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1.0 TECHNICAT, REPORT SUMMARY

(¥ ' 1.1 Program Objectives

The objective of this program is to develop an efficient and reliable ultra-
wideband waveguide modulator for CO, lasers that will be useful for high resolution,
imaging optical radars and high-data-rate optical communication systems. Efficiency
and reliability are obtainable by using integrated optics technology.

During this reporting period (September 1975 to March 1976), major objectives
are (1) to obtain the sideband power at a frequency 16 GHz offset from a CO£1laser
V-R transition greater than 10 oW, (2) to obtain a modulation bandwidth exceeding
500 MHz, (3) to obtain a good transmitted optical beam quality, and (4) to establish
an optimum waveguide modulator configuration and define the operaticnal capabilities
and limitations of this modulator. These research and development efforts are
essential for making an accurate assessment of active infrared waveguide devices
that shall lead to a rational decision regarding the advisability of initiating a
high-power infrared waveguide modulator brassboard development program.

™~

AN
N

N

1.2 Major Accomplishments

During the reporting period, we have accomplished all above objectives.
Specifically, we have obtained the following results: (1) the sideband power of
4O wW at 16 GHz was obtained by using a 15 watts CO, laser and a 22 watts Ku-band
microwave driver as the inputs to a 25 pm thick GaAs waveguide, (2) the measured
modulation bandwidth exceeds 1 GHz. (3) the transmitted beam shape was almost
Gaussian, and, finally (4) an optimum waveguide configuration has veen established.
It consists of a slowly tapered raised-ridge structure, which shall provide the
highest sideband conversion efficiency, the desired beam quality and power handling
capability.

To accomplish the first objective, we have made considerable improvements
in both the waveguide structure and optical coupling technique. These improvements
have yielded the highest optical coupling efficiencies of 72 percent and 100 percent
for the input and output coupler, respectively. With water cooling, one of these
modulators (LD-U4) has been tested at MIT Lincoln Laboratory with a high-power
microwave TT driver up to 80 watts. This modulator has subseguently been optically
evaluated at our Laboratory and has yielded no discernable ~iange either in its
optical characteristics or in its ability to generate sideband power. To avhieve
good transmitted beam quality, a two-dimensional waveguide in a channel :onfigiration
has been used to confine the guided-wave mode within a narrow and long electro-active
region. Without the channel, the microstrip electrode distorts the propagating
wave by spreading the beam in the plane of the guide.

1.1
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1.3 Future Work

Work is in progress to generate higher sideband power in the range from 100 ul
to 200 mW. 1In parallel, work is in progress to develop a technique that shall
filter out a single sideband with a relatively broad passband of 2 1 GHz from the
modulator output. Experimental investigation of the slowly tapered raised-ridge
waveguide structure will also be carried out.

o L R N TR W T .+ N IR . e
T LT —— - =




b et o

e SR I WS T e e e

-
!
.

—rtn e e, S

.

o T

Ly

R R R SRR S B oo s s oot 1R

R76-922241-3
2.0 INTRODUCTION

Either epitaxially grown, (Refs. 1, 2, 3) or mechanically polished (Refs. L, 5)
infrared waveguides have been investigated extensively at only very low optical
power levels. As optical input power and/or electrical driving power to these
waveguide devices is increased, waveguide imperfections associated with free
carrier absorption, lattice mismatch, dislocation, process-induced damage, thick-
ness uniformity, and most importantly, electric power loss at high frequencies, sur-
face deformation by electrodes and stress-induced birefringence can severely degrade
the performance of these waveguide devices from their idealized situations.

In this program we have explored several waveguide structures that may be
suitable for high-power laser systems applications. Of particular interest is
the device performance of wideband electro-optic modulation of a high-power O
laser beam. For a high resolution optical imaging radar system, where modulation
bandwidth far exceeds one GHz, the selected approach is to generate a single side-
band power from a CO, laser carrier at microwave frequencies. In this case,
broadband modulation can be obtained by sweeping the microwave frequency over a
range of several GHz. This has been demonstrated (Ref. 6) by interfacing a high-
power infrared waveguide with a microwave microstrip transmission line.

This report describes an infrared waveguide modulator suitable for use with
high power CO, laser (> 10 watts) and high power wmicrowave source (=~ 100 watts).
The fabrication techniques and some preliminary optical characteristics of a bonded-
down GaAs thin-slab waveguide have been already detailed in the 6th Semi-Annual
Report (Ref. 7). Because of microwave propagation loss, the electrodes must be
made of copper and must be in a close contact with the waveguiding layer for
efficient interaction. This rules out the use of epitaxial waveguide structures
and limits the choice to the thin dielectric slab waveguide configuration. The
top electrode must be in tne form of a very long and narrow stripline in order to
provide the desired sideband conversion efficiency and the bandwidth. This
requirement causes difficulty in beam alignment with respect to the electrode. We
often observed that a slight misalignment of the laser beam can produce tremendous
distortion of the output laser beam shape by spreading and deflecting the beam in
the plane of the waveguide. This lens-like effect during the quiescent phase is
caused by the waveguide surface deformation along the edges of the electrode, that
produces a localized stress-induced birefringence which, in our case, is about
two orders of magnitude larger than the field-induced birefringence via the electro-
optic property of the waveguide. Beam distortion is further enhanced when microwave
power is applied to the modulator. Beam distortion can be eliminated by using a
wider electrode so that along the entire propagating path laser beam is confined
within the electrode region. Under this condition we observed no beam distortion
either with or without the microwave field. Certainly widening of the electrode
i1s not desirable because it reduces both the conversion efficiency and the modulation
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bandwidth. To confine a laser beam within a narrow path over a long distance, one
alternative way is to compensate this lens-like effect by using a two-dimensional
channel waveguide which can be made by removing a small amount of material along ,
the edges of the microstrip electrode. In this way we have obtalned perfect

alignment of the opntical beam with microwave field along a narrow (1L mm wide x 2.8 cm
long) microstrip electrode without apparent beam distortion. 1

Previous studies (Refs. 7, 8) indicated that optical transmission through thre
waveguide by using prism as couplers is about ten times that of grating couplers. ;
This large difference in the relative wmerits of the two types of couplers is |
basically caused by two tactors, namely the coupling strength and partition of
energy. Because grating is an inherently weak coupler, larger coupling length than
that of a prism is required for efficient energy transfer. For this reason waveguide
structural imperfections have much greater effect on the grating coupler. Chapter 3.0
gives a detailed discussion on these effects.

Chapter 4.0 gives a detailed processing procedure for waveguide fabrication.
To make the report self-consistent, this chapter gives a brief review of the !
processing techniques and elaborates on those which are developed during this
reporting period. Specifically, the noncontracting thickness measuring techniques ;
with an accuracy to better than 0.1 um has been used to improve the thickness :
tolerance of our bonded-down thin-slab waveguides.

Chapter 5.0 discusses the microwave characteristics of the waveguide modulator.
Special emphasis is given to the understanding of the modulator bandwidth which is
a trade-off parameter for a resonator-type of modulator design.

Chapter 6.0 presents both the optical transmission data and microwave modulation
data. Optical measurements include the coupling efficiency, power loss in the top
and bottom electrodes, and optical confinement characteristics with a channel wave-
guide. Also included are measurements of sideband power conversion efficiency and
modulation bandwidth.

The last chapter (7.0) is a preliminary investigation of an optimum waveguide
modulator configuration. Calculated results for the performance of such a
modulator structure are given,

2.2
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3.0 TIVE MERITS OF INTEGRATED-OPTIC COUPLERS

3.1 Introduction

The extensive data orn grating and prism couplers reported in the previous two
semiannual reports (Refs. 1, 2) indicate that (1) the measured performance charac-
teristics of our couplers deviate substantially from the characteristics of ideal
grating structures, (2) the prism performance characteristics correlate well with
the characteristics of ideal prism couplers, (3) substantially higher total coupling
efficiencies are normally achieved with the prism coupler. In Ref. 1 it was sug-
gested that waveguide thickness variations may play an important role in the
grating chracteristics, and selected data on transverse beam deflection within the
waveguide was presented to demonstrate that significant waveguide thickness varia-
tions were often present in the available waveguides. Nonetheless, the theoretical
considerations introduced in Ref. 1 (Section 3) were not developed sufficiently
to explain the details of the experimental data. A particularly confusing observa-
tion was that, when both a prism coupler and a grating coupler were used on the
same wavegulde, use of the prism resulted in substantially better performance. (See
Fig. 1 of Ref. 2). If waveguide thickness variations strongly affected the grating
performance, it was difficult to understand why performance with the prism coupler
was not similarly degraded.

