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A review of the entire field of Schottky barriers on compound
semiconductors has been performed , and the results published.

Two—dimensional numerical analyses have enhanced the under-
standing of the physical basis of MESFET operation. The
influence of such materials parameters as shape of the velocity-
field curves and nature of the diffusivity—field characteristics
on parasitic elements in MESFET’s has been determined . Expected
performance of silicon , GaAs , and InP short-channel MESFET ’s has
been compared .

High power GaAs FET drain voltage breakdown has been ex~~ndedto about 50 V and the Electric field geometry has been measured
to show a Gunn domain with thickness and shape consistent with
theory .~.- Substrate parasitic space charge limited current has
been anu1~tically shown to strongly contribute to output con-ductance. -

An integrated computer—aided-design approach for microwave
GaAs FET amplifiers has been developed for the design of wide
classes of these devices . Interactive programs have been de-
veloped for the synthesis of both lumped and distributed matching
networks for the design of broadband low-noise and high-power
MESTET amplifiers .

Coaxial IMPATT reflection amplifiers with constant voltage
bias have been built at x band . These amplifiers have linear
output power as a function of input power , and very low intermodu—
lation distortion.

IMPATT diode design will be facilitated by measurements of
• intrinsic avalanche response time in Si , GaAs , Ge , and InP which

were completed during this year . + +Complimentary ion-implanted n pTrp silicon Read diodes were
fabricated and analyzed . It was demonstrated the intrinsic res—
p~nse time could be increased by a factor of three compared to thep ~~~~ structure , giving a significant improvement in the avalairhe
phase delay .

A symmetry analysis of periodic wave guides with syminorphic
space groups was developed . This analysis is useful for periodic
structures containing axielly magnetized gyrotropic media , such
as ferrites , and for charge particle beams drifting parallel to
a wave guide axis.

A new and versatile technique of broad banding that is
applicable to both active and passive components has been gener-
alized and extended to new applications . This generalization
facilitates the design of band—pass structures .
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WORK STATZ~I1~~ T

1. ~se liquid phase epitaxial techniques to achieve repeatable
properties of GaAs and. laP microwave device layers ; and use
measurement techniques such as c-v profiling , Hall measure—
men ts , and pbotolum~ nescence to characterize the grown
layers.

2. Use advanced techniques , including electron beam pattern de-
lineation and ion implantation doping , in the fabrication
of high performance microwave field effect transistors .

3. Measure , obtain an understanding , and extend the limits of
power field effect transistors .

4. Investtgate the large signal properties of GaAs microwave
field effect transistors both experimentally and theoretical-
ly over a broad range of f requencies .

5. Study the secondary mul t ip l i ca t ion  properties of submicron
implanted layers in si l icon and GaAs as a func tion  of
implanted impurity, energy , dosage , and annealing schedule.

6. Design and fabricate a high efficiency complementary Read
type silicon diode (p ~p4).

7. Develop sy etry analysis methods applicable to periodic
structures for mIcrowave . millimeter , or optical devices and
systems .

S. Apply the general circuits viewpoint to the practical systems
of mlcrostrip and dielectric ~va;e guide ccmpcnerits : and apply
the circuit aspects cf brcadbandizg :c high frequency
distributed structures .

9. Develop analytical and computer—aided techniques for the de-
sign of GaAs YET amplifiers with multi—octave bandwidths ,
broadband high-power GaAs YET amplifters , and monol ithic GaAs
YET circuits and subsystems .
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TASK 1 Effective Control of Compound Semiconductor Growth
f o r  High P e r f o r mance M icrowave D evices — P r o f .  Lester
F. Eastman and David. Woodard

Introduction:

The growth , characterization , and device suitability of

Cr doped semi—insulating buffer layers grown by liquid phase

epitaxy has been investigated . Empahsis was placed on quanti-

tative determination of the Cr deep acceptor density and the

Cr distribution coefficient as a function of growth tempera—

ture. The result , combined with SIMS measurements of Cr re-

distribution after annealing done at other laboratories ,

suggests a new model for the mechanism of conversion e~~er icnce d

by some substrate materials . The stability of semi—insulating

epitaxial layers under heat treatment has been investigated .

~~~~~ess :

The Cr deep acceptor level in GaAs is a fairly strong hole

trap. The capacitance transients it produces in diodes on n—type

material are difficult to detect by standard Deep Level Transient

Spectroscopy (DLTS). Optical DLTS can readily detect hole

trapping in n—material , but quantitative measurements are pos-

sible only with a icncwledge f the ratio cf optical emission rates

for electrons and ho .es . using a combination of standard DLTS

on p—type material and optical DLTS on both n and. p type material ,

both grown by LP! including Cr as dopan:. the ratio of cp t ica

emission rates has been determined fcr the Cr level. using the

measured ratio , quan:i:a:i~ e measu:ement of the Cr deep acceptor

• fensity in n—type ~~Z material was dcne by cp:ical DLTS and the

- -
~~~~~ ~~~~ •

‘
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result compared to Hall measurements of the amount of compen-

sation introduced by the Cr doping. Results of the DLTS and

Hall measurements are in good agreement indicating chat the

compensation observed in Hall measurements is due solely to

the deep acceptor level and is not complicated by any other

acceptor or donor levels due either to Cr or possible impurities

included with the Cr.

