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SECTION 1

INTRODUCTION AND SUMMARY

The objectives of this program were to design, fabricate, test, and
deliver integrated optic (I0) waveguide circuits with a phase bias element
and modulator switch on the same chip. The chips were to be addressed by
single-mode fibers, with fiber pigtails affixed to the chips. The
intended application for these chips 1s the fiber-—optic rotation sensor
(FORS). It is felt that I0 is indispensable te the achievement of a
high-performanca FORS: alignment difficulties and severe vibratién

problems preclude development of a conventional bulk optical system. A

block diagram of the FORS system under development by JPLl is shown in

Figure 1, i

The foqr I0 waveguide chips each consist of an electrically actuated
planar waveguide 2 x 2 switch, a planar waveguide phase shifter incorpo-
rated into one waveguide leg, and attached pigtails. A photograph of a
device is shown in Figure 2, The performance goals'were: switching
isolation of 17 dB or greater, with a switch voltage less than 50 V for
0.85-pm operation; a phase shift of /2 in response to 15 V or less for
0.85-um operation; polarization preservation with a polarization ratio
of at least 10; and transmission from fiber input to fiber output for
either channel and for either switch state of 20% or greater for 0.85-um
operation. Strain reliefs for the electrical lecads wefe to be incorpo-
rated so that a transient pull of 100 g would not cause separation and so
that, for the fiber pigtail, a transient pull of 100 g would not cause
damage and a transient pull of 20 g would not affect the coupling,

The technology development was divided into two phases: chip
development (involving the development of the IO chip with the 2 x 2
switch and phase shifter combination) and fiﬁer—to—chip interfacing
(involving the permanent coupling of single-mode fiber-optic pigtails
to the four ports of the chip). The theory and design involved in these
phases are described in detail in Section 2., Briefly, the switch format
was based on coherent coupling between waveguides formed in Z-cut LiNb03.
The control of the coupling was achieved by electrooptically varying the
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Figure 1. Typical FORS block diagram.
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phase propagaticn constants of each guide. The electrode arrangement
divides the coupler into two equal-length sections (Figure 3), such
that the AB reversal2 technique could be used to achieve both the bar
state (straight through propagation) or the cross state., Using this
technique, all the switch goals of the program were achieved. The
goals for the phase shifter were achieved by electroapiically varying
the phase propagation constant of one guilde independent of the other.

The second technical area, fiber—~to-chip interfacing, required the
development of appropriate fixturing and manipulation techniques to
achieve the close tolerance requirements for high coupling efficiency
between a fiber with ,an n5-um core and a channel guide with roughly a
2—-um by 5-um cross section, Althcugh the theoretical prediction for butt
coupling efficiency was V0.7 (1.5 dB loss), the best results achieved to
date for staight channel guides has been a 3.7 dB coupliﬁg loss. This
measurement was made with a single-mode fiber butted to the edge of the
channel guide and a microscope objective to collect the output light.
The following losses were subtracted fromthe collected throughput:

1 dB microscope loss, 0.5 dB reflection loss from the LiNbO edge, and

1 dB guide propagation loss.” The source of this excess 1052 is

believed to be in the preparation of interfaces (i.e., polished surfaces
of the fiber and chip) and in the fiber holder or mounting fixture. Fur-
ther development is required in this area before all the goals of the
program can be achieved (see Section 4). The best. throughput loss
measured to date for a fiber pigtailed switch has. been 11 dB, oxr 7.0%
throughput; a more typical value was 14 dB., Although this major loss

is at the fiber—to-chip interfaces, other sources of loss are propaga-
tion loss (V1 dB), electrode loss (3.6 dB), and reflection losses

(0.5 dB). The mechanical fixturing for the coupling between the fiber

and the LiNbO, chip met all the goals of the program.

*
Note added in proof: Butt coupling losses to straight channel wave-

guides as low as 1 dB have been observed since the initial writing of
this report. This value is approaching the theoretical optimum.
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'Section,z presents the component design and- operation principles for
the switch, phase shifter, and fiber-to-chip coupling. Section 3 sum-
marizes the performance of the delivered items. Section 4 outlines the
technology development required for significant performance‘improvement
of the I0 chips.
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Figure 3. Schematic of a directional coupler with AB reversal.
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SECTION 2

COMPONENT DESIGN AND OPERATION PRINMCIPLES

A. SWITCH DESIGN

1. Switch Operation

The operation of the directional couéler switch is bauzd on the
coherent exchange of radiation between two single-mode channel wave-
guides of width W placed in close proximity (i.e., separated by a gap G)
and configured so as to run parallel over an‘interaction length L (Fig~

ure 3). The wavegnlde patterns are formed in LiNbO, by diffusion of

Ti with thickness d. An electrode arrangement diviges the coupler into
two equal-length sections in which voltages of equal or- opposite sign
can be applied to electrooptically (Pockels effect) control the phase
propagation constants of each guide. With equal magnitude and opposite
voltages applied to each section, a propagation constant mismatch

(3,
imposed in the second half. By adjusting the voltage, complete cross-

- 82) = AB is imposed in the first half of the switch, énd -AB 1is

over and straight-through propagation can be obtained.

The manner in which a light beam couples its energy back and forth
between two parallel dielectric channels can be completely characterized
by three parameters: L, AR, and k. The parameter k is a measure of
the strength of the interchannel coupling. The physical interpretation’
of k is simplified by considering the situation‘AB = 0; in this case,
the distance % over which 100% power transfer occurs is given by
i = w/2¢x. In the single-electrode designs of a directional coupler,
the transfer is controlled by spoiling the conditions of AR = 0 or
7 « w/2¢<. For optimum operation, the device must have a length equal
to n%, where n is an odd integer. The exact attainment of both AB = 0
and L = 1/2k makes fabrication of a 100% transfer device very difficult.
These requirements are relaxed by using the AB-reversal configuration

developed by Schmidt and Kogelnik.2
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The switching acticn can be modeled by solving the coupled-mode
equations

R' - j8R = jkS (1)

