
r ________ ____
•t— --. .

-

• AD AOkb 285 TEXAS INSTR$JIENTS INC DALLAS CENTRAL RESEARCH LABS F/S 9/1
- GALLIUM ARSENIDE FIELD EFFECT TRANSISTORS WITH SEMI—INS4LATED S—ETCW )

SEP 77 D W 5MW. D 4 COLEMAN. H H MACKSEY N0001’e—75—C—1134
UNCLASSIFIED 11—08—77—38 4.

I OF J
A204 6285 U
I 

_ _

C_
_ 

_ _

C_ U
_ in__ 

_ _

_  __ _  

I 

--
_ _ _



-

~~~~~

St

FINAL TECHNICAL REPORT

CONTRACT NO. NOOO1~ -75-C-1l3~

GALLIUM ARSENIDE FIELD EFFECT TRANSISTORS

WITH SEMI-INSULATED GATES

20 June 1~75 - 31 July 1977

Prepared By

D. W. Shaw
0. J. Coleman , Jr.

H. M. Macksey
0. N. McQuiddy
V. Sokolov

R. E. Williams

I
• Texas Instruments Incorporated /

Central Research Laboretories~
13500 North Central Expressway ‘c~ 

C~‘I Dallas , Texas 75222

Contract Authority:

• 

- Septeither 1977

Approved for pub l ic release; distribution un l imited.

• 1 Reproduction in ~~ole or in part is permitted
for any purpose of the U. S. Government.

CD Research Sponsored
C..) by

Office of Naval Research
Arlington, Virgin ia 22217

~~~~~LL



V~~~~,’ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ 
-
~~r~ 

~~~~~~~~ ‘ ‘~~~“~~~~ ~~~~~~~~~~

-— ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~&
- ~~~~~~~~~~~~~~~~~~~~~~~~

UNCLASSIFIED
v SECURITY CLASSIFICAT ION OF THIS PAGE (*~iin 0.1 . En*...d) ____________________________________

REPORT DO~IIUEUTAf1AU DA~ E READ INSTRUC’TZONS
‘~~~~‘ ‘~~~‘~ BEFORE COMPLETING FORM

r~~~ PORT NUMSER 2. GOVT ACCESSION NO, 3. RECIPiENT’ S C A T A L O G  NUMSER

~. TITLE (and Subilti.) ~~~~~ - ~~~~~~~~~~~~(
~ ~ ALLIUM~ARSENIDE,FIELD EFFECT TRANSISTORS ~ e a  ,Sep~~,t,

~~EMI ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ l Julp~~~~~

7 AUTI4 ORf ) 
— ~~~~~~~~~~ ~~~ ,..un i n A CT OR GRA NT NUhISCRf I)

~~~ %~~~ e
’ ~~~~~~~~~~ 

~~~~~~~~ Øl4_75.
4~~)

F PERFORMING ORG Niz NAME AND AOORESS 10. PROGRAM ELEMENT . PROJECT . T * S V
Texas Instruments Incorporated / A R E A  & WOR K UNIT N J M B E P S

13500 North Centra l Expresswa y PE62762N
P. 0. Box 5936 RF-54-581-OO l
Dallas , Texas 75222 NR 251-020

I t . J~ TROL IN OFF C E NA M E AN ADDRESS 12. REPORT DATE

~ f’?içe ç~ ~~val Researc~ _____hysica l Sciences Division I 1/ Sep
Attn: Mr. Max Yoder , Code L~27 -is.
800 North Quincy Stree t , Arlington , VA 2221 7 76 1-—

14. MONITORI r~~ev ~i&~aE dilf.,an* from Cont~’olllnJ Ollica) IS. SECURITY CLASS.

Unclassified
ISa. 

~L~I~*D
A

~~~
I;tCATION DOWNGRADING

IS. DIST RISUTIO*~~~”’ ~ ii. ,... .:.: r-r~~j

~~~~~~ (
D~~~thution Unlimited

17. ot s ’ r RIeuTIo N STATEMENT (of lb. ab.trael .nt. r.d in Otock 20. ii dItf.r.nt f rom R.port)

Approved for pub l ic release; distribution unlimited .

IS. SIJPPI EMENTARY NOTES

ONR Scienti’fic Officer Tel: (202) 692—~+2l8

IS. KEY WORDS (Con hinu. on r•v.,a• aid. ii n•c..aary and Sd.niify by block rnmtb.r)

Gallium Arsenide IGFET
Field Effect Transistor SIGFET
Ion Imp lan tation FET
FET Powe r Amplifier

20 A~~~TR A C T  (ConUnu. on r.v•r.i aId• If n.c.a•ar, and Id.ntlfy b~ block numb•t)

‘This report sumarizes the results of a program for devel opment and eva l ua-’
tion of gallium arsenide field effect transistors with semi-insulated gates
(SIGFET5). These devices are potentially app licable to a number of microwave
systems, including active-element phased-array radars and ECM Janiners.

Included in the scope of the program was an anal ysis of Class A and Class B
FET amplifiers; design , fabrication , and dc and rf characterization of SIGFETs ;
evaluation of procedures for formation of r~~contact regions for FET5; and anU

DO ~~~~ 
1473 EDITiON OP I NOV SS II OIIOLE’TE UNCLASSIFIED ~,

1 ,~~~~~~~~~~~ ~~~~~~~~~~~ ,—,. 

$I
~

uR2Y 

~~~~~~~~~~~~~



~~~~~-~~~~~~~ - -r~~~~~~~~~ - ~~~~~~~~~~~~~ .,~~~, ,~ .,, ~~~~~~~~~~~~~~~~~~~~~~~~~ 
- ~~~~~~~~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _, _ 

~~~
. . . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-— —

-

~

. -~~~~~— - ..~~~~~
- ~~~~~~~~~~~~~ 

-
~~~~~ -~~~~~~~~~~~_~~~~~~ - -. -~~~~~~

UN CLASSI F I E D
SECURITY CLASSI FICATION OF THIS PAGE(W h an b.ta Enl•r•d)

20. ABSTRACT (Continued)
H

~objective comparison of the properties of SIGFETs with those of conventional
GaAs FETs.

Theoretical ana l yses of the dc and rf operating characteristics of Class A
and Class B FET amp lifiers showed tha t max imum efficiency is expected for
Class B operation into a tuned l oad . This conclusion was supported by the
experimental observation tha t maximum efficiency was obtained for GaAs FETs
when the gate bias approaches the pinch-off voltage , i .e., approaching Class B
operation .

Procedures were deve l oped for fabrication of SIGFETs using eithe r ep i taxial
growth or ion bombardment to form the reg ion of hig h resistivity or semi-
insulating GaAs to be located beneath the ~~te c ntact me By bombardmen t
with 30 key argon ions at a dose of 1 x 101 , a semi-insulating region is
formed that extends 0.2 .tm below the surface . SIGFETs fabricated by this
procedure were compared with conventional FETs (without semi-insulated gates)
fabricated from the same starting material. The SIGFETs have hig her gate
reverse breakdown vo l tages, lower transconductances , and 1 dB l ower small
signal gains. Furthermore , in comparison with conventiona l FETs , the power
saturation Of$IGFETS occurs at greater drain vo l tages . Under cw conditions ,
the best SIGFE1’\~ith a 21400 ~m gate delivered a maximum outpu t power of 2.7 W
with 14 dB gain at\8 GHz. This represents the highest power per unit gate width

I yet reported for FETs of this size at 8 GHz; it does not , however , differ
greatl y from the best va l ues reported for the much more widely investi gated
conventiona l devices. ’--At 1 1 GHz a 21400 i~m gate width SIGFET yielded 1 .1 W
output power with 14 dB gain.

To fully exploi t the- power potential of SIGFETs , techniques for formation
of n+ source/drain contact - -reg ions were also investi gated . Using localized
imp l antation of selenium or silicon ions with subsequent annealing, enhanced
carrier concentrations were pl’~duced at the source/drain locations. However ,
after metallization and alloy ing~ the resulting contacts were no less resistive
than alloyed contacts to conventi~onal material of lower carrier concentration .
Use of epitaxially grown n+ l ayers was examined as an alternate approach .
Dev ices fabricated from this materia l- were found to be capable of withstanding
two times more drain voltage before failure than those fabricated without
epitaxia l n+ contact regions.
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SECTION I

INTRODUCTION AND SUMMARY

This report suninarizes the accomplishments of a research program carried

Out during a two—year period under Contract No. N000I4-75— C— 1134 . The ob—
jective of this program was development of the essential technology for fabrication

and evaluation of gallium arsenide field effect transistors with insulated or

semi-insulated gate regions. These devices, which are potentially capable of

operation in microwave circuits as Class B power amplifiers , are applicable to

a number of systems including active element phased—array radars, ECM jamrners,

and driver amplifiers for terrestrial and satellite line—o f— si ght communications

transmitters.

Included in the scope of this program was a theoretical anal ysis of Class A

and Class B FET amplifiers , development and optimization of procedures for fab-

rication of GaAs FET5 with semi—insulate d gates (SIGFETs), evaluation of the

dc and rf characteristics of GaAs SIGFET5, comparison of these dev ices with

GaAs FET5 having conventional metal gates (MESFET5) fabricated from the same 
—

starting material , and development of procedures for formation of low resistivity

(n ”) regions for source/drain contacts.

During the course of the program, a reliable ion bombardment process was

developed for formation of the localized semi-insulati ng gate region required

for a SIGFET. Using this process GaAs SIGFETs were obtained that yielded out-

standing output powers at X—band . One device operati ng at 8 GHz delivered

2.7 W at 14 dB gain with a 26% power-added efficiency. The gate width of this

dev ice was 2400 urn, and the corresponding 1.12 W/rnrn gate width is the highest

value ever reported for any FET at this frequency. Extensive dc and rf char-

acterization of these devices and companion MESFET devices revealed a number

of interesting differences and similarities , which will be discussed in detail

in the remainder of this report.

