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1.0 TECHNICAL REPORT SUMMARY

1.1 Program Objectives

The long-range objective of this program is to develop an efficient and
reliable ultra-wideband waveguide modulator tor CO» lasers that will be useful
for high resolution, imaging ostical radars and high-data-rate optical communi-
cation systems. Efficiency and reliability are obtainable by using integrated
optics technology. Because this technology is still at an early stege of
development, many novel concepts must be demonstrated and new techniques
developed. Of particular concern during the present program are several criti-
cal items which must be investigated in order to maximize the generation of
side-band power and to establish the reproducibility of the modulator perfor-
mance. Specifically, we have experimentally determinecd the effects of a number
of parameters, including the grating configuration, waveguide thickness toler-
ances, and thin metal layers on the coupling efficiency and propagation losses
of both the optical wave and the microwave field. Efforts were also made to
improve the waveguide quality and its structural strength by using ion-beam
milling and special bonding techniques. This report gives an up-to-date
detailed discussion of these effects and presents our technical approach to
achieving the long-range objective of this program.

1.2 Major Accomplishments

During this reporting period three significant advances have been made in
the modulator development. The first development involves improvements in the
quality of the GaAs waveguide structure and the reliability of producing thin-
film waveguides with acceptable quality; the second development, which is des-
cribed in detail in Section 5.0, involves improvements in optical coupling
efficiency; and the last development involves improvements in the reproduci-
bility of the microwave characteristics of the waveguide modulator. With the
exception of the growth of the bulk GaAs crystals, which are currently pur-
chascd from two different vendors, the complete material processing and wave-
guide synthesis are being carried out at our laboratory under controlled pro-
cedures. Waveguide structures with lengths in excess of 2 cm, which include
two 3 rm x 3 mm grating couplers at the ends can now be reliably made with any
jesirable averarre thickness in the range of 20 to 30u and with good average
thickness uniformity. At present, cur production yield is better than 5Su per-
cent and the entire fabrication procedure requires approximately three days to
complete the entire processing cycle, starting from raw material to optically
polished wavepuides with grating couplers.
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Using grating couplers nearly 7 percent of the incident light has been
coupled into a single output beam. This value includes the propagation loss
inside the waveguide., Preliminary results indicate that the improvements in
mechanical strength permit the use of Ge prism couplers and that at least a
factor of two increuase in total optical transmission through the waveguide can
be achieved by using a prism pair. Both optical and microwave measurements
are reproducible to within + 5 percent. From optical coupling characteristics,
it is possible to determine the quality and physical parameters of the wave-
guide as discussed in detail in Section 3.0. Optical power densities up to
L4 kw/cm? have been applied to these waveguides; and at this level, no apparent
optical damage has been observed. Excellent reproducibility of microwave
characteristic impedance measurements with either ridge or micro-strip con-
figuration has been obtained with the help of copper layers deposited on the
surfaces of the waveguide.

1.3 Future Work

A series of experiments will be conducted during the remaining contractual
period {March 1975 to June 1975) to perform microwave phase-modulation of a COp
laser (~ 10 W) at a frequency of about i% GHz. Waveguide modulators used in
these experiments will have an active length of at least 2 cm. Grating and, if

appropriate, prism couplers will be employed. With grating coupling, a traveling-

wave ridge microwave modulator will be used, whereas a micro-strip microwave
structure will be used with the prism coupler. With this latter configuration,
a total optical transmission of nearly 15 percent should be possible. Experi-
mental results will be included in the final technical report.

Based on existing data, a reasonable prediction of sideband power can now
be made. In the small-phase-shif't approximation, the power gencrated in the

sideband is given by
2
A A2 .
Fep = (2) Fr ()

where PT is the optical power transmitted through the phase modulator and the
phase-shift of the laser beam that results from the interaction with the micro-

wave field is given by

Eyigklé /)2
(0173 (o}

S - (2)
Beres & = 3:27s B9 = 12 x 107 -10 om/v, L and d are the interaction length and
the thickness of the waveruide, » = 107 3 cm, and P, is the microwave power. The
measured impedance Z, is atout 5. or a given 1nput laser power P, 1T varies

with optical transmission (total optlcal coupling efficiency) 7 as
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Pp = T P (3)

It is reasonable to assume that P, = 20 W and Pp = 100 W can be used with a
20w thick CaAs slab. In this case, Eq. (1) becomes

Peg =~ 0.107 MI°. (%)

The calculated results are plotted in Fig. 1 as a function of waveguide
length for three different optical transmission efficiencies: T =5, 10 and
20 percent. From these curves, it is seen that with a 2 cm long interaction
length and a total transmission coefficient of 10 percent, LO mW of power can
be generated in the sideband from a 20 W COp laser. Since the sideband power
increases as the square of the interaction length, much can be gained by
utilizing longer waveguide structures. Advanced techniques are being developed
to produce reliably good quality waveguides having a L greater than 3 cm. With
a total coupling efficiency of 20 percent, and a 2 cm long interaction length,
we expect to obtain as much as 0.2 W of sideband power from a 20 W CO2 laser.

il
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2.0 TECHNOLOGICAL ADVANCES IN WAVEGUIDE STRUCTURES

2.1 Introduction

The first requirement for the thin-film optical device is low optical loss.
If the msterial absorption loss is negligible, the two most significant loss
mechanisms are optical coupling and scattering. Optical coupling loss mechan-
isms will be discussed in greater det .il in Section 3.0. This section will
address only the scattering loss mec..anism and our approach to minimizing this
loss. Scattering loss is caused mainly by waveguide imperfections. These
imperfections, in our case, are: (1) surface defects, (2) severe thickness
variations, and (3) mechanical strains. The rriousness of these imperfections
is intimately related to GaAs material thinning and bonding processes. Under
the current program considerable effort has been directed to advancing the
material processing technology. By utilizing our in-house expertise as well as
an outside consultant (Dr. S. Mayberg, Semiconductor Processing Co., Inc.,
Hingham, MA), we have improved our in-house CaAs material processing capability
significantly. The following sec*ions describe in greater detail the various
advanced tecl niques for trinning large-area GaAs wafers. The success of this
fabrication effort was primarily responsible, not only for increasing the pro-
duction yield, but most important, for significantly improving the total opti-
cal coupling efficiency tarough the thin GaAs waveguide structures. In a
parallel effort, we are studying the mechanical strain and material defects in
thinned G,As wafers. Effort in this area is being conducted in collaboration
with Dr. H. Posen of Material Division, Air Force Cambridge Research labora-
tories.

Also in this chapter we shall discuss techniques currently being developed
for ruggedizing the thin GaAs waveguides. In initial experiments ruggedization
was achieved by a process that involves first electro-plating an approximately
one-mil-thick copper layer onto the GaAs wafers. This wafer is then bonded to
an optically flat copper block by a thin (~ 1u) layer of indium. The bonded
GaAs wafer is then thinned to the desired thickness. Grating couplers, if
required, can be fabricated on the surface of the bonded waveguide. In addi-
tion to improving the mechanical rigidity of the waveguide, bonding techniques
may also be useful for enhancing the thickness uniformity of the waveguide
structure.

Figure 2 is a photograph of the ion-beam milling facility. This facility
is being used entirely for the fabrication of integrated optical circuits and
waveguide devices in support of this research program.
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2.2 TImproved Waveguide Fabrication Techniques

A number of waveguide fabrication techniques have been developed during
this reporting period. They are intended to improve the optical gquality of the
GaAs waveguides so that a larger fraction of COp laser power can be transmitted
through the single-crystal GaAs thin-film modulator. To accomplish this goal,
several requirements with rather stringent tolerance must be met. They are:

1. Gratings must be fabricated with a groove depth, 8 i d/lO, where d is
the thickness of the waveguide.

2. The groove aspect ratio a/F, where a is the ridge of the groove must
be controlled.

3. Uniformly thin wafers, with d = 25u and Ad < 1y over a surface area
=k in2, must be fabricated.

=

Lapping and polishing techniques that will provide relatively strain-
free and microcrack-free thin wafers with improved production yield
must be developed.

5. Wafer bonding techniques that will provide the necessary mechanical
strength required for practicel use must be developed.

