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The objective of this program was to develop a high.data-rate-low~power
modulator for doi~lad Md:YAG applications with G1~~b1tfsec data . r*te
capabIlity, 3 W drive power and capable to handle 0.5 V cw power
(3.3 U peak) using integrated optics techniques. An approach to the
development of this modulator has been defined. Most notable Is the
de.Dnstretion of optical power handling capabilities of TI di ffused
Lila 3 uldes Of >300 ~

( w1th no and no power saturition.
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~~~~ico*ltfl9 efflàtency of ~15% input~ a~l 80% output ~have been
achieved. The wavegelde losses at 5145 A have been measured to be
5~ ~~~~~ $lngle .!~de ~vsd ~~ timode wevegiddes have I~en found by the
$nMd1ThIs1Ofl process. Th~ nature of the optical wa~79uide damage at
mom t rjture end ~t elevated te~~eratUres ( 150 Cj has ~~~
~~~Ied. lIw t$gh oplical power densities sustained by these
structures were .accomaodated. by high teeperature operation of the
wavegulda strUctUres. Preliminary experiments on Bragg deflection
have also been .carrieto t. .
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1NT~)DUCTION AND SU*%ARY

The objective of th is program was to develop an optimized thin film
electro-optica l modulator Intended for modulat ing digitally a mode-locke d
Nd:YAG laser, emitting a pulse stre am at a rate of 500 megabits per second. —

The design goals call for a modul ator capable of handl ing up to 500 n*4
average p~~ r (33  V peak) , exhibiting sufficient bandw idth to, operate at
one gi gabit per second, and requiring not more than 3 W drive r power for a
modulatio n depth of 95%. In addition , the optica l throughput Is to be no
less than 60% and output beam distortion resul ting from- the modulato r
transmission characteristics sho uld be minimal . The techniq ues of Integrated
optics provide a novel technical base for construction of such a low power
hi gh data rate modu lator. Reducti ons In size , weight and powe r consumption
are advantages inherent with a thin film wa vegulde approach to the modulator
design. Of necessi ty Is the definition of an approach toward device develop-
ment based on a controllable wavegulde formation proces s In excel lent
electro -optic materials (such as LiNbO 3 and L1TaO3) and the detailed
understanding of the parameters which determine the optical damage of these
waveguide structure s at hi gh optical power levels. We have demonstrated
during the course of this program an approach to wave guide formation in
L1T O3 which preserves the excellent elect ro-optic properties of this material

4 and have demonstrated that these waveguide structu res can sustain hig h optical
power densities and demonstrat ed that >300 n~ can be coupl ed Into these

• waveguides with no opti cal damage.
The waveguide fbrmetion technique is - that of in-diffusion of Ti Into

L11a03. In this process, Ti- metal Is diffused into L1Ta0~ at temperatures
- - In the 1000 to 1-300°C range for- 4 to 24 hour periods . The metal Is

0evaporated onto a polished y-cut crystal and sampl es with 50 to 500 A
initia l TI metal, thickne sses have been studied. It has been found that

1
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oxidation of the Ti metal film to T102 by heating to 450°C for >4 hours
in flowin g 02 before the in-diffusion proces s is carried out at high
temperatures greatly enhances the optical qualit y of the wave gulde layers
(removes a milky appearance on the surface ) and ensure s reproducibility
of the sample processin g. This findiflg was crucial to the development
of good qualit y opt ical waveguide layers . -

The wavegulde st ructures fo rmed by- the In-diffusion process were
testEd at ‘5145 ~ (the wavelength of an argon laser) to s imulate a doubled
Nd:YAG ldser ’ output. The excitation of the waveguide modes of propagation
was carried out using ~r1sm cou pl ing. In this technique resonant energy
trans fer ’ to optical guide modes occurs from optical fields normall y totall y
inte rnally reflected within the prism.~’~ The pri sms used were made of Tb 2
and SrTiO

~
. Studies of the propagation at high optical power densities in

these wavegui de structures were made at room temperature and at slightly
elevated temperatures of : 150°C. To accomplish these tests at both
temperatures a special prism coupl er compatible with heating of the
coupler assently to 200°C was ’ des igned and constructed.

The optical damage phenomena occurring at room temperature and at
elevated temperatures in the Ti-diffused waveguide structures are explainable
by observations of optical damage In the bul k of LiNbO3 and L iTaO3 crystals.
Local inhonogeneity of the indices of refraction are observed due to the
irradiation àf these crystals with high optica l power densities . In the
ill um inated -regions the extraordinary index of refraction in these regions
decreases by l0’~. This causes the ligh t to dive rge, making the use of
these crystals as electro-optic modulators quite difficult. It has been
found that the change of the indices of refraction ‘Is due to photo_c~rrter
excitations from transition metal impurity sites (most notable , Fe, Cu, and
*i) and oxygen vacancies which stein from reduction or the effects of off-
stoichI ometry. These photo-carri ers , upon exc itation , diffuse away from
the Irradiated region and are retrapped preferential ly in regions of
low intensit y . TM end result Is a net space-charge pattern tha t is positive
in regions of high intens ity and negative In regions of low Intensit y .

