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SUMIIARY

An enhancement mode junction field effect t ransis tor  (JFET)

using an Al
~

Ga i_~
As gate and a GaAs channel was designed and fabricated

in an attempt to establish a GaAs logic technology base permitting

“dltect” coupling without the necessity for level shifting, while at

the same time, permitting a wider dynamic range (noise margin)  due to the

larger anticipated bu ilt—in voltage of the heterojunction gate . The

heterojunctiDfl layers were grown by liquid phase epitaxy (LPE). Although

the control of doping level and morphology was good , the (‘.aAs layers

were thicker than necessary , resulting in some depletion mode action by

the JFET. The high forward biased gate voltage of these devices , 2 _ 3

volts, was th. result of a rectify ing contact on the p—type Al~
Cai_~

As

and not due to the anticipated large r work function dtffere’nce. The

devices showed a cut—off frequency , 
~~~~ 

of 1.5 GH&.
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1. iNTRODUCT I ON

This fina l report describes the work on Contract N00014- ’t’- C-

O’35 which began August 1~Y’u and ended Ju ly  ~~~~ Th i s was a one year

effor t to invest igate the feasib i l i t y  of fabricating junc t ion field ef-

fect t ransistors (JFETs ) utilizing an n-type (aAs channel and a p-type

A1GaAs ,imc tioii gate . When constructed such that the built—in potential ~‘f

the gate junction fully dep ict es the GaAs channel at zero applied gate

voltab ~e , the”e dev ices could be used as hi gh speed log ic element s with

no need for the level shiftin g circuits employed i n  depletion mode log ic.

The use ~~t a hetero junction gate’ was believed to offer a d v a n t a g e s  in

hi gher avat lable input volt age swing  and lower zero b i a s  inpu t  capa~ I -

t ance.

Based on publish ed het e’ roj unct ion growth experi e’nce • .t li quid—

phase ep itax v (LPE~ system was used to grow the double laye r  SIFU T struc-

ture . This cons t sted of .i p— t ype AIGaAs layer on an n—type eaAs layer.

I’he p— t yre Al GaAs wa~ doped with ‘~c w h i c h  prov i ded .i h i gh acceptor con—

cent i-at  io n  s i th little di ftus ion nto the ;~tAs be low .  The Cals I av ers

were’ Sn doped wi th .i thickness of 0. . microns . Both ia~ ers were ’ repro—

duc t hlv grown on semi — insul ating GaAs s ub s t  r a te s  with a good su r f ace ’

morp hology for later phot o  l i t h o g r a p h y  St eps II I  the  J I F T  f a b r i c a t i on

process.

_________________________ 
~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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The heterojunction gate JFET used ohmic contacts to both

p-type GaA1As and n-type GaAs as well as selective etching of the A1GaAs

withou t removing any GaAs. The resulting devices showed enhancement

operation up to ~l volt forward gate voltage and gains of 3 dB at 1 GHz

for J-4~ ga te l ength.

The higher forward voltage capability of the heterojunction

gate FET was found consistently to be minimally larger than the forward

voltage of a simple GaAs junction gate. This precluded any further

development of this novel transistor for enhancement mode logic circuits.

The technology which has been developed for heterojunct ion growth and

selective etching may be usefu l for other devices . The heterojunction

looks promising for electron confinement in the GaAs channel by using a

GaA1As buffer layer between the active channel and the substrate.

... . .

II
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~~~. DEVICE DESI(~

The choice of A1GaAs/GaAs as the heterojunction materials for

the JFET was based on the mobility of electrons in GaAs , the large band-

gap of AIGaA s and the relative lattice match between the two materials .

The h i gh electron mobility of GaAs has long been exploited for microwave

Schottky barr ier ga te FETs . At 101 cm~
3 dop ing density, the mobilit y of

GaAs is as h igh as 5200 cm /volt-sec in li qu id phase ep itaxial material.

This i s  about a fac tor  of 5 improvement over silicon at that dop ing den-