In this section we show that the major trends of the experimental data can, in
fact, be explained by assuming that small but significant thickness variations were
present in the waveguides used in our earlier experiments. In addition to explaining
the major features of the experimental data, this analysis provides both guidance
on the choice of couplers in various waveguide configurations and information that
can be used to establish waveguide thickness tolerances.

The theoretical calculations were conducted in collaboration with Dr. S. T. Peng
and Prcf. T, Tamir of Polytechnic in Ref. 3. Except for calculations based on the
overlap integral discussed in Ref. 1, the calcu.ations reported in tnis section
were performed at the Polytechnic computer facilities.

In Section 3.2 the important results of the theoretical analysis are summarized.
Comparison to experimental data is made in Section 3 3. It is concluded that wave-
guide thickness variations dominate the grating perfcrmance, because for our con-
figuration the grating couple is a weak coupler. Laige-area input laser beams,
whose areas exceed the areas over which the waveguide is acceptably flat, are needed
for aperture matching. As a result, aperture matching cannot be achieved with our
grating structures. Proper use of a prism coupler with our waveguides, on the
other hand, results in values of the coupler parameter o that are sufficiently
large so that aperture matching can be achieved with relatively small-area laser
beams. Over small areas the waveguides are generally sufficiently flat so that
thickness variations do not strongly affect the coupling efficiency.
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i 3.2 Theoretical Considerations

3.2.1 General Coupler Characteristics

The general conditions that lead to a loss in input coupling efficiency are
discussed in this section. Particular attention is given to the importance of
rhase-matching. In addition, the far-field intensity distribution for the output
from a perfect coupler is derived. By comparing this ideal distribution to measured
distributions, we obtain additional indications that the structure of this coupling

i region is generally impe.lect even when prism couplers are used with the bonded
waveguides and nearly optimum coupling efficiencies are measured.

The grating or prism coupler provides a mechanism for the exchange of energy
between a free-space mode and a guided mode of the waveguide. As discussed in pre-
1 l vious reports, the prism creates mode coupling by the process of frustrated total
internal reflection and the grating creates coupling by a complex diffraction process.
{ 4 Despite the differences in their operation, the two couplers are very similar in
their general characteristics. This similarity is a consequence of the fact that
both couplers perturb the guided modes of the waveguide structure to produce "leaky"
waves that are characterized by a complex propagation constant with an imaginary

part, @ (Ref. 4).

aiilid  amal -

T

A= TR T

The exchange of energy between the two modes is = coupled-mode process, with
the fraction of energy that is transferred dependent upon both amplitude matching and
] phase matching. In the conventional coupled-mode problem (Ref. 5), maximum
y energy exchange occurs when the interaction length is approximately equal to some
i characteristic length (amplitude matching) and when the phase velocities of the
: two modes are equal (phase matching). In all cases of interest, phase matching
i ; is the more important constraint. The gratingand prism equations are the conditions
g for perfect phase matching; the form factor iu Eq. (6) of Ref. 1 (p. 17) expresses
: the consequences of deviations from perfect amplitude matching. .

Consider, first, the amplitude matching condition. As illustrated in Fig. 3.1,
H the beam I is incident on the coupler at the phase-matched angle (eG for the grating
: ‘ and gp for the prism). It was shown in Ref. 1 that for a uniform input beam, the

input coupling efficiency 7 is

o R B

1 2

=f =Tl ~ ex -~2aR 1

1=1 L1~ exp (-2aR)] (1)

i |
i

é shere £ = 1 for a prism coupler (assuming no scattering losses); f < 1 for a grating

1 : ' coupler (accounts for energy loss to transmitted beam T and to scattering); o is
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the coupling or leaky-wave parameter; and 2R is the incident beam diameter.
Equation (1), which is plotted for f = 1 in Fig. 3.2, varies linearly with oR for
small oR and has a broad maximum at oR = 0.65.%¥ When the beam radius is adjusted
so that R = 0.65/a, 1N = 0.81f. At all other values of R, " ~ 0.81f and the beam
is not properly phase-matched.

The effects of deviations from perfect phase matching were analyzed in Ref, 1
(p. 18) for a uniform input beam. If the input beam is incident on the coupler at
an angle §g (or g,) = Bg + 48, where 6, satisfies the grating (or prism) equation
and Af %(J is the error in incident angle, then the incident beam is no longer
perfectly phase-matched. The coupling efficiency will be less than its optimum.
Using an overlap integral calculation, T was shown in Ref, 2 to be

n=7=~ o (] + e'lmR -2e

(aR)2 + (aR)?

-2
R os 2aR) (2)

where a = (2m/A) (cos 8y) A6. It is easily seen thal 7 is a function of the scaling
parameter y" = 7 (R cos eo/x)Ae, where A5 is expressed in radians. This character-

istic scaling was first noted by Tamir and Bertoni (Ref. 6) who performed a similar

calculation of 7 for a Gaussian input beam. Equation (2) is plotted in Fig. 3.3 as

a function of y" under the assumption that oR = 0.65. For reference, the correspon-
ding values of Ag are also shown for the specific condition R cos g4 = 1.55 mm.

Figure 3.3 shows that the input coupling efficiency is reduced to about half
its peak value when y" ~ 0,5. The acceptance half-angle of the generalized coupler
is thus

_ A 1
89, (radians) =g ﬁ_zzﬁ;ii; (3a)

for a uniform beam. When a Gaussian beam that has a radius w (l/e in amplitude) is
incident on the waveguide, Eq. (3a) is replaced by (Ref. 6)

g (3b)

29 (radians) =

=l P
5~

Note that the Gaussian radius in the plane of the waveguide is w/cos eo. Equation
(3) is used in the next section to calculate the effect on 7 of a thickness faper
in the coupling region.

¥ For a Gaussian beam, the shape of 7 is slightly changed. A maximum value of
0.80 f occurs at oR = 0.68.

3.3
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The total coupling efficiency, ntﬂ’ will be proportional to T. Additional
factors that reduce My are propagation loscses in the waveguide, partition of
energy into rwliiple beams at the output (for the grating), and losses due to
the limited lergth, £.,0f the coupling region. The last effect introduces a factor
of 1 - exp(-2wf.)] as noted in Section 3.k,

Equations (1) and (2) are obtained by calculating the overlap between the
uniform input field and a normalized aperture field E, where

E, = exp (-ox) (4)
and x is the coordinate that is oriented along the waveguide in the direction of
beam propagation. If the coupler is used to couple light out of the waveguide, then
the output beam has the form of Eq. (4) immediately above the coupler (Ref. 1).

When the coupler is uniform, ¢ is a constant and Eg is peaked at the inside edge orf
the grating. Because the output beam has a planar phase front, the far-field dis-
tribution is symmetric as we now show.

Assume for simplicity that g, (or ep) = 0, The far-field distribution E(gp), at
a distance z' from the waveguide, is proportional to the one-dimensional Fourier
transform of Eg. If x' is the coordinate in the far-field observation plane that
is parallel to the x-axis, then tan ¢ = x'/z'. Since the output field is a beam
with a low angular divergence, tan ¢ ~ ¢ and the paraxial ray approximation is valid.
E(¢) is ziven by - :
E(g) = Af ™ e a (5)

e}

where A is a complex constant that absorbs the phase terms. Evaluating Eg. (5)
and calculating the light intensity I gives
A2
I « E(p) E*¥(p) = ————r . (6)
o + ko ¢°

If gy or (ep) # 0, then a linear phase term equal to 2r¢/n (sin §)x is introduced into
the integral in Eq. (5). This change has the effect of rotating the observation
direction without changing the form of Eg. (6).

Equation (6) shows that the far-field-distribution of the light coupled from
either a grating or a prism couplar is symmetric with respect to ¢. It can be shown
from the general form of the Fraunhofer integral, in fact, that if « varies with x
along the grating, the exact form of I will be somewhat changed but I will still
be symmetric with respect to ¢. The symmetry is only destroyed when the aperture
function E, has a nonplanar phase front. If a measurement of I indicates asymmetry,
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therefore, the phase surface of the aperiure function is nonplanar. As discuss-d
laver, this effect can occur when the waveguide thickness in the coupling region
is not uniform. Asymmetry in the far Tield has been observed even with the bonded
waveguides and prism couplers used in our most recent work (see Figs. 7 and 8 in
Ref. 2).