~~~~~~~ The fixed space -charge generates an electric fi eld that causes the Index
of refraction change by way of the electro -optic effect. Optic al damage
phenomena in opt ical wavegulde layers were fi rs t discussed by Barnoski

2

-— — ‘U- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~~~~~~ -~~ —- ._s 
~~~~~~~~~~~~~~~~~~~~~ — *~~~~~ - -~~~~——~~~~~~~ —-—~~ 

_ _ _ -L__ -,-~ — — ~~~- ~~~~~~~ — -



and Lotspeich of HRL at the 1976 Integrated Optics Conference in Salt Lake
City , Utah , as a result of this program ’ s efforts . Scatterin g into the
rn-line of the output mode pattern occurs as high optical power densities
above a critical input power densi ty are coupled into the waveguide layer
for TE mode pro pagation along the x-axis of a y-cut sam ple. This scatterin g
Into the rn-line Is catastro phic wi th respec t to any modulator appl ication .
We have observed , however , a uburn_in Ii phenomenon at room temperature which
Is quite Interesting. With continuing Input coupling we have observed that
a return to a condition with no damage occurs (thus the signification
burn -in” ). The nature of this burn-in phenomeno n is explainabl e along

the l ines of the model of opti cal damage in the bulk.

We have shown durin g the course of this work that optica l power level s
0

at 5145 A of >300 nM may be coupled into the waveguide layer with ~~ optical
damage and no output powe r saturation . This represents the state -of-the-art
in opti cal waveguide modulator perfo rmance in that these are the highest
optical power levels propagated in an opti cal wave guide structure in an
active modulator confi guration for visible wa vel ength operation. The
optical damage is controlled by heatin g to 150°C where the sel f-annealin g
of any damage occurs due to the de-tra pping of photo-electrons due to
thermal excitation occurs . These results thu s show that an approa ch to
the low power high data rate modu lator under development has been
satisfactoril y proven . A concentra ted effort to boost the net input
and out put coupling efficiency of 44%, to a value close to the theoretical
values of 90% is s uggested as an important problem area where further work
shoul d be done.
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SECTION II

WAVEGUIDE FORMATION

A. The Selection of an Appropriate Wavegulde Formulation Technique

Planar thin film waveguides have been fabricated in a wide variety
of forms using such techniques as sputtering, epitaxy, photoresist spin-on
single crystal fine lapping, ion Implantation and diffusion. Of these
different approaches to waveguide formation the approach most compatible
with low loss waveguide formation and the preservation of the excellent
electro-optic properties of LINbO3 and LiTaO3 is that of diffusion. Wa ve-
guides may be formed in LiNbO or L1TaO by out-diffusion of LI 0 near
the surface of a polished oriented plate of LiNbO3 or LI TaO3. An opposite
approach Is to In-diffuse transition metal ions to form a high index region.
The latter approach has been incorporated into modulator design and
development, It is however instructive to review the out-diffusion process
to appreciate the choice of In-diffusion as the preferred technique.

A depleted concentration of Li20 - near the surface of a polished
oriented plate of LINbO3 and tlTaO3 resul ts In an increase in the
extraordinary Index n3 where

dn - 

- 

dn
= -1.63 for LiNb-03, 

~~
1= ~.0.85 for LITaO3 - -

and X is the fractional concentration of the out-diffusion com ponent
(L12O)x(M2O5)l..x• Refractive index distributions of out-diffused guides
are well represented by a complementary error function

M3 A erfc (d/B)

where A and B are functions of time and diffusivity and d is the distance
below the crystal surface. The typical values of these constants are
A ~~~ and B — 200 ~mn for samples heated in vacuum at 1100°C for about
20 hours.
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The technique of metal indiffusion Involves the diffusion process
wherein a thin layer of metal such as titanium, niobium or copper is
deposited upon a clean, polished~crystal and subsequently allowed to
diffuse intà the crystal at high temperatures. The resulting index
profiles are represented by a Gaussian form~~

— A’ exp(ix2/48 ’2) - - - -
,~~

For this method the - appropriate values .of A~ and B’ are A = 0.02 and
- - -

B 3pm . — i- i

This comparison of the resulting diffusion caused index profiles
focuses on the essential reasons for the selection of indiffusion as the
process of waveguide formation: higher index of refraction changes at the
surface and closer confinement of the optical fields to regions (3 urn deep)
near the surface of the substrate. This makes the percormance of a
modulator based on the fringing electric fields of an interdigital electrode
array quite efficient. 

-

B Waveguide Formation Process
Basically the formation of optical waveguide layers in LiTaO3,, involves

the evaporation of a TI metal film onto a polished LiTaO3 substrate and the
indiffuslon of the Ti into the LiTaO3 substrate. It Is of utmost importance
that this process be carried out In a reproducible and closely controlled
manner. To this end a processing sequence was developed during this
program whereby close scrutiny of the processing parameters such as
surface quality, optical flatness, cleanliness, uniformity and adherence
