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ADVANCED GUIDED WAVE ELECTRO-OPTICAL SWITCHES
Contract No. F19628-87-K-0027

. SUMMARY

Several advances have been made on the use of lithium tantalate
(LiTaO3), a commercially available useful electrooptic material, which
is emerging as a superior alternative to the more commonly used
lithium niobate (LiNbOa) due to its higher immunity to optical damage.
The progress made includes: (1) the establishment of a vapor diffusion
technique for making 1low 1loss optical waveguides, (2) the
establishment of polarization independent guided-wave switches and
modulators, (3) the extension of the vapor diffusion method for
producing optical waveguides below the Curie temperature that support
both TE and TM types of polarization, and (4) the realization of
lowest propagation loss ridge waveguides by reactive ion etching
(RIE). Progress has also been made on the use of strontium barium
niobate (SBN:60) for applications toward the development of low
voltage, wide angle, compact electrooptic crossbar switches.
Specifically, a method for producing rib structures has been devised
and high index optical waveguides have been obtained. Two (2)
graduate students have contributed to these accomplishments which

resulted in six (6) publications.

Il. INTRODUCTION

Guided-wave electrooptic devices are needed for various
applications in optical systems including navigation, sensing,
computing, data transmission, and communications amongst others. A
critical requirement for the functional operation of these devices
hinges on the avallability of single mode waveguides. Whereas their
efficient performance necessitates the use of the largest possible
electrooptic coefficient 1in avalilable electrooptic materials. A

cystal that has widely been used for this purpose is lithium niobate




(LiNb03), and methods for producing single mode waveguides in it have
been well established [1]. A primary reason for the concentration of
efforts in this material stems from 1its relatively large Curie
temperature, TC~117O°C, value. This is higher than the temperatures
encountered in the diffusion processes used for waveguide fabrication
which typically range between 950 - 1125 °C [2]. As a result, the
inherent electrooptic properties of the crystal are believed to remain
intact, and the crystal stays poled. The largest electrooptic

coefficient in LiNbO3 is r_, and to utilize it, electrodes in a

guided-wave device fabricatiin are arranged so as to introduce an
internal electric field that is oriented in the direction of the
crystal optical axis. However, in spite of Ty being the largest in
this material, geometrical restrictions 1limit interaction between
electrical and optical fields and lead to the use of rather liong
waveguides in order to reduce electrical power drive. Furthermore,
the relatively low optical damage threshold value of LiNbO3 ( ~40
W/cm® at room temperature), is a major source of concern in the

stability of devices produced in this material.

This work was initiated to explore the use of electrooptic
materials other than LiNbO3 that could offer large L. electrooptic
coefficient values. Attention was also focused towards the use of
crystals that exhibit large optical damage threshold values and thus
can withstand high levels of optical power. The ultimate goal was to
produce novel guided-wave electrooptic switches. For these reasons,
strontium barium niobate (SBN:60) was chosen due its large LI, value
which is approximately fifteen (15) times that of LiNbOa, and lithium
tantalate (LiTaO3) was selected due to its higher optical damage
threshold value which 1is almost forty (40) times that of LiNb03.
Table I lists some of these parameters which are later used as a basis

for comparison between the three (3) mentioned electrooptic materials.

A detailed description of the results achieved on LiTaO3 and SBN

is given in the following section.




Table I. Selected properties of some electrooptic materials (all at
wavelength of 0.633um, except threshold at 0.51Sum)

LiNbO, LiTaO, SBN
Tc(°C) ~1175 ~660 ~75
n, 2.2028 2.1833 2.2820
n_ 2.2866 2.1786 2.3177
n-n 0.0838 0.0046 0.0357
€ 28 43 880
r 0 x 10" %m/v) 31 30 420
-12
rst( x 10 "m/V) 28 20 13
Threshold (W/cm®) 40 1500 .

*  strong pyroelectric




. RESULTS

Several advances have been made with the use of LiTaO3 and SBN
electrooptic crystals. These include the development of techniques t.
produce low-loss optical waveguides, the realization of novel
polarization independent switches and modulators, and the
establishment of methods to produce rib structures. 1In the remainder
of this section, details of the techniques and achieved results are

presented.

III. a) Low-loss optical waveguides in lithium tantalate by vapor

Optical waveguides in LiTaO3 have commonly been produced by
diffusing deposited films of transition metals at elevated
temperatures. The choice of metal has often been Ti, and the
diffusion process typically performed at temperatures in the range of
1150 - 1200 °C [3,4]. However at such high temperatures, special care
must be taken to prevent outdiffusion of 1lithium which produces
undesirable surface waveguides that compete with channel waveguides.
Although methods for supressing outdiffusion have been reported [S],
the task remains a formidable challenge. To overcome such
difficulties, low temperature diffusion is desirable. This requires
the use of elements that have high diffusivity and low activation
energy, and that upon diffusion cause an index increase for both the
ordinary and extraordinary modes of polarization. During the course
of this work, 2Zn was found to be a suitable choice and its diffusion
into LiTaO3 was characterized. The diffusions were performed from the
vapor phase and initially carried out at 800 °C which is significantly
lower than that of Ti metal diffusion ( ~1200°C). Both planar and
channel waveguides were produced. The former was used to characterize
the vapor diffusion process of Zn into LiTaOa, and the latter was
developed to extend the technique for electrooptic devices
fabrication. No outdiffusion was observed and the resultant

waveguides were found to exhibit propagation losses that are




substantially below those obtained from T1 diffused ones.

