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Summarx

During the contract period we have constructed an AsClg
l

epitavial system used to provide buffer layers for our FET atruc-

4]

turar, we hava developad a submicron lithographic proceusa2s using
deep U.V. tzechniques and, employing thas- techniques we have pro-
duced yorking .5 mieron zate devices., In addition, w2 have con-

tinued our developing of submicron nixer dioden., In addition, we

have investigated the "gettering" of substrates as a technique to

A - e o

inprove the nobility of ion implantated layarsa. The result of 3
this experiment showed was a correlation betwezn improved hall
mobilities and gettered substrates, Finally, several thaorecti-

erl studies are reported.
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Materials Development

In section A, we will r2peort on th2 progress in develop-
ment of a AsCl3 system for tha producticn of high quality buffer
% active layers for our microwave devices, It is anticipated
that the AsClj material will provide thick buffer layers for iso-
lating th2 substrate effects while 2rowth technolozies such as
M3E ~4ill provide the thin critical azctive rezions. Part B of
tnis saction concentrates on our getteringy experinants on Gals
substrates for direct ion implantation applications whi.e, part C
reports on the status and capabilities of our recently acquired

ABE system.
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A Project Status of CVD Reactor

Introduction

W2 report here the status of our redesigned halide trans-
port VPE reactor and results obtained to data. This effort
parallels construction of a pyrolytie CVD reactor now completed.

As previously mentioned, GaAs FET performance shows a

Eor-r, v

great dependence on submieron doping thieking produects, backround

Lar g

inpuricies and substrate properties. The systan is designed to

g e E s

grow thick (greater than 10 mieron) high-resistiviﬁy buffer

layers which isolates our FET devices fron substrats related
problems.

The achievement of high resistivity buffar layers nas
bean well demonstrated in the literature to require use of the
dell known "mole fraction effact" first descrived by Dilorenzo
and Moore in 1971, A two bubbler systems =imilar to that of Cox
and Dilorenzo (1971) is adapted, but with cz-tai: changes and

simplifications.
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VPE System Technology

A systematiec outline of sur system as orizinslly dess=ig-
ned is shown in figure (1). It was at first intended to demos-
trate nizh-purity and reasonable process contreol with a zinple
reactor design. Systems inprovements were later added as thay
proved necgssary.

The original design was a teflon plumbing system using a
continuous hydrogen purge to aveoid adding reactor bypass valves
as a possibie source eof contamination. The use of teflon is in-
tended to minimize the presence ¢of any matallie impurities, as
Wwell as decrease ths "memory affect™ of any system reagents,

This teflon plumbing and buffer valves still seen to be a useful
system featurz and were retained in use,.

The first growths utilized AsClgy obtained in pre-
packaged pluz-in bubblers from Apache Chemicals, Inc, These
AsC13 bubblers were designed to plug intoc solid-state tenperature
controllers also nanufacturad by Apache chemicals, Ine. This was
deamad to b2 a valuable fzature which would mininize toxic

nazards sssociated with loading the CVD system with AsClz, ya
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experienced many hardware problems with the2ss tenperature cone
trollers, After being sent several updated versions, we have
anly this yezar obtained models which work as prescribed.

To cheek the reaccor kinztics 45 zrans of liquid Gallium
as source material was loaded. W2 then attemnptad =sdurce saturia=-
tion at 820°C and observed the saturation tiame and otner eharac-
teristics. e found it necessary to add a =ource baffle to in-
¢rease source saturation efficiesncy. Growth paraweters of liquid
source runs 3 thru 5 are shown in Table I.

The source boat was later locaded with approximacely 42
grams of crushed GaAs as a solid phase source. 3olid sources.
have been found to offer better thickness control, without the
troublesome source saturation/eteh cycle of liquid sources. Bet-
ter surface morpholozy is also observed.

Initial%y Wwe used as source matarial the upper "ccone"
pertion of Bridg;hﬁn process seni-insulating GalAs crystals pro-
vided by Comineo, Ine. This solid source natarial was used in
growths under a variety of reactor temperaturss, carrisr gawu
flows, and bubbler temperatures shown in Tadble I, rins 7 taru 21.
\Over ecartain parameter ranges zood morphology and thicknsss con-

troel were obtained. Cartain zrowth and nardware problens Jare

ancountered which w. attacked with several design changes.
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We decided to rejuca the normal bujldup of rsaction by
products at the ciit end of thz reactor tube by us2 of a hydrogen
counterflos system. This build up rould produce particle con=-
tamination. Several endcap designs were tried in which the sub-
strate holder, dump tube and endcap were fuzed into one quartz
containment assembly as shown in figure (2). Tha =olid-source
Wwas changed to sealed-vessel synthesized GaAs dices supplied by
Morgan Semiconductor for the runeg remaining runs after run #20.
This nigh purity source material gave only a superficial improve=-
ment in the electri~al tharacteristics, Subsequantly We were
able to eliminate the solid source as a cause of the extrinsie
compensation since no source, temperature or other growth
parapneter dependence was observad.

dhile at this point the faulty temperature controllers
were still being used, it was suspected that the AsCljy itself was
contaninated and causing the epllayers to become heavily
compensated,

The AsCl3 was returned in tiae plug-in bubblers to the
manufacturer for analysis. Flame spectrochemical analysis
revealed approximately 5Jppm Fe; 20ppm Si and a few ppm traces of
412 and othar elemante, The rource Fe levels ars very consistantg

Wwith the electrical characteristics observed in the epilayers,




Fe bgckrounds generally in the 108 nole fraction range will
yleld hizh resiscivicty layers with nobilities of apprecxinately
1090=2000 cQé v=13ece=1, We tentativaly concluded, therefore,
that our low mobilities and hizh resistivities were caused by

unintentional incorporation of bubbler Fe due to contaminuted

AaClg3.