of the metal films to the substrate through the process was achieved. This
processing sequence is listed below.

Processing Sequence of LiTaO3 Substrates
- (1) Cl ean for inspection - remove existing lapping compound and

waxes with organic solvents and wipe Surface clean.
(2) Check for flatness use tnterferometer to measure the

nunter of fringes across surface.
(3) Photograph with metallurgical microscope In both transmission

and reflection determine surface quality after polishing
noting scratches, pits and cracks.

6
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(4) Clean samples again.

(5) Deposit Ti metal - perform under vacuum (5 x 1O 7 Torr)
with e-beam neating,

(6) Oxidize Ti metal to Ti02, Heat to 450 to 600°C for >4 hrs

~“ °2 atmosphere. Check surface subsequent to oxidation to
- check if metal lifted off the surface,

(7) Carry out diffusion — heat at 300°C/hr to temperature.
Soak at temperature and cool down to 300°C/hr. Pole sample
during cool ing. .

(8) Examine surface subsequent to diffusion. Note especially
surface quality (whether milky f i lm exists).

(9) Check flatness again - inspect for warping of the samples.
This warping prevents use of prism coupling.

It has been found that the Inclusion of the oxidation step (No. 6) prior
to diffusion enhances the surface quality of the sample and the reproducibility
of the process. Samples with thicknesses of >1.5 nm were found to be much
less susceptible to warping than thinner samp1es and only samples with >1.5 ma —

thickness were subsequently used. Fast heating and cooling was found to be
important to prevent sample cracking. The optimum temperature at which
diffusion is best carried out is dependent on the film thickness and desired
waveguide mode content of the structure. Single mode operation is, of course,
the optimal manner in which the modulator structure should be implemented, so
that the minimum temperature of diffusion for which good surface quality and
low loss wave~uide layers may be formed should be used. It has been found
that for 500 A films, for Instance, the minimum temperature is used (>1 300°C)
a melting of the surface occurs . This melting has been directly observed
using a novel furnace design which allows direct viewing of the sample
throughout the oxidation and diffusion process. ~ minimum time of diffusion

0
at 1250°C was found to be 4 hours for 500 A films. In demonstrate that
singl e mode guides may easily be formed by this in-diffusion process 200 A
and 50 A thick films were used as Ti sources . For these thicknesses 1150°C

7
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Is quite sufficient to ensure excellent quality of the wavegulde surface.
For 200 A films diffused for 4 hrs , two TE modes are found for 1150°C

0
diffusion, and for 50 A films single mode waveguides formed after 3 hrs
diffusion at 1150°C for propag tion along the x-axis of y-cut Lfla03
samples.

- J 
I
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SECTION III

bI~VE6IJIDE PROPAGATION STUDIES

A. Pri na-~ Coupling ~ - - - 
-

Excflation of the waveguide modes in LITaO3 waveguides formed by Ti-
indiffusion was carried out by the prism coupi ing technique. In this
technique a resonant coupling to waveguide modes occurs when phase matching
conditions are met. The energy transfer from free propagating beams to
guided optical beams occurs by way of frustrated total internal reflection.
In our experiments T-102 and SrTiO2 prisms were used. Special prism holders
were constructed which would bring the coupling prisms and the diffused
substrate- surface Into close optical contact. To local ize the- contact
pressure between the sample and prism a local pressure point was formed
below the sample. For high temperature experiments Teflon ridges were used
which have performed satisfactorily at :150°C.

TheoretIcal analyses of the prism coupling technique indicate that the - Imaximum effIciency for input couplers is :80% and for output couplers is
close to• 100% for uniform air gap coupling. A tapered gap can however ~rield
close to 100% co ling efficiency for both input and output coupling.(4~ In
our experiments an average input coupling efficiency that has been measured
is 55% as ind~~ by the dip method. - In this method the percentage change
in the return beam power as the coupling angle is tuned in and out of the
coupling resonance angle is measured and this gives a direct measure of the
coupling efficiency. Our estimates of the output coupling efficiency show
that the coupling efficiency achieved using the localized pressure point
prism couplers Is greater than 80%. it is felt that much improvement in
the modulator throughput can be made by concentrating on the construction
of vari able gap prism couplers .

B. Wavegulds Pbds Spectre an dex of Refraction Profiles

The meuuri.snt of the propagation constants of the var4ous wavegulde
mades amy be ns.d to Infer basic parameters about th. profile of in-diffused
specIis .~~Mi analysis of the expected mode indices for an us~~ d p rabol lc
shape of the Ti-metal concentra tion (and therefore the index of refrsction
profile) is now given. This method if useful In aultimeds waveguide structures —

9
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where a theoretical fit of the observed mode indices yields the surface
Index discontInuity as well as the effective depth d of the Index of