3.2.2 Waveguide Thickness Variations

As the waveguide thickness, t,, in the coupling region varies, three effects
occur., First, the coupling angle changes; second, the strength of the coupling
changes; third, for the grating, the value of f in Eqs. (1) and (2) chenges. Each
of these effects and their impact on coupling efficiency are considere. in thig
section,

Coupling angle changes are the result of changes in the waveguide effective
index-of-refraction, n pp = 8/k. If t,; varies in the coupling region, then nefr also
varies spatially. The coupling angle (pAg = O) is related to Nerr by elther the
relationship

8g = arc sin(d/A - negr) ' (Ta)
or the prism coupler equation
n
T . . . eff m
Op = n + arc sin {n? sin |arc sin ( - H)]} (7v)
where A is the grating periodicity; is the prism index~of-refraction; and the

prism entrance face is assumed to be inclined at an angle of n/h relative to the
plane of the waveguide. From these relationshivs, it is apparent that spatial
variations in t,; lead to spatial variations in the coupling angle,

The relationship between 6g and waveguide thickness was derived in Ref. 1 using
both the unperturbed waveguide dispersion relationships to obtain nerr and Eq. (7a)
with A/A = 3,855 to obtain CLen) Figure 6 of Ref. 1, which is reproduced here as
Fig. 3.4, shows the result of that calculation. Similar results are obtained for
ep. It is seen that the variation of 8a with tw is strongly mode-dependent.

As discussed in Ref. 1, thickness variations in the coupling regions cause the
input coupling efficiency to decrease for the following reasons:; when thickness
variations exist, the coupling angle varies across the irradiated region of the
coupler. Since the input beam is generally incident at a single angle (planar
phase front) there will be an angular error Ag that varies spatially across the
beam. To a good approximation, the regions where Ag exceeds the value given by
Eq. (3), there is no coupling. A linear taper can thus cause a significant degra-
dation in the coupling efficiency. This degradation can be especially serious for
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the higher-order modes, because as indicated by Fig. 3.4, the sensitivity of
coupling angle to tw;increases rapidly with mode-number.

Figure 3.5 chows how the coupling efficiency drops for the TE), moce with
increasing thickness taper. This calculation, which was obtained by Peng and Tamir
in Ref. 3, uses parameters that are appropriate to the grating couplers studied in
Ref, 1. The efficiency in Fig. 3.5 must be multipled by the factor f as in Eq. (1)
i in order to determine the actual coupling efficiency. The TE), mode was chosen for
1
|

evaluation, because calculations indicated that it was aperture-matched for a 1 mm
input Gaussian beam.

:

The most striking feature of the curve in Fig. 3.5 is that modest thickness
tapers cause significant reductions in coupling efficiency. As discussed later,
experimentally observed thickness variations are generally 0.5 to 1.0 u/mm in our
best Iree-standing waveguides so that the TE), mode cannot be efficiently excited

L 3 oSl B

T

; in them. The loss in efficiency caused by a given tarzr is less for the modes of
§ order lower than 4. As discussed below, however, the lowest order modes cannot be
1 . experimentally aperture-matched when a gratingis used. In such cases, the input

3 _ efficiency will be less than 0.80 f at zero taper.

Thickness variations change the value of @. For a prism coupler, s closed form
expression for ¢ can be found. This relationship can be found on p. =9 of Ref. 2.
{ For the grating coupler o must be calculated numerically. Although several groups
: have calculated o using perturbation models, the Polytechnic Group (Ref. 7) has
developed both the most accurate perturbation model and the only risorous theory
; for grating couplers.

Calculations of o have been conducted both for the prism coupler assuming a gap
spacing of 0.1  (a value that was inferred from measurements reported in Ref. 2,
p. 2-10) and for the grating coupler using the Polytechnic perturbation model. Figures
3.6 and 3.7 summarize the results. Several important features are apparent from
these results. These features include:

(1) For the prism, o decreases monotomically with t, but increases with mode
number

(2) TFor the grating, the same average trends are observed but a strong
oscillation is suverimposed on . Tnis oscillation, which is the result

L of interferences betwe=n reflections from the two waveguide boundaries,

| 1s especially pronounced because of the large index difference between
the waveguide and the air. Variations in o for the grating by a factor
of about 3 are predicted for thickness variations as small as 0.3 e

(3) a for the prism 1is typically more than an order-of-magnitude larger
than o for the grating fcr the same t~ and mode number. For the TE;
mode and t, = 25 y, for example, a(prism) = 0.8 . 10'3“'l and o(grating) =
3 x 10'5M'E.
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Because @ varies with t;, the coupling efficiency T may be measurably altered
by thickness variations, Both the magnitude and the sign of the effect depend on
the d=tails of the thickness variations. If the thickness variations are such that
o is less at the inside edge of the coupler, for example, then the peak of the
aperture function, E,, will 0e shifted towards the center of the coupler. In such
a case, Ej will have a closer match with the actual input beam distribution, and
N will increase. If « is greater on the inside edge of the coupler, on the other
hand, 7 will decrease. In general, the effects of spatial variations in o on the
coupling process will be much less important than the effects of spatial variations
in the coupling angle. This last fact, which can be demonstratedquantitatively
with an overlap integral celculation, is a direct consequence of the relative
insensitivity of coupled-mode processes to amplitude matching.

The marnitudes of « predicted by theory are much more important to the prese.t
coupling problem than the detailed variation of o with tG. As already noted,
optimum coupling occurs when oR = 0.65 for a uniform beam. Using the calculated
value of « cited above, we find that for TE; the optimum input beam diameters (pro-
jected into the plane parallel to the waveguide) are about 1.6 mm for the prism
and 43 mm for the grating. It is clear that aperture-matching can be achieved
with the prism coupler, but that aperture matching is not practical with the
grating. I fact, input team diameters greater than about 2.5 mm are impractical
with the available waveguides, because thickness variations due to rounding at the
waveguide edges become severe over such distances.

A third consequence of thickness variations is that the factor f in Egs. (1)
and (2) will vary across the grating coupler. (Recall £ = 1 for a prism, because
there is no transmitted beam at the input.) This effect does not seriously degrade
the coupling efficiency, but it can significantly change the intensity distribution
observed when the coupler is used to couple light out of the waveguide.

Peng and Tamir (Ref. 3) have calculated { for an output grating. In the
special case of ideal aperture-matching and no scattering, their calculated function
and f in Eq. (1) are the same, This calculation, which is based on a perturbation
analysis, predicts that f will depend strongly cn t, as shown in Fig. 3.8. If
tnickness tapers of the order of lu/mm are present, the large oscillatious in
f shown in Fig. 3.8 will cause the output intensity distribution observed just
above the output grating to depart from the ideal exponential form, Such depariure
from the ideal form is, in fact, frequently observed with our grating couplers,
as noted in the next section.
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3.3 Experimental Results

g The experimental techniques and representative data on both prism and grating
couplers are described in Refs. 1 and 2, In this section we summarize the important
aspects of tha data.

1 Table 3.1 summarizes the performance characteristics of a free-standing

waveguide (sample B-8) with grating couplers. These data, which were taken from

Ref. 1 (p. 28), indicate (1) low total coupling efficiencies, (2) low input coupling
efficiency for TE,, and (3) significant discrepancies between those incident beam

| diameters (projected into the waveguide plane) that gave maximum coupling efficiencies

and the diameters calculated assuming aperture-matching. In addition, the near-

field and far-field intensity distributions of the output beams usually did not

resemble the characteristic distributions expected for an ideal coupler. TFigure 3.9,

for example, illustrates the shape of the beam coupled from the 'I‘E2 mode at sample i
B-8 as measured approximately 40O p from the grating surface. In this region the '
output from a perfect uniform coupler will approximately match an exponential

function with a slightly rounded leading edge. In the far-field, the measured

beams did not have the symmetric shape characteriszics of the output of an ideal

coupler. In general, therefore, the performance of the grating couplers d4id not ;
correlate with the predicted performance of uwniform grating structures. :

e . o
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1 In contrast, the performance of the prism couplers indicated reasonable
I correlation with the theory of uniform structures. For example, an input coupling )
] efficlency of 72 percent wag observed with a prism coupler when a Gaussian beam
having a 1 nm diameter (l/e2 - intensity points) was used at the input. For this
waveguide, both the coupling efficiercy and the optimum beam diameter were within
about 10 percent and 30 percent, respectively, of theoretical wvalues. The coupling
efficiencies measured for the other modes and with other prism/waveguide combina~
tions, though less than the best-case value cited here, were always much closer to
i theoretical predictions than were efficiencies measured for grating couplers. In
general, the coupling efficiencies and optimum input beam diameters for the prism
couplers used with both the freestanding and the bonded waveguides were in reasonable
y agreement with the theory.

