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This report has been prepared by Varian Associates, tnc., Solid Stat e West
Division, S.m1conductor~. Engineer1ng Group as a fi nal technical report for Naval
Weapons Center Contract NOOl23 76 .C4063. The NWC progrem monitor was
Mr. Marko Afendyki~.

This report describes the develoçment of Ku .b$nd GaAs Read !mpatt devices
for pul sad applicati ons . Material growth by liquid phase and vapor phaSe tech..
niques , device des ign and evaluiti on , and rf..ci rcui t design ar. discussed . As a
resul t of thi s effort , peak power of 20.5 W at 13 GH2 was achieved wi th 21%
effi cienc y. At 14 GHz, 16 W was obtained with 19.1% effici ency . A maximte’
efficienc y of 23.6% was obtained at a power level of 8.25 W peak for the seme
frequency .

The effort was sponsored by the NAVAL SEA SYSTEMS COMMAND Combat System s
Developnent Branc h (SEA-0324) , the Naval Air SyStem Ccmnand Weapons System Analy —
sis Branc h (AIR-03P24), the Air Forc e Arn~ement Test Laborator y ~AFATL/OLMt) and
the Army Missile Research and Developnent Camand (DRCI’lt-CD) as a part of the
TR!-Servi ce—Fast P~qu isi t ion Search and Track (Tn -Fast ) Technol ogy Devel opnent
Progrem.

This report covers work performed durin g the period 1 Nov ember 1976 throug h

31. Jul y 1977. At Varian , Or. F. 8. Fank was the progr em manager . Principa l
invest igator s wa re Mr. 1. L. Hierl , Or. S. I. Long , Mr. J. Ki nosh it a.. and
Dr. B. R. Cairns .
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~~~~~~ ROGRAN O6~ECTIVES 

1. I~~ ODUCTION

Tht researc h and developeent program entitl ed “Pulsed GaAs INPATI Diode
DevelopeentTM was sponsored by Naval Weapons Center , China Lake, Califor nia , to
provid e an Improved high-power sol id state pul sad source at a frequency of 14
GHz. These diodes are Intended for use In injection-locked sol id state trans-
mitter s using cavit y—typ e power combiner circuits.

The obj ective of this program was to desig n, fabri cate and eval uate GaAs
pulsed IMPATT diodes for generation of micro wave energy Iri Ku-band. High effi-
ciency devices were to be designed to operate at moderate duty cycles, short

• pul se lengths and to provide the max ia~a in peak output power. Th. following
performance goal s were establ ished for this effort :

(a) Peak Power Output ~ 20 W
(b) Pulse Width 125 nanoseconds
(C) Duty Cycle 10%
(d-) Efficiency 

~ 20%
Ce) Frequency - 

14 GHz
(f) Rel iability 300 Hours 141SF

As the intent of thi s st udy was to advance the state-of -the-art in pul sad
GaAs Read type IMPATT devices, an approach ~iIch investigat ed a wi de varie ty of
dev ice parameters was selected . Both hi-la and 10- hi-la device structures were
investigated In paral lel effo rt s usi ng both grown (pt ) j unct ions and Schottky
barr ier j unct ions. Li quid -phase and vapor-phase epitaxtal growth methods ware
employed to produce these structures. Efforts ware conducted to create a theo.-
retical model for pul sed operation of these device typ es.

Rel iability investigation of grown j unction devices and various Schottky
barrier material was conducted . Consid erable Improvements In the ctrcult
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package-div Ice Interactions were completed which resul ted In signi ficant per-• formance Improvements.

1.2 PULSED Df’ATT STATE-OF-THE-ART
V

~~1le several high-power and high-efficiency results on CW GaAs Read type
Impatt diodes1’2 had demonstrated the capabil ity of GaAs to exceed the per-
for~ance achievements of SI Impatt diodes by virtue of much higher efficiencies
(35% vs 15%), developeent of these types of devices for pul sed applications had
not been as mitensively pursued. Early resul ts obtained from operating these CU
Schottky barrier devices In a pul sed mode were generally unsuccessful for a
variety of reasons. Moch more encouraging resul ts had been achieved utilizing
grown junction GaAs Read structures; al though the majority of effort was concen-
trated at C- and X—band frequencies. Output powers competitive with sil Icon
double drift (CD) devices with considerabl y higher efficiencIes ware reported on
GaAs si ngle drift (SD) grown junction structures.3 However, devel o~ient of

~~~ comparable devices for Ku-band had yet to be explored.

At the time of program Initiation (November 1976), the state—of-the—art In
-~ 

• pul sed Iapatt devices , as refl ected by publ Ished reports , was as follows :

~ TER IAL DEVICE JUNCTION FREQUENCY PEAK EFFIC. DUTY REF
TYPE TYPE POWER CYCLE

SI DO Grown pa lO Qiz 18W 12% 25% 4
SI 00 Grown pa 16.5 k3.5 12 25 4

• GaAs OO Hybrld Read Gro~m p a  5.8 4.4 22.5 25 3
GaAs SO Read Grown p~n 10 8.0 26.8 25 3
GaAs SD Read Grown p~n 10 17.3 21.3 25 5

Var lan began the design and developeent of GaAs pul sad Impatt dev ices for
Ku-band freque ncies with the ex pectation that designs wh ich had al ready been
established for X—band could be readily scaled to operate at 14 GHZ on both grown

- - j unction and Schottky barrier j unction types.

2
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Son. initial develo~ ient of 14-GHz devices began In March 1976 funded in a
paral lel program from AFAL , Wright Patters on AFB, Ohio. When the IfdC program
began , some Initial resul ts had been obtained on the Air Force program at low
Ku-band frequenci es. Specifically, at 14 GHz a max imue peak power of 10.7 W with
17.5% efficiency had been obtained.

I

- The tkC program began buildi ng on this technology base to advanc e device
designs and performa nce levels . Many of the tasks carried out bet ween November
1976 and March 1977 were common to both efforts and therefo re may appear in both
thi s report and the AFAL final repo rt .

At the end of the program , considerabl e Increase In power outpu t had been
achiev ed due to improvements in dev ice desIgn and circuit matchi ng . At 13 GHz ,

• 20.5 U had been obtained at 10% duty cycl e, 500 n sec pul se length with 21%
efficiency. At 15.4 GHz, 15 U had al so been achiev ed with 18.3% efficiency. The
best observed rf perfo rmance as a function of frequency and duty cycle are shown
In FIgure 1.1.

The remainder of this repo rt describes the sp ecific technical approa ch take n
• duri ng thi s effo rt. Detai l s on material growth, device design s , j uncti on , rail -

abilIt y and performanc e are presented in the follo wi ng sections .

3
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2. EPITAXIAL MATERIAL ~ OWTH

2.1 UQUID—PHASE EPITAXIAL GRCY,ITh

One of the method s used to grow the multi-l ayered structures as required for
the IMPATTs was the liquid—phase epitaxial technique (LPE). Tin (Sn) was used as
a dopant for n— type material . The lightl y compensated acceptor germanit.ei (Ge) is

-

• 1’ employed for p-type epitaxial growth. Each dopant has a characteristically low
- - distribution coefficient (7.9x10 5 for Sn and 8.3x10 3 for Ge) and both have low

vapor pressure ( ‘u’7x10 8 Tort ’ at 10000K)6.

A standard Varlan—designed lIE reactor (as shown in FIgure 2.1) was used for
the p~-hi—lo wafer growth. A three—well graphite boat with moveabl e wells (see
Figure 2.2) Is used to contain t~ doped ga lli um mel ts . The sub strate is located
in a recessed sl ot below the mel ts . Contact with and extraction from either melt
can be controlled by positionin g the wells from outside the furnace.

A cl am-shel l typ e three— zone Llndberg furnace is used . These zones are
controlled by three Leed s-Northrup “ El ectr omax ” control lers to maintain ± 1°C
temperature stability and flatness In the regIon of the boat. Hydrogen puri fica-
tion is being performed by palladium membrane type pur ifi ers . Hydrog en l ine and
quartz reactor parts are assembled to high vacu um He leak—tight conditions.
Stainless steel tubing and val ves are used In order to assure oxygen— free condi-
tions within the reactor system.

Sn doped substrate wafers, (100) orientation, are carefully polished by
chemical mechanical means using the 8r2-CH3 OH method. Preparation of the wafer
for epitax ial growth consi sts of a mul ti-step cleansi ng proc ed ure empl oyi ng
organic solvents and a chemical etch to remove any residual demage fr om the
polishing procedure.

A transient mode of liquid—phase epitaxial growth is used for gallium
arsenide thin film deposition. A saturated solution of As in Ga Is prepared by
dissolving high purity gallium arsenide dendrites in a gallium melt. The desired

• dopant (Sn or Ge) is added to the mel t to bring carrier concentration In the

5
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deposited singl e crystal film to the appropriate level • Melts are brought to
- equil ibri um at high temperature (9000C) end baked for several hours to allow fo r

the diffusion of Iuu~arities out of the system.
V

The growth process starts with pl aci ng the ga llium arsenide sin gl e crystal
wafer (3.5 on long, 1.25 on wide and 0.3 on thick) In the bottom recess of the —

- boat. The boat Is loaded Into the high purity quartz reactor, ,~tere a palladi um-
diffused hydrogen atmosphere is maintained . After heating the graphite boat to a
temp erature of 5° above a predetermined starting temperature T~ (see Figure 2.3)
of approx imatel y 7050C, the temp erature is kept constant for hal f an hour in
order to achieve temperature equilibri um within the system. Then , the apparatus :1
Is cooled at a predetermined cool log rate (0.5°-20C/min) . When the furnace
reaches the starti ng temperature , the sl ider is moved so that the appro priate
gallium melt is brought into contact with the wafer . The decreasing temp erature
of the mel t resul ts in a decreasi ng sd ubi l-Ity of gallium arsenide sol ute , thus

I? sol id GaAs must be frozen out of the system. When the desired amount of deposi-
tion has been obtained and the tem perature T2 has been reached, the sl ider Is
moved to bring the second melt in contact with the wafer. At the compl etion of
the run (temperature 13), the sl ider is moved to the neutral position and the
boat is cooled to room temperature.

2.1.1 Approach

As the complete p’-hi-lo Read IMPATT structure consists of four epitaxial
films (p+_ n+_ n

_
_ n+), the growth sequence must be separated into two runs ; only

two mel ts can be accomodated in the boats used for thi s program. The sequence
chosen for this purpose required growth of the buffer layer and dri ft region in
one reactor (system “R” ) followed by growth of the n’ avalanche zone and

- 

- contact layer in a second reactor (system NCN ).

-
~ An al ternate sequence , involving growth of the ~~~ 1 ayers in the first
- - system followed by a p~ deposition in a second system had been previously eval-

uated and found to be unsatisfactory due to junction Interface defects. These

- 
junctions were characteri zed by premature breakdown , micro plasnas and excessive
leakage current . The cause for the defects has tentativel y been attributed to
insufficient surface cleani ng 0f the n~ api layer surface prior to deposition of

8
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the p
~ region

, Since the length of the n~ layer Is extremely cri tical in the
control of breakdown vol tage, no etchi ng prior to ~ growth is possible. Mequate
surface preparation Is apparently Impossibl e using normal wet chemical clean ing
techniques.

The fOur layers deposited for the p~ hi-b device wafers were targeted at

- - - 
the drift led aval anche layer doping and length specification s show, In Table 3.1
In Section 3. The p4 contact l ayer was targeted at 1x1018 cm’3 and 1.0 to
1.5 Um In length , and the n’ buffer was SxlO’7 cm 3 and 2-3 ~a long. A range of
dri ft layer dopings from 4x1015 to 1.2x1016 cm 3 was evaluated to explore the
effect s of this par eter on device perfo rmance at 14 GHZ . Al so , avalanc he zone
dopi ng was varied from 4x1016 to 1.2x1017 v~iibe the length at each dopi ng was
adjusted to provide room temperature breakdown vol tage In the 25- to 35-vol t
range. While the com plete range of combinat ions possibl e for these dop ings was
not covered , a meaningfu l cross section of parameters was sampled. Measured
performances of devi ces from these wafers are presented in Section 4.

2.1.2. Experimental Results

Wafers grown by the approach In ~di1ch the p
’-n~’ layers were grown on an

drIft region generally exhibited good dc characteristics. Leakage currents ware
generally less than 0.1 uA and l ife-test studies on these devices projected
median lIfet imes in excess of 1O3 hours at 300°C. A total of 26 wafers were
grown usin g this approach.

Schottky barrier junctions were eval uated on three wafers grown by LPE.
This was possibl e because part of each wafer was masked from p~

’ deposition and
coul d be cl eaved off for ind ependent Sc hottky barrier and p~’ grown Junction

- 
-
~~ compari sons of rf performance. The electrical results of the runs are discussed

In Section 3.

Eval uatlons were made of epi l ayer thickness uniformity for wafers grown in
the standard sl ider boat . Thickne ss of n ”-n growths was controlled within a
standard deviation of ± 12.8% and ~ layers w ithin ± 7.7% on a sample of ten
wafers. Thicknesses were determined by cleave and stain techniques . Dopi ng
uniformity was excel l ent for all LPE depositions with no detectabl e variation

10 
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acro ss a wafer . Figure 2.4 sho wa a dopi ng profile measured from Schottky barrier