The distribution coefficient for the Cr deep acceptor level

was measured at two different growth temperatures and is shown

in Figure 1 along wi th  the value obtained by others at the

r stoichiometric melt temperature. Growth of the eiplayers was

accomplished from a melt containing about 0.8 at % Cr. The re-
idsuiting deep acceptor dens.cy was 3.0 x 10 at an average growth

temperature of 685°C and 7.5 x 1014 a: 7470C. It is believed

that these values are very near the solubility limit. Thus,

the curve of Figure 1 may actually represent the temperature

dependenceof the solubility . It is interesting to note that , in

recent measurements of the redistribution after anneal of Cr in
(1 _ 3 )

bulk grown. orystals - 
, the Cr concentration near the surface

is found to drop to a value which is near the solubili:y pre-

dicted at the anneal temperature by Figure .. Thus the surface

conductivity conversion of certain Cr doped Ingots may result

• from the Cr ccncencra::on near the surface relaxing under anneal

to its solubili:y limit at the anneal temperature . f the back-

~rcund donor concentration for the crystal is above that limit

:ne surface la~ er becomes con d u c t i n g .  Th:s ~c u i  suggest t ha t
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epitaxial material , which is grown at a relatively low tempera-

ture where Cr solubility is low , will no: convert when annealed.

further at the growth temperature or higher . This has been con-

firmed for the L~ E grown material for b~~ing time of 20 hours

at 710°C in flowing H9, and 1/2 hr a: 3500C with Si3 N , cap.

References:

• 1. A. M. Euber , C. Morilloc , N. T. Linh , P. N. Favennec ,
B. Deveaud , B. Toulouse. “Cr Profiles after Annealing with
a Si1 N4 Encapsulant” . To be published in Applied Physics
Lett~ rs.

2. C. A. Evans, Jr., and V . R. Leline . “Redistribution of C:
upon Post Implan t Annealing of Se Implanted GaAs” , IEEE
37th Annual Device Rese arch Conf erence , Boulder , Colorado.
June , 1979 Proceedings t~npublished .

3. D. Asbeck, J. Tandon , E. Babcock , B. Welch , C. A. Evans , Jr.
and V . R. Deline , “ fforts of Cr Redistribution on Device
Characteristics ~n Ion— Implanted GaAs IC’s Fabricated with
Sem~—Insulat~ng GaAs ” , IEEE 37th Annual Device Research
Conference , Boulder Colorado , June 1979 Proceedings t npub-
lished .

Publicat ion s on this Task:

1. “Chromium Doped Semi Fusulating Gallium Arsenide Grown by
Liquid Phase Epitaxy” , D. W . Woodard , thesis , Corne ll
university, June 1979.

Publications in Related Areas

1. ‘Surface and Interface ~epletion Corrections to Free Carrier
Density Determinations by Eall ~easurements ’~, A. Chandra ,

H C. E. C. Wcod. D. W . Woodard , I. F. Eastman , accepted for
pub lication in Solid State Electronics.

Talks on this Task:

‘Cr Doped Semi Insulating Buffer Layers fcr FET ’ s Grown by L.P. .” ,
D. W . Wcoda:d and L.Z. Eastman , WCCS~ .1M~~ , .4:anca , February 9T9 .

Talks on Related Areas

‘The tse of A~~aAs B u f f e r  Layers to F.educe Parasitic Soace C’na:ge
Limited Current F .ow Through ~ubszra:es in YET Structures 

S

L.Z. Eastman , D . ’1. ?tcoda:d , A .  Ch andra and J . Sh ut , ~VCSZ~~1A~~.
At lanta , Feb . 1979.
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Information /Technology ~‘ransfer

LPE epitaxial material with semi-insulating buffer layers
has been provided to Narda ~Iicrowave Corporation for  fabrica-
t ion into YET devices and evaluation of the process for
coc~~ericial production .

Following our presentation at WCCSZMMAD , Feb . 1979 , Hewlett
Packard Corporation started development of Cr doping in LPE
for buffer layers .

A program for investigating the use of Cr doped LP! b u f f e r
layers for  implantation and fabrication into GaAs integrated
circuits has been initiated at Cornell by IBM , Federal Systems
Division , with the eventual objective of complete t ransfer  of
the technology .
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Task 2. Materials and Processes for Microwave rield-Effec:

Transistors — Jeffrey Frey

Significant prcgres~ was made during the year in bcth the

technology and the understanding of the physics of compound—

semiconductor Scbottky-Barr ier f ie l d - e f f e c t  transistors

(IIISFIT’s).

The major technological achievement was in the determination

• of a method of obtaining quasi-Schottky barriers on compound

semiconductors , such as GaInAsP , which have a small band gap and

which , consequently, exhib it very small barrier heights unless

special metal/ semiconductor  f ab r i ca t ion  techniques are developed .

This work resulted in the publ ica t ion of a useful  review art icle

on metal/semiconductor contacts in general , as well as in two

publications containing specific results.