8" + j6R = jkR , (2)
where § = (Bl-62)/2, and the primed quantities refer to tlie spatial
derivative d/dz (z being the direction of propagation). For the two-

section switch shown in Figure 3, the solitions written in matrix form

are, for arbitrary input amplitudes Ro and S,0 and device length 22 = L,

. . .
- — - -FI "1 ~ -y r~ —l - r-' “Q e 4 -
R A2 JB2 Ro , A1 JBl Al JBl. R0
= = (3)
LUk ® L% . ¥
5] [~3B, A I L5, -3B) Ay D LB A ] (S,
-6 T
SECTION SECTION
where
A =1-282 (4)
2 1 ’
*
B, = 2A1 B1 (5)
1/2 1/2 1/2
A1 = oS 2z (K2-+ 62) + jé sin (z(Kzi-Gz) ) /(K2 + 62) (6)
1/2 1/2
B, =« sin (z(K2 + 62) ) /(K2 + 62) (7
§ = AB/2 . (8)
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A
B

The coefficients Al and B,
for the single electrode switch.
Assuming initial conditions with (RO, So) = (1, 0), corresponding to

all power being initially in one guide, zero crosstalk din the crossed or

are the elements in a matrix similar to Eq. 2

parallel states is assured by setting Az £ 0 and Bz £ 0, respectively.
Each of these conditions establishes a correspondence between the noxr-
malized parameters L/% and ABR/L; this correspondence is plotted in
Figure 4. The interpretation of this switch diagram is straightforward.
If T./% is between 1 and 3, there exist values of AR (a function of the
applied voltage or electric field under the electrodes) that will drive
the device onto both the parallel and crossed curves. Thus; device
length is a noncritical parameter, just as it is in a single-electrode
switch. Switch diagrams for 1, 2, 3, 4, and 6 electrodes or sections
are showa in Figures 4(a) through 4(e), respectively. The work associ-
ated with this contract and this report was concentrated on the simplest
switch design, that based on two sections. A four-section switch
(presently being worked on with IR&D funds) configuration will result in

reduced switch voltages. Switch voltages obtained to date are in excess

of 25 V.

As an example, we present here some of the results we obtained
with the 0.6328-pym switch. The switch electrodes and guides are shown
in Figure 5. The light intensities in the two channels measured at.
0.6328 pm wavelength versus the applied voltages are shown in Figure 6.
Complete crossover and straight-through states have been achieved with
25— to 30-dB isolaticn. The variation from sample to sample, we feel, is
caused by misalignment of the electrodes with the guide structure. The
asymmetry of the switching characteristics with voltage is due mainly
to the electrode misalignment and optical damage. TFigure 6(a) shows
the device operation with the same voltage applied to the split elec~
trodes. The straight-through, =, state is attained in this way. Fig-
ure 6(b) shows the device operation in the AB-reversal mode to attain

complete crossover.
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Figure 5. Photograph of the AB reversal switch with 3-pm guides. The
electrodes are 4 pm wide with 3-um spacing. The switch
length is 3 mm.
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2, Linear Electrooptic (or Pockels) Effect

Electrooptic effects may be broadly defined to include changes in
index of refraction, changes in absorption (electro-absorption), and
changes in scattering caused by the application of an electric fileld to
a material through which light is propagating. We will mainly discuss
refractive index changes induced by electric fields. If the index
change varies linearly with the amplitude of the applied field, the
effect is known as the linear electrooptic, or Pockels, effect.

As explained by Nye,3 the Pockels effect is observed only in
crystalline solids that lack a center of symmetry. At present, the
Pockels effect is the most wildely used of the physical effects for con-
structing light modulators.

The magnitude of the Llinear celectrooptic effect is 9alcu1atcd by
using the electrooptic coefficients that relate the changes in refrac-
tive index to the amplitude of the applied electric field. The electro-
optic coefficients are the elenents of a third-rank tensor which inter-
relates the applied field and light polavization and propagation
directions referved to the crystalline axes to the index changes.

Nye3 givés a detailed description of the meaning and use of the
electrooptic tensor. This work is summarized below.

The refractive index of a general crystalline material is specified
by the indicatrix or index ellipsoid. The intersection of a plane pass-—
ing through the center of the index ellipsoid with the ellipsoidal
surface is an ellipse. The length Bi of one of the two principal axes

of this ellipse is related to the index of refraction n, of light propa-

gating in a direction normal to the plane and linearly polarized parallel

to that principal axis by n, = 1/ Vﬁ;. Light propagating normal to the
plana but polarized at an angle parallel to neither principal axis
propagates as two waves with velocities (refractive indices) correspond-
ing to the reciprocal square reoots of the lengths of the two principal
axes and with amplitudes proportional to the cosines of the angles
between the polarization direction and the direction of the principal

axes.
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. * The linear electrooptic effect can be described by small changes

L

in the size and orientation of the indicatrix caused by an applied field.
Since the Pockels effect is very small {(An < 10—4), for most purposes
rotational effects on the indicatrix can be neglected and the gignifi-
cant changes described through variations in the length of the principal
axes of the index ellipsoid.

CryStals that show the linear electrooptic effect are also piezo-
electric. Piezoelectricity is an electric-field-induced stress. This
is important because stress variations also produce changes in refractive
index through the photoelastic effect. Thus,‘to coxrectly describe the
total index change that takes place when an electric field is applied,
it i3 necessary to prescribe the mechanical constraints placed on the
crystal.” This is done by specifying the electrooptic coefficients for
either the clamped or unclamped conditions. The clamped condition
corresponds to a crystal under constant strain and is applicable to
situations in which the frequency of the modulating field is well above
mechanical crystal resonances. In the unclamped (free) condition, the

crystal is under zero stress and the coefficients so specified are used

I L

for frequencies well below the mechanical resonances. Thus, generally

the clamped coefficients are used for high frequencies and the

unclamped coefficients are used for low frequencies. } 3
For linear polarized light propagating perpendicular to a principal

plane of the index ellipsoid, the electrooptic refractive index change

may be expressed as

3
-n' :
An:Lz—_EL—p—’ (9)

where n' is a linear combination of the principal refractive indices,

r' is a linear sum of electrooptic coefficients, and E is the appropri-

K| ate component of the applied electric field.
8y A summary of the use of the electrooptic tensor and tables of

electrooptic coefficients were given by Kaminow in Ref. 4.

et
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" Because the linear electrooptic effect is basically due to
electronic lattice transitions, the response time of the index change
approaches the electronic lattice relaxation times, which are in the

-13 to 10"14 sec. Thus, for practical application, the fre-

range 10
quency response of the linear electrooptic effect need hardly be
considered.

