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Included in the scope of the p rogram was an anal ysis of the effects of g raded
p rofiles on linearity, the development and Imp l ementation of a method to grow
epi taxial layers having graded profiles , fabrication and dc and rf character-
ization of graded channel FETs, deve l opment of a localized anodic oxidation
p rocedure to utilize n~~contac t layers , and an objective comparison of the
p roperties of graded cI~annel FETs with those of conventional , uni form ly doped
structures .

Theo ret ical anal ysis of the effec t of nonun iform dop ing profiles showed that
imp roved linearity is expected for profiles in which the doping concentration
is greater near the active channel/buffer interface. For a given channe l
thi ckness and total dop ing concent ra ti on, the device hav ing the largest ~charge
moment~ (the integra l across the active l ayer of the p roduct of doping concen-
tration and distance from the surface) was predicted to be more linea r. ,The
improved linearity was also predicted to result in an imp roved noise figure .

Procedures were developed for the epitaxial growth of FET active layers having
exponen t i a l l y graded doping profiles. This was achieved i n a simp le , rel iable ,
rep roducible manner using a mixing cell technique . FET devices fabricated on
such material exhibited more linear dc transfe r cha racteristics than did uniform
l y doped devices. Graded channel FET5 having gates � 1 ~&m also showed imp roved
third-order intermodulation performance when tested at X—band unde r standard

I test conditions. Graded devices hav ing 2 ~m gates exhibited improved noise
figur es when compa red to un iformly doped devices . Wideband amp li fiers us ing
graded devices exhibited improved third—order intermodulation and imp roved
AM- to-PM conversion when compared to amplifiers emp l oying uniformly doped
dev ices.

The capability of growing epitaxial n4 contact layers on uniforml y doped and
graded active layers was developed. To fufly exploit this capability, a l ocal-
ized anodic thinning technique was developed that enabled the self-limiting
anod i c oxi dati on p rocedure to be app lied on ly to the channel reg ion , leav ing
n+ materi al in the source and drain regions. Devices fabricated in this manner
had source-drain burnout voltages approx imatel y 10 V grea te r than d i d compa ri son
dev i ces lack i ng the n+ material.
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SECTION I

INTRODUCTION

This report summarizes the accomplishments of a research program carried

out during a two—yea r period under Contract No. N000lk-76-C-1O16. The objective

of this p rogram was to eva l uate the influence of non-flat or graded doping p ro-

f i l e s  w it h in the chan ne l s  of gallium arsenide field effect transistors on the

maximum power , linearity, and noise properties of these devices.

Incl uded in the scope of the p rogram were developme nt of procedures for

growth, fabrication , and optimization of GaAs FET5 with graded channe l doping

p rofi les , evaluation of the dc and rf characteristics of these graded channel

devices , and comparison with the characteristics of conventional flat profile

FETs fab ricated with similar geometries and processing p rocedures. These

characteristics included the linearity of the dc transfer cha racteristics

(uniform g ), the third—order intermodulation products , noi se charac teri sti cs,

and S-parameter measurements.

Some of the major accomplishments under the prog ram were :

• Establishment of a simple , rel iable , and reproducible process for
vapor phase growth of epitaxial FET structures with controlled doping
gradients in the channel regions.

• Modification of anodic oxidation procedures to permit l ocalized , self-
li mited thickness reduction of the channe l regions of FET5 in the
p resence of n+ ep itaxia l contact layers.

• Deve l opment of an analytica l mode l that explains the improved linearity
resulting from modification s of the doping profile in the direction
perpendicular to the surface.

• Demonstration of an inverse relation between third—orde r intermodu lation
and gate length when the devices are operated unde r a standard set of
test conditions.

• Demonstration of imp roved linearity, assessed both by the shape of the
dc transfer characteristic and by third—order intermodulation , in
graded channel FET5 that have gate l engths of 1 p.m or greater and are
tuned for maximum gain in the gain compression region .

The next sect ion details the theoretical considera ti ons that form the

basis for our expectations of imp roved properties of FETs with graded channel

doping profiles.

-- . 
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SECTION II

THEORETICAL CONSIDERATIONS

The earl iest FET model , the well-known gradual channel approx imation due

to Shockley, assumes tha t the ratio of gate length to channel thickness is large.

Th i s model , which is illustrated in Fi gure 1 (a) , predicts that even radica l

changes in the doping profile in the direction norma l to the surface will have

little effect on the shape of the transfe r cha racteristic. This is discussed

in Reference 1 , and an examp le of this shape variation for powe r law doping is

given in Figure 1 (b) . The modest dependence on dop ing profile is due to the

fact that the channel unde r the gate is narrowed gradua l l y  from the drain end

to the sour ce end as the gate voltage i nc reases. The effect is to modulate

the dop i ng p rofile mo re effectively laterall y than verticall y. For modern FET

dimensions , in which the gate le ngt h i s of the orde r of 1 p.m , the gradua l

channel approximation is not appropriate unless combined with a saturated

veloc i ty model. - 
-

We shall use a simple depletion or saturated velocity model in which ful l

current saturation is assumed unde r the gate and this saturated current is

d i rect l y modulated by the difference between the depletion depth , w, and the

channe l thickness a. For uniformly doped material this mode l yields

I — qv Z(a—w)N (1)
sat o

where Z is the gate width , the saturation vel ocity, and N
0 

the carrier

concentration . For other profiles , N(x), in which x is distance measured

perpendicular to the surface and inc reases toward the interface , the mode l gives

i = qv
~~~
zfaN(x)dx . (2)

This saturated ve l ocity mode l was used to examine the effect of various

dop ing profiles on linearity. Althoug h exact quantitat ive results of such

2
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Figure 1 (a) Grad ual Channel Model of an FET.

(b) Range of Transfe r Cha racterist ics for Power Law Dop ing
Using the Gradual Channel Approximation .
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model in g shou ld not be expec ted , the results should serve as qualitative indi-

cations of the effect of different profiles.

Equation (2) will give 1(w) for a given profile. It remains to determine

w(V), whe re V i s the ga te vol tage , to calculate 1(V). This is done using the

simple depletion approximation in which the one-dimensional Poisson equation is

solved. If E(x) is the electric field in the dep letion zone, and V is the

potential d rop across this zone, then

c w
—v E (x )dx  (3 )

0

w w

V = ~ dx N(x ’ ) d x ’ (14)
~~o x

For the case of unifo rm doping, one obtains the well—known expression

V = -~-Nw
2 (5)

Since the source-drain potential does not appear in this saturated velocity

mode l, no special subscript will be attached to V to designate that it is the

gate potential. Note tha t V includes the built-in potenti al , 
~~~

.

Severa l specific types of doping p rofiles have been examined using the

above equations. The results are presented in Table 1 . The types considered

are uniform doping, power law dop i ng, exponential doping, and step doping.

Table 1 also shows the resulting normalized transfe r characteri stics. When

considering the shape of the transfe r characteristics , it is important to

remembe r that because the built-in potential , 0, is included in V , the initial

port ion of the transfe r cha racteristic will not be external ly apparent. The

1+
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transfe r cha racteristics for the case of power law dop i ng contained in Table I

may be compa red to those for powe r law dop i ng in the gradua l channel approx ima-

tion as contained in Fi gu re 1 (b).

For the case of exponential doping, the dimensionless variable parameter

is the p roduct of the exponential coefficient ~~, and the channel thickness , a.

The transfe r cha racteristics are p lotted ass uming a typ ical channel thi ckness
of 0.3 p.m. Althoug h the presence of transcendental equations prohibits an

anal ytic exp ression of 1(V) for this case, a simp le numerical calculation

produces the transfe r characteristics.

The f inal case in the cha rt i s fo r ‘s tep dop ing ” in wh ich a li ght ly doped
laye r of carrier concentration N

1 
ove r lays a mo re heav i ly doped laye r of carrier

concentration N2. It is assumed that the values of N
1 and d are such tha t the

built-in potential 0 entirely depletes the N
1 layer. In these calculation s

the dop i ng level N
1 
always appears in the comb i nation

(~~‘)
and hence for N

2 
� 10 N1, N 1 can be assumed equal to zero with little error

in furthe r ca l culations.

All three types of nonuniform doping achieve exact linearity as the

appropriate variable pa rameter is taken to its limit (Table 1). Note tha t both

power law and step dop ing appear to approach linearity more “quickl y” than

does exponential doping as the re l evant parameter is varied.

It is useful to conside r the effect of doping profiles mo re gene rally.

6 



To th i s end, Equation (1+) may be rewritten in anothe r form by partiall y

integ rating on Equation (3) :

—V — xE(x )j  —j ”xE ’(x )dx  (6)

v = ~~ xN(x)dx
(7)

Thus , the depletion voltage is proportiona l to what may be cal le d the cha rge
moment--the integral of the product of the amount of charge and its distance

from the surface . It follows that the pinchoff voltage is given by

= 
~~f N x d x  . (8)

Equations (2) and (7) imp l y

d I
= qv~~~ZN(w) (9a)

(IV a
— = wN( w )dw c

Thus, (9b)

dl 1
V Z C  

W ( ~j ) (10)

Thus, li nearity (constant 
~~ 

is approached by those profiles in which the

deple ti on dep th w, changes very li tt le as a func ti on of ga te vol tage, V. That

is , dw/dV should be small , or by Equa tion (9b) the product wN(w) should be large.

7
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Hence , for a f ixed amount of charge and channel thi ckness , linearity is approach-

ed as the availabl e charge i s placed near the channel-buffe r interface. This is

why power doping and step dop ing appear to approach linearity more “quickl y”

than does exponental dop ing (Table I) for moderate inc reases in the relevant

parameter- -powe r and step doping do a be tter job of p roducing highe r cha rge
moments.