B r i e f ly ,  it was shown exper imentally  ( and confirmed by a

simple theoretical approach) that very thin (<100 Angstroms) in—

terfacial oxide layers may be used to increase the effective

barrier height of Au/InP and Au/ GaInA s Schct:ky barriers . The

results , which confirmed earl ier  studies on lap , extended the

technique to GaInAs , and showed how it could be extended to

GaInAsP , are expected to be of great use in the fabrication of

MZSYET’s made of aLl these materials. :n the experiments.

barrier height on a specific sanple of Ga nAs was increased from

abcu: 0.2eV to .49eV through use cf a ~C Angstrom oxide layer

be:~ een metal and semiconductor.

4 
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Breakdown voltages of oxides produced by various methcds were

also studied; chemica ly deposited (CVD) oxides were sbcwt t o

be best cf the various types available.

Two—Dimensional device modeling work , which in our approach

includes all hot—electron effects usually neglected (e.g. , tensor

and field—dependent nature of high—field diffusivity) in such

work except velocity overshoot , resulted in a much—enhanced under-

standing of the re la t ive  performance of -Si , GaAs , and n ~.1ZS7IT’s,

through greater understanding of the device oh~sics which leads

• to high—frequency limitations and to parasitic elements.

In the two—dimensional analysis  it was shown , anong other

things , that the large drain—gate conductance exhibited by experi-

mental  laP devices ( and which grea t ly  hampered the i r  h i g h — f r e q u e n c y

performance) was probably an effect of substrate  conduct ion ; if

the substrate were perfectly insulating, loP devices should have

much smaller drain—gate parasitic capacitance than GaAs devices , an

large values of drain vol tage ( o f  the order of 5V for I micron

gaze devices). On the other hand , large drain-gate conductance

:s unavoidable over certa.n , lower , ‘.-c:.:age ranges due to the

large velocity d:opback , and large value of high—field diffusico

• const ant , in this ma:eria~.. Drain conductance was also shown to

ce sens:::ve t o  tae va~ue c: Schc:tk~ barr:er he:go:. wn::h :s

smaller in :P than in GaAs .

~ra:z— ga:e conductance was 3.150 shown , using the :~ c—d~men-

sional ana .ysis . to be de~ endent u~cc substrate ccnduc:::n .

4
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through the influence of the latter on the field magnitudes

achievable in the YET channel. ‘Vi:h perfect substrates , this

narasitic element should be smaller in :ap than to GaAs .

Electron transit time through the channel , which affects

m~~c imum high-frequency performance , was shown to depend more

on the shape of the velocity— field characteristic than on the

value of low—field. mobility; thus , In?, which has a mobility

about half that of GaAs but a much higher peak electron velocity

which , significantly, extends over a wider range of fi~ ids

than that in GaAs, should have considerably better high— frecuency

performance , for a certain range of gaze lengths and drain voltages ,

than GaAs.

Papers Published on Contract — May 1. 1978 — Anril 31, 1979

1. ‘Effects of Negative Differential Mobility and Magnitude of
Performance of GaAs and Si YET’s, R . Dawson and J. Frey ,
Solid State Electronics , 22 , 343 (1979).

2. “Increasing the Effective Barrier Height of Schottky Contac:s
to n—Ia~Ga1~~As ’~, D.V . Morgan and J. Frey , Elec . Letters ,
14 737’ 1978.

3. ‘Remediable and Nonremediable Causes of Parasitic Elements :n
In? MESZET’ s’ ‘

. 7tada and J. Prey , E:.ec. Letters , 14 . 330 (1978)

°h s~ oa Sas_s o: ~~STT Cnerat_o~ 7 ~ana and 5 ‘re
Trans. E :.ectron Devices, Z:—26, 47a (1~ T~ )