Systen Modiflications

To alleviate the above difficeculties we have nade changes
in our source materials and proecess. The nost inpertant of
thes: by far is the use of good quality AsCl3y obtained fron
oghér domestic manufacturers.Y e will fill our pluz-in bubblers
with the pure AsC13 demonstrated in the field as naving the
requisite purity.5 This= ehanze alone is expectald to solve most
of the compensation problem.

The reactor tube its2lf has bean modified extonsively.
At tne Inlet side a vacuum chamber thermally isolates the inlet
tudbes from ths source region, This aids greatly in reducing any
premature thermal decomposition of main or bypass injection line
reagents, As already shown in figure (2), the substrate holder,
dumnp tubz and endecap were fuzed into cnz assenbdbly for anaxinunm

leakage integrity., HNot shown is the new flat O-~ring joints which
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will replace the taper joints used so far,

Up until now rotameters were used for nain and bypass
hydrogen gas metering in an initial attempt to keap costs low.
These have been replaced by electroniec masu flew controllers
#which will give superior accuracy.

The original plan to use Fe or Cr solid-pnase doping for
the hizh resistivity buffer layer has peen scrapped in favor of
more promising methods. Combinations of th2 mole fraction'égfect
and addition of oxygen durinz growth have been observed to sup- t
press incorporation of backround impurities 5,7, Tnis oxygen zet-
tering occurs without the memory 2ffect caused by contamination
of the tube when heavy metals are introducéd as hi-rzsistivity
dopants. There is also evidence of deep oxygen donors further
serving to reduce the free carrier concentration. We will study
other methods of introducing oxyzen into the system, 2.%., using
€Oz gas, without adversely affecting the mobility of the api-

tatial active layers.




Summary

42 conclude fromn the studies completed thus far that tho
more conventional designs for A5C13, which our redesigned aystemn
more closely ressmbles, are best used for tha growth of high
purity GaAs buffer and active layers in conjunction with "eclean"
gettéring techniques such as oxygen injeetion. Various oxygen
compounds such as COp and CO will allow better oxygen incorpora-
tion and at the same time introduce small quantities of deap car-
b?n accaptons to more adequately compensate snallow Si dener and
other acceptor levels. The mncle fraction effact shows Zreat
promise in further dopant suppression when used in conjunction
with the oxygen incorporation.

With this considerations taken into account we believe
this modified apprcach is a much more fruitful method to reliably

produce hi-quality apitaxial GaAs.
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3 Ion Iaplantation

Semi=-insulating gallium ars=senide grown by liquid encap-

suled Czochralski (LEC) metiiod has been plagued by a nunber of i
problems. For example, heating LEC substrates at typical anneal=-
ing and growth temperatures (700-900°C) frequently proceduces a
highly conductive thin layer near the 39rface. Tais phenomenon
1s usually accompanied by poor reproducibility of ecarrier con-
certrations, low mobilities, and photeoluminescence changes. ‘We
have began to study this and cther problens related to GalAs sub-
strates for direect ion implantation applications, A simple "get-
tering" technique that emnloys heat-treatments at 3000 for 24
hours in flowing Hz with an overpressure of As provided by InAs

was used. An outline of our gettering experimental procedure is

provided in table #2 on page 15 of this report.
Routine hall measuremenﬁs were taken at room temparature ;
and 77°K. The hall samples employed the standard Van der Pauw
technique with clover-leaf shaped samples. Contacts to the |
specimen are aade with tin beads alloyed to the leaves, whieh in
}

turn provide edze contacts to thae central part of ths s=ample.

For our purposas, the carrisr concentration and tihe mobility are




"

particulary important valuers, and can be obtained from these
measurements.

The heat treated or '"gettered" implanted and annealead
laysrs typically showed a higher room temperature and 77°K
mobility, The improvement in mobility varies from wafer to wafer
and i3 shown in the figuraes (3a) and (3b) of mobility vs sub-
strate or boule number. For instance, Q9 showed at 35% improve=
ment while Q11 showed no improvement., The wide ranze of data
raveals the large differences in the subscrate propartiess,
residual impurities, and trap concentrations.

Standard photoluminescence spectra were also obtained
for both the gettered and ungettered layérs. The PL. was per=
formed at 79K using a Argon layer at a power level less than
100mw. The luminescence radiation was dispersed by a 3/4 meter
grating monochromator and detected with a LNy cooled photomul-
tiplier using phase-sensitive detection, The resulting PL spac-
tra of th2 gettered samples exhibited a reduction in the Mn and
Cu peak intensities. This result is illustrated in the PL spec-
trum of Q3 and QU4 (Ffigure 4).