- ~~~~~ 

- 

capaci tance for ~~fer E 551/C677/R~~1. Th is profil e gives a representation of
typ ical n’ layer length uniformity achieved in this syst em for Ku-band Read
IPIPATT growths . Drift layer thick ness for thi s wafe r wa s 3.9 to 4.4 pi. The p4

F- layer ranged from 1.4 to 1.8 urn in thickness.
V

•I 

-

- Yields to device performance were determined for the LPE p 4 hi-b wafers
grown for thi s progrwi. Out of the 26 p’ hi-b wafers grown , six yielded device s
~

iich gave greater than 20% efficiency, and eight gave greater than 15% effi-
ciency. Thi s m c i  udes five waf ers ~~ich had drift regions outside of the
5—8x1015 cm 3 dopi ng range ~~Ich was later determ ined to be necessary for eff i-
d ent operation . If these are deleted fr om the sampl e as being drift regions
know, to be purposely sel ected outs -Ide of the optimue range , y ields become 29%
and 38% respective ly. - -

Growth of n—n~ drift-buffer layers can be accompi (shed with approx imately
90% yield to specification. •fl~n~ p~ layer growth Is al so successful 90% of the 

-time . The remaining yi el d loss is due to the degree of control over the ava—
lanche (n ’) region length . Doping of thi s layer can be contr olled very repeat-
ably from run to run.

F 2.2 VAPOR-PHASE EPITAX IAL ~~OWTH

The INPATT str uctur es needed for this program required precise control of 1:
the epitaxial growth process, and it was al so desirabl e to grow entire struc t ures
in a si ngl e dep osition rim . The vapor - phase epitaxial (VPE ) process Is a good
cho ice to meet these conditions. For this work , Var-Ian used a new el ectronically
operated VPE reactor system ~iich used the ftsCt3, Ge , 42 transp ort process with
capabilitie s of n-type dopi ng , p-type dopi ng , and excess AsCa3 contro l . Gas flow
was cont roll ed by a system of mass fl ow con trol lers and electroni call y operated
valves . This minimi zed operator error and allowed precise timing of the gas
flown required to grow the compl ex RIPATT struc tures in a si ngle depo sition .

• After init ial rims wa re made to show that background carri er concentration s
and mobil itles vs AsC&3 mole fraction were as ex pected for high purity GaAs ,
calibration runs were beg un iimiediately with the objective of optimizing the

11
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growth sequence and processes for b -hi-b (n-n4 .n) and p4 -hi-lo (p4 -n4 -n) IflPA fl
device structures.

2.2.1 VPE 10-Hi-La Material Gr.wth

. The b -hi-b structure is preceded by growth of an n~ buffer layer i~i1ch
minimizes the effects of imperfections in the sibstrate materi al . Growth of a
low doped dri ft region Is then followed by rapid injection of a highl y doped

- - - 

spi ke layer and growth of a lo~ar doped contact region. The highl y doped spi ke
layer Is grown using a combination of dopant concentration and backpressure
control . This gives very sharp spi kes with narrow ha l f-width as shown in Fig-
ass 2.5 and 2.6. Abrupt transitions between layers are effected by use of a
vapor etch technique In ,~ich growth Is temp orarily Inhibit ed by the introd uction
of excess AsCs3 Into the deposition region of the reactor. Doping concent rations
in the reactor are re-equilibrated at a new level during the vap or etch period
and growth begins abruptl y ,Mn excess As Ct3 fl ow is terminat ed . Autodo ping
effects are minimi zed by removal of residual dopants durin g the vapor etch per-
lod. Thi s technique el iminates mechan ical coupl ing required to transport a
st~strate between mul ti pl e growth zones , and is well suited for either manual
electronic contro l or microprocessor control of production of mul tilay er dev ices .

• A sulmary list of b -hi-b wafers grown for the program appears In Table 2.1.

Control of layer doping and thickness has been quite good as shown In the
followi ng s~ mary tables . Layer thicknesses of 1 pm ware obtained by a cleave
and stain tec hnique . C-V profiles provided thicknesses and doping leve l s for
sub-micron layers. Drift layer doping varied approximately t 4% to 5% in a

typical series of six runs (Table 2.2). Drift layer thickness must fall within a
range bounded by a critical minlmua and a less critical inaximun. Four of the six
runs listed in Table 2.2 fall within the acceptable range, and another falls
quite cl ose to the max lmta l imit. A typi cal drift layer profile (FIgure 2.7) is
qui te fl at , indicating a minim,a~ of autodoping effects , and shows an abrupt drift
to buffer transition.

Table 2.3 shown run—to— run control In avalanche layer thickness (i.e. spike
depth). In a typical series of ten runs,, the average spi ke depth for 80% of the
wafers fell wIthin 15% of the target. This is quite good for layers as thin as

13
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TABL.E 2.3

- 

. TYPICAL REPRODUCIBILITY IN SPIKE DEPTH (jam)

ACTUAL
S DEVIATION

RUN TARGET RANGE AVERAGE FROM TARGET

A8-2 0.25 0.23-0.25 0.24 4,0
A6-4 0.225 0.23—0.24 0.24 6.1
A6-5 0.20 0.17—0.20 0.19 5.0
A6-6 0.20 0.16—0.19 0.17 15.0
A6-7 0.20 0.21—0.24 0.22 10.0

AVERAG E 8.1%
0

A5-2 0.45 0.38—0.42 0.41 8.9
• 

- A5-3 0.45 0.39—0.40 0.39 13.3
A5-4 0.45 0.46 0.46 - 2.2
A5-6 0.35 0.38—0.39 0.38 8.6
A5-7 0.35 0.33—0.36 0.34 2.9

- - 

AVERAGE 7.2%
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0.20 to 0.45 urn. Spike dopi ng is controlled by varyi ng the 142$ conc entration and
Injection conditions . Tabl e 2.4 shows very good spi ke dopi ng cont rol obtained as
a funct ion of H2S concentration . Typi cal spi ke depth and doping 0, and breakdow~: vol tage fran point to point on a wafer are given in Table 2.5. Tables 2.4 and
2.5 al so contain data on the typical spread of spike dopIng and depth obtained
from sev eral wafers . Very good unif ormity Is show s for these runs. Typical -

spI ke hal f widths are on the order of 350-500 *. Spi kes of twa differen t dopi ng
- level s are shows In Figires 2.5 and 2.6.

