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1.0 TECHNICAL REPORT SUMMARY

1.1 Program Otjectives

The long-range objective of this progran is to develop an efficient and reliable
ultra-wideband waveguide modulator for CO2 lasers that will be useful for high-
resolution, imaging optical radars and high-data-rate optical communication syetems.
The efficiency and reliability are obtainable by using integrated optics technology.
Because this technology is still at an early stuoge of development many novel concepts
must be demonstrated and techniques be developed. Of particular concern during the
present program are several critical items which must be investigated in order to
extablish a firm basis toward the development of infrared waveguide modulator. They
are (1) the determination of attenuation constant, a, for grating couplers (2) the
determination of the effects of thin metal-layers on coupling and propagation of
optical beams as well as on microwaves, and (3) synchronization requirements and
effects of dispersion of a traveling microweve in a mini-gap ridge waveguide section
filled with one-mil GaAs slab. During the present reporting period (March 26 to

September 26, 197L4) efforts have been made to analyze these problems theoretically
and experimentally.

1.2 Major Accomplishments

During this reporting period four significant advances in the modulator devel-
opment have been made. The first two concerns with the structural quality of Gads
waveguides, The grating couplers which are an integral part of the waveguide
structure are now being made by ion-beam milling technigue instead of rf sputter-
etching. This change of etching technique has provided remarkable improvement in
the fabrication procedure. Preliminary results indicate that the grooves defini-
tion is now limited essentially by the mask pattern and the groove profile can be
well controlled by using ion-beam milling technique. The second improvement involves
the ruggeaization of GaAs waveguide structure. The strength of a chemo-mechanically
polished GaAs slab is very weak and has caused some difficulties during handling and
processing cycles. For this and a number of other reasons which shall be discussed
in later section of this report, we have developed a rz:latively strain-free metal-
ization process 'y which thin (v 20 um) layers of nickel-copper are deposited on the
surfaces of GaAs slab. The metallic layer has provided a considerable strength to
the GaAs waveguide structure.

The next two significant accomplishments relate to the microwave aspects of the
modulator development. With a traveling wave structures, we have demonstrated that

the bandwidth of this modulator can be made in excess of 2 GHz at ¥u band. This
includes synchronization and impedance matching which were accomplished by using
respectively a finite number of periodic discontinuities in the ridge section and

1-1
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quarter wave transformers. One of the most significant result during this interm
period is the experiment employing very high power to test the modulator. The
result indicates that no failure is expected under a cw mode operation of this
modulator at an input microwave power level in excess of 100 watts.

1.3 Future Work

Sideband power at Ku-band can be substantially increased from the results of
our preliminery experiment (Ref. 1) by increasing the optical coupling and the
modulator length. The physics of prism and grating couplers is now fairly well
understood (Ref. 2). Work will be continued to improve the coupling efficiency and
the transmitted optical beam quality. 1In the meantime the ruggedness, uniformity
and reproducibility of the waveguide structure will be improved to permit the use of
optimum length GeAs thin-slabs that can best meet the goal of this progrem,

In the near term this work will be directed toward the attainment of a modulator
which will be capable of providing a frequency chirped CO, laser power in the range
from 5 to 10 mW at frequencies about 16 GHz offset from the P(20) 00°1 - 1090 vibra-

tional-rotational transition. Such a modulator is useful (Ref. 3) for laboratory
testing a number of radar system concepts.

The schedule for these tasks is shown in Table I.

e e il
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2.0 NEW WAVEGUiDE MODULATOR STRUCTURE

2.1 Introduction

The ir waveguide modulator is being developed under this program which utilizes
both optical and microwave waveguide properties (Ref. 1,2), An ir waveguide
modulator that can provide a bandwidth in excess of 2 GHz and can be operated in a
cw myde at an input microwave power level in excess of 100 watts is reported. The
riase shift modulation technique is identical to that presently being ievelonecd at
Lincoln Laboratory (Ref. 3) with the exception that a GaAs thin-slab optical wave-
guide modulator is used instead of bulk crystals. A frequency chirped COp leser
waveform at frequencies ranging from 15 to 17 GHz offset from the CC2 molecular
laser resonance can be generated by a frequency modulation of the microwave
driving signal which is properly synchronized and impedance-matched into the ridge-
section of a mini-gap traveling-wave microwave transmission line.

Because of excessive microwave power attenuation in the n* substrate of the
epitarially grown GaAs thin film optical waveguide (Ref. 4), the decision has been
made at this point in time to use the high resistivity GaAs thin-slab as the optical
waveguide, IV is made by a careful thinning of a large GsAs bulk wafer from a thick-
ness of 0,015 inch down to about 0.001 inch. The use of the chemo-mechanically
polished GaAs thin-slabs presents some difficulties in handling as well as in optical
coupling. Sections 2.2 shall address these structural problems and present our tech-
niques which have recently been developed for ruggedizing these structures and
improving the optical coupling efficiency.

