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SECTION I

| mmwmﬂw SUmARY

The objective of this program was to develop an optimized thin fnm
electro-optical ndulator intended for modulating digital 1y a mode-locked
Nd: YAG laser, enitting a pulse stream at a rate of 500 megabits per second.
The desigt goﬂs call for a mdulator capable of handHng up to 500 mW
average power (3.3 W peak), exhibiting sufficient bandwidth to operate at
one gigabit per second, and requiring not more than 3 W driver power for a
wduht'lon depth of 95%. In addition, the optical throughput is to be no
less than 60% and eutput beam distortion resulting from the modulator
transmission characteristics should be minimel. The techniques of integrated
optics provide a novel technical base for construction of such a low power
high data rate modulator. Reductions in size, weight and power consumption
are advantages inherent with a thin film waveguide approach to the modulator
design. Of necessity is the definition of an approach toward device develop-
ment based on a contrellable aneguide formation process in excellent
electro-optic materials (such as LiNbO and L1Ta03) and the detailed
understanding of the parameters which determine the optical damage of these
waveguide structures at high optical power levels. We have demonstrated
during the course of tMs program an approach to waveguide formation in
LiTa03 which preserves the excellent electro-optic properties of this material
and have dennstrated that these waveguide structures can sustain high optical
power densities and demnstrated that >300 mi can be coupled into these
waveguides with no optical damge.

The waveguide formation techmque is: tbat of in-diffusion of Ti into
I.iTao3 In this process, Ti metal is diffused into LiTa0, at temperatures
in the 1000 to 1300°C range for 4 to 24 hour periods. The metal is A
evaporated onto a polished y-cut crystal and samples with 50 to 500 A
initial T metal thicknesses have been studied. It has been found that




oxidation of the Ti metal film to T'lo2 by heating to 450°C for >4 hours 3
in flowing 02 before the in-diffusion process is carried out at high
temperatures greatly enhances the optical quality of the waveguide layers
(removes a milky appearance on the surface) and ensures reproducibility
of the sample processing. This fimﬁng was crucial to the development

of good quality optica'l waveguide layers.

" The uavegu'lde structures formed by ‘the in-diffusion process were
tested at 5145 A (the wa}\(ele‘ngth of an argon laser) to simulate a doubled
Nd: Y;ﬂéfaser”odtp"ut The excitation of the waveguide modes of propagation
was carried out using prism coupﬁng In this techni que resonant energy
transfer to optical guide modes occurs from optical fields normally totally i
internally reflected within the prism. (1) The prisms used were made of 'I"IO2 *
and SrT103. Studies of the propagation at high optical power densities in
these waveguide structures were made at room temperature and at slightly
elevated temperatures of = 150°C. To accomplish these tests at both
temperatures a special prism coupler compatible with heating of the
coupler ascembly to 200°C was designed 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 bulk of LiNb03 and l.'iTao3 crystals.
Local inhomogeneity of the indices of refraction are observed due to the
irradiation of these crystals with high optical power densities. In the ;
illuminated regions the extraordinary index of refraction in these regions
decreases by 210"3. This causes the l1ight to diverge, 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-carrier
excitations from transition metal impurity sites (most notable, Fe, Cu, and F
Mn) and oxygen vacancies which stem from reduction or the effects of off- 3
stoichiometry. These photo-carriers, upon excitation, diffuse away from "
: the irradiated region and are retrapped preferentially in regions of
low intensity. The end result is a net space-charge pattern that is positive !
in regions of high intensity and negative in regions of low intensity.
The fixed space charge generates an electric field that causes the index
of refraction change by way of the electro-optic effect. Optical damage
phenomena in optical waveguide layers were first discussed by Barmoski
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and Lotspeich of HRL at the 1976 Integrated Optics Conference in Salt Lake
City, Utah, as a result of this program's efforts. Scattering into the
m-line of the output mode pattern occurs as high optical power densities
above a critical input power density are coupled into the waveguide layer
for TE mode propagation along the x-axis of a y-cut sample. This scattering
into the m-line 1s catastrophic with respect to any modulator application.
We have observed, however, a "burn-in" 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 phenomenon is explainable along

the 1ines of the model of optical damage in the bulk.

