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SUMMARY

The microwave small signal , large-signal switching , and

dc performances of normally-on (N-ON) and normally-off (N-OFF)

Al 5Ga 5As gate GaAs FETs have been characterized . The structure

is a three-layer sandwich formed by a n-type active layer on a

Cr-doped semi-insulating substrate, a p-type Ge-doped Al 5Ga 5As
gate layer , and a p+_type Ge-doped GaAs contact layer on the

top of the gate. Selective-etching of the p+_GaAs and the

p-Al 5Ga 5As provides the necessary overhang for self—aligned

device fabrication.

Normally-on HJFETs with submicron gate lengths and an asso-

ciated periphery of 300 microns gave a maximum available gain

(MAG) of 9 dB at 8 GHz. On the other hand , normally-off devices
with submicron gate dimensions showed a MAG of 9 dB at 2 GHz.

Intrinsic propagation delay times of both N-ON and N-OFF HJFETs

have been determined to be 20 Ps and 40 ps respectively. The

contact potential of the heterogate junction has been calculated

to be about 1.4 eV, which compares well with the experimental

results.
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1. INTRODUCT ION

Normally-on (N-ON) and normally-off (N-OFF) Al 5Ga 5As

heterojunction gate GaAs PETs have been fabricated and character-

ized as microwave and high-speed logic devices with submicron

gate dimensions. The active channel layer with a net donor

concentration of 10’7cm 3 is grown by vapor phase epitaxy
(VPE). Then the p-type Al 5Ga 5As layer doped to a concentration

of l018cm 3 with Ge and the p~-type GaAs layer doped with Ge

to a level of 5x1018cm 3 are grown by LPE following mesa

formation on the n-type active layer . The active layer is

about 0.13 micron and 0.35 micron thick for N-OFF and N-ON FETs
respectively, and the p-AlGaAs and the p+_GaAs layers are

about 0.5 micron each .

The contact potential of the heterogate using 345-micron

diameter diodes has been deduced to be 1.39 eV from C-V data and

1.356 from the forward I-V data , agreeing well with the cal-

culated value of 1.4 eV.

To form the heterogate , the p+_GaAs is etched selectively
in a pH = 7.05 solution of H202:NH4OH followed by a second

selective etching of Al 5Ga 5As at 90°C, or in room temperature

HF. Further undercutting ‘of the Al 5Ga 5As provides the over-

hang of the ptGaAs which is necessary for self—alignment of

the source and the drain with respect to the gate. AuGe/Ni/Au

contact metallization is then evaporated to form the contacts

on n and p-type GaAs and alloyed . In addition , an Au overlay is

evaporated on the source, drain , and gate bonding pads to facilitate

bonding . The back side of the wafer is thinned down to about

150 microns and plated before it is diced into individual devices.

Norma lly-on HJFETs with submicron gate lengths and an
associated periphery of 300 microns gave a dc transconductance

L. - . 
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of about 25 minhos and a MAG of 9 dB at 8 GHz . On the other
hand , N-OFF HJFETs with submicron gate dimensions showed a

of 15 mmhos at about a gate bias of +1.0 V and a MAG of
9 dB at 2 GHz . Large-signal switching properties of both

N-ON and N-OFF HJFETs have been determined with the aid of a
sampling scope. Intrinsic propagation delay times of 20 psec
and 40 psec have been observed respectively for N-ON and N—OFF
HJFETs.
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2. INVESTIGATION AND DISCUSSION

2. 1 MATERIALS GROWT H OF HJFETs

2.1.1 Vapor Phase Epitaxial Growth

The vapor epi reactor used to grow active channel

layers is shown in Fig. 1. A two-zone roll-on type Marshall

furnace is used for this work. The Ga source is at about 828°C

and the substrate at about 818°C during the high temperature

vapor etch and at about 766°C during deposition. To begin with ,

the Ga source is saturated with As by bubbling H2 through the

AsCl3 liquid and flowing the (H2+AsC13) mixture over the Ga to

produce a complete crust of GaAs on its surface. During subsequent

deposition runs the substrate , which is (100)-oriented GaAs ,

goes through a temperature cycle given in Fig. 2. Since some

As loss from the source and crust dissolution must take place

during the cooling and heating periods , during any deposition

run the Ga source is resaturated with As after the 15—mm thermal

equilibration by passing 500 cc/mm of (H2+AsCl3) over it for

about 30 mm , the AsCl3 being at 20°C. During this time, the

substrate is kept at the high temperature position .

Due to crust dissolution during the early stages of

resaturation , the Ga source will be only partially covered with

a GaAs crust. With some liquid Ga exposed to the gas stream ,

the calculations of Shaw’ show that the equilibrium vapor phase

composition will contain significantly lower concentrations of

HC1, As4, As2, and Cl2 compared to when a completely crusted

source is exposed . Also the Ga/As ratio in the vapor phase passing

into the deposition zone is quite high when the crust coverage

is incomplete. Therefore at the temperatures employed in this

work , deposition conditions exist around the substrate in the

high temperature position with a partially crusted 
source.3
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Fig. 2. Substrate temperature cycle during a typical growth
run. AB - thermal equilibration; BC - source resaturation ;
CD - High temperature vapor etch of the substrate ; D - point
at which the substrate is pulled to the deposition position ;
DE - low temperature etch of the substrate ; E - point at
which the vapor etch valve is closed ; EF - epitaxial growth ;
F - point at which the AsCl3 flow is terminated ; and G -

point at which the furnace is rolled off. 
-
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During resaturation when the crust completely covers the Ga source ,

there is a pronounced change in the gas phase composition leading

to etching conditions at the substrate. Figure 3 describes this

situation quantitativel y.

At the ena o~ resaturation, the (H2+AsC13) flow is

equally divided between the Ga source and the vapor etch lines

using the vapor etch valve . After about 1/2 mm of vapor etch,

the substrate is pulled to the low temperature position and the

total H2 flow reduced to 330 cc/mm . The substrate is vapor-

etched at a very small rate in this position. After about 5

mm to establish steady—state conditions , the vapor-etch valve

is closed to initiate growth . Growth is terminated later by

diverting the H2 flow directly into the reactor instead of through

the AsCI3 bubbler. The furnace is rolled oif after about a minute

to allow the entire AsCl3 gas to be purged out of the reactor .

By having a second low temperature bath f or controlling

the AsCl3 bubbler temperature and allowing this to supply the

coolant to the bubbler during the low temperature etch and growth ,

the AsC13 mole fraction can be varied during growth without chang-

ing the other conditions. With an AsCl3 bubbler temperature

of 20°C during growth , the background doping of the reactor used

for this work is around 2xlO ’4/cc (n-type) with a mobility of

about 100 ,000 cm2/V—sec at 77K. The epilayer doping is obtained

from Van der Pauw measurements and/or C-V measurements using

a JAC impurity profile plotter .

Figure 4 gives the doping of the epilayer as a funLtion

of Sn content in the Ga source, the A5C13 bubbler temperature

being 20°C. When the liquid phase epitaxial (LPE) process is

used to grow the GaAs layer the corresponding data are also

included for comparison. The latter also give the approximate

Sn concentration in the GaAs crust formed over the Ga 
source6
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in the VPE system . Since the Sn content in the crust is very

small compared to that in the (Ga+As) liquid solution underneath ,

a well saturated source with complete crust coverage is essential

in obtaining reproducible epilayer doping .

The doping profile of two typical layers determined

from the differential capacitance measurements are shown in Figs .