‘SIMS analysis cxperiments were performed on ungettered

and zettered samples at Cornell University. The 5I4S analysis

- 13 =-
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revealed the presence of several residual impurities., These in-
purities : Carbon, ehromium, boron, managansge, copper and magne=-
siun were clearly present in ;he 1014 - 1015 range. In adzition,
we ooserved outdiffusion for the substrate of copper, managenese,
and magnesium. These results are shown in figure (5).

Electrically DLTS results fizure (§) on schottky bar-
riers diodes formed on the gettered and ungettered layers reveals
an increase in the EL2 level and a raduction in the broad shallew
peak. 'We balleve that this broad peak is related to ths presence
of geveral residual impurities.

In summary, we have concluded from thz studies completed
that LEC substrates can be improved by heat treatinz. There
are,however, a couple of precauti;ns: 1) It is necessary to
remove all of the gettered layer and, 2) provide an sufficent

overpressure of As, This work was presented at tha Elzetronice

Materigls Conference held at Santa Barbara.
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GETTERING EXPERIMENTAL PROCEDURE TABLE #2

POLISH 3UBSTRATES
DIVIDE POLISHED SUBSTRATES INTO HALVES

SAKE ONE HALF OF THE SUBSTRATES AT

300°© FOR 24 HOURS

POLISH BOTH SIDES OF THE GETTZRED SU3STRATES

(REMOVE 35 mm)

STANDARD CLEAN

LAPLANT
529 6.09 X 1011 49 XV
9.03 X 101} 110 KV
4,5 X 1012 200 KV

AHNEAL AT 300°C FOR 30 MINUTES IN A CAPLESS ANNEALING SYSTEM WITH

FLOAING H3

COMPARE ELECTRICAL PROPERTIES

- 15 =
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c Molecular Beam Epitaxy

We have a acquired and installed a MBE system. We an=-
ticipate that this system will be used to grow tha ecritical
layars for our FET structure., With MBE capabilicies it will pe
possible to investigate normal GaAs FET's as well as the high
alectron mobility structures {HEMPT). ‘e anticipatz that we will
be growing both single as well as nultiple interface HEJPT
devices, Our machine has the capability of zrowingz on 2 inch
substrates and we can lecad up to =ix wafers in a singzle pump
down. Wwe are presently Qaking out the furnaces in preparation

for our first growth.
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Lithography

One of our principal problems during tnis work has been
tne develcpment of our lithographie techniques. This saction

will summarize ocur efforts.

At the beginning of ths contract a FET mask set and a teost

pattearn ware fabricated at the Hational Submicron Center located
at Cornell University. The best results were obtained using a
Wwet chemical eteh. The smallest resolved features of the masks
have linewidths of better than 0.25 microns. Ws thén Wwent
through a period of considerable axperimentation with the expo=-
sure and development paraaeters, Our final process consists of
two layer photoresist technique utilizing a co-polymer of PMMA
and PMAA. The PMMA was used as the imaging resist and develeps
more slowly, the co-polymer was used to foerm a lift off lip
sinilar to that shown in figure (7). Our final process is sun=-
marized in Table III. Examples of our better gate lift off arse
shown in figures (8),(9) and (10).

The ey a2lement that we found necessary to reproduceably
forn .5 miecron lines was to obtain "gcod" coformal contact

betwean che aask and the Gals substrate. In order to ascertain
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Calibraticn mark 1is one micron
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whather we are had contact 3 quartz plate was usad. The subatrate
was observed through a quartz plate the same size as the masak.
Figure (1) i8 represantative of the type of contact we ware avle
to obtain. On the areas where no fringes formed we obssrved a
darxen regilon which were thes areas where we Obtained good con=
tact., We found excellent correlation bstween thasge ¢ontact arcas
angd pro&uction of high quality lines, As indicatad in Table III
ona of the procéss steps is dissolving th2 refist by using a Jp
plasma, For thig process wWe have calibrated the eteh rate in a

barrel plasma reactor and this is illustrated in figure (12).
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boundary between regions of different

contact



Etch Thickness (A)

2,600

2,000

1,000

Photoresist Etching
Pressure V2 torr
Power 100 watt

o Copolymer
a PMMA
o AZ- 1350

3 K, 10
Time (minutes)

Pigure 12
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TABLE III
Procces Summary for two layer photoresiat
Cleaning and Degreasing
Bakeout in Air at 200°C for 30 min,.

PH4A - PMMA Copolyner

1s spun on at 5000A° thickness
Bakeout at 160°C for 45 min

» PAMA 13 3pun at 3000A° tnickness
Bakeout at 160°C for 50 ain.