s i t y , and r e s u l t s  in  low c a r r i e r  t r a n s i t  t i m e , low series r e s i s t ances,

and hi gh t ransconductance .  In add i t ion , s e m i - i n s u l a t i n g  subs t ra tes  for

low p a r a s i t i c  mounting of the f i n i s h e d  device  are readily available.

The desired ga te  m a t e r i a l  requi rements  were a hi gher band gap

than GaA s and a reasonable lattice match. A graph of the lattice con-

stants and bandg aps of severa l t e rnary  and b ina ry  1 1 1-V compounds is

shown in Fi gure . . l .  The on ly  compound w i t h  c lose  l a t t i c e  ma tch ing  and

hi gher band gap is AlAs or ternary compounds of Al GaAs . The band gap of

GaAs is 1 . 43 eV wh i t e  A l A s i s  near 1~ - ~ .l  eV. Growth of AlAs  is not sui t -

ab l e , however , s i nce  the material is hydrosccpi c. An A1GaAs ternary

a l l o y  w i t h  the compos iti on A1 4 Ga 1 As was chosen to prov ide  a band gap

of ~ l . 9 c V  and a l a t t i c e  m i s m a t c h  of only  0 .0o3% .

A cross s e c t i o n  of the h e t e r o j u n c t i on  ga te  FF 1 s t r uc tu re  i s

shown in Figure 2 . 2 . The source and d r a i n  regions are ohmic contac ts

- 4 -
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to the it t ypo GaAs layer wh ich covers the  semi - I n su l at  i ng  GaA s ~uhst rate.

l’he gat e’ ci cc t rock consists ot’ an ohmic contact to  the p — t y p o  Al GaAs

wh Ic h has been elO f t  ned by et e hi  ug to  a na r r ow I ne bet ween the sent re e

and dra in. In operat ton . modu ta t Ion of the ga te to  stfll rc t’ voltage wI 11

nioetu tate ’ t he ek’p le t Ion reg ion hc’noa t h t he gate lithi p roy I etc an amp I I fled

s igna I in the ci r a i n  cu r r en t  (I ow. To work opt Ima Il y • the p— type dop tu g

ii f the Al :iI,\ S must be’ subst ant t a ll v hI gher th an  the GaAs c haune I elop ing

or par t ot’ the moelu I at tug volt age w i l l  be wa ~t~~ei by varying the ekpl et ion

In he 1i~ t vpe AlGaAs . in  add It ton , the channel th tck ,t i ’s s  mu st Lie th in

SO that the h u t  i t  — In  pot ent in  I of the  Liet crojunet ion can deplete it w i t It

no app l t ed gate ’ v o l tage , FIt I restil t s in the  ‘‘enhanc ement’’ mode opera-

ion of t he FUT . l’he requ I red channel  thickness for a channi’ I etop I ng of

s ~ i o ~‘ shown t’o r a range of tin i t In  vol t ages In Ft gut ye  .‘ . . Fo i a

bit t It — in  volt age’ of I . -IV , corres pondIng to a GaAs hoiito~tttie ’t iott ~ the

c’haune ’ l t h Ic  kne’~-~ I s  on ly  I 500X.

The’ m a s k I dyot t t  b r  t t~ese’ etev I c I’ S it si’d 300 tin • I SO t int and

1211 ~m pe t. t p herv  dcv ic’es t o  a I low w i r e  bond I ng of Intl iv idna I I t  I ’  — t n t  o

he ha Ic NANI1, NOR alkI I live’ rt e r cciii t’ I gu r at  Ion s . A pho t og m p h o I’ a

t’ in  I ~heel ~lev ice group is shown in I igumre .‘ . .1. A t o t a l  01 t’ i gu t  .111 I’’ ’-

a ye In c I titt i’el In eat ’ It group . The sun II er pi’ t’ I pht’ry tlC ~ ices  ar e u sed ~i S

the .‘- ‘t lvi’ loads for t h e ~00 in d e v i c e s .  The de t ai ls ot  t h e  logic elm -

cut It connec t b its a i~e showit In  l b  gill - i’ .‘ . ! 
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3. LPL~ GaAs/A1GaAs HEThROJLNCTION GROWTh

Li quid Pha se Epitaxial growth (LPE) of semiconductors was

ori ginally demonstrated by Nelson in 1963 using a ti pping apparatus .

Since that time , LPE has demonstrated its usefulness in compound semi-

conductor Ill-V growth by fulfilling a wide range of tasks including

optoelectronic device production , microwave mixer applications , Gunn ,

IMPATT and ~~SFET structures and fundamental materials studies . While

a si gnificant controversy still exists regarding the relative strengths

and weaknesses of LPE vis-a-vis other growth techni ques (vapor phas e

ep itaxy , molecu la r  beam ep itaxy and ion implantation) , it is  clear that

no technology exists which completely domi nates all others for all ap-

pl ications . Accordingly , in  the  area of ternary and qu a t t -r n ar y  struc-