2.2.1 Fabrication of Deep Grooves

It is known that the strength of a grating coupler increases with the
groove depth, eventually reaching a saturated value as the depth of the groove
is increased beyond the penetration depth of the evanescent field of the optical
guided-wave. In Section 3 tehoretical and experimental data on optical coupling
will be given. Here, new techniques for controlling the grating groove depth
are discussed.

Instead of using photoresist for grating fabrication as reported pre-
viously (Ref. 1), we have obtained deeper grooves by using a thin titanium
mask. This new technique makes use of the fact that the differential milling
rate between GaAs and Ti is 10:1, which is about 2.5 times higher than that
between GaAs and photoresist film. Two advantages are gained by using Ti
films as the mask: (1) deeper grooves, with 5 greater than 3u, have been
achieved; and (2) because of high differential milling rate, the Ti mask used
for forming phase grating pattern need not be very thick. This latter advan-
tage is important, because it allows the formation of images with much improved
edpe acuity. The formation of deep grooves utilizes the following procedure:




(o]
1. Deposit on GaAs wafer surface a LOOO A thick positive photoresist
f£ilm.

2. Expose and develop phase grating image with a iron-oxide mask having
the desired periodicity.

3. Ion plate 3000 X thick Ti film over wafer surface having resisted
image.

4. Ton mill grooves into GaAs to desired depth.

5§, Lift% off titanium-plated photoresist with acetone.
6. Strip remaining titanium in HF.

7. Complete the final thinning of the wafer.

Figure 3a shows a symmetric (saw tooth) grating with a period of 2.75u
that was fabricated in this manner. The groove depth of this grating is also
about 2.75u. With this particular grating prcfile, the input coupling effi-
ciency (including propagation losses) for the TEp mode was as hiyh as 24 per-
cent as indicated by the decrease in the reflected and transmitted powers at
the grating coupling engle. The total useful coupling efficiency (including
propagation losses) jnto a single output beam was 7 percent. Because of the
quality and ¢ood reproducibility of these gratings, the useful coupling effi-
ciencies have increased considerebly from our earlier measurements (Ref. 1) and
the coupling measurements have been very reproducible. As noted in Section 3,
one of the disadvantages of using grating couplers is the generation of one
extra beam at each coupler. In gereral, one half of the optical power will be
lost at each coupler if a symmetric grating coupler is used. To alleviate this
problem, it has been suzgested (Ref. 2) that more optical power can be directed
into the useful beam from the undesirable beam by a proper blazing of the
grating grooves. For this reason experiments were conducted to produce blazed
gratings by varying the incident angle of ion-beam with respect to the mask
normal. We found that it is possible to control the blazing angle of grating
groove to a reasonable degree of accuracy. A blazed grating fabricated by ion-
beam milling at a 45 deg angle of incidence is shown in Fig. 3b.

2.2.2 Improvement of Waveguide Thickness Uniformity

Considerable effort has been directed to improving the thickness uniformity
of the thin GaAs wafers. 1In principle, it 1is possible to maintain a true paral-
lelism by an extremely careful lapping procedure. However, it is conmonly ob-
served that the lapping process produces surface damage in the forms of micro-
cracks thet canbe substantially reduced by usins chemo-mechanical thinning
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process (Ref. 1). However, this thinning technique introduces wedging or
thickness nonuniformities in the wafer as a result of differential etching
rates for different crystal planes. Thickness variations are also introduced
by nonuniformities in the mounting wax. By using chemo-mechanical pclishing,
we have observed thickness variations of from 3u to 15u over a 2 cm length
wafer having an average thickness of 30u. Severe wedging can reduce the opti-
cal coupling efficiency and cause mode conversion.

To overcome this difficulty, a compromised procedure has been developed
which involves a combination of lapping, chemo-mechanical thinning, and ion-
beam polishing. The procedure starts by taking a saw-cut GeAs wafer having an
initial thickness of 15 mils and lapping it carefully down from both surfaces
to about 4 mils, while maintaining near perfect surface parallelism. At this
point, on2 mil of material is further removed from each surface by a chemo-
mechanical thinning process. The removal of only one mil from a flat surface
does not introduce any significant wedging problem, but it can eliminate vir-
tually all mechanical damage and micro-cracks generated by the lapping process.
The wafer is now approximately 2 mils thick. To reach the desired waveguide
thickness (20 to 30u), material is further removed from both surfaces by ion-
beam milling.

With this procedure, initial experiments using relatively crude polishing
equipment produced encouraging results. By updating the polishing apparatus
with an instrurent manufactured by Geoscience Corp., we were able to consistently
produce thin GaAs wafer of 25u thickness, having an average thickness variation
of not more than about 2u across 3 cm length as determined by an IR spectro-
photometer. Local thickness variations (or "wrinkles") were not monitored
although the optical coupling experiments in Section 3.0 suggest that they may
exist and are a factor in the coupling process. This average thickness varia-
tion represents the best tolerance achievable with our current polishing jig.

A refined polishing jig, manufactured by Lo, itech, Ltd. (Scotland), has been
ordered and will be used in the near future. This instrument provides much
finer angular adjustment than our current polishing jig. With this instrument
it will be vossible to rcduce average tafer thickness variations to less than
l1u over a wafer length of 5 cm.

2.2.3 Structural Ruggedization

Improved lapping and thinning techniques have increased the waveguide
production yield to better than 50 percent. Most of the sample failure occurs
in the final thinning cycle where the wafer becomes extremely fragile. Further-
more, it is very difficult to handle these thin wafers after the { 11 thiuning
procedure is completed. To alleviate this problem, techniques are now being
developed to bond a semi-thinned GaAs wafer to a thick copper block before com-
pleting the waveguide fabrication process. The copper block will be the base-
plate in the microwave modulator. Ceveral bonding methods have been considered
during this reporting period. They include:

10
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1. Metallization of wafer and bonding to a metal block with solder
2. Eutectic bonding of metallized wafer.

3. Bonding with low viscosity polymer.

li. Reflow bonding with low-temperature glass.

It is premature at the time of writing to discuss relative merits of these
methods. We have, however, achieved encouraging results with the first method
and have made several waveguide modulators using it. A typicel sample is shown
in Fig. 4. This device was made by bonding & section of a one-side-polished
GaAs wafer (0.160 in. wide by 1.3 in. long by 0.015 in. thick) to an optical
polished copper block using 50/50 indium/tin solder. The wafer was metallized
on its polished face with 1 mil of copper prior to bonding. After bonding, the
wafer was further lapped and chemo-mechanically polished to a thickness of 30u.
Infrared spectrophotometer measurements indicated that this wafer had an average
thickness variation of only lu across a 3 cm length. As before, localized
thickness variations were not monitored.

Method 2, eutectic bonding, is a relatively simple technique that is well-
known in the semi-conductor industry. Eonding of long narrow waveguide strips
(1.3 in. x 0.160 in.) utilizing this method may require special jigging.

A low viscosity polymer, such as an RTV rubber or a cvanoacrylate ester,
should also be suitable for forming a permanent thin-film bond. A possible
1imiation of this bonding procedure may be the poor thermal conductivity of the
bond which can limit the capability for high-power device app.ications.

Reflow bonding using a low-temperature glass has also been considered.
This technique can be particularly useful for bonding prisms to waveguide
structures. A low melting chalcogenide glass that transmits at infrared wave-
lengths beyond 10u can be made (Ref. 3) of a suitable mixture of As, S, and Se.
This glass has a melting point of ~ 1250C. Controlled thicknesses of this
glass can be vacuum coated (Ref. L) onto either the base of a prism, a wave-
guide structure, or both. The prism then can be placed on top of the waveguide
structure and heated until iue glass forms a bond.

2.3 Summary

We have routinely fabricated hirh-quality GaAs waveguides in a free-
standing configuration and have achieved food initial results with a copper
bonding technique. The average thickness variation along the lenith of the
waveguide has been reduced in the best case to < lu for a 3 cm waveguide havig
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an average thickness of 20u. Techniques have been developed that produce both
symmetric and asymmetric grating profiles with the groove depths greater than
3u. Efforts are being made to further improve our fabrication techniques of
GaAs waveguides with a near-term goal of achieving a total optical transmission

through the waveguide of more than 10 percent and an electro-optic interaction
length greater than 3 cm.