2.2.2 VPE p” -Hl—Lo Materia l Growth

In growth of the p” -hl-lo materIal , the spi ke and the contac t regions of the
- - b -hi-b structure are repl aced by a 1017 cm’4 doped fI~

’ aval anche region -fol lowed
by a highl y doped 440~ cm 4 p” contact region. 10 injection tectinique Is used.
Deposition of each layer is preceded by a vapor etch period during tàii ch gas
flows are re—equil ibrated. Layer doping and thickness control for the p’ -h i—lo
wafers gro~m for the program appe ars in Table 3.5. 

-

The p~ carrier concentration s were obtaIned by calcul ations using net effec-
tive profi les which inc l ude the as—gr o w’ p/n j unction and profiles Cf the
region after removal of the -p” layer . Typical profi l es of these two types are
showy in FIgures 2.8 and 2.9. The p” concentration obtained by this method was
compared to a dc resistance measuremen t of the p” layer wh ich gives an approxi —
mate dopi ng level val ue • Hal f widths of the net effective profiles ware al so
measured. At these doping level s , an n~ hal f width of 2600 g gave V5 val ues in
the desired range (Table 3.5). Doping level control of p’

~
, ~ and n regions

shown good consistency. Control of the width is the most critic al parameter.

In concl usion , YPE processes have been developed which give reasonabl y good

-: 
- control in growth of b -hi-b and p~-hi-bo IMPATT structures . The most critical

parameters are the spi ke depth for b —hi-b and n4’ width for p”-hi—bo material .
• is very sensitive to these thicknesses and many more runs woul d be required to

determ ine y ields tO device sp ecifications .
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TABLE 2.4
SPIKE PEAK DOPING vs H28 CONCENTRATION

- 
- PEAK DOPING n x i~h7

RUN H2S CONCENTRATION RANGE AVERAGE
(ppm) - -

A5-4 1.87 3.65—3.75 3.7
A56 1.87 3.2—3.4 3.3
A64 8.0 3.9—4.0 4.0
A6-5 .12.0 5.0—5.2 5.1
A8-9 12.0 5.0—7.0 6.3
A68 18.4 8.1—8.5 8.3
A6-7 18.4 7.5—9.0 8.1

- - - -



- - - - -  - — -  - - -~~

- TABLE 2.5
WE LO-HI-LO WAFER DOPING UNIFORMITY 

-

SAMPLE Al-S

PEAK DOPING (an~~) 0, x 1O~~ SPIKE POSITION x. y VB- (pm)

5.2.17 2.86 0.39 89 iSV 
-

4.9.17 2.70 0.39 56 18V
5.5.17 2.85 0.37 8,3 16V -

S 
. 5.0e17 2.76 0.40 3,9 15V

AVERAGE 5.15.17 ± 0.26 2.79 ± 0.073 0.39±0.013 —

(± 5.0%) (± 2.6%) (± 3.2%)

- 
- 

‘Row column location on the wafer

— 
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- 3. DEVICE OES!G$, FABRICAT!0$, At~ EVALUATIOfI

- 
. 3.1 STATIC FIELD PPOSRAM

- - 

. A simpl e static field program using a Hewl ett-Pack ard 9821 deskto p cabcu -’
lator was used to e~tabb ish Initial device designs for both the hi—b and b -hi-

- bo doping profib es. The Idealized doping and electri c f ield profiles used for
these calcu l ations are showe In Figure 3.1.

The breakdowi voltages were cal cub ated - 
for an operating temperature of 1600C

based on Ionization rates determined by Sabmer, et al~. In both cases, the drift

length , W—X1, is calcul ated for a w transit angle from the fo l lowi ng equation : 
-
•

- 

b’Mre V1 Is the saturat ed dri ft vel ocit y of the el ectrons at the operating —

temperature , and f Is the frequency. The total epitaxial layer length , W1, is

- 

- grows approximately 25% longer than is required for punch—thro ugh operatIon .
-

: Inc~~as.d ~ f1c1ency Is expected by allowing for deplet ion width modulation in
n-type GaAs . -

I For a given dopi ng profile , the aval anc he layer thickness , X1, can be

calcul ated by performing the following integral ,

px
~(x)dx~~ 0.95

0

- 

where s(X) Is the field dependent Ioni zat ion rate

I
— 1,~ET!7)

0(X) •

- wh ere • and b are temperature—dependent ion l zatio n constants.

25
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The el ctric field across the device is calculated from Poisson’s equation
once the aval anche width has bean determined • The corresponding avalanche
voltage, 

~A’ and drift vo l tage, V0, can be calcul ated by integrating the elec-
tr ic field across these zones. A first order estimate of efficiency cafl be

• det ermi ned fr om the fol lowi ng equation8. - :

~ 
~‘A 1 V D 

‘

This equation does not take into account such things as negative differen-
tial mobility in GaAs 9 , premature col lect ion”~

0 modes, or surfi ngN modes’1.

Initial doping desfgns used for the hi-b and b —hI- b profiles are pre-
sented In Tabl es 3.1 and 3.2 respectively.

- 

- - 
Several other factors were consider ed duri ng the initial device design.

Fi rst , the electri c field at the beginni ng of the dri ft zone, ED, was designed
- to be In the 150-220 kY/cm range to confi ne the avalanche zone . Drift l ayer

dopi ngs of 5-9x1& 5 cl 3 correspond to these fiel d val ues at 14 6Hz.

Another consideration for the hi-b design was the electri c field directl y
at the Juncti on, Emax~ 

This field is proportion al to the avalanche dopi ngs as
seen in Tabl e 3.1. A maxintun fiel d of 700-725 kY/an which ~rresponds to ava-

-i - lanche layer dopi ng of 6. lOxl& 6 ~ was used to avoid probl ems of tunneling,
excessive leakage currents and poor reliabil ity . The b — hi -b design has a
significant advantage over the hi—b design In that narrower avalanche zones can
be used without resul ti ng Irs excessivel y high electric fields at the Junction.
As a resul t , the b -hi— b design should be sl ightly more efficient then the
hi—b design due to tt~ abil ity to confine further the avalan che process.

- 

- - 

a Another constra int concerning the optimsa avalanch e doping for hi-b struc-
• t ures grows by LPE Is the aval anche width X1. As the avalanc he dopi ng Is in—

- crea sed , the width decreases due to the higher el ectri c fields. Any email
- variation In t,ce avalanche zone thickness causes a larger variation In the