5 and 6 for N-ON and N-OFF HJFETs respectively.

2.1.2 Liquid Phase Epitaxial Growth

Germanium-doped p-type Al 5Ga 5As and Ge-doped ~~~
type GaAs layers are grown by liquid phase epitaxy following

the mesa formation on the active channel layer . Tin-doped active

channel layers are about 0.35 micron and 0.14 micron for N-ON

and N-OFF devices respectively as discussed in Sec . 1.1.1. Extreme

care must be exercised to not back-dissolve such thin layers

during the LPE growth.  The boat and the growth parameters are
optimized to overcome back-dissolving and to attain a high degree

of reproducibility. To obtain and maintain a sharp Al 5Ga 5As/

GaAs p—n junction , Ge has been selected as the p-type dopant

for its low diffusion coefficient (~~ l0~~
4cm 2/sec at the growth

temperature of 860°C). A cleaved and stained cross-section of

LPE-grown layers having a thickness of 0.5 micron each is shown

in Fig. 7.

The gate semiconductor resistance is determined by

the conductivities and thicknesses of the p-type layers. For

a small gate semiconductor resistance , the doping levels should

be as high as attainable without reducing the layer quality .

[n addition , the thickness of the two p-type layers should be

kept at a minimum . The p-A1GaAs layer thickness is nominally

kept at 0.5 micron , below which bridging between the gate and

the source and drain may take place. In the latter part of this

() 
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Fig. 7. Nomarski contrast photomicrograph of the p-A1GaAs
and the p+_GaAs epitaxial layers after cleaving and staining .
The thickness of each layer is about 0.5 micron.
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work , the GaAs layer thickness typically was about 0.3 micron ,

which is sufficient in terms of both maintaining dimensional

control by etching and its conductance . The solid solubility

of Ge in GaAs with a planar interface grown at 860°C is 5x101’8cm 3,

which is the limit for the net acceptor concentration if good

surface quality is to be maintained . The low field mobility

of such a layer is about 40 cm2/V-sec . Addition of Al compli-

cates the situation in that the incorporation of Ge in Al 5Ga 5As

is not independent of the Al content in the melt. Higher Al

concentrations lead to lower Ge doping , making it difficult

to achieve high net carrier concentrations. An acceptor concentra-

tion of about 2x1018cm 3 has been achieved at the expense of

back-dissolving the n-type active layer underneath. The devices

fabricated using such a layer had ohmic source—gate and drain-

gate junctions. SEM examination of a cleaved gate cross-section

showed excellent gate formation , eliminating the possibility

of externa~1 bridging as the cause . When the LPE-grown layers

were selectively removed , the surface of the n-type layer looked

rough as shown in Fig. 8 where the back-dissolving can easily

be seen. This is attributed to a high Ge concentration in

the melt, which is believed to form Ge inclusions at the bottom

of the melt. These local Ga—rich Ge inclusions try to reach

equilibrium by dissolving As from the n-type GaAs layer . Coupled

with back—dissolving , Ge indiffusion also may have taken place.

The Ge concentration of the A1GaAs layers has since been reduced

to a level of l018cm 3 which led to the elimination of the surface

degradation of the n-type GaAs as shown in Fig. 9. When the

p—type LPE-grown layers are selectively removed from the field

surrounding the mesas , the Cr-doped bulk material maintains its

high resistivity,which is a good indication that any surface

inversion layer is absent. The surface morphology of the Cr-

doped field is the same as before it had undergone LPE growth

cycle.

13
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GaAs active layer after the Al 5G a 5 As h a vin q  an acceptor
concentration of 2x10’8cm 3 has been removed by selectively
etching. The magnification is 1400.
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2.2 CONTACT POTENTIAL OF p—AlGaAs/n-GaAs HETEROSTRUCTURES

An accurate knowledge of the built-in potential is necessary

before normally-off Ga 5Al 5As gate heterojunction GaAs FETs can

be designed . Therefore heterojunction Al 5Ga 5As/GaAs p-n diodes ,

345 microns in diameter, have been fabricated on an n+_type GaAs

substrate. A vapor-phase-grown 0.2-micron-thick 1017cm ~ epi-

taxial layer is first deposited on an n+ GaAs substrate , followed

by a LPE deposition of l018cm 3 Ge—doped 0.5-micron A1 5Ga 5As

and 5x10 cm Ge-doped 0.5-micron GaAs. The heterostructure 15
formed by masking and selectively etching the p~-type GaAs and

the underly ing A1 5Ga 5As. The contact metal evaporation on

both sides of the wafer is alloyed at 450°C for 25 sec . The

leakage current for the coplanar and noncoplanar diodes was

measured and found to be in the low l0~~ A range . Capacitance

measurements from -10 V to + 1 V (note tha t  the forward  cu r r en t
for forward biases up to 1 V is negligible) have been made and

a built-in voltage of 1.39 eV deduced from C 2 vs V data .~ From

measured forward I-V forward characteristics at room temperature ,

the series resistance , the ideality coefficient , the saturation

current , and the built-in potential have been calculated and

found to be (in order) 1 ohm , 1.56 , l.6xl0~~
5A , and 1.36 eV

(see Fig. 10(a)).

Since the homojunction theory does not app ly in calculating

the built-in potential , the discontinuities in the band di~iqram

in addition to the density of states in the cond uc t ion ati.i t h e

valence band of Al 5Ga 5As need to be known. Dinqie et

have reported that the conduction band li sconti nuity is 88% of

the total  bandgap d i f f e r e n c e  between i~1 
~ ~~

;.t
~~

As a nd ~~ As he t cr0—
s t ruc tu re s .  The other 12% of the  t o t a l  ban~I~i . i ~ i i  e t  Of lC C  tht n

gives the valence band d i s c o n t in u i t y .  T’ ie i:idi ,ec t t~~n~iqa~ ot
Al 5Ga 5As is about 1.95 eV which  imp lies .i conduc t ion L’ , t i i d

d i s con t inu i t y  ( .\E ) of 0.466 eV by us inq D i n q ie ’ s t’si.i l! i .

I h
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p-n diode used to calculate the diode parameters.
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Anderson ’s4 model predicts L\Ec to be about 0.28 eV which is not

in agreement with our experimental results . The built-in

potential for the heterojunction case is given by the following

expression, which can be constructed using the band diagram

shown in Fig . 10(b).

______  
-e V . = Ø  = E -~~E -kT ln in eVbi B g1 c

where Eg is the indirect  band gap of the Al 5Ga 5As , and N
~~2

( 4 . 7 xl 0~-~~cn( 3 ) and Nv1 (6.79xl 0~
’8cm 3) are the density of

states in the conduction band of GaAs and the valence band of
A1 5Ga 5As respect ively .  NA1 is the net acceptor concentrat ion
in the Al 5Ga 5As (l018cm 3) arid ND2 is the net electron con-

- 17 —3centra t ion in the GaAs (10 cm ) .