• 3. “Mobility, Transit Time , and Transconductance in Submicron—
Gate MESFET’s” , T. Wada and J. Frey, Elec. Letters, 13 , 26 (1979

~~~~. “The Modification of Effective Meza —Semicor.duc:cr Ba:r:er
Eeights by ::terfacial Oxides , .V . Morgan and 5. Frey .
Physica Status Solidi, 31. ~23 (1~72.

• Paners ?resented — May 1. 1~ T3 — Anr i 31. i97~

1. “H~gh—Fie d Z:.ec:ron Transrcrn MZSFiT’~~’ . :~~v::ed aner
presented a: :BM F.esea:ch Labora::r:es . Tcr~:own Eei;0n5.July 20 , l~ 73 .
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?aoers Presented - May 1. 1978 - .~~ri1 31. 1979 (contiued )

2. “Merging of Microwave and Dig~ :a Techno logies ” . Invited
Paper , EASCON , ‘Vashingtcn , DC , September 27, 1978.

3. “Fund.~~en:al Material Properties and Substrate Technology :
Effects on Compound Semiconductor YET Performance” , T. ~Vada ,
J. Frey, J. Faricelli , - presented at 1978 11DM , December
1978.

Technology Transfer

Technology and the results of analyses performed under this
project heading are now in use in the following locations :

I .  Technology for the production of cuasi-SC1CTT~~-BA~RIER GA T S
on CC PCT S1MICC~TDt’CTCRS (In? GainAsP . etc.) has been
the subject of wide interest among experimenters in the fie ld .
as can be judged by the large n~~ber of requests for reprints
received .

2. The results of TWO-DIMENSIONAL ANALYSIS OF SECRT-CL~N’NZL
MISFIT’s have also excited wide interest. Some industries
have begu n work on short-channel Si MISFIT’ s due partially to
the results of these analyses ; such industries include Texas
I:snri~~eats , Tektronix , Burrou ghs. and Xerox Microelectronics.
A : least one microwave device laboratory (Varian Associates)
has been reassess ing its original conclus:ons on the viability
of I:? MISFET’ s compared to GaAs devices , on the basis of
the conclusions obtained in this project section on the
performance to be expected of 10? dev ices .

I
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.Task 3. Investigation of Microwave Field—Effect Transistor 7-)

Performance Limits Set b~ Layer Comnositico and Con-

tact Geomet~~ - Lester F. astman

ratroduc: icr.

Limits of performance of microwave power YET devices have

been cursued with both excerimennal and analyt ical  e f f o r t s .

The limit of drain voltage a: breakdown has been extended , and

the geometry of the high field region has been measured . ~se

has been made of th e 10:1 reduction mask aligner to delineate

oat:erns for single— finger test channels and cower YET’s.

Progress

The breakdown that first occurred , a: high drain voltages ,

at mesa steps , and the channel entrance of the gate from the

bonding pad , were eliminated by design changes reducing localized

fields . The breakdown voltage of the best , single— f~~ger samples

then increased. no near 50V for lower currents , as shown in

f igure  3—1.  The normalized channel  current  of these devices

could go up to near ly  .33A ,’mm with forward bias on the gate.

‘ften pushed to failure , d~~age occurred to be nearly uniform

a_ cog toe cn azn e_ or. toe f ran:  s:de c: toe device. .he cest cc—

vices could y ie ld  about 3O— 55V breakdown at .lCCA mm , wh:ch

matches the s tate  of the art obtained a: Bell Laboratories , for

the  doping ::vclved , 4X l3~~~,~cm 3 , w i t h  simi la r  channel  lengths .

The gecmezry cf the high field layer was measured ‘cv auger

excitation of unintentional ambient carbon a:cms or. the channel

surfac?.
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The hngh field was located on the drain side of the gate , in

a “Gunn ” domain that was more than one micro : thick and with

about 50,000V/cm max i~ um field , when 6V was applied between

source and drain and .13— .20 .4/mm current was flowing . This

high—field Gunn domain , stationary on the drain side of the gate ,

was predicted by our theory . The changes in the field shape

as the domain is eliminated at pinch of the device are not yet

measured , but represent an important area of study . The change

tc higher breakdown voltage is evident below one eighth of full

channel current on Figure 3—1.

The study of the contribution of space charge limited para-

sitic buffer/substrate current was made also . The current flow

in the buffer/substrate was found no depend on (drain vo1tage)~

and (channel dopi:g) . This current is now believed no contri—

‘cute most of the output conductance a: lower instantaneous current

values . I: contributes to D.C. power , is a microwave parasitic

lead bun does not contribute substantially to the transconductance.

Thus lower gain and efficiency result from this c u r r e n t .  ither

a buffer layer of cure .4iGaAs , as a barrier to electron flow .

or excess chromium traps in the buffer substrate , or bcth , could

substantially lower this parasitic current and are being pursued .

crscnnel Associated wi:h~~is Task

Lester :. ~as:ma:, ~r~:cnpal inves:~ gator2. David ~V . ~Vcodard , Senior Research Associate
3. Sandip Tiwari , 3radua:e Student
4. Michael Shur , ‘.isi:::g Research A~scc:a:e
~~~~. Job: . Berry . Technical Associate
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~Publications on :hi~ Task

“Design Criteria for GaAs MISFIT’ s Related to Stationary ~ngh—Field Domains” , M .S. Shur , L . F .  East an , S. Judaprawira ,
J. G~~mel , and S. Tiwari , 11DM Proceedings , Dec . 1978, “Sub-
strate Currents in GaAs” , L.F. Eastman and M . Shur , accepted
for publication in IEEE trans , EDS .

Publications in Related Areas

“Surface Oriented Transferred—Electron Devices” , M . S .  Shu: . and
L .F .  Eastman , IEEE trans , MTT , 26 (December 1978),  “Rect ifica-
tion n—n GaAs: (AZ ,Ga)As ~eterojunct ions” , A. Chand.ra and
L.F. Eastman , Electronics Let’cers ,lS , 3 , 90—91 , (February 1979)

Talks on this Task

“The Use of .UGaAs Buffer Layers to Reduce Parasitic Space Charge
Limited Current Flow through Substrates in YET Structures” ,
L.F. Eastman , D.W . Wcodard , .4. Chandra , and M . Shur , 7iCCS~~1MAD ,
Atlanta, February 1979 .

Talks on Related Areas

“Rectification at NGaAs NAZGaAs Eeterogunctior.s Grown by LPE” ,
by A . Chandra dn L.F. Eastman , Con ference on Physics of Compound
Semiconductor In te rfaces , Asilcmar , Ca l ifo rn i a , January 1979 .