refraction profile.

It Is expected from diffusion theory that the Ti concentration
subs~quent to diffusion should follow a Gaussian distribution m d  that
the Index of refraction should also be given by the Gaussian

2
n — n 0 ( l+A e

~~ ’ 
)

where A is the surface Index discontinuity - relative to no or simply tin0In,~,
n Is the substrate Index, and d is the Gaussian diffusion depth parameter
equal to 2(Dt) , where D Is the diffusion constant and t is the diffusion
time. If we let n’ be ,i~(l + A) and assume that the regions of interest

L are those regions where is less than unity, we obtain an expression for
r n which follows a parabolic profile:

2
n = n ’(l - A fly) for small A.

- d

IiarcusJ~ -has~caicuiated the modes of propagation in an index profile-
of symuetrical behavior n(x) ‘ n(-x) . We simply need the odd modes of
Narcuse’s analysis since we -may safely assume the electric fields at the
surface to be zero due to the large index difference. Thus our resul ts
for the theoretical mode Index of the mth mode is:

n”2 - - 
4(m + ~)(2A) 1”2 no

where K -~~ f o r m z O , l , 2...
Our experimental results for TE mode waveguide propagation along the -~~

x-axis of y—cut LiTaO3 substrates on a di ffused sample with 5 modes were
compared with theoretical estimates of the mode Indices based on fitting
the measured mode Indices to the best A and d. The mode indices as
measured are always higher then those calculated using this analysis.
This Is consistent with the vis. that a parabolic profile decreases more
rapidly than the Gaussian profile to the value of the sub strate Index. The
values of 0.012 for A corresponding to an index discontinuity at the surface

10
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of the sample of 0.026 and the value of ~~~~~ iii for d are Indicative of the
magnitude of these parameter s obtained in most diffus ed waveguide samples
with meltimode content. This sample was diffused at 1350°C for 12 hrs and
had a 500 A ii coating. For sin gle mode guides this kind of analysis of - -~~

course does not work. However an indication of the depth of the diffusion -
~

for single mode structures may be obtained from microprobe an lysis. For
a sample d1ffus~d 4 -hrs at 107-5°C whIch had 500 A Ti on the surface a
microprobe measurement was performed. The results of this experIment are
shown In Flu. 1. It is thus certain that singl e mode structures are
formed with 2 ~ thick wavegulde layers. This smal l value of the waveguide
thickness is cruciai to efficient modulation of the guided beams using
the fringiflg fields of interdigital electrode arrays.

C. Waytg~ide Loss Measuremen ts -1
Measurements were made of the waveguide losses at 5145 A by varying I

the position of the output coupler prism relative to the fixed input
coupler and measuring the output power as a fun ction of separation of
the two prism couplers. A semi-log plot of the output versus position
showed that a cl ear stra ight l ine trend was readily obtained and that the
problem of the assu ring constant coupl ing throughout the measurement was

0 -

avoI ded. The measured waveguide loss at 5145 A for a TE mode of a two —

mode structure was 5 db/cm. This corresponds to an 20% (1 cL) loss of -

power for propagation of the guide d beam betw een prisms, which are spaced -
~

2 mu apart. This thus represents an achievement of our ori ginal estima tes
0

of the waveguide loss at 5145 A for this progra m.

11
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SECTION IV ~~~~ 
-

- - -OFT ICL DAMGE IN LiTaO3 WAVEGUIDES 
-

A. Pbdel of ~ tical Damage in Bul k Crystals, 
-

- When -e1ectro~i.optic crystals SUCh as Li*03~ KTN and LiTaO~ are exposed
to light of visibl e wavelength refractive Index changes may occur. These
changes -occur as a result of the build-up of local electri c fields in the
material caused by the opti cal -irradiat ion. The index of refraction change
Is attributed to the redistribution of photoexci-ted carriers in the lattice
which results In a macroscopic polarization change and hence an index change
via the electro-optic effect. The photo-electrons are excited from Impurity
traps by the incident radiation and,- upon migration, are retrapped at other
locations, giving rise to the frozen-in electric field. In undoped crystals
the traps are due to small traces of impurities most notably Fe, Cu and l~
for LiTaO3 and L1NbO3. The carrier migration occurs under the simultaneous
effects of diffusion forges and an electric field. This electric field may
be internal or applied. The relati ve ly large size of the r33 electro-optic
coefficIent for LITMI~3 and -LiNbO3 compared with the other coefficients cause
the component of the space charge fiel d along the optic axis (the z-ax ls )
to be most effective in- changing the Index of refractIon . In particular
the extrsordinar~ Index of refraction changes due to this field E acco rding
to

where 
~e is the extraordinary refractive Index, r33 is the third diagonal

component of the electro -opt ic tensor and E is the electric fiel d along
the optic axis. This decrease of -the index of refraction causes the optical
beam passing through a bulk modulator to diverge and the birefringence change
also affects the modulator performance. Th optical ly induced changes in
the indices of refraction are observed to -fade In a few hours but the