Hafer is placed under quartz plate to check confor

nal contact
Contact adjustment

dask position checked and wafer expossd for 5 minutes at

a lamp intensity of 19.3mw/ecm2

R
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Sample i& developed in sclution of 2 parts Propanol 1

Oxygen Plasma Clean-up 1 minnte at 100 watta a 1/2 torr

9.

part Toluene
11,

pressure
12,

Sample is now ready for metallization
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Device Structure and Results

In thies section, we will summarizies our device results.
Since as nentioned in a previous section our vapar systans were
not fully operational all of devices resultz are on ion implanted
material. This material was baked out In order to attampt to
getter residual impuritiesn.

Qur first submicron‘structure attempted to illustrated cur
lithegraphy technology using a self aligned Ti/Au zate. In this
structure the gate was deposited first and the source and drain
were aligned around the ngate. This structure was alloyed with
the gate Iin place. Wa found it necessary to deposited a mininum
of 2000'A of Ti, to provide adequate protection during our
source/drain alleying process. In the future, we intend to ex-
periment with Pt as a barrier astal., Using this fabrication
segquance we have fabricated working devices, Data and pictures
for representation devieces are shown in Table IV and figures
(13),(14),and (15) respectfully. de observed some problems
with edge affects on the ohnic contact netalization layars. e
belicewe these problens can bYe corrected hy the additian of nickel

to tine metallization systen.
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2 ma/division

divisicn

Pigure 15
I-V characteristics of .5 micron FET (tcp)
I-V characteristics of gate of FET (bottom)

-



After demonstrating working devices we proceeded to
develop a standard process for our short gate FET experiments.
In this satructure again the gate is deposited first then a "T"
structure 1s formed by selectively etching the Ti in a CFy plas-
ma., This is followed by a blanked evaporation of Aua=Ge.

The source drain regions are then defined naking this
structure a self aligned gate as well as self aligned source
drain structure. We antieipate that this structure snould lower
the parasitic resristance in the source region enough to enable

igsolation of the effects of gate lenzth on device performance,.
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D.C. Characteristicr of representacive .5 micron Fet'rs

Guate idzality factor 1,34

Builc in zate barrier I 33ev

Jource rasistance 58 chma

Drain resiscance 42 ohms

Pinch c¢fl voltaze 3.75 velts
Transcconduectance 73.2 aceimens
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MIXZR RESULTS

The resultd of our mixer effort are summarizied ir “he fol-

lowinz publication
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Theorectical Stulies

We have investizated several areas related to FET deviee
parformance, The details of these investigations appaar In the

fellowing papers.




O s e suaie B S

Coupling activities

As reported i{n the interm reports we have had several cou-
pling activities with other government laboratories. With Harry
Diamond Laboratories we nave fabricated ochmic contacets on super-
lattice structures. With the Naval Reaszarch Laboratories we
have been investigating the annealing and eharacterizatisu of
high anergy implantas. In addition, we have been investigating
DLTS spectra of irradiated materials . One of thesa irradiation
studies has been concluded and a paper is attached. Finally we
have begun to establish a relationship with the University of
Virginia. We will supply them with MBE layers for th2 purposa of

fabricating mixer diodes they in turn will aid us in our develop-

ment of mixer technology.

~

™,

\

\
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FORMATION OF PLANAR n* POCKETS IN GaAs FOR
MIXER DIODE FABRICATION

JAMES A. GRIFFIN, MICHAEL G. SPENCER, GARY LYNN HARRIS and JAMES COMAS

Reprinted from IEEE Transactions on Electron Devices, Vol. ED-31, No, 8, August 1984
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Abstract ;

Vhersas improvement of the interface betwesen the active layer and
the buffer layer has been dememfra‘bed. the leakage effects can te
important if the buffer layer resistivity is not uu.t.f.ioiently high
and/or the butfer layer th.tclmaa.q 18 not sufficiently spall. We find
two tuffer leakage currents exist from the channel under the gate
to the source and from drain to the chamnel in addition to the tuffer
leakage resistance between drain and source. It is shown that for 1 p
gateslength n-GaAs MESEET if the tuffer layer resistivity # is 12-A«zm
and the buffer layer thicimess h is 2 Mo the performance of the device
degrades drastically. We suggest that h should be below 2 u.

A ¢




I. Introduction

The main advantage of using a buffer layer in n-Gods MESPET is
that the interface between the aative layer and substrate can be
inproved. However, since the duffer layer placed between the active
layer and the subatrate has ‘th.iéknesa of several microns and resistivity
much higher than that.of the active layer and lower than that of the
substrate, leakage currents may flow from and to the active layer
through the tuffer layer due to ;I.,ta lowsar resistivity. The leakage
effects on dkvice parameters and in particular on device performance
will be examined in this work.

In prev:l.oua works dealing with lea.kage in a semi-infinite aubst:ate
(meohti. 1976 and Reiser, 1973) the model of the leakage cment
was considered aimply as a leakage resistance between the aow:ee a.nd
drain. Woereas this simple model is useful for explaining the effect
of the leakage resistance on the I~V characteristics, a more detailed
model 1s desirable. In this work we have considered the leakage
prodlem of a finitely thick duffer :I.'aarer and made detailled caloulations
which enable us to present a better model. In addition to the drain-
to=anuree, ..':.eakage.' reaistance, .the- channel-to-gource and dratinetc-
channel leakage currents are included in our modal.- Purthernmore we
have considered in our model, the varying channel potent:.a.l vhich
is of importance for showrt gate FET.