If the parameters using Al 5Ga ~As and GaAs f i gures for  the
dens i ty  of s tates are inserted in the equation , a bu i l t - in
potent ia l  of approximately  1 393 eV is calculated . When the

dens i ty  of states of GaAs alone are used , the b u i l t - i n  potential
comes out to be 1.394 eV. As can be seen , the density of states

does not change the built-in potential as much as ‘

~~~~~~~ 

does. The

close agreement between C-V , I—V , and calculated values using

Dingle ’s results indicate that the used in the above cal-
culations is correct. Finally, the results on heterojunction

AlGaAs gate GaAs normally-off FETs confirm via the dep letion
depth that 1.4 eV.

2 . 3  FABRICATION TECHNIQUE

A liquid encapsulated (LEC ) grown Cr-doped -GaAs boule is
sliced on the (100)-or ienta tion  wi th  a thickness of 21 mi l s .

The slices are then cookie—cut into 1-inch diameter substrates

having a flat edge corresponding to one of the cleavage directions.

18



— —‘-.
..- - 

. .- -_- —_- ._. —— .--
~ 

— ----._._ ‘
~~

-.. 

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

.--~ 
- , — ~~~~~~~~~~~~~~~~~ - _ ‘ ~~~~ .--- _- _ _

~~

>> >

II

L) > — ~~~~
LU LU ~~ 

II

LU LU <I <~ j  > > I—
0

.IJ
0

c’.i ç.-j C’.J
L) LL,. >

LU LU LU
a)

____  
c’J

* -ø
U,

___________ (-.4

U)

(-‘4 I
E

> U

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

~~~~~



In t h i s  pa r t i cu la r  example , the f l a t  edge runs  a long  the [oh ]
di rec t ion . The back side of the slices is diamond-lapped to

flatten the surface , during which process about 1 to 2 mils of

material are removed . The front side is also diamond-lapped and

polished with a Br-CH 3OII mechanical—chemical polishing technique

until a final thickness of 15 mils is obta ined. The substr ate
thickness is of great impor tanc e because of res trict ions imposed
by the LPE process. Too thin a substrate leads to poor melt

removal t ha t  r e s u l t s  in p o s t — g r o w t h  n u c l e a t i o n  on the w a f e r

locally or as a whole. A f ter a thorough chem ical cleaning and
a slight in-situ high temperature etch as discussed in Sec . 1.1.1 ,

0.35-micron thick epilayers for N-ON and 0 . 1 4-m i c r o n  thick epi-
l a y e r s  fo r  N-OFF IIJFETs are  deposited at  7 6 7 ° C .  The net  donor

c a r r i e r  c o n c e n t r a t i o n  assoc ia ted  with both types of layers is

about 1017cm 3 . The layer thickness and the doping profile ore

deduced from room temperature differential capacitance measure-

ments using Au dot Schottky bar r iers. Remova l of the Au dots
at the end of the C-V measurements is followed by mesa mask
definition at which point a decision regarding the type of gate

cross-section is desired . The mesa mask should be registered

in a way that t h e resulting gates ore parallel to the [Oll]direc-

tion. On the other hand , inverted V-type gates would require
an al ignmen t a long  the [oil] d irec t ion .  Needless to say , the

[Oll]and lo l l] directions have to be established prior to mesa—

mask qeneration on the wafer.

The field surrounding the mesas is etched in 3:1:1

(H.)O:}iF :!12O.~) or in 3:1:15 (NII
4OH:H2O~~:H2O

) at  room temperat u re
until the s2mi—insulatinq material is reached in the field .

After the removal oI the photoresist, the waf er is immed ia t e l y
loaded into the LPE reactor  for  p — t y p e  layer  growth. The wafer

undergoes a hot cycle of about 1—1 2 hr at 860°C during the LPE

~irowt h of p - t y p e  Al 5Ga ~As doped wi th  Ge to a level  of
18 —310 cm and of p -type GaAs doped with  Ge to a net donor con-



cen t ra t ion  of 5xl0~
’8 cm 3 . A s l ight  supercooling is app lied

prior to the contact between the Al-Ga-As melt and the wafer to

avoid back-dissolving the active layer. The LPE-grown layers are

about 0.5 micron each , however a thinner p’~ GaAs layer would
be desirable , for increased dimensional control during the forma-

tion of the ga te.

The p+_GaAs and p-AlGaAs layers are selectively removed in

two narrow stripes on two ends of the wafer to delineate the
mesas to be used for the alignment purposes during gate mask

exposure. The 5x30 0 micron gate pattern is then defined using
Shipley AZ135OJ photoresist. The ~~ “cap ” layer is etched selec-

tively in pH 7.05 superoxol (H202:NH4
OH ) with a slight ag i ta t ion.

This process is continued until a cap layer dimension of about
1.5 to 2.0 microns is achieved , which determines the channel
length of the final device. It should be pointed out that the
etching rate is a function of the degree of agitation and the
age of the mixed chemicals. Typically ,  a freshly mixed pH 7.05

sQlution removes 0.5 micron of material in about 7-10 mm under

the agitation conditions used . To comp lete the gate s t ruc ture,
the A1GaAs layer is selectively etched in room temperature HF.

The etching process is continued until the AlGaAs is comp letely
removed from the field and the necessary undercutting to provide

self-alignment is achieved . AuGe/Ni/Au metallization is then

deposited and alloyed at 450°C for 25 sec to form the n—type

and p—type contacts for the source-drain and the gate respectively.

To further reduce the gate resistance , several attempts were
made to use Au/Mg/Au to provide a better contact material for
the p-type GaAs , while maintaining AuGe/Ni/Au for the n-type

GaAs. The p-type gate metallization is done first. Two-micron

wide Au/Mg/Au stripes are evaporated and lifted off , followed

by a 7x300 micron photoresist gate pattern aligned over the

Au/Mg/Au gate fingers. The rest of the steps are exactly the

21
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HJFET FABRICATION STEPS

__________________  

[ Charac terize 1
1 - VPE n GaAs G rowth 10

_ _ _ _ _ _ _ _ _ _ _ _ _  I Bond inck t  I
2 - M e s a etc h 9

_ _ _ _ _  

$

Dice and Mount 1

3 - LPE p AL GaAs & GaAs 8

4 - Selective GaAs etc h 7 - Au overlay

5 - Selective Al GaAs etc h 6 - Contact Metallization

Fi g. 11. F ab r i c a t i o n  st eps  of the heror~’ junction FET .
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definition without any signs of bowing . Figure 12 illustrates

a gate finger pattern near the gate pad that has been formed

by e tching the GaAs f rom the f ie ld  4 microns deep. The f i n g e r
which is still covered by the photoresist is about 1.5 microns

wide as opposed to the original photoresist dimension of 3.5

microns. This implies an undercut-to-etch ratio of about 0.25.

In order to control the gate cross-section the

1 0111 direction needs to be distinguished from the 10 111 direction.

Aligning the gates parallel to 10111 and the 10111 directions
result in V-type trape zoid and inverted V-type trapezoid gate

cross-sections respectively. Consequently, the gate should

1e pr’rallel to the l o l l !  direction to achieve ultra-small gate

lengths . N 11 10 f l :H 202 :1I 20 (3:1:15) is used to identif y t h e  1011 !

direction from the loll ! di rec t ion  on one ed ge of the  w a f e r .

In some instances , 1% Br—CH3OH has been used instead , but tound

to be not as reproducible. Figure 13 shows the top view of

one of the e tch  p a t t e r n  obta ined w i t h  3 :1 :15  and i t s  c r o s s — s e c t i o n

t ak e n  pe rpend icu la i. to the long edci c of the etch p a t t e r n .  To
achieve the V - t y p e  ga te  cross-sect ion r e q u i r e s  t h e  mesas  he

a l igned in such a way that the sates are per }endicular to th t

long ed ge of the etched p a t t e r n .  Figure 14 shows a ~io te pr olile

aligned along the loll ! di rect ion , showing clearly the inverted

V—type trapezoid . ..‘i i  the other hand , Fig. 15 illustrat e s I ii , ’

case where the gates a re  ali gned ~. l o i n i  the [011 I d i i  ,s ’t I ‘n .