tures , i.e., mixed Il l-V grow th , LPE technology at present providc~ the

maximum f l ex ib i l i ty for the rap id investi gation of the  s u i t a b i l i t y  of

new ma ter ials and he tero struc ture appl ica ti on s .

Fi gure 3.1 is a photograp h of the (W)LPF growth facil ity and

Fi gure 3.2 is a detailed pho tograph of the multi-bin graphite boat used

in the growth experiments. The major interest i n  mixed 1 11 -V growth has

cen tered aroun d “ eng ineered” materials , i.e., the des i gn of allos with

particular energy gaps advantageous for various optoelectronic app l ica-

tions . In addition , the propert ies of heterostructures are appealing

for both microwave and optical devices .

- 10 -
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During the course of this invest Igation 32 epitaxial layers

mere produced to provide data on our dop ing and thickness control as well

a s supp lying wafers for device processing. The des i red n u l t i - l a y e r

structure of p-type A1GaAs on n-type GaAs on a semi-insulating GaAs sub-

strate was grown by both LPE-AlGaA s on VPE-GaAs and by LPE-AIGaA s on

LPE-GaAs . Due to the difficulty of controlling the thicknes s of th e

VPE - GaA s layer after the inevitable melt-back during subsequent LPE

gro wth , the all-LPE techn ique gave faster results and more-usable wafers .

~.l Thickness Control

One of the cr itical problems associated with the ep i taxy of

the JFET heterostructure is thickness control. This stems from photo-

l it hographic requirements (i.e., aspect ratio for gate definition) , and

the operation of the device in the enhancement mode , i.e., the channe l is

mirmal1~ p inched o f f  by the built-in j u n c t i o n  p o t e n t i a l .  LPF growth was

accomplished in a mul ti-bin graph ite slider boat as shown in  Figure 3.2.

I t is w e l l  known tha t ep itaxial growth in this type of apparatus is di t-

fusion limit ed .~~~ GaAs LPE growth over wide temperature ranges is

understood ; however . GaAIAs growth is more di fficult to model since

there  are two diffusing species in the Ga- r i ch  m e l t .  Since  the growth

dynamics  of GaA s are wel l  unders tood , we are i n a good position to sat-

i sfy the stringent requirements placed on the GaAs channel . Additionall y ,

it turns out that GaAIAs grows at a slower rate than (;aAs , hence the GaA s

growth parameters arc more str ingent than those for  the GaA1A s .

GaA 1A s ent ers into the th ickness  consideration m a i n l y  due to

problems with Al in the l i quid melt. Researchers in V olVed in elect r o-opt i c

- 13 - 

- - 



-

applications of GaAIAs have determined that heavily doped CaAIAs growth

is best achieved at t emperatures of 800° C or higher. To try and insure

good contro l of the GaAs channel thickness, it is desirable to slow the

growth rate of the GaAs as much as possible by having as low a star t ing

temperature as is consistent with the GaAIAs growth criteria. We there-

fore set 800°C as an upper bound on system temperature. To aid in

thickness control , it is advantageous to commence active layer growth

from a melt where growth has previously been established . We determined

that a O.3~ active channel could be grown using the following sequence:

( 1) n GaAs melt  exac t ly  saturated at 800° C on a GaAs source

crystal.

(2) Using a cooling rate of 13°C/hr , deposition start ed on

the source wafer. After 1°C of cool ing, the semi-

i n s u l a t i n g  substrate  is s l i d  under the  mel t  and growth

continues for one m i n u t e .  At t h i s  po in t , the  subs t ra te

i s  moved to the GaA IAs p o s i t i o n .

We have determined that Ga 4 A1 b As grows app rox ima te ly  one-

half as fast as GaAs for the conditions just described . Because of

aspect ratio considerations , i t  is des i rable to limit the gate laye r to

no more than one micron of thickness. Addit io nall y , as is later de-

scribed , it is useful to consider a p+ (~ iA s call on the GaA 1As gate.

Given the growth conditions ust revit’wed, i t  i s  e.t~~ to grow O.S~