The next section describes the anal ysis of Class A and Class a amplifiers

and discusses the results in terms of the relative merits of conventional 

- -~~~~~~~~~~~ -—-- - - - -  —-.———-~~ --~~~~~~- - -
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MESFETs and FET5 with insulated or semi—insulated gates. This is followed

by a comparison of the properties expected for FETs with insulated gates (IGFET5)

and those with semi—insulated gates (SIGFET5). During the initial portions of

the program, procedures for fabrication of both IGFETs and SIGFETs were exami ned;

however, for reasons discussed in Section III , the efforts were later concentrated

on the more promising SIGFET. The SIGFET is emphasized in Section IV , where the

fabrication process, including the ion bombardment procedures, are detailed. The

results of dc and rf characterization of SIGFET5 and companion MESFETs fabricated

from portions of the same epitaxial material are discussed. The rf comparison

includes operation under both pu l sed and cw conditions. Low resistivity n~ source!

drain contact regions are believed to be particularly beneficial to S1GFET5 ; con-

sequently, procedures for formation of n~
’ contact regions were also examined

during the program. Both l ocalized ion implantation and sequential ep i taxial

growth were evaluated as procedures for contact region formation , and the results

of these efforts are detailed in Section V. The conclusions and recommendations

for future work are sumarized in Section VI.

4
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SECTION II
ANALYSIS OF CLASS A AND CLASS B AMPLIFIERS

The ana l ysis of Class A and Class B amplifiers was carried out as an aid

in comparing the maximum theoretical efficiencies expected for FET amplif iers
operating under different bias and rf load conditions. The dc and rf cha r-
acteristics for both Class A and Class B amplifier operation are considered .

r Several basic assumptions are made to allow calculation of the maximum possible

output power and -efficiency. The significances of these assumptions are dis-
cussed as they are introduced. -

The operating condition s for Class A operation are shown in Fi gure 1 . The

equation that describes the dynamic transfer characteristic is

1ds = ‘dss (1 
_j_)2 (I)

where V is ~hoff vol tage and ‘dss is the saturated drain current at a gate
voltage of = 0). The square law dependence of drain current on gate vo l-
tage is apparent. It is assumed that the FET is excited by a sinusoidal gate

vol tage of the form

— 
- 

V
9 

= -V90 + Vgl sin ~ t ~ (2)

where V90 
is the dc bias applied to the FET and V

91 is the amplitude of the rf

input signal . The assumption of a sinusoidal voltage waveform is valid provided

the amplitude V
91 and the bias V

90 
are adjusted so that the instantaneous gate

vol tage does not exceed the barrier potential 0. In addition , for Class A

operation the gate voltage cannot exceed the pinchoff voltage (Class A definition).

The maximum rf power obtainable in Class A operation occurs when the gate
voltage swings between -V~ and i~~. To achieve these conditions,

V -0
Vg0 

p 
2 and (3a)

V +0
Vg;~~ ~~2 (3b)

3 
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The maximum drain voltage that can be applied is set by the reverse bias break-

down voltage (VB) of the gate Schottky barrier. For Class A operation , then ,

Vb = V B~~~
Vp (4)

max -

If it is assumed that maximum rf output power requires maximum drain current

modulation , the minimum instantaneous drain vol tage cannot be less than V1
(see Figure 1). A dynamic load l ine can then be assumed for maximum rf output

power. The load l ine passes through the minimum vol tage, maximum current point

[V1, ‘dSS~~
1 + 0/v )

2
] as shown in Figure 1 and determines the relationship

between the rf output current and vol tage. For max imum power and efficiency

calculation s it will be assumed that a matched rf load is presented to the PET

such that the output current is phased 180 degrees with respect to the output

voltage.

The power delivered to the rf load consists of power at the fundamental

frequency and at the harmonics. The nonlinearity of the dynamic transfe r

characteristic also introduces a dc component which must be si gned properly.

The rf power calculation involves expressing the output current and voltage

waveforms that result from a sinusoida l excitation of the gate electrode. As

a review, consider the Fourier expansion of the current and vol tage waveforms

1(T) = I
~ 

+ I,~ sin T + cos T + 12 sin 2T + ... (5)

• V(T) = V0 
+ V1 sin T + U1 cos T + •.. , (6)

where
2rr

= 
~~~ 

1(T) dT (7)

21T
= ~.r 1 (1) sin I dT ( ) 

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



= ;~$ 1(T) cos T dT (9)

etc.,

and
T = ~~t

The dc power suppl ied to the FET can be expressed as

~dc 
I V  , (10)

and the rf power at the fundamental frequency delive red to a load is expressed as

P~f = 4(V111 
+ j

1
u

1
) . (1 1)

For the simple case of maximum conditions for Class A operation, ~he output

current can be written from Equations (I) and (2) in the form

1(T) = IdssLl - 

2Vq + + ~ + 2(1 - 

~
) .~~~~~~ - sin I - ~ cos 2T]. (12)

The output voltage can be written in the form

v(T) = Vb 
- 1(1) RL

where 
~b T 

2L IdSS (l +

so that

v(T) = Vb 
- 

- VT) 
[1 - 2~~~ + 

V~~ + + 2(1 - sin I
(1 + 0/Vp) p Vp V~ p p

V2
_
~~~—~1- cos 21] . (13)

6 
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Then, by Equations (7), (8), (9), etc., or by inspection

= IdsSLl - 

2V 0 + + (14)

V = Vb - 

(V b 
- V1)

[ ~~~~~~~~~~~~~~ 
. (1 5)

° (1 ÷ o/v~) p Vp

Note that V0 = Vbjas of Figure 1.

Also ,

= 2I~~~(1 — ~~~ .~aL ~ o (~6)

V = -2 
(v

b 
- VT) !~~ (i - u 0. (17)

1 (1 + o/v~) V Vp 1

Equations (3) and (14) can be man ipulated to yield

— 
= 

(1 - ~ /v~ ) (18)

v (1 + o/vp)
( ! ~~ ( 19)

V — 2 \ V /

Using Equations (18) and (19), Equations (14) through (17) can be expressed as

2

= 

~ ‘dss ( 2 
(20)

— V0 = Vb 
— 

~~~ 
(Vb 

— v
1
) (21)

-~~~~~~ 1 
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I
~ 

= 2Ici~~( 2 (22)

V1 
= — 

~~
(v

b 
— v

1
) . (23)

F rom Equations (10), (20), and (21) the dc input power is found to be

1’dc = 
~ 

IdSS (l 
+ o4.1v~)

2 
~
Vb 

- 

~~ 
(v
b 

- v
1)] 

. (24)

The fundamental rf power is

1 2
1’rf ~ 

(vb 
— V1) IdSs(l + 0/Vp) • (25)

The drain efficiency for Class A operation becomes

1 rf 1 b T
1
~A P  ~~3dc (Vb

_
~~~

Vb + *V T)

For Class B operation Equations (3a), (3b), and (4) become

= Vp 
(27)

and

V
91 

V~~+~~ 
(28)

Vb = VB — 2V — 0 (29)

A pictorial representation of Class B operation Is shown in Figure 2. The

output current and voltage waveforms can be expressed by the following

equations:

8
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1(1) = Idss(l + 
Vg/V )

2 
o ~

- i ~
- 

~~

(30)
= 0

2
(1 +~

1g/ V )
v(T) V - (V - V ) p 

0 ~ I
(1 + o/v ) (31 )

= V b

Expanding Equations (30) and (31) in the form of Equations (5) and (6) yields

1
~ 

= 
~~~~~~~~~~ 

(I + o/v~) (32)

= 
dSS (1 + o/v~) (33)

.11 = 0

V0 = Vb 
- 

~i 
(Vb 

— v
1
) = Vbi (34)

V 1 = — 
~~~~~

. (Vb 
- VT) (35)

Ul = 0

From Equations (10), (32), and (34) the dc input power to the FET is determined

to be

I 2

~dc 
= (1 + o/v~) LV b - 

~~
(v
b 

- v1)J , (36)

and the rf power at the fundamental frequency is

- -- - -

~

—

~ -
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P~f = 
~~~~~~~~~ 

(v~ - v
1
) Idss(l 

+ o/v~) . (37)

The drain efficiency is expressed by

1 ...IL (Vb V1) (38)
9~~ [vb

_
~~~

(Vb
_ V

T
)]

Using Equations (25) and (26) for Class A operation and Equations (37)

and (38) for Class B operation, the output powers and drain efficiencies for

operation into a resistive load were cal culated . For comparison , similar cal-

culations were made for the case of a linear dynamic transfe r characteristic.

The basic approach is the same as detailed above for the square law character-

istic.

The best means for comparing results for different modes of operation is to

compute the maximum theoretical efficiency. This has been done for the cases

mentioned above, and the results are given in Table 1. Also included in the table

are the results for a square wave input. In this case the shape of the dynamic

transfer characteristic does not affect the results of the calculation , nor

does the input bias level. Finally, the results for a tuned power amp lifier are

included in the table. These calculations , which were originally made for

electron tubes, are available in the literature 1 and are not repeated here. It

is noted that for a square law characteristic and Class B operation into a

tuned l oad the theoretical maximum efficiency is 85%. It can be shown (using

the dc and fundamental components of the resultant output current waveform)

that for this case the expression for the maximum possible drain efficiency

reduces to one-half the ratio of the amplitude of the fundamental component

of current to the dc or average component of current. The assumptions used

are similar to the ones made in the literature concerning Class B operation

Into a tuned load with a devi ce having a linear transfer characteristic.

11
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Table 1

Maximum Amplifier Efficiencies

Ampl ifier Transfer
Class Characteristic Load EffIclsncy~

A Linear Resistive 50

A Square law Resistive 53

Aor B
(square wave input) Either Resistive 81

B Linear Resistive 58

B Square law Resistive

B l inear Tuned (zero 79
impedance at
harmonics)

B Square law Tuned (zero 85
Impedance at
harmonics)

~Drain efficiency

Li

12
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Namely, it is assumed that the onl y voltage developed across the load resistor
is that at the fundamental frequency, and that the peak value of this voltage
waveform equals the dc drain bi as voltage.