13
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3.0 OPTICAL EVALUATION OF WAVEGUIDE STRUCTURES

2.1 Introduction

The efficient operation of the thin-fllm modulator requires that a sub-
stantial fraction of the input laser pcwer be coupled through the waveguide
and into a useful output beam. Prior to the present reporting period, the
total effective optical coupling efficiencies achieved with two grating
couplers (input and output) were typically about 1 percent or less, whereas
the maximum theoretical coupling efficiency for a symmetric waveguide is 20
percent. In order to increase the waveguide coupling efficiency, three
general teciinical directions are being pursued. First, the baseline wave-
guide is being carefully studied and improuved. This baseline waveguide is a
symmetric wafer, and coupling is achieved with two phase grating couplers
having saw-tooth groove shapes. Second, optical coupling with Ge prisms is
being investigated. With early waveguides, the use of prisms was not practi-
cal because of sample breakage. Recent improvements in waveruide fabrication,

P however, have improved both the optical and structural qualities of the Gals
wafers sufficiently to permit the use of prism couplers in laboratory tests.
Finally, various asymmetric waveguide structures and grating geometries are
being considered. CJuch structures include metal-backed waveguides, GaAs
wafers with a th'n-1ilm of ZnSe or other suitable dielectric, and blazed
grating grooves.

BTN W eee—

In this section the results of extensive studies of the improved baseline
waveguide and preliminary measurements obtained with both a prism input coupler
and a metal-coated asymmetric waveguide are summarized. Total effective coup-
ling efficiencies of up to about 7 percent (including waveguide propagation
losses) have been obtained with the baseline waveguide. Also included in this
section are measurements of the susceptibility of two waveguide structures to
optical damare. It was found that uncoated GaAs wafers and GaAs wafers coated
with a thin Au layer can withstand laser intensities of greater than L KW /eme
without experiencing optical damage.

Both total effective coupling efficiency and the output beam quality
achievable with either grating couplers or prism couplers are sensitive to a
number of factors including the imperfections of the optical waveguide in the
coupling region. Thickness variations or strains in the coupler region chanrge
the value of 3/k locally and distort the characteristic aperture field of the
coupler. Because of the importance of waveguide thickness variations to opti-
cal coupling, a discussion of their effects is given first. Other factors
that affect the fraction of input light coupled into a useful output beam are
also discussed.

T g pap——
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3.2 Effects of Waveguide Imperfections on
Input Coupling Efficiency

The total optical coupling efficiency for a coupler pair is equal to the
product of the input and output coupling efficiencies. Although waveguide
imperfections affect both coupling efficiencies, they have a much stronger
effect at the input. For this reason the loss in total coupling efficiency
resulting from waveguide imperfections in the two coupling regions can be
largely understood by considering only the input coupler.

The reason that output coupling efficiency is little affected by imperfec-
tions is that an output coupler can always be made to couple out most of the
guided optical energy underneath the coupler by just making the coupler long
enouch. Imperfections and variations in the output coupling region may cause
the coupling to diminish locally and distort the outcoupled beam. In the
extreme case, imperfections will scatter a substantial amount of the ruided
light into air modes at arbitrary angles with respect to the waveruide normal.
Nonetheless, even a hignly imperfect coupler will remove all the optical energy
underneath the coupler if the coupler is sufficiently long.

At the input, on the other hand, the fraction of incident energy that is
coupled into the waveguide is sensitive to the rricise spatial match between
the incident field and the characteristic aperture runction of the coupler. As
discussed in Ref. 5, p. 15, the input coupling efficiency T can be expressed as
a normalized overlap integral in the general form

-

™ Bin (x,7) Eg* {x,y) dx dy 1°
B.

) RS "7 S x
T By, By dx dy [o Ey EgT dx dy

where 7 has been generalized {o tvo dimensions and the factor of 1 has been
included to approximately account for power unavoidably lost to the transmitted
beam” (see Fig. 5). Here Ej, (x,y) is the input laser field, Ey (x,y) is the
characteristic aperture field; x is the coordinate alons the propagation direc-
tion of the guided wave; and y is the coordinate in the plane of the waveruide
that is perpendicular to the x-direction. The aperture field E, (x,y) repre-
sents physically the normalized electric field that is coupled out of the wave-
guide when the coupler 1s used as an output coupler. If the intensity and phase
variations of the input beam E;, do not exactly match E,, then 7 will ve less
than 100 percent and incident light will be reflected. 1In fact, as shown below,
if significant phase mismatch exists, the input coupling efficiency will be
severely degraded.

» A transmitted beam represents a power loss for a symmetric wavepuide with
symmetric grooves. This power loss, which is discussed in the March 1974
report, can, in principle, be greatly reduced by usins either blazed grooves
or an asymmetric waveruide structure. The power loss actually varies for
different gratings so that the factor of L in Eq. (5) should be considered te

be only a typical correction. 15
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For a perfect grating coupler, E; is a function only of x and has the
amplitude exp (-ax) where o is the leaky wave parameter or attenuation constant.
The phase of Eg is linear in x, thus defining an input coupling angle. If the
incident beam has planar phase fronts and is aligned perfectly along the coup-
ling angle, the phase variation of Eg is exactlv cancelled in Eq. (5). Assum-
ing that the incident beam is square and uniform in intensity with a beam width
ir the x-direction equal to £, then Ea. (5) becomes

s BF = opll- e (b)) (6)

as noted in Ref. 5.

In practice, the coupling regions of our present waveguides are no: per-
fectly formed. There are both strains and finite thickness variations in the
wafer underneath the guide. Thickness variations are particularly serious
because they create large changes in the wave vector 8 of the guided modes.
gtrains will also cause 8 to change but that effect is expected to be small.
The grating coupling angle 6 depends on B8 through the grating equation

sin 9 = MA - B/k (7)

+here A\ is the incident wavelength, A is the groove periodicity, and k = an/\.
Consequently, spatial variations in the waveguide thickness in the couplinc
region create spatial variations in the output coupling angle of the charac-
teristic field Eg. In effect, different portions of the beam couple out at
different angles. Under these conditions, it is not possible to completely
cancel the phase variations of Eg with a collimated input field k.. A phase
dependence persists in the overlap integral of Eq. (5) and T will consequently

be reduceid.

As an example, let us consider the effects of a slight error in the coup-
ling angle. The input field Eg, which is incident at an angle 60 with respect
to the waveguide normal, contains the linear phase (k sin 8 x). The aperture
field contains the phase (k sin §g x) where 6g = 85 * A8 and A48 is the angular
error. Neglecting the y variation of the fields, the overlap integral in EQq.

(5) assumes the form

s . e B a o . e
Ea* & @ ;é ol k sin 8o x (¢ + 1 k sin 8)x dx

(8)

n

b (o + ik cos L) S

.




As before, the input field is assumed to be uniform and square with a beam
width £. The angular error A® has been assumed small. Equation (8) is easily
evaluated with the result that T in Eq. (5) is given by

& -al
= % L (1 +e b5 cos a £) (92)

where a = k cos 6, A9,

Equation (9a) is an oscillatory function with an amplitude that falls
rapidly with increasing A6. If the laser beam is properly aperture ratched
so that af = 1.25, the beam width £ is taken as 1 mm, and 8, is taken as 38
deg (approximate coupling angle for TEl), than Eq. (9a) can be written as

N = i I &l /
3.310 + 93.58(88)° [1 - 0.5295 cos (467.1 46) ] (9b)

where A2 is expressed in degrees. When a6 = O deg, N has its maximum value of
LO.7 percent. When AS = 1 deg, however, Tl is reduced to 1.15 percent. The
input coupling efficiency is reduced to half its maximum value when A% = 0.153
deg.

This calculation demonstrates that nearly perfect angular alignment is
necessary for efficient coupling. If the coupling region is not uniform, per-
fect angular alignment will not be possible arross the full beam. This fact
can be illustrated by considerinc the effects of a linear thickness variation
of the wafer in the coupling region. If this linear thickness variation is
small (~ lu), then the grating coupling angle will vary in a nearly linear
rmanner as illustrated by the calculated results in Fig. 6. The linear taper is
taken to be aiong the x-direction so that the coupling angle €; is €5 + bxX.