GaA1As and 0.Sp GaAs gate layers as w e l l  as the O.3 1A a c t i v e  chann el

14- 
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3. 2 Doping Control

The proposed device required a 6-9 x lO~~ /cm 3 n- type GaAs

+active layer and a p AIGaAs gate junction . Active layer doping is a

fairly straightforward process , since Sn is a slow diffusing , well-

behaved donor. Figure 3.3 shows the relationship of the Sn dopant in

the Ga/GaAs melt to the doping level in the ep itax ial layer with the

growth temperature as a parameter. For the high dop ing required by the

device , it was q u i t e  easy to reproducibly obtain the des ired dop ing

l evel to wi thin 10°o accuracy. We then had to establish the appropriate

q u a n t i t i e s  of do pant and Al to produce the des i red 
~
, layer s of GaA 1 A s.

Because the des i red properties of the heterostructure rely on a hyper-

abrupt hetero interface , i t  i s  necessary to care f u l l y  rev iew the selec-

t ion  of dopants. Group 11 elements , which yield p type electrical be-

havior  ( i . e . ,  Cd or Zn) , are known to he fast d i f fusers  in GaAs . Ge , an

amphoteric Group IV element which incorporates predominantly on As s i t e s

in IPE growth and is  a slow d i f fu se r , was selected as being most s u i t a b l e

for our heterostructure device. However , there is a functional relation-

sh i p between the p dop ing level and the AlAs mole fraction i n  the GaAIA s

c ry s t a l .  Fi gure 3.4 g ive s doping as a function of A l A s  mole f r a c t i o n  for

severa l dopants a f t e r  the work of Cheung at Stanford  t I n i v e r s i t y .~~’~ The

range of growth temperatures employed was 841) - 810 °C, so these resul ts

were a reasonable guidel ine for the present task . As can be seen fro m

- i s - 
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the graph, the carrier density in the grown crystal decreases with in-

creased AlAs mole fraction while the atom fraction is held constant in

the li quid melt. Cheung ’s descr i pt i on of doping segregation is gi ven as

p(or n) = K 1X 1

where K 1 is a proportionality fac tor charac ter i z i ng a particular  impur ity

i , and x. & is the mole fraction of i in the melt. Clearly, K. is affect-

— ed by grow th temperature , subst ra te  o r i e n t a t i o n  and melt  cons t i t uen t s ,

i.e., AlAs mole fraction . The data shown in Fi gure 3.4 can be described

as 

- 

K .  = K~ exp (~ a~ x)~

where K. and a. are cons tan t s  and x is  the AlAs mole fraction . Table 1
1 1

shows Cheung ’ s values for K~ and a 1 for severa l dopants where the tem-

pera ture of growth ranged from 840°C to 810°C.

Springthorpe , et al., did a study s i m i l a r  to Cheung ’ s work and

observed similar behavior of the carrier density for Ge doping vs. -\l \s

mole fraction J4~ However , Spr in gthorpe ’s explanation of this phenomena

is somewha t d i f fere nt than Cheung implied in h i s  dopant descri p t i o n .

Besides the exper iments  on dop ing  vs. AlAs mole fraction , Springtho rpe

- I took resistivity and Hall data vs. temperature to determine the activation

level  of the dopants .  His  conclusion was that  for a constant  atom frac-

t i o n  of Ge in  the li quid melt , a cons tan t amount of Ge i s i ncorpora ted

i n the grown crys ta l ;  henc e, segrega ti on i s not a func ti on of AlA s mole

fraction . Instead , he found that the Ge i o n i z a t i o n  energy is a f u n c t i o n

of AlAs mo le  f r a c t i o n . Th i s is not a t r i v i a l  d i s t i n c t i o n , for it imp-

l i es  a Ge dop ing l i m i t  for high AlAs mole frac ti on. Based on this work ,

~- 1 8 -  
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we endeavored to determine an upper limit on p-type carrier concentra-

tion for 60% AlAs mole fraction in the grown crystal. As previously

discussed, al l  gro wth experimen ts we re perfo rmed at 800°C. Figure 3.5

shows p-type doping as a function of the ratio of Ge to Ga wei ghts for

liquid mel ts constructed to yield 60% AlAs . The effective segregation