Another related problem which must be considered here is the mode characteristics
of these waveguides. Optical coupling and rropagation losses are strongly dependent
on the mode structure of the guide. We have previously (Ref. 4) computed the Bm
values for the TE modes of a chemo-mechanically thinned GaAs waveguide with index
profile ng = 1.0, n; = 3.275 and n, = 1.0. This computation was made by using the
formulation derived by Tien and Ulrich (Ref. 5) for semi-infinite planar waveguides
using the zig-zag path model. 1In that model ¢ guided wave mcde is established as a
result of total internal reflecticon at two boundaries when the total phase change in
the direction normal to the waveguide is an integral multiple of m This expression
is given by (Ref. 5)

1 -1 -1
= = T +
d - [mm + tan (py/by) + tan " (o,/by)] (1)
1
where d is the thickness of the waveguide and the indice m = 0, 1, 2, - = = -. Other




parameters are related by the set of equations:

To be more cost-effective, GaAs has been employed exclusively as the optical
waveguide material simply because this material is commercially available at
relatively low cost and has good optical and electrical properties. At the present
stage of development, this program consums a large amount of material. As fabrica-
tion techniques are further developed to minimize the possibility of unintentional
loss of the modulator, more exotic and expensive materials such as CdTe and ZnSe
may be used to replace GaAs. TFigures 1-3 show the mode structures of three types
of waveguides. Figure 1 and 2 give the mode dispersion curves, respectively, for a
single layer GaAs and CdTe waveguides, and Fig. 3 gives the results for a hetero-
structure which consists of a CdTe waveguide coated with a layer of ZnSe thin film.
From these results, it is clear that the mode discrimination is increasingly
improved as the difference in refractive indices between the guided layer and the
surrounding media is decreased. Better mode discrimination would enhence the
modulator performance in the following ways: (1) It will be possible to minimjze
j the propagation loss as a result of mode-conversion; (2) it will increase the prot-
ability of generating the lowest order guided wave mode, which has the lowest
attenuation loss, expecially when a metal claded ridge waveguide structure is used,
as discussed in Sections 2.2 and 4.0; and (3) it may be possible to improve the

; optical coupling efficiency by utilizing backward excitation through the ZnSe layer
acting as a substrate (Ref. 6).

;
k
|

2.2 Fabrication and Processing

During this reporting period, effort has been made in the following three areas:
(1) Ton milling of phase gratings, (2) Ion thinning of GaAs wafers, and (3) metal-
lizing GaAs thin-slabs at or near room temperature in order to produce a low
thermally strained thin film.

Prelinimary experiments with our recently installed ion milling facility ind-
icate that high quality phase gratings with desired aspect ratio and groove profile

e R




TE MODES CHARACTERISTICS OF A SINGLE LAYER GaAs OPTICAL WAVEGUIDE

g
o
Q
2
A
w
=
¥
e
=
w
o
p
)
e
<
=

AR n =1.0

Gads n=3.276

AR n=100

NO9-124-3




FIG. 2

TE MODE CHARACTERISTICS OF A SINGLE LAYER CdTe OPTICAL WAVEGUIDE
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FIG. 3

TE MODE CHARACTERISTICS OF A MULTI-LAYER CdTe OPTICAL WAVEGUIDE
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can be obtained, and that uniform thinning and high specular finishing of large
GaAs surfaces (2" x 2") can also be obtained.

Phase grating fabrication procedure can be summarized as follows:

1. Photoresist chemo-mechanically polisned wafer.
2. Expose and develop required image. In this case a photomask having a 2.75
Km periodicity lire spacing is used.
Post bake the resist in vacuum at 1L0°C.
Mount wafer on copper block with high vacuum grease.
Ion nill phase grating grooves into GaAs material.

Shipley 1350J photoresist having a thickness of one micren was used in the
above sequence. Groove depths on the order of 1 um have been achieved. Figure b
displays a 1,000x profile of a wafer processed in the above sejuence. The aspect
ratio is fairly good. Noted that the side walls of the Zratings are almost perpen-
dicular; an indication of no undercutting. Aspect ratio was controlled by tailoring
rhotomask aspect ratio as well as optimizing the parameters of the ion mill. A wide
latitude of current densities are available with the ion mil Cap %o 1 ma/cmg). Work
is still in progress to develop techniques for producing gratings with a variety of
groove profiles for future experiments. Figure 5 shows some of our recent phace

gratings which are specially made to yield rectangular, sinusoidal and blazed groove
rrofiles for future experiments.