Heohave shown during the course of this work that optical power levels
at 5145 A of >300 mW may be coupled into the waveguide layer with no optical
damage and no output power saturation. This represents the state-of-the-art
in optical waveguide modulator performance in that these are the highest
optical power levels propagated in an optical waveguide structure in an
active modulator configuration for visible wavelength operation. The
opt'lcdl damage is controlled by heating to 150°C where the self-annealing
of any damage occurs due to the de-trapping of photo-electrons due to
thermal excitation occurs. These results thus show that an approach to
the low power high data rate modulator under development has been
satisfactorily proven. A concentrated effort to boost the net input
and output coupling efficiency of 44%, to a value close to the theoretical
values of 90% is suggested as an important problem area where further work
should be done.




SECTION 11

- WAVEGUIDE FORMATION

A. The Selection of an Appropriate Waveguide 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 vvwaveguidg formation the approach most compatible
with Tow loss waveguide formation and the preservation of the excellent
electro—optic properties of LiNbO and LiTaO3 is that of diffusion. Wave-
guides may be formed in L'le03 or L1T.';\03 by out-diffusion of Lizo near
the surface of a polished oriented plate of LiNbf)3 or LiTaO3 (2) 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 1
to appreciate the choice of in-diffusion as the preferred technique. b
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A depl'e‘ted' concentration of L'IZO near the surface of a polished
orfiented plate of Lillb03 and LiTa03 results in an increase in the
extraordinary 1ndex n3 where

tng tny
ai = -1.63 for Lmbo3, ax - 0-85 for L1Ta0,

and X is the. fractional concentration of the out-diffusion component
(Li0), (nzos),_x Refractive index distributions of out-diffused guides
are well represented by a comlementary error function

ang =.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= 1073 and B = 200 ym 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 intn the crystal at high temperatures. The resulting index
profiles are represented by a Gaussian form(”

An = A* exp(=x2/48'2)

For this method the appropriate values .of A! and B' are A' = 0.02 and
B=3um

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

B. Have F tion Pro

Basicany the formation of optical waveguide Iayers in L1Ta03 involves
the evaporation of a Ti metal film onto a polished L1Tao3 substrate and the
indiffusion of the Ti into the LiTa03 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 1isted below. ’

Processing Sequence of LiTa03 Substrates

(1) Clean for inspection - remove existing lapping compound and
waxes with organic solvents and wipe surface clean.
(2) Check for flatness - use fnterferometer to measure the
number of fringes across surface.
(3) Photograph with metallurgical microscope in both transmission
and reflection - determine surface quality after polishing
noting scratches, pits and cracks.
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(4) Clean samples again.

(5) Deposit Ti metal - perform under vacuum (5 x 10'7 Torr)
with e-beam neating.

(6) Oxidize Ti metal to Tioz. Heat to 450 to 600°C for >4 hrs
in 02 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 cooling. . %
(8) Examine surface subsequent to diffusion. Note especially
surface quality (whether milky film 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 mm were found to be much
less susceptible to warping than thinner samples and only samples with >1.5 mm
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
Tow loss uaveguide layers may be formed should be used. It has been found
that for 500 A films, for instance, the minimum temperature is used (>1300°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. P minimum time of diffusion
at 1250°C was found to be 4 hours for 500 A films. Tn demonstrate that ¢
single !ode 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
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is quite sufﬂatmt to qasnre excellent quality. pf tlu meyuide sumu.
For 200 A films dif’fused for 4 hrs, two TE modes are found for 1150’(:
diffusion, and for 50 A films single mode wavegui des formed after 3 hrs
diffusion at !150‘(: for propagation a1ong the x-axis of y-cut l.iTa()3
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SECTIM I11

' WAVEGUIDE mmu STUDIES

A.