A linear taper is seen to create a quadratic phase variation. The overlap
interral in Eq. (5) has the general form [cf. Eq. (5)7.

. 2
~0 E"S 5 n£ -'JX‘*IVX :
BBy ax = [ e ix. (10)
Inserting this result into Eq. (5) gives
o -, g -0 5 ad =X 5
0= = (vi e cos Y x° dx)2 + (~; e sin v x° dx)zﬁ. (11)
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The integrals in Eq. (11) can be expressed in terms of the well-known Fresnel
integrals when af << 1. For conditions of interest, the incident light beam
will be aperture-matched so that af = 1.25 and, unfortunately, the Fresnel
integral tables cannot be used. Since the integrals in Ej. (11) cannot be
expressed in analytical form, a numerical calculation of Eq. (11) is required.
At the present time, such a calculation has not been conducted.

Despite the fact that a closed-form solution of Eq. (11) is not possible,
a reasonable approximation to T can be made by considering the simpler results
of Eq. (9). As noted above, Eq. (9) indicates that an angular error of only
0.153 deg for the TE; mode reduces the coupling efficiency to half its peak
value. Nearly the same value applies to the other waveguide modes under condi-
tions of aperture matching. The effects of a linear taper may thus be estimated
by assuming that coupling effectively occurs only over that portion of the
grating for which the angular error introduced by the taper is < 0.153 deg.

let the waveguide taper be such that over a distance £ = 1 mm the coupling
angle has changed by 0.5 deg from 60 to 90 + 0.5 deg. As discussed below, a
taper on the order of lp is sufficient to produce this change. The angular
error thus reaches 0.153 deg at x = 0.153/0.5 = 0.306 mm where x = O is the
coupler edge. If aperture matching would be achieved in the absence of the
taper, then «Z = 1.25. Using Eq. (9) with 4 = 1 mm, the input coupli:; effi-
ciency is found to be

-0.306 af 2 )
n = 51 1-e 3 ) = 0.081 = 8.1 percent (12)

as compared to about 4O percent in the absence of a taper.

As apparent from the calculation in Fig. 6,vwhich relates coupling angle tc
waveguide thickness, the thickness taper needed to produce a coupling angle
variation of 0.5 deg is large for the lowest order modes, but the effect of the
taper increases rapidly with increasing mode number. For example, if the average
waveguide thickness in the coupling region is 25u, then a negative taper of about
8u across the 1 mm input beam is necessary to produce a 0.5 deg variation for the
TE. mode. A taper of this size is large and easily ooserved. However, a thick-
ness variation of only about 1.3u for TE, and about 0.6u for TEB produces the
same effect. A thickness variation of 0.7u across the input beam is large
enough to cause a maximum angular error of 0.27 deg for TE2 and a consequent
drop in the input coupling efficiency from about 4O percent to 20 percent for
that mode. Thickness variations of order lu are small and are difficult to
completely eliminate for the free-standing GaAs waveguides used in the baseline
modulator.
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These calculations are intended to demonstrate that thickness variations
of the order of 0.5 to lu in the waveguide coupling region can have a strong
effect on the infut coupling efficiency. Althcugh the present calculation has
considered only a taper along the propagation direction, it should be clear that
A transverse taper will degrade the coupling efficiency by nearly the same amount.
Thickness variations of this magnitude may occur because of "wrinkles" intro-
duced by the mounting wax in the initial wafer thinning and processing. Alter-
nately, they may occur during the grating fabrication. Since grooves are etched
into the wagseuide, the effective wafer thickness in the coupling region is
reduced by approximately half the groove depth, where the groove depth is
typically 1.5 to 2.5u. Any variations in groove depth across the grating will
thus lead to a variation in the effective waveguide thickness in the coupling
region. Both wafer thickness variations and significant groove depth varia-
tions are observed in the GaAs waveguide structures. Because these variations
can significantly degrade the coupling efficiency, ccnsiderable effort has
been directed at minimizing them. Most of the improvements in useful coupling
efficiency achieved during the present reporting period are, in fact, the
results of those improvements in the fabrication pru~edures that have led to
more uniform waveguide structures. The consideratiornz discussed hcre thus
provide direction for the waveguide fabrication, as well as clarifying various
experimental observations made during the waveguide optical evaluation studies.

In addition to thickness variaticns, severe strains or any effect that
locally changes the index of refraction in the coupline rerion will reduce the
coupling efficiency. Phase distortions in the incident laser beam or strong
variations of « along the plane of the coupler resulting from variations in
groove geometry will also reduce 7. For some waveguide structures these effects
may, in fact, be more deleterious than thickness variations. Because of the
nature of the thin-film modulator waveguide, imperfections in the coupling
region appear to be a significant factor in determining the optical coupling
efficiency.

Although the grating coupler has been emphasized in this discussion, the
results derived here apply directly to the prism coupler. As discussed in
Ref. 5, the prism input coupling efficiency is also given by Eq. (5) with the
minor modification that the factor cf fvis absent for the prism case since the
prism coupler is, in effect, a single-port directional coupler.

The above discussion has considered only the input coupling efficiency 7.
The fracticn of incident light actually coupled out from the waveguide struc-
ture is always less than 7. Two additional factors further reduce the amount
of useful output power. The first factor is, of course, the optical losses
introduced by the outpu® coupler, and the secand factor is waveguide propaca-
tion losses from attenuation and scattering.
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Qutput coupling losses may result from the existence of an extra diffracted
beam or from the fact that for low-order modes the output coupler may not have
sufficient length to couple all the guided optical energy. The extra diffracted
output beam, which is illustrated in Fig. 5, is always present for a symmetric
waveguice having a grating output coupler with symmetric grooves. In general,
the extra beam carvies half the available output energy so that the available
total coupling efficiency is further reduced by a factor of 2. This loss is
not present with the prism coupler. The loss associated with uncoupled guided
light can be eliminate? by increasing the coupler length or the coupling
strength. For a grating coupler the coupling strength is increased by increas-
ing the groove depth and, for a prism coupler, by decreasing the air gap separ-
ating the prism from the waveguide.

Waveguide propagation losses are potentially serious for coupler separa-
tions 2 2 em., At the present time such losses have not been accurately deter-
mined., although it appears that theyr are not more than about 50 percent for a
2 cm coupler separation. Some propagation losses undoubtedly occur in the two
couprling regions sc that the observed propagation coefficient will increase with
coupler separation L as CjL + Co where C) and C, are positive constants. The
total attenuation from such losses will thus scale as exp [ -=(CiL + C5)1 where
C) is estimated to be of order 0.25 em~L or less.

In swmary, it has been shown that thickness vari ation can sirnificantly
degrade the achievable coupling efficiency. Other factors such as output
coupling losses and propagation losses will Turther decrade the fraction of
incident light that can be obtained as useful output. Table 3.1 summari-zes
order-of-magnitude estimates of typical optical losses that result from these
various loss processes for the present baseline wave uide structure. Despite
the significant magnitudes of these various losses, it is shown .in Section 3.4
that total effective coupling efficiencies that are within 2o factor of about 3
of theoretical maximum have been obtained with the baseline wuavepulle structure.

3.3 Experimental Procedures
The ongoing optical measurements with the baseline wavegulde structure
are intended both to evaluate the grating couplers in terms of total effective
coupling efficiency (including waveguide losses) for the lowest order modes
and to establish the dependence of grating performance parameters on various
physical parameters including groove geometry, waveguide thickness uniformity,
and input laser beam width. Particular goals are to establish standardized
test procedures for waveguide evaluation and study, to accumulate a sufficient
data-bank on ¢rating performance so that modifications in the fabrication pro-
cedures can be sugrested and appraised, to increase the coupling efficiency
into a low-order mode by a significant cmount for a l-mm beam size, to experi-
mentally determine the importance of wvrr:ious optical loss mechanisms, and to

~
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TABLE 3.1

ESTIMATES OF TYPICAL COUPLING

LOSS EFFECTS - BASELINE WAVEGUIDE

Typical Useful Coupling Efficiency = 5 percent

EFFECT LOSS - dB
Coupler Irmperfections 4.0
Propagation Losses (2 cm path) 2.0
Mode Conversion <= |Grpls

Scattering at Input (0]




investigate the performance of alternative wavzguide and coupler confipurations.
In addition, measurements are being conducted to establish the susceptibility
of waveguide structures to optical damage. Such measurements are needed to
demonstrate that waveguide performance can be scaled to higher incident laser
powers.