The procedure for plarar waveguide fabrication consisted of
loading a cleaned bare 12.0x8.0x0.5 mm Y-cut LiTaO3 sample together
with ~12mm long 0.25 mm diameter Zn wire in a quartz ampule which was
evacuated with a diffusion pump and sealed at a gauge pressure of
about 10-7 Torr. The diffusion was performed by heating the ampule in
a tube fur~ace. After completion of the diffusion, the ampule is
pulled out and the substrate is removed. The substrate was observed
to be dark gray at this step. To remove this discoloration, about 30
min annealing in an open tube furnace at 650 °C without any gas flow
was followed. Waveguiding was observed for both TE and TM
polarizations by end-fire coupling for propagation in the X-direction
at 0.6328 um. The 2n ion distribution in the diffused layer was
chracterized on an angle-lapped sample using an electron microprobe
(6]. The distribution was found to follow a complementary error
function variation. This is expected since the diffusant Zn species

may be considered an infinite source.

To characterize the effects of temperature and pressure, three
identical Y-cut substrates were diffused for 6 h at three different
temperatures -- 800, 850, and 900 °C. The substrates were obtained
from a commercial supplier (Crystal Technology, Palo Alto, CA). The
evacuated ampules were sealed to provide volumes of ~15 ml. This
allows sustaining equilibrium vapor pressure for Zn at each of the
noted temperatures. The resulting planar waveguides were then
charcterized at A = 0.6328 um using a rutile prism coupler. The
surface index change An and diffusion depth d were determined by
fitting the measured effective indices of the supported modes of
optical polarization to normalized universal dispersion charts ([7].

From the measured d values, the Diffusion coefficient D was then

evaluated using the relation d = 2v Dt , where t is the diffusion
time. The calculated D values were then used to determine the

»
activation energy Ea and preexponential factor D from




D = D'.exp[-(Ea/kT)] (1)

where k 1s Boltzmann's constant and T is the absolute diffusion
temperature. Fig. 1 shows the dependence of index change on
temperature, for both ordinary and extraordinary modes, obtained after
6 h of diffusion in Y-cut substrates. The index change for a mode "i"
is defined as the difference between the measured effective index of
that mode (ne”)l and the bulk index n., viz., An1 =(n ) -n As

eff i b’
the diffusion temperature was raised, the number of modes was observed

to increase (Table II). The data presented in Fig. 1 correspond to
the lowest order {(fundamental) mode. Table II lists the number ol
medes observed for each pclarization after 6 h of diffusion. The

obtained index changes for th» extraordinary mode were consistently
larger than those from the ordinary mode (Fig. 1), and were typically
observed to be more sensitive to variations in diffusion temperature
and pressure. The equilibrium vapor pressure of <Z2n over the
temperature range 800-900°C is also shown in Fig. 1 f(dashed line) [8]
and it reflects the pressure that was generally maintained in the

ampules during diffusion at the various temperatures.

Table II. Observed number of modes in Y-LiTaO3 after 6-h diffusion.

T(C) Zn mass No. of modes

(mg) TE ™
800 16.02 1 1
850 16. 40 2 1
300 15 83 2 2

Fig. 2 shows the dependence of diffusion coefficient D on ditfusion
temperature T for both the ordinary (TM)} and extraordinary (TE) modes.

For the examined temperature range they vary between 10-11 and 10-12
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cmz/s. The diffusion coefficient value obtained at 800 °C comparable
to that reported for Ti diffusion into LiTaO3 at 1200°C (3). This is
indicative of the high diffusivity of 2Zn into LiTaOa, which makes it
useful for low temperature diffusion. Low temperature diffusion is
desirable to reduce outdifussion. The diffusion coefficient for
outdiffused layers in LlTaO3 normal to the optical C-axis is less than
107" em®/s ( ~ 2x107'%) at 800°C, and equals 9x107° cm/s ( ~ 107%)
at 1200°C [9]. This large difference, which is roughly three orders
of magnitude, slows outdiffusion to such an extent that any index
change which it produces is extremely small to allow outdiffused
surface waveguiding. This was experimentally verified by heating a
bare sample in an evacuated ampule without 2n for 6 h at 800°C and not
observing any waveguiding for either mode afterward (6]. These
observations indicate that in LiTaOg: {1) outdiffusion effects on
index change are negligible at these low temperatures, and (2) 2Zn
diffusion was necessary for waveguide formation. The calculated
values of the activation energy Ea and preexponential factor D. were
1.69 eV and 5.29 x lo_scmz/s for the extraordinary mode, and 2.21 eV
and 3.85 x 10-2 cm®/s  for the ordinary mode. To characterize
diffusion time effects, the substrates were placed back in ampules and
diffused longer, with the same amount of Zn that was used initially