The efficiency cal culatioi- , s - ‘~sented in Table I indicate that Class B
operation of an IGFET amplifier into a tuned load (zero impedance at harmonic
frequencies) is the most promising approach to hi gh efficiency operation . An
alternative approach would be to use a square wave input si gnal; however, this
approach would require wave shaping at the input to the amplifier .

As a preliminary test of the theoretical anal ysis , a numbe r of conventiona l

GaAs MESFETs were tested as X—band amplifiers to determine the bias conditions

which gave maximum output power and efficiency. The maximum power was observed

at low gate bias , and maximum efficiency was obtained with gate bias approaching

the pinchoff voltage (V~)~ i.e., approaching Class B operation. Equation s (25)

and (37) can be mani pulated to yield the expected power reduction for Class B

operation . The maximum power achievable under Class B operation is seen to

be 72% of the maximum power under Class A operation. A typ ical three-cell device

having V = 3.5 V has a maximum output power of 950 mW at 8 GHz with 14 dB gain -

when V~ = —0.6 V. The drain efficiency was measured at 59.8%, indicating some

squaring of the input waveform and probably some harmonic tuning in the output

circuit. With V = -3.0 V the output power of the device drops to 7140 mW with

14 dB gain , while the efficiency increases to 81.4%. Again , the high value of

measured efficiency indicates favorable distortion of the input waveform or

harmonic tuning in the output circuit , or, more likely, some degree of both.

The 22% reduction in power falls within the theoretical prediction . When V
9

is increased to —3.5 V (true Class 8 bias condition), the efficiency remains

at 81.4%, but the output power decreases to 690 nM (a 27.4% reduction) with

4 dB gain.

13

--- - -----

~

----—--

~ 

—--~~~~~- .  - -.----- - ---- - -~~~~~~~ - -~~ ~~~~~~~~~~~~~~~~ -



____  - 

~~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~
. -..

~~~~~ 
•
~~~ 

- L ~~~~~ :.

? I

Thus, maximum efficiency is expected for operation under Class B conditions,

provided that the ratio of the gate breakdown vol tage to the pinchoff voltage

can be increased significantly. The potential means of achieving the desired

ratio improvement exists in the form of an FET with an insulated or semi—insulated

gate.

14
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SECTION III

GaAs IGFETS

The GaAs IGFET device is a fiel d effect transi tor in which ~he- gate metal

i s separated from the GaAs channel by a thin l ayer of insulating material .

The presence of the insulating material prevents the flow of charge between the

gate metal and channel as is possible through the depletion l ayer in the conven-

tional FET structure. Hence, a ‘forward” vol tage applied to the gate of an IGFET

will result in an accumulation of electrons at the channel—insul~~or interface

with consequent conductivity modulation of the channel. A large dc “reverse”
vol tage can generate an invers ion layer of charge at the insulator—channel inter-

face if adequate time is allowed for its generation. However, deep depletion

of the channel charge and its accompanying conductance modulation of the channe l

still occur, similar to the action in a conventional FET structure. The increased

gate vol tage span offered by the IGEET Structure because of these fundamen ta l charge
transport l imitation s makes it particularl y interesting when operated as a Class
B amplifier where high gate voltage amplitudes are encountered.

The major problem with the device is obtaining an insulating~~ayer that allows

th. benefits outlined above. It is essential to obtain pure layers that contain

no mobile (mostly ionic) charge and that have a low surface state density at

the interface with the GaAs channel. With silicon devices such high quality

insulators and interfaces can be provided by oxide films .

To examine anodlcally formed oxide films as possible insulators for GaAs

IGFETs, a series of slices was subjected to oxidation using a tartaric acid-

propylene glycol electrolyte. This electrolyte has been reported2 to yield

oxide films with very low surface state densities and superior dielectric

properties. The slices were oxidized at differen t voltages to p rov i de a range -

of oxide thicknesses, and half of each slice was la ter annealed for 6 hours

at 300°C in hydrogen. No change In appearance was noted as a result of the

ann~~1; however, for the thinner films the elllpsom.trlcall y determined r.frac—

tive Index increased slightly. To ascertain the surface state densities , MOS

15
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structures were formed on the anodicall y oxidized surfaces by patterning Al

dots that were subsequently subjected to capacitance-vo ltage and conductance-
voltage measurements. The conductance and capacitance data were obtained by

measuring , respectively, the phase-locked and quadrature-phase components of

the current response to a 10 mV signa l vol tage applied across the sample. The

frequency of the ac signal could be varied between 1 Hz and 100 kHz and was

impressed on a dc ramp voltage that was swept between preset voltage limits at

an adjustable rate. In addition , C-V data were obtained at 1 MHz with a Boonton

capacitance meter. A typica l data set is shown in Figure 3. In each case the

curves of Figure 3 were obtained by sweeping from deep depletion (-9 V) toward
accumulation . Note that the G/~~data show a broad peak near zero 

vol tage

indicative of a relativel y uniform density of states near mid-gap. Accurate

anal ysis of the data was complicated by the nonideal characteristics of the

oxides. However, by adopting a simp le surface state model, one obtains a
surface state density between 7.9 and 14 x ,~ lh cm 2 eV~ near mid-gap. It

can be concluded that the films show relativel y low surface state densities

for anodically grown oxides. However, the values are hi gher than those of

thermal oxides on Si , which have benefited from extensive development efforts.

A large frequency dispersion of the accumulation capacitance was observed.

It has been suggested that the source of the dispersion is the Maxwell—Wagner

effect due to a metamorphic l ayer between the oxide and the GaAs. If so, one

might expect the dispersion to reappear in heavy inversion ; however, it does not.

The conductance data indicate another possibility , which is an increasing density

of surface States near the band edge. Further work to investigate this possibility

will requi re oxides that can sustain higher voltage without excessive leakage and

reduction of the hysteresis loop. Both of these effects are indicative of charge

states in the oxide that affect MOS properties as much as interface states.

In an effort to Imp rove the Insulating characteristics of GaAs anodic oxides,

two new series of slices were prepared. One series consisted of oxides that were

grown at significantly lower current densities (< I m A/cm2), while the slices from

16 
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• the other series received an j
~ 

situ cathodic surface clean-up prior to

oxidation . Portions from each series were annealed at 300°C for 6 hours. The -

resulting oxides showed little improvement. They were leaky and continued to

disp lay the anomalous dispersion of the accumulation capacitance. Breakdown

field strengths of 3 x 106 V/cm were achieved. 
-

Despite the relatively high quality of these anodic oxides, their quality

is considered too low for fabricating microwave IGFETs, and no such attempt

has been made. This decision was influenced by the success of preparing the

SIGFET structures described in the next section, and emphasis was concentrated

there.

18
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SECTION IV
GaAs SIGFETS

The GaAs SIGFET is similar to a conventional FET, but with the important

modification of including a thin semi—insulating l ayer of GaAs unde r the gate

metal. The semi—insulating l ayer is usuall y an intimate part of the depletion

under the gate metal , but it can transport charge either in avalanche or in

forward bias injection . Of course, it significantly increases the breakdown

voltage, and the forward voltage drop can be high because of the series resis-

tance of the semi-insulating l ayer. From the standpoint of use in a Class B

amplifier , the extended voltage range of the SIGFET gives it similar advantages

to the IGFET. Practically, the SIGFET can be fabricated by ion—bombarding the

surface or by epitaxial growth. In either case, the prob l ems associated with

the channe l interface are minimi zed relative to the IGFET. Details of the

SIGFET dev ice are considered in this section.

The basic structure and device physics of the conventional GaAs MESFET

are reviewed first , followed by a discussion of the reasons for develop ing the

SIGFET. The next subsection describes the fabrication process for the GaAs
• SIGFET and optimization of the ion-bombardment conditions . Then the dc and rf

characteristics of the GaAs SIGFET5 are presented and compared with those of

companion GaAs MESFET5.

A. Device Principles

Consider the simplifie d sketch of the basic GaAs FET device structure shown

in Figure 4. An n—type layer of uniform shallow donor doping Nd and thick-

ness a is grown epitaxia lly on an insulating substrate. Ohmic source and drain

contacts of width Z are placed as shown. Between them is a Schottky barrier

“gate” of l ength ~,. In norma l operation the source is grounded and a positive

voltage + Vds is applied to the drain , causing current 1ds to flow from drain

to source under the gate. The n-type GaAs under the gate is depleted of carriers -

~

In the Schottky barrier space—charge region, with a negative gate vol tage Vg
increasing the depletion depth. Thus, changes in gate voltage modulate the drain

19
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— current ‘ds• If V
9 

is large enough, the depletion region of the gate reaches

the insulating substrate , and conduction is entirel y “pinched off1~ ( ~J V ) .g p
If the epitaxial thickness is l arge, the gate Schottky barrier may break down

• before pinch—off can occur.

As V increases with V = 0, ‘ds increases linear l y at first , and thends g
saturates at a current ‘dss beginning at a threshold voltage VT. This sat-

uration is caused by the forward drain bias effectivel y reverse—biasing the

gate and pinching off the conducting channel. Also contributing to current

saturation is the fact that at hi gher drain voltages elect ron ve l ocity in

saturation occurs. The saturation current decreases as Vg is made more

negative. In actua l operation, the dc val ues of Vds and V9 
are fixed such

that the device is biased into saturation , an rf signal is applied between

the gate and source, and an amp lified signal is avail able across the drain

and source. Device output power increases at higher drain voltages , but at

large drain bias the large negative bias of the gate with respect to the

drain causes the gate Schottky barrier to avalan che. This occurs first during

the negative portion of the rf input waveform and causes the device output

power to stop increasing. The larger Joule heating of the dev ice at higher

drain voltages also reduces output power.