The experimental arrangement for the optical evaluation of wavegruides is
illustrated in Fig. 7. A sealed-tube, low-pressure CO, laser with a discharge
length of 30 cm is used as the optical source. Line selection is achieved by
lencth tuning the cavity with a PZT stack on which the back reflector is
mounted. Because the laser resonator is nearly confocal, the transverse modes
are spaced in frequency by about c/hL and length tuning with the PZT stack
also provides transverse mode selection. With occasional adjustments of the
PZT drive voltage, the laser output can be maintained in a TEM__ mode at a
power level of about 3 W. The beam, which is collimated by a mgrror of properly
selected radius of curvature, has a diameter (l/e2 in intensity) of about 3.5
mm at the adjustable aperture. A €O, laser spectrometer is used for continuous
monitoring of the laser power, and the oscillation transition and a rotating
aperture wheel chops the beam in orcer to facilitate accurate measurements
with a cooled photodetector and oscilloscope.

The wavesuide structure is positioned on an optical mount that can be
rotated and moved linearly in three directions. As adjustable aperture is
used to control the input beam diameter so that the input beam can be aperture
matched (i.e., so that af =~ 1.25 as discussed in Section 3.2). At the input
grating the apertured beam is collimated with a nearly uniform intensity dis-
tribution. Although aperturing the beam significantly reduces the incident
laser power, aperturing is a convenient means for adjusting the incident beam
diameter without changing the optical alignment. Optical measurements are
also obtained with the {11 laser beam focused to a small spot diameter.

As illustrated in Fig. 7, the optical energy incident on the baseline
waveguide structure is distributed among four optical beams (viz, reflected
and transmitted beams and two output beams, C; and Co) with some optical
energy lost to scattering and absorption in the waveguide structure. For
the lowest order mode, TEO, th2 crating is not sufficiently lons to cople all
of the guided mode energy into a diffracted free space beam. Some of the
guided energy thus leaks out the output end of the waveguide and can be
detected. It has also been found that a small fraction of the guided optical
energy leaks out the end on the input side of the wafer. This effect indi-
cates the presence of a weak buckwards traveling wave within the wafer. Such
a backward traveling wave is apparently the result of reflections at elther
the two grating waveruide interfaces or at the cleaned discontinuities of the
waveruide ends. This effect is currently under study since it represents an
undesirable optical loss channel.




FIG. 7
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After fabrication, the waveguide is mounted on a glass microscope slide
that has two apertures for viewing the transmitted beam and the backcoupled
beam Co. The grating couplers are inspected under a high magnification micro-
scope. An infrared spectrophotometer is used to test the grating structure
for average thickness uniformity. Although the accuracy achievable with the
spectrophotometer is limited to about lu thickness variation averaged over a
1 mm? area, this technique nonetheless provides a useful and convenient means
for characterization.

During testing, the intensities in the various optical beams are monitored
by an Eppley thermopile and measurements are made as a function of coupling
angle and incident beam diameter. The coupled output intensity distribution
is measured by moving an aperture across the outcoupled beam. The measured
grating coupling angles, corresponding to a set of discrete guided-wave modes,
are compared to the calculated values in Fig. 6 in order to identify the propa-
gating modes and to determine the average waveguide thickness in the coupling
region. Deviations of the coupling angles from calculated values serve as
semiquantitative measures of the thickness uniformity in the coupling region.
Vertical angular deviations in the coupled output beams in some cz .s are
also observed. Such deviations can be attributed to imperfections in the
waveguides and possibly result from transverse wedges perpendicular to propaga-
tion direction.

The parameter of greatest interest is the total useful coupling efficiency
Ty4 (including waveguide losses). This parameter is directly determined by
measuring C; relative to the incident beam intensity. f+£ is sensitive to a
large number of variables including incident beam diameter, guided mode number,
the ratio of groove depth to average waveguide thickness in the coupling
region, the groove geometry, grating separation, waveguide thickness uniformity,
and the homogeneity of the coupling region as discussed in the previous section.
Many of these variables are, in turn, dependent on fabrication procedures and
the quality of the GaAs boules from which the waveruides are obtained.

3.4 Experimental Results and Discussion

3.4.,1 Characterization of a Typical Baseline Waveguide

The baseline waveguide is a GaAs wafer, approximately 25u thick, with two
phase gratings as couplers. Neglecting waveguide propagation losses, this
symmetric structure has a maximum theoretical total coupling efficiency of
about 20 percent.
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Parametric studies were carried out during this reporting period with
detailed investigation over a dozen baseline waveguides. Parameters that
were varicd included waveguide thickness (22 to 28u), thickness uniformity,
erating groove depth (0.8 to 2.5u) groove aspect ratio (0.3 to 1) and grating
gseparation (1 te 2 cm). The groove periodicity was fixed at 2.75u so that
only backward coupling is allowed [see Eq. (1) of Ref. 57, and the grating
aren was fixed at 3 mm X 3 mm. Measured optical coupling efficiencies varied
from < 0.5 percent to nearly 7 percent under ~onditions of aperture matching.

Table 3.2 summarizes the performance of a typical waveguide that provides
useful coupling efficiency. This same waveguide was later coated with a thin
film of gold and retested as described in Section 3.4.4. The set of coupling
angles, which were determined to a precision of about 0.5 deg, were used to
infer the effective thickness of the coupler region by comparing the measured
coupling angles to those calculated in Fig. 6. By monitoring the energy
carried by the reflected and transmitted beams at the input coupler at condi-
tions when the incidence angle was set for maximum coupling and vhen the
synchronous angle was misalirned by 1 deg so that the coupling reduced to zero,
the amount of optical energy coupled into the waveruide could be inferred.
This measurement establishes the grating input coupling efficiency for the TE,
mode. The measured total coupling efficiency is the percent of incident light
that was coupled into a single output beam (in this case Cl) and thereforc
includes waveguide propagation losses from scattering and absorption. Since,
as apparent from Eq. (6) (cf, Fig. 10 of Ref. 5), the coupling efficiency
depends on the incident beam diameter, the diameter of the adjustable aperture
in Fig. 7 (and hence the incident beam diameter) was varied until maximum
coupling efficiency was obtained. The beam diameters in Table 3.2 were mea-
sured alonnthegratingszumiarethus1argerthantheaperturediameters. Several
of these measurements were repeated with the input and output couplers re-
versed so that the original output ccupler was used at the input.

For most waveguides tested, the power Py in the "frent" beam Cy vas
approximately equal to the power Pp in the "pack'" beam Co, and the coupling
efficiency was independent of whether the input laser veam was incident from
the front or from the back of the waveruide. Occasionally, however, P; # Py
and the coupling efficiency was different for front and back coupling. It can
be shown from a reciprocity arpument that the ratio of front to back coupling
efficiencies should be equal to Py /P>. The prediction was experimentally
verified. Sample #B-8, in fact, exhibited this coupling asymmetry. Care was
taken with Sample #B-8 to couple through the side of the waveruide that pro-
dquced the preater coupling efficiency, in this case the front (gratinw) side
of the wafer. Analysis is currently being conducted to provide a theoretical
explanation for this coupling asymmetry.
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TABIE 3.2

:
'. PERFORMANCE OF A TYPICAI. BASELINE WAVEGUIDE - SAMPLE #B-8

} Gratinc Separation, cm 1.3
; Groove Depth, u 140
! Groove Aspect Ratio 1.0
l Average Waveguide Thickness, u 23.0
il (Spectrophotometer)
|
COUPLING % OPTIMUM BEAM COUPLER
ANGLE-DEG* MODE Ty, - % Ty = % DIAMETER-mm THICKNESS -
L 36.5 (36.5) TE, + 0.3 2 3,0 2h (22%)
37.8 (38.8) m, + 2.k (3.0) 2.5
k0.2 (LL.%) TEo 12 b6 (6.5) 2.0-2.5
L43.8 (46.3) TE3 ¥ 4.3 1.h-2.1
WB8.8 (32.8) T, * 2.1 3.5

* Values in parentheses were obtained when the rrating previou s used for

output coupling was used at the input.