resmining part stays essentially unchanged for days when -the light is
removed, unless the crystal Is heated to :iso°c.
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LiTaO is known to be much less susceptible (approximately two
orders of magnitude less ) to optical damage than LiNbO3. Tsuya has
studied the dependence of the damage sens itiv ity on nominal Impurity
concentration , polin g procedures , and heat trea tment , and the dependence
of the thermal decay and the di stribution coefficients of diffe rent - -

transition metals In -L1+aO- . Using electron parsaignetic resonance (EPR)
and optical spectra studies it was found that Fe , Cu and oxygen
vacancies, WhiCh occur as a resul t of - reduction of the crystal or deviations
from stoichiometry are the donor species, and that Fe~’ , Cu2’ , Pb~~ and

are the trapping centers. The migration of oxygen vacancies duri ng pol ing
affects the damage susce ptibility significantl y.. The oxygen vacancies
migrate during pol ing from the positive electrode to the negative and the
distribution of oxygen vacancies was found to be similar to that of the
optical damage susceptibility In undoped crystal s - The damage sensitivit y
in an Fe-doped Crysta l is two orders of magnitude larger near the negative
electrode than near the positive electrode as a resul t of the poling. The
optical absorption is also dependent on the poling conditions and the
oxidation state of the sample. A marked di fference In optical densit y of
Fe-doped LITaO3 is seen between -different crystal areas resu lting from the
pol ing process and resultin g from the Oxidation /-reduction treatment. It
was found that areas close to the positive electrode in full y oxidized
oxygen vacancies of LiTaO3 is found to determine to a large extent the

sensitivit y to damage in undo ped LiTaO crystals. The maximum damage
— threshold of bul k LITaO3 was reported to be 10 kbl/cm

B. Optica l Damage in LiTaO3 Waveguide - Room Temperature

• Barnoski and Lotspe1ch~
5
~ were the first to report the observation of

optical damige in optical waveguides in LITaO3. This work was a direct
result of this program’s effort. The particul ar samples studied had a
starting Ti layer thickness of 500 A and were di ffused in an 02 atmosphere
for 3 hrs at 1073°C. For rE mode propagations along the x-axI s In a
y-cut crystal -the behavior of the output spot and the rn-i Ins scattering

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~ -—— -— ~~~~~~



was studied as high optical powers at 5145 A were coupled into the waveguide
structure. Ex*inatton of the out put beam, displayed on a white screen,
disclosed the followin g developments as the laser Input power was increased.
With reference to Fig. 2, an appreciable level of forward scattering firs t
appeared at an input power of “ 240 n*I. After the power was raised to a
level of ‘.600 n*1, nearly all the out-put power was scattered into the rn- line. —

However, as al so illustrated In FIg. 2, the amount of scattering into the
rn-line decreased wi th time; and after “45 minutes, the quality of the
transmitted beam with respect to the power scattered Into the rn-line
returned to its origina l for m as exhibited at low power levels. Fol lowin g 1
this observ ation , the resona nce coupl ing angle was returned for maximum
transmIss io~, a change in resonance coupling was noted, and only one mode
instead of two was observed.

The phenomenon is cons istent with the present model of optical damage
- - 

- 

- In bul k LiTaO3 crystals. The rn-line scattering Is explainabl e as being 
—

due to the photo-induced index changes which reduce the value of n5, the
extraordinary index of refraction. The “burn-in” phenomena is due to the
develop ent Of a steady state condition in which a constant index of
refraction change is achieved under the cw laser radiation .

The -optical damage in multimode LiTaO3 waveguides was studied . These
wavegu ldes were di ff used at high temper atures >1200°C to form deep waveguide
layers of 4 to 5 pm. The wa veguide supported 5 modes and the optical
damage phenomena in the less ti ghtly confi ned higher order modes were studi ed
at room temperature. The effect of reduction in the o~~1ca l power density
in the hi gher waveguide modes was expected to yiel d less susceptibili ty to
damage at room temperature. This was confirmed experimental ly, however,
optical damage as well as output power saturation still occurred . Whil e
a complete “ blow -out” of the central mode spot into the rn-l ine is avoided
in these waveguide str uctures an elongation of the centra l spot 3 to 4 times
its initial diamete r along the rn-l ine direction is observed and saturation
of the output power at a maxim um of 40 to 50 nI~ for 600 n*~ Input power is
observed . These resul ts suggest the present room temperature resul ts are
unsati sfactory for incorporation into a final modulator design.
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C. Optical Damage In LiTaO3 Waveguide-Elevated Temperature

A property of the opt ical damage In bul k crystals Is that the damage
may be erased by heating to 150°C was util ized in a stud y of the optical
damage in LITaO3 waveguides at thes e temperatures . A special heating stage
and prism coupler apparatus was constructed for this purpose. The two
samples Which were studie d most extensivel y were samples 21-A and B. These