2?
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TABLE 3.1
INITIAL. $14.0 DESIGNS

~~~~~~~~~~ X1 (pm) E51~~ (kV /cm) N~~~ EFFICIENCY
(x i016 cm 3) (101 6 3 )

- 

•

- 6.0 0.603 - 827 5.0 10.5
8.0 0.494 673 5.0 11.5
10.0 0.425 714 5.0 12.1
6.0 0.544 627 7.0 13.2
8.0 0.449 672 7.0 14.3
10.0 0.389 714 7.0 15.1
6.0 0.485 627 9.0 15.6
8.0 0.404 872 9.0 18.7
10.0 0.353 714 9.0 17.4

1-160°C
f 14 GHz

/
/
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TABLE 3.2
- INITIM. LO-HI-LO DESIGNS

NAVALANCHE ~X (A) X1 (pm) E~~ (kV/cm) EFFICIENCY
(* io17 ~~~ (S)

2.0 200 1.64 430 12.9
2.0 400 1.02 437 14.7
2.0 600 0.59 468 17.4
2.0 800 0.35 506 20.5
4.0 200 0.94 439 14.9
4.0 400 0.31 523 20.5
4.0 600 0.16 652 23.9
4.0 800 0.11 791 25.6
6.0 200 0.50 475 17.8
6.0 250 0.33 514 19.9
6.0 400 0.16 663 23.6

- 
- - 

- 6.0 500 0.12 771 24.7
8.0 100 0.89 441 75.0
8.0 200 0.29 533 20.4
8.0 300 0.15 669 23.4
8.0 400 0.11 815 24.6

Nd~~*
7.0xt0’5crn4

To 160°C
F- 14 0Hz
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breakdown voltage and resul ti ng rf performance. During thi s program, It became
evident that the aval anche zone thicknes s is the most critical parameter In the
grow th of the hi-b IMPA rT. ?s the aval anche dopi ng Increases , the efficiency
increases , but the yield of good diodes decreases due to the larger sensitivity

S of rf performance to the avalanche zone thickness.

-

. 

Figure 3.2 Is a pl ot of calcul ated room temperature breakdown vol tage as a
function of aval anche width for three avalanche doping b evels. A drift doping

-‘ of 7x1015 cm3 was assumed. Experience has shows diodes with room temperature
breakdowns in the range of 25-35 vol ts werk best pul sed at 14 6Hz. The voltage
sensitivity can be calc ul ated from thes e curves. As expected, the higher the
aval anche doping , the more sensitive the brea kdown voltage is to thickness -:

variation s .

3.2 DEVICE FABRICATION

- ~

- 

Figure 3.3 present s a flo~~hart of the IMPATT fabrication process. Once the
-
. initiab designs have been specified with the static field program, the buffer,

dri ft , aval anche and p~ contact layers are epitaxially grow’s on (100) oriented
• — sub strates . Both LPE and VPE were used for this program. Once the layers are

- grown , the dopi ng and layer thickn esses are measured usi ng a Mill er profiler and
the cleave and stain method.

~f the wafer is within the specifications , it Is prepared for metallization
by thinni ng the substrate to an overal l wafer thickness of 45 pm. This Is done
cheeically using a Bromine —Methanol pol ish . The thinned wafer i-s then rigor—

-p ously cleaned in solvents and residual oxides removed. An flu—Ge—Ni metalliza— 
-

tion Is used to contact the n1 substrate ~d~1le Ni-Au is used for the p~ epi—
taxi ab layer . Several diffe rent meta lli zations were tried during this program.
The results are discussed in the section concerning rel iability . Th. contacts
are subsequently alloy ed for several second s In a hydrogen atmosphere.

• Test patterns are etched through the metallization to map the wafer for
breakdown vol tage . The wafer can be rej ected at this point If  the breakdown

• vol tage falls outside of th8 range specified . FIgure 3.4 present s a wafe r map
of wafer E557 which was gro ws for this program. -

- 30
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FIgure 3.3 IMPATT Process Flow Chart
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Once metallized and mapped, the wafer is ready for photob lthographic pro- -

cessing. First , Integral heatsfnks (IHS) are selectively electroplated on the
- 

- 
epitaxial side of the wafer. This process , developed at Varian, has the fob — -

bowi ng advantages over traditional IHS processes:

• a. No mechanical separation of heat sinks or mesas; th us damage during
processing is significantly reduced.

b. Highly controlled heetsink size with virtually no Kerf loss , thus
permitting the use of ultra-email or large diode packages as the

— application requires.
c. Stress-free plating, which el iminates chip strain and microcracks.

The Integral heatsink techniq ue utilizes a relativel y thick gold pad selec-
tivel y pl ated on the active device to obtain uniform thermal contact . The heat -

generated in the active device enters the metal pad where the thermal fl tnt then
spreads to an area sufficientl y greater than the active device area to achieve
theoretically minimum spreading resistance for the given configuration. Diodes
are then etched into mesas using standard photolithographic processes which
control -the geometry of the mesa. Undercutting or reverse mesa slopes are
avoided to minimize the surface fields and prevent premature failure, fin SEN
photograph of device chips is shown in Figure 3.5. Once etched into separate
dies , they are probed for breakdown and leakage. Those dies sat isfyi ng the
requirements are than soldered onto a gol d pl ated copp er stud in the diode pack-
age using a gold -ti n solder preform In a formi ng gas ambient . Once the package
is sealed , the devices are pl aced on a dc burn —in to el iminate premature
failures .

Fi nally, the devices are eval uated In a microwave test circuit for power and
efficiency. The wafer ’ s dopi ng profile can be entered Into a large-signal analy-
sis program for eval uation. On the basi s of these resul ts , the Initial device
design can be modified for Improved perfo rmance.

3.3 WAFER EVALUATION

Table 3.3 present s a stems ary of the hi-b wafers grown by lIE. Initial
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Figure 3.5. SEM Photograph of an IMPATT Wafer after Photolithographic Processing
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TABLE 3.3
tIE HI-LO IMPATT WAFERS

WAPER NO./ n xiO~~~e~~) X1(um) n (x 1O1 .m~~) ‘~ 11NT$

: RUN NO. ‘

8421 C600A 5.0 0.42 6.5—8 45—50 HIgh Vb
E422e~8O1A 40 • 6—i 24—3S
E427/CIOSA 6.5 6—8 15—20 L.aky
E434i~6l2A 5.0 0.5 6-9 18—20
E44OCI1SA 7.0 • 6 35-40

£451/C820A 13.0 0.3 10 13—15 L.ow Vb
E453It820A2 13.0 0.3 10 

- 

15—20 Soft

E469/CS2SA 7.0 0.3 9 30—40
- - E470/C824A2’ 7.0 0.3 9 37—42

E471/C825A 7.0 .- •  12 40—46 Hlgh Vb
E474 t~C624A 7.0 0.3 6 48—55 HIgh Vb
E4631C822A 15.0 0.2 13 30-40 Poordc
8459/C822A2’ 15.0 0.2 13 25-40 Poor dc
E533I~689A 9.0 0.4 4-4 16—20 Low Vb
E539/CS7OA 6-9 0.3 7—8 15—17 Low Vb
ES4OIe71A 9—10 0.2 7.0 60—75 HIgh V~
E541/C872A 9.5 0.35 5—S 15-34
E542/C673A 8-9 0.3 6.5 18—35 L.aky
E548/5567A 8-9 0.35 7.0
E560/C676A 7—a 0.4 7—9 16—25
E561/C677 7—5 0.4 6—8 30—45

E562/C878 7—9 0.3—0.35 6—8 40—60

8563/9669 9 0.2-0.4 5—7 40-78 HIgh Vb
E566/C680A 7—7.5 0.3 6.0 48- 78 High Vb
E566/CS81A 7—8 0.28 8—9 38—55 NIgh Vb - 

-

E567/C882A 7—S 0.3 12.0 28—35 
— -

E568/95 71A 7—8 0.3—0.35 6.0 19—45

E566I
~
I83A 60 045 6.0 20-35

1 E561/C584 8.0 0.25—0.3 7—8 38—60

-

•
Schottkv Barrier

- 
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wafers ware grown with avalanche dopings near 54x1016 csi 3. This was later
increased to 7-8x1016 cm4 to confi ne the aval anche further ‘In order to improve
perfor ance. Later profiles were modeled after wafers which had performed well •

Tabl e 3.4 present s a su~~sry of the 10-hi-la wafers grows by VPE, all of -

which received Schottky barrier inetal lizations . Previous attempt s to grow a p~layer by LPE on VPE b -hi—b material failed. The diodes showed poor j unct ion
characteri stics . Several of the Schottk y barrier 1 o—hi —lo wafers were step- j i
etched in an effort to optimize the diodes ’ performance ex perimentally by pro-
viding a distribution of spike depths across the wafer. Al so, an att pt was
made to anodically etch a wafer to specified breakdown vol tage before the
Schottky barrier was deposited.

Tabl e 3.5 present s a ss.msa ry of the p~-h1-bo wafer grows during the last
part of the program with VPE. Since the b —hi-b profile proved to be very
sensitive to spike depth , we fel t the hi—b design was the better way to go in - :

the interest of time . Al so, we have had more ex perienc e with the hi-b profi le
and this would result in a more meanin gful com pari son of LPE and YPE.

= 
Once each wafer was grown and metalli zed , the breakdown vol tage and dopi ng

profile were measured before the wafer was submitted for further processing.
Wafers which were outside of a useful range of breakdown vol tages or had wrong
doping profiles were el Iminated at this stage.

Table 3.6 presents a sunnary of the best rf resul ts obtained ftc. the hi- b
wafers grown by LPE. A total of 26 runs were made with thr e of the wafers being
divided In hal f for p4 -Schottky comparisons. Thes, resul ts are for the best
diodes. They were eval uated at frequencies between 13 and 14 GHz by varying the
circuit tuning.

Tabl e 3.7 presents similar data for the b — hi— b devices grows by VPE. All

devices were Schottky barrier. Upon complet Ion of the modification of the VPE
reactor to Incorporate cadmium doping, the vapor-phase designs were changed.
Instead of tryi ng to grow p’-b o.-hl-bo wafers , the somewhat simpler p — Psi — bo
design wa s cho sen in the Interest of time . The results from these YPE wafers are
siimsarlzed in Table 3.8. Unfo rt unatel y, time prevented continuing work with this
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TABLE 3.4
VPE L0441-LO WAFERS

WAFER NOJ N X1 4X N0RUN NO. MITALUZATION 1* ~~~~~~~~ (~i.~ ) L~) x 1O~~ .u,-5 IV)

E417/A2—981,2 AI-fl.Pt.Au 5.5 0.2 250 12—13 10—18
E438/A2-4A1~ Ai1~.Pt.Au 3.8 0.31 500 6-8 10-35
E460/A4-8A

1 
Pt-11:W.Au 2.4 0.53 500 8-4 20-25

E480/A5-4A 1 Pt-Ti:W-A u 3.8 0.46 350 10 35—38
E487/A5..4A P111W-Au 4.0 0.24 475 9.5 44—70
E5241A6-SAA Pt-ThW-Au 5.0 0.19. 400 7-8 20—30
E525/A6-SA Pt-ThW.Au 8.0 0.17S~~ 450 7.0 30—SO
E528/A5—7A Pt.fl:W.Au 7.5 0.22~~ 500 7.0 50—70

- 

— E544/A7—8A Pt-fl W.Au 4.5 0.41~~ 400 10 12—14 - —

- 

— ESIWA8—3A Pt-ThW-Au 6.0 0.21~~ 350 7.0 IS—SO

Anodizid -

~ Stp Etched

‘

I
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‘rABLE 3.5
P4 -HI-LO VPE WAFERS

11
+ n

_

WAFER NOJRUN NO. x 1O~~ cm~~ (
~zn,) Ix iolS ~~ 3) Vb COMMENTS

E592/A 104A 9.5—10 035 7-8 10—13 Vb too low
- E593/A w~

5A 11.0 • - -  10 10—12 too low
6MM/A -IA 10—11 0.25 8—a 17—33 -

E508/A 10-4B 10 0.36 8 10—14 Vb too low
ES97/A 1~ -5B 

- 
10 -- . 8 12—15 tOO low

E598/A 70.-88 13 0.25 7.5 25—45 - -

- 
- -~~~~ -: - .~~~~,~

- - ‘ - - . - -

- - -_
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TABLE 3.5
RF RE$ULTS OF LPE HI . LO WAFERS

Pulse l~.’gLI~ 
a 500 n~~

Duty Cycle a lO%

WAFER NO. - PEAK POWER (W) EFFICIENCY (%) f (0Hz)

E421 HIgh V
b

E422
E427 10.0 17.2 13.45
E434 7.3 12.0 14.4
E440 HIgh V~
E461 9.5 23.6 13.85

19.0 15.2 13. 97

17.0 14.3 14.34
E461 2.8 

- 
• • •  14.6

E453’ LOW V
b

E459 Poor dc characteristics
E463 Poor dc characteristics

• E469 11.75 13.4 13.62
E470~ High Vb
E471 4.0 9.6 12.6
E474 Hlgh Vb

- — E533 1L5 24.0 13.3
E539 13.75 18.6 13.0
E540 Notch after hi region -

- 
- E541 7.8 23.1 13.3

E542 Leaky breakdown
E560 7.0 21.9 14.5
5561 17.0 22.4 13.1
ESS1X 1 17.5 20.0 13.0

16.5 21.0 13.62
- 

- E561X2 14.0 20.3 13.45
E562 Hlgh Vb
5563 HighV~5565 High Vb• E556

• 5567 12.25 14.1 13.55
E568 High eskage
E569 20.5 21.1 - 13.1

160 10.1 13.9
EMi 11.0 14.7 13.7

W.fer grown for Air Force program

~~$chattky barrier
40
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• TABLE 3.7 
-

RF RESULTS OF VPE LO-HI-LO WAFERS

Pulse Langth — 500 nssc
Duty Cycte — 10% -

WAFER NO. PEAK POWER (W) EFFICIENCY (%) FREQUENCY (GHz)

E417 LOWVb
E436 8.75 9.0 11.6
E460 

- 

4.0 5.8 12.3
E480 Hlgh Vb
E487 HIgh V~
E524 4.0 10.7 12.0
E525 7.6 12.2 13.9

4.5 14.3 - 15.2
E526 Hlgh Vb
E544 LOW Vb
E545 15.0 14.2 13.86

S

- 
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- TABLE -3.8
RF RESULTS OF WE p+ HI-L.O WAFERS

WAFER NO. PEAK POWER (W) EFFICIENCY (%) FREQUENCY (0Hz)

E592 Low Vb -

E593 LOW VbESOS 1.8 10.2 14.05 -

E596 Low Vb ..5507 Low VbE598 7.8 8.1 14.3 - —
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desi gn at 14 G14z. It was fel t that the more uniform VPE material as well as the
abilIty of the microprocessor-controlled reactor wa uld resul t in considerable
imprcv ents in overall diode yield. Work In this area has continued with

: company-funded money for designs centered at 9 GH2 . Efficienc y of 29% with power
of 11.8 W at 9.5 6Hz was the best result measured to date. This Is in agre ent
with the simil ar p ’ -hi~bo design grown by liquid phase .

Once each wafer was evab uated for rf performance, the doping profiles were
exami ned to find why one wafer warked better than anothe r. Packaged dev ices were
measured for capacitance as a function of vol tage. The packages were opened and
the Jiaiction areas were measured opt ically to calc ul ate the doping profi les from
the C-V measur~ ents , A more rigoro us computer anal ysi s progr am was used to
correlate theoretical performance with experimental.

Instead of using an Ideal ized doping profile as In the stati c fie ld design 
-

program described earlier in the report , the actual doping profile could be
entered point by point . Al so included -In thi s analysis were the effects caused
by space charge resistance and current density. The program calcul ated electric
field distribution and breakdown vol tages 12 on the basis of the doping profile
and the ion ization rates detevmlned by Salmer. Al so, by solving the equation-
determined by Ml sawa 13, mnall signal impedances could be calculated for the device.

Figure 3.6 presents an ex ampl e of doping profiles for twa of the better
performing hi-b wafers . These doping profiles were entered Into the computer
program point by point wi th the resul t for £551 sho wn In Figure 3.7. The current
density was assimed to be 1000 A/ cm2 while the saturation current density Is 1
A/cm2. Ionization rates determined by Salmer are al so used.

Table 3.9 presents a slimiary of the predicted results vers us those observed
experimentally. There appears to be good agreement for breakdown and operatii~gvoltage indicating that the electron Ioni zation rates determined by Salmer are
reasonably accurate . - -

-

The analy sis program was al so used for the b -hi-b IMPATT design where it• was very usef ul In determing the spi ke position. The abilit y to enter the pro-
-: file point by point proved to be more acc urate than the idealized profile used
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for the static field optimization program. The one l imitation wa s that the
depl etio n wi dth resu l ting from the bui l t —tn potential of the junction prevented
the front of the spi ke from being profiled. AS a resul t , It was assLmed to be

• syninetric.

• Since time did not allow ful l characteri zation of the VPE reactor for the
material growth, all the b —hi-lb material received a Schottk y barrier of one
type or another . This had the advantage of al lowing the wafer to be chemically
etched bef ore the barrier was deposited to optimize the spike position. The
wafer could be grown with the spike Intentionally pl aced too deep , and then
profiled. The anal ysis program cou ld predict the spike position for optimum
performance.

Tabl e 3.10 presents the resul ts from the program for a typical ic—hi- Ic
wafer . The negative conductance and chip Q are presented for three frequencies -

as the spi ke Is moved cl o ser to the surface . It appears that the optimum spi ke
pos ition Is 0.175 urn from the j unction. Any closer to the surface resul ts in
11sp111-over” and the aval anche process is no longer confined to this zone . The
snail signal impedance of the chip has a minimum Q at thi s va l ue Indic ating
optimum rf performance .

- 
The analysis program proved to be very useful in determining why some wafers

worked better than others . While the original static field program provided an
optimum design for given doping level s , the anal ysIs program Incl uded more parain—
eters and predicted resul ts close to those observ ed experimentally.

Figure 3.8 show s the peak power and efficiency for one of the better hi-ic
wafers as function of duty cycle. The pul se length was 1 microsecond. It
appears that £442 has a max imum efficiency when the junction temperature car-

-
- 

- responds to a duty cycle of about 15%. The effect 0f the higher duty cycles and
temperatures is seen In the drop of optimum operating frequency. Most wafers

j  • exhibited similar performances as a function of duty cycle and junction tempera—
ture . There seem to be two factors which affect the rf performance. First , as
the duty cycle is decrea sed fro m 25% to 10%, the power increases and the eff 1-
clency remains fa irl y constan t . At the lower operating temperature s , the device
Is able to operate at higher current densities while still remaining in the high

47
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efficienc y mode. More power can be put Into the device while keepi ng the same
j unction area and circuit matching constra ints . Thus , the output power Increases
until a point when the operating vol tage is low enough that the efficiency drops.
At duty cycles less than 10%, the efficiency is dropping due to a non-optimum
electric fiel d profile.

- - - 

- 
In su ary, the LPE hi—b wafers gave better performance than the YPE lo —

hi-b wafers . ~ feel this is due mainl y to greater xperience with the hi-l a
profile with LPE. While the b —hi-b design shoul d have severa l advantag es , —

optimum performance was not obtained . More experienc e with the vap or-phase
approach to this design shoul d yield com parabl e , if not better , resul ts . On the
other hand, the b —hi-b design is more sensitive to layer thickness than the
hi—ic design which adversel y aff ects the overal l yield . The breakdown voltage

— varies from 4 to 5 volts per 100 angstrom variation in spi ke depth compared to 1
or 2 volts per 100 angstrom for the h i— b design.

-: 3.4 SCHOIrKY BARRIER RELIABILITY

During the course Of this program, a number of different Schottky barrier
metallfzation schemes were investigated In an attempt to find one with acceptabl e
metallurgical stability. It is well known that platinum reacts with GaAs at
rel atively low temperatures to form a vari ety of Pt-Ga and Pt-As compounds15. As
a resul t of this m~~allurgical reaction, thermal aging of the Pt Schottky bar-

-
f 

riers Is a problem. The mean-time— to— fail ure for Pt ~chottky barriers is re-
ported to be 4000 hours at 250°C in comparison to 1O5 hours for grown junction
IMPATTs~

6. Schottky barri ers , on the other hand, do have the advantage of sane—
what lower thermal resistance. Al so, the highest dc- to— rf conversion effi—
ciencies reported to date have been obtained with Pt Schottky barriers. Thus, it
is cl ear that devebopnent of a rel iabl e Schottky barrier metallizetion for Ga As
IMPATTs is warranted , In spite of the rel iability advantage of the grown
junction.