ot e L e oS il o
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Other data taken with prism couplers, however, indicated that structural
imperfections in the coupling region were present with both the freestanding and
1 the bonded waveguides even though, in the best cases, these imperfections appeared
‘ to have little effect on the coupler performance. As discussed in Ref., 2, for
example, the output beams were typically steered in the plane of the waveguide and
the far-field intensity distributions of the output beams were generally somewhat
asymmetric (see pp. 2-16 and 2-17 in Ref. 2). The beam steering was interpreted
in Ref. 1 to be the consequence of waveguide thickness tapers transversc to
the propagation direction, and the asymmetry in the far-field was interpreved
in Section 3.2.2 of this report to be the consequence of thickness variations
8 in the coupling region. Nevertheless performance of the prism coupler was not

T T
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TABIE 3.1

Performance of a Free-Standing Waveguide With Grating Couplers

(sample 3-8)

Grating periodicity, u

Groove depth, p

Waveguide thickness, u

Propagation path, cm
Thickness taper, w/mm

transverse
longitudinal
Coupling Angle Mode Niotalr %

35.6 TE, 0.3
37.8 TE, 2.4
4o.2 TE, 4.6
43.8 TE, 4.3
L3.8 TEL, 2.1

2.75
2.0
oL

23

0.2
0.2

o O
1 ON
I+ I+

Experimental

=3.0
o
. t

2 o 2.5
1. 1

2
0
4 to 2.
<1.h

mm

Theoretical

124

= W
Ul o P
N Ew

* The input coupling efficiency, as determined by a dip in the sum of
the transmitted and reflected beams, was 12 percent for this mode.

Input beam was nearly uniform,
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severely limited by imperfections of waveguide. Direct comparisons between a
grating coupler and aprism coupler on a single waveguide (Ref. 2, pp. 2-2) which
indicated superior performance by the prism, support this conclusion.

Poor performance of gratings was not caused by the quality of grooves of the
gratings. To verify this, each grating was subjected to careful visual
inspection under an optical microscope. In some cases, electron microscope photo-
graphs were made of the gratings in profile. It was found that, except for isolated
defects, the gratiugs were remarkably uniform, In addition, X-ray diffraction tests
conducted fcr us by IBM indicated that the grating regions were effectively strain-
free. The only important structural defect that was always present in the coupling
regions were waveguide thickness variations. Microscopic inspection of cleaved
samples indicated that average thickness tape.s of about 0.5 u/mm were present in
the best free-standing waveguide structures, and tapers of more than 2 u/mm were
present in the worst samples tested. Best grating coupler performance was always
obtaine” with the most uniform waveguides.

The svailable data thus indicate that for the over-moded waveguides used in
the thin-film modulator, the prism coupler is preferred. The relatively poor per-
formance of the grating coupler is shown in the next section to be related to the
inherently weak coupling characteristic of the grating for our waveguide structures.

3.4 Discussion and Conclusions

Tt is now clear that waveguide thickness variations alone can account for the
poor performance of the grating structures. Although such variations were generally
also present in the prism coupler exmeriments, the analysis discussed in Section
3.2 provides, as we now show, a natural explanation for the superior performance
of the prism coupler with our thin-slabwaveguide structures.

Significant variations of tG within the input coupling region cause the
coupling efficiency to decrease, because thickness variations prevent the input beam,
which typically has planar phase surfaces, frombeing properly phase-matched across
the entire beam cross-section. In effect, the light rays enter the coupler as a
collimated bundle at a single angle with respect to the waveguide normal. Thickness
variations cause the coupling angle of the gratir rary spatially, however, and
when the incident ray angle deviates too far fr upling angle appropriate
to a particular region of the coupler, then no .1 be coupled into the wave-
guide through that region. If the beam diameter i to aperture-match exceeds
the spatial extent, Xp, of this acceptably flat region, then the beam cannot be
aperture-matched. In this case, the coupling efficiency will be lower than peak
theoretical values, and the beam diameter that leads to maximum coupling will be
nearly Xp insteady of l.3/a as predicted by the theory of uniform couplers.
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As discussed in Section 3,2.2 the effect of wavegtide thickness variations on
so that Xy will be mode~-dependent.

the coupling efficiency is strongly mode-dependent

The TEO mode, for example, which propagates in our structures almost as a bulk wave
(cf. Fig. 3.b4), is little affected by variations in ty. As a consequence, Xp (TE)
will be relatively large. For the grating coupler, X (TEy) sienificantly exceeds
the coupler size. Values of Xf for the higher order modes were generally less than
both the coupler size and the aperture—matched beam diameters so that the beam
diameters that produced‘mnehighest coupling efficiency (see Table 3,1) were measures

of Xf.

In general, then, Xp < l.3/a for the grating coupler so that thickness
variations strongly affected the grating performance. The prism is an inherently

however, and generally Xp 2;1.3/0 for the waveguides tested. As

stronger coupler,
a consequence, the input beam could usually be aperture-matched with the lower-order

modes and near-optimum input efficiencies obtained. In our application, the prism
coupler is the preferred choice primarily because it is a stronger coupler than the

grating.

A simple calculation illustrates how the limits imposed by coupler uniformity
and coupler size prevented good grating performance. Consider the TEo mode in
Table 3.1l. For this mode, the measured optimum beam diameter was 2 to 2.5 mm, and
the theoretical diameter for aperture-matching was 14.%4 mm. Hence, oR = 0.09 to 0.1l
for this mode instead of the optimum value of 0.65. From Eq. (1), the calculated
input efficiency is 7 = 0.30f to 0.36f. Experimentally, 36 percent of the incident
energy was transmitted and 10 percent of the incident energy was lost to scattering
so that = 0.54 and 7 = 0.16 to 0.19. This efficiency compares reasonably well

to the measured value of 0.12 t 0.03. The total coupling efriciency ntz for this

mode should have been

Ny, = M1-e 2¥e)e™h 1, (8)

where #, is the output coupler length (3 mm)s oL {5 the propagation loss between
the two couplers; and Ty is the fraction of outcoupled energy in the upper beam
(0.65)%  Using the theoretical value of a = 9.0 X 102 mm~! and 7 = 0.16, we find
Moy = 0.0434 exp (-gL). If the propagation loss due to Gahs absorption is negligi-
ble (oL << 1) as indicated by recent studies, then the theoretical value of Ty

and the experimentally determined value are in nearly perfect agreement. The low

coupling efficiencies were thus the consequence of the low values of « produced by
Because o values were small, aperture

the grating with our waveguide structures.
matching at the input was not possible and the grating oubtput coupler was not long

enough to couple all of the guided light out of the waveguide.

¥ This is a theoretical value. The true value could not be accurately determined

because of experimental difficulties.
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Substantially higher coupling efficiencies could be obtained by thinning
the waveguide to increase a. Calculations by Peng and Tamir indicate, for example,
that the TEO mode could be aperture-matched with a 2 mm input beam if the waveguide
thickness were tapered to 8.1 g in the coupling regions with 2 p grating grooves
etched into the waveguide. In this arrangement, the output grating would couple
virtually all the light out of the wavegulde and Ty, would be ££,(0.81) = 0.28.
Further increases in 7} could be achieved, in principle, by increasing f and fg

-
ok

*
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ness to influence the partition of energy as in Fig. 3.8.

fabrication techniques. At this time, however, it does not appear that the grating
will be useful with the thin-slab modulator.

R S o o L

The theoretical analysis developed in Section 3.2 offers an explanation for

S TR Y

qualitative explanatiors for the nonideal output beam distributions observed with
both the prism and grating coupler. Thickness variaticns in the output coupler

cause near-field phase distortions in the output beam (changes in ray angle). These

distortions were transformed in the far-field to asymmetries in the intensity dis=-

tributions.

tion was also affected, because the partition of energy between the upper and lower
‘ outcoupled beams is a sensitive function of tG. Quantitative comparisons between
experimental and theoretical intensity distributions cannot be made because a
detailed mapping of the spatial variations in tg was not possible with available

techniques.

Tt is thus seen that for the thin-slab waveguide structures, the prism is the
preferred coupler both because energy losses to extra beams are eliminated and
because the prism is an inherently stronger coupler. Strong coupling permits the
excitation of the lower-order modes with small-diameter inout beams and thereby
largely circumvents the deleterious effects of waveguide thickness variations.