Excitatms of the waveguide modes in LiTaO waveguides formed by Ti-
indiffusion was carried out by the prism coupling 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 oocurs by way of frustrated total internal reflection.
‘In our experiments Ti0, and SrTi0, prisms were used. Special prism holders
were constructed which would bring the coupling prisms and the diffused
substrate surface into close optical contact. To localize 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 2150°C. ;

Theoretical analyses of the prism coupling technique indicate that the
maximum efficiency for input couplers is ~80% and for output couplers is
close to: 100% for uniform air gap coupling. A tapered gap can however yield
close to 100% coupling efficiency for both input and output coupling.“) In
our experiments an average input coupling efficiency that has been measured
is 55% as indicated by the dip method. In this method the percentage change
in the return beam power 2s 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 1s greater than 80%. It is felt that much improvement in
the modulator throughput can be made by concentrating on the construction
of variable gap prism couplers.

B. Ma Mode Spectra f_Refraction Profil

The measurement of the propagation constants of the various waveguide
modes may be used to infer basic parameters about the profile of in-diffused
species. An analysis of the expected mode indices for an assumed parabolic
shape of the Ti-metal concentration (and therefore the index of refraction
profile) is now given. This method if useful in multimode waveguide structures

9
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where a theoretical fit of the observed m 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
subsequent to diffusion should follow a Gaussian distribution and that
the index of refraction should also be given by the Gaussian form:'>)

2,.2
nino(ld-u'x“)

where A is the surface index discontinuity relative to n, or simply an /
n, is the substrate index, and d is the Gaussian diffusion depth parameter
equal to 2(Dt)/2, where D is the diffusion constant and t s the diffusion
time. If we let n' be n (1 + A) and assume that the regions of interest
are those regions where % is less than unity, we obtain an expression for

n which follows a parabolic profﬂe.
n=n (l - A"Z') forsml'l A.

lhrc‘nsé(.z)- 'has calculated the modes of propagation in an index profile
of symmetrical behavior n(x) = n(-x). We simply need the odd modes of
Marcuse's analysis since we may safely assume the electric fields at the
surface to be zero due to the large index difference. Thus our results
for the theoretical mode index of the mﬂ' mode is:

A+ 2w 0

2 22, (]
SO P a¥
where K-.%-:!- form=0,1, 2...

Our experimental results for TE mode waveguide propagation along the
x-axis of y-cut LiTa0, substrates on a diffused 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 than those calculated using this analysis.

This is consistent with the view that a parabolic profile decreases more
rapidly than the Gaussian profile to the value of the substrate index. The
values of 0.012 for A corresponding to an index discontinuity at the surface

10




of the sample of 0.026 and the value of 3.5 um for d are indicative of the
magnitude of these parameters obtained in most diffused waveguide samples
with lulti,)de content. This sample was diffused at 1350°C for 12 hrs and
had a 500 A Ti coating. For single 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 nicroprobe analysis. For
a sample diffused =4 hrs at 1075°C which had 500 A T1 on the surface a
microprobe measurement was performed. The results of this experiment are
shown in Fig. 1. It is thus certain that single mode structures are
formed with 32 m thick waveguide layers. This small value of the waveguide
thickness 1s crucial to efficient modulation of the guided beams using

the fringing fields of interdigital electrode arrays.

C. \_'g uide Loss Measurements

Heasurements were made of the waveguide losses at 5145 A by varying
the position of the output coupler prism relative to the fixed input
coupler and measuring the output power as a function of separation of
the two prism couplers. A semi-log plot of the output versus position
showed thaé'"a clear straight 1ine trend was readily obtained and that the
problem of the assuring constant coupling thmgghout the measurement was
avoided. 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 db) loss of
power for n?rppgg‘ationj of the guided beam between prisms, which are spaced
2 mm apart. This thus represerolts an achievement of our original estimates
of the waveguide loss at 5145 A for this program.
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Tftamm cgmﬂgﬂtm profile in LiTa0, from
microprobe measurements.




o ~ SECTION IV ‘
. QPTICAL DAMAGE IN LiTa0, WAVEGUIDES

A.  Model of Ootical Demmge in Bulk Crystals

- When -electro-optic crystals such as L:1Nb03. KTN and L1Ta03' are exposed
to l1ight of visible wavelength refractive index changes may occur. These
changes occur as a result of the build-up of local electric fields in the
material caused by the optical irradiation. The index of refraction change
is attributed to the redistribution of photoexcited 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 inctdent 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 Mn
for .um3 and u‘nbo3. The carrier migration occurs under the simultaneous
effects of diffusion forces and an electric field. This electric field may
be intermal or applied. The relatively large size of the ra3 electro-optic
coefficient for LiTa03 and LiNbO, compared with the other coefficients cause
the component of the space charge field along the optic axis (the z-axis)
to be most effective in changing the index of refraction. In particular
the extraordinary index of refraction changes due to this field E according
w " > i