Thinning of GaAs wafers by using ion milling proceeds at a rate of I um/hour.
This is an ideal means of thinning wafers to a 20 um or less thickness, after the
wafer has been chemo-mechanically polished to a thickness in the range of 25-30 um.
Experiments have been performed to determine this milling rate at which thinning of
wafers can proceed while still maintaining a high specular finish. A higher thin-
ning rate is possible (Ref. T) by changing the angle of incidence of the impinging
ion beam upon the substrate.

Efforts are being carried out to determine a means of metallizing GaAs which
will yield low stress metal films. Metallized GaAs waveguides offer several
advantares. Tt will increase the ruggedness of thin-slab optical devices for safe
handling, and will also provide a good thermal conduction so that this modulator
can be used in high power systems for which large heat dissipation capabilities are
required.

Some of the requirements of a metallized film on GaAs are:

Good conductivity, electrical & thermal

Good adhesion between GaAs and the metallized film.

Minimum stresses between GaAs and the metal and of the metnl itself
Thickness uniformity of the metallized film must be within 1 um.




SCANNING ELECTRON MICROGRAPH OF A PHASE GRATING
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FIG. 5

PHASE GRATINGS OF VARIOUS GROOVE PROFILES IN GaAs THIN SLABS
(1000X)
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Previous experiments (Ref. 4) indicated that the stresses of the metallized
film were so high that wafer cleavage was almost always inevitable. In the case of
rf sputtered¢ metallic films, the temperatures incurred during rf sputtering process
are probably the largest contributor to stresses in the metal. Electroplating on
the other hand, also produced considerahle stresses when the process was carrie? out
at elevated temperatures (160°F-1T0°F). Other factors causing stresses in elec ro-
plated films are:

1. Current density

2. Anode to cathode ratio

3. Impurities in the electrolyte
L, Depth of filtration

5. Anealing

These parameters can be optimized to reduce the stresses formed in an es plated metal.

In fact one can alter these parameters to change stresses from compression to
tension (Ref. 8).

To circumvent the temperature effects of the above mentioned metallization
requirements, a system of electroless/electrolytic metallization is presently being
employed. This system works well at room temperature, and offers a means of apply-
ing metallic layers quickly and efficiently. While some stress is apparent with
this system, no wafers have been lost due to cleavage as mentioned earlier. Basic-
ally the system consist of electrolessly depositing a thin film (.5 um) of Nickel/
Boron alloy onto a GaAs wafer, then subsequently electroplating over this film from

a copper sulphate/sulphuric acid electroplating bath to the desired thickness (25 um).

To initiate electroless plating on GaAs wafers its surface must first be
sensitized. This is accomplished by "seeding" the surface with palladium chloride
crystals from an aqueous solution containing palladium chloride and hydrochloric
acid. The palladium chloride is then chemically reduced to form palladium on the
GaAs surface which acts as a catalyst to initiate plating of the Nickel/Boron alloy.
The electroless nickel bath is maintained at a constant temperature of 50°c.

The electroless nickel is then electroplated with copper at room temperature to
a thickness of 25 ym. The copper electroplate used contains brighteners, and level-
ing agents to maintain thickness uniformity. Tally surf measurements on an electro-
plated wafer show that the ugiformity of the resultant metal film can be maintained
to within + 1 um over L.5 cm® area.

Experiments are now underway to determine precisely to what extent that metal-
lized films will have on optical coupling. It is believed that by metallizing the
grating side of a GaAs thin-slab waveguide, the strength of coupling will increase
as a result of redistribution of optical power particularly from the forward to the
waveguide direction. Figure 6 displays a GaAs wafer with metallization, under the
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metalliec film there are three optical grating couplers. These grating couplers were
ion milled into the GaAs. The gratings can not be distinguished due to the thick
(25 um] layer of copper. Noted thet the metallized wafer is slightly bowed. This
shows the as-plated metal under stress which tends to pull away from the GaAs wafer.

This tested sample was completely processed at out laboratory through the follow'rg
sequence:

CHEMO-MECHANICAL PHOTORESIST EXPOSE/DEVELOP ION MILL
POLISH OF ONE FACE POLISHED FACE GRATING IMAGE GRATINGS

SENSITIVE ELECTROLESS PLATE ELECTROPLATE
e ——— —
SURFACE NICKEL/BORON COPPER

—_——

MOUNT METALIZED LAYER CHEMO-MECHANICAL ION MILL
TO POLISHING JIG POLISH TO 25 um TO 20 um

THICKNESS DETERMINED WITH INFlARED SPECTRO-
PHOTOMETER

Efforts are under way to assay the quality of the copper films being produced.
Figure 7 displays a 0.010 inch GaAs wafer with 0.001 inch of copper film deposited
on the opposing faces. This configuration will be used to determine the quality of
the copper film to be used as a microstrip waveguide. Work is still in progress to
refine the metalizing technique. Of particular interest is the removal of remaining
stresses in the as-plated metallic films and to improve the purily of copper.