In Table 1 are listed typical values of the electrooptic coeffi-
‘clent and refractive index for LiNbOB, Zn0, and GaAs. These are
materials of technological importance which have been used for modu-
lators. Values of An calculated from Ref. 4 when a field of 10 V/em is
applied are also listed. We note from Tabhle 1 that, even with LiNb03,
which has one of the styrongest electrooptic effects of commercially
avallable materials, a field of lO4 V/em gives an index change of less

than two parts in 104. ¢

Table 1. Some Typical Electrooptic Coefficients and
Refractive Index Changes for Applied
Fields of 10,000 V/cm

Relative An
Dielectric A, ~12 4
Constant | Material um n' r', 10 m/V{E= 10" V/cm
,. | . 107
28 LiNb0, | 0.6328 (2.203(n ) |  30(ry,) 1.6 x 10
12,3 GaAs 0.9 3.6(n) 1.2(r),) 2.8 x 107
8.2 700 0.6328 | 2.015(n ) |  2.6(x,,) 1.1 x 107°
vValues of n, v, and € from Ref. 4.
7128
3. Channel Waveguide Formation in LiNbO3

Low-loss single-mode optical channel waveguides are fabricated in
LiNbO3 substrates by the in-diffusion of titanium metal. The presence
of Ti ions increases the polarizability of the medium, thus generating

a region of higher index of refraction. By adjusting the thickness and

22
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the ‘'width of thé Ti channel, single-mode optical waveguides in both the
transverse and depth directions are easily obtained.

Photolithography techniques are used to define the Ti pattern.
These techniques include sputter etching, chemical etching, and photo-
resist lift-off. At HRL, the photoresist lift-off technique is used
to form the desired Ti pattern because it provides a better edge
definition of Ti channels. During the fabrication process, the pat-
tern of single-mode channel waveguides are first delineated on the
positive Shipley AZ 1305B photoresist. After exposing and develop-
ing the photoresist, a 200- to 600-A-thick Ti film is electron-beam
(E-beam) depos:ted onto the photoresist pattern for guides.

area is thus filled with Ti metal.

The open
The unwanted Ti coating on the
photoresist is removed by dissolving the photoresist underneath in
acetone. The in-diffusion process is performed in a flowing oxygen
atmosphere at a temperature between -900 and 1000°C. The diffusion
time is 6 hr.

Before diffusion, the Ti metal is oxidized to TiO2 at
600°¢.

The addition of the oxidation step before diffusion enhances
the surface quality of the sample and the reproducibility of the diffu-
sion process. The temperature cycle is shown in Figure 7.

During E-beam evaporation, the thickness of the Ti film is moni-
tored by a quartz crystal oscillator. After diffusion, waveguide
ridges about 2.5 times as high as the original Ti thickness are
present. These ridges are used as registration marks in iater photo-
lithographic processing.

Typically, we have found that the parameters shown in Table 2

will generate single-mode guides in z-cut LiNbO3 for the TE polarization.

4. Coupling Length between Waveguides

Since there is no analytical description for the modal field of a
single diffused channel waveguide, no closed-form expression for the

coupling length £ is available for directional couplers. However, the

5
coupling between two uniform index channel waveguides has been analyzed.

In this case,

d
R =2 exp (-;) (10)
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Figure 7. Diffusion temperature cycle for waveguide formation. '
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Table 2, Single-Mode Diffusion Parameters

Diffusion _ | Diffusion

A Guide Width, ym | Ti Thickness, A Temperature, °¢ Time, hr
0.6328 3 . 200-350 1000 : 6
0.82 3 - 400-500 ~ 1000 i 6
0.82 4 350450 1000 6
1.06 .5 470—506 1000 6
1.15 5 570 ' 1000 6

7128
where zo depends on waveguide parameter but is independent of d, the

separation between guides. The quantity vy is the evanescent penetration
depth. Qualitatively, 20 depends on the shape of the fields within each

gulde. For the uniform refractive index channel guides, we can write

K, w[l + Kz yz]
L = : = ) (11)

o]
4 kK, Y

where Kx is the component of the propagation constant along the direc-
tion of separation of the guides, and Kz is the component along the
length of the guides. We have used this theory to predict the general
behavior we would expect to see experimentally. Figure 8 shows some of
these results.

The coupling length for a particular device geometry is a strong

.function of wavelength. Figure 8 gives the coupling length versus

freespace wavelength for the device gecmetry in the figure insert, This
geometry was chosen to simulate a diffused channel waveguide with a
source geometry of two 3-um-wide stripes of Ti of 3 um separation on

LiNbOs. The curve labelled An = 0.005 gives a coupling length at
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Figure 8. Coupling length versus wavelength for uniform rectangular

guldes. The index of the superstrate is 1. The substrate
has an index of 2.2. The guide index is 2.2 + An,
The guide dimensions are shown in the insert.
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0.6328 ym corresponding to the experimental results for 300 K of Ti
(i.e., 2 = 2 mm). The other curve gives the An required to give an
2 = 2 mm at 0.82 pm.