The incorporation of a semi—insulated gate region into a GaAs FET structure
was first reported by Pruniaux, North, and Payer,3 who imp l anted protons across
the entire source-drain gap to create a semi-insulating l ayer beneath the gate.
They proposed that the semi—insulati ng l ayer would permit the use of hig her
epitaxial doping l evels (and hence higher device transconductance and better
performance) without the problem of gate breakdown. In addition , the device
could be operated wi th a gate bias of either polarity. However, as discussed
earlier , the extended vol tage range resulting from the use of a semi-insulated
gate region is desirable for Class B amplifier operation. In the present work,

21 
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in order to properly eval uate the effect of the semi-insulated gate region on
power FET operation, both conventional MESFETs and SIGFETs were fabricated from
the same epitaxial material .

B. Device Fabrication

The fabrication process for GaAs SIGFET5 is very similar to that for GaAs

MESFETs so the latter is described below. The process changes for the SIGFET

are then enumerated .

The GaAs power devices have 2 1,i,m gate lengths, 6 j,m source—drain spacings ,

and are made up of four cells , each with 600 ~.im gate width. The total gate

width can therefore be varied from 600 p.m to 2400 urn, depending on the number

of cells that are connected. Photographs of a device taken during the fabrication

p rocedure are shown in Figure 5. The active GaAs layer is grown by vapor phase

epitaxy on a semi-insulating Cr—doped GaAs substrate. The doping l evel of the

active region is 1 x io l7 cm~
3, and the layer thickness has been reduced by

the anodic etching technique to a uniform thickness of 0.3 p.m.

The basic process is quite simp le, with only three major device processing

steps, as illustrated in Figure 6. Following epitaxial thinning, the first major

processing step is to etch mesas through the thin n—laye r to the semi-insulating

substrate. This isolates the source and drain terminals except for the channe l

under the gate and provides an insulated surface for the gate bonding pad. A

mesa height of 0.5 to 1.0 p.m is adequate to isolate adjacent mesas (resistances

of 1 to 10 Mç~).

The second step Is the source/drain metallization . A lift—off pattern is

defined in AZ—l350 photoresist and the source/drain metal Is evaporated over the

sl ice. The unwanted metal Is lifted off by dissolving the photoresist in acetone.

This method of metal definition Is very simple , gives sharp edge definition , and

is capable of extremely fine geometries. The metal remaining on the source and

22
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drain is then alloyed into the GaAs, forming an ohmic contact. After study ing

several alloys for use as an ohmic contact, AuGe with a thin Ni overlay was

chosen because of its low contact resistance. The ohmic contacts are formed

by evaporating approximately 2000 A of eutectic composition AuGe followed by a
200 to 400 A Ni overcoat. Alloying is accomplished by raising the slice to
Le500c for several seconds in flowing helium.

The third major processing step is the gate meta llization . The gate pattern

is defined in photoresist, and the metal is evaporated and lifted off as with

the source and drain. The alignment of the gate in the source-to-drain gap is

the most critical step. To recess the gate, a groove is etched in the GaAs

surface after the gate pattern is defined, imediately prior to gate metal

evaporation. The recess depths achieved have been in the range 500 to 2500 A ,
which can lead to as much as 50% reduction in the parasitic resistance.

Aluminum is used as the gate metal. It has been shown to be less subject

to degradation with time at elevated temperatures than other gate metal lizations

that have been used. Evaporation is carried out at about 50°C with a glow-discharge

prior to deposition to ensure good adhesion.

Following the gate metall ization, a layer of Cr/Au is evaporated on the

• source and drain bonding pads to improve current spreading and bondability.

A nitride l ayer Is then deposi ted in the active region, and a thick (10 to 15 urn)

Au l ayer is plated to the source pads to simplify bonding.

The source pads are 0.003 inch wide, near the minimum size for stitch bond

interconnection. This leads to a total chip width of 0.040 inch (to accommodate

2400 p.m total gate width), which Is not too large for X-band operation. The chip

thickness is approximatel y 0.004 inch. An SEM photograph of a bonded device is

shown in Figure 7.

25 
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Pruniaux , et al ., fabricated semi—insulated gate devices by bombarding the

entire active region with protons. However , for material with optimum epi taxial

thickness , it was discovered that proton s accelerated to minimum energy available

with our imp lantation equipment (30 keV) penetrated the entire active reg i on, re-

ducing the channel conductivity to zero. This prob l em was solved by bombardment

with heavier ions (Ar~ to reduce the penetration depth comensurate 
with the thinner

epitaxial layers of modern devices. Initially, the s l ices were implanted across

the entire surface after the source and drain contacts had been applied. These

devices had poor dc and rf performance characterized by low transconductance,

lig ht—sensitive I—V characteristics , high leakage current, and low gain . As

a result, the process was modified to confine the bombardment region to the

area immediatel y below the gate rnetallization . The gate pattern is defined in

photoresist as with the conventional MESFET, but rather than evaporating the

gate metal, the slice is bombarded with Ar+ ions. The gate metal is then evap-

orated and the process continued. This results in a device having a semi-

insulating region l ocalized just beneath the gate metal as shown in Fi gure 8.

As discussed in detail below, the optimum parameters were found to be 10
14 Ar +

ions /cm
2 at 30 keV. The thick unimplanted source-gate and drain-gate regions

provide the same parasitic resistance reduction that the gate recess does for

conventional MESFETs. Since the implantation process neither degrades nor

penetrates the photoresist, the gate metal evaporation and lift-off can take

place following imp lantation with no additional processing steps.

The effective depth of different imp l ant energies and fluxes was determined
by measuring the source-drain saturation current (with no gates present) before

and after implantation . This information, combined wi th the ep i taxial laye r

resistivity, allows the effective imp lant depth to be cal culated . The results

for a sl ice cleaved into several pieces which were subjected to 1014 Ar+ ions/cm2

at different energies are summarized in Table 2.

In a similar experiment several pieces from a slice were subjected to

different dosages of 30 key Ar~ Ions. The resulting effect ive implan t depths
are summarized In Table 3. As will be described later , measurements on dev ices

27
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Tab le 2

Effective In~ lant De~th as a Function of Energy
for io l Ar~ lons/q!12

10~~/cm
2 Ar~ Imp lant Effec ti ve

Energy (key) Depth (am)

30 0.21

• 60 0.43

120 0.55

200 o.8o

Table 3
Effective Implant Depth as a Function of Implant Dose

for 30 keV Ar ’ ions

30 keV Ar~ Implant 
Effective

Dosage (per cm2) Depth (L~.m)

1012 o.oS

l&~ 
0.17

1014 0.21

1015 0.29
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fabricated from these slices indicated that the optimum Ar~ bombardment con-
ditions were an accelerating voltage of 30 keV and a dosage of 1 x 10 14 cm 2.
An alternate approach was examined in which the entire active area was imp lanted
wi th Xe~ (30 keV, l0~~ cm

2). This was followed by the customary (and deeper)

Ar~ implant just under the gate, giving the structure of Figure 9(b). The
resulting devices had hig h gate leakage currents and low gains, just as did
the channel-wi de implanted devices [Figure 9(a)] discussed earlier . Apparentl y,
for optimum SIGFET performance the implanted region must be confined to the area

just beneath the gate metal .

SIGFETs were also fabricated from slices in which the semi—insulating

region was not produced by ion bombardment, but by the epi taxial growth of

a high resistivity, undoped l ayer on top of the normall y doped active layer.

These devices, which are called “epi taxial SIGFETs” to distinguish them from

SIGFET5 produced by ion imp lantation, have three sequentially grown l ayers:

a buffer layer, an active n l ayer, and a semi— insulating l ayer. Before device

fabrication begins, a C—V doping profile is obtained to determine the thick-

ness of the semi—insulating l ayer. A typical profile is given in Figure 10.

Device fabrication then proceeds as described above, except that the ohmic

source/drain contacts are achieved by etching to recess the source/drain regions

below the high resistivity surface l ayer prior to metallization , l ift—off ,

and alloy . The amount of recess required is estimated from knowledge of the

semi-insulating l ayer thickness obtained from the C—V doping profile. This

has proved to be a viable procedure for achieving source/drain contacts through
the semi—insulating layer. If this l ayer is too thick for optimum performance,
it Is necessary to etch it as well , thus recessing the gates. Of course, care

is taken to prevent this recess from extending completely through the semi-

insulating region. -

C. Dc Characteristics

The I-V characteristics of SIGFET devices are significantly different from
those of MESFETs fabricated f rom the same slics,5 The most pronounced change
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is a much larger gate breakdown voltage for the SIGFET. Figure II shows the

gate-drain I-V characteristics of a SIGFET device and a companion MESFET fabri-

cated from the same slice. Both devices have gate—drain current of about 0.05

uA at 5 V; however, the MESFET gate breaks down at a reverse vol tage of approx-

imatel y 12 V, while the SIGFET breaks down at 25 to 30 V, which is more typica l

of bulk material having a carrier concentration of 5 to 6 x io 16. This increase -
~ 

-

is probab l y due to a change in the electric field profile beneath the implanted

region that eliminates breakdown—causing high field regions near the meta llization

edges. Figure 11 also shows the somewhat higher forward bias could be app lied

to the SIGFET, as indicated by Pruniaux , et al.,3 but the effect on device

microwave performance is probably small . Fi gure 12 shows the drain charac-

teristics for these two devices. One noticeable difference is that the SIGFET

has about 20% lower maximum transconductance.

The saturation current , source-drain burnout vol tage, and reverse gate

breakdown voltage were also evaluated as a function of the applied implant

energy and dose used to produce the SIGFET5. The more meaning ful comparisons ,

of course, are those in which devices with diffe rent imp l ant parameters ori-

ginate from the same slice and are processed simultaneously. This tends to

reduce variations in performance that could be attributable to differing slice

characteristics or processing procedures. The following imp lant energ ies and

doses were used for this comparison:

Slice Flux (cm Z) Ar ’ Imp l ant Energy (keV)

A 1014 30, 60, 120

• - 30

B 1014 30

C 1013 30

The test data are presented In Figure 13. The three dc tests wi l l  be discussed

separatel y wit h reference to Figure 13. 
-
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Figure 11 Gate—Drain Current-Voltage Characteristics of
SIGFET and MESFET Devices Fabricated from
the Same Slice. 100 p .A/vertical division ,
5 V/horizontal division .
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Fi gure 12 Comparison of Drain Characteristics of 300 ~m Gate
Width SIGEET and MESFET Devices Fabricated from the
Same Slice. Both photographs hav e 20 mA/vertical
division , 0.5 V/horizontal division , 1 V/step .
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I. Saturation Current

The figure indicates only moderate variations of saturation current in

a given slice for various implant energies and doses. This result , however ,
was purposely produced during fabrication. A slice that had been anodicall y
thinned to completion , and hence was of nearly uniform thickness , would have
exhibited larger variations in ‘SAT for different implant energies and doses

due to the corresponding variations in the effective depth of the semi—insulating
region. However ,for the comparisons to be made in this experiment, it was de-
sired to produce devices with reasonably equiva l ent saturation currents. This

was done by anodically thinning each slice only until it just began to “clear.”