~~~~~~~ 

- 
Several possible metalli zation schemes for GaAs IMPATTs have been suggested

In the literature. One suggested scheme Is to employ a thin platinum Schottky
barrier In conjunction with a tungsten (W) layer to l imit the Pt-GaAs

• reaction ~~~~ The other poss ibility Is to employ a more stable Schottk y barrier

50
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metal , such as al uminum (At )18. ~ have eval uated both of these possibilities.

Three metal 11 zation systems have b.en evab uat.d: GaAs : At-TI-Pt-Au, GaAs :
E : Pt—T I—Au , and GaAs : Pt-TIW—Au . These meta ll ization system s ware eval uated on

GaAs wafers having a b -hi-b doping profi le , as it was convenient to pboy the
position of the donor spike withi n the material as a Mbuilt-1n reference
against which to gauge the mOvement of the electrical j unction19.

In order to prevent gol d from diffusin g Into the j unctions at el evated
temperatures, diffusion “barrierTM metal s were placed between the Schottky barrier
contact and outer layer of gold. Si nce the compound Ti Pt Is known to be an
excellent diffusion barrier to gold , Ti-Pt was employed as a barrier metal on
both As and Pt Schottky barriers. Since tungsten is al so a good diffusion bar-
ncr to gold21, a 1200 ~ TI (10%) :W barrier was al so employed for the Pt Schottky :~
barriers. A TI :W al loy was selected because of its improved adherence in com-
pari son to pure tun gsten .

- • 

Initially the thickness of the As and Pt Schottky barrrier metallization was
1200 X. However, passive life tests performed on wafers £435, £436 and E437
indicated that a severe “chew-in” of the junction was occuning at 2050C after
24 hours. Increasing the temperature to 2750C resul ted in failure of al Al -Ti—
Pt-Au and Pt—TI—Au j unctions within five hours by shorting or excessive leakage.
An additional two hours at 300°C caused the j unct icns with Pt-Ti W—Au to become
excessively leaky, but resul ted In no catastrophic failures. Therefore, it was
decided to adopt the Pt-TIW-Au metallization for the remaining wafer metalllza—
tions, but to reduce the Pt thickness to 500 g,

Passive life tests were performed on wafers £460 and £461 which had 500 R Pt
Schottky barriers . These life tests were conducted at an ambIent temperature
300°C. Breakdown voltage, saturation current, and doping profile were monitored
for a period of 40 hours. No catastrophic failures were recorded In this time

• period; however, the saturation current had increased to 1 mA. The process of
junc~1on chew-In Is documented in Figure 3.9a. The data shows that after approx-
iaiately 10 hours, the initial rapid chew-in Of the Pt ceased and a much slower

- 

-

~ 

secondary reaction proceeded through 40 hours. This result suggested that that
the T1:W was al so react ing with the GaAs . In order to test this hypothesis ,
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wafer £478 was directl y .etallized wIth 1200 * of TI :W to form the Schottky
barrier. Chew-In of the T1:W wta lll zat ion is documented In Figure 3.9b . Appar- -

-

entl y, react ion of the Ti with the GaAs is responsibl e for the chew-In, since
Wn—GaAs contacts have been reported to be metallurgically stabl e up to 5000Cc.
Because a pure tungsten target was not availabl e for our sputtering system at the -

time of this progrem, we ware unable to test thi s hypothesis further .