The coupler thickness was inferrcd

from the coupling angles using the calculations in Bitg: ©x

+ Not measured.
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3.4.2 Effects of Waveguide Thickness Variations

On the basis of the data in Table 3.2, several important observations and
conclusions can be drawn. First, the waveguide thickness variation was at
least 2u over a distance of about 1.5 cm for an average taper of about 1.3u/cm.
From the analysis in Section 3.2, it appears that a thickness taper of this
magnitude is not a factor in coupling efficiency. Locally, the thickness
taper may have been much larger than 1.3u/cm, however, In fact, data dis-
cussed below suggest that over small regions the effective waveguide thickness
may vary by about 10u/cm, a value that is large enough to affect the measured
coupling efficiency. Effective waveguide thickness in the coupling region is
defined as a combination of the local geometric thickness and the depth of the
groove. The data in Table 3.2 thus should be interpreted as an indication
that the variation in waveguide thickness typ .cally achieved with present
thinning techniques is of the order of lu. No information on the maximum taper
in the coupling region is directly provided by this data.

The total coupling efficiency is less than the input efficiency because
of waveguide propagation loss from scattering and absorption, the presence of
two output beams as illustrated in Fig. 5, and an effective loss from light
that is uncoupled by the grating. For waveguide #E-8in Table 3.2, the amount
of energy coupled into the back output beam, Co, was aonly a small fraction of
the energy in C;. Typically, the energy in C; and Cp are approximately equal.
later inspection of the wafer revealed that the back surface of the wafer
lacked a high-quality specular finish. The low value of Cp majy have resulted
from the poor surface condition of the back surface.

The total coupling efficiency T,; varied with mode number. For the lowest
order modes the output grating may not have been sufficiently long to effi-
ciently couple out all the guided light, and for the two higher order modes the
effects of thickness variations, groove depth variations, or strains in the
coupling region may have been especially deleterious as discussed in Section
3.2. In addition, the waveguide propagation losses for the higher order modes
are greater than for the low-order modes. Since waveguide propagation losses
are included in T,;, this latter effect may account for the decreased coupling
efficiency of TE3 and TE) . Although the general trend showing an increasing
T,g with increasing mode number is not quantitatively understood at the present
time, it is a repeatable trend that is related to the known variation of
with mode number (Ref. 5).

The higher coupling efficiencies observed when the two couplers were
reversed suggests that the quality of the coupling region is an important
factor in determing coupling efficiency. Since the input laser beam guality
and the waveguide propagation losses were held constant for this measurement,
it appears that the two couplers were not identical even though the gratings
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3.L,2 iffects of Waveguide Thickness Variations

On the basis of the data in Table 3.2, several important observations and
conclusions can be drawn. First, the waveguide thickness variation was at
least 2u over a distance of about 1.5 cm for an average taper of about l.3u/cm.
From the analysis in Section 3.2, it appears that a thickness taper of this
marnitude is not a factor in coupling efficiency. Locally, the thickness
taper may have been much larger than 1.3u/cm, however, In fact, data dis-
cussed below suggest that over small regions the effective waveguide thickness
may very by about 10u/cm, a value that is large enough to affect the measured
coupling efficiency. Effective waveguide thickness in the coupling region is
defined as a combination of the local geometric thickness and the depth of the
groove. The data in Table 3.2 thus should be interpreted as an indication
that the variation ir waveguide thickness typically achieved with present
thinning techniques is of the order of lu. No information on the maximum taper
in the coupling recion is directly provided by this data.

The total coupling efficiency is less than the input efficiency because
of waveguide propagation loss from scattering and absorption, the presence of
two output beams as illustrated in Fig. 5, and an effective loss from light
that is uncoupled oy the grating. For waveguide #B-8in Table 3.2, the amount
of energy coupled into the back output beam, Cp, was aonly a small fraction of
the energy in C;. Typically, the energy in C; and Co are approximately equal.
Later inspection of the wafer revealed that the back surface of the wafer
lacked a high-quality specular finish. The low value of Co may have resulted
from the poor surface condition of the back surface.

The total coupling efficiency T,y varied with mode number. For the lowest
order modes the output grating may not have been sufficiently long to effi-
ciently couple out all the guided light, and for the two higher order modes the
effects of thickness variations, groove depth variations, or strains in the
coupling region may have been especially deleterious as discussed in Section
3.2, In addition, the waveguide proparation losses for the higher order modes
are greater than for the low-order modes. Since waveguide propagation losses
are included in 7,;, this latter effect may account for the decreased coupling
efficiency of TE3 and TE),. Although the general trend showing an increasing
M,z with increasing mode number is not quantitatively understood at the present
time, it is a repeatable trend that is related to the known variation of «
with mode number (Ref. 5).

The higher coupling efficiencies observed when the two couplers were
reversed suggests that the quality of the coupling region is an important
factor in determing coupling efficiency. Since the input laser beam quality
and the waveguide propagation losses were held constant for this measurement,
it appears that the two couplers were not identical even thoush the gratings




had identical geometries and were fabricated under identical conditions. Mes-
sured daia suggest that the average wafer thickness in the coupling region
could differ by as much as 2u. Nonreciprocity in coupling efficiency ob-
served when the two gratings are reversed is typical even when the average
thicknesses of the two coupling regions appear to be equal.

Occasionally we observe a beam steering effect which may be caused
by a waveguide thickness nonuniformity transverse to the guided beam propa-
gation direction. In the absence of & transverse taper, the input laser beam
is incident in the horizontal direction (y = 0 plane), travels through the
waveguide horizontally, and exits the wavegiide in the same horizontal plane.
The grating angle varies within this horizontal plane. If the waveguide is
wedged in the y-direction, however, the beam will be steered in the y-direction
within waveguide because of a prism effect and will leave the waveguide at an
angle relative to the horizontal plane. For one waveguide having a grating
separation of 2 cm, we have observed a beam steering angle of about 12 deg for
the TE3 mode. This particular case, which was larger than typical, has been
analyzed by a simple calculation as given below. It is important to note that
the coupling efficiencies obtained with this latter waveguide structure were
comparable to those obtained with sample #B-8 even though the beam steering for
#B-5 was only about 2 deg. The hream steering does not appear to be a sensitive
indication of the quality of the coupling region, therefore. It is considered
here only because the beam steering provides another indication of the magnitude
of thickness variations that can exist in the present waveguide structures.

If the waveguide has a transverse wedge, the value of 3/k will change in
the transverse (y) direction as apparent from the calculation in Fig. 6 and
from the discussion on pp. 14 of Ref. 5. \s a consequence, the phase velocity
of the wave will change with y. One side of the beam will move faster than the
other side and the paase front will bend in the direction ot slower portion
(Ref. 6). 1If n denotes the effective index of refraction of the waveruide
defined as the ratio of the vacuum speed of lirht to the phase velocity in the
guide, then two light rays A and B on opposite sides of the guided mode (see
Fig. 8) will travel a different optical distance with the difference equal to
L An/4, where L is the propagation length assumed to be equal to the separation
of the two grating couplers and % is the beam width in the y-direction. The
beam will then be deflected in the y-direction by an angle.

4, ¥ Lin (13)

1

4

When the beam leaves the waveguide, the deflection angle will be further in-
creased according to Snell's law. Since the index of refraction of GaAs
is about 3.3, the deflection angle will be increased to about
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3.3 128 (1b)

The value of An can be related to a change in waveguide thickness. Using
standard waveguide analysis, it can be shown that the fraction change An/n is
approximatcly related to the fractional thickness change At/t by

an = 0.063ﬁ (15)

for the TE3 mode and an average waveguide thickness of 25u.