The grating coupler is only useful for asymmetric waveguides that are sing.e-mode

or nearly single-mode.

The present study has provided a meaningful interpretation of the data
accumulated on the grating coupler. It has, in addition, provided the first study
of the effects of imperfections on the performance of integrated optics structures.

=1
{ by either blazing the grooves (Ref. 7) or carefully controlling the waveguide thick-
i

Improvements in grating performance are possible by further advancing waveguide
the poor coupling efficiencies of the grating couplers. This analysis also provides

For the case of the grating coup’cr, the near-field amplitude distribu-

i el
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4.0 WAVEGUIDE FABRICATION TECHNIQUES

".,1 Introduction

Previous studies (Refs. 1,2) indicate that broadband matching of microwave
power into a GaAs thin-slab waveguide can be more efficiently and reproducibly
achieved if the top and the bottom copper electrodes with a thickness greater than
10 microns were deposited onto the surfaces of the waveguide. To maintain the
integrity of the waveguide it is necessary to bond the metal-cladded thin dielec-
tric slab to a flat copper block. Previously we found (Ref. 3) that optical trans-
mission through these waveguides by using prismsas couplers is about ten-times that
of grating couplers. A bonded waveguide should provide the structural strength that
permits the use of a pair of press-dosn prisms as the input and the output couplers.
Such a structure not only provides the necessary strength and rigidity but also
improves the power-handling capability. With proper bonding and heat-sinking tech-
niques, we have demonstrated that these GaAs thin-slab waveguides (™~ 25 um thick)
can handle a combined optical and microwave power which exceeds 100 watts.

Techniques have been developed to produce routinely the bonded GaAs metal-
cladded thin-slab waveguides with the specifications listed in Table I. In the fol-
lowing sections, procedures for processing and fabrication of high power infrared
waveguides ard microstrip transmission lines are detailed.

Table I - Infrared Waveguide Specifications
Thickness 25 pm * 1 um
Length >4 cem
Surface Finish Mirror-like
Microstrip Electrode 1 mm x 2.8 cm (10 um thick)
Bonding Layer S2um
Copper Block Optical flat and parallel to 2 sec
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4.2 Waveguide Fabrication Processes

Figure 4.1 depicts the infrared waveguide structure. The optical polishing
fixture with precision angular adjustments, as shwon in Fig. 4.1, is a very important
tool during the initial portion of fabrication pnrocess. Carefully selected and elec-
trical characterized high resistivity Cr-doped GaAs ingots in large size are sliced
into thin wafers at the orientation (100) plane. The thickness of these saw-cut
wafers is typically at 15 mils. The typical wafer size is large enough to yieid
3 (1 ecm x 4.5 cm) rectangular waveguides. A typical bonded GaAs thin slab wave-
gnide, mounted in a laboratory jig, is shown in Fig. 4.2. The structure is resting
on two sliding wedges which are used to cont: 1 the air-gap for prism couplers,
when the tcp of the two prisms is pressed against a cover plate.

The first step in the fabrication procedure is to lap and polish one face of a
.015" thick GaAs wafer. This is accomplished by waxing the wafer to a flet stainless
steel block, which in turn is fastened to a polishing jig as shown in Fig. 4.3. This
precision polishing jig was developed by Bennet and Wilson, Ref. 4. It consists of
an outer holder into which a hardened steel sleeve has been pressed. Also attached
to the holder are three steel legs, the ends of which are hardened, and ride on the
surface of the lapping plate. A piston runs inside the steel sleeve with a lapped
sliding fit. Angular adjustments are provided for fine corrections of the orienta-
tion of the copper block and GaAs wafer with respect to the lapping surface at
various stages of the lapping process.

Parallelism between wafer surfaces is the most crucial and difficult parameter
to control during the fabrication process. A relatively inexpensive but very reli-
able system, as shown in Fig. 4.4, has been devised to provide accurate measurement
of thickness variation over a large surface area without physical contact of the
sample. The main part of this system is a noncontacting air gauge head, a Hoverprobe
manufactured by Ames-Mercer and an electronic readout with a 3 pm full scale in 0.05
um divisions. The Hoverprobe is mounted on a steel cshaft which is attached to an
X-Y table with provisions for angular tilt adjustment. The optical polishing jig
to which 1is fastened either the waxed down GaAs wafer on a flat steel block, or
the bonded waveguide to a flat copper block, which is then placed on this X-Y table,
as shown in Fig. 4.4,

The surface of either the flat steel block or the flat copper block ecan then be
aligned in parallel with the three hardened steel legs on the polishing jig vith the
help of the Hoverprobe. Initially, the Hoverprobe is referenced to a zero center
scale reading on one of the hardened steel legs. Subsequently, the two other hardened
steel legs are brought under the Hoverprobe. By adjusting the appropriate micrometer
head on the tilt table these legs can be adjusted to yield the zero reference. 1In
this way all three legs are made parallel to the Hoverprobe. The Hoverprobe is then
placed above the surface of either thne flat steel or flat copper block. By the same
technique, one can adjust the block surface parallel to the hardened steel legs.
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With these preliminary alignment procedures, the initial lapping of GaAs sample
is performed by removing about 5 mils thick of material. This is done by using 3 um
platelet alumina on a glass plate which is fitted to an eccentric type lapping and
polishing machine, manufactured by GeoScience Corp. The GaAs wafer is polished by
using a Politex Supreme pad, saturated with a solution of 100 ml distilled water to
6 ml of 6% sodium hypochlorite. A mirror-like finish is cbtained when approximately
10 um of GaAs 1s removed.

The wafer is further thinned by using ion beam milling machining (A Vecco Micro-
tech System) and coated with a thin layer of a copper film. Prior to ion beam machin-
ing, the wafer is removed from the steel block and cleaved into 4.5 ecm x 1.0 cm wave-
guide strips. These strips are attached to a copper block with Apeizon type vacuum
grease with the polished side up. The copper block containing the waveguide section
is mounted on a rotating substrate holder oriented at an angle normal to a collimated
beam of Art ions. The polished surface of the GaAs is ion milled at a current density
of 1.0 mA/cm?. The rate of removal is 8 um/hour. Ton milling proceeds until 25 um
of material is removed. A thin layer of 1 um copper film is subsequently deposited
onto the surface of the GaAs wafer by reorienting the substrate holder in a positiorn
which is in a direct view of a water-cooled copper target.

This copper coated wafer is removed from the Microetch system and electroplated
in a Sel Rex electroplating both (Cubath I) at a current density of 30 mA/cmE, until
a copper film with a thickness of 10 um is obtained. This forms the ground plane of
the waveguide modulator, which 1s bonded to an optically polished copper block with
Stycast 1217 resin, manufactured by Emerson & Cuming Inc. This low viscosity resin
allows formation of a thin bonding layer of the order of 2 um thick. Both the thick-
ness and thickness uniformity depend critically on a counterweight system. It consists
of an optically polished steel base, to which a piston ring is attached. A carefully
machined cylindrical weight is free to slide in this ring. On the bottom of the
weight an optically polished rectangular steel pad L.25 em long x 0.8 cm wide, is
attached. With only a few drops of properly prepared Stycast 1217 resin applied
to the ground plane, a strong and uniform bonding layer will form at a curing tem-
perature of 160°F by keeping the wafer under the weighted rectangular pad over a
period of one hour.

The bonded wafer is again mounted in the polishing jig with the alignment pro-
cedure of the copper block face with respect to the 3 steel legs as previously
described. At this point the thickness of the GaAs wafer is about & mils. The
waveguide is then lapped until approximately 2 mils of GaAs is removed. The sur-
face is then chemo-mechanically polished to a mirror-like finish. During the
processing, the thickness of the GaAs waveguide is measured at several points
aiong the 4.5 cm length with a Perkin-Elmer Model 621 1R Spectrophotometer in the
reflectance mode. The thickness variations determined by the IR spectrophotometer
gives an indication of the wedging in the GaAs wafer only. With above described
thinned process wedging is routinely found to be less than 2 pm along the 4.5 em
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length of the .0055" thick waveguide. The IR spec rophotometric measurements can
also be compared with the Hoverprobe measurements. In general, very good agresment
exists between these two independent measurenents, which implies that the copper
ground plane and bonding medium are essentially wedgefree. If any wedging does

exist at this point it can be compensated by using the angular adjustments which are
incorporated in the polishing fixture. The wafer is then lapped to a 2.4 mils thick-
ness, at which a chemo-mechanical polish is performed. Spectrophotometer scans are
taken again of the GaAs thickness prior to the final ion beam thinning.