The resul ts of our Schottky barrIer life test studies may be si.~~ir1zed as
follo ws : Al -Ti—Pt-Au does not appear to be a reliabl e setal llzation sche e for
high —powe r Schottky barri er TNPATT5 due to a metallurgical reaction with the
GaAs. Although the exact nature of the reaction has not been characteri zed In
thi s study, several possibl e react ions have been reported in the 1 iterature ~~’~~.Pt-Ti-Au Is not as reliable a meta ll izat ion as Pt-TIW-Au, probably due to a
reaction of the Ga, which dissolves In the Pt , with the titanium24. Pt—li W—Au
was the most rel iabl e contact investig ated . Its reliabil ity appears to be
limited by the presence of Ti in the tung sten allo y . Further investi gation Is
warranted in this area based on these experimental resul ts .

3.5 SCHOTTJCY BARRIER AND P~
’ GROWN JUNCTION COMPARISON 

-

A number of the LPE hi-b IMPATt wafers were divided into two sections for a
com pari son of a Schottky barrier with a p’ grown junction. A parallel com parison
with the saie wafer should have given resul ts unbiased by material variations .
Eval uation of the Schottky barrier and p~ grown j unctions consisted of measure-
mont of the dc brea kdown characteris tics , in particul ar , the reverse saturation
current . Thermal resistances were measured . Passive life tests were performed
in order to estimate a mean—time—to—fail ure at elevated ambient temperatures for
the two dev ice types. RF performance was eval uated and the “ turn—on ” character-
istics of the r? pul se were examined for delays associated with Schottky
barriers25.

Two problems were encountered which affected a fair comp arison of the
Schottky barrier and p~

’ grown j unctions. One problem was the Schottky barrier
versions of the first few wafers exhibited -poor dc cha racteristics dbe to poor
Schottky barriers . Modifications to the sputtering system and to the metal l i—
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zation system employed as a Schottky barr ier greatly improved th. quality of the
j unctions on later wafers. Leakage currents as low as 1 nanoapare were observed
with diodes from sev eral of these wafers. Secondly, an “etch-back” of the ava—
lanche zone when growing the ~ layer with LPt was experienced. FIgure 3.10
shows the dopi ng profile calcul ated from C-V asur auts of a Schottky barrier

• (E446 ) and p~ grows j unction (E438) from the sas wafer. The avalanche layer
• thickness of the Schottky version is almost 0.1 us longer than the p’ version,

resul ti ng in a much b ower breakdown vo l tage (27 vol ts for the Schottky versus
50 vol ts for the p” version) . The “itch—back” of the aval anche zone sufficientl y -

modified the doping profiles so that only a comparison of dc characteri stics was
meaningful In most cases .

Figure 3.11 presents typical reverse breakdown characteri stics for Schottky
barrier and p~ grown j unctions on the same LPE wafer C626. The Schottky barri er
cont act is Pt-TI W—A u in this case . The photographs cl earl y show the “ soft”
breakdown characteri stic s of the Schottky barrier in com par islon to the abrupt
breakdown chara cteri stic of the p+ grown j unction . Reverse saturation current of
the p+ grown j unction is In the nanoampere range up to one vol t of breakdo wn ,
while the reverse current of the Schottky barrier is in the micro apere range.
Aside from observation of a higher incidence of tuning —Ind uced failures with
Schottky barriers , it was not possible to correl ate microwave performance with —

reverse saturation c urrent due to the etch-back problem.

Thermal resistance was measured for the Schottky barrier and p~’ grown j unc-
tions . (~i an equal area basis , the Schottky barrier j unctions had a therma l
resist ance 0.750C/%iI smal ler than the p’~ j unctions for a j unction area of
7x104 a2 and a one micron contact thickness .

Accelerated passive life tests were per1~ormed on Pt Schottky barrier and
gro wn j unctions . Our lif e-test resul ts with Pt Schottky barriers are in agree-
mont with previously repo rt ed data 16 .

The degradation of p’ grown j unctions is bel ieved to be rel ated to the
simultaneous indiffusion of gold from the Ni-Au p~ contact and gallium outdif-
fusion from the GaAs . In order to test thi s hypothesis, the NI-Au p’ contact was
repl aced with a Pt -TIW—Mi Schottky barrier contact on several p~ grown j unction
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(a) E472 (p~ Grown Junction on C626)

(b) E473 (Pt Sthottky Barney on C626)

Figurs 3.11. Reverse Breakdown Characteristics of p~ Grown Junction and
- Pt Schottky Barr ier Junction on the Same Wafer
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devices. These dev ices were passive ly aged at 3500 and 375°C. The results of
these life tests are e~ we in FIgure 3.12. Th. fail ure criteri on for the NI—Au
contacted p’ growi j unction devices for i~ mA . of reverse leakge current , while
th. fail ure criterion for the Pt-TIW—Au contacted devices was only 1 mA.
Clearly , a significant I.~rovasnt in rel iabil Ity was obtained with the Pt-Ti W—Au
contact. At 2500C the median time to fail ure was increased from 10~ hours to
5it1O~ hours.

FIgure 3.13 is an example of i-f pul ses from a Schottky barrier diode and a
junction diode. There Is no evidence of del ayed “turn—on” characteri stics

observed with the Schottky barrier diode. Ri se times are on the order of the
current pulse rise time (30 nsec) and equal to the p~’ j unction’s rise t imes.

BURN-IN PROCEDURES 

-

Whi le only a limited ~Iount of effort was directed toward eval uatlng the
useful ness of burn-in procedures, some concl usions can be drawn from the cbser-
vat lons made. Two types of burn-in we re empl oyed duri ng this effo rt . A passive
burn-in was conducted by baking device s in a hydrogen ambient at 3000C for 48
hours. Active burn—in was al so eval uat ed . This consisted of biasing devices
under i-f stable load conditions wi th approx imatel y 10 W of dc power. Heat sink
taperatures were typically 50-600C under this condition. ~ Burn-ins were gen-
erally carri ed out for a 48-hour period . 

- -
. - - 

-

A strong correl ation between j unction quality and lifetime under the passive
stress was cbserved. Devices that exhibited leakage caused by junction defects
(see Section 2) would significantly increase In leakage during the 48—hour bake
and would , In some cases, short. Devices with low lea kage grown by a process
which did not produce junction defects would always survive the 48-hour bake with —

no degradation and would generally be capable of l asting 1O3 hours at this
taperature.

- - 

Resul ts from the dc burn— In were not as concl usive . While leaky devices
would occasionally fall under this stress, some devices that would clearl y fail
the passive test would pass the dc burn—in. Apparently, higher heat SI nk temper-
aturts are required to stress these devices adequately. -
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4. CIRCUIT AP~ PACKA~~ DEVELOPP~ENT

4.1 CIRCUIT DESIGN

A circuit consi stin g of a coaxial line coupl ed to a wavegu lde, pictured in..
FIgure 4.1, was used to eval uate the devices. It Is similar to one pro posed by
Ksnyon~ and Kuroka~s

27. As seen in Figure 4.2, the diode is pl aced at the end
of a section of coaxial lIne which Is terminated In a low pass filter used for
biasing. Originally, a microwave absorber was used, but the fil ter arrangement
proved to be less iossy while still el iminating bias instabili ties . Irises of
vari ous diameters were tried to vary the cavity coupl ing to the waveguide , but it
was fo und that no Iri s gave good resul ts for this red uced— height cav ity . A
non—contact ing sl iding short and a sl ide screw tuner were used to optimize per-
formance.

Since this one circuit was used to eval uate wafers with a range of param—
eters, it was designed to be as flexibl e as possible to match each wafer opti-
mal ly. The diameter and length of the coaxial line section coul d be vari ed to

- 
- change the real and reactive parts of the circuit match. Al so , the position of

-~ - 
the diode with respect to the bottom of the waveguide could be varied by changing
the sl eeve length . The variation had the largest effect on the circuit
reactanc e .

Overal l, this circui t gave repeatabl e resul ts and was able to match the low
val ues of impedance associated wi th the larger area pul sed devi ces . A coaxial
circuit vms eval uated at 14 GHz for an earli er program with the A ir Force .
Performance at 14 GHz was difficul t to obtain with a single transformer in a
50—ohm system due to the high reactance of the single-drift diodes.

When diodes with pre—breakdown capacitances of 3 picofarads are used, the
transformer must be on the order Of 1/8 of a wavel ength . A transform er shorter
than this yields only marginally better resul ts.

I-I 
-5 -— 

- - - -  - - - -  
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Other types of circuits , such as those using a Mhat resonator were not
tried as they suffer fran poor reproducibility and multi-mode operation. Al so,
it was fel t that the coaxial -waveguide circuit was most useful in characteri zing
the• devices since It Is similar to most power - combining circuits in which the
diodes will probably be used. -

An earl ier version of this circuit was del ivered to China Lake early in the
program.

4.2 MCDULATOR DEVELOPMENT

Since the diodes dev el oped for this program were to operate at 125-nsec
pul se lengths , a new modulator circuit was designed to have adequate ri se t imes
for these short pulse leng ths . An outside consul tant wa s retained to design and
build a modulator capable of satisfyi ng these requirements.

The final modulator design Incorporates a commercIall y produced pul se gener-
ator with higher— power output stages. Siliconix YFETs were used on the output
stage si nce they coul d handl e the higher current s while still perfo rming wi th
adequate rise and fall times. 

-

The mod ul ator wa s designed to operate over a range of pul se lengths and duty
cycl es as it was fel t this ~ uld be useful for a l aboratory model . A shut-down
circuit was designed to protect the output transistors In case of an IMPATT diode
short. Al so, a croi~ar circuit was designed to protect the output transistors
from over- vol tage.