U n f o r t u n a te ly, t h e  thickness 01 t h e  A lG aAs  l a yer  and  t I ; c l r t : ;n e l

l e n g t h  were n ot  p r op i ’t ’ ly  se lect ed  t o  p r o d u c e  .1 w e l l  ~l t ’~ i ned V —

sha ped c r o s s — s e c t  ion ; n t h i s  case . Fit ‘s i  he ~‘lia ~;ne I len h

should have b een lo ;i~~t r or t l i t  A1 G o. •\s l , t \  t i  s hou l d  h a ~~’ l , . t ’fl

t h i n n e r  - T he re l  o l e , the  A 1GoAs l ay e r  h i c ’ . ;; css in  oil ’s. ’ ; i e ru t
r u n s  was reduced to 0 .5  m i c i  on oi I ens  - ~~~v e t  , I l i t  h i  ckness
of t he  cont~~~- t  met i l 1 i ~ ’ i t  t o : ;  l m } c ses .1 l c w  t l i m i t  o: ,ib ;‘ 0.
m i c r o n  to e l i m i na t c ’  sho i t i nc  of ‘ he se;ir c.’ ‘ c h.. ‘ GaAs u . t ~~ c

ca p  by th e meta 11 i.: i t len -
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F ig. 12. Line d e f i n i t i o n  obtained by pH 7 . 0 5  H 202 :NH 4 OH
(supe roxol) .  The original l ine  def ined  by the photores is t
is about 3.5  microns wide . A f t e r  e tching 4 microns down ,
a f i n a l  width  of 1.5 microns is achieved indicating about
25% undercutting on one side .
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Fi g. 13. E tch  p a t t e r n  (t o p )  of N I I 4 OII  :11 2 0” :1120 ( 3 : 1 : 1 5 )
on ( 100)  GaAs and i t s  c ro s s — se c t io n  (b o t t o m ) t ak e n  perp en-
d icu la r  to the 1 ringer edge , Lonqer  edsos of t lie pat terns
are parallel to t h e  [oil] direction.
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Fig. 14. SEM photograph of a gate cross—section showing
inverted V—type  p r o f i l e .  Clear l y ,  the ga t e  is a l i gned
along the [OI l ]  d i r e ct i o n .  AuGe/Ni /Au me t al l i z a t i o n  a lso
can be seen. The ma niification is about li , 500x .

-‘7



—

- I

Fi g. 15. ~ EM photomicrograph of a qate aligned along the
[Oil]  d i r e c t io n .  The channe l len~j t h  and  or the  th i c k n e s s
of the AlGaAs l aye r  is  not  p r o p e r  l y cho sen  t o  ob t a i n  a w e l l
de f ined  V — t y p e  cross  s e ct i on .  Maq flif1C~l tj o f l  iS ab out  62 5 0 .
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2.4.2 Contact Resistivity Studies

The specific contact resistance (r ) of AuGe/Ni/Au
- - 17 —3 + c 18 —3metallization on n-type (10 cm ) and p -type (5x10 cm ) GaAs

are measured utilizing contact pads that are 250 microns long

and spaced at a distance varying between 1 and 20 microns  from
one another . Low 10 6 ohm/cm2 values for n-type and l-2xlO 4

ohm/cm 2 for p—type are obtained a f t e r  a l loy ing at  450°C for 25
sec. Although lower values of the rc on p-type GaAs with AuGe/Ni

are obtained by reducing the alloying time , ti”e first priority

was g iven to reducing the  source res i s tance .

AuMg can be used to reduce r
~ 

on the p-type GaAs whi le
AuGe,’Ni/Au is used on the n—type GaAs . In this case , however ,
processing steps are different in that the AuMg gate pattern

is deposited first and the p+_GaAs and p-AlGaAs are etched , later

followed by an overal l  AuGe/Ni/Au evaporation . Using 4 % AuMg

(alloyed in-house using 0.999 Mg) and a 450°C , 25-sec alloy ,

a specific contact resistivity of 5xl0 6 ohm—cm
2 

is obtained on
5xl0 1’8cm 3 

p-type GaAs and approximately l-2xl0
5 ohm-cm2 on

1017 n-type GaAs . When the Mg content is reduced to 0 . 3 % , the
Schottky-barrier characteristic obtained on n-type GaAs indicates

that the impurities in the Mg are respons ible for the ohmic
contact on n-type GaAs since Mg is a well-behaved acceptor.

This experiment , however , was not repeated on p-type GaAs .

From the discussion above , one concludes that to lower

the gate resistance without sacrificing the source resistance ,

separate metallizations for the gate and the source should be

performed , un l e s s  the dop ing of p~
’
~ GaA s and/or the s t r u c t u r e

of the cor,tact me t a lli z a t i on  are changed .

Using only the AuMg metal as a r’icisk to etch the GaAs

and AlGaAs introduces new constraints on the thickness of the

29
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epilayers. In this case the line width should be about 1.5 to

2 microns , and very thin layers are required . Moreover , the

integrity of AUMg cannot be maintained while etchiriq in a p11

7.05 since the Mg is attacked , resulting in metal liftoff. Thus

to protect the metal , a 7-micron wide overlapping AZ1350J photore-

sist pattern is put down over the 2-micron wide Auflg metal . h owever ,

as illustrated in Fig. 16 , when the gate pattern is etched , the

unde rcu t t i ng  becomes large and i r re .gula i . Th i s  may be due to

an electro-chemical potential which causes a depletion layer

which in turn is attacked by the solution at a remarkably faster

rate. The GaAs material used for this cxpcrimcnt is Cr-doped ,

and using p~ GaAs material may reduce the undercutting to some
degree . Further experiments need to be carried out to establish

the mechanism of undercutting .

The channel length of the finished devices can be
measured under an optical microscope . However , the same procedure

cannot be applied to the gates. Therefore, the p~ GaAs cap

is broken to a llow cne tic measure  the approximate  gate l eng th

with an optical microrcepe . Due to submicron gate lengths involved ,

a c lean  c leavage  c t  the gate cross-section could not be achieved .
Illustrated ir. Pig. 17 is the top view of a finished device at

a magnification of 2~~~.

Pig. 18(a) shows an uncovered A1GaAs gate which measures

less than 0.5 to 0.7 micron and Fig. 18(b) shows a close-up

view of the sate near the gate pad . The gate periphery is 300
microns ar.d the channel length is about 2.5 to 3 microns with

on asEoci i t ( ’i i  Qate lenoth of about 0.5 to 0.7 micron.