In order to simplify the calculatien, we have neglected the
possible effects of interface trapping and the space charge. Also
we assume that the diffusion cur:"ent from the active layer to the
uffer leyer is negligible and that the tramsverse £ield in the chamnel
15 much smaller than the longitudizal field so that the voltage
along y-direction(transverse direction)can be considered +o be tﬁe
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same across %the channel, This implies that the voltage on the chapnel-
7 gate interface is the same as that arn the channel-buffer layer
interface under the gate. Thus a virtual gate electrode(see Pig. 1)
can be assumed tu exist along the interface between the active and
buffer layer. In addition it 1s assumed that the gate-drain and gate-
source spacing are negligidly small. Based upon these assvmptions
i1t is therefore possidle to deal with ﬁérely a static field prohiem
in the buffer layer, Along the interface beitween the buffer layer and
8.I.substrate, no leakage is assumed to exist, i.e. the substraic is
assumed to de a perfeat insulator. Leakage occurs only in the buffer
layer and its interface with the active layer. .

By solving the £ield provlem with the help of conformel mapping
we can caloculate the btuffer 1eakage resistance Tdab and the two

% 1eakage current sowrces IGS and Ine on using superposition principle
Lox current on.the three electrodes(Sec. II). With this model in

mind we derive the equivalent circuit including the leakage effect

from which the h-parameters for the d;vice with and without buffer layer
can te determined., The performance parameters such as gains and Puaw

can e obtained and compaved for‘MESEE2's with and without buffer
layer(Sec. IlI). Sumerical results and conclusions are presented in
sections IV and V, respectively. '

e {:
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II. Analysis of Leakage Flements

We will derive the leakage elements, i.e., leakage resistance and J
the leakage current sources, by solving two-dimensional Iu.atplace
equation for potential distfidbution in the buffer layer with approprﬁate
boundary conditions set on the interface between the active and
buffer layers. In Pig.1, s' and D' are the virtual scurce and drain
electrodes and ¢ is the virtual gate electrode on which the voltage
varies along x=-direction due to voltage variation in the chanmnel.
Since the f1eld soluticn assiclated with Fig.liwith finite buffer

. layer thickmess h is difficult, we will use conformal mepping three

times to tramsform this original structure (A) to the parallel plate
gtructure (¢) as shown in ?ié.a-b from which the field and potential ,
can easily be obtained. a

4s shown in Pig.2-a (structure 4) S', ¢’ an¢ D' are the virtual
aource,' géte and drain, respectively where source and drain are
extended into infinity along £x and-the buffer layer has a f£inite
thickness h. Structure A can be conformally mapped into structure B'
(Overmeyer, 1970) with the transformed dimensions given by

e by Fgtan ()

. | 2

e - (2)
where &, is one half of the given gate 1eng1:l_z. A fu.rther transformation
gives structure B with new dimensions as given by

(1)

f2 .1 o
-y , (3
or
a
= 2= taan () ()

3y
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. Prom structure B the final paralleleplate structure (c) is obta.ined.'
again by using conformal mapping (Okoro, 1980). From structure ¢ we have

&‘é I=2K(p)  (gate length) (5)

‘7ek'(p)  (buffer layer thickness) (6)

where Z{p) and K'(p) are the elliptical integral of the Zirst kind
and p 18 given in (4). . - 4
When bias voltages are applied to the gate and drain, the channel
potential will vary aloag the longitudinal direction(from S. to D‘).
As g result of conformal mapping the field variation 18 preserved.in
the variocus structures, The virtual gate potential distribution in
the original structure(siructure 4) can be approximated by two 1_£neér
regions based on the model of Pucel, 1975(see also Wang, 1979) as
| shown in Pig. 3 wheTe V4(0)=0, Vq(®9)=V, and Vo(2a,)e¥ys where ¥ and - !
Vpg are the pinch-off and drain to source potentials, respectively, «
is the position of pinch-off point and 2a, is the total given gate
{  length. The virtuel gate potential distribution oa structure C can
be transformed.from Fis. 3 into Pig. 4 by requiring that tae source,
pinck-cff and drain voltages remain lanvariant,i.e. 'VO(O)-O, Vo(oe' )-11'p
and Vo(2K(p))=Vpg where Ls2K{p) is the length of the parallel-plate
gtructure (C). In region I of Pig. 3 we have

. -
o
-

70( x) =m X | 0Lx L% (7

where “'1'79/“ and in reglon I of Fig.4 we have

Vo-(i)-m;x ' Oériéﬁ&' (8)
whexre ni; -vp/.x . But .
& ot
25" ZX5) | ()
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from whica m; can be obtained and is given by
v

LF

m,= ﬁ— (10)
1 . - o~

" Similarly in region If of FPig.3 we obtaine.