two samples exhibited excellent processin g results. The Ti film (200 ~

)
deposited was quite uniform and did not have a pitted appearance.
Sithsequent to oxidation at 650°C for 24 hours and di ffusion at 1100°C
for 12 hours (21—A) and for 6 hours (21-B) excellent optical surfaces of
the final wavegu-Ide structures resul ted . Both samples have waviguide layers
which support -only 2TE modes at 5145 A for propagation along the x-axi s and
1 TI mode for propagation along the z-axis. It is worth noting that only
one mode was observed for propa~~tion alon g a direct ion ~45° with respect
to the z .axIs. This ts close to the direction of opti mum electro-optic
modulation in a y-cut plate of 5l° with respect to z-axi s for LINbO3 and
LI TaO3. -

The samples were fi rst studled at room temperature with low lase r
Input (25 a~I) and the mode structure recorded. At this low level of power
coupled Into the waveguide no optical damage was observed and the optical
waveguide modes could be easily stud ied. Estimates of the surface change
In index of refractIon and the di ffUsion depth for these samples are
Mt — 0.02 and d a 2.5 pm, based on an analysis similar to that given in -ï
sectIon II.

The samples and the prism coupler apparatus were heated to 150°C and
high optical power studies carried out. No optica l damage was observed
with up to 216 iW coupled out of the waveguide; in addition , no saturation
of the output power was observed as a function of input power.

To illustrate the evol ution of the optical power level at di fferent
points within the weveguide structure, a detailed account is given In
Fig. 3. The pri sm couplers are -made of 1102 Which has a reflectivity of
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0.25 at 5145 A. The wavegulde loss in these layers has been estimated -

to 5 dBfcm, which Int roduces a reduction of 20% of the power coupled

Into the fIber after propagating the 2 mu distance between prisms . An
Input prism- coupl4ng efficiency of 55% has been used as a reasonable 

-

estimate of thi s coupling stren gth based on measurements made by the -

“ dip ” method. This àiportionment of the measured 44% net efficiency -
-

Is consistent with the observation that a large fraction of the optical -

power In the waveguide fil m is efficiently coupled out with the new holder
apparatus. The fact that no power saturation is obse rved is evidenced -

by the plot of out put power as a function of input power for , sampl e T1-2lB
which is given in Fig. 4. It is i’mportant to note that the coupl ed input
power density corresponding to 330 nIJ is Zl7 kW/cm2 which is above the
room temperature damage thrühol d of 10 kW/cm2 for LITaO3. These resul ts
are representative of the present state of the art in optical waveguide -

modulators structure designed for hi gh optical power (>100 n*I) handling
power appl iéations. The limit of 600 niW inciden t on the Input couplin g -!
face may be raised by anti-reflection coatings of the input face of the
prism. Both input and output prisms have recentl y been anti -refl ection
coated and tests of the throu ghp ut at higher incident energies will be
made. 
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SECTION V
I

MODULATOR DESIGN CONSIDERATIONS

A. Electro-Optic Effect

The phase chang e $, in radians , induced by the electric signa l
field over a path length I Is

( 1)

where t~n is the refractive index increment due to the electro-optic
effect and A0 is the free—space wavelength. The strongest interaction
in LITaO and LIN bO occurs when the applied electric field and optical
electric polar ization are both parallel (or nearly parallel ) to the
crystalline c axis (optic axis). For this condltion (6)

~n3 = ~ n~r33E3 (2)

where n3 is the extraordina ry refractive index , r33 Is the appropriate
electro-opti c coefficient , an d E3 is the applied electric field.
CombinIng (1) and (2), we have

= 

irLn~r3~E3

The crystal must be cut wi th its c axi s In the plane of the waveguide
essentially transverse to the beam propagation direction and the
propagati ng optical mode must therefore have TE polarization . This
polarization has the best loss characteristics in proximity to the
meta l electrode surfaces .

Table I lists the relevant electro-optic and dielectric
characteristics of 111603 and LINb O3 for reference and comparison.
The prefixes (T) and (5) stand for unclamped, or constant stress , and
clamped, or constant strain conditions . The dielectric constants or
specific permitivities are Ind icated by c1/e0 and c3/e0, norma l and
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TABLE I
Electro-optic Material s Properties

_____________________ 
- 5153 6

LtT O3 LINbO3
QUANTITY 0.53pm 

- 
1.06 pm 0.53 pm 1.06 pm

2.21 2.14 2.23 2.16

rnr 33. 1O~~° cm/V 31 29 322 -
~ 32

(S)r~~ 
iQ_10 cm/V 303 — 29 308 30

- - - (T)n}33. i0~~ cm/V 33.5 — 28.4 35.7 — 32

(S)n}33, 10 9 cmN 32.7 
- ?- 28.4 34.1 30

51 - 

78

41 43

(T)eileo 45 
- 

32

(Sk3/f0 43 - 28

(T) - UNCLAMPED 

—

(S) CLAMPED
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paral lel to the optic axis, respectively, where is the permittivity
of free space. We note the large change in c 1 for LiNbO3 in going from
the unclamped to clamped condition. This has an adverse effect on the
frequency response characteristics. Likewise, the change in r33 is
substantial ly greater than that of LiTaO3, which similarly has a