included in the new ampules. The measured effective diffusion depths

d are plotted against V/—:‘ in Fig. 3. The non-zero intercepts at t =
0 h correspond to diffusion that has occured during the ampule’s
insertion into the furnace and before reaching the actual diffusion
temperature. The ampules were inserted slowly ( ~ 4 cm/min) into the
furnace to avoid thermal shock to the crystals. Accompanying the
increase in diffusion depth, larger values for the effective index
changes were obtained for both types of polarization with the

additional diffusion times.

The results described thus far were all obtained on Y-cut
substrates. Diffusion experiments at 800°C for 600 h were also

carried out on X-, and Z-cut substrates. Both cuts produced effective
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index changes of ~0.002 and ~0.004 for the ordinary and extraordinary
modes, respetively. However, the X-cut substrates exhibited single
mode for both polarizations, whereas the Z-cut substrates produced two
modes for the extraordinary (TM) polarization and only one mode for
the ordinary (TE) polarization. Addditional experiments were
performed to determine the effect of pressure on X- and 2Z-cut
substrates at 800°C by varying the amount of Zn. No significant
variations were seen for the effective 1index change. However a
slightly decreasing trend for the surface index change was observed in
the double moded (extraordinary polarization) 2Z-cut substrates as
summarized in Table III. Comparable data were of course, unobtainable
for the single-mode X-cut substrates since they supported only one

mode.

Table III. Vapor pressure, ammount of 2Zn, and surface index change
for the extraordinary mode in 2Z-cut LiTaO3 after 6 h at
800°C diffusion.

P Zn mass {n-n)
3 b

{atm) (mg)
0.101 1.20 0.00769
0. 200 2.40 0.00898
0. 305 5.25 0.00920
0. 305 16. 40 0.00961
0. 305 39.23 0.01079

Channel waveguides were also produced by the vapor diffusion
method on Y-cut LiTaO3 substrates and were used for propagation loss
measurements. These were obtained by etching through a 4000 R
sputtered SiO2 mask, photolithographically delineated channel patterns
prior to loading in an ampule for diffusion. The 2n diffusion was
carried out at 800°C for 6 h. Following similar preparation

11




procedures as those described above for the slow push-in and pull-out
of ampule, oxidation, 2nd pclishing, tlie substrates were tested for
optical guiding by end fire coupling at 0.6328 um wavelength. No
outdiffused mode propagation was observed between the channels. This
is attributed to the low diffusion temperature used and partially to
the presence of the SiO2 masking film on the substrate surface that
may have acted as a cap in supressing LiO2 outdiffusion. Measurements
on a 5 um wide channel waveguide in a 12 mm long sample showed
propagation losses of 3.0 dB/cm before poling and 0.8 dB/cm after
poling, for the TE polarization. The overall insertion loss of 4.6 dB
for the poled sample included 1.3 dB losses introduced by the input
and output objectives, 1.3 dB Fresnel losses, ~1.0 dB coupling
mismatch loss, and an additional attenuation of 1.0 dB for propagation
losses along the waveguide length. The larger value obtained before
poling may be due to scaterring from inversion centers formed during
diffusion above the crystal Curie temperature, and also possibly from
the sputtered SiO2 film which was initially left on the substrate but
removed after poling. The attenuation figures of these vapor diffused
waveguides are well below those obtained by the commonly used method
of Ti indiffusion. A value of ~4.7%1.0 dB/cm was measured on channel
waveguides produced for comparison by 2708 Ti diffusion at 1150°C, in
X-cut LiTaO3 substrates after poling [6]. The poling was performed by
cooling diffused substrates through the Li'I‘aO3 Curie temperature, from
730 to 500 °C. under a 167 V/cm electric field applied along the

crystal axis across Pt electrodes.

To verify the effectiveness of poling, modulation experiments
were successfully demonstrated on a Mach-Zehnder type interferometer.
The device exhibited an extinction ratio of 30 dB (99.9% modulation
depth) at 4.5 volt Vn value.

III. b) Optical waveguides in LiTaQ3_by vapor diffusion below Curie

temperature :

Despite the abundant availability of both lithium-niobate and




-tantalate crystals commercially, no extensive use has been made in
the past of LiTaO3 primarily due to its low Curie temperature (Tc
~510-690°C depending on composition). This makes repoling of crystals
a necessity for producing electrooptical devices when waveguides are
formed by diffusion at a temperature higher than Tc. Attempts to
fabricate waveguides below Curie temperature have been reported.
These include ion-,proton-exchange ([10,11], and electrodiffusion [12].
However in the ion and proton exchange methods, an index increase is
observed only for the extraordinary mode, while in the field assisted
diffusion the limitation is prompted by strong absorption peaks and

surface damage.