Vo(x)mm, (2= 0€)+ 7, & £x L2a, (11)

where m,=(Vae=V_)/(2a,~ ) ,' and in region II of Pig.4 we odtain
D=\ ¥ps='p 1

vgcg)f-maf (x-o )T X&x £2E(p) (12)
where
0 2ay4=oL
My=B2 PRTTI=oC (13)

The parameters for the two linear-region approximation of gate .
poteantial distribution are summarized in tablé 1.

Here we will make use of superposition principle by wh.tch we will
tlock one of the three electrodes_: si.e., source, gate, or drain, at a
time and caloulate the lealtage element so that the three leakage
elementa.i.e: » Tdgh * I;s ‘and I;)G’ can be determined from the f£inal
parallel-plate structure.

A. Leakage resistance Tasd

Leakage resistance 1s delined as the resistance between souvpce
and drain when tLe gate elecimode i3 bdloeckad s1.08,, there 8 no
current flow on the gate or (av/ay)ly. =0 as shown Fig.5. Therefora,
the structure reduces to a parallel-plate structure in which the
1eakagé resistance between drain and source is given by

TagymS 2% | (14)
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where / 18 the resistivity of the buffer layer, 2K(p) is the distance
between drain and source cnd A 1a the cross-sectional area which is
given by

A.-K'.(p)z (15)

waere 2z is the width of the structure (in z direction). Thus the
leakage resistance ryq, in (14) bvecomes

F 2K
Tasb * T -;%3 (16)
B. Leakage currents

Leoxage between the gate and source, and between the drain and
gate ave modelled as two leakage sources Igg and Ip,, instead of two
resistors, because on the gate, the voltage varies along :-d.u-eotion
and therefore uniform leakage resistances can not be deﬁned. On using
the sgperpo.tt:l.on principle IGs is obdtalined by caleulating the voltage
distridbution in the structure C with the drain electrode being blocked,
and I, 1s obtained with source tlocked.

{1). Source-to-gate leakage current I'es'

The structure C when the drain is dlocked :Ls shown in Pig.6. Note
that there is no leakage 'between the buffer and. the S-I substrate.
The general eigen solution of Laplace equation e.s\applied to Pig.6
is given by | |

T (Zo7)e {Ancosh(a;ny)fzna :s.-nh‘(oeny)] [cncos (o4 x) +ﬁnsin(a¢nx)] (17)

s ¢

Using the boundary conditions’ shm in Fig.s il.e.,

v (x.y)L_ =0 (18)
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v.(x,y)
i—'{ry;y— = (19)
y=0
o .
2x(p)
Vn(x.y)L- , *Volx) (21;
' K (p)

where V,y(x) is the channel and therefore the buffer layer potential,
The potential distribution in the buffer layer .can be obtained and is

glven by

V( . )u m.' P.‘L‘.E . .‘L"EZ
B - co;h[—? "E'&'E;'] 4KeP)'Q°ah 4K(p)

where ] ’
x(p) x dx (23)
“n g o(x)s 4x(p}'.

or from Pig.4

la

% : . PE(P)
= =)V aRx_ 4y f a7 x ‘
RSt .); o(x)ain‘ (o) +6£vo(x)sin o) dx (,?4)

Substituiing the appropriate values of Vy(x) as shown in (8).and (12)
into (24), we obtain : . :

%_[41: )] mzs:l.n 3. 43_(2)_ (m1-m2)sin %(_T (25)
The total leakage current 1;3 12 given by

(p) ' ' :-.
Iss 4 f u—-“”i : (26)

where 3 is the width of the siructure and F 18 the resistivity of the

(2

[4
£
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buffer layer. On using (22), (25) and (26) the total leakage current
from the gate to source can be obtained and is given by

anh (27) :
Tos" Fer Z e[t x(p)]
(i11). Drain-to-gate leakage current I:I;G ,
The structure C when source is blocked is shown in Fig.7. Pig.7-a }
showa the drain is biased at Vpg. This is equivalent to the situation |
' !
as shown in Pig. 7=b from which a solution similar to that in the
previous subsection can:be obtained. Thus using boundary conditioms as |
shown in Pig.7-b, we have
i E(p).V(x,7)= g BXX, aog BX (28)
5.7z n_zod mh[_f_ ] o o)
where u; is given by
) E(p)
n7C x
g Uy E’o<=)~vns] %08 ZR(pY %= (29)
On using the appropriate values of vo(x) given in (8) and (2) 4n
(29), we obtain |
2 ’
' 4K 't DT ok '
\ | %"[_n'%"] [(m1°"’2)°°8 [::<$) ""1] | (30)
And the total drain to gata leakage current Im_ is given by
k(p)
L'
ID@' =P ml dy . (31)
z-ax(p) .
or . ; . .
] z [ 4 ) .
3];@' “X(BJ Z unsin Ezm:-taﬂh[-n%t- g%] (32)
: n=sodd P :
: L
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Note that the total leakage curreﬁts given by (27) and (32)'are'
inversely proportional to the buffer layer resistivity which implies
that higher buffer layer resiétivity will give rise to a decrease
in leakage curreats resultiné in bdetter device performance. However,
as will be shown later, the buffer layer thickness is critical to
leakage resistance and currents. '

it should also be noted that the gate-to;source and the drain-
to-gate leakage currents are the same a3 the channel-to-source and
drain-to-channel leakage currents, respectively.
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III. Performance Parameters 1