This resulted in a slice slightly thicker than normal that still had thickness
variations. The thicke r regions were then used for the greater implant energ ies
or doses. In the case of the unimplanted portions, gate recess was used to

adj ust the saturation cu r rent.

2. Source—Drain Failure Vol ta~e

For this test, a bias of — 2 V was applied to the gate, and the sou rce—
drain bias was slow l y increased until failure occurred. No microwave signal

was present. The failures resulted in a short between source and drain.
Referring to Figure 13, there is l i t t le difference in source—drain burnout
voltage for different implant conditions in devices originating from the same

sl ice . The moderate variation that is present correlates inversel y with the

saturation current (see data for slice A , Figure 1 3). Hence, it is likely

that the slight inc rease (decrease) in Is causing the slight decrease
(increase) In burnout voltage. Again, the relevant point Is that there is no
critical dependence on imp lant conditions within the range tested.

3. Reverse Gate Breakdown Vol taqe

This test was perform.d by reverse-biasing the gate with respect to

the source and not i ng the vol tage required to dr~~ 1.0 mA of reverse gate

current. As indicated by the data in the figure , the reverse gate breakdown
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voltage is increased by approx imatel y 8 V upon implantation of 1014 cm 2

30 keV Art Only minima l additional improvement Is observed when the same
- . . 15 —2dose is implanted at 120 keV. An increase of the 30 key dosage to 10 cm

seems to result in no improvement.

It concluded from these experiments that at doses of 1014 cm
2 ,

imp lantation results in higher reverse gate breakdown vol tages and that this

imp rovement is not critical ly dependent on implant energy in the range tested .
This high reverse gate breakdown voltage is the principal distinguishing
characteristic of a SIGFET.

Epitaxia l SIGFETs were also subjected to the same dc characterization
— tests just described . Although there were no control slices wi th which to

make direct comparisons, the device characteristics were found to be essential l y

the same as those of SIGFETs produced by iO 1k cm 2 30 keV Ar~ ion imp lantation.
Saturation Curren t and pinch—off vo l tage varied more in the epitaxial SIGFETs

because the self— limiting anodic oxidation process could not be used in their

fabrication .

D. Rf Characteristics

I. Cw Operation

The microwave performance of GaAs SIGFETs was measured at X—band

and compared with that of companion MESFETs fabricated on the same slice.

Typicall y, the gain with 5 V drain bias and 15 dBm input power was measured.
The maximum output power with Le dB gain at 8 V drain bias and the highest

outpu t power achievable with 4 dB gain at any drain bias were also measured.
In general , the conventional MESFET5 are observed to have about I dB higher

gain under the 5 V drain bias, 15 dBm input power conditions. With 8 V drain

bias the conventional MESFET5 have about 20% higher output power with 4 dB
gain, but at the highest drain voltages the SIGFET5 have significantly higher
output powers than MESFETs because their output power does not saturate so
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rapidly with drain voltage . This is assumed to be due to the hi gher gate

breakdown vol tage.

Some of these results are il lustrated by the data in Table 4, whichr • g ives some of the dc and rf properties of S!GFET5 from slices having several
diffe rent doping l evels. Also included are data (when available) from con-
ventional MESFETs fabricated from the same slice. The dependence of microwave

performance on epitaxial doping level is similar to that of MESFETs,6 with

the highest powers obtained with devices having n 8 x 1016, but with a

broad range of doping l evels producing good performance. There is no indication

of superior perfo rmance of heavi ly doped devices as suggested by Pruniaux ,
et al. 3 The microwave performance of the most heavil y doped devices is not

as good as that of some of the more light l y doped devices. For purposes of

comparison, the maximum output powers with 4 dB gain at 8 GHz plotted as a

function of drain bias are illustrat ed in r igure 14 for a SIGFET and a MESFET

with 2400 ~m gate widths. with 8 V drain bias the MESFET has significantl y
higher output power, but it saturates at 11 V drain bias , while the SIGFET
continues to increase. The highest output power observed with a 2400 ~m gate

width SIGFET is 2.69 W with 4 dB gain at 8 GHZ. This is 1.12 W/m gate width

and is higher than for any MESFET yet fabricated. This output power occurred

with 15 V drain bias and saturated at that vol tage, probably due to device

heating. Extensive thermal measurements on both SIGFETs and MESFET5 indicate

a thermal resis tance of 35 to kO°C/W (24OO~~m gate width) . At 15 V drain

bias the active regions of the device in question we re probably 150 to 200°C ,
which would l ead to about 1.5 dB gain degradation.

The SIGFETs exhibited impressive perfo rmances at higher frequ.ncles as
well. Wi th 15 V drain bias values up to 1.1 W at 1 dB gain were obtained at
1 1 GHZ . It Is possible that the reduced gate capacitance (C

9
) due to the

semi-ins ulating l ayer contributes to the imp rovements in the hig h frequency

performance . Although this l aye r also reduces the transconductance 
~~~~ ~
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decreases C even more, so that the net effect Is an increase in the ratio,g
9m’Cg a which favorabl y influences the hi gh frequency characteristics of FETs.

Comparison of the rf characteristics of SIGFET and MESFET devices
also included the measurement of their small signal S—parameters , for common

source operation. Specificall y, S-parameter data were measured for sing le—ce ll

(600 j.m gate width) SIGFET devices from 7 to 12 GHz, and from these measure-

ments the maximum available gain, MAG, was computed. Results indicated that

the SIGFET5 fabricated from slice #l7375—l26A did not exhibit the usual 6 dB/

octave rol l —off that is characteristic of the maximum available gain in MESFET

devices. Table 5 shows the S-parameters measured for a SIGFET from this slice ,
as well as the computed MAG from 7 to 12 G l-Iz. To check the ca l culated MAG

(which range from 5.5 ± 0.9 dB across the 7 to 12 GHz band), the same device
used in the S—parameter measurements was incorporated in a narrow-band amplifier
circuit and tuned for maximum gain at several spot frequencies from 7 to 12 GHz.

The results indicated close agreement with the calculated MAG obtained from

S-parameter measurements. At first it was postulated that all SIGFET dev ices

have this “flat” gain characteristic. However, further measurements revealed

that both SIGFETs and MESFETs fabricated from slice #l7375—l26A show this

fairly constant maximum available gain from 7 to 12 GHz and do not exhibit

the 6 dB/octave gain rol l —off that is characteristic of most MESFET dev ices

from other slices . Table 6, for examp le, shows the S-parameter results for

a MESFET from slice #17375-l26A. It is seen that MAG ranges from 6.8 ± 1.0 dB

f rom 7 to 12 GHz.

To further establish that the flat gain characteristic was attributable

to the slice rather than to the device type, a third set of S-parameter data

was taken on a SIGFET device from another slice , #17375—1051 (those dev ices

were also used in the pulse measurements) . The results are shown in Table 7.

Indeed , these devices did show a definite decrease in MAG over the 7 to 12 0Hz

range, approximately 6 dB/octave.
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From the measurements performed it can be concluded that the rel-

atively flat MAC characteristic is exhibited by both MESFET and SIGFET

devices from slice #17375—126A. However, this is not characteristic of other

slices , and SIGFETs do not generally exhibit a flat gain characteristic. In

fact , the ev idence suggests that SIGFETs and MESFET5 fabricated from the same

slice have similar S—parameters . Indeed, a 7.1+ to 12.4 GHz SIGFET amplifier

with a gain of 5.5 dB ± 1 dB was deve l oped using a sing le-cell device with

a total width of 6O0~~m. The gain vs frequency characteristic of this amplifier

is shown in Fi gure 15. The circuit design was actuall y based on S—parameters

measured from a one—cell MESFET fabricated from the same epi taxial wafer

(l6375-3011A) . This indicates that the presence of a semi-insulating l ayer

beneath the gate of an FET does not produce a major perturbation in the cha r-

a c t e r i s t i c s  of amp lifiers produced from such devices.

SIGEET devices were also tested for microwave gain as a function of

the imp l ant parameters. The devices were tested at 8.0 GHz under two conditions: -

15 dBm i nput power at 5 and 20 dBm input power at 8 v~0. Only single

cells were tested. The dev i ces were tuned for maximum gain using tuning chi ps

on the microstri p circuit , using slide-screw tuners , and by adjusting gate

bias. These data are presented in Figure 16. Considering the wide variation

in gain observed at constant imp lant conditions , there is little evidence

here that gain is dependent on implant conditions within the range tested.

Ep itaxial SIGFETs were also microwave-tested in the same manner and

exibited gains (4 to 7 dB) equivalent to those of the ion implant produced

SIGFETs.

2. Pulsed Operation

SIGFETs and MESFETS from the same slice were operated under pulsed

conditions at high drain voltages and rf input power. SIGFET and MESFET one-

cell devices (with 600 pm gate widths and 2 ~m gate l engths) were tuned up as
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Figure 15 A 7.1+ to 12 .4 0Hz SIGFET Single—Stage Amplifier with
5 dB Small Signal Gain

147

- - -V ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ V~~~~~ -V~~~~~ V



____- ~~~ 
-V_

~~~ 

7-V
...,..-

~~~~~~
;-- - 

55_V V -. -V - -- — —

8 0Hz Gain = 20 dBm, VSD = 8 v)

7 —  - —

6 —  . —

‘
~~~ 5 — a~I ~~ • _~~~~~ . V

• — 
£

. S — .
S S S .