On the basis of this work finding 2n to be a fast diffusant in
LiTaO3, it was decided to use the 2n vapor diffusion approach for
producing waveguides in this crystal below its Curie temperature. The
fabrication process is similar to that described earlier. Initially,
a cleaned substrate was loaded together with Z2n into a quartz ampule
which was evacuated and sealed. The ampule was then heated to 595°C
in a tube furnace for several hours. This temperature is below the
615°C Curie point of the commercially obtained Y-cut crystals. After
115 h of diffusion, the ampule was removed from the furnace and broken
to remove the substrate, which was then cleaned and polished along its
edges. Waveguliding was observed for both TE and TM polarizations at
0.6328 um. Better waveguides were obtained however after 240 h of
diffusion. To verify that 2Zn caused waveguides formation, the
described procedure was repeated without 2Z2n in a sealed ampule
containing a similar crystal. No waveguliding was observed in such a
sample. Optical mode measurements with a rutile prism coupler
revealed effectilve index changes of ~0.002 and 0.001 for the
fundamental TE and TM polarization modes, respectively. Propagation
loss measurements were also performed on these waveguides using the
test arrengement shown in Fig. 4. The cylindrical lens was used to
optimize matching between the coupled light field distribution and
guided mode profile. The mode size was established in an end fire

coupling setup by translating an avalanche photodetector that was

13
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mounted on a translation stage, lateraly side ways, until 1/e value of
the peak power was reached. Table IV summarizes the results.
Attenuation figures of 2.5 and 4.0 dB/cm were obtained for the TE and
TM modes of polarization respectively, in a 4 um wide channel
waveguide produced by a 595°C/115h diffusion. The table also shows
that mode mismatch losses for this waveguide were ~0.7 dB for TE and
~1.0 dB for TM. Near field patterns for the same waveguide are shown
in Fig. S.

To verify that the electrooptic properties of the crystal were
maintained intact, modulation experiments were demonstrated at 0.6328
um wavelength for both modes of polarization on interferometers
produced by 595°C/115h diffusion without repoling. The interferometer
was a symmetric Mach-Zehnder type modulator, Fig. 6, which had a total
branching angle of 2°, electrode length of 4 mm/arm, a channel width
of 4 um, and electrode gap of 8 um. The electrodes were delineated in
a 2000 R aluminum film. The modulator performance for a TE polarized
input in a Y-cut LiTaO3 substrate is shown in Fig. 7. This particular
device exhibited an extinction ratio of 30 dB ( ~99.9% modulation
depth) and a m-radian voltage of 6.4 V, correponding to a value of 0.3
for the electrical/optical fields overlap.

III. C) Enhancement of refractive index by combining metal and vapor
diffusion :

Controlled variation in the refractive index of waveguides is
desirable for many electrooptical devices. Techniques to obtain such
changes for waveguldes produced in LiNbO3 and glass have been reported
by several workers and for diferrent needs. However most of these
approaches required tight control of fabrication parameters and are
difficult to produce. Means for controlling variations in the index
change of optical waveguldes produced in LiTaO3 are also needed. A
relatively simple technique to provide such controls has been

established during the course of this work [13]. The procedure

15
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involved the application of a vapor diffusion technique in a double
diffusion process to enhance the effective index of optical planar
waveguides initially produced by Ti indifussion. In the second
diffusion step, 2Z2n is introduced from the gaseous phase at such low
temperatures that the additional increase in effective indexes 1is
achieved without noticeably affecting the depth of the 1initial

waveguides.

Table V summarizes the parameters for the initial Ti diffusion
that was carried out on two X-cut and one Z-cut substrates, listing

film thickness ', and diffusion temperature "T" and time "t"

(columns 3,4, and 5)

Table V. Diffusion conditions for Ti and Zn, with corresponding
waveguides depth (X and Z designate substrate cuts,

subscripts refer to extrao.dinary and ordinary polarization)

Ti Diffusion Zn diffusion

Sample TR T ¢ t(h)  d(um) icey ot aum
X4 e 335 1150 14 2.83 800 6 4.02

(o} 2.64 4.24
X5 e 290 1200 9 2.85 750 9 3.03

o] 2.65 3.15
25 e 290 1200 9 4.20 750 9 3.50

o} 3.36 2.85

The sputter deposited films were oxidized at 650°C for 4 h in dry 02
ambient prior to diffusion. All diffusions were then performed in
quartz furnace tubing in a lithium vapor ambient with ~1.2 1/min
flowing 02. The resulting planar waveguides were characterized by a
calibrated rutile prism at G.6328 um wavelength. The calculated