The equivaldnt circuit of MESPET including the leakage elements
obtained in See¢.II is shown in Fig.8. The performance parameters of
tae device can be obdtained using h;paramatere(Ohkawa. 1975). Using
simple network theory, the h~parameters of Pig.8 can be obtainedsas follow

v Telue _»
Bygm gl -y (33) |
{0 dVOge+du0yg=w CgaT1%g |
;
\{ (c,./¢..)=B . |
1 d 8 »
Hz'-v;n'xzrgi-jrr- - (34)
g8
I-'-o
I En-isagg(teive g2y )
i T s T s oy (35 |
2*"‘. = — +Hz *Bey*Eagtiwoyg 3
2 1.:5 “(st,cssj ) dbs '
Where
s 1 — (37)
e, (Jae, )
i gs Ty -
8’%‘8& .
Bm _E.__f_ (38)
Jﬂcss-h-s;'
B, .oT | '
ds"“dab
. Z -
For the iatrimsic device parameters see Table 2. The drain to gate
leakage trangdconductance gdg ls given by
CIIORNAL, Pras (&

. i
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18| yggmconstant
When no leakage exists in the burfgr layer, II'JG and I&s are equal to
zero and Taap™ *» the resultant h-parameters approaches to the well-
imown intrinsic h-parameters(Ohkawa, 1975). |
The performance parameters are:
A. Maximum stable gain GMS

ooy
GMS= — - 41)
912 : : (1)
B. Unilateral gain U ,
' 2
' lh12**’21' o
U= '

Sla440= 2/%4i8 842 1] (42)

where Re deno'ces tha real part and Im denotea the .tmag:l.nary part.
G. Maximum frequency c¢f oscillation Fuax '

¢

| 7
P — . n
N (43)
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IV, Numerical Results

The MESFET numerically amalyzed in this section has a gate
length of 1 p and a width of 500 p with an active layer thickness
of 0.2 p and a buffer iayar resistivity of 12 2=om, The typlcal
intrinsic parameter values for the MESFET is shown in table 2
(Liechti, 1976). Unless otherwise stated, the buffer layer thicknesa
is assumed to be 2 p. | _ '

The comparisons between the performance parameters of the MESFED?
wiﬁh gad without buffer layer are based on the intrinsic equivalent
circuit in which the pa.raaific élements have been neglected(see Fig,.8)

The leakage current sources are strongly dependent om the ‘
resistivity of the buffer layer as shown in (27) and (32). Therefore,
by increasing the resistivity of buffer layer, the leakage currents
will decrease which lmproves the device performance. In Fig.9 the
leakage resistance and c\;r,i-ents are given as functions of the buffer
layer thickmess. In order to reduce the llaakage, the buffer layer

thicimess must be 1333 than 2 m, If otherwise leakage will short-circui-

the active layer current. It is noted that Im» IGS' This can be
accounted for by the existance of high field region between the drain
and gate., The variation of the leakage currents with the normalized
drain bias voltages:vnsn is shown in Pig.10, where the slopes of the
curves give the leskage transconductances.

It is shown in Pig.11 that me for the buffered device degrades

by a factor of 2 to 4 due to 1aakaga effect, By increasirg the buffer

layer resiat:.vz.ty and/or decreasing the buffer layer thickness "Puax
will improve proportionally.

e
- * b ]
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The unilateral and the maximum stable gains va, frequency are
found decreasing with frequency. But they are much lower for the
dbuffered device due to leakage effect when compared with those of
the intrinsic device, as shown in Pigs., 12 and 13,

e i a1 b sl
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VI. Conoclusions

The leakag: _ertéct in MESPET has been investigated. It has been

shown that if the buffer layer resistivity is low and/or the buffer

layer thickmess is large, leakage effect will comsiderabdly deg:-ade the,
device pertornance. We have shown that for the 1 ); gate=length n-GaAs
MESFET if the buffer layer resistivity ./ 1s 129-cm and the btuffer
layer thickness h 18 2 A the gains of device decrease draat:.ca'l.ly.

from their mtr;nsiq values, Since the leakage resistance is proportior

to / and the leakage currents are inversely praportiomal to F thus

leakage effects can de reduced by increasing s. However, both the .
leckage resistance and currents depend on h more strongly than £ thus
it 15 advantageous to decrease h for improving performance. We
suggest that h should te lower then 2 p. | |
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Parameters for two-linear region approximation of gate potential

distridbution
(known) { SarsurETaey—
Original strusture Final structure
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Table. 2
Typical intrinsic paramcter values for the MESFEP with the gate leangth

of 1 p, width of 500 p, active layer thickness of 0.2 J with the doping
Vel e e density of 10'7 en™? :
| Can 0.3t; Pt

°dg t0.038 bs 4
. ri 8.0 “
By {22 mve
By [350 &
rcda 0.71 P:
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1.

2.

3.
4.
Se

6.
T
8.

9.

106,
' buffer layer thickmess of 2 4 and buffer layer resistivity 12&-cm.

11.

12.

15.