This mod ul ator was al so del ivered to China Lake for eval uation as part of
the contract requirenents ..

4.3 IMPEDANCE MEASUREMENTS

Pul sed impedance measurements were done during the program to aid in device ,
package and circuit design. On the basis of the Impedance measurements, a cir-
cult model wa s developed for the device and package combination.
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Pul sad impedance measurements were done in a much less direct way than would
be done for a conventional CW case. First, the diode Is placed In the coaxial-
wavegulde circuit and tuned for max imue output power at some given frequency.
This is schematically represented in Figure 4.3a. The diode and heat sink are
removed from the circuit, and the reflection coefficient looking Into the circuit
is measured with the end of the coaxial line used as the reference plan. as in

— 

Figure 4.3b. An 91* coaxial line, specially modIfIed to be used as a probe, is
used with a Hewlett-Packard network analyzer to measure the reflection coeffi-
cient. The large signal impedance of the diode Is assuned to be the negative of
the circuit impedance. 

-

This type of Impedance measurement has several dra~backs. First, It is
difficult to measure the diode Impedance as a function of frequency. The pro-
cedure Is fairly time constining for each diode. Al so, since the real part of the
diode impedance for large area pul sed devices is typically under 1 ohm, the
overall accuracy of the measurement becomes doubtful . A 1 oad impedance under an
olin in a 50—olin system corresponds to approximately 0.25 dB return loss. As a
resul t , the measurement Is very -dependent on fixture losses and initial short
calibration of the coaxial line.

Measured val ues of reactance are shown In Figure 4.4 for diodes of two
different junction areas. These val ues represented the extremes of junction
capacitances used for this program. The measured val ues were used with a diode
model to aid in package and circuit design. The real part of the impedance fel l
Into the range of -0.4 ohms to -1.5 ohms for power level s In the 7- to 9-watt
range . There was not a clear correlat ion of negat ive resistance with frequency
due to the inherent measuremen t error s .

4.4 DEVICE MODEL AND PACKAGE PARASITICS

Since the large reactance associated with the sin gl e—d rift device In Ku—band
was an important factor in l imiting the peak powers, a model was used for the —

IMPATT chip based on measured impedance data to eval uate the effects of package
parasitics . The model , developed by M.S. Gupta28, is shown in FIgure 4.5. It
inclixies the j unction capacitance , C, and aval anche inductance , L, wh ile the
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val ues of resistance have little physical significance. The pac kage parasltlcs
are represented by the bondwlre Inductance, L~; ceramic capacitance , C~; and the
Inductance associated with the stored energy aro und the diode, L1. It should be
noted that the last term, L1, Is dependent on the fixture In wh ich the diode
Impedance Is measured.

Originally, the X-band IPIPAITS were packaged with ribbon in the 14.33 package
as shown In FIgure 4.6. The package p.rasl tics are too high for Ku—band opera.
tion , so the P1-Si package was used with crossed ribbon leads. Later, mesh bond-
ing strap s repl aced the ribbon in an effort to reduce further the bond wire
inductance , as seen In Figure 4.7. These package parasitics can be measured by
CW means on an automatic network analyzer with a method described by Monroe~~
using open and shorted pac kages .

The IMPAIr model was used Initial ly to determine the effec t the package
parasitics had on terminal impedance . Figure 4.8 Is a pl ot of the theoretical

— large signal impedance of a pulsed Ku-band JMPATT usIng various bondwlre Induc-
tances. At 14 GHZ , approxImately 3.5 ohms of reactance are saved by using mesh
bond straps. The val ues of the various el ements of the model are simmari zed in

• Tabl e 4.1. -

4.5 OPTIMIJl DIODE AREA

The peak pul sed powers obt ained dur ing thi s program were l imited more by 
—

circuit matchi ng l imitation than thermal excesses . In the CW case , the power a
diode can del iver is limIted by the temp erature rise of the junction. A pul sad
diode, on the other hand , Is usually used at a low enough duty cycle that the
average power dissipated inside the diode is not enough to lead to excessive

— 

junction temperature. The peak power output increases with the junction- area
until same sort of circuit matching l imitation is met.

Figures 4.9 and 4.10 show pul sed power and efficiency as a function of diode
area for two duty cycles. The efficiency of the mnaller area devices is limited
by the intrinsic efficiency of the diode . As the j unction area Increases , the
ability of the circuit to match the diode impedance decreases, causlhg the
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Figure 4.6. N57 with Double Ribbon Bond Leeds

I,

Figure 47. N57 with Double Mesh Bond Leads
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TA$LE4.1 -:
MOOEL PARAMETERS FIT TO MEASURED DATA

_ _ _ _ _ _ _ _- 
SMALL AREA DEVICE LARGE AREA DEVICE

L (nh) 0.1 0.06
R1 (fl ) 3.0 3.0
C (pf) 2.2 4.3

p 
R2 (fl ) —2.0 4.3iç
R3 (fi) 4.0
L~ (nh) 0.12 0.12
C~~~ 

(pf) 0.25 0.25
Lm (nh) 0.08 008

.
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effective diode efficiency to decrease. The power no longer Increases linearl y
with the area as seen In these examples.

• Although the situation Is very compl icated , due to the interdependence of
the variables, It is possible to describe qualitatively the dependence of n.icro-
wave power output and efficiency on dIode area In an analytIc sinner. The anal y—

• sis proceeds as foll ows : The rf power output .Is given by: - 

-

- ~‘~~t 
a 1/2 (Id - Gsh) ~~ (1)

where G is the large signal negative cond uctanc e of the diode and the Is the
shunt loss to the diode and circuit. V1 is the applied rf vol tage. The depen-
dence of the large signal negative conductance upon rf vol tage may be approxi-
mated by a hIgh order pol)elominal of the form given by Dalman, et a130.

— G a ~55 ( 1— g1
a2 + g2

d13) (2)

.

where is the small signal (maxim un) negative conductance of the diode 1 g Is
the modul ation dept h a where V 0 Is the dc opereting voltage. The 9j ’ S are
coefficIents of the expansion, which may be deten~ined by fitting the above
expression to ex perimental data , for example , or to a theoretical c urve.

In order to obtain an analytically tractable sol ution, only the first two
te rms of (2) are employed. EquatIon (2) Is substituted Into (1). The resul t is
differentiated with respect to V1 In order to determine the rf vol tage wh ic h
optimizes the output power:

1 1~ /2
1 opt a 

____ Ii - 1.
‘ 

~/~jj L C55

S (3)
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This val ue of V1 ~~~ 
Is then substituted back Irto (1), In order to deter- 

-

~

mine the optimue output power :

- 

~
‘out , opt a

~~~[G 55 [1 
- 
GSI~]2 

- : .

Clearly In the absence of any shun t losses (G sh 
a 0), the max imun output

power is given by: 
- 

-

The ratio of 
~opt’~mu define s the “ diode/circuit transmissi on eff icienc r

~~trans

2

alj G$hl (6) 
—

~trans [ — G5~j

The problem Is now reduced to relating C55, Gsh, and the Intrin s ic eff 1— —

ciency of the diode to the diode area, A.

The intrinsic power-generating capability of the diode is related to Its
intrinsic efficiency by the followi ng well kno~ expression:

a 
no

0 1—n0 1 (7)

475

L ~~~~~~~-~~~—~~~~—~~~~~~~~~~ ~~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~
--

~~~



____ - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
- - -

H

where n~ is the intrinsIc diode efficiency, ~T is the temp erature rise due to dc
dissipation, and B is the thermal resistance of diode and heat sink. This
ther mal resistance may be expressed in terms of the diameter, d, of the junction
as:

9 a  1~ ~~
- 4t (8)

- 2 o d  2 -
- .~ hs ida

4-

where the first term is due to the s pread ing resistance Of the heat sink and the
second term is due to the separation of the heat-genera ti ng pl ane from the heat
sink. Since the first term usually dominates for larger j unction diameters, the
thermal resistance is approximately given by

S

2dj~5d (9)

( where 
~ 

3W/ cin/°C for gold). The dc input power to the diode is given by the

product of dc operating vol tage , V0. and -dc operating current , J0, and area , A

1’dc VØJ0A a vo l0 (10) 
-

The operating vol tage , V0, is al so dependent upon both I and J0A according
to:

V0 ~ 
V BR (I) + I0R5~ 

(11)

where 
~BR Is the breakdown vol tage , and Rsc is the space char ge resistance . It

is necessary to assigne that for a given temperature rise , ~T, V0 Is approx i— - 
-

mately constant (i.e., neglect space charge contribution), which Is a good

- - 
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approximation based on ex perimental data . (Note : V0 is al so dependent upon V1.but a constant vol tage Suppl y is assused.) Thus , the dc input power Is
approximately given by:

~dc ~ 
41 (Zod) a V0J0A (12)