“Ballistic Electron Transport in Shorn Channel YET’s ’ , by
M .S.  Shu: and L.Y. Eastman , WOCSE~ I!AD , .4tLanta , February , 1979.

“Current—Voltage Characteristics , Small Signal Parameters and.
Switching Times of GaAs FIT ’ s” , M . Shur and L . F .  Eastman , in—
ternational Microwave Symposi’~~, Ottawa , June 1978.

“Speed Limitations of GaA s Devices for Integrated Circuits ” ,
L.F . Eastman and M. Shur , Device Researc h Conference , Santa
Barbar a, California , June 1978.

~nfo rmat ion /Tech :o l czy  Transfer

Both design and. analysis of high power GaAs FIT ’ s done for the
• benefit of Westinghouse Research Laboratory (small subcontract

on DARPA project), emphasizing high breakdown voltage and low sub-
strate current—ongoing transfer .

Modeling of ~tT devices for 1og:c done for the benefit of ?.cckwcll
Science Center (small subcontract or. ARPA Project ) emphasizinz
switching speed and ccm~ uter  aided circuit design—ongoing transfer.
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Informat ion Tecnno og’ Trats:er (cc :t  nued ) 

— 

/3~)

Modeling of FIT devices for logic and microwave amplifiers , as
well as contact and other device processing technology , for the
benefit of IBM (contract funding for three years), initiated
June 1979.

General Technology of devices , materials , processing and circuits
transferred during L.F. Eastman Sabbatical l978— 979.

1
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Task 4. Advanced Design Techniques for Microwave GaAs ~~T i~ )
~~p1ifiers 

- walter E. Ku
Progress

Significant progress was made on this unit of the Research

Program on advanced design techniques for microwave GaAs FIT am—

plifiers . An integrated design approach using analytical and

computer-aided design ( CAD ) techniques has been fully developed

for the design of wide classes of GaAs MISFIT amplifiers.

Significant contributions have been made toward the understanding

of devtce—c ircuit interactions and derivations of explicit funda—

mental device—circuit limitations for micron and sub—micron gate—

length GaAs MESTET ’s. Interactive computer programs have been

developed for the synthesis of lumped and distributed matching

networks for the design of broadband low-noise and high—power

MESTET amplifiers . Using the distributed synthesis programs ,

matching networks are synthesized directly in distributed forms

with arbitrarily prescribed gain slopes , bandwidth and impedance

transformation ratio with exact tapered—magnitude maximally—flat

and equiripple gain characteristics . To demonstrate the integrated

design approach using distributed synthesis , FIT amplif iers using

0.3 uM and 1.OuM gate—length MISFIT’ s have been developed . Using

the lumped synthesis program , broadband GaAs YET amplifiers can

• be designed in configurations which are suitable for monolithic

realizations . The synthesis of lossy lu ped matching networks

is currently being investigated . Preliminary results show that

low—noise and medium—pcwer octave—band monolithic GaAs YET

amplifier modu es are feasible but a more detailed and syste~.a:i:

4 ;
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design approach ~.nvo 1v~ng better rnodel~ o.~ the r~ T and the

realizable matching elements is needed . It is anticipated that

interactions of material , device , and circuit parameters will

become even more important and design approaches similar to

those used in conventional lower frequency IC design need to be

developed for future monolithic microwave integrated circuits

(MM IC) and subsystems .

An optimum design theory for broadband low—noise GaAs MISFIT

• amplifiers has also been developed . The design theory is based

on a simplified noise equivalent dircuit of the GaAs MISFIT and

analytical and computer—aided design techniques for broadband

FIT ampl±fiers. .4 simpliried noise equIvalent circuit of the

GaAs MISFIT together with the measured small-signal scattering

parameters of the device is used to predic the noise figure versus

frequency characteristics. An optimum gain slope and gain—band—

width limitations are then derived for the input matching network

of the low—noise amplifier. Synthesis techniques are then used

to design the broadb and low—noise MISFIT ampl i f ie rs  using 1

and 0.3 um—gate length GaAs FITs. Fcr a typical 0.3 ~m device

with an assumed noise figure of 2 ~~ a: 10 GE:, based on the

simplified noise equivalent circuit , it is predicted than an in—

• put matching network with an approximate 4 dB/octave taper will

~rovide an optimum noise match. Using this result , a 6—15 C-Ez

M SFIT amplifier can be designed to provide a flat noise figure

of 3.2 dB ~ 0.3 dB across the entire frequency band. Assuming a

4
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typical circuit loss of I dB , the optimum design theory developed I