- %"es 33k
where N is the extraordinary refractive index, i3 is the third diagonal
component of the electro-optic tensor and E is the electric field 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. The optically induced changes in
the indices of refraction are observed to fade in a few hours but the
remining part stays essentially unchanged for days when the 1ight is
removed, unless the crystal 1s heated to <150°C.

SRR s okl Sy SRy




LiTa0, is known to be much less susceptible (approximately two
orders of magnitude less) to optical damage than LiNb0,. Tsuya'>) has
studied the dependence of the damage sensitivity on nominal impurity
concentration, poling procedures, and heat treatment, and the dependence
of the thermal decay and the distribution coefficients of different
transition metals in l.iTaOa. Using electron parmgnetic resonance (EPR)
and optical spectra studies it was found that Fez cu' and oxygen
vacancies, which occur as a result of reduction of the crystal or deviations
from stoichiometry are the donor species, and that Fe>', cu®*, w3 and v¥*
are the trapping centers. The migration of oxygen vacancies during poling
affects the damage susceptibility significantly. The oxygen vacancies
migrate during poling 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 crystals. The damage sensitivity
in an Fe-doped crystal is two orders of magnitude larger near the negative
electrode than near the positive electrode as a result of the poling. The
optical absorption is also dependent on the poling conditions and the
oxidation state of the sample. - A marked difference in optical density of
Fe-doped I.1*»T¢03 is seen between different crystal areas resulting from the
poling process and resulting from the oxidation/reduction treatment. It
was found that areas close to the positive electrode in fully oxidized
oxygen vacancies of Lmo3 1s found to determine to a large extent the
sensitivity to damage in undoped LiTa0, crystals. The maximum damage
threshold of bulk LiTa0, was reported to be =10 ki/cn’.

B. Optical Damage in LiTa03 Waveguide - Room Temperature

Barnoski and Lotspeich(®) were the first to report the observation of
optical damage in optical waveguides in Lﬂ'ao3. This work was a direct
result of this program's effort. T!e particular samples studied had a
starting T1 layer thickness of 500 A and were diffused in an 02 atmosphere
for 3 hrs at 1073°C. For TE mode propagations along the x-axis in a
y-cut crystal the behavior of the output spot and the m-1ine scattering




was studied as high optical powers at 5145 R were coupled into the waveguide
structure. Examination of the output beam, displayed on a white screen,
disclosed the following developments as the laser input power was increased.
With reference to Fig. 2, an appreciable level of forward scattering first
appeared at an input power of 240 m. After the power was raised to a
level of 600 mW, nearly all the output power was scattered into the m-line.
However, as also illustrated in Fig. 2, the amount of scattering into the
m-1ine decreased with time; and after 45 minutes, the quality of the
transmitted beam with respect to the power scattered into the m-1ine
returned to its original form as exhibited at low power levels. Following
this observation, the resonance coupling angle was returned for maximum
transmission, a change in resonance coupling was noted, and only one mode
instead of two was observed.

The phenomenon is consistent with the present model of optical damage
in bulk L17&03 crystals. The m-line scattering is explainable as being
due to the photo-induced index changes which reduce the value of Ne » the
extmordmary fndex of refraction. The "burn-in" phenomena is due to the
development 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 LiTa0, waveguides was studied. These
waveguides were diffused at high temperatures >1200°C to form deep waveguide
layers of 4 to 5 um. The waveguide supported 5 modes and the optical
damage phenomena in the less tightly confined higher order modes were studied
at room temperature. The effect of reduction in the optical power density
in the higher waveguide modes was expected to yield less susceptibility to
damage at room temperature. This was confirmed experimentally, however,
optical damage as well as output power saturation still occurred. While
a complete "blow-out" of the central mode spot into the m-line is avoided
in these waveguide structures an elongation of the central spot 3 to 4 times
its initial diameter along the m-1ine direction is observed and saturation
of the output power at a maximum of 40 to 50 mW for 600 mi input power is
observed. These results suggest the present room temperature results are
unsatisfactory for incorporation into a final modulator design.