2 .  4 . 3 ‘~orma i ] y— n I’JFFT Device Results

DC mea~~ur cn’etits have been U t i l i z e d  to deduce th e  ~1i ’ i ; i

sat urat,~ ’i i currt n t  
~~~~~ 

, the source resistance (R~~) , t h e  d r a i n
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Fig. 16. SEM photomicrograph of a gate cross section during
the early stages of the GaAs etching process in the presence
of a 2—micron wide AuMg s tr i pe (brigh t area embedded in the
photoresist). The top 7-micron wide stripe is a AZ 1 35OJ
photoresist pattern. Undercutting towards the metal is in-
tolerably high.
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Fig. 17. Top view of a completed HJFET.
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Fig. 18. ( a )  Photomicrograph of a HJFET with an intentionally
broken cap layer .  The dark line is the A1GaAs gate which is
estimated to be about 0.5-0.7 micron. (b) Photomicrograph of
the complete gate structure near the gate pad.
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resistance (R
D) , the gate res is tance (RG) , the source—dra in  resis-

tance (RS D ) ,  and the dc transconductance (g
m
) . The values

obtained are as follows :

= 15 ohms

R = RD = 5 ohms

R S D  
= 10 ohms

‘DS 
= 100 mA

g 20-25  mmhos
in

Figure 19 shows the drain I—V characteristics of such a device

with an assoc iated gate periphery of 150 microns (1/2 the device).
Shown in F ig .  20 is the gate—source  I-V charac ter i s t ic  where

the leakage current at -10 V is 10 ~A. By dry ing the devices
in a H2 ambient at about 300°C for a short time , th i s  leakage
cur ren t  can be reduced .

Shown in Fig . 21 are the saturation drain current
and the associated dc transconductance as a function of the
gate bias for a N-ON HJFET. Since velocity saturation is achieved ,

the transconductance should be inversely proportional to the
square root of the gate bias. This is indeed satisfied between

0 and -4 V. However , decreases faster for V
g ~4 V~ ind icat ing

severe velocity degradation within 500 A of the interface. Veloc-

ity of the electrons in the channel as a function of depth

is calculated using the drain saturation current as a function
of the square root of the effective gate bias. The effective

gate voltage is given by Vbi + IDSRS + E
MLg 

- V
g~ 

where V bi
is the contac t potential , ‘DS drain saturation cur rent , R

5
source resistance , cr i t ica l  electric f ie ld  ( 3 .5 ky/ cm fo r
GaA s) above which the veloc ity saturates , L

g 
gate length , and

the applied gate voltage (negative for N-ON HJFETs). Figure 2
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Fig. li). Drain I—V characteristics of a N—ON l-IJFET with
associated gate peri phery of 150 mi crons (1 /2 device ) .

35



uu•a~a~au
- ,

•uau~~awau~~

•auauuuu -

20 . (.,Ite— 5ottl ’ c&’ d i o de  I - -\  cl ;,ir’ ,tcte r t st Ic ot a N—ON

— (~ 00 ui \ ’  ~ 1 i v a titl 0 IJA/tI I ~ i n I li i ,’ o ‘ w i  id , a ni1 2 V
d v and  I 0 HA d i v I i i  t l i t ’  1 i ’ve i’ a’ i l l  i c c  I i i  :io)



-~~~~~ ~~~~~~~~~ ‘~~~~~~ -

100

HJFET NORMALLY - ON

TR-47-20- 3
R
~ 

= 5 ~2, RG = 10 ~
L =O.5 i.zm - 80

38 - 
g

- 
LCh = 2 . S P m

34
.

30 - 60
0
.c: -

!E 

. 
~~

(V )

Fig .  21. S a t u r a t i o n  dr a i n  c u r r e n t  and  t h e
associated dc transconductance of a N-ON IIJFET
as a function of the reverse gate bia s .
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is a plot of the saturation drain current as a function of the

square root of the effective gate voltage (\ V~~~ )g the slope

of which can be used to calculate the sa tu ra t ion  veloci ty  as

a function of depth into the channel layer as described in the

Appendix . Figure 23 shows the saturation velocity profile of

the electrons in the channel deduced from Figure 22.

Small signal S-parameter measurements covering a range

of 2-14 GHz were made using a precal ibrated 50-ohm micros t r ip

fixture . The results are given in Tables I, II and III. N-ON

devices with a aate lenqth o~ approximately 0.5 micron exhibited
a calculated maximum available gain (MAG ) of 9.5 dB at 8 GHz

from the S-parameters and a measured MAG of about 8 .5  dB at 8 GH Z

(Fig. 24). S11 and S22 parameters associated with the above N-ON

HJFET are shown on the Smith Chart in Fig. 25. The looping in S11
is attributed to the calibration errors and resonance effects
in the input circuit. In this particular case , the input lead
inductance appears to be relatively high, making S11 induct ive

at the higher frequency edge of the range of interest. Figure
26 shows the equivalent circuit model calculated from the measured

S-parameters. The lead inductances are calculated from the

physical dimensions and taken into account in computing the

input and the output parameters. The feedback resistance component

could be deduced from the computer optimization , which we have

not pursued however . The input resistance is high compared
to a similar N—ON Schottky barrier FET. This gate resistance

compares well with the calculated 13-ohm gate resistance calculated

using the measur ed speci f ic  contact  r e s i s t i v i t y  of the cap layer

and the resistance components contributed by the gate and the

cap semiconductors. A different dopant such as Mg could be

used to increase the dop ing concent ra t icn  of the GaAs cap layer
- 19 —3 - -well into 10 cm range to reduce the specific contact resistance.

The s t ab i lity f actor K is g iven in Table III for N -O N

and Table VI for N-OFF IIJFET at each measured point. - Alt hough

3c~
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Fig. 23. Velocity profile of the electrons
iñ the channel of a N-ON 1-IJFET.
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Table I. S-parameters of a N-ON HJFET in a frequency
range of 2-14 GH Z at V D 

= + 3 . 3  V and V G = -1 V .

VARIAN H-FET
(#48-20-3)

VD = 3.3 V G = -1

FREQ S11 S21 S12 S22
(MHz) MAG ANG MAG ANG MAG ANG MAG ANG

2000 .000 .929 -36 1.691 147 .027 71 .849 -9
3000 .000 .868~ -56 1.615 131 .036 63 .846 -14
4000.000 .808 -75 l~539 116 .041 57 .847 -18

5000 .000 .701 -100 1.387 100 .040 51 .816 -22
6000 .000 .583 -92 1.308 98 .046 53 .794 -28
7000 .000 .635 -120 1.292 83 .042 51 .787 -35
8000 .000 .641 -136 1.213 73 .039 51 .813 -40
9000 .000 .570 -149 1.127 63 .039 65 . 849 -45

10000 . 000 .541 -159 .991 58 .039 70 .848 -51

11000.000 .663 -170 1.047 48 .037 71 .813 -53
12000.000 .520 153 .938 26 .040 72 .895 -76
13000.000 .450 147 .883 22 .026 88 .698 -83

14000 .000 .417 116 1.llLi 5 .028 65 .730 -81
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Table II. 1-parameters of the same HJFET
at the same operating point .

V A R I A N  H-FET

(#48-20-3)
VD = 3.3 VG = - l

F~EQ 
‘
~
‘ii “21 Yl2 “22

(MHz) MAG ANG MAG ANG MAG ANG MAG ANG

2000.000 6,300 83 19.870 -12 .318 -88 2.024 42

3000.000 10.345 81 21.113 -18 .471 -85 2.528 55

4000,000 14,865 78 23.010 -211 .616 -83 3.019 64