Ion beam deposition of metals may prove to be an effective means of depositing
low stress metals on GaAs (Ref. T). This operation takes place in a high vacuum
(5 x 10~> TORR) and at relatively low temperatures (60°C). This may be a favorable
means of producing a thin conductive layer for subsequent electroplating.

In summary, ion milling has improved and simplified the technique for processing
phase gratings in GaAs, and.will be beneficial in thinning wafers to 20 um or less.
A system for metallizing GaAs wafers has been developed which yields a marked improve-
ment over previous methods. Additional work is required to further improve the
quality of optical waveguide modulator.
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3.0 OPTICAL STUDIES OF WAVEGUIDE MODULATORS

3.1 Introduction

The useful optical power trunsmitted through most of our previously tested
modulators is about 1 percent, whereas efficiencies of over 50 percent are theoreti-
cally possible for uniform grating pairs. As noted in the previous techrical reports
(Ref. 2 and L), the low observed coupling efficiency may be the result of a number
of factors that include multiple diffracted beams corresponding to the same 4if-
fracted order, mode conversion, and lack of proper aperture matching. An experimental
investigation has now been initiated to determine and eliminate the causes of the
unsatisfactory performance.

The experimental investigation consists of two parts. In the first part a
systematic study of the optical characteristics of the symmetric weveguide modu-
lator configuration is being conducted. From this study values of the leaky wave
parameter a and the power transfer coefficients are being obtained and correlated
with the grating geometry. Since these parameters vary with mode number, they are
being measured for several guided modes. In addition, the extent of mode conver-
sion within the waveguide is being determined by means cf angular scans of the two
out-coupled beams. Preliminary results ot:iained in this study are described below.
These results were obtained with high-quality, chemically etched gratings and
represent the best performance obtained to date. Total coupling efficiencies of
about T percent have been measured. About half of this out-coupled energy can be
retained as useful output.

During the second part of the experimental investigation, the optical properties
of an asymmetric, metal-clad waveguide will be studied in detail and compared to the
optical properties of the symmetric waveguide. The useful coupling obtained with
the metal-clal waveguide should be significantly greater than that obtained with a
symmetric waveguide, because the metal coating will both increase the value of a,
thereby facilitating proper aperture matching, and reduce the optical loss associated
with multiple diffract.a beams. It is expected that an order-of-magnitude improve=-
ment in total coupling efficiency will be obtained with the asymmetric puide despite
of the optical losses associated with both guided-wave absorption in the metal film
and mcde conversion.

3.2 Preliminary Experimental Results for Symmetric Waveguides

As discussed in previous technical reports (Ref. 2 and 4), there are optical
losses at each grating associated with the occurrence of two beams for the single
diffracted order allowed by the grating equation. A modulator holder has been
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designed that allows all diffracted beams for the symmetric waveguide to be ovserved
simultaneously and the distribution of diffracted energy to be determined.

rigure 8 summarizes the initial results of a study ol a symmetric waveguide
with grating couplers. Ever thcugh only a single guided mode was excited at the
input grating, a total of six diffracted beams were observed at the output gratine.
Mode conversion that occurred along the 3 cm path between the gratings caused about
25 percent of the guided energy to couple from the dominant mode, tentatively
identified as TEE’ into two lower-order modes. As a result, three beams correspond-
ing to three distinct guided mode, were observed above the output grating. Because
of the symmetry of the waveguide, the same three modes were also partically coupled
ouat of the bottom of the waveguide, as shown in Fig. 8. For the particular wave-
guide tested, the total energies in the two sets of beams wcre approximatels equal.
Similsr results were obtained when the input coupling angle was changed and other
guided modes were excited at the input grating.

The input coupling efficiency was determined to be 12 percent by observing the
total power in the reflected and transmitted beams at the input both when the grating
was properly oriented for maximum coupling and when the coupling was eliminated by
slightly angular uisalignment of the grating. The difference between the two values
was taken as the power coupled into the guided mode.