The final ion-beam thinning processing is then carried out. In this process
special precautinn must be taken to maintain the substrate at a low temperature
< 50°C. It has been found that the difference in thermal expansion between GaAs
and the copper ground plane can cause cleavage in GaAs wafers if the temperature of
the substrate is not controlled. A water cooling Tixture wes installed into the
Vecco Microetch System. It was designed specially for the rotating holder to main-
tain a low temperature (< 50°C) under ion-bombardment over extended periods of time.
For the final thinning process of bonded waveguides, a current density of 8 mA/cm2
is used with the rotating fixture oriented at an angle of 45° with respect to the
ion beam. Under these conditions the removal rate is & um/hr. Ton beam thinning
is terminated when the GaAs reaches a thickness of 25 pm. This completes the basic
t'abrication process of the bonded-down infrared waveguides.

4.3 Microstrip Electrode Fabrication Processes.

To make a microwave modulator a microstrip electrode must be applied to the tap
surface. Figure li.5 illustrates the steps taken to form a microstrip electrode on
the surface of the bonded thin-sl-b GahAs waveguide. The waveguide is first spin-
coated wit.. Shipley AX1350B as shown in Fig. t.5a. The photoresist is then exposed
and cveloped, and a 1 pm of copper film is subsequently ion-plated onto the GaAs
wafer surface in steps as shown in Fig. 4.5b and c. An overcoat of resist is then
applied over the thin copper film and the stripline image exposed and developed out
of the resist in steps as shown in Fig. .54 and e. The stripline image is then
electroplated to a thickness of 11 pm in the copper electroplating bath (Fig. L4.5F).
After removing the resist, the thin copper film ( 1 pm) is etched away in ferric
chloride solution. The fabrication of a microwave waveguide modulator is completed
after removing the last coat of resist, as shown in Fig. L4.5g.

A two dimensional channel waveguide can be produced by ion milling a bonded
Gahs waveguide modulator around the edges of the microstrip electrode. To form the
channel, the waveguide is first photoresisted (spin-coated), and then a pattern is
exposed and developed as shown in Fig. L.6a. The photoresist pattern is then ion-
plated with 6000 & of titanium. The titanium plated photoresist is then lifted off
in the acetone to yield the pattern as shown in Fig.4.6b. A 4 um deep channeling is
formed by ion milling of the waveguide at a current density of .81mA/cm2 for 30 min
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at an orientation normal to the ion beam.
due to its high differential etch r
advantage of a titanium etch mask is
HF without degrading the GaAs surface.

Titanium was chosen as a milling mask
ate with respect to GaAs (10 to 1). An added
that any remaining titanium can be etched with
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5.0 BROADBAND MICROWAVE MODULATOR CIRCUITS

5.1 1Introduction

Broadband modulator characteristics requires the application of microwave
impedance matching techniques to the microstrip transmission lines formed by the
modulator electrodes and the input lines. Since these lines are unconventional in
size cowpared to those commonly used for micrcwave components, it was necessary
} to determine experimentally the circuit parameters of the microstrip lines as wes

done earlier for the mini-gap ridge waveguide (Refs. 1, 2). Measurements were
) made of the characteristic impedance, the effective dielectric constant and the
attenuation coefficient.

! In anticipation of high power microwave operation up to 100 watt levels, it
was felt that the input circuits to the microstrip modulator should be made of a
tapered ridge waveguide, since the solid material ridge provides a good low thermal
resistance path to a heat sink. However, both the ridge wavegulde and the small
compact coaxial input connectors (SMA) were evaluated a® power levels up to 80
watts while connected to the GaAs waveguide modulator. The results indicated that
the small coaxial input line is capable of handling 80 watt power and it has been
used in subsequent experiments. For continuous operation over a long time period
and/or at a higher power level, a ridge waveguide would be the best choice.

The microwave microstrip circuit is shown in more detail in Fig. 5.1. The
electrode is center-fed through a microstrip impedance transformer from a coaxial
microstrip launcher and the ends are open circuited. The launcher, a standard
design, was modified to have a longer center conductor extension and semicirculax
shield. The longer extension allowed the pressure to be distributed over a wider
area on the GaAs thin-slab without causing material damage. The iarger contact
area for the microwaves also provided slight adjustments for improving the input
1 impedance matching. With the center fed excitation of the microstrip transmission
line, only the wave that is in synchronous with the laser beam modulates this
guided optical wave (Refs. 2, 3). At the center frequency the electrical distances
are integral numbers of half wavelengths from the feedpoint to the open circuited
ends. Although the configuration may seem narrow band, this is not necessarily
the case as will be shown by detailed computer modeling of the microwave circuit
in the next section. For example, if the feed line from a matchea generator is
well matched to the net characteristic impedance of the two lines in parallel,
then the amplitudes of the synchronous components of the standing wave are inde-
pendent of frequency. Therefore, a broad band operation can be accomplis’ied by
placing a microwave circulator at the input port that not cnly protects the
modulator driver by providing a matched termination for the reflected power but
also prcduces a circuit that is almost equivalent to that of a two port modulator.
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The most efficient modulation condition, of course, occurs when the net input
resistance is transformed so that an impedance match exists at the input port
of the modulator. Under these matched conditions an expression for the power in
the sidebands has been derived (Refs. 2, 3) and repeated herz for reference

Fsp = (%?) Fo (5-1)

in which the phase shift Ag is

Ad = k r n3 22—H£ 1/2
LTkl two

where ryy = 1.2 x 10~10 cm/volt, n is the index of refraction, k = 2ﬂ/x, P is
the microwave power, o is the microwave attenuation coefficient in Nepers, 7 is
the free space characteristic impedance, t is the slab thickness and W is the
width of the microstrip line, and L 1s the length.

5.2 Modulator Circuit Modeling

A better understanding of the possible range of modulator bandwidths was
obtained from a computer circuit model by varying parameters corresponding to
the microstrip modulator circuit. The transmission line characteristics used in
the analysis were determined experimentally from measurements on long straight
sections. The resonant frequencies and the input impedances at resonance, were
used to establish the following values for a modulator microstrip line whose
physical dimensions are 25 microns thick and 1 mm wide: Characteristic iwmpedance
(Zo) = 2.7 ohms, attenuation = 0.70 dB/cm and an «ffective index of refraction = 3.5.

The microwave circui -nalyzed consisted of the elements shown in Fig. 5.2.
The modulator line is of lewgth L, of characteristic impedance Zy and is open
circuited at both ends. 1In the analysis the input line and impedance transformers
forming the center feed, in Fig. 5.2,may have all or some of the elements shown
and will be so indicated in the various examples discussed below. The short lengths
of line of characteristic impedance 7; and Zo are taken to be quarter wavelength
at the center frequency and the generator impedance, Rgens will typically be 50
ohms, but other values will also be used. The incident and reflected power at the
generator terminals are denoted by PI and PR respectively while at the actual
junction to the modulator line, the incident and reflected power are denoted as
Py and P, respectively. In Fig. 5.2 a synchronous component of microwave, P
is identified at the output end of the modulator. In the calculations an
appt oximate average value of this component across the length of the line will be
used in order to account for wave attenuation. This average value of Psync is
proportional to the side band power generated by the modulator.

sync?

5.2
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Before proceeding to the bandwidth analysis, the relative power in the
synchronous wave at the input terminals to one half of the modulato:r has been
calculated as a function of the attenuation of the line and the ratio «f Zl to Zg.
The results are shown in Fig. 5.3. In this case the line is assumed 1o be an
integral number of half wavelengths long and open circuited at the end. G&ince
only one section of the modulation is being treated, Zy corresponds to twice the
value that would be used for the full modulatcr and Pp is only one half the
incident power. It is also assumed that Z; = R, with reference to the definitions
in Fig. 5.2 and 5.3. By definition, when the modulator characteristic impedance
is equal to that of the input line the synchronous power esjuals the incident
power and the traveling wave condition pertains. The curves plotted in Fig. 5.3
show that the smaller is the attenuation in the line, the larger is the maximum
possible value of the synchronous power. At a given level of attenuation, the
maximm value of the synchronous wave actually corresponds to the input line, 73,
being matched to the net resistance appearing at the input terminals, Rj,. The
levels of attenuation from 1 to 3 dB are typical values for the microstrip modulator
lines actually tested. Attaining the largest possible synchronous wave amplitude,
however, is not compatible with the largest bandwidth.