effective index valuc for the fundamental mode n rr(Ti) for each
e

20
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sampl., and their corresponding surface index change Ans(Ti) and
diffusion depth d as obtained from universal dispersion curves for a
Gaussian index profile are listed in columns 3 and 4 of table VI and
column 6 of table V, respectively. The procedure for the second
(vapor) diffusion step is identical to that described in sections
[Il.a (p. 4) and Ill.b (p. 12). The temperature and time of this
diffusion are listed in table V (columns 7 and 8). After performing
the Z2n diffusion, the samples were reoxidized at 650°C for 20 min in
an air ambient. Prism measurements at 0.6328 um were repeated.
Refractive index values higher than those of the initial Ti indiffused
waveguides were consistently obtained and generally without a change
in the number of observed modes. The measured effective index values
of the fundamental modes after the second diffusion, ndT(Zn+Ti), and
the amount of their increase above those obtained initially from Ti

indiffusion &n are listed in column 6 and 8 of Table VI.

To estimate expacted effective index changes after double
diffusion, the WKB method {14] for a graded index distribution was

used. An index distribution for t e waveguide of the form
] - grar? ]
n(y) = n o+ AnT exp[ (y/dT) + Anz erfc (y/dz) (2)

was assumed. In this equation n is the refractive Index of the bulk
substrate, AnT and AnZ are the surface refractive index increase for
Ti and Zn diffusions respectively, dT and dz are their corresponding
diffusion depths, and y is the depth beneath the surface of substrate.
The above relation assumes Gaussian distribution for Ti indiffusion,
and complementary error function distribution for th2 2Zn vapor
diffusion. Calculation of effective indices LI for the guided modes
is based upon numerical eigenvalue solutions to the scalar wave

equation

2

+ ko( n“(y) - nif{) u=0 (3)
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with ko = 2rn/A, subject to the boundary conditions u(0) = 0, u(y) ~

-y _ 2 _  2y1/72
e °, Y>>0, with « ko(nerr nb) .

To substantiate this model, the index distribution given above
was used to perform numerical calculations for the fundamental mode (m
= 0) case with n = 2.1833 and 2.1786 for the extraordinery and
ordinary polarizations, respectively. The measured surface index
change and diffusion depth value of Ti indiffusion were used for AnT
and dr' For the Z2n case on the other hand, values measured after 2Zn
vapor diffusion 1n bare LiTaO3 substrates and listed in column 5 of
table VI under Ans(Zn), also the last column of table V under d{um)
were used respectively for AnZ and dZ appearing in (2). The results
obtained from calculations are listed for comparison in table VI next
to the measured effective index values. The agreement between the two
is within 107%. Using the data obtained for the fundamental mode in
the initial Ti diffusion step, normalized parameters

V=kd (n® -0 (4)
] s b
and

(5)

were calculated. The results are plotted in Fig. 8, and agree well
with those predicted for the fundamental mode from an assumed Gaussian
index distribution ([3]). For comparison, normalized index b values
calculated by using the surface index increase of Ti only, and nerr(Ti
+ 2n) data obtained from both experimental measurements and model
predictions are also shown on the figure. Although the b values
obtained by using ns(Ti) after double diffusion are not exact, they
nevertheless show graphically the increase in effective indexes
relative to the initial values obtained after Ti diffusion only. The
increase in the effective indexes listed under dn in Table VI are
accurate, as they are obtained from fundamental mode angles and make
no use of surface index values. The good agreement achieved between
model predictions and experimental results further confirm their

accuracy.
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Fig. 8. Normalized mode dispersion (solld curve) for the fundamental
mode of a planar waveguide obtalined from a Gaussian I1ndex

distribution.
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I1I. d) Polarization independent guided-wave switches and modulators :

Since the polarization of light transmitted through typical fiber
optic systems flactuates randomly between two orthogonal states [15],
guided-wave electrooptic devices that are independent of polarization
are needed for use at the terminals of such systems. All of the
efforts for producing such devices however have concentrated on the
use of LiNbO3 as a substrate material, and have mostly been directed
towards the fabrication of directional coupler type switching devices
[16-18] that utilize the relatively weak L electrooptic coefficient.
Accordingly, the voltage-length (VL) product of these devices has been
high due to its inverse dependence on the electrooptic coefficient.
Futhermore, only one attempt has been made for producing a
polarization independent interferometric type modulator [19], but two
independent voltages were required for its operation. This device was
, r_, and r

13 33 22
electrooptic coefficients. To overcome these limitations,

also produced in LiNbO3 and involved the use of r

polarization independent switches and modulators that are based on the
concept of TE-TM mode coupling via the off-diagonal re, electrooptic
coefficient [20] have been developed in LiTaO3 [21,22}. The choice of
this material was prompted primarily by its low birefringence ]no- ne|
value relative to LiNbO3. This permits an increase in device optical
bandwidth, and also allows a longer spatial period for the electrodes
that are needed for attaining the required phase matching between the
two (TE and TM) orthogonal states. Furthermore by using L lower
values for the (VL) product can be anticipated. Material parameters
listed in Table T (p. 3) provide a basis for making a comparison

between LiTaO3 and LiNbO3 as a substrate choice for these devices.