The simultaneous existence of two sets of out-coupled beams containing a “otal
of six beams clearly presents a loss for the waveguide modulator. Since only a
single beam can be retained as useful output, about 60 percent of the out-coupled
energy cannot be used. In addition, nearly 30 percent of the light appears to te
lost from scattering and absorption in the waveguide. Even though the output
grating is sufficiently long to couple out virtually all the guided energy, therefore,
only about 3.5 percent of the inrut energy could be used despite an effective total
coupling efficiency of 12 percent (input coupling efficiency of 12 percent times an
effective output coupling efficiency of 10C percent). These results obtained with a
laboratory waveguide, might be somewhat degraded if the symmetric waveguide were to
be clamped into a metallic microwave ridge guide in which the waveguide boundary is
perturbed by irregular metal-dielectric interfaces.

The performance of the grating in Fig. £ has not been {ully optimized because
the input beam is not the correct size for aperture matching. Experiments now in
prorress will determine the proper beam size for aperture matching. In addition,
the dependences of both waveguide losses and mode conversion on the order of TFE
mode excited at the input will be determined. This information will indicate the
choice of input coupling angle for maximum useful coupling. As a result of such
ortimization, the input coupling efficiency will be increased. Useful total coupling
efficiencies as high as 30 percent are expected with the symmetric waveguide. The
power loss from multiple output beams will not be effected by this optimization,

however.
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Metalizing one side of the wafer could substantially increase the useful
coupling efficiency. Because the metal film will produce a uniform metal-dielectric
interface, metal coating will tend to suppress mode conversion within the modulatcr.
More important, it will prevent the development of both the transmitted beam and the
lower set of out-coupled beams. With proper aperture matching, the transmitted
energy can be redirected into the waveguide and the useful outrut greatly increased.
In addition, if the metal is placed on the grating side, the grating will diffract
more strongly, thereby allowing proper aperture matching to be achieveld with smaller
grating couplers.

During the nex* reporting period the coupling characteristics of metallized
waveguides as well as the blazed gratings will be carefully studied. The charecter-
istics of these couplers will be compared to those of uncoated symmetric waveguides
having identical coupler geometries.
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4.0 MICROWAVE STUDIES OF WAVEGUIDE MODULATORS

4,1 Introduction

4

The microwave work has been continued in the 16 GHz frequency range during this
period with a detailed investigation of both the standing-wave and the traveling-
wave structures. The standing wave (resonant) structure was used for the modulation
experiments while the traveling wave structure was used for preliminary evaluation
leading to the development of the desired broadbend microwave moculation. In both
cases the modulator configurations consisted of a mini-gap ridge waveguide
structures with cross-sections for the interaction region (containing the thin
dielectric slab) 1.0 millimeters wide and 25 microns high.

The two basic modulator structures are depicted in Fig. 9. The input and the
output microwave lines are oriented 90° with respect to the optical path so that the
rf input connections will not interfer with the optical transmission path. These
lines also serve as the impedance transformers rejuired for broadband matching. For
clarity the outer shields of the ridge waveguide, for both configurations, are not
shown in this figure.

T g Eﬂ-mw

For efficient modulation, it is necessary that the microwave be synchronized
with the optical wave passing through the modulator. As already discussed in a
previous report (Ref. 2), a slow-wave structure is a convenient one to use in
preliminary experiments because it is simple to construct. The synchronization “erh-
nique is illustreted in Fig, 10. It is a plot of angular freqguency (w) versus
electrical length (BL). In this figure, the slope of line that is drawn from any
point on the curve to the origin is proportional to the phase velocity. Three curves
are shown in Fig. 10, one of which is for the ridge structure under the assumption
that a perfect synchronization is achieved. In this case the phase velocity is
slightly lower than that for the microwave along the smooth ridge structure. Another
curve represents the ridge waveguide with periodic discontinuities. The rarameters
of the discontinuities are selected such that the phase velocity of the microwave
is reduced to obtain & reasonable match to that of the optical wave. The disadvantage
of using periodic discontinuities is that it introduces cut~off freguency for the
propagating wave. We have analyzed the problem of synchronization in detail and
have established criteria for the required degree of synchronization. It is obvious
from the curves of Fig. 10 that exact synchronization is not possible because of the
difference in the shapes of these curves.

During this period we have also ctudied the broadband matching problem both
theoretically and experimentally. Because of difficulties encountered with the
modulaetor in its present form, considerations have been given tc improve the
modulator configuration in such a way that the performance of the modulator would be
more reproducible.