Al though Equation (10) imp lies a decreased transconductance , 9m ’ as a result

of thi s inc reased cha rge moment , the more important ac quantity, 9m/Cg~ 
whe re

C
g 

is the gate capacitance , remains unaffected. That is , s ince

F c (Ar e a )
g w ‘ (11)

Equation (10) implies

~~~ V
sat Z

= -~~~~ ---—--~ - = Cons tan t . ( 1 2 )

The modeling could be continued to calculate third-order products or

sideband suppression for each of the specific profiles above. However, this
amount of detail seems to be pushing a dc ana l yt ic model too fa r. In addition ,

other entities besides the I-V transfe r function are involved in third—orde r

intermodulation , as d iscussed below . However , it Is useful to note tha t the ratio

of third-orde r sideband power to fundamental power will be p roportional to

d~~I / d1
(13)

8
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which ca n be calc u la ted for a genera l profil e, N(x) , and depletion depth , w,
to be proportional to

t I3N (w)-h~N ’(w ) 1
~~~w’I L J

Hence, the first derivative of the dop i ng profile also contributes to non-

l inearity.

Nonlineari ty at microwave frequency is often determined by third-order

intermodu lation . It is usefu l to conside r the third—orde r intermodulation as

arising from two sources , the first being the gate transfer characteristic.

That is , for a transfe r cha racteristic of the form

1 a  -4- a V + a  V 2 + a  V 3 + . . . .o i g  2 g  3 g ( 1 )

an applied gate voltage signa l , V
9
, consisting of frequencies f1 

and f
2

(and perhaps a dc bias) will produce an output current containing many p roduct

frequencies. These include the third—o rde r p roducts at frequencies 2f2 
- f

1 
and

2f
1 

- The use of a power series transfer function [Equation (l4) J to generate

these p roduct frequencies is well known and has also been done assuming order-

dependent time delays.2 ’3 Thus , third—order products arise from the cubic term

(and h igher—order terms) of the transfer characteristic.

A second source of third—order intermodu lation arises from the mixing of

various p roducts , principally the first— and second—order p roducts, within the

drain portion of the device.2 Al ternative l y, the drain contribution can be

thought of as ar i sing from a transfer characteristic of its own.2 This means

that , in prac t ice , third—orde r intermodulat ion will depend on the output im—

pedance matching .

9
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The imp roved linearity is also expected to result in an imp roved noise

figure . Noise figure is i nversel y p roportional to the t ransconductance g ,

and the l owest noise figure is usuall y obta ined when the dev ice i s biased nea r

p inchoff . Since a graded structure is better able to maintain good values of

9m 
near pinchoff , superior noise perfo rmance is expected for graded devices.

To ver i fy these theo re ti cal predic t ions of imp roved pe rfo rmance fo r graded
channe l FET5, it was necessary to deve l op the p rocedures for epitaxial growth

and device fabrication required for such dev i ces and to full y cha racterize the

dc and rf p roperties of the resulting devices. These activities are discussed

in detail in the fol l owing section .

10

5,

I 

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



~ -- - - - - . - -~ -~ —--~

SECTION III
DEVICE DEVELOP MENT

A. Epitaxial G rowth

All field effect transistors examined during the course of this prog ram

were fabricated from epitaxia l GaAs grown with the well-known Ga/AsCl
3
/H2

system . Emphasis was placed on comparison of the p roperties of graded channel

FETs with those of conventional FET5 having flat channel dop i ng profiles. For

a meaning ful comparison it was essential to minimize the large number of vari-

ables assoc iated with fabrication of these advanced devices. This requirement

was approached by epit axial g rowth of flat and graded channe l structures using

the same growth appa ratus (often in successive g rowth runs) and simu l taneous

batch processing of the comparison wafers into FET5. Initially, single epitaxial

laye r structures grown directl y on semi-insulating substrates were emp loyed;
but later , ep itaxial , high resistivity buffe r layers we re incorporated into the

structure to isolate the active channe l layers from the relative l y imperfect

bulk substrate material. During the last phase of the program , three-laye r

structures incorporating an ~~ epitaxial contact laye r were examined .

Prope r evaluation of the effects of the channe l doping profile requ i res

sl ices w it h a w ide range of p rof i les . These doping p rofiles should decl in e
smoothl y without interruption in a controlled manne r from the substrate to the

surface. Fortunatel y, a simple , but effective , method
4 

exists for exponentially

va rying a gas phase composition durin g vapor phase epitaxy. A similar technique

was emp l oyed to grow the graded channe l structures by va ry ing the ambient dopant

concentration in the vicinity of the growing crystal. Exponential l y dec reas i ng
concentrations of dopant were incorporated into the layer during the growth

p rocess. The princi ple may be illustrated by refe rence to the epitaxia l grow th
scheme shown in Figure 2. Ini tially, prior to the start of epitax ial growth ,

selector value 
~~~ 

is positioned to pe rmit the flow of the l ower gas stream

(hy~~ogen + dopant) throug h the reservoir (V) and into the main reactor tube .

This stream contains donor dopant species (sulfur) at a concentration (C0) which ,
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when added to the background dopant suppl y and mixed with the main gas stream ,

p rovides an ambient dopant concentration in the vicinity of the substrate ap-

p ropriate to that required for the desired carrier concentration at the sub-

strate/epitaxial laye r interface. Coincident with the initiation of ep itax ial

growth , va l ve S
1 

is repositioned to admit a pure hydrogen stream. At this

point , the reservoir is filled with a gas mixture having a dopant concentration ,

C0
; howeve r, the concentration of dopant leaving the reservoir and passing ove r

the grow i ng crystal will decline with time as the reservoir is purged with

hydrogen. The concentration of dopant entering the main reaction tube can be

expressed by the fol lowi ng equat ion :

C = C0 exp( - .~~
. t) + C0,

whe re C i s the gas phase dopant conce nt ra t ion en ter i ng the reac tor; C,~ is the

background or minimum concentration ; v is the volumetric flow rate of the hydrogen

stream passing through the reservoir of vo l ume, V; and t is time . (To simplif y

the illustration , corrections associated with the dilution effects of each hydro-

gen stream are neglected.) The variation in dopant concentration with time is

graphicall y illustrated in Figure 3. At to the selec tor val ve i s sw it che d

to pure hyd rogen, and the dopant concentration begins its exponential decline.

If t is then made to coincide with the start of epitaxial growth , then the

resulting carrier concentration within the ep i taxial laye r will decline as the

laye r thickens. If the growth is terminated at t
f~ 

the surface carrier concen-

tration will correspond to that p roduced by gas phase dopant concentration Cf.

Si nce , the carrier concentration (n) is p roportional to C , if the epitaxial

growth rate is constant , the res:ltan t dop ing p rof i le ca n be exp ressed by

n = n  exp( - — x )+no Vg 0, , (15)

whe re g is the epitaxia l growth rate, n is the background dop i ng leve l, no is
the dop ing level corresponding to C0, and x is the distance measured from the

substrate/epitaxia l Interface. Note that each parameter is known or can be easil y

13
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determined for a given epitaxial system. It should also be stressed tha t the

dop ing l evels decline smoothl y and continuousl y from the substrate interface

to the surface. The method is very simple and does not require comp l ex time-

dependent va l ue manipulations.

Diffe rent channel gradients may be obtained by changing the volume of the

reservoir vessel. For this purpose , the glass vessels illustrated in Figure 14

were fabricated to p rovide a wide range of channel dop i ng gradients. To ex-

perimentall y s imu la te the effec ts p roduced by the reservoirs , a gas anal ys i s
system was assembled to monitor the gas composition leaving each vessel as a

function of time. The gas composition detector was a the rma l conductivity cell

utilizing matched thermistor pairs. Initially, each vessel was f i lled w it h
helium containing a small amount of nitrogen to simulate the dopant; then a

four-wa y selector valve was activated so as to flush the vessel with pure helium

(minimum dopant concentration condition) . The detector output is p roportional

to the concentration of nitrogen (dopant) in the gas stream leaving the reservoir

and , hence, rep resents the variation in dopant concentration to be expected within

the crys tal g row th reg ion unde r similar conditions.

A typical set of results is shown in Figure 5. At point “A” the va l ve is

swi tched , and the concentration decreases exponentially. Anal ysis of these

cu rves shows that they agree wi thin exper imen tal accu racy with the dependences

predicted theoretically. The smoothl y varying composition s as a function of

time were ideal for epitaxial growth of the desired graded channel s t ruc tures.

Because of the excellent agreement between the simulation runs and the

theoreticall y predicted behavior , the reservoir system was installed in one of

the Texas Instruments epitaxial growth systems using the configuration shown in

Figu re 2. For rapid eva l uation of the resulting profiles a mercu ry Schottky

barr ier probe was used to make capacitance—voltage measurements from which the

dop ing profile could be deduced.

15
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Fi gure 14 Reservoir Mixing Vessels for Growth of Epitax ial Layers with Graded
Doping Profiles. The measured vo l umes are listed on the right.
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Figure 6 shows a typical examp le of the graded profiles obtained. Each data

point corresponds to the carrier concentration determined from the mercury probe

data. Note the excellent agreement between the actual doping gradient and that

predicted theoreticall y from the reservoir volume , flow rate , and epitaxial

growth rate. Nume rous graded and flat profile slices were grown during the

course of the program. The slopes of most of the graded channel slices fell in

the range 3 ~m
1 

� ~ 12 p .m 1
, where ~ is the exponential coefficient in the

expres sion

n = n  eo (16)

Note that ~ i s also given by

~~ =y i  -

V

After the technique for growth of layers with graded doping profiles was

p roved directl y on a semi-insulating substrate , the process was modified to

include ep i taxial buffe r layers between the semi-in sulating substrates and the

graded (or flat) p rofile active layers . The advantages of buffe r layers in

eliminating interface states and undesirable diffusion with conventiona l , fla t-

profile FET5 are amply documented. These advantages are also applicable to

graded channel FET5; and , in addition , the buffe r layers eliminate the p roblem

of synchronizing the initiation of dopant composition grading with the initiation

of epitaxial growth. During the earl y part of the p rog ram , it was determined

that synchronization was the major sou rce of y ield loss in g rowth of graded
channel devices. It results from the time delays between external valve switch-

ing on the epi taxial growth system and subsequent composition changes that occur

in the actual growth zone. For example , if the dopant composition grading beg ins

prior to the initiation of ep i taxial growth , the resulting profi le will be grad-

ed but will not reach a sufficientl y hig h doping level at the substrate/ep i taxial

interface to be usefu l . On the other hand, if the deposition is initiated

18
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Fi gure 6 Doping Profile Determined from Hg Probe C-V Measurements .
Line represents predicted gradIent (dopant flow - 40 cm3 min 1 ,
reservoir volume - 91.6 ~~~ growth rate - 0.083 p.m min 1 ) .

19

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