Recent articles by Schmidt et a1.6 have contained experimental
data for the coupling length for various guide configurations and wave-
lengths. These data are shown in Figure 9. For d = 3 um, the following

Ti thicknesses and waveguide widths produce an £ = '2 mm:

A, um Ti Thickness, Z. W, um
0.6328 300 ' 3
0.83 400

1.06 460

5. Frequency Response

The bandwidth of the present AR reversal switch has been estimated
assuming a 50-0 system.  In this case, the bandwidth is mainly limited
by the capacitance. For the electrode pattern shown in Figure 10(a),
the capacitance has been calculated and is plotted in Figure 10(b).
Witﬂ a = 0.57, this configuration is exactly that of our switch pattern.
For a length of 3 mm, the capacitance is 1.92 pF. The bandwidth is '

calculated to be

Af = = 1.66 GHz . | (12)

1
27RC

The drive power required to operate the switch as a modulator from

the 50/50 bias point may be expressed as
P =v2 /® (13)
in ’

where Vin is one-half of the peak drive voltage required for switching

from a crossed state to a parallel state, and R is the resistance of

27
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Figure 9(a). Top view of a waveguide directiqnal coupler
where L is the coupler length, a is the wave-

guide width, and d is the separation between
the waveguides in the interaction region.,
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| 1 | |
2 3 4 5
d, um

Coupling coefficient of Ti-diffused LiNbO5 waveguides at
1.06~, 0.83~, and 0.633-um wavelegnths as a function of
waveguide separation. For each wavelength, the wave-
guides were fabricated so a3 te be single mode using

the following fabrication parzmete-s: (QO) A = 0.6328 um,
T (Ti metal thickness) = 300 K, a=3um; (A) X =_0.6328
Um, T = 300 A, a =2 um; @) A = (.83 pm, T = 400 A,
a=4 pm; and (O) A = 1.06 ym, T = 460 A, a = 5 ym.
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the system. Using Eq. 14, the figure of merit, or powex per bandwidth.
is given by

P/B = /4 C Vi . (14)

o,
Te
Y2

For our present device, this is ~0.122 mW/MHz.

8. Phase Shifter Design and Performance

The phase shifter is used to allow quadrature detection of the
gyro—-induced phase shifter. Kaminow et al.7 have reported results of a
similay modulator in Y-cut LiNb03. '

Our phase shifter consists of a channel waveguide and two aluminum
" elec.. ydes in a configuration in which the electric vector of a TE wave
excited in the wavaguide and the modulating field applied to the elec-
trodes are perpendicular in a Z-cut LiNbO3 sample. The modulating
electrgc'field E3 produces a change in the refractive index of

An = n r 3 E3/2, where r13

In response to this index change, the light beam suffers a phase

is the appropriate electrooptic coefficient.

retardation of A® = 2qLAn/)A in the waveguide, where Lp is the length of
the channel waveguide.

Many electrode patterns are possible for this application. An
evaluation of the phase shifter performance in radians per volt can be
obtained using data taken from the switching characterictic. From

Eq. 5, the condition required for a parallel state is given by

(KLP)Z + (28)% = (41)? (15)
or
> o
. n? - @ )
§ = 5= An = P . (16)
3 3 |
\ L
P
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Our 0.6328 pum devite is 3 mm long, which 1s also n2%; hence,'at a
voltage of 36 V, cbrreSponding to a parallel state, § is 2 rad/mm.
Since § is proportional to the applied voltage V:

< ‘ §(vV) = 0.05V rad/mm . Q17)
For this electrode configuration, of length 1.5 mm, we have measured the
phase shift by ising the experimental arrangement‘of Figﬁre il1(a); The
interference of the two (phase shifted and non-shifted) beams produces
interference fringes. The position of these fringes is dependent on the
phase shift or applied voltage. Figure 11(b)‘shows the signal applied
to the phase shifter and the corresponding intensity through a pin hole
at the fringe patterns. This signal corresponds to an appfoximate i
phase shift for an applied 26-V, or 0.12 rad/V, shift; thé calculated
shift was 0.15 rad/vV.

B. FIBER ATTACHMENT

1. Coupling Apparatus

We had proposed to use the fiber attachment Eéchnique illustrated
in Figure 12. To hold the ITT single-mode fibers, V-grooves (Fig-
ure 13(a)) were to be etched in <100>-oriented Si wafers with KOH.
With this technique, the groove widths are such that the fiber core is
just above the Si surface (Figure 13(b)), and the Pho£olithographic
masks have matching groove and guide center-~to-center spacings. But we

found that, when the LiNbO, chip is flipped and placed on the S8i surface,

the fibers and channel guiges cannot be easily aligned. This is par-
ticularly true of the output pair of fibers. ’

It proved to be very difficult with this technique to obtain opti-
mum coupling from the fiber through the chip to the other fiber. This
is primarily because both sides must be realigned on small rotations of
the chip and because the visual alignments available are not adequate to

position the guides exactly in the center of the V grooves. These diffi-

culties forced us to develop a new technique for fiber attachment.
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MICROSCOPE MIRROR FRINGES
OBJECTIVE
BEAMSPLITTER
® REVERSAL SWITCH ADJUSTED FOR 50/50 SPLIT
® FRINGES SHIFT AS PHASE 1S
VARIED BY APPLICATION OF VOLTAGE
(a)
86762

FRINGE SHIFT

0.2 NSEC/DIV) TO PHASE SHIFTER

(INTERFERED PHASE SHIFTED AND
NONPHASE SHIFTED BEAMS)

- DETECTED INTENSITY DUE TO

SHOWN IS AN APPROXIMATE 7 PHASE SHIFT FOR AN APPLIED VOLTAGE OF

26 VOLTS OR 0.12 RADIAN/VOLT (PREDICTED 0.15 RADIAN/NOLT)
(b)

Figure 11, (a) Phase shifter experimental test configuration.

(b) Phase shifter test results.
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A B REVERAL
SWITCH

CHANNEL WAVEGUIDES
IN LiNbO3

SINGLE MODE FIBER IN =y

ETCHED ALIGNMENT -

GROOVES — ﬁ &
. ~

- - .
"~ SILICON
SWITCH PHASE SHIFTER
* CHARACTERISTIC PARAMETERS o An= n3r €4
2

INTERACTION LENGTH, L
COUPLING COEFFICIENT, x
CONVERSION LENGTH, 1= n/2k o Ao= Z—YZAnD
PROPAGATION CONSTANT MISMATCHA = 4 - ‘)2 A0

¢ STATE DEFINITIONS
Ro’], 50'10; R=0 S=1

(® Rp=1, §=0; R=1, S§=0

Figure 12, Schematic of the four-port optical switch module.
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e MATERIAL -- (100) SILICON

e ETCHANT — KOH

(a)

® DESIRED FIBER GROOVES

N/ FIBER (80 ;. m DIAMETER)

(b) - QO I

V\'\ w=98 um

CORE (4.25 p.m DIAMETER)

e DESIRED ADJUSTMENT GROOVES
w=211pum

Figure 13. In (100)-oriented silicon wafers,
V grooves can be etched with KOH.