. w.c.w
R .
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4.2 Sychronization For The Ridge Waveguide

We now consider the problem of synchronization of the microwave and optical
| wave and attempt to establish a criterion for the degree of synchronization. The
accumulated phase shift of the optical beam for interaction length L is given Ty the

expression, =
A = ('rrn3 e ) [ v e cos bx dx (8
L1 0
0
where n is the index of refraction
Ty is the electrooptic coefficient of GaAs

A is the optical wavelength

t is the slab thickness

VO is the input synchronous voltage wave amplitude

a is the microwave attenuation constant

b=R -R is the differeice of propagation constants of the optical guided
wave and the microwave

and

The lack of synchronization is accounted for by the cosine term under the integral
sign. The normalized phase shift, upon carriag out the integration in Equation (3),

is,
= -al
A - > 1 = [aL(1-e AL on Bh) + Ble T+ 2in BL] ()
8,  (aL)® + (bL)

I: should be noted that for the case where the microwave attenuation factor is zero,
the phase shift follows a (sin x)/x characteristic, as given by

Ad . sin bl (%)
A¢o bL

The results for several values of alL are plotted in Fig. 11. An examination of

these results indicstes that a total difference in phase shift of about 60° for a
given length, L, would be acceptable for this modulator. The degradation in the

sideband power for this amount of phase difference would te approximately 50% (or
2dB). The mismatch in phase velocities for al < 0.1 can be exrressei as:

-
traveline wave Adp = % nRrh1 L(PZO)l/‘S(bL) (6)

3 Ll/2 )
e =5 n rhl(on a) S(vL (7)

17
El

standing wave Ad
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where S(bL) “s a degradation factor as a result of the velocity mismatch. From
more exact expressions for Equations (6) and (7) we obtain that

M5 o (1etely-1/2 (8)
Mg

It is noted that Equation (8) always gives a value larger than unity. This implies
that the standing wave resonator will always give a larger phase shift; however, fo.
a reasonably large attenuation factor, this ratio approaches unity.

The results on synchronization are summarized in Fig. 12. It shows the
characteristics of a representative slow-wave transmission line both with and with-
out the periodic discontinuities. Figure 12 also includes an w-BL plot for the case
where the microwaves are traveling at the optical velocity. The shaded area
represents the region where the degree of mismatch in terms of electrical length
reaches +60°, These curves were computed from an accurate computer model that
included losses, and they show in detail the results of a properly designed slow-
wave structure. Figure 12 also includes the calculated attenuation. These results
show how attenuation begins to increase rapidly as the B values approach the cut-off
frequency. Synchronization has also resulted in an increase in the characteristic
impedance for this particular modulator from 5 ohms to 6.5 ohms. In this model, the
periodic discontinuities in the transmission line consisted of thirteen short high
impedance sections. The approximate modulator length was three centimeters. These
calculations show that synchronization can readily be achieved over more than the
desired bandwidth of 1.5 GHz. It is also roted that the parameters of this slow=-
wave structure are not optimum for operation at 16 GHz. A structure with a higher
cut-off frequency would be more desirable in order to reduce attenuation.

A second set of calculated characteristic curves for a 12 section slow-wave
structure are given in Fig. 13. The axes have been interchanged and the values for
8L now correspond to the phase shift per section; but, the calculated attenuation
corrosponds to the full 12 sections. These curves show the relationship between
the cut-off frequency and the value of characteristic impedance in the periodi-
discontinuities. TIn these calculations the frequency range was extended to show
the saturation effect on the phase shift per section. The characteristic impedance
of a section of the periodic structure was determined by interative computer calcula-
tions, in which the equal output load and generator impedances were varied together
until the calculated input impedance best coincided with the load resistance over
the broadest band of frequencies. This value of load resistance was taken as Zo

The theoretical calculations were confirmed by experiments with a 30 micron
thick GaAs sample in which the wave slowing was accomplished by removing material
from the side wall of the ridge as was shown in Fig. 9, to form the desired periodic
structure. A plot of the measured phase shift per section as a function of frequency,
is shown in Fig. 14. The data points were obtained by measuring resonant frequencies

k-3



ap— J4illlil%ij T N T N L pena—

o (S33493Q) ¢ 3
G ~
) ca0E oos1 ooDL Y
1 T T T T T T T T s o1 £
n I _ 7 > |
> < 4 ] / M
(WD E="SNCILDISEL) — — - iz Zz iz rd
& - e - it
—] Ty jem—
ZHD 91 LV LL'L -~ We/Sg LwmL HONs By "2z ’ T
: us9-92
=1
_ -1z +
=
X
m
* 2
= 2
4 3
< x
s [}
& m
m —51
..... — a9l
. IAVM MOTS |
] NOILYNNILLY | JOINDIAYM
I 300y dn
|
i
0wy
Pl 2 _ I | \ | . \
¢ 9 5 v £ z 1 0
A (8P) SS0O7T NOILHISNI
m INIT IAVM MOTS JAILVINISIHdIYH V 40 SOILSIHILIVHVHI TVIILIHOIHL