-
~~~~~~~~~

---- ---



~~-- - - .--- - ---— 
_ _ _ _

prematurely with respect to the decline in dopant composition in the growth

region , then the profile will consist of a flat region adjacent to the sub-

strate/ep itaxial interface , fo llowed by a g raded region beyond. In this case,

after thinning, only the flat region may remain , res u lting in a s l ice w it h a

fla t rathe r than the desired graded profile.

In principle , by use of a buffe r laye r, a steady-state epitaxial growth

rate is es tabl i shed during the buffe r laye r g rowth s tage , and formation of
the active laye r with eithe r a flat or a graded profi le is dete rmi ned solel y
by manipulation of the gas phase dopant composition . Thus , the dopant

compos i t ion  co nt ro ’ p rocedures are se para ted from the crystal growth initiation

p rocess by the insertion of a buffer laye r g rowth stage.

To obtain undoped , high resistivity buffer layers , an add it ional A s C l
3

bubbler was installed in the growth system. The hyd rogen stream passing through

this bubbler enters the growth tube downstream from the source , but ahead of

the ep it axial growth zone. The net carrier concentration of undoped layers

i s inve rsel y p roportional to the ratio of the flow of the additiona l H2/AsCl
3

stream to the total flow. By properly adjusting this flow ratio , the back-

ground carrier concentration was suppressed to levels of — 10 13 cm 3 without

unduly decreasing the g rowth rate. Several runs establi shed the rep roducibility

of this procedure for buffe r layer growth.

Fo r growth of fla t or uniform ly doped FET structures the conditions were
established for steady state buffe r l ayer growth; and , after deposition of

3 to 5 p .m of this hig h resistivity material , the dopan t flow was added to the
main gas stream. When graded channe l slices were desired , thi s dopant flow

issued from a previously cha rged mixing cell of appropriate dopant concentration .

Li ttle or no perturbation of the steady state growth rate occurs during the

transition from buffe r to active layer growth.

20 
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An example of the doping p rofiles obtained with this approach is shown

in Figure 7. The buffe r layer concentration is in the 10 13 cm 3 range, and

the active , graded laye r has an intentional doping gradient of 1.7 decades

per micrometer (a� 14 p.m~~). Note the relative sha rpness of the transition

regi on between the buffe r and active layers in the Important dopin g reg ion
16 -3above 10 cm

It was anticipated that formation of good ohmic source/drain contacts

might be more diff icult with graded channel or othe r FET structures with low

s u rface car ri e r densi t ies. While , in p ractice , little difficulty was en-

countered in formation of ohmic contacts to graded channel Structures , a number

of epitaxial structures were grown with n~ epitax ial contact layers for eva l ua-

ti on purposes. The n+ contact layers were grown sequentially after the graded ,

active layers during the same ep i taxial deposition run. This approach avoids the

poten t ial p rob l ems of interfacial contamination and/or damage associated with

the surface prepa ration inherent in a two—step p rocess whe re the slice is re-

moved from the growth apparatus prior to growth of the n+ contact layer.

A n example of the dop i ng profiles p roduced in g rowth of the three—laye r

structures is given in Figure 8. A buffer laye r, whose dop ing level i s in the
low 10 cm 3 range, is first grown on the semi-insulating substrate. Th i s is
followed by the graded channel active layer with a peak doping l evel of 1.1 x 10 17

and a contr olled g rad ient of 2.4 decades/p.m (a = 5. 5) . The details of the graded

active region are shown on an expanded abscissa scale in the inset. Later , the

channel reg ion was selec t ivel y thinned by the self—limiting anod i zation process

(to be discussed later) to a depth of 1.8 p.m below the origina l surface. The

n+ contact l ayer is formed last during the sequential deposition run and is doped

in the high 10 17 cm 3 region . Note the abrupt transitions between adjacent layers ,

a feature that is particularly Important in growth of graded channe l structures .

21
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In genera l, after epitaxial growth of many companion flat and graded

p rofile FET structures , it can be concluded that the re is little difference

in the run—to—run rep roducibility and y ield between the two basic structures.

Of cou rse , the graded channel structure introduces an additional control

pa rameter (the doping gradient) ; however, the simp le , nonmechanica l approach

described here for producing the gradient has proved to be a reliable and

remarkably “producible” approach.

B. Anodic Oxidation

Anod i c ox i da t ion is a key p rocess s tep in grade d channe l FET technology.
It was employed throughout the program to reduce the intentionall y ove rgrown

channe l thickness to the p roper va l ue required for device processing. The

p rocess is self-limiting at a thickness near the optimum and does not require

detailed knowledge of the thickness or doping profile for successful app lication.

Equall y important is the ability of the anodic thinning process to improve the

uniformity of a slice by continuing to thin the excessively thick portions

after the thinner portions have reached the p rope r thickness and no l onger con-

tinue to anodize .

In princip le , an epitaxial laye r grown on a semi-insulating substrate or

hi gh resistivity buffe r l ayer can be anodicall y oxidized as long as the depletion

depth at avalanche breakdown does not extend to the high resistivity reg ion .

Since , to a first approximation , this depletion depth is p roportiona l to the

product of thickness (44 and dop i ng densi ty (n), the p rocess tends to be self-

limiting at a particular n1. p roduct.

In practice , the slices are anodized in a 0.0211 NaH2PO4 electrolyte at

— 100 V applied potential. This results in growth of a clearly visible ox i de

film on the surface . The oxide film is then removed in a dilute HCI solution ,

24
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and after carefu l rinsing to remove any traces of C1 , the process is repeated.

Whenever any portion of the slice is thinned to the point that its l oca l n~.

p roduct is less than the critical va l ue, oxidation ceases, and that portion

remains at a constant thickness while the remaining portions of the slice

continue to be thinned . The process is continued until no visible ox i de can be

grown across the slice .

W it h graded cha nnel sl ic es , for a given peak dopin g density the re is a

maximum dopi ng g radie nt that wi l l  a l lo w anodic ox i da t ion . Gradients in excess

of this va l ue will not p rov i de a sufficient n-4~ p roduct. When the gradient

was too s teep, the sl i ces fa i led to g row a v i s ibl e oxide , and the excess i ve
grad ient was easily diagnosed. This effect is illustrated by the plot given

i n Figure 9, whe re the peak dop in g densi ti es of seve ra l sl i ces a re p lotted as
a func t ion  of their respective exponential grading coefficient (a) [cf . Equa-

t ion (lGfl. Solid circles in the figu re indica te sl ices whose enti re sur face
p roduced a visible oxide at the initia l anodization step after growth. Pa r-

t iall y and comp lete l y open c ir cles des ignate slices that exhibit partial and

no visible oxides, respectivel y. It is appa rent that for visible anodic oxide

formation to occur , the product of the peak dop i ng density (N) and the ex-

ponen tial gradient coefficient (a) must correspond to

N (cm 3
) > 2 x 10

12 a(cm~~).

Development of a special p rocedu re was necessary for slices with epitaxia l-

l y g rown n+ contact laye rs to selective l y reduce the laye r thickness in the

cha nnel region to the p rope r val ue wh i le leavi ng the n+ contact regions intact.
The initi al app roach, which is outlined in Figure 10, required first pattern-

ing the slice with a protective mask so as to selectively expose the channel

regions. Photoresist was tried as a masking material , but it tended to become

excessively undercut durin g the subsequent anodization p rocess. Plasma—deposited

S1
3
N4, howeve r, p roved quite stable and was adopted as the masking material.
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The next step consisted of successively anodizing the exposed GaA s with subsequent

stripping of the resulting oxide l ayer. In princi ple , this anodizing and strip-

ping process would be continued until the entire n+ laye r was removed f rom the
channel reg ion and, furthe rmore , until the excess thickness of the active region

was eliminated ; at that point the material would no longe r anodize because the

depletion laye r has just reached the high resistivity buffe r laye r. In practice ,

this did not proceed as expected. The n+ laye r was removed without difficulty;

however , the anodization did not cease when the active laye r was reduced to the

p roper thickness. This effect is illustrated by Fi gure 1 1 , which shows two

channel stripes connected to the large r opening for the gate contact pad. This

mi c rograph was taken af ter anodic ox ida ti on, but befo re s t ripp ing, so that the

regions where anodization took place are darke r. Note that no anodic oxide was

grown in the interior of the gate pad , i.e., the process had limited in the

p roper manner. However, near the masked portions around the periphery of the

gate pad the dark band indicates that an oxide film has grown . Furthe rmore,

since the entire narrow-channe l region is in close proximity to masked portions ,

a f u ll thick ness ox ide has been formed throughout the channel , resulting in

reduction of the active laye r thickness in the channel beyond the optimum value.