_ The dimensiens of these grooves are
shown in {a). The desired con-
figuratidn for our fiber is shown
in (b).
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This new technique is illustrated in Figure 14. The V-groove
technology is again used to eéiablish the fiber-to~fiber separation,

but a separate Si chip is used on each face of the LiNbO, sample.  After

the fibers are positioned in the grooves,. the Si and fibzrs are polished
such that the fiber and Si edge are aligned (sée Figure 15). The first
two (input) fibers can then be aligned and fixed into place before the
second is aligned: In addition, the sample face is not flipped down on
the Si surface, thus'making electrical connection easier.

The fixing is done with the,epoxy, and gn adjustment is available
for.the fiber position normal to the surface plane after fixing. This
is done by flexing the Si wafer with a set screw. The lowest loss
observed to date for fiber~-to-chip coupling was ~3.7 dB. We are still
conducting experiments to isolate the problems so that the losses can
be reduced to the theoretical value of ~1.5 dB (see Section 3). The
problem is related to the surface preparation, an excess loss due to
the fiber being epoxied into the V-grooves, or alignment. The fiber-
to-chip coupling clearly needs improvement; a more in-depth discussion
of the experiments being conducted in this area is deferred to

Section 4.

2, Fiber-~to-Channel Coupling Performance Expectations

The coupling between a fiber and channel waveguide has been
described by Hocker and Burns.8 Their approach is to describe the mode
of the channel waveguide by a rectangular Gaussian beam with waists in
beam half widths of wx and Wy. The HEll mode of the fibgr can be
approximated by a circular Gaussian with waist a. Cohen” has shown that
the coupling coefficient between rectangular and circular Gaussians is

an optimum at the waist of the two beams and is given by

4
K = R wy - . (18)
T tv e tw
X y
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Figure 14. Photograph of fiber-optic switch with attached pigtails.
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Figure 15. Photograph of the polished end of Si wafer
with V grooves containing single mode
fibers.
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The total coupling from fiber to channel is then given by

K'=T I

NJ-\

, o (19) .

where T is the transmissivity, I is the overlap of channel mode in the
x direction and a Gaussian of walst W s Iy is the overlap of channel

mode in the y directlon and a Gaussian of waist Wy’ and 12 is the overlap
of the HE11 mode of the fiber and a circular Gaussian.of waist a. The

value of l s Iy’ and 12 were shown to be on the order of 0.98. Hocker
and Burns also showed that K' is optimum for (w W )1/2

For long diffusion times as compared with the tlme required ‘to - v
diffuse all the source material from the surface into the bulk, the index

profile for a strip of infinite extent in the z direction and extending
from x = -W/2 to x =

W/2 in the x direction is (the substrate occupies
the space y > 0)

nz(x,Y) = ng + (nz - ni )f(y/D) g(2x/wW) (20)

£(y/D) = exp (~y>/p%) (21)

g (2x/W) = -;-;erf [W/2D) @ + 2x/W) + exf (W/20) (1 - 2x/w)]{ . (22)

' !
Because of lateral diffusion, the geometrical aspect ratio of the guide

is not W/D, but is defined as 2x1 / 2/D, where

2x .
) g (—-—;1,—/—2-) =280 . | (23)

The geometrical aspect ratio is plotted in Figure 16 versus the quantity
W/D, For a given W and‘increasing D (increased diffusion time or tem-—

perature), the geometrical aspect ratio decreases to ~1.7 for W = D and
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remains constant at this value, According to the calculations of

® Hocker and Burns, this corresponds to the maximum coupling, although,
as can be seen from FigurF 17(b), the decrease with increasing 2x1/2/D
is slow. These calculations are based on the solid curve in Fig-

ure 17(a), which is a fit to calculated data for typicél diffusion pro-
files and effective index of the guides determinable from bo. The data
show that approximately 807% coupling may be achieved if all parameters
are optimized in a single(ﬁiffusion; this corresponds to 64% throughput
from fiber to fiber if the propagation and bend losses are neglected
(64% corresponds to.v2 dB loss).

Mode profiles for the 4 um waveguide with.420 K 0f Ti are shown in
Figure 18. These profiles yield an eséimated coupling coefficient k'
of 0.7, which gives a‘loss of ~1.5 dB. When this theoretical value is
achieved, the throughput loss of the waveguide device will be 5 dB or

less (v2 dB chip loss).

8715-8
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7
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‘9
x 3 .
o~
2 b=
) L1 L1 1 /I IS T B
0.1 0.2 0,3 0.5 0.7 1.0 2 3 5 7 10

w/D

Figure 16. The geometric aspect ratio of an isotropically
diffused channel waveguide plotted versus the
ratio of the undiffused channel width W to the
diffusion length D. '
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K(a, w,, wy) =0.77

a=3.87
Wy = 3.8

/\JL - _j

LiNbOg AIR AIR
*’6" —
LiNbOg
D

Figure 18. Mode profile as measured for a single mode channel dif-
fused from a 4-um-wide source of 420-A-thick Ti,
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SECTION 3

SWITCH AND CHIP PERFORMANCE AT 0,85 um

4

A.  INTRODUCTION

During this program, we were to design and fabri ate devices
consisting of an electrically activated channel waveguide 2 x 2 switcﬁ,,
a chaénel waveguide phase shifter, and attached pigtails. The theory
and p;edicated device performance are discussed In Section 2, This
section presents the performance of the 6.85—uﬁ devices and presents some

of 'the problems encountered during deviée fabrication and testing,

B. SWIQQH AND PHASE SHIFTER FABRICATION

The 0.85-um switches were fabricated using 4-um-wide, 420~A-thick
sources of Ti by diffusion at 1000°C for 6 hours. Waveguide formation
in LiNbO3

sources is schematically drawn in Figure 19; the dimensions are those of

is discussed in Section 2, The mask used to define the Ti

the actual mask. The electrodes are those shown in Figure 5.
Two versions of these chips were fabricated and delivered (two each
of each version). The first version had the electrodes placed directly

on the LiNb0O, waveguides as required for the z-cut LiNbO, switch, This

3 3
mezal is a source of propagation loss (vl dB/mm for TE mode and >10 dB/mm

for TM). Therefore, it is desirable (and in fact necessary for low-loss

chips) to isolate the electrodes from the LiNbO, surface with a low-~loss

3
dielectric if the z-cut configuration is to be used. This isolation

reduces the propagation logsses for both polarizations, making is possible

to switch the TM polarization with the r,, electrooptic coefficient,

33
Such an isolation layer was fabricated for the second version of this

chip. A 1000-4 layer of SiO, was deposited on the LiNbO, chip prior to

2 3

electrode fabrication.