FIG.13

TOTAL ATTENUATION - dB

oL

,Mm*__,.,_., —

£

IHD — AJNIND3IHAL

a1 vl

NOILLI3S I1DNIS

f— 3 —=

£e="3A

i

NOILYNNILLY

-~
-~
-~
-~
-
-

-~

(ZHO 91) Y LBLE0 =)
pg-92° 11 -%2's=z'snoILD3s 21
19-0z'g-%z2°'g-tz'snoiLo3s zt

5§-0z15-%2'u5¢5-'z'sNnOILD3S 2L

NOILVOVdOHd IAVM MO1S NO 430—1NJ 40 103443

~
0
~
-3
o
4

of_2b

$334930 — NOILD3S H3d ) ¢



— P W AT A TRy — TR T — —

e

<
{
- 2
5 ZH9 — ADNIND3IH4 v
- :
ol
* Gl _ 06
T T T T 1 _ _
— 00l
m SNOLLD3S §'6 \\\...,......
! HILON S10°0 X B
; 31dWvS wil 0F ; o~ -
-
wivd D3IH4 LNVNOSIH - O \ - )
= -
! 3soHd - O - -
] n ot ..l....mn__f \ \.....\.
m HILCN ON - ....,\.. -
\\ -
: = <
\
X

~

- @

-
] \\ -
] NOILYNNILLY HOIH HLIM ; z
W NOIDIH 40 ONINIDIE - ost
-
- (IAYM O3IMOTS) OIHILON

(S33493Q) — NO11I33S H3d Ld4IHS 3SVHd




T

et i Rt Y

R S g T -

o —

of the structure. The length of transmission line was long enough so that a number.
of resonances could occur. At each resonant frequency the electrical length of

line would be a multiple of 180 degrees. The thinned sections had 15 mils of mater-~
ial removed. Figure 1l also includes a curve with a slope corresponding to the
nominal value of phase velocity for the ridge waveguide without the periodic
discontinuities. Figure 1k includes, as well, data points which were experimentally
determined by moving a small perturbing metallic probe along the edge of the ridge
structure so that the half wavelength distances could be determined directly. The
inrut impedance of the ridege structure will go through one complete period of
variations for each half wavelength. This structure gave the desired slow-wave
velocity but the cutoff frequency is too low for operation at 16 GHz.

It is very likely that the structure probably can not be made accurate enough
to accomplish the desired degree of synchronization. Therefore, some fine-tuning
technique will be required in order to optimize the phase velocity under experimental
conditions. Such adjustment for synchronous conditions have been used for a bulk
microwave modulator (Ref. 9).

L.3 Broadband Impedance Matching

One of the important requirements for the development of a trave..ing-wave
microwave modulator is to achieve the broadest bandwidth at a reasonable microwave
power level. With a computer model, we have calculated the frequency response of
the impedance matched slow-wave structure identical to that discussed asbove (Fig. 13)
including the effect of attenuation. The results are shown in Fig. 15. The main
result is that an insertion loss of approximately 2dB can be obtained over a band-
width of 2 GHz with the parameters indicated. Within this bandwidth the insertion
loss with the matching transformers approaches that of the slow-wave structure with-
out the matching transformers. This is a significant result because it shows that a
single step transformer at both input and output ends should be sufficient to
achieve the required bandwidth. If this were not the case, additional transformer
steps would be required in order to get the desired bandwith. An example of
experimental broadband matching is shown in Fig. 16 for a L2 micron thick sample.
The input and output transformer sections were adjusted empirically to obtain an
input VSWR less than 1.5 in the 15 to 17 GHz frequency range, as shown in Fig. 16.
Although similar impedance matching was not done for a periodic structure, these
results are indicative that broadband matching should be obtainable with the desired
modulator structure.

9

L.k High Power Testing

Tt is anticipated that this modulator might be used at power levels up to
100 watts for the generation of highest sideband power. In the case of the resonant
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modulator the entire 100 watts would be dissipated internally whereas in the case of
the traveling wave modulator, a substantial portion of the 100 watts would be
delivered to an external load. In anticipation of operating at these power levels,
wvater channels for heat removal were provided in the copper blocks which formed the
ridge waveguide structure. Since a large fraction of the power loss is in the
conductors the actual heat dissipation in GaAs is very small. In an experiment, a
two centimeter long resonant structure has been tested under cw conditions at power
levels up to 100 watts. It was found that this modulator structure could handle