Af ter some study, it was concluded that the excessive etching was a result

of depletion and b reakdown into the adjacent unetched material , whe re a low
resis tivity current path is available. The proposed solution to this prob l em was

to su rround each device or small group of dev i ces wi th a moat of exposed GaAs of
sufficient width (.... 15 p .m or g reater) so that the centra l portion s of the moats ,

when etched to the optimum thickness , wil l  be f ully deple ted and, in effec t,

wil l  block the curre nt pa th requi red when excessi ve anod i za ti on of the channel
regions of the enclosed device (s) is attempted . Thus, by use of a gr id of
connected moats, each l ocal region of dev ice patterns would cease to anod ize

when the adjacent moats reach the proper thicknesses.
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For eva l uation of this approach , a special mask was made to define the

required moat pattern. The gate and moat patterns we re then defined in nitride

and photoresist , and the slice was anodically thinned in the conventional manner.

The gate/moat pattern was then removed , and source-drain metallization was ap-

p lied and alloyed . Fi gure 12 shows an SEM photograph of the resul ting geometry.

The thinned channel is longer than the original gate pattern finger l ength due to

undercutting . Subsequent measurement of the source-drain saturation cu r rent ,

‘SAT (no gate present) across the slice indicates that the procedure yields very

uniform channel properties. For example , a measu rement of 58 va l ues of 1SAT over
an a rea of 1 cm

2 
resulted in a standard deviation of 3.3% . This va l ue is

comparable to that obtained when the entire surface of a slice , rathe r than

onl y the channel area , is anod ica l ly  thinned.

Thus , it was demonstrated that the anodic thinning technique is usable in

the presence of n4 material if the necessary moat pattern is present , that it

remains self— limiting, and that it p roduces values of ‘SAT tha t are uniform

across the slice and have a va l ue suitable for device fabrication . Whi le this

technique should be va l uable for any slice having an n~ ep i taxial laye r, it is

particularly useful for graded slices , since they may involve the additional

variation with respect to the doping gradient across the slice.

C. Device Des ign

Since the channe l doping profile was the principle element being varied

in these studies , all other aspects of the geometry and design of our con-

tempory FET devices were retained. This facilitate d the stud y of doping

profile effects by eliminating the need to simultaneousl y cons ide r the eff ec t
of othe r modifications . Three existing dev i ce geometri es we re used du ri ng
the course of the program. Their features are summarized in Table 2. Each

of the three device types is referred to by the total gate width of one cell.
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Cha nnel Produced by Loc aliz ed Anodic Oxi dation.
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Table 2
Characteristics of the Three Device Geometries Used

in the Prog ram

Gate
Devi ce Ty pe No. No. Fingers Finger Nom i nal Method of

(Gate Width Per Cell , p.m) Cells Per Cell Length (p.m) Length (jim) Definit ion

600 4 4 150 2 Optical

1 200 1~ 8 150 1* E-beam

300 1 14 75 0.5 to 0.8 E-beam

* In some cases the gate length was diffe rent in each cell (see text)

32

5,

j

____ -44



--
~

-- .~ --- 

The desig na t ion “600 ~m devices” refers to four-cell devices , each ce ll having

a 2 x 600 p.m opticall y defined gate distributed over fou r fingers. The 300 ~j.m

devices are single—cell structures designed for small-si gnal , low—noise per-
formance . They have electron beam defined gate fingers that are 75 ~m wide
and usually 0.5 p.m to 0.8 p.m long. The 1 200 devices are four-cell devices

designed for powe r applications. Each cell has a 1 x 1200 p .m gate distributed

over eight fingers . These gates are also defined by c-beam lithograph y. In

some cases the c-beam machine was rep rogrammed to p roduce a different gate

length in each of the four cells . In this case the gate lengths usuall y ranged

from 1 p .m to 2.2 p .m.

The remainder of this section gives a brief review of the various considera-

tions i nvolved in the design of the above dev i ces.

S Ga te Length

Gate length is the mos t important design factor in GaAs FETs fo r

obtaining high gain and low noise at microwave frequencies. This is true for

both uniforml y doped and graded material. The effect of gate length on noise

figure is indicated by the following equation 5:

5/6 1/6 1/2 1/2
2 1.8 L 0.18 r

NF
min = 1 + KfL (-~

.) [3
~~L”~~~ 

+ na
1 

SG + ( na
2 

c) ] , (17)

whe re L = gate length (p.m),

LSG = source—to-gate sepa ration (,p.m),

w = gate finger width (mm),

n = ep i taxial carrier concentration (10 16 cm 3),
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a = channel thickness beneath gate (p.m) ,

a
1 

= effective epitaxial thickness between source and drain (p.m),

a2 = channel thickness beneath source (p.m),

h = gate metallization thickness (p.m) ,

p = gate meta llization resistivity (lO
_6 

0—cm),

r = specific contact resistance (1O
_6 

cl—cm
2
)

K = noise coefficient (0.033 to 0.036 for “good” ep itaxial films) .

In Equation (17) the three terms in the brackets are the contributions of,

respec ti vel y, the gate metallization resistance , the pa rasitic source—gate

resis tance , and the ohmic contact resistance .

Equation (17) is used in Figure 13 to plot minimum noise fi gu re as a
function of frequency for several different gate lengths. The accuracy of this

equation decreases at short gate lengths , since it does not include gate fringing

capacitance and carrier velocity overshoot. Also , the minimum noise figure con-

tains terms proportional to the frequency squared , wh i ch reduces the acc ur acy
of Equation (17) at high frequencies. In spite of these reservation s, the

equation may be used to determine the functiona l dependence of the minimum noise

fi gure on any of its pa rameters , including gate length.

Device gain is proportional to 9m/Cg~ whe re g is the transconductance

and C
g 

i s the ga te ca paci tance. In the limit of large gate lengths whe re the
ga te may be treated as a pa rallel plate capacitor , the gate capacitance is pro-

portional to gate length. At a given frequency, device gain increases and noise

f i gu re  dec reases as gate ca paci tance (and thus gate length) decreases.
6 The

proportionality of ga te capac it ance to ga te le ngth i s fa i rl y acc u ra te a t ga te
le ngths as small as 1 p.m. Howeve r , gate fringing capacitance and various

pa rasitic resistances are of increasing importance as gate l ength is reduced

below 1 p.m. For a gate length of 0.5 p.m the fringing capacitance is mo re than

30% of the total gate capacitance 7: thi s frac t ion would be eve n larger for
still smaller gate lengths .
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• Gate Finger Width

In a typical FET structure , the gate finger width is very large in

comparison with the gate length and the interelectrode spacing . The finger

width can, in fact, be an appreciable fraction of a wavelength for the micro-

wave frequencies of interest. Therefore , the propagation of electromagnetic

fields along the width of the gate finge r can have a significant effect on

microwave FET performance. However, all the devices used ~ur the graded chan-

nel studies had gate finger widths of 150 p.m or less and we re operated between

8 and 12 GHz . For these conditions , othe r calculations and experiments at this

laboratory have indicated tha t no serious degradation in gain occurs .

• Total Gate Width

For mos t of the work repor ted he re a si ng le cell of a dev ice was
operated. The total gate width of the cell is given in Table 1. Paralleling

of severa l cells for power applications involves conside ration of combining

eff iciency, wh ich i s affec ted by a number of fac tors , including source lead

inductance, impedance matching, and uniform feeding conditions.

• Source—Drain Spacing

Since the source—gate and gate—drain regions are just parasitic

resistances , it might be thought that the source-drain spacing should be as

small as possible. However, experiments using devices having different source—

drain spacings (4 p.m, 5 p.m, 7.5 p.m) have indicated this is false. At 10 GHz

the microwave performance of the 4 p.m device is no better than the 5 p .m device

and may be slightly worse at 12 GH2. The 7.5 p.m device has l ower gain at all

frequenc ies. The latter result is expected due to highe r parasitic resistance ,

but the former is not. Perhaps at the highe r frequencies the larger source-

drain paras iti c capaci tance of the 1+ p.m dev ice degrades performance as much as

the reduced paras itic resistance improves it. Because the gate is recessed ,

the parasitic resistance Is not very large .
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• Cell Size

It might be thought that as yield improved , GaAs FET cell s i ze shou ld
be i ncreased to reduce bonding comp l exity. However , in our experience cell

sizes la rger than 1200 p .m gate width should not be emp l oyed at X-band. With

large r cells the source-lead inductance per unit gate width becomes excessive ,

and the cell impedance becomes difficult to match.

D. Bas ic FET Fabrication Process

No modifications in the bisic fabrication p rocess were necessary to process

graded material. That basic fabrication p rocess is described in this section .

The modi f ica ti on s needed to process mater ial having n+ contact layers are

desc ribed in the next section .

• Mesa Etch

The first step following receip t of the anodical l y thinned slices is

to etch mesas through the active layer to isolate the source and drain except

for the channel under the gate and to provide an insulating surface for the gate

bonding pad. Proton bombardment (101 /cm
2
, 50 key) has also been used to isolate -

devices , but this p rocess has not been employed routinely.