~~~~~stronger effect upon the electro-opt ic freque ncy response. For Bragg
diffraction the zero th and fi rst-order powers are proportional respectively,
tQ cos2(4f2) and sin2($/2). For ful l modulation, corresponding to
100% depietion of the zero-order beams in the idealized cases , the
maxim imi requ ired values of ~ is it .

B. Design Calculations
In order to design a suitable diffraction modulator we need to

determine allowable dimensions of the electrode array, the resulting
capacitance, required shunt resistance. and suitable matching trans-
former under the primary constraint of a dri ver power not exceeding
3 W from a 5O-~2 source and a minimum bandwidth of 500 14Hz. It turns
out that thi s can be done in a fairly straightforward manner , and that
in particular, both the power and the capacitance can be uniquely
expressed in terms of the ratio of electrode separation to electrode
length , s/L.

With optimized video peaking the power required to drive a
capacitance C over a bandwidth B wi th peak driver volta ge Vm is

- - 2
(5)

where : I/nBC is the shunt resistance needed to dissipate the power
and provide an RC-limited bandwidth B. The capacitance of an inter-
digita ted electrode array having N finger pairs on an x- or y-cut
unlaxial crystal such as LiTaO3 1s~

7
~

- ~~~~~~~~~ C. • + (~18 3)1e/2 KIN . (6)
‘;~~~ ~ ~

-
~ - - ~~~ 

-
,

- ~~~ ~~- :~ ~~
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K h the correction ~actor~
8) determined from the retio

of electrode width to spacing, w/s. For LITaO3 In the clamped condition
(which rs expected to obtain over most of the operatin g band)

C = 3 8 K L N  pF (6’)

The nta~beP of ~iectro4e pairs Is readi ly determined from a knowledge of

the total wIdth ol the electrode array . For an input laser beam having
a 1/a2 diameter D ‘equat tà~ about -l mu, ft is suff Icient to assw ne an
electrode array wi dth of l.5D . Thus , -

~

- 
N = ~~~~~ ’

0
~

5 
- 

‘(7)

where S- ts the p riódici ty, expressed in cm. S Is subsequently expressed

as a multiple of the electrode spacing s. - 

-

The-applied electric fiel d E in the active region of the beam is
estimated to be approximately 

- - - 

-

- V -
-

- 

- E3 —~~ 
- (8)

when the distance below the surface is comparable to s. This is the
ass*aaed design cond iti on wh ich leads to ’ unlfo$i fi eld stren gth across
the optical beam. It is- conválent to express 

~m in terms Of a comon ly
used electro-optic parameter E3 * L, the. so-called fie ld-len gth product.
Thus, from (8) - 

