strain optic coefficient pj~ is proportional to the slope, m, of the line

EX 0a
3

12cn3 
m (54)

The sign of p~ was determined by tilting the reference mirror , If an inward
tilt of the reference mirror (shortening the optical path length of the top of
the reference beam while lengthening the optical path of the bottom of the
reference beam) produced the same tilt on the fringe lines as the applied
stress had , then p~ was positive, otherwise p~ was negative.

Results and Discussion

Three different materials were measured. The red Corning CS-2-60 filter
glass and the Lucite PMS- l samples are isotropic and only p 11 and p 12
values are required. For single crystal LiNbO3, p 11. p22. p 12 are mea-
sured using an X-cut and a Z-cut wafer. Other quantities required wafers
of different cut and were not available at the time of this measurement.

Corning CS-2-60 Glass - - Typical photographs of interference fringe pat-
tern with and without load , as taken with the interferometer, are shown in
Figure 37(a) and (b) respectively. The value of tan A i d  were measured for

r
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Figure 37. Ph otograph of fr inge lines: (a) with no load and (b) under
a load of 26. 1 pounds , measured on Corning CS-2-60
glass sample.
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various forces used from photographs such as these and the results are plot-
ted in Figure 38. The slope of the least-squares fitted line yields the photo-
elastic coefficients. The final results are:

p 1 1 = 0. 06 for light polarized parallel to stress direction

and

= 0. 20 for light polarized perpendicular to stress direction

The Young ’s modulus used for the above calculation are assumed27 t o be
1. 02 x 10~ psi.

Lucite PSM- 1 -- Similar measurements were made on lucite and the results
are shown in Figure 39. We obtain

p 11 
= 0. 14

p 12 = 0. 25

These results compare well with the manufacturer specification of p 1 1 =

0. 126 and p 12 = 0. 28 . It is interesting to note that , because of the large
photoelastic effect, the sample under stress causes the beam to deflect
like a prism in the vertical direction. It is necessary at times to readjust
the reference mirror to compensate for this tilting effect.

LiNbO3 - - Because of the limited sample size, it is not possible to corn-
pletely e l .~iinate the fringing stress field, therefore, the results can only
be used as a preliminary reference in this case. As mentioned earlier, two
samples, one Z-cut and one X-cut were used for this measurement. The
data are shown in Figure 40. The results as well as the published data 28

are given in the following tabulation:
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30 - ___________________________________

2 7 -  7E = 1 02 X 1 0  psi
A = 6328

= 0 .136
1.507

C = 0 .15
24 -

21 — 

p
12 

0 .20

- _ 
d 0.0144
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I d
15 —

12-
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~~~~~~~~~~~~~~~~~~~~i
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6 — d = 0 0169
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0 3 6 9 12 15 18 21

FORCE , I (LB)

Figure 38. Photoelastic coefficients p11 and p 12 of Corning CS-2-60 glass

as measured from tanO/d vs applied force plot.
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270 -

E 3 . 4 X 1O~ psi
6328~ /

= 0 .099
240 - ‘ - 1.5

2 10-

A
180 -

0 .25

150 -
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P11 0 1 4
90— ~d 0 .0125

A

60-

3 0 —

I I I I
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

FORCE , I (LB)

Figure 39. Photoelastic coefficients p11 and p12 of Lucit e as measured
from tanO/d vs applied force plot.
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Figure 40. Photoelastic coefficient p11. p 12, p31 as measured by t he

tan &/ d vs applied force plot .
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- . 28Photoelastic Our Pubhshed
Coefficient Results Res ults