The frequency response of the actual modulator is first analyzed by assuming
the idealized condition that the input line consists of only a driving generator
whose impedance, Rgen, is frequency independent (see Fig. 5.2). These calculations
involve the well known general transmission line equations, in which tle necessary
inclusion of wave attenuation requires that hy.erbolic functions with complex
arguments be evaluated. Where more than two rets of terminals are present, the
use of a computer program dedicated to microwave circuit analysis greatly expedites
calculations (Ref. 4). Figures 5.4 and 5.5 present the calculated results for two
idealized cases: (1) a value of generator impedance of 2.5 ohms (approximately
equal to the characteristic impedance of the modulator), and (2) a value of 10 ohms
(approximately equal to the net input resistance of a 12 wavelength long modulator).
These calculated results provide a quantitative picture of how the frequency
response, in terms of Psync’ depends upon modulator length, L, when wave attenuation
is taken into account. The frequency response is found to be widest for the
shortest length, however, with shorter lengths conversion efficiency is reduced
(Refs. 2, 3). TFor completeness the variation of modulator input resistance is
also shown in Fig. 5.4 as function of frequency. Its variation is seen to be not
indicative of the modulator response. For the 12) modulator (must of tte modulation
experiments have been made with this length), it is interesting to note that a
much wider bandwidth i.e., 700 MHz, can be obtained from the 2.5 ohms generator,
as compared to 200 MHz for the 10 ohms generator. The additional bandwidth can be
gained with a trade-off in reduction of synchronous power by only 2 dB. The
synchronous component of power, as mentioned earlier, was evaluated at the exit
end of the modulator and represents an approximate average value over the length
of the modulator. The calculations were not carried to values below 2.5 ohms
because at present it does not seem practical to consider fabricating impedance
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trancformers for such low values. The circuit losses at such low values can be
detrimeiital. These calculations establish that the open-ended waveguide modulators
with a bandwidth exceeding 1000 MHz are possible. This structure has been
referred to as a "resonant structure'in our preceding work (Ref. 3).

In this computer modeling of the microwave circuit, for simplicity, no
provisions were made to computzs the effective phase shift modulation by taking
into account the exact field distribution of the synchronous wave. Nevertheless
the value of the component of synchronous power at the exit end of the modulator
represents a useful mean value for comparison purposes. As an example, cowmpare
the 12) center-fed modulator of Fig. 5.4 to a 12) modulator with only a traveling
wave. The traveling wave would be excitecd from a matched generator at one end and
the microwave power delivered to a matched level at the other end. Since the
attenuation for 12\ long modulator 1s approximately 2 dB, a mean value of -1 dB
might be used for the traveling wave case. The zero dB levels in Figs. 5.4 and 5.5
correspond to the modulation characteristics that would be obtained with a traveling
wave where no microwave attenuation existed. Comparing this with the center-ied
modulator with the open circuited ends, we see that the center-fed modulator has
a value for P of -2 dB. This is only one dB less effective than the traveli.g

sync
wave structure.

We next consider what bandwidths would be obtained with the microstrip circuit
if impedance transformers were formed in the input microstrip line in order to
obtain desirable values of equivalent generator impedances. The impedance trans-
formers would consist of A/h lengths of microstrip lines with selected impedance
values, as was illustrated in Fig. 5.2. The values of impedance for a particular
transformer ratio and the type of frequency response, depending upon maximum standing
wave ratio in the pass band, can be obtained from published theoretical results
(Ref. 5). 1In view of the bandw’dths already demonstrated in Figs. 5.4 and 5.5,
impedance transformers with 30 percent bandwidth were selected. These can be
realized with ‘e existing circuits without further advancing fabrication techniques.
The results o1 calculations on the 12) structure are given in Fig. 5.€ for various
transformer ratios and a 50 ohm source. Results are indicated for a one-step and
several two-step transformers. A bandwidth of 600 MHz is obtained for the 50 ohm
generator impedance transformed down to 2.5 ohms. This compares favorably with
the 700 MHz obtained from Fig. 5.4 where a constant resistance generator impedance
of 2.5 ohms was assumed. Tt is also interesting to note, for the 4.2:1 transformer
value, that both a one step and a broader band two step transformer gave essentially
identical modulator bandwidths. This indicates that both impedance transformers
were sufticiently wide and that the limiting factor was primarily the main modulator
line itself. Further bandwidth improvement using a . ingle input port would require
a new approach.

o i



R

R76-922241-3

5.3 Experimental Results on Bandwidth

The theoretical calculations on bandwidih predict reasonably well the
experimentally measured bandwidths that are obtained by measuring the actual
optical side band power variaticn as a function of frequency. An experimental
result for a 121 modulator, center-fed through a two step transformer is given in
Fig. 5.7. The bandwidth obtained is 700 MHz and the conversion efficient is 0.7
percent. In these measurements the sideband power was obtained using the scanning
Fabry-Perot interferometer as discussed in previous reports. This data was taken
after the various improvements on the modulator detailed earlier in this report
were realized. The measured data points were corrected for small drifts in micro-
wave power and optical power and are seen to represent relatively little scatter,
This experimental data actually has better bandwidth than the theoretical model
predicts. With these results and the results (Fig. 6.4) showing 1 GHz of band-
width, it is evident that a center-fed modulator through a two step transformer
would be sufficient to meet the requirement of this program. It is possible to
make the present structure even broader band and to obtain a better control on

the detailed shape of the frequency response of the side band power with our
modeling techniques.

P Ty m—
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6.0 OPTICAL AND MICROWAVE MODULATION MEASUREMENTS

6.1 Optical Transmission Characteristics

Optical transmission measurements were made with a CO, laser beam of = 1 mm in
diameter. This constraint is imposed by the m rowave transmission requirement.
This rules out the use of grating couplers ( 1,2) because the optimum coupling
length required for grating couplers is much gi. »ter than 1 mm. Results reported
here were obtained by using two right-argle germarium prisms with a base area of
5 mm x 5 mm, For better reproducibility, the base of these prisms are optically flat
and no attempt was made to create a varying coupling strength by means of a tapered
gap spacing. Therefore, the maximum transmission in our case is #1 percent, hHy
assuming a perfect (100 percent) output coupler. All the transmission measurements
were made for waveguide thickness ranging from 27 pm, to 35 um, and for a fixed pro-
pagation path length of 2.8 em. The reason for choosing thicker guides, i.e., 25<
t <30 um, is to eliminate the excessive propagation losses for both the optical
(Ref. 3) and the microwave (Ref., 4) power., Previously calculated (Ref. W) results
indicate that the coupling efficiency varies only slowly with the gap spacing, &,
provided that the variations in § can be kept within O.1 pm. In practice, this can
easily be accomplished by using optically polished prisms and ion-beam thinned wave-
guides. Transmission measurements through a typical bonded-down GaAs thin-slab
waveguide without the top microstrip electrode are shown in Fig. 6.1. For most
experiments the input laser power to the waveguides is in the range from 3 to 5 watts
and, in some cases, the input laser power has been increased to 15 watts. Optical
transmission characteristics remain the same over this range of laser power. Measure-
ments of Fig. 6.1 were made with a Gaussian input laser beam (g = 0.75 mm). Because
of insufficient coupling length, the measured transmission of the TEO mode (not
shown in Fig. 6.1)was only about 15 percent, The transmission was highest for the
TEq mode at 46 percent. A sharp reduction in transmitted power for the higher order
modes is caused primarily by electrode absorption at the metallic ground plane. To
evaluate the power loss at the electrode, a top electrode in a microstrip configura-
tion was subsequently deposited on the surface of the waveguide. The measured trans-
mission for the TEq mode propagating in the pressure of both the top and the bottom
electrodes over a distance of 2.8 cm was 33 percent. From these two transmission
measurements we obtain a value of 0.2k em~l for the absorption coefficlent of the
two electrodes for the TEp mode. Similarly we obtain a value of 0.05 em™L for the
TEg mode. With these values we can estimate the input coupling coefficient from the

transmission expression as given by
T = 0.92 7 exp [-2.8 (o, + op)T (1)

Fquation (1) has taken into account various losses, namely, 1) the loss at two AR
coated input and output prism faces, each of which reflects the laser power by about
b percent, 2) the loss at the input prism with a coupling coefficient 7 (in all
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cases the output prism is ascumed to be a perfect coupler), 3) the loss in a single
electrode with an absorption coefficient @,, and 4} the GaAs material absorption
coefficient @y at a known value of 0.01 cm~l. From Eq. (1) we obtain a 7 value of
17 percent and 72 percent for the TEy mode and TE; mode, respectively. These values
agree very well with our previously (Ref. 4) calculated values.