.c ~~ 
- .  —

as S S £
•1 ~~ — - . —• • S

1 —  £ - S 
—

______________ I I I ~~~ I I I
No 30 60 120 13 14 15
Imp l ant 114 -2 Log N 2Imp lant Energy (keV) at 10 cm Implant Dose (cm ) at 30 keV 

V

8 GHz Gain 15 dBm, V~0 = 5V)

8 -  . -

7 —  £ -
S

— £ • 
• 

_ • 5

I - 
• p

— S S S

.‘~~ • -S
C • • 2  

$ 
- S

~~: 
:. :

No 30 110 Ii 1k’ V

Implant 11+ —2 Log N -2Imp lant Energy (key) at 10 cm Imp lant Dose (cm ) at 30 keV

Sl i ce A
Slice B’

Slice C’

Figure 16 Microwave Gain of SIGFET Devices as a Function of Ar4

Implant Energy and Dosage

~

- - -

~

-V-— -

~

- 



- - - 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~ - 
_ i_ __

~~
_ _ _ 

~~~~~~~- - ~r-~~: ~~

narrow—band amplifiers at 9 GHZ and pulsed (by pulse biasing the gate voltage)

for pulse l engths of about 0.5 p.s and for duty cycles less than 1~ .

The purpose of the tests was twofold: first, to determine whether

the maximum dc drain voltage applied to the device (i.e., before failure) can

be extended to higher values under short pulse operation ; and second, if so,

to determine if the SIGFET (or MESFET) has an advantage over the other type

of device in power output during pulsed operat ion.

Evaluation of the FET amplifier under pulsed conditions has been

performed using a pulse biasing scheme that pulses the gate from the pinchoff

condition to the nominal gate bias. The input rf is app l ied as a cw signal ,

while the output of the FET amplifier pulses on and off according to the gate

bias. The drain vol tage is maintained at the same l evel during the ‘)N and

OFF portion of the cycle.

Figu re 17 shows the measuring system for the pulse measurements.

A cw source such as a sweeper/TWTA combination provides the input signal to

— the FET amplifier under test. The gate pulsing circuit generates the proper

leve l and polarity for the gate signal. It is driven by an HP 21LeA pulse

generator. The rest of the system consists of standard calibration and power-

monitoring equipment for measuring gain under cw and pulsed conditions. A

crystal detector (HP 84708) is used to display the output power on the oscillo-

scope. The scope is also used to mon i tor the gate voltage . The detector

output is calibrated under cw conditions using the precision attenuator and

power meters without the amplifier under test. After the detector is call—

brated, the test amplifier is inserted, and a cw powe r reference datum is es-

tablished on the CR1 screen. During pulsed operation , the relative power of

the pulsed output can be compared wi th this cw datum.

Al l  the devices were tuned init ially under cw conditions at 9 GHz
with a drain voltage of 7 V and the gate voltage adjusted for maximum power.
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The dc gate bias was then adj usted for pinch-off and a pulse applied to the
gate to turn on the transistor. The drain voltage was then increased , and

the rf power during the pulse was monitored and recorded. Retuning of the

dev ice for maximum power was also performed at the different drain vo l tages.

The first set of pulse experiments was performed on ei ght SIGFET
dev i ces and three MESFET devices fabricated from the same slice . The slice

was chosen because it yielded good devices (i.e., devices of both types ex-

hibited rf gain and power output comparable to the best of the MESFET5 fab-

ricated up to that time), which were easil y tuned up as narrowband amplifiers
at 9.0 0Hz . Of the eight SIGFET devices, six operated pulsed mode at drain

vol tages of 17 to 19 V. Two of the SIGFET5 failed at l ower voltages. All

three MESFET devices failed when the drain voltage approached 11+ V. For both

types of devices, an increase in power was observed with increased drain vo l tage,

as expected. For examp le, at 16 dBm of input power a SIGFET exhibited 4.7 dB
gain, while at 18 V , 5.9 dB was observed. This same device showed a 5 dB

gain at 20 dBm of input power; however, a MESFET at the same input power leve l

exhibited 6 dB gain at 7 V of drain voltage and 7.9 dB gain at a voltage of lie V.
— - It was also observed that at the 18 V drain voltage this SIGFET failed when

the pulse length was increased from 0.5 p.s to 10 p.s and 10% duty cycle. This

is most probab l y due to an increase in device temperature as the pulse l ength

approaches and exceeds the thermal time constant of the device chip. It is

for this reason that succeeding measurements made during hig h drain voltage
operation were done only in the short pulse mode. Figure 18 shows a photograph

of the oscilloscope display of the output power pulse , indicated as “Detector

Output” (upper trace), and the corresponding gate voltage pulse (lower trace) .
for the SIGFET pu l se operated at 18 V drain bias, wi th the pulse length in-

creased to 2 p.s. The second horizontal graticule line from the top corresponds

to an output power of 25 dBm. The ± I dB marks at the right of the screen

indicate the detector calibration for that l evel of output power. For this

device the gate voltage corresponding to maximum output power is nearl y zero,
as seen in the lower trace. Very little amplitude droop (‘c 0.2 dB) is observed
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Input Power: 20 dBM
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V VG ~ 0 V (during on period)

Frequency: 9.0 GHz
SIGFET: 1 cell (600 p.m gate width , 2.0 p.m gate l ength) from

slice 1 7375— 1051.

Figure 18 Pulse Response of a SIGFET Ope rated at a Drain Vol tage of 18 V
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in the output pulse . However, when the pulse width was increased to about

lO p.S, the device failed .

Based on these initial observations, further experiments were planned

to investi gate the power saturation characteristics of MESFET5 and SIGFETs

operated at high drain vol tages. Specificall y, these experiments were to

answer the question, “Does the SIGFET have any power advantage over the

MESFET for short pu l se, high drain voltage operation?” The pulse experiments

were carried out in a manner similar to that described above.

Figures 19 and 20 show a typica l set of power-added versus input
power characteristics for one—cell SIGFETs operated at drain vo l tages up to

18 V. The Li dB gain points for a given drain voltage are indicated by tri-

angles. In both cases significant increase in power—added occurs up to about

114 V , while beyond lIe V onl y -
~ dB additional increase in the power-added is

observed at a drain voltage of 18 V. The peak of the power—added curves occurs

at about 21 dBm of input power wi th about 4.9 dB gain. Also shown are the

corresponding cw data taken at the l ower drain voltages. Typically, a difference

H between cw and pulsed data for both SIGFETs and MESFET5 occurs at drain voltages

of 10 V and higher, while for smaller drain voltages, little or no difference

is observed.

Figure 21 shows similar data for a typical one—cel l MESFET. Although

the MESFETs cannot be operated much beyond 14 V drain voltage, it is seen

that the maximum power—added is at least comparable and, for the dev ice shown

in Figure 21 , i s indeed higher than for the SIGFET dev ices. The MESFET
curves also show much higher gain at low input powers in Figure 21. However,

other MESFET devices from the same slice have shown small signal gains com-

parab le to the SIGFET cu rves, al though the tendency is typically for higher
gains for MESFET5 at all input levels.
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Pulse measurement results for the one—cell SIGFETs and MESFETs in-

- 
vestigated indicate no apparent advantage In power output for the SIGFET over

- 

- the MESFET device under short pulse operation (where heating of the device
V 

during the on time is kept low compared to cw operation) . This is true even

- - in lig ht of the fact that the SIGFET device is capable of sustaining signifi-

- 
cantl y higher drain voltages during short pulse operation.

I
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SECTION V
CONTACT TECH NOLOGY

The n~ contacts are used with GaA s FETs principally because they permit
device operation at higher drain voltage s wit hout avalanche breakdown at the
drain contact and catastrophic device failure .~ ’

8 This is essential if full

advantage is to be taken of the SIGFET ’s high gate breakdown vol tage . n~
contacts may also provide more reliable operation of lower drain vol tages.

There should also be a reduction in contact resistance wi th n+ contacts, but

the contact resistance is already quite low and the resulting improvement in

device microwave performance would be small .

An additional benefit of using n+ contacts is the promise of an imp roved

noise figure. Theoretical work has indicated that when an FET is tuned for

minimum noise figure, the parasitic resistances may contribute nearly half

of the noise.9 Furthermore, recent experiments have exhibi ted an imp rovement

in noise fi gure when contacts are used.1° These considerations app l y es-

peciall y to SIGFETs , since they inherently have an increased parasitic gate

resistance.

A. Formation by Localized Ion Implantation

Procedures were investigated for formation of n+ source/drain contact

regions by ion implantation using patterned photoresist as a mask. In the fi rst

experiments a dosage of 1 x 1014 cm~
2 200 keV So ions was locall y imp l anted

into the source/drain regions. Prior to the impl ant, these regions were lightl y

etched to identify the Implanted regions during the subsequent processing steps.

To avoid channeling, the Ions were imp lan ted 70 from the surface normal. After

Implantation , the photores ist was removed, and a protective Si 3N4 film was de-
posi ted in preparation for annealing. Initial ly, the S1

3
N4 was deposited by a 

- -

low-temperature, plasma—enhanced process. Unfortunately, these films cracked

severely during a 30 minute , 825°C anneal in H2, and the surface was so eroded

V 

that further processing was precluded.
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Other slices, implanted under the same conditions, were subjected to

nitride deposition using a 700°C pyrolytic SiH,/NH3 
process previousl y devel oped

at another TI facility. These slices were then successfull y annealed under

the same conditions with no apparent degradation of the Si
3
N4 or the underl ying

GaAs surface. With a successful nitride deposition process identified , the

optimum annealing temperature could be examined.

Identification of the successful annealing conditions was made through

the following experimental sequence: Epitaxial slices were cleaved into

three portion s, two of which were patterned with polymerized photoresist to

expose source/drain regions. One of the patterned portions was subjected to ion

implantation at the exposed areas, while the other was not implanted and served

as a control. One—half of the remaining, unpatterned portion was covered with

photoresist so that it would be protected while the other half was imp lanted.

All implantation was done at room temperature using lO ’~ cm
2 200 keV Se ions.

After implantation (and resist removal), each portion was simultaneously capped

with pyrolytic Si
3N4 

as described above and anneal ed under the conditions to be

described. The degree of activation was evaluated from the source/drain re-

sistances measured on the patterned portions, and the zero-bias capacitances and

C—V dopi ng profiles were measured with Al Schottky barriers deposited on the

unpatterned portion.

The initial group was annealed at 825°C for 30 minute s. Afterwards , ex-