5000.000 22,553 70 27.058 -33 .771 -82 3,838 66

6000.000 19.650 61 25.610 -39 .897 -85 4.934 68

7000.000 31.126 62 33,/407 -113 1.081 -75 6.106 72

8000.000 41,545 57 39.080 -50 1.249 -72 7.009 78

9000.000 ~48,961 41 43.114 -67 1.498 -65 8.002 83

10000,00 54.040 30 42.774 -77 1.670 -65 9,210 83

11000.00 84,935 23 66.658 -90 2.339 -66 9.687 84

12000.00 49.116 -30 42.172 -1’40 1.820 -94 16.216 87
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Table I I I .  Gain parameters of the same FET
at the same operating point.

VARIAN H-FET
(#48-20 -3)

VD = 3,3 V G =

FREQ GA MAX GU MAX S21 S12 K V
(MHz) (DB) (DB) (DB) (DB) (MAG) (MAG )

2000.000 18,75 4.56 -31.37 .54 .95

3000.000 15,70 4.17 -28.87 .70 .61

4000.000 13,83 3,75 -27.70 .85 ,144

5000.000 11.04 10.53 2,8/4 -28.07 1.56 .18

6000.000 8.70 8.46 2.34 -26.78 2.06 .11

7000.000 9.27 8.67 2.23 -27.57 1.96 .12
8000.000 9.53 8.67 1.68 -28.23 1.89 .12

9000,000 9.49 3,29 1.04 -28.111 1.77 .11
10000.00 7.93 6.94 - .08 -28.25 2.19 .09

11000.00 8.90 7,62 .40 -28.70 1.97 .11

12000,00 9.47 7.82 -.56 -27.86 1.50 .12
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Fig. 24. MAG vs frequency for the above HJFET . The
solid line denotes the fitted 6 dB/octave line .
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Fig. 25. S11 and S22 parameters associated with a N—ON
HJFET. Looping in S11 is at tributed to calibration errors.
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a quick means of checking for  s tab i l i ty  is to see if 1< 1, this
does not necessarily guarantee absolute stability even with passive

input and output loads. The device is stable for any passive

load and/or source if

a.  N 1, s22 j 1, K ‘
~ 1

b. j s 12 s~~1~ — M* 
1

- 2

c. s12 s21j  N*~

2 2
1 S 22 L — ( D I

where

D = 

~l1 ~22 — S12 s~~~(

M =  s11
_ D s 22 *

N =  s22 — D  s11~

or

a.  K ~~~l

b. 1 + - 2 - 
~1l~ 

- 

~12 ~~2li 

2

Ei ther  one of the above condit ions is sa t i s f ied  by the N-ON
HJFETs tested at 8 GHz , which means that no passive source and/or

load can make the device unstable.

Large-signal input reflection and transmission switching

measurements were carried out in a 50-ohm line microstrip circuit.

For this purpose , a pulse having a rise time of about 5 ns is
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used after the rise time is improved to 200 ps wi th  th e aid
of a step recovery diode (SRD) . The pulse shapes before and

after this improvement are shown in Fig. 27 along with the circuit

used . Figure 28 (a) shows the actual circuit realized on an A12O3
substrate and 28(b) illustrates its MIC diagram . With the aid
of a samp ling oscilloscope , the reflected pulse f rom the ga te
in the r e f l e c t i o n  con f iguration (Fig. 29)  and the transmitted
pulse  in the t r ansmission con f iguration (Fig. 30) were compared

to a reference pulse to determine the rise time increment of

the input pulse and the delay t ime . A photograph of the ou t put
biasing circuit and its MIC diagram are shown in Fig. 28(c) and

28(d) respectively .

Knowing the input capacitance charging time , the
actual gate voltage for the incident voltage can be obtained .
The output response to the actual gate voltage is then calculated
using the drain characteristic of the HJFET assuming zero delay.

Finally, the zero de lay  output  is compared wi th  the  ac tual  output
response in the transmission configura t ion  to f i nd the propa ga t ion
delay of the device as shown in Fig . 31. For a positive input

pulse of 300 my, the intrinsic propagation delay time is about
20 ps and the input capacitance charging time is about 20 Ps.

The drain load has been chosen to be 100 ohms .

2.4.4 Normally-Off HJFET Device Results

The dra in I-V characteristic of a N-OFF HJFET is illus-

trated in Fig. 32. The dc extrinsic transconductanc e increases

w i t h  the applied gate bias as shown in Fig . 33 a long  w i th  the

drain sa turation current . ,- \t  V
G 

= + 3 . 0  V , the e x t r i n s i c  dc trans-

• conductance (~~~~) for  a 300-micron gate periphery approaches
90 rnmhos. The in t ri ns i c  t ra n s c o n du c tan c e  (y ~~) a t  the same bias

is about  1000 mmhos.  This is clea r ly  due to the hol e inject ion
into the  c h a n n e l  since at  = +3 V both the gate-source and
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Fi~j. 28 (a). Photograph of the pulse improvement
circuit realized on a Al203 
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Fig .__31. Lan e siqnal :;witchinq response ol a N — O N  1-I JFE T
biased at VG = 1.5 V - m d  V~ = +3 V to a pos i  t i v o  q a n e  ~u 1 s c .
The propagation delay time is aI’out 20 p s .
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Fig. 32. Drain I—V characteristics of a N—OFF IIJFET having a
gate bias of up to +0.9 V in 0.1 V i n c r e m e n t s .  The ~i a t e  leriat h
is es t imated to be about  0 . 6  mic ron  w i t h  an associated perip hery
of about 300 microns .
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the gate-drain diodes are heavily forward biased . The typical

source resistance (R s ) and drain resistance (RD) of the N-OFF

HJFETs are both about 23 ohm s and 6 ohm s for VG = + 0 .5  and

+1.0 V respectively, determined by a technique described by

Giacoletto.5 The gate resistance (R
G
) on the other hand is about

15 ohms .

As described earlier , the velocity of electrons as

a function of depth into the channel layer was calculated using
the slope of 1DS vs \ Vef f  , as shown in the Appendix. However ,

this technique does not hold for devices with small pinch-off

voltages (Vp) such as N-OFF HJFETs (i.e. 3 EMLg/VP ~
‘ l )~ and

the velocity does not reach the saturation value according to

Turner and Wilson.
6 Therefore , other means should be used to

calculate the saturation velocity in the thin active layers

— 1400 A) used for N-OFF I JFETs . We have shown the drain current

v5~ Veff  in Fi g. 34 where the propert ies  of the N-OFF devices
are deduced f rom the measurements on the N-ON HJFETs since the
epitaxial channel layers were grown under equivalent conditions.

On the r ight , the solid line represents the measured ‘DS as a

function of the square root of the effective gate bias (\V e f f )
~

which is linearly related to the depth for a N-ON device. On

the other hand , the slope of this curve is proportional to the

velocity in the channel. (Notice that near the interface velocity

degradation takes place.) If there were no velocity degradation ,

the drain current would have been given by the dashed line whose

slope is equal to that of the solid line away from the i n t e r f ace .

Since the velocity in the channel of a N-OFF IIJFET

does not reach the saturation value , a direct deduction of the

velocity from the N-OFF drain current analogous to the N-ON case

does not hold . But the ve loci ty  can be deduced f rom the da ta

associated with the N-ON devices , because the only difference