Equations (14) and (15) can be used to calculate the magnitude of the
transverse taper necessary to steer the beam by 12 deg = 0.2l rad. Defining
the taper as Ot/4, we find

B . ysde )
J nL
‘f Letting t = 254, L = 2 cm and n = 3.1 (where n < Noaps fOT 211 fguided modes),
ég: = 4.1 x 10" = 0.1 u/mm. (17)

The magnitude of At/4 is of the correct magnitude to significantly affect
the coupling efficiency. The beam steering data which is largely determined
by propagation in the waveguide between the couplers, thus provides another
indication that thickness variations in presently available waveguides are
large enough to be a factor in the optical coupling characteristics of the
structures.

3,4.3 Effects of Grating Groove Depth

The data obtained in Table 3.2 was obtained under aperture-match or near
aperture-matched conditions. For the actual thin-film modulator, the width of
the mini-gap ridge restricts the maximum beam width in the y-direction to <1
mm. If a circular beam is used at the input, then the input beam diameter )
(relative to the waveguide plane) that will be used in practice is <1 mm/cos 8;
where 9; is the input coupling angle. For TEj, cos 6 T 38 deg so that
2 <1.27 mm. In order to test the coupling efficiency for a small-diameter
input beam, measurements with the most recent samples having very deep grooves
(5 = 2.5u) have been obtained with a tightly focused beam having a beam waist
of 0.75 mm so that £ = 0.75/cos BG. Table 3.3 summarizes a partial list of
data showing that reasonable coupling efficiency can be obtained for low-
order modes with a sufficiently small input beam diameter. This waverfuide
structure is the same type of structure that will be used for the next phase of
thin-film modulator experiments. Either the TE] or the TE2 mode will be used
in these experiments.
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TABLE 3.3

PERFORMANCE OF BASELINE WAVEGUIDE - SAMPLE #B-9

Grating Separation, cm
Groove Depth, u

Groove Aspect Ratio

Average Waveguide Thickness, &«
(Spectrophotometer)

Input Beam Dinmeter, mm

Coupling Angle 8- - deg Mode
36.6 TEg
38.0 TEy

39.9

2,0
2.5
1.0

27.0

0.75/sin 8
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3.0.4  Intensity Distribution of OQutcoupled Beams

moving either a blocking aperture or a slit aperture across the output grating
and measuring the energy transmitted past the aperture as a function of the
aperture position. These measurements were conducted because they provide a
sensitive indication of the quality of the output coupling grating.

The intensity distribution of the outcoupled beams have been measured by i
.1
4

As discussed in Section 3.2, the near-field of the coupled output beam ;
for a uniform grating has the form of the characteristic aperture function; 1

Ex) = [E(X)32 x exp (- 2 o x) (18) !

vhere x is measured along the gratineg in the direction of propagation and x = 0O
at the inside edge of the output grating. If a blocking aperture is placed on
the grating and then moved in the + x direction so as to expose a progressively
larger portion of the grating,then the optical energy w coupled out will have
the form

I R —

wix) = g 1 - exp (-2 o x)] (19)

vhere w, is a constant and Eq. (5) has been used. If « varies with position i
because of thikness variations or strains in the coupling region cr because of
srating variations, then I(x) will not have a simple exponential shape.

Figure O shows the results of a scan conducted with an early waveguice
structure. TI(x) was inferred by fitting the measured values of w(x) to Eq.
(19). The grating used had a small value of o so that only a high-order mode
such as TEs could be excited. This data represents the closest match yet ob-
tained between the inferred output intensity distribution and Ej. (18). Because
the data reproduced the exponentiai curve so closely, a value of o could be
obtained and compared to a thecretical value that was calculated usinc< approxi-
mate scaling laws. These scaling laws will be discussed in the next reporting
period.

In reneral, the output beam intensity distribution does not have the smooth
form of the data in Fir. 9. Structure in I(x) and deviation from the exponen-
tial shape susgests that the coupler is not homoreneous. Output intensity
srans are being conducted on each sample and will hopefully provide useful
information on the quality of the waveguide structures. I




FIG. 9

WW ONILYHO ONOIV 3ONVLSIA

0

3203
DONILYHD

|

3003
ONILYHT

WV38 a37dN0JLNO 40 NOILNGIYLSIA ALISNILNI

siiunpazijewsou’ A 1 ISNILNI

RO3-159 -1

35




3,,5 Metallized Waveguide With Grating Couplers

It was suggested in the previous technical report that metallizing one
side of the waveguide will increase the total effective coupling efficiency.
An increase was expected because the transmitted beam and the back outcoupled
beam (02 in Fig. 5) would be reflected &t the metal-waveguide interface. The
energy contained in those unwanted beams should be at least partially redirected
intc the puided beam and the useful output beam C1, respectively. 1In addition,
it was noted that the metal film would both reduce microwave losses in the
modulator by eliminating air gaps and reduce wafer breakage that resulted from
the necessity to force the mini-gap ridge onto the GaAs wafer.

Durins this reporting period, the effects of a thin gold film vacuum-

] deposited on the back of a GaAs waveguide structure were investirated with a
limited set of measurements. As apparent from the data in Table 3., the metal
coatin- did not produce the desired effect on optical coupling efficiency. In
fact. because of the increase in waveguide propagation losses due to absorp-
tion in the metal layer, the total coupling efficiency which includes propaga-
tion losses actually decreased.

The optical loss caused by & gold layer as a function of wavepuide thick-
ness and mode number has been calculated for a GaAs waveguide (Ref. 7).
Accordine to those calculations, over a 1.5 propagation path (which includes
the relevant portions of the two coupling regions) about 1/3 of the energy in
TEp should be lost to absorption whereas experimentally nearly 2/3 of the
ruited energy appeared to be lost to absorption in the gold film. The
increased loss is apparently due to the imperfect nature of the metal -GaAs
interface. As noted in Section 3.4.1, the back of sample #B-8 which was
~oated for these measurements did not have a high quality specular finish. A
more carefully polished waveguide may have lower attenuation, in ~loser agree-
i ment with theory.

The propagation losscs are expected to decrease rapidly with decreasing
mode number, because the cffective number of bounces per unit distance exper-
jenced by a guided mode decreases for the low-order modes (Ref. 7). Experi-
mentally, it was found that the TE; mode appeared to losc only about 1/3 of
its energy. decrcasing from 3.0 percent (see Table 3.2) to 2.1 percent. This
value is also about a factor of two larger than predicted by theory.

Despite the loss in total coupling efficiency created by the metal film,
siuch o film may yet be useful for the final modulator configuration because of
the microwave and handling advantares inherent in its use. Further vork will
attempt to Jlecrease the losses introduced by the film. The effects of both a
_ specular finish at the gold-GaAs interface and improved rold vacuum deposition
i techniques will be inve-*igated, and the use of a thin buffer layer of Znle or
“ other suitable material .ill be considered.
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TABLE 3.k

EFFECTS OF METAL LAYER ON COUPLING

CHARACTERISTICS OF TE, - SAMPLF #B-8

INPUT COUPLING
GRATING WAVEGUIDE ANGLE~-DEG Yn = % el =
N 1 No Metal Lo.2 + 0.3 1 ¢ 2 L.6 + 0.9
With Metal 40.3 + 0.3 35 % 3 1.7 * Osl
2 No Metal 39.9 >~ 0.3 * 6.5 2 0.7
With Metal Ll.h + 0.3 2h + L 2.8 % Di2

* ot Measured.
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3.4k.6  Prism Coupling

The use of a prism coupler should, in principle, increase both the input
and output coupling efficiencies by about a factor of 2. This predicted
improvement results from the elimination of the transmitted beam at the input
and the unwanted back output beam C, (see Fig. 5). 1In early work it was found
that the use of a prism coupler created large stresses in the thin waveguides,
causing them to fracture. Improved fabrication and bonding techniques have
considerably reduced this difficulty. 1In fact, techniques have been advanced
to the point where prism couplers can now be considered lor use in the thin-
film modulator.

In order to assess the attractiveness of prism couplers for the modulator
application, a set of preliminary experiments that uscd one prism coupler and
one grating coupler were condwted. This particular "hybrid" coupler configfura-
tion, vwhich was selected for experimental convenience, may be attractive for
the actual thin-film modulator.