coeff icien t, i.e., the rela tionshi p between electrically active accep-

tors at room temperature and the atom fraction of impur ities in the mel t,

is given as Keff ~ where

K ff = ~RTe Atomic Concen tration of Ge in Mel t

From Figure 3.5 one can obtain K eff ~ 3~S9 x l0~~ . A similar study was

perfo rmed on GaAs , with the resul ting segrega tion coeffi cient equal to

3.4 9 x io~~. Thus, if one rel ies on Springthorpe ’s dopant model along

w ith our empir ical resul ts , the following conclusions can be drawn :

(1) If one cons truc ts a mel t desi gned to yield a 60% AlAs

epitax ial layer and provides 12% Ge atomic fraction in

the mel t, the net p carrier density in the grown crystal

will be 2 x io 17 .

(2) For a 12% Ge atomic fraction in a Ga-GaAs melt , the net

p carrier concentration is approximately 2 x 10
19
.

(3) The Ge-doped GaAs example sets an upper bound on the

dens ity of Ge atoms incorpora ted in the Ga
4

A1
6
As

example.

— 20 —
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Thus , it becomes clea r t ha t Ge dop i n g of Ga
4

A 1 1 As at 800 C will hi’

lim ited to the tow 101 range’, si nce 10~~ Ge atomw in liii ’ ~t’~sta1 tat -

t ice ap1)roaches a s t rat ii I et e I . Si nCt’ we ha~ t’ at tead~ dec t ikd that Gi’

s the appropriate dopant tot tIn s 1t~~’t I c ut  at’ Jt ’t ’ i ~-e ~ipp l I t a t  Loll • C hi’

t radeot’t’s Cur th is doping 1 tint tat ion should be t~t~~t

The GaAI As t gA.wn tot’ git t I lt~ ~)11t’~~
) c ’” heitc t’ , t t  I S I t t ’ c I ’ S ~a

to provide ohmic c on t a c t s  for  b i a s in g .  The’ lower the dopi tig , the more’

di t’fi cult t t s  to make a good ohin t c c o n t a c t  to  a “~ iuict ’nductor, For

the par ti c u l a r  case of p t pe GaAI As , t he pz’oi’i em i s  COflqtOitItdt’d l’~ the

di t’f icul  t i e s  assoc i ated wi t h cont  act t ng p - t pe nate ri ~it and an Al at

The probi eat i s ea~ i I V ove I’come t~ capping the 
~ 

i~a ‘~t ‘~s w i  t it a s o liii ion

c o n t a c t  of  p~

I’he’ on I rena 1111 t t g  1’t’ob 1 1911 as soc i at ed w i t  Ii the clupt t tg I i  I a

t t on t s t he 1 oca t i on of the 4 e rat i i eve l ill C it e g at 0 . I d ea lt • t hi’

gate  I a~ e r should be’ degene Fat 01 \ doped to pros i di’ t hi’ ma \ I IIUIIfl t ’~t FF1  01

avat table from the wide band gap materi at • St t ic ’.’ tht’ to~ at I 04 the

term i level wi 11 i t  e s ii gh t 1 ,il’o e t he a I ~ ‘ltc e band • the b~i r n  en  i s

e Efee- t i vi’! V reduced 1w se’vt’ rat Itund t’edt hs ot’ au o I ec’ t roit t o  it . It I s

t bl e to compensate’ t o t ’  th i be t tic reas tug t he \t \‘. mot e’ t’rac’t ion ;

however , any s i gui  f t  c an t  i t ic ’ l’e.Ist’ 01 01’ t~0% Al \“  t ’ t  sks hydro ’~c~ 1’t c’ deter

l ot’at ion o t’ the dcvi cc • and a I so towers t hi’ e t  I oct  t vi’ segrega t t o n  o t
’ t o

in the’ G a ,AIAs  melt.



4. L)IiVICE FABRICATION

Two fabrication processes were used to produce h et ero junc t i on

t ransistors during this program. The first dev ices , called Mark I , used

a three mask scheme while later devices , Ma rk 11 , required four rnu~ks.

The extra mask step provided an extra oxide layer wh ich reduced the par-

as it ic input capacitance of the’ Ma rk I . &th t’a b r i  ca t  ion sequenc ’s used

ion-beam mill ing as well as select ive etchtng of AIGaAs ott GaAs to form

an ALGaAs gate f i n g e r  sep a r at i ng  two AuGe’ contacts on the GaAs l aye r .

F 4.1 Mark I_Device

L 

The three mask fabricat i on sequence for the Mark I device’ is

shown in FIgure 4. 1 . The startin g mater ial i s  a semi — insulating gaAs

wa fer  on wh i ch two ep i taxi al layers have been grown. The t’i i-st 1 aver i s

lt~ - i 0
t i -  type GaA s with a dop ing of 8x10 cm about I ~‘00A th ic k. liii s i s coy—

cred by a &oooX thick t’pi— layer of p— type Al GaAs . After evapo r~it in g  •I

contact metal on the A1GaAs , the firs t mask is used to isolate the act Ive ’

dev ice regions by ion-milling down to the semi-insul ating s u bs t r a t e  in Fi g.

1. 1(B) . The second mask defi nes the gate stri 
~~~ 