between the two types of devices is the thickness of the channe l
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layer . Let us for  a moment assume that  the ve loc i ty  in the channel

of a N-OFF HJFET reaches sa tura t ion  and there is no veloci ty

degradat ion near the subst ra te  in te r face .  The associated
wi th  such a device wi th  V = 1.4 V would have been representedp
by the dashed l ine  on the l e f t ,  whose slope is equal  to that

for the N-ON case. However , with the velocity degradation observed
from the N-ON device , the is given by the solid curve to
the left of the dashed curve. Since velocity saturation does

not take place , TDS is bound to be smaller than indicated by

the solid line , as observed in the experimental devices. Using

Turner and Wilson ’ s theory , the u value (so lu tion  to the pol ynomi-

nal in R e f .  6 , Eq. ( 7 ) )  is calculated by m u l t i p ly ing the solid

line by (1-u) . These values of 1D5 designated by “under v5”

in Fig . 34 are in quite  good agreement with the experimental

results. Shown in Fig. 35 are the velocity profiles in the
channels of N-ON (right) and the N-OFF (left) HJFETs as a function

of depth into the layer calculated from Fig . 34 as described

in the Appendix .  As can be seen , about 500 of the channel

layer near the substrate shows veloc ity degradation and v~ away
from this interface appears to be about 1.7 x l0~ cm/sec . The Solid

curve on the left is calculated using the curve for N-OFF HJFET

in Fig. 34 marked “vs
” which is really what is expected , but

one should remember that v is not reached in the N-OFF channel .
5

The square and the t r i angle data points  in F ig .  35 correspond

to two different N-OFF HJFETs under the assumption that carrier

velocity saturation does take place and there is no injection

from the gate into the channel (which as we have seen , is not

strictly true in practice) - It is therefore very clear that

the presence of a bad interface results in velocity degradation

near the interface. The N-ON FETs (except when biased for low

noise) are not affected by th i s  ve loc i ty  degradation as much
as the N-OFF devices. In the case of N-OFF FETs , the channel
itself is comp letely dep leted by the built- in potential so that

any d r a i n  c u r r e n t  f l o w  is the  resu l t  of opening  of the channel
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by the applied posit ive gate b ias .  Wi th  Scho t tky -ba r r i e r  N-OFF

FETs , this positive qate bias is limited to 0.5 V due to

excessive forward gate current ; therefore only the velocity degra-

ded part of the channel can be opened for the current transport ,

which limits the performance. However , having the heterojunction

gate enables one to apply up to + 1.2  V gate  bias to u t il i ze

more of the channel having the higher velocity . This can result

in fa ster device performance.

Small signal S-parameter measurements covering a range

of 2-12 GHZ were made similar to N-ON devices and the results

are tabulated in Tables IV , V , and VI . Devices having about
0.6-micron gates exhibited a MAG of about 9 dB at 2 GHz with

a f a l l - o f f  of s l ight ly more than 6 dB/octave , as shown in F i g .  3 6 .

This faster roll-off is attributed to possible calibration

errors in the automatic network analyzer and/or to the feedback
capacitance. S-parameters of a device operating at a drain

bias of VD = + 2.0 V and the gate bias of V~ = + 0.5 V are shown

on the Smith chart in Fig.37 along with the S21 for  VG = +1.0 V .

One can see that the S-parameters associated with

a N-OFF device show marked differences from the N-ON devices

in term of S11 and S21. Notice that S11 falls rapidly with frequency ,

indicating a large input capacitance (0.4 pF at VG = +0.5 V and

0.77 pF at VG = +1.0 V). S21 is small and also falls rapidly
with frequency. S21 for VG = +1.0 V is quite large and even

though the larger asso ciated input capacitance o f fs ets some
of this increase , the overal l  ga in  is larger  than fo r
V
G 

= +0.5 V. Figure 38 shows the equivalent circuit for this

N-OFF HJFET for both VG = +0.5 and 1.0 V , ca lcula ted as des cr ibed
for the N-ON devices.

Large—signal switching properties have been measured
in the same way as for the N-ON HJFET case . Figure 39 shows

the input incident pulse , actual gate  pulse , zero delay re~;ponse

t~ 1
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Table IV. S-parameters  of a N-OFF HJFET in a fre quency
range of 2- 12 GHz at V D = +2 V and VG = +1 V .

VAR IAN HJFET
N ORMALLY-OFF
(#TR5O-7-6) 

VD 
= 2V = + 1QV

FREQI s11 S2j S12 S22
(MHz) MAG ANG MAG ANG MAG ANG MAG .~NG

2000.000 .725 -39 1.192 128 .0148 57 .831 -13

3000.000 .596 -52 1,0314 110 .061 40 .797 -1~
4000.000 .498 -63 .924 96 .068 144 .796 -23

5000,000 .385 -72 .823. 83 .073 ~O .770 -27

6000 .000 .302 -82 .756 71 .077 37 .739 -34

7000.000 .2147 -88 .701. 61 078 35 .717 -43

8000.000 .205 -93 .615 50 .072 32 .701 -50

gooo . ooo .151 -97 .569 144 .074 33 .723 -55

10000.00 .111 -96 • 53’4 35 .075 31 , 7314 -51

11000.00 .090 -91 24 .070 6 .658 -57
12000.00 .033 -93 .1445 15 .059 26 .570 -70
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Table V. Y-parameters  of the same device
at the same operating po in t .

VAR IAIL H-FLT
1~ORi1ALLY-OFF

(#TR5O-7-6)

VD = 2 V  VG = + l .OV

FREQ ‘i’ll “21 ‘
~
‘l2

(MHz) NAG ANG NAG ANG NAG ANG NAG ANG

2000.000 7.356 614 15, 836 -30 .639 -102 2.603 514

3000.000 10.429 58 15.776 -43 .925 --1014 3.579 60

4000.000 13.038 52 15.669 -54 1.147 -105 4.365 66

5000.093 15.568 43 15.778 -67 1,1405 -109 5.295 67

6000.000 17,854 36 16.322 -77 1,663 -111 6.784 67

7000.000 10,229 31 16.554 -86 1,8143 —112 8,734 69

8000.000 20,181 25 15.538 -97 1.824 -1114 10.182 62

9000.000 20.551 20 14.807 -103 1.919 -114 11.158 71

10000.000 20.392 16 14.253 -111 1,907 -115 12.525 77
11000.000 20.280 13 13.923 -123 2.013 -122 114.270 67

12000.OT 20.408 6 13,706 -138 1,805 -127 15.271 59

6 3
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[‘a b le  VI  - ~~~.i i n ~a rame t e r o I I. l ie  s a m e

1’ K I at the same Iii as in

VAR IAN HJFEI
f’~0RNALLY - 0FF
(J~TR50-7-6).

V = 2V V-. - + 1.OVD u

FREQ , GA ~AX GU MAX S 1 ~~~ 2 K U
(MH:) D3 08 08 D~ - MAG

2000,000 9.28 2.36 1.52 -26,35 1~~3 .214

3000 COO 6 08 6 5 6  79 -~ 14 35 ~ 13
14000.000 4.52 4.90 - .69 -23 .14 0 2.~ 2 09
5000.000 2 , 514 2 , 88 -1.71 -2 2 . 72  3.14 .05
6000.000 1.26 1,40 -2,44 -22 .0 7 3 , 74 .73
7000 .000 .23 .32 -~ .09 -22 . 13 4,31 .02
8000.000 -1.16 -1.10 -4,23 -22 , S 14 5. 51 .01
9000.000 -1.61 -1.58 -4,89 -22 . 514 5 5 4  01
10000.00 -2 , 05  -2.03 -5.144 -22.51 5. 77 .01
11000,00 -3.30 -3,78 -6.23 -23.08 8.33 .00
12000,00 -5.33 -5.33 -7 . 0 14 -2 14. 5 5 12.23 .00

- - ‘
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v T I I I I I I I I I I 1 1

NORMALLY- OFF HJFET TR-50-7 No. 7 DELA Y - 40 psec(m y)
power -0.5V x2 mA