• Source—D rain Metallization

The next step is source—drain metal lization . The pattern is defined

in photoresist , and the metal i s evapora ted over the sl ice and removed from
regions where it is unwa nted by dissolving the resist in acetone (the lift—off

process) . The meta lli zatlon Is about 2100 A eutectic composition AuGe followed

by 500 A Ni. The contacts are made ohmic by alloying for one minute at 450°C

in flowing He. This meta llizat ion system provides very smooth, low res i s tance
contacts with sha rp edge definition . The contact resistance is typicall y

0.3 0 per mm gate width for slices having n 1 x 1017/cm3. The source-drain
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spacing is much more reprodu cible with lift—off than with etching. No othe r ohmic

contact system to GaAs reported in the literature gives such low contact resistances.

Si nce the dop i ng conce nt ra ti on near the s ur fac e i s lowe r in a typical
graded device than it is in a typical uniforml y doped devi ce , it might be
anticipated that the contact resistance of g raded dev i ces wou ld be in fer ior to
that of uniformly doped devices. In practice , thi s was on ly a mino r effect.
Tes t a reas we re used to routi nel y measure contact resistance on every slice
processed for a period of one year. Although the average contact resistance of

the un iform ly doped s t ruc tu res was less than the ave rage of the graded s t ructu res ,

the overlap of the two sets of measurements was substantial.

• Gate Definition

The nex t step is the gate me tall i za t ion, wh i ch i s also def ined by a

l ift—off p rocess. For the 600 p .m geometry, wh i ch has a 2 p.m gate, the gate
pattern is defined optically i n the same manner as the source-drain. For the

othe r geometries gate definition is accomplished by electron beam. The electron

res i s t is pol yniethyl methacry la te (PMMA) , and the ga te i s lif ted off wi th ace tone
similar to the source—drain metallization . The gates are automaticall y al igned

with in the source-drain gap using alignment marks in every 2 mm x 2 mm “field. ”

These marks a re “L”—shaped patterns and were put down with the source—drain

metallization . The gate l ength can be varied by simply reprog ramming the

elec t ron beam computer , and gate lengths of 0.5 p.m or less are well within the

machine ’s capab ility. The yield of devices with no shorted or open gate fingers

following gate defi nition is substantially highe r when electron beam definition

rathe r than conventional contact printing is used, due to mask-slice abrasion

and mask run—out with the latter. The PMMA thickness is 5000 to 7000 A , and a
5000 A metal film is readil y lif ted off.
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An important step is to etch the slice slig htly immediatel y prior

to gate metal lization in orde r to recess the gate below the ep i taxial surface.

This reduces the source-gate and drain-gate parasitic resistance and also

modifies the electric field configuration below the gate. It has been found to

improve device microwave performance significantly. Recessing the gate does

decrease the device pa rameter uniformity sli ght ly in some cases , but the perfor-

marice improvement is so great that it is necessary. Aluminum has been employed

as the gate metal because of the ease with which it can be evaporated and its

ab i li ty to p roduce good Scho tt ky barr iers to GaAs , even after annealing at

400°c or more.

• Bond ing Pad Metal lization

Follow ing ga te me tall i za ti on, a 0.5 p .m laye r of C r/Au (defined by

lif t-off) is evaporated onto the source and drain to improve current spreading

to the contact edges and bondability. A nitride layer is then plasma—depos i ted

on the active areas to protect them from scratches and shorts to the source

wires. Next, a 10 p.m laye r of Au is plated to the source and drain pads to aid

in bonding, and the slice is lapped to 100 p.m. The slice is then scribed or

sawed into discrete devices.

E. Mod i f ications for ~~ Contact Layers

Nea r the concl us ion of the cont rac t period , sl i ces hav i ng an n+ ep itaxial
contact layer were utilized to fabricate devices having n+ ma ter ial unde r the
source and chain metallizations. This required severa l modifications in the

norma l fabrication process described above. Those modification s are described

in this section .

The 600 p.m geometry was used for all n+ device fabrication . These devices

have opt icall y defined ga tes , and hence a gate mask was available for use in the

localized anodic thinning process described In Section 111.8. After mesas were
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fo rmed on the n4 sl ice (which , of course , had not yet been anodica ll y thinned) ,

a 4000 A thick laye r of silicon nitride was p lasma-depos i ted ove r the slice .

Photoresist was applied nex t, and the gate pattern was ali gned relative to the

mesas and exposed. The moat pattern required for l ocalized anodic thinning

(see Section III.B) was avail able on anothe r mask. This pattern was also aligned 
-

rela tive to the mesas and exposed in the same photoresist. Thus , after deve l op-

ment , both the gate pattern and the moat pattern were defined in the resist.

The slice was then plasma—etched to rep licate these patterns in the underl yi ng
nitride . Two four-cell devices were within each Isolated squa re of the moat

pattern.

The sl ice was submitted for anodic thinning. This resulted in removal of

al l  the n~ material and a self—limited portion of the n laye r in the exposed

portion of the s l ice.  Some undercutting occurred , so the thinned channel region
was wide r than the mask opening. After the nitride/resist mask is removed ,

fabrication proceeds in the usua l manner. Figure 12 shows a SEM p icture of the

thinned channel region after the source—drain metalli zation has been applied

and alloyed. For gate recess and metal lization the gate pattern was reapp lied
and ali gned to the thinned channel region . Processing then proceeded in the

normal manner.

In one case , still anothe r procedure was followed: the gate was applied

before the source—drain. This simp lif ied the process ing beca use the ga te pa ttern
did not have to be app lied twice. The gate pattern that was present for l ocal-

ized anodic thinning was also used for gate recess, metal lization , and lift-off.

The disadvantage of this procedure is that the source-drain current cannot be

mon i tored during the critica l gate recess step because no source—drain metal-

l izat ion is yet present.

The moat mask disc ussed prev iousl y had an ac t ive a rea smaller than the a rea
of the slices used. As a result , the outer portion s of the slice were anodically

1+0
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thinned to completion . Hence, part of every ~~ slice processed had portions

equivalent to the usua l anodically thinned slices lacking an n~ laye r . This

facilitated study of the effects of the n+ contact laye r, since companion de-

vices having no n+ material were simu l taneously fabricated on the same slice .

1+1
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SECTION IV

DEVICE EVALUATION

A. Dc Eva luation

The FET5 examined initially were 600 p.m optical gate geometry devices
fabricated on material having no buffe r layer. Flat profile and graded profile

sl ices were grow n in subsequent growth runs with the same reactor. These com-
panion slices were then processed simu l taneousl y. This proced ure sought to

minimize variations (other than doping profile) between flat and graded devices.

Due to an insu ff icien t ga te recess , the first companion slices to complete fab-

rication yielded devices tha t did not pinch off. Nevertheless , these devices

dramatical ly demonstrated the improved linearity tha t was anticipated for graded

devices. Digital meters were used to measure the saturated drain current as a

function of gate vol tage . The results are shown in Figure 14. The imp roved

li nearity of the dc transfer characteristic of the graded devices is obvious.

To enable a quantitative measurement of the amount of curvature of the dc

transfe r cha racteristic , the data were used to make a least-squares fit to a

quadratic:

I = a  + a V  + a V  (1)DS o l g 2 g

where ‘DS is the saturated source—drain current , Vg 
is the gate vol tage , and the

a
1 

are the various coefficients determined by the least—squares fit. Note that

a corres ponds to I , the drain current at zero bias; a1 
corresponds to the

transcond uc tance, g ;  and a2 is the quadratic coefficient , which would be zero
for an exactl y linear transfe r characteristic. In all cases, portions of the

transfe r characteristic within 10% of pinch-off were hi ghly nonlinea r and were
not used in the quadratic fits. Resul ts of thi s p rocedu re fo r the devices
descr ibed above are also presented in Figure 14. The quadrat ic coefficien s

of the graded devices are seen to be nearl y an order of magnitude smaller thin
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those of the companion flats. The symbo l r shown in the figure designates the

correla t ion coeff ic ient , which should be 1 for a perfect fit. As would be

expec ted fo r gentle cu rves , the quadratic fits we re always found to be excellent.

Subsequently, many companion flat and graded devices were fabricated.

Material incorporating undoped buffe r layers was used for these and all sub-

sequent devices fabricated in the program. These graded devices also exhibited

improved linearity of the dc transfe r characteristic. Figure 15 shows a typical

examp le of such a character is t ic .  It is usefu l to conside r a “no rmalized” version

of Equation (18):

I a
1~~~1~~~ 

a2 5,12 V 
2

~ 1 
+[

~~

_ 

~j [~~-] 
+ a P(r-)

0 p 0 P

where V is the pinch—off vol tage predicted by Equation (18) . The normalized
2

quadratic coefficient , (a2/a )  V~, was found to have va l ues greater than 0.1

(usually g reater than 0.2) for un iformly doped 2 x 600 p.m devices , while the

graded devices produced va l ues less than 0.1 (usually less then 0.05).

The graded dev ices used in the above studies were fabricated from slices
hav ing exponential grading coefficients [see Section III.A , Equation (16)]

between 5 p.m 1 and 8 p.m 1
. Devices in which the exponential coefficient was

3 p.m~~ or less were found to exhibit little or no improvement in linearity.

Dev ices w it h much larger exponent ial grading coefficien ts , on the order of
12 p.m~~ or greater , were d i f f icult  to fabricate. This is because the dop i ng H
profile in the t ransi t ion region between the buffer and the graded , ac ti ve laye r

is not perfectl y sharp, bu t slightl y rounded. Hence, in a steepl y graded device
having a sufficientl y thinned channel to allow pinch—off , this transition

occ upies much of the ac t ive channel , and the doping profile is not a t rue
exponential.

L4
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• N+ Dev i ces

As described in Section III.D , devices having n+ materia l unde r the

source and drain metallization were fabricated near the prog ram ’s conclusion ,

and each slice contained “control” portions that yielded norma l FET structures

for compar i son . Measurements on a curve trace r showed that the n+ dev ices had
source—drain burnout voltages ...1O V greater than those of the comparison devices.