Coupling through a prism occurs through the process of frustrated total
internal reflection (Ref. 8). The mathematical description of the coupling
process is formally the same as the description of coupling through a grating
with the exceptions that the coupling angles and the attenuation coefficient
¥ are, of course, given by different relationships.

The input coupling angles 2 for the prism are functions of B/k of the
propagating mode and the relevant indices of refraction. It is convenient to
relate A to the grating coupling angle qs for the "hybrid" coupler by using
Fig. 10. The relationship connecting 4 and 9, assuming that the thicknesses
of the two coupling regions are equal, is given by

p A ; j . : L 1k & @
= = + arcsin n, sin |arcsin { — (_ - sin ‘r) =
L Q e n3 A 4

|
b

where n1, np, ny are the indices of refraction of the Ge coupling prism, the
fap under the prism, and the GaAs wavegpuide, respectively. As before, the
grating groove periodicity /. is taken as 2.75u and a wavelength » = 10.6u is
used.

(20)

=13

The attenuation coefficient « is related to appropriate waveguide and
coupler parameters by Eq. (17) of Ref. 8, Its value depends on the gap size,
the three indices of refraction, the wavecuide thickness in the coupling
recion, and the mode number. Equation (5) in Section 3.2 can be used to deter-
mine the coupling efficiency if the factor of % is dropped from the relation-
suip. For a uniform coupling region and no coupling angle error, 7 is given
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by F in Eq. (6). Using these theoretical relationships, we have calculated 7
as a function of gap size, np and 6, for m = L.0(Ge), n, = 3.275(GaAs), and
an input beam diameter Z = 1 mm. As before, 6; was chosen as parameter for the
calculation instead of 8/k which appears explicitly in the theory because fg

is a directly measurable parameter that is simply related to 8/k by the grating
equation.

The calculated maximum values of T are shown in Fig. 11. In practice, T
is degraded by thickness variations in the coupling region, gap variations,
etc. It is seen from Fig. 11 that the optimum gap size d,pt increases with
increasing 9; (or, equivalently, with decreasing B/k or increasing mode
number). The value of do also increases with increasing n, because increas-
ing n, tends to extend the evanescent tail of the guided mode. When an air
gap is used, dopt is about 0.25u for the TEj] mode and about 0.3u for TEo.

A "hybrid" coupler was configured using a waveguide with a single grating.
A Ge prism coupler, positioned about 2 cm from the grating, was placed on the
waveguide. Although the air gap between the prism and the waveguide was not
externally controlled, a gap of about 0.3u was naturally achieved by simply
removing the largest dust particles from the CaAs wafer prior to positioning
of the prism. The set of grating input coupling angles 6y were measured first
with the prism used as an output coupler. Reversing the roles of the couplers,
the prism coupling angles ¢ were accurately measured and the corresponding
values of S and ¢ were compared to the calculations in Fig. 10. The agree-
ment was within a fraction of a degree, thus indicating that the average
thickness of the coupling regions were nearly identical. The coupling effi-
ciencies were measured for both arrangements with a 0.75 mm input beam.

With the grating used as the input coupler, the total transmission coeffi-
cient for TEj was nearly 5 percent. This value compares toa best value for TEy of
about 2 percent for a baseline waveguide with two gratings. When the prism
was used as the input coupler, the useful coupling efficiency appeared to
increase, but the measurements were confused by the back coupled beam that
was reflected off a glass mount on which the waveguide was positioned. In
principle, if the uniformity of the two coupling regions are nearly the same,
and the input beam is properly adjusted in size so that aperture-matching is
achieved, the useful couplins efficiency will be the same whether the prism is
used as the input coupler or the output coupler.

Thesz preliminary measurements are extremely encouraging. They demonstrated
that prism couplers can be used without waveguide failure and suggest that the
total optical coupling efficiency can be significantly increased for the low-
order modes »f interest in the mcdulator device. Additional study will be con-
ducted during the next reporting period to determine if the high coupling
efficiency observed with this wave:ruide structure is repeatable. Techniques
for controlling the prism-waveguide gap and simplifyine the prism mounting pro-
cedure will be investirated.
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3.4.7 Optical Damage

The development of a practical thin-film modulator requires that the wave-
guide be capable of withstanding input laser powers of about 20 W focused
into a 1 mm diameter beam without optical damage. Under these conditions, the
averacre laser intensity across the beam is 2.5 kw/cmg. If the beam is gaussian
with a beam diameter (l/e2 in intensity) of 1 mm, the peak intensity of the
beam on exis will be 5 kW/em?. A laser intensity of 5 KW /c1? is well below
intrinsic damage limits.

To test the damage susceptibility of both the GaAs waveguide and a wave-
guide with a Au film vacuum deposited on the back surface, a raussian laser
beam with a power of about 2.33 W was focused to a diameter of 0.4 mm and the
waveguide grating couplers were placed nt the focus in turn. The resulting
intensity on axis was 3.7 K /eme. No damace was observed with either wavepuide.
Because the experiment did not induce optical damaige and increased laser
power was not available at the time, it was not possible to establish damare
limits.

This experiment does demonstrate, however, that incident intensities of
up to 15 W in 1 mn focused laser beams will not damage either the baseline
structure of the metal-back waveruide. During the next reportins period, these
waveruides will be tested with laser intensities in excess of 5 KW Jom®.

3.4.8 Summary

In summry, the maximum useful couplings efficiency obtained with present
structures is nearly 7 percent vwhich is sufficient to obtain 29 mi of sideband
power under the conditions of Fir. 1. A total optical transmission of 7 per-
cent is within a factor of 3 of theoretical maximum. Experimental data sugrests
that imperfections in the waveruide rerion account for part of the difference
between theory and experiment. Althourh reproluceable data has not yet been
obtained on waveruide propasation losses, it appears that such losses may
account for the rest of this difference. No sirnificant mode conversion was
observed in any of the more recently fabricated waveruides.

3.5 Conclusions

In this section, analysis and experimental data describing the optical
couplin; characteristics of three types of waveruide structures have been pre-
sented. These structures are a symmetric GaAs wafer with etched phase rratings
couplers, a metal-coated wafer with rrating couplers. and a symmetric wa.er with
one prism and one jgrating coupler. It has been shown that waveruide imperfec-
tions, particularly loralized thickness variations in the coupling rerion.




appear to be important factors in optical conpling, accounting for a measurable
loss in available coupled power. Such imperfections are to be expected because
of the extreme technical complexity of fabricating free-standing GaAs wafers
with thicknesses of only 25u. and areas in excess of 2 eme.

In view of the fabrication complexities, the performance achieved with
these waveruides has been encouraging. Total optical cowpline efficiencies
into a single output beam of nearly 7 percent (including wavepuide losses)
have been obtained with the baseline structure and the TE- mode. Such effi-
ciencies are within a factor of spbout 3 of maximum coupling efficiencies for
an ideal lossless structure, and they are sufficiently high to permit 20 mW
of sideband power generation for the conditions of Fig. 1.

Advanced fabrication techniques are currently under development. These
include methods of bonding the wafer to the modulator baseplate prior to final
thinning, improved srating etching procedures, and rf sputtering of 7ZnSe
thin buffer layers on GaAs substrate. If successful, these advanced techni-
ques may provide additional improvements in useful coupling efficiency with a
corresponding increase in available sideband power. Because these techniques
will also tend to enhance the wafer mechanical strength, the use of prism
couplers in a practical device should become possible. Coupling with prisms
is expected to increase the useful coupling efficiencies by a factor of 2 or
more beyond the efficiencies available with grating couplers.

The advances achieved during the present reporting period represent an
important milestone in the current prosramn. Detailed eval uation of optical
wavepuides has provided useful information which is needed for the development
of a practical thin-film modulator. During the next reportins period, the
coupling studies and the development of fabrication techniques will be con-
tinued, and a series of microwave modulator erxperiments will be conducted.

The development of a prototype thin-film modulator appears feasible in
the near term. Such a device will be the first practical device to evolwe
from integrated optics technolopy. Its development will provide an important
contribution to the needs of optical radar and middle-infrared laser systems.
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