A schematic of the developed polarization independent switch
structure, illustrating substrate orientation and electrode pattern is
shown in Fig. 9. Under this arrangement in birefringent LiTaOa. the
TE and TM modes couple through the off-diagonal re, electrooptic
coefficient via an x-directed electric field component. Assuming that

the TE and TM polarization modes are (1) phase matched, (2) have equal
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interguide coupling coefficient k, and (3) exhibit identical field
amplitude profiles, the electrooptically induced index change can be

expressed as

An = r E. (6)

Here, n ic thc index of refraction, and E 1s the electric fleld given
by E = V/g with g being the electrode separation and V the applied

voltage. The phase matching is achieved when the condition

2n 2n
A

o

(7)

is satisfied, where n. and n. are the effective indices of the
fundamental modes for TE and TM polarizations, Ao is the free space
wavelength of the optical signal, and A is the spatial period of the

electrodes. Using the minimum index change requirement for switching

an. (L/A) =V 3 / 4, and combining with the above realtion results in

Vfg Ag

VL= ——m—/—m . (8)
3
2n ar
51
Here L is the interaction length, and the factor a is a constant

determined by the overlap between optlical and applied electric fields.

Optical channel waveguides for the symmetric directional coupler
(Fig. 7) of ~3 pm width were produced by Zn vapor diffusion into
x-LiTaO3 with 2z perpandicular to the channels. The diffusion was
performed at 800°C for 6 h following procedures described earlier in
section IIl.a (p. 4). For operation at 0.6328 um wavelength, the
length of the channels, L, along their parallel interaction region
were chosen to vary between 2.1 and 3.9 mm. Substrates were then edge

polished and poled. Aluminum electrodes ~2000 & thick were next
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delineated on top of a thin ( ~1200 & ) SiO2 buffer layer to produce
devices of A = 112, 124, and 140 um with different number of repeated
N periods. These spacings were determined from eq.(7) wusing
birfringence valus of 0.0045-0.0057 that were measured initially with
a prism coupler on planar waveguides at 0.6328 um. A 5000 & thick
SiO2 insulating film was later deposited on top of the electrodes, and
vias were opened through it to provide external connection to the
buried lower level electrodes. Finally a second 2000 & Al layer was
evaporated on the surface and patterned to produce the electrode
interconnection desired for the application of the periodic electric

field perturbation, as shown in Fig. 7.

The coupling characteristics of the parallel waveguides were
tested by end fire coupling. The interguide transfer efficiency 7 of
directional couplers having various interaction lengths was determined

as a function of separation from the ratio

n=s Q5T (9)

where P1 and P2 are measured output powers in the cross and bar states

respectively. Using the measured values of % and the relation
n = sin® (kL + 2¢) (10)

where 2¢ represents finite coupling in the bent regions of the
waveguldes, the coupling coefficient x was determined. The transfer
length ¢ = n/2x, was then caculated using these values for «. The
results are shown graphically versus measured interguide separation a
in Figure 10, where d‘ is the measured waveguides separation obtained

after etching.
~~
The completed devices were tested for switching and modulation at

0.6328 um. Initial testing revealed that the channel waveguide
birefringence differed slightly from that measured on planar

28




10% 102
E oK 3
-~ [ o )
|

§ T T
< N -~
4 g
i K
2 10 <410 3
w = 3 E
2 r 1 @
u - - z
W " i "_‘J'l

o

T 1 &
O T
Z 1L 41 £
| = = 4
a - 3 é

b -

=1
10 1 L 1 10"1
3.0 3.5 4.0 4.5 5.0

WAVEGUIDE SEPARATION d (xm)

Fig. 10. Coupling coefficient x and transfer length ! versus measured

interguide separation 4"

29




waveguides and used as a basis in determining the periodicity of
electrodes. This is expected by virtue of the dimensional confinement
in channels geometry and was likely intensified by the 5102 loading
effect. To compensate for this, the temperature dependence of the
birefringence in LiTaO3 was used to adjust the phase match point.
This was done by placing the substrate on a temperature controlled
thermoelectric stage and thermally tuning for maximum modulation.
Typical measurement data for the temperature effect on a device having
N =24, A = 140 um tuned at 18.5°C are shown in Fig. 9 (circles), and
are in good agreement with the expected behavior (solid line) abtained

from the relation

K ———

n= T sin® Vr 2 +8% L (11)

where k is the coupling coefficient, and 8§ = AB/2 is a measure of the
mismatch between the propagation constants in the two orthogonal modes
which can be thermally adjusted. Figures 11 (a) and (b) show the
modulation performance of a switch ( Si1 in table VII ) for both TM
and TE polarizations. Modulation testing results for other selected
devices are summarized in VII and reveal maximum attained switching
efficlenclies of 99.8% for T™ and 95% for TE at nearly equal externally
applied voltages.