However , this increased burnout voltage could not be used advantageousl y during

subsequent rf testing . As with othe r FET devices produced in this laboratory

without n
+ 

contacts , the maximum output power (at a given gain) saturated well

before the source-drain burnout voltage was approached. Nevertheless , these n
+

devices presumably have superior reliability, and the improved source—drain

burnout voltage could be important once the present power—limiting mechanisms

(which include the rma l effects) are alleviated.

B. Rf Evaluation

The most significant effect of the graded doping profile is the improved

third—order intermodu lation that has been realized with graded devices.

The system used for measuring third—orde r intermodulation is schematicall y

shown in Figure 16. One source is ~.n X—ba nd sweeper/TWT combination , whi le the

second source is a Gunn diode oscillator capable of bei ng tuned from 8.7 to

1 2 GHz. In a few cases it was rep laced by a second sweeper/TWT combination .

The system is capable of suppl ying 17 dBm input power (per tone) at the device

being tested. The output goes to both a power meter and a spectrum analyzer.

Insertion of a test circuit fixture containing a short (instead of a device)

showed that the system produced no measurable intermodulation of its own.

Thi rd—orde r intermodulation (31M) is a complex phenomenon that is influenced

by many operating parameters , incl ud i ng dra in vol tage , ga te b ias vol tage , and

impedance matching. A device tuned for maximum gain at one input power level
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w ill usuall y show a changed 31M pattern if tuned for maximum gain at anothe r

input power level . Figure 17(b) is a plot of third-orde r sideband suppression

as a function of input power per tone for a device tuned for maximum gain at

13 dBm i nput power. Note that the p lot exhibits a dip at this point. All these

effec t s , and others to be descri bed below , require care in attempting to make

meaning ful comparisons of the 31M performance of different devices. Hence , we

have adopted a p rocedure for 31M tests in which the device is operated in a

manne r in which it might actuall y be used: the device is tuned for maximum

gain at an input power leve l that is into gain compression . For our geometries

and cell ga te w idths , an input power of 17 dBm was chosen. Tuning was accomp lished

by using chi ps on the test circuit , slide—screw tuners , and by adjusting gate

bias . Mea surements of output powe r and sideband suppression were then made as

a function of (decreasing) input powe r. In almost all cases this resulted in

a smooth, typical 31M pattern as shown in F~gure 17(a). The two tones were

5 to 10 MHZ apart. Care must always be taken tha t the two tones and the third-

orde r sidebands are not being attenuated by a too-na r row device bandwidth , which
could lead to overl y optimistic results .

Representative data of third—orde r sideband suppression for graded end

uniforml y doped 600 p.m devices is presented in Figure 18. These devices had 2 p.m

opticall y defined gates. The test conditions were as described above. At the

initial 17 dBm i nput power leve l many of the devices were clipp ing, as ev i denced
by the presence of gate current. The clipping disappea red as the input power

was reduced below 15 dBm. These devices were operated at 9.5 0Hz using 5 V
source-drain bias. They include devices from slices fabricated over a six-month

period. The consistent superiority of the graded devices is obvious. The

sideband suppression is 10 dB or more g reater than that of uniform l y doped dev i ces .
This corresponds to a superiority in the third-order intercept point of 5 dB or

more .
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Al l  these devices , both graded and uniforml y doped, ex hibited gains between

6.5 and 7.5 in  the linea r region . This was s t i l l  unde r the condition of no

retuning at these lowe r powe r levels .  Thus , the actual small si gnal gain would

have been higher if the device had been re tu ned for smal l  si gna l operation .

For t hese structures the 1 dB gain compression point for uniformly doped devices

occur red nea r 12 dBm input power, and nea r 15 dBm for graded devices. This lar-

ger ga in compressio n poi nt for graded dev i ces i s due to the rela ted dec rease in
the dc transconduc tance 9m 

and the increase in the pinchoff voltage V~ tha t

resul t from the graded structure .

All the above results were obtained by operating onl y one c~~ l of the device.
Experiments in which two and fou r cells were used produced the expec ted results.

For example , operating two cells produced twice the fundamental power, twice the

thi rd—orde r sideband power, and hence the same sideband suppression (measured

in dB). Thus, to the extent that cells or gate width can be combined efficientl y, a

total output powe r may be increased with no degradation in sideband suppression.

his mea ns , fo r examp le , that for a g i ven dev ice, doubling the total gate width

will inc rease the third—orde r intercept point by 3 dB.

It should also be noted that if the above test condition of “no retuning”

was v iola ted, and the dev i ce was retuned at some less er input powe r level , then —

it was al most a lways possi ble to obtain significant improvement in third-order

sideband suppre ssion (at tha t power level) with minor associated decreases in

gain. Often , a 10 dB or more imp rovement in sideband supp ression could be obtained
at the cost of only a few tenths of a decibel in gain.

A striking effect that occurred for both graded and uniforml y doped dev ices
was a si gnificant improvement in sideband suppressio n which occ u r red as the
source-drain bias was increased. An example is given in Figure 19. Note that
a change from 5 V to 8 V drain bias imp roved the sideband supp ression by over
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10 dB, and hence the th i rd-order intercept  point by over 5 dB. At the same

time , of cou rse , the 1 dB gain compression point is increased. The devices

were retuned for maximum gain at 17 dBm after a change in source-drain bias.

Neve rthel ess , improvements in sideband suppression occurred even before this

retuning .

Some investigation was also made of third—orde r intermodulation as a function

of frequency by running tests at 8, 9.5, and 12 GHz . No systematic variation

was observed between 8 and 9.5 0Hz. However , at 12 GHz the sideband suppression

was more than 5 dB greater than at 9.5 0Hz. Gain was greatl y reduced. Impedance

ef fects are suspected to be t he cause , as it was not possible to make the bond
wi res short enough at 12 0Hz to resonate the device impedance (hence , the in-

ordinately low gain) .

All the above results were obtained using the 2 x 600 p.m gate devices.

Nevert heless , the detuning ef fects and inc reased drain bias effects , both of
which improved sideband suppression , were also observed in subsequent work using

the devices having I x 1200 p.m and 0.5 x 300 p.m gates.

Thi rd—orde r intermodu lation tests using the 1 200 p.m devices showed essentiall y

the same results as those obta ined earlier using the 600 p.m dev ices, after the

factor of two in tota l gate width was taken into account. Nevertheless , the
intermodulation differences between uniformly doped and graded devices did not

seem qu ite as large as those of the 600 p .m devices. Extensive work with the
300 p.m structures (0.5 to 0.8 p.m gates ) using devices froai many s l ices led to the
inescapable conc lusion that the distinct and reproducible intermodulation im-
provement s observed for the graded 2 x 600 p.m devices simp ly we re not apparent
in the 300 p.m structure . Nor was any improvemen t in the shape of the dc
transfe r cha racteristic observed .
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Part of the reason may be that the 300 -.~m dev i ces , be i ng low noise structures ,

a re us ua l l y  fabricated with thinner channels (to produce l owe r pinch —o ff volta ges )

than devices with othe r geometries. Thus , a significant portion of the active

channel may be occupied by the rounded t rans i t ion  region between the buffer and

the clearl y graded region . In fact , one slice of 300 p.m graded devices tha t

had an inordinatel y high pinch-off (6 V instead 2 to 3 v) did show some improve-

ment in the shape of the dc transfer characteristic. However , the third-order

intermodulation results were not superior.

These results with the 300 p.m devices (0.5 to 0.8 p.m gates) and the above

r esu l t s  with the 1200 p.m devices (1 p.m gate) in which the observed improvement

using graded devices appea red to be slightly less than when using the 600 p.m

dev ices (1.8 to 2 p.m gates) led us to question whethe r gate length had any effect

on intermodu lation . Thus , in the later part of the program , several uniforml y

doped and graded sl i ces we re proc essed to produce 1200 p.m dev i ces in wh i ch ea ch of
the fou r cells had a different gate length. This was made possible by reprog ram ing

the electron beam machine tha t defines the gate pattern. The exact gate lengths

varied from run to run , but could be measured using a scanning electron microscope.

Figure 20 shows an example of such gates. Data from a uniforml y doped device

having gate lengths of 1.0 , 1.4, 1.7, and 2.2 p.m is shown in Figure 21. As

expected , the shorter gate length cells exhibited higher gain and a highe r

saturation current. However, third-orde r intermodul ation tests showed tha t the

shorter  gate cells exhibited the poorest sideband suppression [Figure 21 (b)J .

This pattern was true of graded devices as we l l .  Although a few exception s did

occur , in which one cell having a longer c~a te le ngth was sl ightl y inferior to the

nex t cel l  hav ing a shor te r ga te, the overal l pattern was clear . The sho rter gate

length devices had inferior intermodulation performance when run under the standard

test conditions (tuned for maximum gain at 17 dBm input power).

Compa ri son of the resul ts of such tes ts us i ng devices from several uniforml y

doped and graded slices indicate that as the gate length is reduced , the difference
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in intermodulation performance of norma l and g raded devices decreases. For

gate lengths less than 1 p.m the graded devices are superior by only a few dB .

These conclusions should not be regarded as firm because of the limited number

of slices that could be processed before the prog ram concluded , and also because

the four gate lengths varied sli ghtly from slice to slice .