1. Version I — Results ' b

These samples have no buffer layer between the electrodes and the

waveguides; therefore, the guides propagate with reasonable loss only the
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Figure 19, Schematic of actual waveguide maék used for the JPL switch
program, ’ 1 '
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TE ﬁolarization. The results given here are with the fiber pilgtails in
place and represent the performance of the total chip. These ;hips have
serial numbers 2 and 6., '’

The switch characteristics for these chips with.one poart excited are
given in Figure 20 (a) and (b). Device #6 has an obvious loss on one
port that, does not exist on the other port. This loss is believed to be
in the fiber-to-chip coupler. The total losses for these two chips are
11 dB and 20 dB (average) for chips 2 and 6, respectively. "

A crosstalk-versus-time measurement was made using chip.#2 at the '
cross state: These data are shown in Figure 21, An initial crosstalk of
—-35 dB decayed to 27 dB in ~5 min, indicating a relatively long relax-

ation time,

A second measurement of drift in the optical intensity in a channel

was made versus modulation frequency., The experimenta1 setup for this
measurement is shown inFigure 22(a). A dc bias offset was applied
from the function generator to maximize the optical modhlation; The
modulation signal was sinusoidal with a peak-to-peak amplitude of 10 V.

The total optical power from the fiber was V10 uW. The interest here

was to measure the frequency dependence of the hystereses and not the
L&h absoliute amplitude; hence, only relative ampliﬁhdes are plotted. No

measurement was made of the optical modulation depth. If any hystersis

0

8]
iy

exists in the modulation, it will be displayed on the scope. An
example of this hysteresis is shown inFigure 22(b). The width of fhis
modulation hysteresis has been measured and plotted versus frequency.
These data are shown in Figure 23. There is an apparent break point
at about 2500 Hz,

No phase shifter was tested on these samples,

2. Version II — Results

Because of time and equipment limitaticns, only one sample (#4) was
tested in any detail. These samples have the buffer layer between the

electrodes and wavegui&es. Both polarizations propagate through the

45

ORIGINAL PAGE 18
OF POOR QUALITY

A L . LS TR T T ey B
PR TR BT TR Ly




INTENSITY

N\ . -
. Z 3 s . .
' . 98294
P L . J [ ) ‘ .‘.
. |
[ 3
: LI L ®. * l l . l J
10 20 30 40 50 60
VOLTAGE,V C
Figure 20(a). Sample #2 AB reversal switch characteristic.
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Figure 21. Cresstalk versus time for the cross state of sample {2,
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Figure 22(a). Experimental step up for measuring the modula-
tion hysteresis.

Figure 22(b).
Example hysteresis pattern from oscilloscope.
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sample with approximately the same loss. This fact indicates that the
S:'LO2 layer has isoiated‘the modes from the electrodes, thus reducing
the propagation losses. However, the overall losses of the completed
devices have not been significantly reduced. The losses'for devices {#4
and #S.are V14 and &20 dB, respectively.

Optical intenséty‘versus voltage in the two channels of device #4

are shown in Figure 24 for both the conventional and reversal configura-

tions. The high crosstalk level is due to tﬁe presence of both polariza-'

tions. The lower apparent switch voltage versus the Version I devices

is due to the propagation of primérily the TM‘polarization. This .
polarization takes advantage of the LR electrooptic coefficient, which
is approximately three times larger than Tyge

On device #4, the phase shifter was tested. The experimental con-
figuration is schematically illustrated in Figure 25, The test resﬁlt,
shown in Figure 26, shows in excess of a m phase shift with 15 V applied.
This datum was taken at a modulation frequency of 1 kHz.

The modulation hystérsis discussed for the Version I device was also
measured for device {#4, and the result is shqyn in Figure 27, There is
again an apparent break in frequency, but the roll off with frequency
is greatly reduced from that measured without the Sio2 buffer layer.

The reason for this change in roll off is not understood.
The amplitude response on the modulation characteristic was measured

for switch #4 and is plotted in Figure 28, The measured bandwidth is

250 mHz, At higher frequencies, there were a couple of resonances;

this is characteristic of parasitic impedances. With proper packaging,

the devices should have the designed gigahertz bandwidth.
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Figure 24(a). AB reversal switch characteristic for sample #4.
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Figure 24(b). Conventional switch characteristic for
sample #4,
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Figure 25. Phase shifter experimental test configuration.
9829- 12
1 10 V/DIV
AN
1 kHz
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Modula. m hysteresis amplitude versus frequency for sample #4. ,
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Figure 28, Modulation amplitude response versus fre-
quency response for sample #4.
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- retically determined loss between fiber and waveguide is “.5 dB.

SECTION 4

POTENTIAL IMPROVEMENTS

A. INTRODUCTION

The present devices have two obvious drawbacks. First, the
switching voltages are higher than désireﬁ. Second, the insertion loss
from the fiber ‘to chip is much higher than theoretically predictéd.
This section discusses these problems and the work that we believe is
required to overcome them. ‘

+

B. INSERTION LOSS REDUCTION

The insertion losses associated with hybrid devices .are obviously
3 chip
(waveguide losses) and at the interfaces between fiber and LiNbO

dependeant on several factors; these losses occur In the LiNbO

3° The
chip losses, discussed above, are presently believed to be under con-

T, S

trol. Therefore, the major losses measured in the present devices are

believed to occur at the interface between fiber and :chip. The theo- i

Currently, we measure losses that are typically much higher than this.
The excess loss problem.has no simple solution other than a
detailed study of the fabrication teghniques involved (i.e., each step
in the fabrication must be investigatedthoroughly). In such a study,
we would have to isolate the source of the losses and establish tech-
niques for testing each component to eliminate the losses, The experi-
ments we are presently conducting to reduce loss are discussed below.