t u  th e’ gat e’ metal . The

p—type A1GuAs is then ion m it led nearly into the vi— type ~ I.\s layer using

the gate metal as a mask. A chemical etch i s used to pre’fi’rettt i al lv etch

the Al GaAs and stop at the GaAs l aye r  as shown in  F i gure .1 • I ((‘1 . rite’ ton-

m i t  I ing of the n—~ aAs must be avo ided si lice’ the ohmic contacts deposi ted

on an Ion milled surface are infe rior to those produced on an etched

-2 3-
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surface due to surface damage caused by the ion beam. The use of ion

beam milling for most of the A1GaAs removal assures good edge definition

for the gate. The last mask step, shown in Figure 4.1(D), uses a photore-.

sist dejection to form the Au-Ge source and drain contacts. These are

alloyed in a stream of argon and 10% hydrogen using a controlled temper-

ature cycle with a peak of 450°C. Figure 4.2 shows the mask set used for

the Mark I device.

4.2 Mark II Device

The Mark I device suffers from a large parasitic capacitance

contribution to the input and feedback capacitances. This is illus tra-

ted by the sketch Figure 4.3(A). The gate pad lies on the p-type A1GaAs

epi-layer and its large area produces a substantial capacitance. This

capacitance appears as a paras i t ic  contri bution to Cgs and Cg~ as

ske tched in the fi gure due to the conductivity of the GaAs epi-layer

underneath .

The solution to the excess capacitance is to bring the gate

pad off the n-type GaAs mesa and down onto the semi-insulating substrate.

Th i s process can be accomplished by us ing one addi ti onal mask step to

prov ide a Si 02 layer ly ing over the substrate and going up onto the gate

region of the transistor as shown in Figure 4 .3(B). The metal on these gate

pads is delineated by the source-drain contact mask step as shown in the

process sequence for the Mark II devices , Fi gure .1. 1 , The oxide mask and

the source-drain contact mask are shown in Figure 1,5. Note that the

source-drain mask has circular dots in the gate regions to form the ga te

- 25 - 
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pads . These pads are shown in completed devices in Fi gure 4 .t . The dark

area is the Si0
2 
pad while the circular or semi-circular metal is the

gate pad formed by the source-drain lift-off. It extends to the ri ght ,

down off  the SiO) and contacts the gate metal on the p-A 1GaA 5 layer under-

neath.

Two photographs of finished Mark I I  devices are shown in  Fi g-

ure 4,7~ Each module cons i sts of e i ght EEls of 300 pm , 150 pm and 120 pm

peri phery . These devices had ga te leng ths of 3~~m and ‘- 9pm source-drain

spacings . The gate definition is good although the s lop ing sides of the

ion-m illed p-A1GaAs region produce a longer gate than or i ginally desired .

The gate and drain characteristics of devices from two different runs can

be seen in Figures 4.8 and 4.9. The gate of device 04~ in Fi gure 4.5

shows 2pA of forward current at ~u. The drain current is not pinched-off

at V .. 0 due to a thicker n-Ga..\s layer than des t red . Pinch-off of the

channel is at -l.2V. The enhancement action i..ith posit ive 
~~s

clearly evident and shows good Ids modulation up to V~~ 
= . SV . IVith a thin-

ner channel layer this device could ope rate successfully a’~ an enhance-

men t mode log ic switch. The device #~ -3 in Figure 4.9 shows a gate cur-

rent of only iti A at 3~’ due to a poor contact to the p-AlGaA s. The out-

put charac teris ti cs , however , show a reduced drain saturation voltage and

enhancement mode operation up to + .S gate vol tage . Th e t ransconduc tance

of both devices was between 2 and 3 nenhos.