-

- ~m = 
— 

2(E3 :~~ 
~~~~~~ 

- 
- 

(9)

where - - - 
- 

-

-
- - - ~~~~~~~~~~~~ ~. - .~mexAo ~~~~~~~~

. —

13 L ’ ~~~~ -~  
(10)

nfl3r33 
-
~ 

-
~ 

- ‘ -

accordtfl~ to Eq. (3), and +~~~ is given In (4). With a specific electrode

width-to-spacing ratio, it is easy to see from (6’) and (7) that the
capacitance is proportional- to Lfs and from (5) and (9) that the power
Is proportional to s/I.. -
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We have calculated the design val ues of C, the electrode capacitance,
the shunt resistance, S, the electrode period , N, ~ e nuwter of

-periods. and Q, the Bragg di ffraction parameter(10) 
~ 

-

- 
for a

2.5 ma long (I) grating. These calculations were made s~bJect to the
constraint of 3 W electric drive power. The workin g equations for the
L1T*03 modulator are given below. The resul ts are shown in FIg. 5.

~ I P = ~~ B C V m
2 a 3 W

Vm 2(E3 L)(s/L)

- - 

P1. 1500/S = l5
~
0 

• 
s

- - - 
- - 

- 

- 
C - 0.57 ’ (~.)K(~) x l0 2

- - 
-

- 
-

. ‘ : f- - -~- - - P - 4.616 ~ ~~ (~ )K(~)

C. 
- ‘ 

Impedance Matchin g Conside rations
It is imperative that careful consideration of the probl em of

impedance matching be done to determi ne the optiewi electrode configuration.
For --a modulator with L * 2.5 ma, S a 19.4 *m and using K 0.85, the
electrode capacitance C is :62 pf and : 10 ~l. An increase of the
effective resIstance by 4 and a decrease of the effective capacitance
by 4 -results~if the electrode array is divided into 2 el ements in series(8)
as shown in Fig. 6.

The termination characteri stics of this low power high data rate
modulator design with c — 15 pf and R 43 ~7 has been studied. The
reflection coeffic$eflt has been calculated usi ng these parame ters up to
500 11Hz. The formulae used are :

- i• Z0-R4JwZ0RC 7 + j( o. lo131f(~~p a Jp~e Z0+R+JWZ0R~ 93+j( p .lpJ3 )f(~~~

where ZR - i+Ac ~~~~~ 50 tl . The results are shown In Fig . 7. In
addition the ratio of the coupled power Yc to the transmitted forward

25 11
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power Vi’
~
has been calculated for various va lues of the lead inductances

which may occur In the final dev iàe conf iguration. The results are
shown in-Fig . 8 along- with the equival ent circ uit used In the calculations .
A schematic diagram of the modulator -design 4 shown in Fig. 9.
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SECTION VI

MODULATION F~BRICATI0N

An interdigital electrode array photolithographic master was ordered
from Electro sk, Inc. of Van NUyS, California. The finger length chosen
for this test mask was 2.0 ma In accordance with the original proposal
design. The distance was selected so that a 1 db (20%) loss in power
would result for waveguide propagation over this distance for an expected
S db/cm loss. This loss figure was obtained durin g the program. The
periodicity S — 0.8 mil was chosen in order to achieve a diffraction
parameter Q(~2nA0L/n3S2) = 10, for adequate Bragg diffr action eff icienc y .
The finger width-to- gap ratio of 2:3 was selected on the basis that a
mini.i spatial harmoni c content of the frin ging electric fiel d In the
region of the guided optical field is attained for thi s value. The
electrode array width was selected to be 0.236 inches for this mask.
This is considerabl y wid e-r than Is necessary to eirbrace the laser beam
but is useful in the initial modulat io~ tests where latitude of beam
positioning acros s the sample for optimum throu ghput is requi red.

Gol d electrode patterns were formed on sampl es 21-A and 21-B
s~~sequent to the demonstration of hi~~ optical throu ghput capabilities
at elevated temperatures for these waveguides . Tests of the modu lation
efficien cy and frequenc y response were not completed during this program .
We have observed deflection of the zero order beam into the Bragg fi rs t
order using these modulator structures . The defl ection efficienc y was
low because of the grating imperfections , in that 150 V were needed for
:30% deflection. These preliminary tests also sho,~, that a buffer layer
will be needed to isolate the metal grating from the wavegulde surface ,
there being a stron g deflection at twice the Bragg angle due to the
Index changes caused by the metal grating above.
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SECTION VII

CONCLUSION AND RECON~ENI~TIONS

In conclusion it is fel t that the work described in this report has
documented the fabrication processing and testi ng of optical wavegulde
modulator structures in LITaO3 capable of handli ng high optical p~ier
levels (>300 i~~) with ~~ optica l damage and no power saturation effects.
This work has established the state of the art in optical power handling
capabiliti es in waveguide modulators operating in the visible wavelength
range. Several recomaiendations for further work may be made. The most
Important areas where significant improvement in the device performance
may be accomplis hed Is that of the prism coupl ing efficiency. -By using

-
~ variable gap couplers close to 100% coupling (both input and output) may

- 
- 

be achieved. This woul d be a significant improvement over the set
coupling efficiency of 44% (55% input and 82% output) óchieved during

— 
- this program. The use of the variable gap couplers will also yield an

output beam with an intensity profile very close to a Gaussian beam profile.
This wi ll facilitate the Incorporation of the waveguide modulator Into the
telescope system of the actual laser comunicatlon system being developed
for the 4058 program. Further improvements may be made in the throughput
of the modulator by reducing the waveguide losses front the S db/cm level to

0
cl db/om. At present the 5 db/cm loss for 5145 A wavelength operation
figure is consistent with the reported results of Hamer and Phi1lips01

~
at ~ A for Li*~

Tai x03 waveguides of 5 db/cm for wavelen gths close to
5145 A. cl db/cnt loss figure may be obtained . Lastl y the power handling
capability of these wavegulde structures may be greatly enhanced (most
especially the room temperature results) by using very pure L11a03
uèstretn as starting materials. The reduction of the Fe content in
LiTaO3 Is mast Important in reducing the damage susceptibility.
E~ erimsitat1on with high purity LIT O3 crystals should be carri ed out .

LI
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