Two tests have been proposed for establishing the source of the
losses at the fiber/chip interface; they are to directly couple fiber
to fiber and to directly couple chip to éhip. If the edges are
prepared properly, both of these configurations theoretically result
in 1007 throughput or no loss. Both of thlese experiments have been
attempted, but the reproducibility of the results are less than
satisfactory. This lack of reproducibility indicates that work is

required to develop our polishing techniques and fiber holder fabricatioq.

57 4

pamare cdriiamnlor s whivids udiec W iat e L AR




— e s s

YL T T
o

" a Mach Zender with a long interaction length; and ;any, appropriate com-
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After the polishing techniques have been improved, a test procedure
must be established to test each component prior to introduction into
a device. This procedure will require establishing a set of standard
components with which thé testing will be done,

During a series of experiments, an AR coating was placed between
the fiber and'LiNbO3
the index mismatch bgtween the fiber (v1.48) and LiNbO3 (v2.2). This

chip to reduce or eliminate the reflections due to

reflection causes approximately a 47 loss per surface., The coating
that we are presently investigating requires no air gap and is placed
on the LiNbO3 edge. The AR coatiné was designed using the average
refractive index of LiNbO3 at 0.85 um and a fiBer index of 1,48, Table 3
shows the resulting reflections for variations from these values, The
coating is 0.0975/0.0556 A thickness of.ThFS/ZnSe. This coating has

been deposited and tested; the result was a 0.1% reflectipn.

C. SWITCHING VOLTAGES

Several techniques are available to produce waveguide switches with
reduced switching voltages. These techniques include TM propagation

in z-cut LiNbO,; TE propagation in y-cut LiNbOs; multistage AR reversal;

33
bination of these. However, each technique has technical difficulties
that need to be investigated.

In the switches fabricated to'date, we have primarily used z-cut
LiNbO3 samples and TE mode propagation, It would be preferable to uée
y—-cut substrates with TE mode propagation along the x direction or z-cut
substrates with TM mode propagation, Either of those two configurations

would allow designs with the r_., electrooptic coefficient, which is 3.5

times larger than the r31 coefzicient presently utilized.

The major problem in implementing the TM mode propagation in z—cut
material is the loss due to the electrodes placed directly on the wave-
guides, This problem has been partially overcome recently by placing an
SiO2 layer between the LiNbO3
device 2 in Section 3). 1In y-cut material, the electrodes are not placed

and the electrodes (see the discussion of

on the waveguides, but an electrode must be placed between the guides.

This electrode would need to be small and hence would be difficult to make.
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Table 3. AR Coating

810,
ZnSe
ThE
Lilibo,
A = 0,850 ym
510,

n LiNbO, 2.18075 2,224 2.26 n
1,46 0.016 0.002 0.006
1.47 % Ref 1l/Surf A 0.011 0.000 0.008
1.48 0.010 0.001 0.011

Another problem with these configurations is the presence of the
planar out-diffused modes; these modes compete with the excitation of
the channel modes and contribute to crosstalk. We feel that this may not
be as large a problem as has been thought, Even so, we are working on
ways of compensating for the LiZO depletion; this work is described below.

Ls pointed out in Section 2, a multiple (greater than 2) AR reversal
section can be used to reduce the switching voltages. Ve are preseﬁtly
working on switches (using IR&D funds) at a wavelength of 0.85 um
with four sections. This electrode configuration should reduce our
switching volteges to 15 V for the TE mode in z-cut LiNbO3 and 5 V for
tne TM mode.

Another method that has been proposed for making switches is a

combination of the AR reversal and Mach Zender configurations. This
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proposed switch configuration is shown schematically in Figure 29. A
relation between the input (RO,SO) and output (R,S) light amplitudes is

R\ /c '-_']D\ R,
*

= ' (24)
* g
S -3iD C / o
x * %
Cc = AlAlAZ - BlBlAZ : (25)
= 26
D=2 AlBl cos L262 (26)
— i J2 2
Al = cos (L kz -+ 62 ) + JGsin (L k + 4 ) (27)
. kl + 64 .
s e |
B. = ksin L‘/k + & (28)
1 [T 7 |
k™ + &
A2 = cosL262 + jsinL262 . v29)

where k is the coupling coefficient in regions I aﬁd IIT, § is one~half
the difference between the propagation constants in guides 1 and 2 due to
the applied voltages-(lsl - 82|/2 = §) in regions I and III, L is the
length of regions I and ITI, LZ is the length of region 2, and 62 is
one~half the difference between the propagation constants in guides 1
and 2 due to the applied voltages in region 2, The coupling coefficient
in region II is assumed to be zero; this can be achieved either by ion
milling a groove between the guides in Region II or by physically sepa-
rating the guides. Regions I and III are the AB reversal sections;
Region II is the Mach-Zender.

If 62 = 0, then Egs. 24-29 become those of the AR reversal switch

having a cross state when C2 = 0, The locus of curves for which this is
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Figure 29. Two configurations for the AB reversal-Mach Zender combined
switch, :
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true is shown in Figure 4. A parallel state is achieved by forcing D to

zero, This can be achieved by applying a voltage to electrode II,

forcing L262 = 1/2, and keeping the voltages to electrodes I and III con-

stant. The voltage required to accomplish this is significantly less

- than the voltage required to achieve the switching by changing the volt-~

ages in sections I and II, This configuration is being worked on with
IR&D funds and is Hughes proprietary.