Table VII. Summary of slected device' performance

Device L A To n v.L

(em)  (um) (%) ™ %) ™ (V-emlpg
S4 0.210 140 10.9 95.0 91.0 30.97 34. 86
Sit 0.211 124 20.0 99.8 95.0 33.44 29.96
S18 0.213 112 27.5 88.8 89.1 33.86 33.87

% All devices had channel width of 3.5um
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Fig. 11. Modulation performance of a polarization independent switch

(device S11) @ TM, ) TE; for each frame upper trace 1s

electrical signal (100 V/div), lower trace is optical output

(20 mvsdiv), f=10 kHz.
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Figure 12 is a schematic drawing for an Iinterferometric
polarization independent guided-wave electrooptic modulator that was
also produced in LiTaO3, as an extension of the same concept that was
utilized in the development of the switches described above. The
final devices required thermal tuning for optimum operation. Tables
VIII and IX summarize device parameters and behavior for a selected
number of tested modulators. All devices were produced by 800°C 6 h
Zn-vapor diffusion on X-cut substrates, and had 3.92 mm inteaction

length/arm.

Table VIII. Device parameters of polarization independent modulators

Device g A N transverse modes number
(pm) (um) (periods) TE ™
D4 4 112 35 2 1
DS 4 140 28 1 1

Table IX. Summary of modulation test results

Device To VL modulation depth
(°C) (V-cm) TE ™

D4 26 17.64 80 80

D5 21 23.52 85 85

The large voltage length product values attained in both switches
and modulators is due to a weak overlap between electrical and optical

fields. These can be improved by a tighter control |in

photolithography.
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III1. e) Rib waveguides :

Most guided-wave electrooptic devices are produced using the
planar technology. Channel waveguides formed by this technique are
imbedded within the bulk of crystal adjacent to its surface, and
usually exhibit good guiding characteristics. However, the small
index change encountered across their lateral sides (nq - ns), where
ng is the waveguide effective index and n is the substrate refractive
index, has limited channels bending to less than ~1.5° so as to
minimize the radiation losses [23]. To overcome this limitation, the
use of rib waveguides becomes necessary. In such structures the
lateral index change increases, as it becomes measured relative to air
instead of substrate. This allows a tighter confinement of the
optical field and thus permits larger bending. The interest for
developing rib waveguides 1in this work was prompted by their
suitablity for making large angle crossbar switches. Device
consideratiors indicates that wide crossing angle and low voltage
switches could best be realized through the use crystals with large
electrooptic coefficients. For this reason, strontium barium niobate
(SBN: 60) was ldentified as a viable alternative to the more commonly
used and commercially available LiNbOa. The electrooptic coefficient
Ty of SBN is approximately twelve (12) times that of either LiNbO3 or
LiTaO3 ( Table I, p. 3). However due to the scarcity of SBN crystals,
the develoment of rib structure has been optimized on Zn diffused
LiTaO3 substrates. The process has also been successfully extended to

SBN and preliminary results have been obtained.

III. e(1) Rib Waveguides in LiTa0 :
RiD waveguldes —

The rib waveguides were produced -y reactive ion etching (RIE)
technique on Zn diffused Z-cut LiTaOa. The Z2n was diffused from vapor
phase at 800°C for 6 h following procedures described in section
III-a. The substrate’s end faces parallel to the optical Z-axis, were
then polished. Using a 1liftoff technique, straight 1line metal

patterns to provide a protective mask during etching were delineated
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perpendicular to the polished end edges (Z-axis). The patte.ned lines
varied in width between 1.0 to 10.0 um 1n increments of one micron.
Various types of metal films were used for masking. Best results were
chtained with sputtered Ni:Cr (80:20) alloy, and e-beam deposited Ni
films. In each case, the films were deposited on top of a thin ( ~80
2 ) Cr laver to insure good adhesion. However due to anisotropy in
sputtering deposition, an undesirable thin metal film was always found
to exist after liftoff - the surface of substrates adjacent to the
side walls of the thick inasking lines. These side films were
eliminated when an e-beam technique was used, apparently due to more
directional uniformity of deposition by this method. All the ribs
were formed by RIE process in a commercial Drytek DRIE-100 system.
The system had an aluminum chamber, operated at 13.56 MHz, and was
adjusted to provide 6.35 cm separation between square shaped electrode
plates of 17.8 cm/side. RIE is widely used in semiconductor based
technology, ard its use in etching undiffused LiNbO3 has been reported
but without examining the optical guiding behavior of the resultant
structures [24]. For etching Zn:LiTaO3 in this case, several gas
mixtures, pressures, and power le els were attempted. Best results
were obtained using 3:3:3 SCCM flow rate of CClZFZ:Ar:OZ, in a S um
pressure and at 350 watts. Under these conditions, clean smooth
surfaces were realized with etching rates selectivity of 1:65 R/mi

between the NiCr mask and LiTaO3 substrate, and 1:58 &/min in the case
of Ni/LiTaO3 masking arrangement. Figure 13 is a scanning electron
micrograph of a 4.0 um wide, 0.5 um high ridge structure produced with

a Ni mask.