15
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C. Optical Damage in LiTa03 Waveguide-Elevated Temperature

A property of the optical damage in bulk crystals is that the damage
may be erased by heating to ~150°C was utilized in a study of the optical
damage in LiTa0, waveguides at these temperatures. A special heating stage
and prism coupler apparatus was constructed for this purpose. The two
samples which were studied most extensively were samples 21-A and B. Ihese
two samples exhibited excellent processing results. The Ti film (200 A)
deposited was quite uniform and did not have a pitted appearance.
Subsequent to oxidation at 650°C for 24 hours and diffusion at 1100°C
for 12 hours (21-A) and for 6 hours (21-B) excellent optical surfaces of
the final waveguide structures resul ted Both samples have waveguide layers
which support only 2 TE modes at 5145 A for propagation along the x-axis and
1 TE mode for propagation along the z-axis. It is worth noting that only
one mode was ubscrvad for propagnt'lon along a direction ~45° with respect
to the z-axis. This fs close to the direction of optimum electro-optic
modulation in a y-cut plate of Z51° with respect to z-axis for LiNb03 and
un03

The samples were first studied at room temperature with low laser
input (25 wW) 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 studied. Estimates of the surface change
in index of refraction and the diffusion depth for these samples are
4n = 0.02 and d = 2.5 um, based on an analysis similar to that given in
section II.

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

To 1llustrate the evolution of the optical power level at different
points within the waveguide structure, a detailed account is given in
Fig. 3. The prism couplers are made of T102 which has a reflectivity of
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LiTa04

Evolution of optical power through the wiveguide
Structure. An estimated input coupling of 55%
~was used, resulting in a calculated 30% output
% gogg}ing Waveguide losses are estimated to be




0.25 at 5145 f\ The waveguide lass in these layers has been estimated

to 35 dB/cm, which introduces a reduction of 20% of the power coupled
into the fiber after propagating the 2 mm distance between prisms. An
input prism cowfigg efficiency of 55% has been used as a reasonable
estimate of this coupling strength based on measurements made by the

"dip" method. This apportionment of the measured 44% net efficiency

is consistent with the observation that a large fraction of the optical
power in the waveguide film is efficiently coupled out with the new holder
apparatus. The fact that no power saturation is observed is evidenced

by the plot of output power as a function of input power for sample Ti-21B
which is given in Fig. 4. It is ﬂmortant to note that the coupled input
power density corresponding to 330 mé is 17 kH/cm which is above the
room tenperoture damage threshold of 10 l;H/cm for L1Ta03. These results
are representative of the present state of the art in optical waveguide
modulators structure designed for high optical power (>100 mW) handling
power appl 1cations The limit of 600 mW incident on the 1nput coupling
face may be raised by anti-reflection coatings of the input face of the
prism. Both input and output prisms have recently been anti-reflection
coated and tests of the throughput at higher incident energies will be
made. £
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SECTION V
MODULATOR DESIGN CONSIDERATIONS

A. Electro-Optic Effect

The phase change ¢, in radians, induced by the electric signal
field over a path length L is

¢=§;—'5An (1)
0
where An is the refractive index increment due to the electro-optic
effect and Ao is the free-space wavelength. The strongest interaction
in LiTaO3 and LiNbO3 occurs when the applied electric field and optical
electric polarization are both parallel (or nearly para1le1(3)) to the

crystalline ¢ axis (optic axis). For this condition
L E
Ang = 5 n3r33E3 (2)

where ny is the extraordinary refractive index, ra3 is the appropriate
electro-optic coefficient, and E3 is the applied electric field.
Combining (1) and (2), we have

e L

(]

The crystal must be cut with its c axis in the plane of the waveguide
essentially transverse to the beam propagation direction and the
propagating optical mode must therefore have TE polarization. This
polarization has the best loss characteristics in proximity to the
metal electrode surfaces.