tremely large resistances were measured between the source and drain regions,
V Indicating little activation of the implanted Ss~. The next series was given

a more extensive anneal at 875°C for 45 minutes. In thi s case each portion , in-

cludin g the one that was not implanted, exhibited excessive leakage current,

possibly due to surface contamination. Finally, detectable activation was

achieved by annealing a group at 900°C for one hour in hydrogen. In thi s case,

the source/drain resistance was reduced by 60% and the saturation current was

increased by 50% as compared wi th the portion that was not imp lan ted. However,

59

- - - 
_ _ _  _ _  

-V—-V V—- ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - - V  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —I- —-~~~~~~



-V
~TV 

-
~

T

this series was not wi thout problems. A very high doping l evel was observed

at the surface of the unpatterned portion in the region protected by a sheet of

photoresist, as well as in the region directly exposed to the ion beam. Appar-

ently, the photoresist failed to protect the surface completel y. As a result

of this observation , sing le and double coatings of AZ l35OJ photoresist, both

baked (one hour at 37°C) and unbaked, were examined for their ability to pro-

tect against 200 keV Se+ imp lants. All combinations proved inadequate except

the one that used doubly coated and baked photoresist. This combination was

found to provide reasonable surface protection.

After the above imp lant mask procedure was established , six slices were

cleaved from a sing le larger slice that had been C—V profiled over its entire

surface. Four of these slices were coated with baked, double-thickness pho-

toresist over half their surfaces. The other two had source/drain contact

windows, also defined by double—thickness photoresist. Of the first group of

four slices , one was subjected to the complete imp l antation and activation pro-

cedure, which consisted of imp l antation of 200 keV Seq’ ions at a dosage of 10 1

cm 2, followed by capping with pyrolytic Si
3
N4 and a one—hour anneal at 900C C.

None of the remaining three were subjected to imp lantation . Instead , one served

as a control , another was capped only, and third was capped and annealed. They
were evaluated by apply ing an Al dot pattern and measuring breakdown vo l tages

and C—V profiles. The characteristics of the control and cap—on l y slice agreed .

The anneal—on l y slice had a breakdown voltage less than 5~Y~ that of the control .

Its C—V profile gave hints of a higher doping near the surface. The protected

half of the imp lanted slice had characteristics roughly matching the anneal-on l y

slice. The imp lanted half was ohmic, exhibiting little or no Schottky breakdown.

Of the second group of two slices with source—drain patterns , one was a
control and one was subjected to imp lantation and activation . Both slices then
had source—drain metallization app lied and alloyed. The control slice showed
a source—drain saturation current of 200 mA. The implanted slice s howed a wide
range of saturation current , vary ing across the slice between 80 and > 400 mA.
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Measurements from test areas in the parts of this slice with high currents
showed smaller contact resistance and l ower channel resistivity than did the

parts with lower currents, or the control slice.

It is inferred from the above that, although some surface conversion did V

occur during annealing , significan t in—depth activation was being obtained with
a corresponding reduction in contact resistance.

At this stage it was decided to also try S~~ imp lantation, and special gas

V 
va l ves and other equipment required for a silane source were instal led . Silicon -

was then imp lanted at 120 keV, l0~~ cm
2. After capping with pyrolytic silicon

nitride , these slices were annealed at 900°C for one hour in a hydrogen atmosphere.
Comparison of the reverse breakdown voltages of Al Schottky barriers app lied to
the control and implanted slices revealed that significant activation had been
achieved. However, further examination showed an increased source—drain resis-
tance on the slice that was implanted in the source—drain regions. Alternate

anneal ing procedures were examined in an effort to minimize the wide variation

in resul ts previousl y encountered from run to run . Much of the variation has

been attributed to the influence of the Si
3
N4 capping layer used to protect the

slices during the high temperature anneal. With this in mind , two “capless”

anneal procedures were examined. In each case the slices were annealed for

20 minutes at 800°C in a hydrogen stream wi th an appropriate arsenic overpressure.

In one procedure the overpressure was provided by a solid , sing le crystal GaAs

ingot placed upstream and at a slightl y higher temperature than the slices being

annea l ed. This proc dure was later rejected because the slices suffered surface

degradation as evidenc.d by th. appearance of a haze due to the presence of small

pits on the surface. Subsequent electrical evaluation revealed an order of mag-

nitude decrease In surface carrier concentration, increased source/drain resis—

tance, and poor contact resistance.

In the other procedure the overpressure was provided by a boat containing

gallium previously saturated with arsenic at a temperature in excess of the
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annea l temperature. Once again , the boat was located upstream from the slices.

This approach produced no surface degradation . The electrical results were

somewhat contradictory. A point—b y—point C—V profile taken using a capacitance

brid ge showed no change in dop ing profile. However, no results were obtainable

from an automatic C—v profiler , and the source/drain character is t ics  were cx - - 
-

tremely resistive.

An additional set of slices was implanted wi th 120 keV Si~ (dosage of
V 

1 x l0~~ cm
2) and annealed in the conventional manner using a pyrolytic S1

3
N4

capping layer. The capping l ayer cracked extensive l y during the 900°C anneal;

however, a sufficient amount of undamaged area remained to permit evaluation

of the extent of activation. In this case , ac t ivat ion was achieved near the

surfa ce, resulting in a doping l evel greater than 7 x 10
17 cm 3. However, the

dop ing p ro f i le  decreased rapidl y as a function of depth and was less than

I x io l6 cm 3 at a depth of 0.18 j.m. Source/drain characteristics were extreme l y

resistive. Finall y, a slice that was imp l anted with Si at 5 x 10 13 cm
2
, 120

V keV, and capped and annealed by the normal procedure also exhibited increased

source—drain resistance .

A summary of the imp l ant activities is presented in Table 8. In genera l ,

evidence of activation is often observed, at least very near the surface, on

slices that are uniformly imp l anted and evaluated by Schottky breakdown voltage .

zero—bias capacitance, of C—V profiling. On the other hand, the companion

slices that were imp l anted onl y in source—drain regions with subsequent metal—

lization and alloy ing usuall y exhibited increased source—drain resistance and

l ower saturation current. A possible explanation for this unexpected behavior

is that during the alloy ing process, the alloy and regrowth region extends be-

yond the region of enhanced carrier concentration. Thus, the contact metal

alloys deeper than the implanted region to form a contact/semiconductor inter—

face in the unimp l anted material having a normal carrier concentration . The

alloy depth has been shownU to be 0.1 1j,m for the conditions emp l oyed , which is
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— approximately equivalent to the 0.1 025 ~&m projected range of 120 keV Si~ ions.

However, the activated region is reported to extend to approximately 0.2 ~m
after annealing under similar conditions . 12 Furthermore , the measured resistances

were actually greater than those general l y obtained for contacts alloyed directly

into conven tional 1 x 1017 cm 3 material.

it is also possible that the optimum alloying condition s determ i ned for

conventional material are different from those suitable for n+ material . This

possibility is supported by the observation that alloyed contacts to n~ epitaxial

l ayers exhibited a wider variation in their properites than contacts alloyed

unde r the same condition s to conventional epitaxial  l ayers. This effect will

be discussed in more detail in a later section.

Finall y, due to equipment l imitations , all implants were made into un-

heated slices. Implantation at elevated temperatures is known to be desir-

able , particularly for Se+ imp lants into GaAs.13 Due to extensive residual

lattice damage, some of the imp l ant experiments may have increased the activated

carrier density to a lesser degree than the resulting mobility degradations.

Thus, enhanced carrier concentrations would be indicated by C-V measurements ,
V but the overall resistivity of the material would not have increased as

expected.

In general , although carrier activation was demonstrated in several ion

implantation experiments, the results were highly variable. The variability

could be due to a number of possible factors such as variations in the properties

of the capping l ayers, the annealing conditions, or the alloy ing process. How—

ever, detailed examination of these factors was beyond the scope of the p rogram .

Fortunately, more consistent results were obtained by formation of n4 contact

l ayers through sequential epitaxial growth.
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2. Formation by Epltaxial Growth

To p rovide an alternate , and possibl y more reliable means for formation

of n+ contact regions, an epi taxial growth system was modified to permit deposition

of n~ contact l ayers. In this approach three epi taxial l ayers are grown se—
r 

- quential l y on the semi—insulating substrate . The first Is an undoped, hig h

resistivity buffer l ayer. This is followed by the active n l ayer and finally

by the n~ contact l ayer doped between 5 x 10
17 and 2 x io l8 cm 3. A doping

profile from a slice grown in this manner is given in Figure 22.

FETs were fabricated from this material using two different procedures.

Both are essential l y the norma l fabrication process with onl y a few variations.

In each case, the entire slice is etched to reduce the n~ l ayer thickness if

it is excessivel y thick. Even so, rather high mesas are requi red because the

presence of the n+ layer precludes anodic oxidation (see below), and thus the n

l ayers are thicker than those of anodically thinned slices. The extra thick

n l ayer and the n~ layer combine to form an active structure appreciably thicke r
than the single, thinned n l ayer of a normal MESFET and require formation of

higher mesas. The large mesa height resulted in broken gate stri pes as they

crossed the mesa edge during the first attempts to process n+ material. The

prob lem was alleviated by development of a new mesa etchant composition that
produces mesas with more gently sloped sides. The etchant, composed of 1 H 

V

NaOH, concentrated H202, and H20 at a ratio of 23:4:10 by volume , eliminated
the gate breakage prob l em.

Attempts to use the self-limiting anodic etching technique with a

mask in order to selectively thin the slice only in th. gate area (leav ing ~~

material under the source and drain regions) were unsuccessful , because the

anodic oxidation process rapidly undercuts the mask. Mater ial near the surface,