Optical characterization was performed at 0.6328 um wavelength by
end fire coupling from a He:Ne laser. Figure 14 shows horizontally
scanned near field pattern preofiles for TE and TM input polarizations
obtained on a 6 um wide, 2.7 pm high, 11.7 mm long rib waveguide
produced on Z-LiTaO3 substrate. The strong mode confinement in the
lateral direction, corresponding to air/waveguides/air, 1is clearly
evident for both polarizations. A vertical scan near field pattern is

shown In Fig. 1S. Propagation loss measurements were als., performed
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13.

SEM micrograph of rib structures produced on SBN crystal by

reactive ion etching.
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Fig. 14. Near field patterns obtained by a horizontal scan of the
output from a Zn-Li'I'aO3 2.7 pum high rib waveguide for (a)
TE, (b) TM input polarizations (A=0.6328 um).
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Near field pattern obtained by a vertical scan of the output
from a Zn—LiTaO3 2.7 um high rib waveguide for a TE input
polarization (A=0.6328 um).
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on rib wavegulides of different helghts. The results are listed in
Table X. The 2.35 dB/cm attenuation figure 1is the lowest ever
acheived for rib waveguides in any ferroelectric crystal. The larger
losses measured for *he higher rib structures must clearly be
associated with strong scattering from rough walls on the rib sides.
This roughness is beleived to be formed by uneven edges (thickness and
shape) of the metal mask 1lines, that are initiated during
phtolithography and then further intensified during etching. Another
difficulty that also resulted from photlithography was prompted by the
thicker resist which forms near the sharp edges of the crystal after
spinning. This produces significant variation in the width uniformity
of the patterned metal mask lines, and contributes to additional
losses in the final rib waveguides. Ridge waveguides have previously
been produced in Cu diffused LiTaO3 by sputter etching [25]. However

no attenuation figures were reported for that case.

Table X. Propagation losses in X-cut Zn:LiTaO3 rib waguides produced

by RIE
Mask metal Rib height Propagation loss {(dB/cm)
(pm) TE ™
Ni/Cr 0.50 6.77 2.35
Ni:Cr/Cr 1.76 8.65 11.69
Ni:Cr/Cr 2.70 10.29 12.11

I11I. e(2) Rib waveguides in SBN:60 :

Two SBN:60 samples, each 18 mm in diameter, were supplied by R.R.
Neurgaonkar of Rockwell International Science Center for this work.
One of these has been used for developing an etch process for SBN, and
also in exploring means for making waveguides by methods other than S
diffusion [26]. Progress was made in each case, but further

investigations are needed.
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The RIE process developed for the Zn:LiTaO3 was found to also be
suitable in etching SBN. Using 80:20 Ni:Cr alloy metal for masking,
an etch rate selectivity of 8:63 /min between the metal mask and
undiffused SBN substrate was achieved in CC12F2:Ar:O2 gas mixture with
flow rates, pressure, and rf power 1identical to those given in
II1T.e(1) for LiTaO3. Optical testing however was not performed, since
the substrate was not diffused initially and was too little in size to

be polished.

In the search for alternatives to S that might be used as
diffusant to form high index guiding regions, 2Z2n was found to offer a
possible choice. Planar and channel waveguides that support the
extraordinary (TM) mode of polarization were produced using Zn
diffusion from vapor phase at 800°C into Z-cut SBN. Prism coupling
attempts at 0.6328 um wavelength on planar waveguides diffused for 6 h
and annealed for 30 min at 650°C revealed a continium of modes that
could not be well differentiated. At least S modes were estimated to
exist. An effective 1index change of approximately 0.02 with
corresponding diffusion length of ~7 um were calculated. Propagation
loss measurements performed at 0.6328 um on a 4 mm long, 6 um wide
channel waveguide produced attenuation figures ranging from ~30 dB/cm
after a 30 min anneal time, to ~16 dB/cm after 14 h of annealing.
These figures were obtained from insertion loss measurements by
applying corrections of 1.3 dB for the input and output objectives
loss, 1.3 dB for Fresnel losses, and 0.9 dB for the coupling mismatch
loss. The channel waveguides were produced by diffusing through
photolithographically delineated patterns etched in a 4000 & thick
SiO2 surface masking film. Strong guiding of the extraordinary (TM)
mode of polarization was also observed at 0.82 um wavelength. Efforts
are currently continuing to produce a Mach-Zehnder interferometric
modulator on the second of two supplied SBN substrates. Very low

modulation voltage is expected for the final devices.
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