F -

and , the operating current density 
~0 

may be written as:
- 

2

a where A a

(13)8~~T
0

According to R. 1. Kuvas 31, the intrinsic conversion efficiency of an
“ ideal ” Read diode may be written as:

n a hiki-V-.—(1_Bi)

wh ere h1 -Is the well known drift region transport factor :

~~~~~ (15) 
-

* is the transit angle; td is the length of the drift zone; W is the total
depletion width , k1 Is the ratio of two modified Bessel functions:

k - ~~~~~ (16 )1 Q0 (2D~)

- 

— 

-77

----5—

- - 
- -~~~~~~*~~:

_ _ _ _  - --5 - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~

L 1 — ~~~~~~~~~~~~~~~~~~~~~~~~ —h. ~~~~ 
_
~ ._p_-5_ .~- ~~~~~~~~ ._ ,.



which are dependent upon the rf voltage, V1 through the normalIzed field
parameter Di:

a IIJ~~i (17)

Here, 1a11 Is rel ated to the field derivative of the ionization rates and
is the angular frequency.

B1 is the large signal aval anche resonance factor , which is also dependent
upon the rf voltage: 

-

-: - Ia 1~ J0 (2’~i
’
~

\ i)  - 
- 

—

lail ~~ 
(~1w~.0\~ 

-

-

‘ 

IW~2 ~ 1a1jV1) (18)

2k1J0W -

a

where i Is the dielectric petinittivIty of GaAs .

81 may be rewritten in terms of the expression previously derived for
equation (13):
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2k (8~~T)W
1 (iV 4) •~~V10 (19)

16k10’ 8N
a 

~~v0 •~~~1 -

In order to simpl ify the anal ysi s , It is assumed W is not a function of
drive or temperature which is consistent with the assumption that V0 Is quasi—
static. This Impl ies that the transport factor h1 is al so quasistatic with
respect to any change in area for fixed *1. In order to be consistent with the
analysis employed to derive the optimum rf vol tage for maximum output power, the
optimum rf vol tage ex pressIon (3) should be substituted for V1 wherever ft
appears in the intrinsic diode efficiency expression (14). Thus, (14) reduces to
the followi ng lengthy ex pression :

.~1/2 -

_ _ _ _ _  I 16k 1~~1W~~~~~fl 
~ . ~. 

[
1 - 

dV 2

-
~~ (20 )

G -1/2 1

- 

x E . G )  j  - 

-

-

The expression for the experimentally measured output power is given by the
— product of the Intrinsic diode output power, P0 and the transmission effic iency,

~trans :
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P a n  Pout trans o
n

— ~
‘trans 1 ~~ (aT) (2~~) ~21)

S

The remaining problem Is to rel ate the rat lo G to the physical
par~seters of the diode and circuit. This has been don. by Kondo, et al . The
shunt loss is merel y given as:

6sh 
a w0

2C0
2RsA2 (22)

where C0 Is the diode capacitance/ unit area and Rs are the series loss due to the
diode and circ uit. The ratio , g a GSh/GSs Is then gIven by:

a 

2c 2R5(i~~) (23)g a6~~0(2~~T

o \ o
where Is the smal l signal (max ) negative conductance per unit area. The
expression for g may be re—written in a more convenient form containing only the
dependence on j unct ion diameter:

g

I

_
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(24 )
ôG5~~ 12c\

~ f 4 \ 2 
~J U)~~

— where d a~ ) - aT_____ Wo 2Co ZRs

Is taken to be a constant in this analysis. 
-

An analytic expression can be written, down and eval uated for the term
èGsso/IJO, however, it is very compl icated. The assumption made here is that tor first order the dependence Is linear; although in a NRead fl diode, It is somewhat 

—subl inear.

Before proceedIng further, It is worthwhile to examine qual itatively the
expressions which have been derived , so that one does not miss the “forest ” for

-~~ all of the “trees”. Re—writing equation (21), emphasizing the terms containing
the diameter:

[1 (d )3] 
5/2 

- 

d 
‘ (const.)~

(25)

- 

- 

1~ ~~k1 - 3] 
1/2 

~ (const,)3 ~ 1 - 
k
1 

1/2~

a

S
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~a1W1~/~~r :~ _______ - : - 
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- 

(cons’t.)1 a 
- : ‘~~~ ~~~~~~~~~~~~~~~~~~~ - -

- ~. 
-
, - 

- -
- 

0 0

(const 1~)2 —ç’2~ ’) Cal) (2c’

-
~ (const ,)3 aj

~
.,
1

- where 
. 

-

1/2

.5 a 
1/2

- 

- is not a strong function of V1. so to a good approximation k1 ~ 0.86, al—though, k1 Will decrease with increasing d thus decreasing the intrInsic effi—ciency of the diode.

-

- 

For fIxed 1, increasing d Increases the Input power. This directly In-creases 
~~~~ ~ wever, increasing d al so decreases the transmission efficiency.So, it is immediatel y obvIous there Is an optimum d for max imum p0~~. On the

-
- 

- other hand , the increase in input power Increases the I ntrinsic efficiency whilethe decrease In rf voltage decreases the Intrinsic efficiency. Thus, there will- 

be a peak In no. Although it Is not immediately obvious , it Is probable that
-

- 

- there will be a peak In efficiency at a smaller val ue of d than required for- max imum
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In spite of the rather gross assumptions made throughout this analys is , the
theoretical predictions are In good qualitative agreement with experimental
results.

The important feature of the ana lysis Is the parameter “do1. Clearl y by
increasing “do” , such as by reducing the seri es losses contained In R5 , or by
going to a do ub le—dri ft structure in which the depl et ion width W is larger, hence
Co Is smaller, greater power may be realized in larger area devices . This Is
what is intuitively expected.

The anal ys is may be exte~ded to ill ustrate the dependence of P,,ut and Ii i—
ciency on temperature rise (aT) which Is dependent, of course , on the duty cycl e
of the pul se, for a given (constant ) j unction area.

Thus, the anal ysi s appears to provide a useful guideline for pred ictin g the
perform ance of str uctures not real ized to date.
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5. CO~ L~~I~~s

- - 

5.1 ~~~~~

During the nine—month time interval , both LPE and YPE growth techniques wereployed to produce Ku-band pul Sad Read typ e INPAT~ wafers • The LPE techniquewee focuied on hI-Jo Reed design s usi ng a p ’ grown junction. InitIal work withSchottky barriers as wall as Schot-tky barrier work done on an earl ier program for-

~~~ the Mr Force indicated a dIrect comparison of Schottky barrier versus a grownjunction was more difficult than initially anticipated. This was due to the -factthat the 
~ growth removed part of the n~ epitaxial layer making the comparisonInval Id.

The vapor_ phase approach Initially concentrated on b —hi —b modified Readprofiles usIng a Scho-ttky barrier . Difficulties in growing a “good” profileprevented us from obtaining rf resul ts comparabl e to the LPE hi — b devIces.While the lo—h1~lo design should be sl ightly more efficient than the hi—b pro—
-

~ - file, It proved to be much harder to grow duo to the greater sensitivity to- 
.. avalanche width. WhIle the lo-h1-T~ wafers did not prov ide superior rf per-formance , much was learned concerning Schottky barrier metallizations and dev icereliability. 

-

The remainder of the VPE work centered on grown junction hi-b wafers. Thereactor had been modified to grow highly doped p-material using cadmium for thecontact. The hi— To profile was chosen in the Interest of time since we had muchmore experience with this prof lie based on our work In LPE. This r oved onemore variable and a1bowe~
j a fair comparison of liquid— and vapor-ph se epltaxy.

5.2 DEVICE DESIGN

During this study, theoretical computer programs were established whichaccurately predict static field and small signal charact~rjstjcs for hi—b andb —hi-b devices . Very good agreement between calcul ated and experimental
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operating voltages, frequency and efficiency were achieved when the actua l mea-
sured device doping profile was employed In the cal culation.

The best rf performances were obtained with p’-hl-bo structures. The doping
profile specifications which provide the best resul ts and are theoretically
optl wa for the pulsed hi-b devices are si arlzed in Tabl e 5.1. Peak power of
16 U with 19% efficiency was obtained at 14 GHz. Efficiencies of over 24% were
obtained with ~ialler area devices. -

Comparison of Schottky barrier and grown j unction diodes was done on the
basis of rf performa nce , reliabi lity , and thermal resistance . While the best rf
performances were obtained wIth grown junction dev ices , this is due to the fact
that a greater ntmth er of grown j unction wafers were fabricated. We would expect
com parabl e rf performance to be obtained with !chottky barrier devices. The
rel iabi lity of the Schottky barrier devices was clearly inferior to the grown
junction devices. A Pt-Ti :W-Au metal l ization was found to be more stabl e than
either M or Pt systems. The thermal resistance of the Schottky barrier diodes
was typically O.5!C/W better than the grown junction version. The contribution

+of the 1. pm p layer to the total device thermal resi stances is not really sig-
nificant for the large area pulsed devices .

5.3 C IRCUIT DESIGN AND DEVICE EVALUATION

A versatile coaxial —waveg uide hybrid circuit was designed for Ku—band wh ich
was capable of matching over a wide range of real and Imaginary parts . The
circuit Is similar to typically used power combiner configurations and therefore
provides a good basis for diode selection. It provided repeatable operation
without problems with mul ti-mode operation.

The Impedance of the device at 14 GHZ was obtained from measuring the cir-
cult Impedance with a probe on a network analyzer. The negative real part proved
very difficult to measure In this 50-0 system since it was usually less than 1
ohe for the large area devices . The reactive component at 14 G11z was in the 10-
15 a range includ Ing the mount Inductance associated with the circuit. SignI-
ficant reduction of overal l reactance was obtained by employing mesh bond
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TABLE 5.1
OPTIMUM DOPING PARAMETERS FOR Ku BAND PULSED IMPATT

- 

AVALANCHE REGION DRIFT REGION
- DOPING LENGTh DOPING LENGTH

7—10 x i016 cm 3 0.23—0.35 im 7~9 x 1015 ~~3 35..4 0 pm

•

q

,

-4

- - 86

______ ~~~~~~~~~ ~~~~~~~~~~ .



_____________________________________ __________________ - -----5- --- ~~~~~~~~~ ~~~~~~~~~~ -- -‘________ -, — — __-
~-----.‘-__ ___•______‘_ 

~~~~~~~~~~~~~~~~~~~ WV.~ 1~~~~ —

— straps Instead of the normally used ribbon In the packages. This allowed the- circuit to more efficIently match larger area devices to obtain higher peak
powers.

Finally, based on the im~sdance level s and the efficiency versus area cha r-
k4 acteristics determined for 14 Gui si ngle drift pulsed Read devices, performance

is being limited by impedance matching and hence circuit losses . Higher powers
- can be obtained by improving the device profile for higher overall conversion

effiencies or higher current density operation. A significant improvement in
power and upper frequency l imitati ons can be anticipated for doubl e-drift GaPs

- - pulsed devices sin ce the impedance limitation with occur for larger area devi ces .
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