D. SUPPRESSION OF Lizo OUT-DIFFUSION

A major problem in waveguide formation in LiNLy

3 by Ti metal in-
diffusion is that, at high diffusion temperatures (850 to llOOOC), the

crystalline substrate suffers the loss of loosely bound Li,0 through a

2
surface out-diffusion process. The deviation from crystal stoichiometry
at the wafer surface increases the extraordinary refraction index and
leaves the ordinary refractive index unchanged. As a result, there is

a planar waveguide formed due to Li_O out~diffusion in addition to the

waveguide formed by metal in—diffusion. This out-diffusion waveguide
can confine a TE polarization wave for propagation along the X axis on

a y-cut wafer (or Y axis on an x—~cut wafer). In a z-cut wafer, TM polari-
zation waves propagate in the ocut—diffused layers. In active channel
waveguide devices, the channels are usually aligned to the X axis in
y-cut material such that the largest electrooptic coefficient, Taqs CAN
be used for TE polarization modes., However, the existence of the planar
out~diffusion waveguide introduced excess crosstaik between channels,
Furthermore, in an end~butt coupling configuration between a channel
waveguide and a single-mode optical fiber or a diode laser source, a
large portion of the optical energy is coupled to these unwanted out:
diffusion modes, which are excited easily by the input light source,

We are developing a technique for eliminating Lizo out-diffusion
waveguides by annealing the crystal in LiNb03 powder.lo The mechanism
of the LiZO compensation process is explained as follows. At high
temperature, the loosely bound Li20 molecules tend to escape from the
surface., Since LiNbO3 powder has more surface area than LiNbO3 wafers,

the LiZO vapor pressure due to the powder is sufficient to build up an
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‘Li20~rich environment so that the out-diffusion process from the LiNbO3

wafer is suppressed. Furthermore, the compensation process in which
Li

dynamically favorable (Figure 30).

20 is in-diffused into a lithium-deficient LiNbO3 wafer becomes thermo-

We have successfully eliminated the Li,0 out-diffusion mode in a

y-cut sample of LiNbOB. The experiment we éonducted is as follows.
First, a sample had 5~, 7-, 9-, 11—, and 13-pm-wide guides formed with
500 A of Ti evaporated on the surface., The sample was cut into two
samples and had the edges polished and guides tested. Both samples were
rediffused at 1000°C for 6 hours. The first was rediffused in an oxygen
atmosphere, the second in an Lizo-enriched atmosphere by placing the ’
sample in a Pt box containing LiNbO3 powder, On testing, the second
sample had no out—-diffusion guide, The following additional information

was obtained from the samples:

Pofore Second Diffusion (both samples)

TE ™

Guide Width 1,2 1,2
5 um single mode  cutoff
7 um single mode  cutoff
9 um multimode single mode
11 ym multimode single mode
13 multimode single mode

After Second Diffusion

Guide Width ! I ™ ™,
5 um single mode  cutoff cutoff cutoff
7 um multimode cutoff cutoff cutoff
9 um multimode single mode single mode single mode
11 ym multimode single mode single mode single mode
13 pm multimode single mode single mode single mode
63




. o
These data indicate some very interesting trends in the guide index

induced by the out-diffusion treatment:

° The TM modes have little variation in ﬁode structure (i.e., the
ordinary index is only slightly if at all affected by the treat-

———t

ment) .

° The TE modes have been changed dramatically. These changes
indicate that the extraordinary An induced by the Ti reduced
dramatically on elimination of the out-diffusion mode.

Another effect noticed that is significant is the difference between
this sample and the z-cut sample with the same guides. The TE modes for
this sample were single mode for the 5~ and 7-um widths and multimode
for the other widths. These modes correspond to Ano (i.e., the change
in the ordinary refractive index). The corresponding guides in the y-cut
sample are cutoff for the 5~ and 7-pm widths énd single mode for the
other widths, '

| Although we have successfully demonstrated that the process will
work, there is still a considerable amount of effort required before
this fact can be applied to a device. This is primarily due to the fact ‘

that previous experience cannot be applied directly.
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SECTION 5

CONCLUSIONS AND RECOMMENDATIONS

During this program, we have designed, fabricated, tested, and
delivered four integrated-optic waveguide circuits with a phase bias
element and modulator on the same chip. The chips were addressed by
single-mode fibers, with fiber pigtails affixed to the chips. The
intended application of these chips is for use in the fiber-optic gyro
presently under development at JPL. '

The technology development was divided into two pﬁases: -chip
development (involving the development of the 10 chip with the 2 x 2
switch and phase shifter combination) and fiber—to-chip interfacing
(involving the permanent coupling of single-mode fiber-optic pigtails to
the four ports of the chip., The theory and design involveﬁ in these
phases is described in detail in Section 2, The switch and chip per-
formance is described in Section 3. Finally, potential improvements
are discussed in Section 4. ' ]

The switch format was based on coherent coupling of the light

. between waveguides formed in Z-cut LiNbO The control of the coupling

was achieved by electrooptically vary1ng3the phase propagation con-
stants of each guide. The electrode arrangement divides the coupler
into two equal-length sections, such.that the AB reversal2 technique
could be used to achieve both the bar and cross state, Using'this
technique, we have demonstrated switching voltages between 50 and 60 V
for the 0.85 um‘wavelength for the TE propagating mode., For the TM
propagating mode, switching voltages of less than 25 V have been demon-—
strated. To reduce the switching voltages further, one of several
approaches can be taken; these approaches are discussed in Section 4.
In all cases, the basic variable is the length of the interaction
length.

The goal of the phase shifter (a phase shift of 7/2 in response
to 15 V or less for 0.85 um operation) was achieved by electrooptically
varying the phase propagation constant of one guide independent of the

other.
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Task 3: Low-Voltage Switch

Research should be conducted to develop a low-voltage switch using
guides that are optimized for laser- and fiber—to-chip coupling. The
low-voltage switch would most probably be a multisection AB reversal

switch.

Task 4: Chip Definition, Fabrication Test, and Delivery

Having conducted Tasks 1, 2, and 3, the required technical know-
ledge and expertise will be available to successfully design and
fabricate a chip that will be useful to the.fiber—optic.rotation sen-
sor. It is believeq that this initiallchip should be the minimum

necessary to advance the state of the art of the gyro.
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