6.2 Optical Sideband Power Conversion and Modulation Bandwidth

Recent advances in fabrication technigues of the bonded-down GaAs waveguide
modulator has led to not only a significant improvement in optical transmission but
also to very reproducible microwave impedance characteristics for the microstrip
structure. The microstrip structure used in the experiment described below consists
of a narrow strip of copper electrode 1 mm wide and 2.8 cm long deposited on the top
surface of a 25 ym thick GaAs slab and a copper film deposited over the entire bottom
surface of this slab., Microwave power was center-fed into the microstrip through two
guarter-wave impedance steps from a 50 ohm coaxial line. This was accomplished by a
modification of a commercial connector. The measured effective dielectric constant,
attenuation coefficient, and the input impedance for this open-ended circuit at the
resonance of 16 GHz were 12.2, 0.75 dB/cm, and 45 ohms, respectively.

Experimental setup for sideband measurements was identical to that used previously
(Ref. 5). A well collimated COp laser beam was transmitted through the GaAs waveguide
modulator along the (110) plane with its polarization oriented along the (110) plane.
The microwave electric field was applied perpendicular to the (00l) plane av an
estimated rms strength of 3000 volts/cm. The field induced birefringence causes an
instantaneous phase shift, A¢@, in the guided optical wave at the microwave modulating
frequency. A sideband power Pgp is generated as a result of phase modulation at the
microwave frequency. Figure 6.2 is a photograph of the modulator assembly which is
connected to a 22 watts microwave TWT amplifier.

iocy Eloation s i n B e L

|

The output which consisted of both laser carrier power P, and Pgp, was analyzed
by an electronieally scanning Fabry-Perot interferometer, FPI. The mirror spacing
of the FPI was set such that each saw-tooth voltase V ramp corresponded to one free-
spectral range of 50 GHz. The upper trace of Fig. 6.3 shows the Vep waveform and the
lower trace of Fig. 6.3 shows the laser carrier signal and the two sidebands located
at il6 GHz from P,. The measured conversion e“ficiency, as defined by

(1 9)° (2)

Fl~

Pop/Pe =

was found to be >~ 1 percent at 22 watts of imcrowave driving power. This conversion
efficiency chould increase linearly with increasing driving power. Fig. 6.4t is a

plot of the measured Pgp as a function of microwave frequency at a constant 22 watts :
power level, The results indicate that the full modulation bandwidth at the sideband !
half power points for a standing-wave structure is approximately 1 GHz,

4
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7.0 CHANNEL WAVEGUIDES

7.1 Introduction

The quality of the transmitted laser beam through the waveguide depends strongly
on not only the quality of the waveguide and the couplers but also the electrode
configuration. Of particular importance is the stress-induced birefringence along
the edge of a microstrip electrode, that can cause beam distortion in the X direc-
tion (Fig. 7.1). Nearly perfect beam shape has been obtained with these bonded-down
plariar waveguides in the absence of the top electrode. When a top electrod. in the
form of a microstrip line (1 mm x 2.8 cm) is deposited on the surface of a bonded
thin-slab GaAs waveguide, the transmitted laser beam shape is severely distorted, as
indicated in Fig. 7.1 for an incident beam size of ~ 0.7 mm, propagating underneath
the electrode. The output beam quality is restored if the propagation path is out-
side the electrode region. The elliptical output tecomes asymmetric if the confocal
beam is slightly misaligned with respect to the electrode. The elliptical distortion
increases further with applied microwave power. We attribute the cause of the above
observed lens-like effect to a stress-induced birefringence along the edge of the
electrode., Because of the electrode geometry, it is very difficult to achieve a
perfect alignment., A diffraction-limited beam can only be collimated within the nar-
row microstrip with its width to length ratio, 4/L, as given by (Ref. 1)

d2/L 2 36 3\/nm

where ) and n are the laser wavelength and refractive index, respectively. For a
width of 1 mm, the length can not exceed 3 cm,

This section introduces an optimum waveguide structure which shall not only
remove the heam distortion problem but also shall improve the optical transmission.
We have already demonstrated the former by using a simple channel waveguide. Work

is in progress to develop an advanced waveguide structure which can provide both
features as mentioned sbove.

V7,2 Channel and Raised Ridge Structures

Experimentally, we found that this lens-like effect can be eliminated by
increasing the electrode width from 1 mm to 2 mm for an input beam size of o< 1 mm.
From the modulator design point of view, this is not desirable because an increase
in electrode area causes an increase in the device capacitance or a decrease in
effective impedance and also reduces the power density of the modulator driver. A
more desirable approach is to compensate the difference in refractive index along the
edges of the electrode by removing a small amount of GaAs material to form a simple
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channel waveguide, as shown in Fig. 7.2 (a), With a simple channel waveguide, we
have obtained the desired beam confinement within an one millimeter wide channel in
the presence of microstrip electrode. The transmitted laser beam shapes through a
25 pm thick and 1 mm wide channel wavegulde with & channel depth of ~ 5 um are shown
in Fig. 7.3. Figure 7.3 (a) depicts the input beam shape. Figure 7.3 (b) shows the
output bean shape when a TEq mode is launched from the point A as indicated in

Fig. 7.2 (a). Two finite steps in the waveguide do rot cause any discernable beam
distortion but only cause a slight decrease in the transmitted pover as compared with
that transmitted through the channel. Figure 7.3 (c) shows the output beam shape
when a TE; mode is launched from the Foint C, as indicated in Fig, 7.2 (a), which is
located in the center of the channel. In this case, the top surface of *his channel
is coated with a 10 pm thick copper film. As the out-coupled beam emerges from this

narrow channel with a width D - 1 mm, it spreads slightly, as shown in Fig, 7.3 (c),
at a diffraction angle, 21/D, of about 0.02 radians., If the laser is inc’Jlent at

the point B which is located at the edge of the channel, the output splits into

two beams as shown in 7.3(d). 1In some cases, a splitting into a multiple spots can
also occur if the direction of propagationis not in perfect aligmment with the
edge.

A simple channel waveguide with a channel length of 2.8 cm has been used in
an experiment with a TEMpo mode CO, laser at the P(20), 00°1 - 1090 V-R transition.
At 12 watts input laser power level, we obtained a trarnsmitted power of 4 watts
via a coupling of the TE; mode. The total power loss in the transmission ig 8
watts, of which approximately one half is lost at input coupler and the other half
is lost in the electrodes. To recover some of these losses, we have considered the
case of a slowly tapered raise-ridge waveguide structure, as shown in Figs ¥+2(b)s
The advantages of using such type a structure are: 1) to improve coupling efficiency
for the TEn mode for smal® input beam sizes, 2) to reduce the propagation loss, 3)
to increase the driving power density by narrowing the ridge width, If the ridge
height is at 25 pm, the power loss due to the absorption of the 2.8 cm long :lec-
trodes for the TEp mode is only about 13 percent, which is calculated by using the
data from Ref. 2. However, the waveguide thickness in the coupling region must be
decreasec by a substantial amount in order to efficiently excite the TEp mode,

The input prism coupling efficiency for the TE. mode and the TE mode as a
function of waveguide thickness are presented in Fig, 7.4 and 7.5. These N~values
are calculated by using the formulations of Tien and Ulrich (Ref. 3). 1In all cases, ]
the coupling air gap-spacing has been chosen to be 0.1 pm, a value which can easily E
be achieved in practice., For vaiues of o in the range of 0.5 to 1 mm, the optimum :
coupling of TEy mode occur st waveguide thickness in the neighborhood of 10 to 13 um i
(Fig. 7.4), which is about 0.6 times that of the optimum thickness for coupling cf the
TE1 mode (Fig. 7.5).

7.2
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These results indicate that it is possible to =xcite efficiently the lowest loss
guided-wave mode (TEO) of a 10 microns thick GaAs waveguide with a focused CO2 laseu
beam of the gize less than or equal to 0.5 mm in diameter. This guided-wave mode
will subsequently be propagated into a slowly tapered raised-ridge channel with a
slight .ncrease in B/k value (AB/k== 0.025). The energy will be confined within this
channel over a long projagation length. Because of low electro’e absorption loss
(R, = 0,05 cm~l), a transmission of 67 percent of the incident laser power is

expected for a 3 cm long metal-cladded thin-slab waveguide modulator. Work is in pro-
gress to verify this prediction.
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