— 3 0-
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Fig. 4. 8—Gate and drai n characteristic s of Mark II
heterojunction FET fro m run #4 . ( l ine with ‘DS =I500 uA at V DS =4 v is =0)

- 3 3 -

_______ _____________________ —~~~- - --~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~



Gate Gate

~ 1 — - -

Fig. 4. 9—Gate and drain characterist ics of Mark II
heteroj unction FET from run #6. (V ~ ç =0 along
curve through T DS =4. 8 mA, V DS ~ ‘))
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5. Li1~V ICE EVALUA I’ ION

Devices from each wafer were evaluated using I-V . C-V and s-

parameter vnensurements. The low frequency measurements showed a recti-

t’y ing contact to the p-type A 1G uAs ci ’ the gate. This caused the appar-

ent 2 and 3 volt  forward drops of the gate junctions . The microwave

measurement showed 3 LIII ga in at ~ ( 1 1 : .

S . I Low Frequenc~ i ment

Th e’ I — V  ch a r ac t e r i  st i e s  of two devices  were show n in Sectton 4 .

Figures 4.8 and 4 . 9 .  The forward vo l t a ge ’ dro p in these  dev ice s  was 2

volt ~ in 4.8 and 3 volts in 4 . 9 , w h i l e  the’ max i mum u sab l e gate  vo l tag e

to r enhancement opt’ rat ion was be low 1 volt . I C t hi’ 2 volt to rwa rd drop

wa~ the t rue’ t’orward potential ut’ th~’ p -At eaAs to n- ~ aAs bet evo~Iinc t ton

then .

a ‘rhe’ enhancemen t opt’ rat v on o I’ the’ FF 1’ should  ha~- e’

con t inued  for forward gate’ vol tages up to n e a r l y

2 volts~ and

b I (‘here shun I d not Lie’ a de’~’ i cc’ w i th a 3 vu It t’o rw- ,i rd

ye It age’

(kin g the’ volt age’ de’peude’nce o t ’ t he’ ga t e’ - d r a y  n cap acitance ’ • the probl em

was .i see rt a t  ned to be’ a p~o r conta ct t o the p — t y p e ’  Al GaAs wh i e h added a

l eaky Schot tky h a r r i e r  j unc t  ion in se’r t es with the ’ hetcroiunet ion gate’ .

I
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A typ ical C-V curve for these heterojunction gate devices is shown in

Figure 5.1 . For negative gate voltages , the heterojunction is revers e

biased and the capacitance drops rapidly until the FET is pinched-off

at V~~.- .75 to -1.0 volts. For positive gate voltages , the capacitance

decreases (instead of increasing) out to about 2.5 volts after which it

rises rap id ly .  This behavior is caused by a depletion reg ion under the

metal contact to the p-A1GaAs . As positive gate voltage is app lied , the

reverse biased contact absorbs the increasing voltage and its increasing

depletion width into the p-A1GaAs causes the capacitance to decrease.

Above 2.5 volts , the poor contact breaks down and the rapid ly  increas ing

capacitance of the forward-biased heterojunction is again apparent .

The gate I-V characteristic with the poor ohmi c contact to the

p-A1GaAs can be summarized as shown in Fi gure 5.2. Figure 5 .2 (a )  shows the

expected heterojunction behavior with a forward voltage drop of -1.5

volts and low reverse current . The poor Schottky contact on the p- type

A 1GaAs gives a good forward characteristic for negative voltages and a

l eaky breakdown for positive voltages of 1.0 to 2.0 volts as shown in

Figure 5.2(b). The composite I-V characteristic of both junctions in

series [Fig. 5.2(c)] has low leakage for negative gate to source voltages

and a high forward drop due to forward biasing the hcterojunct ion and

breaking down the poor Schottky contact.

5 . 2  RF Performance

Since the devices fabricated were not completely pinched-off or

self-depleted with no gate bias , no attempt was made to bond adjacent

- 36 -
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Curve 712620—A
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Fig. 5.2—I -V curves of poor Schottky contact and p - n
heterojunction leading to high forward voltage behavior
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devices into a switching circuit configuration to test delay times and

rise times. Individual devices were bonded into microstrip-based head-

ers and tested by measuring their small signal s-parameters. The s-

parameters of a typical device as listed in Table 5.1.