p 11 - .015 -0. 02

p22 -.015 -0. 02

p12 0. 05 0. 08

p31 .05 0.17

In conclusion, we have performed measurements of the photoelastic effect  on
a number of samples using a Michelson interferrometer. The technique of
measurement involves measuring the tilting angle of the reference fringe
lines when the sample is under load. Thus precise knowledge of the beam
location, and mirror tilting are not necessary. The measurement results on
samples of suitable dim ensions , such that the fringing stress field due to the
four-point loading arrangement is negligible, are reasonably accurate as is
demonstrated by the good comparison between the published data and our
results with Lucite PSM- 1. On the other hand, when the sample dimension is
limited, such as in the case of LjNbOr,, the fringing stress field introduced
certain error in the measurements, though the identical results obtained for
p 11 and p 12 in LiNbO3 indicate our measurements are self- consistent. For
the CS- 2-60 red filter glass , it is surprising to find that p 11 is much lower
than p 12. But a p 12 value of 0. 2 is comparable to the value given for similar
materials5.

(
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Sb CTION V
CONCLUSIONS

At the inception of the research investigation on the strain-induced wave-
guiding in optical material for integrated optics application, we have outlined
the objectives of this effort as follows:

• To determine the usefulness of the strain-induced effect for
integrated optics applications.

• To obtain basic understanding and perform measurements of the
effects of strain on the various physical phenomena in optical
materials useful for integrated optics applications .

• To develop device concepts using selected materials and methods .
The use of laser beam heating for strain-induced integrated optic
circuits will be emphasized.

These objectives have guided our research effort during this period of in-
vestigation. Although we have only completed phase I and the initial part of

phase II of this research work, substantial progress has been made in ful-

filling these objectives. In particular , we have completed all tasks originally
outlined. The task goals were:

• To develop techniques of inducing controlled residual strain for
optical waveguiding.

• To measure the effect of strain on selected materials and to
correlate them to the properties relevant to optical waveguiding.
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• To produce strain -induced planar waveguides or channel wave- - .guides and obtain the waveguide properties.

• To fabricate simple channel waveguide circuits by laser heating.

• To construct a microprocessor-controlled facility for automated
fabrication of laser-induced channel waveguides .

Zn this report , we have presented the research results and progress made
toward these task goals. To summarize, we have achieved the following :

• Demonstrated laser heating strain-induced (LHSI) channel wave-
guides in glass:

- Techniques for the preparation of LHSI channel waveguide
have been developed . This includes the determination of
the laser heating temperature profile, the relationship of
laser power and scanning speed to channel waveguide
dimensions and techniques of annealing to stabilize the
waveguide.

- LHSI channel waveguide properties have been measured and
analyzed. This includes; the waveguide modes, losses,
input coupling angle dispersion and refractive index profile.

- A model for understanding how the LIISI waveguides are
formed has been developed. The strain and fictive tempera-
ture change have been analyzed.
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• Developed fabrication techniques for LHSI channel waveguide
rnicrooptic circuits:

- Constructed and tested a microcomputer controlled laser
beam exposure system (LBES) for automated fabrication
of LHSI waveguides.

- Fabricated LHSI waveguides exceeding 2 ” in length.

- Fabricated LHSI waveguide bends and gaps .

- Fabricated LHSI waveguide directional couplers.

- Constructed and tested a fiber optic data link for the micro-
processor . Controlled two-dimensional translating stage
for LHSI waveguide fabrication.

• Characterized the residual or induced strain in materials useful
f o r  integrated optics applications:

- A polishing procedure to introduce a controlled surface
strain in LiNbO 3 has been defined. Both grinding and
polishing techniques have been developed to produce
residual strain.

1,~ - X-ray characterization techniques for the determination of
the polishing-induced strain have been developed. Measure-
ment of strain using Bond techniques has been obtained .

1. •
- The comparison of the lattice param eter chang es in LiNbO3

by polishing-induced and Ti indiffused modifications has been
completed .r

‘I
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- A new interferrometer for the measurements of the photo-
elastic effects in material medium was constructed.

In conclusion, we have developed the laser beam heating technique for the fab -
rication of mult imode waveguide circuits automated by microprocessor control.
We have advanced the understanding of the effect of strain by laser heating
and optical polishing. The major goals originally set forth have been achieved .

I
a.
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