in this paper can be used to achieve a practical and realizable

low—noise amplifier with noise figure less than 4.5 dB across

the entire X— and Ku-band frequencies ,

Publications on this Task

1. “An Adapting Delay Comb Filter Using Charge Transfer Devices ’,
~~~~ . H. Ku, B. A. Hutchins and I. Kellect , paper presented at
the 1978 1111 International Symposium on Circuits and Systems,
NY , ~!, 17—19 May 1978.

2. “Techniques for Design , Test and Evaluation of GaAs FIT
Components for Phased Array Applications ”. Proceedings of
the 1978 Military Microwave Conference, London , ~5—27October 1978.

3. ~Ultra—Wideband GaAs MISFIT Power Amplifier Designs for EWSystem Applications ” , W . H. Ku and H. A. Willing , Proceedings
of 1978 Government Microcircuit Aoplica:ions Conference
(GOMAC ), pp . 145—148, 14—16 November 1978.

4. “CTD Adaptive Filters for Interference CancellatIon and Pitch• ExtractIon” , B. A. Hutchins and W. H. Ku , Proc. of Twelfth
Asilomar Conference on Circuits. Systems, and Computers,
November 1978.

List of Papers Accepted for Presentation:

1. “Synthesis of Distributed Networks and Their Applications
to the Design of MIcrowave SolId—State Amplifiers” , W . H. Ku.
(Invited Paper), —— to be presented at the 1979 International
S~~~osium on Circuits and Systems, Tokyo , Japan , 17—19 J u ly

2. “Computer-A ided Design (CAD) of Microwave GaAs MISFIT
.-~ p1ifiers,” W . H. ~u and W . C. Petersen . paper accepted
for presentatIon a: the Cornell Conference or. Active
Microwave Semiconductor Jevices and circuits, Ithaca , N.Y.

• August 14—16 , 1979

3. ~0ptinum Design of Broadband Low—Noise MISFIT Amplifiers , ’
A. F. Podell , W . I. Ku and L.C.T. Liu. paper accepted for

prese~:ation at the Cornell Conference cc Active Micromave
• Sem icenductor Devices and C:rcu~:s, i:naca , N.Y ., August

l4— l~~, 1979
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~~st of Transfers of Technology . Ideas

1. Cooperative efforts on the design and fabrication of pro—
‘cotype medium—power GaAs MISFIT amplifiers with Harry
Willing and other members of the Microwave Technology
Branch ( Code 5250 , Dr .  Larry W ’hicker) of the Naval Researc h
Laboratory (NRL)

2. Consulting for NRL and Naval Electronic Systems Command
(NAVEL~~) on microwave solid—state devices , circuits and
subsystems .

3. Developed close relationships for exchange of technical in-
formation with Texas Instruments , Westinghouse and Varian
on the design and characterIzations of submicron gate FITs.

V 4. Consulting for NRL ’ s Solid—State Devices Branch (Code 3210 ,
Dr. John Davey) on the NAVZL~~ TRW Monolithic GaAs Program.The goal of this program is to develop a complete X—b and
monolithic GaAs chip using MISFITs and TEDs .

5. Serve on the DOD Technical Review Team for the DA.RPA/RADC
Space Based Radar Module Program.

6. Consulting for DDRE (Larry Sumney) and ESD/IR (Dr. Donald
Brick) on the signal processing portion (VESIC—III) of the
DOD ~~SIC Program . Studied specifically high—speed high-
throughput signal processing functions for various system
applications .

7. Serving as Chairman of the Technical Co ittee on Compute:-
Aided Design (MTT Group 1) of the III! Microwave Theory
and Techniques Socie~y and Co—Chairman of the IEEE Circuitsand Systems Society ’s Technical Cc i:tee on O~~~ca1 ,
Microwave and Acoustical Circuits (OMAC).

3. CADS~~~, an in:eracni7e computer ~rogram for the exact synthesisof distributed matching networks for microwave microstri; bi-
polar and GaAs MISFIT amplifiers , has been introduced by
CO~~ACT Engineering, Inc. in April 1979. This program ‘~‘asdeveloped by Professor Ku and has former Research Assistant
Csupported by an NSF Grant and RADC/ET ), Dr.  Wendell C.
Petersen of Varian Solid— State West . Over 70 companies are
now using this ~rogram and Lincoln Lab . has purchased one
version of CADSYN . A brIef  write—up of CADSYN and a User ’ s
Manual are available upcn request .
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TASK 5 Secondary Mul t ip l i ca t ion  in Submicron Imp lanted
Junctions in Relat ion to Improved Performance of