Measured S—Parameters and Gain

Heterojunction FET #6—2G

Lg 3um , t~ 300 ~im

Frequency, GHz Sll S12 S21 S22 MSG MAG

0.5 0.94/—43° O.0008/40° 0.275/110° 0.971—41° 15.3dB 9.7dB

1.0 0.911—94° 0.0131—18° 0.196/50° 0.94/—99 ° 11.8dB 3dB

The calculated maximum available gain for th is device is 3dB at 1GHz

and 9.7dB at 500 MHz with a cutoff frequency , 
~max ’ of 1.5GHz. The max-

imum stable gain, MSG, is 11.8dB at 1GHz and 15.3 dB at 500 MHz. These

are reasonable performance values for a device with gate lengths of 3—4

im.

- 

- - _____



6. CONCLUSIONS AND REC0t’D.~NDATI0NS

The work that has been carried out on Contract N00014-7o-C-0735

produced a heterojunction gate FET using a p- type AlGaAs gate on n-type

GaAs. These devices showed power gains of 3dB at I Gil: and 9dB at 500MHz.

A number of areas were successfully pursued , including :

A . An LPE growth system was used to grow the n-GaAs/p-A1GaAs

structure required t’or the devices . Good contro l of the dop ing densi-

t i e s  and surface morp hology was achieved w i th sub m i cron GaAs l ayers and

micron thick Al GaAs l ay ers . The use of Ce to dope the AIGaAs resulted

in  acceptor concentrations of x101 em 3
.

B. The selec ti ve etch ing of A 1GaAs and the i on mi l l ing of A 1GaAs

were bo th employed in  the dev i ce fabr i ca ti on. The io n mi ll i ng al lowed

accura te fo rma ti on of the sate geomet ry and proved c o n t r ol l a b l e  and

reproduc ible. A selective etch for AIGaAs in the presence of GaAs was

needed to finish the gate formati~on s ince ion m i l l i ng the GaAs surface

before applying ohm ic contacts resulted in hig h contact resistance.

Some areas of device fabrication were identified as a problem .

The ohmic contact  to p - type  A1 GaAs was neve r comple te ly  ohmi c and re-

sulted in forward voltage drops for the hetero Junctio n diode in excess

of those predicted by band theory considerat i ons . Referring to the

heterojunction band structure of Figure 6.1. the built-in voltage ’ can be

calculated by 



f1wq. I 1Lx~~:~
)

Vacuum level
( a — — — —

x l x2Electron
Energy 01 

~c2
AEc

Eci —_ _

- - - -.  . 

jig~~ 

- 

E92 

E~2

Vacuum level

(b) 
~~ 

V b2~~~
,’f

- 
b~L~~~Lf

Electron t ~ I — I
Energy I 

~v ~~cj 
g2

~~ Vbl~J.,.#~/
/4~T 

~v2 
Ev2

x l xO x2

Fig. 6. 1—Energy ban diagram.. for two Isolated semlconduck rs
(a) and ( b) for n-p hetero - junç~tlon at equlllbrlum(no external
voltage apolied)(after Anderson ’)

- 4 1 —

L ~~~~~~~~~ 
- - - - - -

~~~~ — — -  - - ~__~~ - - - ‘— —.— — — — - .— - —--.-.- -
~
--- ..

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



-
~~~~~~~

VBj I.gi - .\I - + 1

The valence band d i s c o n t i n u i t y  in the GaAs-A1GaAs heterojunct ion has

been shown by Ding le~~~ to be neg lig ible. For p
~ 

- Al 3Ga 7 As . F~~~ r 1.8 cV

and F.~ = .4 eV . I f (AV 1 + AV-, ) is about 0.1 eV . t hen the expec t ed

buil t-in voltage is 1.3 eV , or unfortunatel y, approxima tel y the same as

the homojunc t ion vol tage.

The so lu t ion  to the contact problem on p - ALG aA s  is the growth

of a p~ -GaAs layer which  can be easil y con tac ted .

One add i t iona l  use for A1G aAs in microwave FF T ’ s is as a

buffer layer below the active GaAs layer to provide electron confinement .

This should resul t  in better pinch-of f  cha ract e r i s t  ics and lower noise

f i gu re s  by el iminat ing conduct ion throug h the subs t rat e .  Much of the

growth and processing technology developed du r ing  t h i s  cur rent  i~rosr~im

should be app l i cab le  to such a he t er oj un ct  ion b u f f e r  device.

_ 
_ _ _  
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