I. Noise Figure

As indicated in Section II of this report , the ability of graded de-

vices to maintain a high value of transconductance near pinch—off imp lies that

they shou ld have a supe ri or noise figure . Tests using the 600 p.m devices (2 p.m

gates) showed this to be the case. Representative data are given in Table 3. 
—

Although results from only one uniformly doped sl ice are in cl uded in the table ,
those results are consistent with many othe r measurements made using devi ces of
this geometry during the course of other studies. The minimum noise figures

of the graded devices are approximatel y 1 dB lowe r than those of the no rmal
devices . Obviousl y, this geometry is not a low noise structure and it was

originally hoped that graded 300 p.m devices (0.5 p.m gates) would produce record -

noise figures. However , the failure of the 300 p.m devices to show graded effects ,

reported above for intermodulation , also extended to noise figure performance.

The noise figures of the graded 300 p.m devices were not noticeabl y better than

those of uniform l y doped dev i ces.

2. S-Parameters

A g raded channel FET ch ip w it h known dop ing profile and a conepanion

flat profile chip were cha racterized and compared in terms of their two—port

S-pa rameters. The results are shown in Table 4. This table also includes the

results of a flat TI powe r device from Refe rence 8. The measurements were made

for small-signal conditions onl y using a Hewlett-Packard automatic network

anal yze r .
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Table 3 —

Noise Figures at 9.5 GHz of Graded and Flat Profiled FET5

(Sing le—cell devices, 600 p.m x 2 p.m gate distribu ted over four fingers .
All val ues in dB)

At Maximum Gain At Minimum Noise Fiq~re

NF Associated

Graded NP 0Max Mm Gain

(1 7.7 8.2 3.1 4.4
SLICE A 

~2 7.0 6.7 2.9 3.9

5.2 6.8 3.4 3.9
SLICE 8 2 7•Le 8.0 3.2 4.4

3 4.6 7.2 3.4 5.0

Flat
(1 9.2 6.0 4.3 4.6

SLICE C 
~2 9.8 7.6 4.3 5.2 ‘

~

58

I



- —- — -— —— -.- -— —— — — - . — - —~~~ f l - ~.?( -~~-fl- 7 ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 

~1’IIIII~

4)
0’ r-.. cc
‘0 0~’ C’.’
_ 0 > 0 ~~. Co > > C’.’
— . . > 0
o CN ‘.0 0 C’.’ . — N. 0
> I , ~~ 0

U’ ii ii H H H II H II H
•0

Li) ~d, (J) ad) ad, Li) Li) C,) C,)
CD 0 0 (D 0 0 0 0

> > — > > ‘-4 > > 4-.

‘.0 a~ ..o -~~ a LA l~~ LA r’~ -
0 — C”a .~ ‘.0 C’.’ 4- N. 0’a C’-.’ (~~ (Y~ ~V)

o — — — — — C...’ — — —
4-
U
‘0
Li.

CD
) U) — CN CO N. CO 0 O~ I~~~ C~) N. 4- 6’-.’

o~ o~ cc N. ‘.o - - o- o~ cc U) cc CC)

>
.0 U
‘5 C
4- 4, 0 0 0 0 0 0 0 0 0 0 0 0 0
LI) ~ — N. C’-.’ — (~ N. rA N. ‘.~~ 0 cc .-.o at’.

Ce, Cs.’ 4Y) C”. IY~ IV’. fV) (~‘~ ~~ .4. N. ‘.0 N.
4, I I I I I I I I I I ~ I I

C C. (‘-I •-... ‘.... ‘...~~~ s. ‘•-~ ~~ 
_5_. 5—. ‘S.- 

S..~ 5- 5_ -~~10 Li. C’1
ad) 4- Cs. ’ N. C..~ 0’-. -~~ CO

N. ‘.0 4. 0 -~~ ~.O -~~ — ‘-0 cc — ~~~ ‘.0
(.~ 0 ‘.0 ‘.0 ‘.0 ‘-.0 LA N. N. ~~ ‘-o LA ‘.0 ‘.0 .o

o c0 0 0  0 0 0 0 0  0 0 0
0

~ ~ ~ ~ ~ ~ ~ ~, ~
o LA LA 0 CO cc ‘.0 LA (~~ — — C’.’ 4- —as c Cs-I C..’ C’-.’ — — Cs-I (‘-I (‘1 Cs.’ Cs-I C’.’ C-I  C’.’

CD ~~ 
_5_. ~ s 5--. 5- 5-.. 

.-.-.. _
‘5_ --... -_.

. -5- 5- ‘s ‘S.-
La. Cs.’a, —

— a0 Li)
.0 CO CO 4. -~ LA CO O’a LA ‘.0 N. LA 4-
as an a) cc cc cc cc ~~~ -~~ 

4. ..1- 4- N. CO
0 9 0 9 0  0 0 0 9 9  9 90

a
~ 

an 0 0 0 0 0 0 0 0 0 0 0 0 0
— > 1-S
.0 < W
as Li..

I— E 0 0 0 0 0 0 0 0 0 0 0 0 0
an 4- Ce, N LA — ‘.0 LA U) N. C’.’ LA U) Cs.’

E .~~ N r—-. —.0 ‘.0 ‘.0 ‘.0 ‘-.0 LA LA LA LA 4-
as — 5-- 5 - 5 -  ‘S.. 5- 5-. —.. 5_ 5 - 5 -- 

5_.. 5-. 5-.
X CD C’.’
~0 U) 0~\ U) a) (

~ % U’. CO — - -
Z E C’.’ LA ‘.0 C’-.’ N U) 0 U’. C’-.’ CO ‘.0

- 4- Cs.’ Cs.’ — LA LA 4 ~~~ a~~ .- C’. ’ —
-D - .
4 ) C s . ’
1-~as x

E 0 0 0 0 0 0 0 0 0 0 0 0 0
o - — C”I a) 0 4- ‘-0 CO 4- ‘.0 U) LA 0’.
in - C’.’ Cs.’ e-.’ 4Y’. I V) C . ’  ~~ IV Cv’.
in 0 — — —~~ 0 — I I I I I I I I I I I I I

‘.0 - 5-’ 5- 5- 5-- 5-s 5-s I 5- 5- 5-- ‘5- 5-- 5- ‘5.
LI)

C ‘4- 0’. CO IV’ LA CO — ‘.0 C~1 0
‘5 0 CO ‘.0 ‘-.0 U) ‘.0 N. ‘.0 N. U) CO N- LA .1~N. N. N N- N N. N N. N. N C’— N. N.
an — .

0 0 0 0 0 0 0 0 0 0 0 0 0
4) ‘S.
+1
a~ >.

N
‘5 C~~~~~S ~~~I- 4 ) N  ~~~ a)
Is LA (A LA U’.
0. 0 CD 0 C’.’ Li’. N. 0 0 Cs.’ LA N- 0 0 Ct’. 0 4)

. . - U
C/) N. N N. N. U) N. N. N- N. CO N. N. CO C

U- 4)
C.
a,
‘4..
4,

~~ .~
I)