Photomulci~ liers and Read Avalanche Diodes -

• Charles A. Lee

Status and Progress:

Measurements of the intrinsic avalanche response :~~~e

and comparison with theory have been completed for silicon ,

GaAs including the crystal orientation dependence , germanium ,

and indium phosphide. This work has been terminated under

the present contract.

Publications:

1. C. A. Lee, J. Berenz, and G. C. Dalman , “Determination
of GaAs Intrinsic Avalanche Response Time from Noise

• 
• Measurements , “Proceedings of the Sixth Biennial Cornell

Conference on Active Microwave Semiconductor Devices and
Circuits , p .  233— 245 , August 1977 .

2. J. J .  Berenz , J. Kinosb.ita , T. L. Hierl , and C. A. Lee ,
“Orientat ion Dependence of u—Type GaAs Intr insic

• Avalanche Time” , Electronics Letters 13 , 5 pp.  150 ,
1 March 1979 .

• 3. S. Basu , and C. A . Lee , ‘Compatibility of Ionization
Rates and Intrinsic Response Time in Ge Junctions , ”
To be submitted for publication. (Also MS Thesis — S. Basu)

Transfer of Tec hnclogy

Raytheon Cor~crarIor.: D. E. Statz , Dr. 3. 3ierig and Dr.
3. PuceIl have been the people with which most extensive ccn-

• tact has been made. There is and has been a continuous
interaction concerning the evaluation of diodes and material—
There ~.s curren:17 a Raytheon fellow , Glenn Thoren, who is
pursuing doctoral research in mm—wave devices.

Varla: Associates, Ir.c.: Principle contacts have been
r. J. Beren:, Jr. T. ~ierl , and Dr. 3erin Tank . Measurements

of orientatIon dependence of intrinsic response time in GaAs
and response t ime measurements of Zn? have been carried cut

• .~oIntly.
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SAMSO: Presented 4/26/79 (with C. C. Dal an) Major
Chandler ~ermedy successful results on a one dIode elevenwatt linear Impact amplifier with 3 order intermodulation
distortion of less than —15 dB below two tone carrier power .

- Wright Patterson Avionics Lab: Presented 6/4/79 (with G.C.
Calman to Dr. 3. Ki erly and Dr. 3. Remski , linear amplifier

• results .

1
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TASK 6 Design and Fabrication of High Efficiency Complimentary

Read Type Silicon ()~~~~~~~ Diodes

Progress:

In a previous port ion of this task , ion—implanted Si

p~ n ’n ~ Read structures has been fabricated and eval .ted1.

This work showed that the moderate efficiency obtained (9~ )

was due to a very small intrinsic response time which gave rise

to an avalanche phase delay of 350 - 5~O rather than the expected

850 — g
~°. These diodes had material parameters which were quite

similar to those made in several industrial laboratories which

had similar moderate efficiencies .

From this analysis of the p~n~n structure the short intr in-

sic response t ime (- .3 ps.) implied that electrons comprised

the major component of the saturation current . It  was conjectured

that in the complimentary n p ~ p diode holes would dominate the

saturation current and thus the governing intrinsic response time

• would be that characteristics o~ holes . t 1 0 Ion— implanted

n ~~~ 
were fabricated and cested . It was verified that the ::-

trinsic response time was a factor of three times larger than the

p n ~)n structu:e and the avalanche phase delay was ccrres~or.d::g y

improved to 80 - 350~ In spite of this improved avalanche phase

delay th~ .~~.gh power efficiency was still poor because of large

~aras:::c resistance in the substrate. This work has been t erm in—

a:ed under the present contract.

Publications:

C. 3. ~wor, C. A. Lee and C .  C .  a~~ az , ‘ Zxperiznen:a
and Theoretical Study cf a: :c:-:mp:a::ea Si .iccn ?.ead
IM?ATT Diode” , Submitted to SO..im State E ec:rc:ics ( Also

4 Ph .D. Thes is , Cor:e~~ Thiversity , Jan. ~~~~ 3. ~ :cr ).

t .  

• 

--- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - 

, 

-___________ ________________________- 
. 

- - _ _ _ _



- —-- - -r 22)

Publications (continued)

2. A. K. Gupta , ‘Fabrication and Characterization of Ion—
Im~ lan:ed n~p~p~ Silicon Read IMP.~TT Diodes ,” Ph.D.
Thesis , Jan. 1979, A. K. Gupta , Cornell T:iversity.

I

4

— 

— --— 