- 
~~~~.. • I m V

- 4 x io 2 pJ

300
INCIDENT 

~~~~~~~ GATE VOLTAGE
200 - VOLTA GE _-

_.7//
...u__ 40 psec

‘:
~~~~~~

2
V0

(mV)

+200 - — — .,~~~

100 - —.—~ -
~~~ 4O psec

- 

- 

~~~~~~~~~~~~~~~~~~~~~~~ D R A I N  VOLTAGEZER O
DELAY RE SPONSES

‘5

0 ~ I I I I I I I I I I I I I ,VVVV, L,,,,,,,,_ ,,,L _____

TIME (100 ps/div)

~~~~ 
,~. I Ig ( —7~l q n I1 s w i t c h i ng  response ot a

N—i )1-~ ’ I, IFET t a 400  mV i n c i de nt  g a t e  pu l se . The
i n p u t  capa~ - i ta n c o  c h . ir q  i mT ~~ t ime and  the  m t  r i  r i s i  C

propagation do lay time a re  a h ou t  4() ps each



and the output response . The input capacitance charging time

to an incident positive pulse of +400 mW has been measured to

be 40 ps. The output pulse is compared to the zero delay response

to f ind the intr insic propagation delay time which typically
is about 40 ps. The arbi trari ly chosen drain load is again 100
ohms. This result is remarkable in that the switching time is

very short and the associated drain power consumption of 1 mW

or less is very small although it is somewhat arbitrary at this

point to quote a power consumption . The N-OFF HJFET gate periphery

of 300 microns is too long for switching applications owing to
the larger power dissipation required (due to the large drain
current) . By reducing the gate periphery,  the drain power dissipa-
tion can be reduced . A gate periphery of about 20 microns is
about the limit below which stray effects can play a dominant

role. The device performance indicates that such a loqic circuit
would have a clocking speed of about 4 GHz . This coupled with

low drain dissipation make N-OFF HJFETs a strong candidate for

large-scale integration .
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3. RECOMMENDATIONS FOR FURTHER STUDY

The gate res is tance  must  be lowered to 5 ohm s or below

for a 300—micron wide periphery. This can theoretically be

done by increas ing the  dop ing in p+_GaAs , by us ing a d i f f e r e n t
dopan t such as Mg diffusion or Be ion-implantation . A second

approach would be to incorporate a different metal for the

ga te metall iza t ion  and AuGe/N i/Au for the source and d r a i n .
The substrate in ter face  degradation must be overcome by poss ibl y
growing a h igh  res is tiv i ty  b u f f e r  layer between the act ive
channel layer and the substrate . The p

+_GaAs layer thickness

needs to be lowered to about 0 . 2  to 0.3 micron for increased

device fabrication uniformity. In addition , the minimum afford-

able thickness of the gate Al 
5Ga 5A s semiconductor shoul d

be explored . After these problems have been overcome , a thorough

comparative evaluation of }IJFETs with competinq technologies

should be made . The chief interes t appears to be deve lopment

of logic-integrated circuits , utilizing N—OFF L!JFETs . ~!ed i um-

scale integrated circui ts , e.g. a ring oscillator , can he

f a b r i c a t e d  to v e r i f y the  propagat ion delay . Poss il ’- l v  an att enl pt

can also be made to f a b r i cat e  NAND/NOR gates. N-Oi l ’ i N T’l’

NAND oates  r equ i re  relativel y simple c i r c u i t r y  as opposed to

N-ON FETs .

Figure 40 sunimarL’es the performance ot~ h i gh — s p e e d  Si

and GaAs based t oqic . It s h o u L d  be n o t ed  that the GaAs—hased

devices are approximatel y one order o f magn i t u d e  [a s t e r  t h a n

Si devices .  The ~ —OFF UJF1,T as a device is also shown ,is

having 40  psec of delay time and about 1 nO~ of drain pow er

consumptior.. i~y Imp r o v in g  the  device p e r f o r m a n c e  w h i c h  is
f ea s i b l e  w i t h  t h e  cu r r en h  s t a t e — o f — t h e  ar t  t e c h n o lo gy ,  IiJFET

Logic can p ot  entially have 100—200 ps delay time s and with

an associated 0.5 to 1.0 m\-.~ power consumption .
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APPENDIX

The dc drain saturation current 
~‘DS~ 

of a FET in the satu-

ration regime with a parallel depletion front is given by

‘Ds = qN~ v5
.(a_W).Z , (A . 1)

whe re q is the electronic charge , N D (1017 cm 3 ) is the net

donor concentration in the channel , v5 is the saturation elec-

tron velocity , W is the depletion depth , a is the active layer

thickness , and Z is the channel periphery . The open channel

cur rent can be defined as

= qN~ v5Za . (A.2)

Equation ( A . l )  can be wri t ten  as

‘DS = 10- qN~v5ZW . (A . 3 )

On the other hand , the depletion depth can be expressed as

2€  c 1/2
W = 

0 r
N (V e f f ) (A . 4 )

qN~~(l + N

1: whe re Cr is the relative dielectric constant of GaAs, e~ the

free space dielectric constant , NA the net hole concentration

of the gate semiconductor (1018 cm 3 ) ,  and Ve f f  the e f f e c t i v e

gate voltage causing the depletion. Ve f f  can be expressed as

Ve f f  = Vbj+ EM
• Lg

+ RSIDS~ 
V
g 

(A.5)

where kT/q is ne glected and Vbi is the built-in potential of

73

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



f ield
he terogate junction (1 .4  eV) . EM is the critical/(3.5 ky/cm

for G a A s ) ,  Lg is the gate length , R5 is the sour ce res is tance,

and Vg is the applied gate voltage (negative for N-ON and

positive for N-OFF).

Substituting Eq. (A.5) into Eq. (A.4), one obtain8

2€ c 1/2
W = 

0 r
N 

(Vbj+ RSIDS+ EMLg
_ V

g
) (A.6)

qN 0
(l +

A

If Eqs . (A.3) and (A.6) are combined , the following is obtained :

2€ € 1/2
1DS = I

0
_qN

~ v5
Z 0 (Vbi +R

S
IDS +EMLg

_V
g
) (A.7)

gN~~(l + . )
A

The intrinsic dc transconductance g~ is defined as

(A.8)

and so upon using Eqs. (A.6) through (A.8)

~
1DS ~

‘DS E~W 1 2C
o
€r

= -~v-- = qN~ v5Z.~~~ - 
Ng g qN~~(l+ ~~~~)

v Ze c
S o r

N

N
A

Since ND/NA = 0.1 , it  can be neglected , so then

V Zc Cs o r
W

and
g ’W

= 
z€:€r
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The extr nsic  transconductance is given by

= 
l+R5g~ 

(A.lO)

so tha t measur ing 
~~ 

and ‘DS as a func t ion  of V
g an d knowing  the

other pa rameters , one can calculate g~~, W , and v
5 in the channel.

Moreover , by d i f f e r e n t i a t i n g  Eq. (A.7) one finds that

~
‘DS

1 ~ 
= v Z2c € . (A.ll)

~~I(V .+ R I  + E L ~~~ V )-L~/ L l  s o r

[ bi sDS M g g j
Solving for v~~,

— 
1 - ~

1DS
V — 2Z€ €

is obtained. If 1DS in terms of the app lied gate voltage is

plotted as a func t ion  of fv ~~~, the slope of th is  l ine can theneLi

be used to calculate v as a function of /Ve f f  or W. Thus

a
— 

2Zc € (A.12)o r
where

‘
~
1DS____ V
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