Table I lists the relevant electro-optic and dielectric
characteristics of L'lTaO3 and LiNb03 for reference and comparison.
The prefixes (T) and (S) stand for unclamped, or constant stress, and
clamped, or constant strain conditions. The dielectric constants or
specific permitivities are indicated by e]/eo and esleo, normal and
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TABLE T

Electro-optic Materials Properties

. 58536

QUANTITY

LiTaO4

LiNbO4

0.53“"‘ ; d 1.06ym

0.53 um 1.06 um

n3 : .
| (g 107 0cmy
- (S)raq 10710 cmpv

(Tin3

3’33 10’9 cm/V

(S)n3r33, 107% cn/v
(T )eileo
(She, /e
(T)ealeo

(She,le,

2.21 ‘ 2.14

~ 31
.Hmoa

335
32.7
51
4
45

43

ekt B

~ 284

2.23
322

30.8

367

34.1
78

43

32

28

2.16
~ 32

~ 32

(T) = UNCLAMPED
'(S) = CLAMPED
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parallel to the optic axis, respectively, where A is the pemittivity

of free space‘ We note the large change in 2 for LiNbo3 in going from

the unclamped to clamped condition This has an adverse effect on the
frequency response characteristics. Likewise. the change in a3 is
substantially greater than that of LiTa03, which similarly has a

stronger effect upon the electro-optic frequency response. For Bragg
diffraction the zeroth and first-order powers are proportional respectively,
tq cos (¢f2) and sin2(¢/2) For full modulation, corresponding to ‘

100% dep]etion of the zero-order beams in the idealized cases, the

maximum required values of ¢ is ¢max =T,

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 driver power not exceeding
3 W from a 50-Q source and a minimum bandwidth of 500 MHz. It turns
out that this 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 with peak driver voltage V  is

: VZ 2
watl =¥
Bk L (s)

where Rs = 1/nBC is the shunt resistance needed to dissipate the power
and provide an RC-limited bandwidth B. The capacitance of an inter-
digitated electrode array having N finger pairs on an x- or y-cut
uniaxial crystal such as LiTa0, is 7

e aC.'fi eo;+‘(c1s3)112 KLN . (6)
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pa‘lrs is readﬂy determined from a kno\v’ledge of

_the total 'wldth-o? the eT'ectrode array.‘ For an 1nput laser beam having

a lle diameter D equaT to about 1 mm, it is sufficient to assume an
electrode arrey width of 1.5D. Thus.

N,%gg =2'§1§ T e e

where § s the perfodicity, expressed in cm S is subseqnently expressed

as a mltiple of the electrode spacing s.
The app'lied electric field E3 in the active region of the beam is

estimlted to be appmximetely(g) ;
E’a"r e (8)

when the distance below the surface is comparable to s. This is the
assumed design condition whfch 1e&ds to uniform fie‘ld strength across
the optical beam. It is convenient to express v "in terms of a commonly
used electro-optic parameter E3 * L, the so-called field-length product.
Thus, from (8) :
i 2.‘53;; T.E.’.‘t.’.,, e e,

e S

according to Eq. (3), and ¢ "is gqu #n (4). With'a specific electrode
Mto-mem mw, it is easy to see from (6') and (7) that the

P Mimnwml to!./smdfm (5) and (9) that the power
ismtimt m m
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We have calculated the design values of C, the electrode capacitance,
Rg» the shunt resfstance, S, the electrode period. N, Ehe number of
periods m Q. tha Bragg diffraction palr'ami:er“o Q- _7°_ for a

2. 5 n long (L) grating. These calculations were made subject to the
consti}aint of 3 W electric drive power. The working equations for the
LiMi modulator are given below. The results are shown in Fig. S.

“h,cg-scvmzssw
vlll » 2(E3 T L)(S/L)
n =500/ = 30 . £

¢ =0.87 (%)x(g"-) x 1072
P a6t x 10° (B

£, . Impedance Hatchirj(:bns@_ecrations
It is imperative that careful consideration of the problem of

impedance matching be done to determine the optimum electrode configuration.