~~~~~~ 
•“. ;~ • 

—— — - — — - -

- ~~~~ 
-

~~~~~~~~
- _______________ 

~~~~- 
__



23 )

TASK 7 Large Si~~~a1 Microwave YET and I~tPATT Devtce—Circu :t

Interaction Studies - C. Conrad Dalman

Pro gress

Co~~ial I1~~ATT reflection am~lifiers using ccnsta:t voltage

bias have been built a: X—b and which have linear pcwer output versus

power input characteristics and low in:ermodulation distortion.

The added power and efficiencies of these amplifiers are comparable

to the oscil lator results for  the same devices . The advantages of

using constant voltage bias is that the bias current r .ses wi th

• increasing input power prevent ing the  gain from dropping a: high

input power levels . The best amplifier thus far has a maximum C.V~.

output power of 6.0 ?~a:ts, 3.1 dB gain and a corresponding third

order In termodulat ion  of — 14 dS , neg lec t ing  c i rcula tor  losses .

A~~ittance measurements as a function of r.f. input power

were made on these amplifiers using a high power automatic net—

work analyzer. This data is used to find the chip conductance

and suscep:anoe as a function of chip r.f. voltage . This data

‘1 has contributed to an understanding of the origin of intermodula-

cion distortion in linear amplifier applications .

Constant vol tage  amplifiers  such as these could be a very

attractive alternative to the travelling wave amplifier in

c o u nication systems .

List of Publications — ncne.

L~s: of Papers Presented

“Linear High Power ZMPATT ~~pLifiers si:g Co~s:a:: Voltage 3ias ” ,
• J .~~ . McC ymonds , C.C. Dalman . and C..-~. Lee, to be presented at

7th Biennial Conference Active ~1i:rowave Ser i~ c:duc:cr evtces

4 
and Circuits , Cornell t:iv,rs::v August .4—~~~. :~ 73.

~f Tr ansfers o f Te~::o o~y — none .
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TASK S Development of Simmetry Anal7sis Methods for Periodi c

Structures - Paul Mclsaac

Progress

The sy~~etry analysis of periodic waveguides with s~~morphic

space groups was developed . The analysis includes periodic

structures containing :

1. axially magnetized gyrotropic media ( e . g . ,  fe r r i t e s) ,

2. a charged particle beam drifting parallel to the wave—

guide axis.

The analysis procedure is based on the fact that for symmorphic

space groups , the point group of s~~~~et ry  operations is a subgroup

of the space group .

The translation sy etry operations (parallel to the wave—

guide axis) impose a Floquet form on the modal e lectromagnetic

f i e ld  func t ions . The i n f i n i t e  set of modes of the periodic

structure can be c lass i f ied  into a set of mode classes : there is

one mode class associated with each row of each irreducible

representation of the point group (these have been tabulated

for most point groups of interest). For periodic structures

sui table  for  microwave and mil l imeter  app l ica t ions , the irreduc:b e

represen tations of the point group will be either one— or two—

dimensional .  Mode classes assccia:ed w i t h  on e—di m en sional

irreducible r ecresenta t ions  conta in  non—de gene r at e  :cdes . w ’n i e  i

pair of mode classes associated with a :~o—dIme:s:c:al irreducible

re~resen:aticn contain uu:ually degenerate pairs of mcdes .

4
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Each mode class is characterized by a basic azimuthal

symmetry possessed by alL the modal functions contanned in in .

The general form of the modal functions of each mode class can

be obtained by applying the pro ject ion  operator belonging to

the associated irreducible represen:a:icn to an arbitrary

general function. Based on the characteristic modal function

of a mode class , one can determine a minimum sector of the

• periodic wavequide which is necessary and s uff i c i e n t  to completely

establish all of the modes of that mode class . All of these

syr ezry—based results for a pericdic waveguide are obtained

without having no find explicit solutions to a set of partial

d i f f e r e n t i a l  equations with their  associated boundary condi t ions,

Publication

P.R. Molssac , “A General Reciprocity Theorem” , IEEE Trans. Micro-

wave Theory and Techniques , vo l .  MTT—27, pp 340—342 , April 19Th .
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Each mode class is characterized by a basic azimuthal

sy etry possessed by all the modal func t ions  contained in it.

The general form of the modal functions of each mode class can

be obtained by applying the projection operator belonging to

the associated irreducible representa t ion  to an arbitrary

general func t ion .  Based on the characterist ic  modal f u n c t i on

of a mode class , one can determine a minimum sector of the

periodic wavequide which is necessary and sufficient to completely

establish all of the modes of than mode class. All of these

sy~~ etry—based results for  a periodic waveguide are obtained

without having to find explicit solutions to a set of partial

differential equations with their associated boundary conditions.

Publication

P.R. Mclssac , “A General Reciprocity Theorem” , IEEE Trans. Micro—

wave Theory and Techniques , vol. MTT—27, pp 340-342 , April 1979.
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~ 
Cirtuin Tech~ i3ues for Active and Passive Distributed
Parameter S’~stems - H .  J. Carlin

Review of Progress:

A novel and extremely versatile technique of broad banding

applicable to active and passive components1 has been generalized

and extended to new applications . The generalization now allows

the general design of band—pass structures by permitting the de-

signer to use an equalizer with a non—minimum reactance

characteristics , if desired . This has resulted in a variety of

very broad band microwave amplifier designs2. In addition , the

method has been extended to non—linear circuit design in connec-

tion with the synthesis of broad band varactor tuned microwave

oscillators3.

References :

1. H. J. Carl~n , “A New Approach to Gain—Bandwidt~ Problems ,”
IEEE Trans VCAS—24,No_4, April 1977

2. H. J. Carlin and J.~~omiak ,
“A New Method of Broad—Band Equalization Applied to Micro-
wave .~~plifiers” , IEEE Trans . VMTT—27, pp 93—99 , pp 170 —
175 , February 1979

3. C. Rauscher and H. J. Carlin , “Generalized Technique for
Designing Broadband Varactor Tuned Negative Reststance
Csci1latcrs ’~. “o be published in Int ’ l Journal of Circuit
Theory and Applications

• Papers Presented:

• 1. H. J .  Carlin , “A New Method of Broad Band Circuit Design” .
Invited weaker Plenary Session of Symposium “Ccnstructive
Approaches to Mathematical 1-lodels ’ Carnegie—Me .icn ~~~~. ,July :9T3~

2. H. J. Ca:lin , “A New Approach to Broad Banding” Colloquium
a: Case—Western Reserve Vn iversity . October 5 , 1975.

3 .  H. J. Carlin, ‘Broa d Band Match ing ” , Co~~oc,uium at tnivers::y
of Pennsylvania, Cctc’cer 27, 97~
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Transfer of Technolo:~~~
H. J. Carlin was informed by Professor Paul Penfield of

MIT , that the broad banding we discussed now is being
developed into a large progr~~ for use [specifics not ~nowr.]
by Lincoln Laboratory .
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