— as 4L 0— —

4.1 45 4- Li.
C~) 0 . a , C  

—CD 
~— ~~z<

I

_  
-
~~~~~~~~~~~

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



The FET chi p was mounted as desc ribed earlier and p laced in 50 oh~
microstrip circuits in and out. The chi p was then bonded to the 50 ohm trans-

mission line with 25 .~m (I mil) diameter , 250 ~.m (10 nil) long gold bond wi r es .

S-parameters thus measured included two bond wires as part of the device.

Figures 22 and 23 show the measu red small-signa l S-paramete rs of

600 x 2 ~m graded channel and flat profile companion slice GaAs MESFET chips

from frequencies 7 to 8 GHz . This device size was chosen because of its distinct

graded p rofile property in combination with an input impedance level hi gh enoug h

to be measured accuratel y in a 50 ohm system. Previous experience showed tha t

the real part of FET input impedance becomes smaller as device size increases

to the point whe re it was increasing l y difficult to measure with accuracy. The

devices were biased to -2 V for gate and 6 V for drain to obtain high va l ues of

I~2l ”~l2 I  
at 8 GHz . The magnitude of S21 

was observed to inc rease rap idl y as

drai ti voltage increased from 0 to 4 V and reached a maximum above 5 V for both

types of devices. Gate bias was held constant at -2 V. Above 5 V it was

primaril y the phase tha t changed with increase in drain voltage . The magnitude

of S12 
decreased as drain voltage was increased above 2 V.

The measured results indicate no sign ificant diffe rences between small-

signal S—pa rameters of the graded channel and its flat p rofile companion slice

for the input and output reflection coefficients S11 and S22. The measured re—

su Its did indicate , howeve r , tha t the graded channel FET had a slig htl y l ower

forward t ransmission coe f f i c i en t  and approximatel y tw i ce  the reverse trans-

mission coefficient I~ I2 of the companion slice.

In terms of the gain of the device , a la rge r IS 12 I indicates increased

feedback and a corresponding reduction in isolation between the device ’s input

and output port. This is evidenced by the maximu m stable gain of the device

according to the following expression :
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Maximum Stable Gain MSG = 
S21

~ I2

Plots of FET output reflection coefficient S22 versus frequency on the

Smith chart (see Figure 22) consistently deviate from the constant conductance

circle that is normall y expected . This may be due partl y to the mounting scheme

emp l oyed to minimize circuit parasitics , wh i ch, in turn , may have ca used these
para sitics to resonate with the device output at these frequencies. Much larger

gain rol l -off characteristics than the usua l 6 dB/octave observed for these
dev i ces may ind i ca te ei ther tha t some g round pro b lems and gap s a re asso ci a ted
with the test fixture used or that the bandwidth investigated was too narrow to

obser ve the gene ral gain roll—off trend.

3. Amp lifie. Cha racteristics

The expected improvement in linearity of the graded channel FET5 over

the uniform channel FETs was investigated by fabricating and testing microstrip

amplifiers incorporating the optimized graded channel and flat profile FET5 .

Although it is adequate to compare device performances with given doping profiles

and gradients in a narrowband , tuned amplif ie r , it is desirable to fabricate and

test microstrip amplifiers using these devices to exp lo re f ull y the powe r, gain ,

bandwidth potential , and linearity of these amp li f iers , since the intermodulation

d i s tor ti on levels of power FETs are found to be sensitive to tuning .9

To ob tai n hi ghe r output power and efficiency, power amplifiers are

driven with an ac input power of sufficient magnitude to operate the device beyond

the linea r region and where distortions will be generated in the amplif ying dev ice.

W it h bias vol tages held cons tan t, thi s large ac input powe r changes the dra i n
current and causes a shift in the dc operating point of the amplifier. For an

amplifier with bandwidth of less than an octave second-orde r products should not
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be too troublesome , since they are attenuated by the outband characteristics

of the ma tching circu it . Howeve r, the third—orde r products are prominent and

create signa l distortion s because they usually fall within the bandpass of the

amp Ii f I e r.

Prelimina ry distortion properties of FETs were assessed by three

interrelated rf measurements at various input drive levels :

(1) Gain comp ression

(2) AM-to-PM conversion

(3) Third-orde r intermodulation .

In addition , gain and maximum output power as a function of frequency and ampli-

fier sensitivity to bias vol tage variations were measured. The results we re

compared to determine the relative merits of the two types of amp lifiers for

linearity performance .

Figure 24 shows a block diagram of the rf scheme for measuring gain

comp ression , AM-to—PM conversion and bias sensitivities. A tunable Gunn oscil-

lator capable of operating from 8.8 to 10.2 GHz p rov ided f requency con trol of
the tes t s ignal .  The signa l was amp l i f ied by the MESFET amp lifier and mon i tored

by power meter A. The input power level to the FET under test was set by pre-

cision attenuator A , while power meter B was calibrated to read the output power.

The amp li f ie r gai n was dete rmined f rom the readings of power mete rs A and B and
precis ion at tenuator A. The output was also coupled through a 10 dB coupler to

the precision attenuator B, and then to the phase detec to r, completing the test

cha nnel leg of the phase b ri dge. The reference channe l of the phas e b ri dge
was made up of a precision phase sh i f te r, a level set attenuator , and a le ngth

of transmission line . The transmission line was used to equalize the time delay

of the two channels. The precision phase shifter was used to null the phase

br i dge unde r various test conditions and hence to p rovide the relative phase

data for phase response characterization. The output of the phase detector was
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monitored by a di g ita l voltmeter. AM-to-PM conversion was measured by record-

ing the relative phase sh i f t through the FET device as a function of input power.

Amp lifier sensitivit y to bias change was investi gated by vary ing one

of the bias vol tages while the othe r was held fixed. The corresponding phase ,

gain , and drain current changes were noted. Measurements were made at 9.5 GHz,

since no systematic third—orde r intermodulation product variation was noted

be tween the f requencies inves tiga ted.

A b roadband microstrip amplifier can be designed using small- and

large—signa l S—parameters and input and output matching network elements with the

CAIPIO2 (TI CAD optimization) program. However, we d i rec tly fabricated the

sing le—s tage narrow and broadband microstri p amplifiers using 600 and 1 200 ~m

gate wid th graded and flat p rofile (both companion slice and TI power devices)

GaAs FETs in a sem i -matched circuits (see Fi gure 25). Input-output microstrip

circuits , each incorporating a single—section , quarter-wave , pa rallel-coupled

microstrip filter as a dc bloc k and various multi section distributed series

impedance transformers (see Table 5) we re used to par t ia l l y transform the de-
vice to a 50 ohm system. These circuits were orign iall y deve loped for TI powe r

FETs of comparable size. They were used in this app lication to partiall y match —

FETs and qu i ckl y evaluate the amp lifier ’s l ineari ty and gain-bandwi dth potential .

Longe r bond wi res were used to connect the deyice to input and output trans—

mission lines to resonate capacitive reactance of the device with the bond wire

inductance at uppe r band edge.

The dc block had a VSWR of less than 1. 2 for frequencies between 8

and 12.4 GHz and eliminated the use of discrete dc blocking capacitor. Final

tuning of an amplifier was accomp li shed by weld ing appropr iatel y dimens ioned
gold ribbons at pretuned positio ns for b roadband amp lif iers. Narrowband
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amp lifiers were chip-tuned. A ll amp lifiers were biased wit h constant bias

source to obtain large-signal maximum gain at the indicated frequencies .

The results of the ampli fier evaluation (see Table 6) can be sumarized

as fol low s :
• The 1 dB gain compression point occurred at 16 dBm i npu t power

for the 600 ~.im graded channe l amplifier and at 13 dBm inpu t power for the flat

companion s l i ce  at 9.5 GHz (see Figure 26). This di f ference may be due partl y

to a variation in the impedance match i ng achieved ; i.e., small—si gnal gain was

also different for these amplifiers , as discussed ear lier , and may explain

some of the diffe rences observed in the AM-to-PM convers i on of the two types

of dev ices. Howeve r , even accounting for the above , the graded channe l amplifier

has l ess AM-to- PM conversion. A gain expansion of 1 dB maximum was observed for -

a 1200 ~m, graded channel , narrowband amplifier (see Fi gu re 27). Therefore , 1 dB

gain compression for this amplifier was found to be an ill -suited specificat ion

for determining deviations from linearity . The gain expans i on may be due to

tun i ng near the power leve l where gain s being traded for better intermodu lation

distortion 9 and the va ri a ti on of the dev i ce ’s outpu t capacitance with drain vo l-

tage may have caused detuning and gain expansion effects. For 1200 ~tm broadband

amplif iers , the I dB gain compression point occurred at 21.9 dBm inpu t power

for the graded channe l dev i ce and at 21 dBm for the flat companion slice ampli-

f ier at 8.6 GHz and 9.5 GHz, respective l y (see F igure 28).

• AM—to—PM conversion for 600 ~m amplifiers measured at 9.6 GHz
remained below I .2°/dB maximum for graded channe l as compared to 3.7°/dB maximum

for flat profile amplifiers up to power levels of 15 dBm (Figu re 29).

• Amp lifier sensitivities to bias vol tage variation of graded channel

and companion slice FET amplifiers at 9.5 GHz indicated that insertion phase was

ex tremel y sensitive to the gate bias variation (18°/V) but not to the drain bias

variation (4.5°/v) (see Figure 30). The gain was insensitive to the gate voltage
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change between -3 to -0.5 V and above 7 V for drain voltage change (See Figure

31). I—V characteristics were linear between gate voltages of -3 to 0 V and

d rain vol tages of 1+ to 7 V (see Fi gure 32).

• The gain , bandw i dth, and efficiency of the 1200 ~m broadband

g raded cha nnel powe r FET amplifier was comparable to tha t of the TI powe r FET —

tested (see Figure 33). [Devices from the unifo rml y doped companion slice had

si gnificantl y lowe r powe r gai n cha rac ter i s ti cs than the graded cha nnel dev ice

and were therefore not used.]

By sacr i f i c in g approxi mately 1 dB of gain at low si gnal levels (but

with slowe r gain decay at saturation) optimized graded cha nne l p rof i le FETs
had compa rabl e ga i n, bandwidth , power handlin g , and efficiency with imp roved

l i n e a r i ty  at high power levels compared to flat profile devices .
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SECTION V
CONCLUSIONS

Theo re ti cal anal yses performed during the course of the prog ram showed

that improved linearity is expected for field effect transistors having a high

charge moment (the integra l of the product of doping concentration and distance

from the surface). This conclusion was experimentall y confirmed throug h fab-

rication and evaluation of FETs with differing cha rge moments (flat and graded

channel doping profiles).

The mixing cell technique deve l oped during the p rog ram for growth of

ep i taxial structures with exponentiall y graded doping profiles was found to

be a hig hl y reliable and reproducible procedure . This approach allowe d g rowth
of the nume rous graded channel epitaxia l structures with cont rolled doping

gradients required for the prog ram. The y ields of s uccessf u l epit ax i al growth

runs for graded channel wafers did not diffe r significantl y from those of the
simp ler , conventional flat profile runs.

Devices fabricated from graded channel wafers exhibit more linea r dc tranfe r

cha racteristics and superior third-order intermodulation (tuned for maximum gain

in the ga in compress ion reg ion) when the gate length is 1 ~m or greater. Graded

devi ces havi ng 2 ~~ gates yield minimum noise figures that are 1 dB l ower than

those of similar , uniform ly doped devices. This superior noise figure performance

is expected as a result of the improved linearity. However , low noi se graded
devi ces havi ng 0.5 p.m gates and thin active channels did not show significant

improvements in noise figure . Third—order intermodulation of a ll devices , whe n

the devices are tuned for maximum gain in the gain compression region , are im-

proved by increasing the source—d rain bias vol tage. For these same tuning

cond itions third—order intermodulat ion becomes worse as the gate length is

decreased . The available ev i dence suggests , in addition , the third-order inter-

modulat ion superiority of graded dev i ces also decreases as the gate length is

decreased below 1 p.m.
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Whe n uti lized in wideband amp lifie rs, I to 2 p.m graded dev i ces have gain ,
bandwidth , power, and efficiency comparable to those of flat profile devices

and exhibit superior linearity and AM-to—PM conversion .

0

Wi th appropriate modification s it is possible to use the self-limiting

anodic oxidation thinning technique in a localized manner on slices having an

epitaxia l ~~ contact layer . It is therefore possible to anodicall y thin only

the channel region , leaving n+ ma terial in the source and drain reg ions. Devices

fabrica ted by this technique have source—drain burnout voltages that are 10 V

hig her than those of comparison devices that lack the n+ contact.
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