Foramdulatorwithi.sZSn, $=19.4 um and using K = 0.85, the
electrode capacitance C is ~62 pf and Rz ~ 10 2. An increase of the

; effective resistance by 4 and a decrease of the effective capacitance

by 4,,_.!!!e,su1ts: if the electrode array is divided into 2 elements in series(s)
as shown in Fig. 6.

The termination characteristics of this low power high data rate
modulator design with C = 15 pf and R = 43 @ has been studied. The
reflection coefficient hag been calculam using these parameters up to

500 MHz. Tha formulae used are:
Z ijl RC
io 7 + 3(0.1013)f(MHz
p= lple fm
(/] (1) . :

muln T;’Rm-andl = 50 0. The results are shown in Fig. 7. In

~addition the ratio of the coupled power Vc to the transmitted forward
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Fig. 5. Modulator design calculation results as a function
T 7 o electrode width-to-perfodicity ratio w/S.
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Fig. 7. The calculated reflection coefficient amplitude and phase.
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power V' hls been calculated for various values of the lead 1nductances
which m occur in the final device couﬂgura«!:ion. The results are

shown in Fig. 8 along with the equivﬂent circuit used in the calculations.
A schmtic diagm of the :modulator design is shown in Fig. 9.
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SECTION VI
MODULATION FABRICATION

— —

An interdigital electrode array photolithographic master was ordered
J from Electromask, Inc. of Van Nuys, California. The finger length chosen
for this test mask was 2.0 mm in accordance with the original proposal i
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
5 db/cm loss. This loss figure was obtained during the program. The
periodicity S = 0.8 mil was chosen in order to achieve a diffraction
parameter Q(-anoL/n382) = 10, for adequate Bragg diffraction efficiency.
The finger width-to-gap ratio of 2:3 was selected on the basis that a
minimum spatial harmonic content of the fringing electric field in the
region of the guided optical field is attained for this value. The
electrode array width was selected to be 0.236 inches for this mask.
' This 1s considerably wider than is necessary to embrace the laser beam
but is useful in the initial modulation tests where latitude of beam F
positioning across the sample for optimum throughput is required. “

Gold electrode patterns were formed on samples 21-A and 21-B
subsequent to the demonstration of high optical throughput capabilities
at elevated temperatures for these waveguides. Tests of the modulation
efficiency and frequency response were not completed during this program.
We have observed deflection of the zero order beam into the Bragg first
order using these modulator structures. The deflection efficiency was
Jow because of the grating imperfections, in that 150 V were needed for ;
~30% deflection. These preliminary tests also show that a buffer layer

will be needed to isolate the metal grating from the waveguide surface, E
* there being a strong deflection at twice the Bragg angle due to the
index changes caused by the metal grating above.

R A
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SECTION VII
CONCLUSION AND RECOMMENDATIONS

In conclusion it is felt that the work described in this report has
documented the fabrication processing and testing of optical waveguide
modulator structures in uuo3 capable of handling high optical power
levels (>300 mW) with no optical damage and no power saturation effects.
This work has established the state of the art in optical power handling
capabilities in waveguide modulators operating in the visible wavelength
range. Several recommendations for further work may be made. The most
important areas where significant improvement in the device performance
may be accomplished is that of the prism coupling efficiency. -By using
variable gap couplers close to 100% coupling (M input and output) may
be achieved. This would be a significant improvement over the set
coupling efficiency of 44% (55% input and 82% output) achieved 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 will facilitate the incorporation of the waveguide modulator into the
telescope system of the actual laser communication system being developed
for the 4058 program. Further improvements may be made in the throughput
of the modulator by reducing the waveguide losseg from the S db/cm level to
<1 db/cm. At present the 5 db/cm loss for 5145 A wavelength operation
figure is consistent with the reported results of Hammer and Phﬂnpsm)
at RCA for LiNb,Ta, 0, waveguides of -5 db/cm for wavelengths close to
5145 A. <] db/cm loss figure may be obtained. Lastly the power handling
capability of these waveguide structures may be greatly enhanced (most
especially the room temperature results) by using very pure l.ﬂ'a03
substrates as starting materials. The reduction of the Fe content in
L‘IM’ is most important in reducing the damage susceptibility.
Experimentation with high purity I.iTul)3 crystals should be carried out.
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