but under the mask, is removed laterally at a rate exceeding the removal rate

in the desi red vertical direction. 
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After etching the slice to the correct n+ thickness and formation

of gentl y sloped mesas, processing continues In one of two ways. In method

one, the normal fabrication procedure is followed, but the gate recess step

is used to recess the gate entirel y through the n+ l ayer and into the active

n layer. As usual , the optimum depth is determined by moni toring the source—

drain current. Further processing is normal.

The second fabrication procedure, designated method two, is a self-

aligned gate process in which the photoresist defining the gate is also used

as an etch mask. An etchant is then used to etch through the n+ l ayer and

undercut the photoresist, resulting in the structure indicated in Fi gure 23(a).

Subsequent gate evaporation and lift-off produce the structure in Figure 23(b).

Initial evaluation of this procedu re using substrate material was quite success-

ful for defining both 2 ~1,m and 1 j,m gate geometries. The mask used to apply the

source—drain pattern has a source—drain spacing larger than normal. This allows

a noncritical pl acement of the gate mask pattern, since the actual source or

drain edge will be essentially the n+ material remaining after the gate etch

[Figure 23(b)]. After this step, processing proceeds normally. Figures 24

and 25 show SEM photographs of the gate area (Including the mesa edge crossover)

of devices fabricated using methods one and two, respectively. The protective

nitride coating that normally covers the gate area has been etched away to

allow a better view of the gate recess. Note that even though these mesas are

twice as hi gh as conventional mesas, the gate coverage across the step is cx-

cellent. The slope of the mesa edge appears steeper than it actuall y Is
(approximately 35° f rom horizontal) due to the ang le at which the photographs
were taken. The very wide source-drain rnetallization spacing that allows a

noncritica l p l acement of the gate mask in method two is evident in Figure 25.

Neither fabrication procedure yielded results that were clearly superior

to the other, and both have yielded FETs wi th excellent dc and microwave char-
acteristics. For example, sing l e-cell structures with a 600 p,m x 2 I&m ga te
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Figure 23 Self—Aligned Gate Procedures Using Undercut Photoresist
on an n+ Epitaxial l ayer
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Figure 24 SEM Photog raph of the Gate Metal lization of an FET
Fabricated from ri~ Ep itaxia l Material Using Method
One (see Text). The gate has been recessed entire l y
through the n+ l ayer into the n layer.
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Figure 25 SEM photographs of the Gate Meta llization of an FET
Fabricated from n~ Ep itaxial Material Using Method
Two (See Text). The gate has been recessed entire l y
through the n~ layer and into the n layer.
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distributed over four fingers have produced gains greater than 6 dB when

tested at 8 GHz wi th 15 dBm Input power and 5 VSD. At 0 dBm input power,

• gains greater than 9 dB were obtained. This compares favorably with the

results obta i ned f rom good MESFET5 produced with the same mask set or material
• without the epitaxial n+ layer.

The source-drain bu rnout vol tage of these devices was of major

interest, since an ability to operate under larg e source—drain bias was the

principal motivation for using n+ contacts. Devices from several n~ slices

were tested, and all exhibited source—drain burnout vol tages between 26 and

30 V when operated with a moderate (2 to 4 V) gate bias. This is a significan t

improvement over the 12 to 18 V range exhibited by MESFETs lacking n 1
~ contacts

and fabricated using the same mark set. Further measurements made using test

structures fran the above n~
’ slices showed the expected decrease in contact

resistance. However, this decrease was not as large as anticipated. The contact

V 

res i stance, R
~
, is given by

where Z Is the width of the contact, r
~ 

the specific contact resistance~ ~
the resistivity of the GaAs material under the contact, and a the thickness
of the GaAs material between the alloyed contact and the buffer. Hence, for
the structures with n+ l ayers discribed above, both the extra thickness of the

active l ayer and Its decreased average resistivity should contribute to a

decreased contact resistance . However, the improvement was less than would

have been predicted from eithsr th. increased thickness or the decreased

• res istivity alone. It was as though the specific contact resistance , r

wes worse in these slices than in conventional material without n l ayers.

Thi s observation , together with the difficu l ty experienced in reducing

the contact resistance with localized Ion imp l antation, suggested a closer

examination of the quality of the Au/Ge/Ni ohmic contact to heavil y doped
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material. For this purpose, two types of investigations were initiated: (1) An

examination of contact resistance in heavily doped material as a function of

alloy temperature, and (2) examination of contact resistance in an extra

thick, normally doped n l ayer.

The fi rst experiment was designed to determine whether the optimum

alloy conditions for conventional n layers (l i50° C , 60 s), were also optimum
for alloy ing into material doped an order of magnitude higher. Source—drain

metallization was applied to a slice having an n~ l ayer doped at 1018 cm 3.

This slice was then cleaved into several parts for alloy ing at different tem-

peratures for 60 seconds. Previous experiments 11 on normally doped l ayers

had exhibited virtually no dependence on alloy time. It was visually observed

that alloying occurred for pieces alloyed at 400°C and at 425°C. Howeve r, at

450°C the firs t sample appeared to “overaUoy,” as evidenced by an increased

surface roughness of the AuGe/Ni. Experience has shown tha t overa lloy ing

leads to inferior contacts. A second slice with approximately the same doping

was used to repeat the experiment. This slice , in contrast to the p revious

slice , showed no overal loy ing, even up to 500°C, and subsequent contact re-

sistance measurements showed a minimum over the range 425°C to 450°C. Further-

more, these minimum values (approximatel y 0.06 ç~ 
for a width of 1 mm) were

appreciabl y better than those obtained on the previous slices with n~ l ayers.

Indeed, the values we re better than would have been predicted from either the
increased thickness or reduced resistivity alone, but still not as good as would

be expected considering both thickness and resistivity.

The second experiment , using a slice with an extra thick, normally

doped ( 1017 cm 3) layer, also yielded contact resistances that were slig htl y

better than predicted on the basis of its increased thickness. Devices from

this slice were tested for source—drain burnout and exhibited values of

app roximatel y 23 V. Although this value Is not as good as that obta ined using

the n~ devices , it is better than that of FET5 wi th normal doping and thickness.
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In general, the experiments suggest that the Imp rovements observed in

contact resistances of devices fabricated from slices with n l ayers are due 
V

largely to the increased GaAs thickness beneath the contact , while the imp rove-
ments in source-drain burnout voltage are due to both Increased thickness and

decreased resistivity. Furthermore, the variation in the quality of the

alloyed contacts in highly doped material appears to be significantl y greater
V than that observed for conventional material.
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SE CTION VI
CONC LUSIONS AND RECOMMENDATI ONS

Theoretical anal ysis of the dc and rf operating characteristics of

Class A and Class B FET amplifiers revealed that maximum efficiency is ex-

pected for Class B operation into a tuned l oad. This conclusion was supported

by the experimental observation that maximum efficiency was obtained for GaAs

FET5 when the gate bias approached the pinchoff vo l tage, i.e., approaching

Class B operation . However, for Class B operation the ratio of gate breakdown

voltage to the pinchoff voltage should be relatively high , such as might

be obtained with FET5 having insulated gates (IGFET5) or semi-insulated gates

(SIGFET5). Procedures were deve l oped to fabricate GaAs SIGFETs using localized

ion bombardment to form the region of hi gh resistivity or semi-insula ting

GaAs beneath the gate contact metal. By use of 30 keV Ar + ions at a dosage
of 1 x 1014 cm 2, an approximately 0.2 ~m semi— insulating region is formed. The

resulting GaAs SIGFETs have higher gate breakdown voltages and greater ratios

of gate breakdown voltage to pinchoff voltage than conventional GaAs MESFET5

fabricated from the same slice. Addith,nal evaluation revealed that in comparison

with MESFETs, the SIGFETs exhibit l ower transconductances and 1 dB less

small si gnal gains , but at high drain voltages the increased gate breakdown
V voltage contributes to greater output powers. Furthermore , the power saturation

of SIGFET5 occurs at greater drain vol tages. However, due both to device

heating and to avalanche phenomena at the drain contacts, it is difficult to

exploit  the high gate breakdown vol tages of the SIGFETs. Under short pulse

operations the SIGFETs are capable of sustaining greater drain voltages before

failure than the companion MESFETs. However, the overall powers delivered by

the two basic device types under pulse operation are comparable. Unde r cw con-

ditions one SIGFET delivered the highest output power (2.7 W) of any 2400 1j.m

gate width GaAs FET at 8 GHz, yet this value has now been approached by a
MESFET which yielded 2.6 W.

To full y exploit the GaAs SIGFET, it is necessary to develop a reliable
n+ contacting technology. Using Se+ and Si~ ion imp l antation , techniques were
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developed that resulted In significan t activation and enhanced carrier concen-

trations. However, when applied to the formation of l ocalized n~ contact

regions, the resulting contacts after alloying were more resistive than con-

ventional contacts. Sequential epitaxial growth of ~~ contacting layers was

shown to be a viable approach. Devices fabricated with the epitaxial n~ contact

layers were found to be capable of withstanding approximately twice the drain

voltage before failure than conventional EEls wi thout n+ l ayers.

With respect to future activities , efforts designed to exploit innovative

ci rcuit techniques for Class B operation of EEls should be beneficial . The

GaAs IGFET should be reconsidered in li ght of any major improvement in the

characteristics of GaAs/insulator interfaces. Although for most applications

the GaAs MESFET with its simplified fabrication procedure should be adequate,

the greater reverse gate breakdown voltage of a GaAs SIGFET makes it attract ive

for Class B and other applications where large gate voltage swings are essential.

Furthermore, since the SIGFET should particularly benefit from new developments

in heat-sinking and n contacting technology, its merits should be reappra i sed

as improved EEl processing procedures are introduced.
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