100 watts microwave power. However, without water cooling or without the proper
attention tc heat removal, considerable damage to the modulator was observed. Since
we found that some of the standard commercial coaxial connectors are not suitable
for this application, special consideration must be given to the modulator input
structure design. The design will provide additional cooling of the input lines and
bring the microwave power directly to the thin-slab modulator through a rectangular
waveguide,

L.5 Modulator Weliability

The ridge waveguide modulator structures used in our work so far have produced
a significant amount of use”ul information; however, the structural design requires
modifications and improvement. The major difficulty encountered in using these
structures is the lack of reproducibility of the microwave characteristics. During
this reporting period we have explored techniques for improving this aspect of the
modulator. One very significant approach, which has been discussed in some detail
in Section 2, is the use of metalized layers deposited directly onto the GaAs slab
surfices. This would include both the ground plane and the region of the ridge
section (see Fig. 8). 1In this way, a more reproducible transmission line in terms
of its characteristic impedance and slow-wave characteristics may be obtained. In
order to properly evaluate the metalization technique, a 10 mil sample of Gallium
Arsenide was selected as the study vehicle. With the exception of thickness,samples
have been prepared with the same dimensions for the metalization as those used for
the actual modulator. FEventually work will be done with the 1 mil samples. The
reason for choosing thicker (10 mil) samples is because that more accurate measure-
ments can be made with these thicker samples in determining the effect of the
metalization.

T T A P S e Ty il e

Metalized samples have been fabricated and evaluated both in the ridge wave-
guide structure and in microstrip configuration. The microstrip structure provides
an easier proceedure for evaluating losses of the transmission line. 1In all cases
the transmission line parameters were determined by resonant techniques employing
both open circuits and a 50 ohm terminations at the end of the sample lines. In
addition, with the microstrip structure, it was also possible to use a time-domain-
reflectometer to determine directly the characteristic impedance of the line as well
as any unusual perturbation at the interface between the input line and the modulator
transmission line. The ridge waveguide, on the other hand, has a low-frequency cut-
off and therefore the domain reflectometer can not be used readily.

b5
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An approximate model was used to estimate the characteristic impedance of the
microstrip line. The model included the effect of fringing fields, which extend
Leyond the metalization by using an effective c¢onductor width equal to the actual
width plus the sample thickness. The calculated characteristic impedance of the
10 mil thick line was 23 ohms as compared to & value of 20 ohms measured directly
with the time-domain-reflectometer. By extrapolating these results for waveguides
having a thickness of 1 mil, a characteristic impedance of approximately 2.8 ohms is
expected. This value is smaller by approximately a factor of two from the values
measured earlier (Ref. 2) for the ridge structure where no direct metalization was
used on the Gallium Arsenide. The difference is not surprising since the metal
conductors are now in a more intimate contact with the GaAs slab. This suggests
that there should be a higher degree of reproducibility also. From resonant freg-
uency measurements and the known values of ZO, the losses in the 10 mil ridge wave-
guide section were determined to be approximately 0.1LdB per centimeter as compared
to a value of 0.11dB per centimeter calculated from the simple theoretical model. On
the other hand, a value of 0.L5dB per centimeter was measured for the same sample,
mounted on the modulator base plate, but connected as a microstrip resonator. This
result was somewhat unexpected. It turns out that the excessive loss was caused by
a lossy connection from the coaxial input to the top conductor. When the same
sample was remounted and used with a conventional microstrip launcher, the measured
losses agreed, within experimental error, with the ridge waveguide measurements.
Theoretically one would expect the attenuation for the 1 mil section to be approxi-
mately a factor of ten higher than measured values for the ten mil section. Some
preliminary measurements made on a 1 mil metalized section in the ridge width wave-
guide yielded an attenuation of 0.7dB per centimeter. Eventhough, this was not an
acc.rate measurement, it is clear that these losses in one mil section are close to
the expected values. The determinations of the phase velocities in the metalized
samples yielded values close to that erpected for propagation in a homogeneous GaAs
medium both for the filled ridge-waveguide and the GaAs microstrip configurations.

Work on the evaluation of the direct metalization with the aim of measuring
more accurate loss characteristics will be continued. Techniques will be developed
1o further improve the metalization process so that the losses can further be reduced
and better reproducibility be established. Consideration will also be given to a
new modulator struc.ure design with provisions for fine-tuning of the phase velocity
of propagation while the modulator is in operation so that small phase velocity
changes can be made in order to achieve optimum modulation. The input and output of
the small coaxial transmission lines will be redesigned to provide better cooling
through more intimate contact with the water cooling system. These lines will be
simplified ani shortened so that they may be cooled more adequately and so that
standard commer:ial coaxial connectors can be eliminated.
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