List Of Pigures

Assumed MESPET struoture where S', G and D' ere the virtual
souprce, gate and drain, respectively.

Conformally mapped ‘structures, Pinal structure is the parallel-
plate (o).

Potencial distridbution of structure A.
Potential distridution of etructure C.

Leakage resistance between source and drain when gate is dlocked
(non=-conduocting).

Leakage current from gate to source when drain is blocked.
Leakage current from drain to gate when source is blocked.

The ac equivalent circult of a MESFET with leakage in the affer
layer, where Im'gdg'”z and Ias"sga"'a-

Plot of Xeakage elements vs. h for 1 J gate length MESFET when
Total leakage currents vs, an for 1 u gate length MESPET with

Pyay Vo+ Vpgy for MESEED with 1 u gate Jength and the buffer layer
with the resistivity of 122 -cm and the thickuess of 2 u.

Unilateral gain vs. frequency Zor 1 u gate length MESFET with the
buffer layer thicikmess of 2 g and resistivity of 12%-cnm.

Maximum stable gain vs. frsquency for 1 n gate length MESFET with
the tuffer layer thickness of 2 u and resistivity of 122 -cm.
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ABSTRACT : : ,

An analytical model of the GaAs MESFET with arbitrary

. non-uniform doying is preaenxed. Numerical results for linear
lateral doping prorile are given as a epecial case. Theoretical

considerations predict that better_device-linearity and improved
Fqp can be obtaiued by using linear lateral doping when déping

dea2sity increases from source to drain.




I. INTRODUCTIZHN

Improved linearity and noise figure in PRT's with vertical
nou-uriform doping has been demonstrated by Williams and Shaw(1573),
Roberts, Lynch, Tan and (ladstone(1973), Pucel(1978) and 8antis(1579).
In this paper we consider the non-uniform doping (along the elec*tron
motion) in the GaAs layer of the FZT. Two advantages in this type
of PET are anticipated. PFirst if ah appropriate profile is used,
the depletion-channel interface can become more uniform along the
lateral direction hence better linearity. Secondly, The cut-off
frequency ¥, increase can be realized for certain lateral doping
profile.

A generzl matuematica: analysis is pres<.ated in which the
depletion region pofential i9 solved Irom Poisson's equation as
a boundary value problem. In the chanrel we adopt the saturaticn
velocity model intreduced by Williams and Shaw(1378) which is
valid for short gate (Sze, 1981). The analysis takes irto accouas
two-dimensional general non- urnifsra doping profile. Ia obtain’ng
numerical results however, a simple linear doping profile alorg
the lateral direction %s assumed. Device parazeters such as -

C and ?T are given in tarms o the gate bias voltage for tre
PET with gate length of 0.6)1.

In Sers., II the two dimensional potential in the depletior
regicen i3 analyzed. In Sec. I1. the depletion height h/a, reduced
potentizl and channel curreat for linear laterzl doplng case are
presented.-ﬁevice parameters are obtained in Sec. IV. Conclusions

are given i=n Sec, V.

),\



II. TWO DIMENSIONAL ANANYSIS OF THE
JDEPLETION REGION POTENTIAL

* A, Gemeral solution

The two dimensional Poisson's equation is given by

2 2
v2w(x'y). ﬁ_gi%.ﬂ + .a_:fg.l.ﬂ a=f(x,7) (1)

where £(z,y)=aN(x,y)/ , N{x,y) is the x-and-y dependent doping
density and W(x,y) is the potential in the depletion region as

shown in Fig. 1. This 1nh6mogeneous second order partial differential
equation can be solved by using Green's function methed where

equation () will be written as

2 2 '
-l%ig.rll * é'_:ﬁ'lﬂ == 8(x=¢) 8 {y=-"n) (2)

where { and » are the dummy variableé. The boundary conditions

associated with (1) are given as follow

Schottky gate: v(x,y) =0 (3) !
' y=0 i
Depletion~-channel g f ‘
as‘:,zz
interface: 37 =0 (4)
y<h
Okmic contact sourcr: W |
3 _33_(x2=.¢.¥).| =0 (s) ;
: " Ix=0
. ;
ohmic ccatact drains AW (x. . 1
x =0 (6
x=f

where h is the variable depletion layer height and f is the gate




3

length (see Fig. t). It is the unique property of the operator
(vz) which is the sum of the two commutative operators which enable

©us to £ind an explicit solution to (1). Equatica (1) can be written as

v2W(x,¥) =K, W(x,7)+K,W(x,7) (n

where K,= azlazz and K,= aalayz. Friedman (1956) shows that if K,
and K, commute, K, (or K1) can be treated as a constant so that the
partial differential equation (1) becomes an ordinary differential
equation given by |

, dx

ﬁ%ﬂl +* mzw(j;:.y)--t(i,y) (8)

where m=+/E,. Using the boundary conditions given in (5) amd (8),
the solution of (8) becomes

.

x ' |
W(z,y)= & f -2(f.y)einla(x-{)]d8 (s)

where £({,y) 1is the spectral representation of E,. The eigenvalues

of mu-JK.Z will be purely imaginary i.e., me{Jjnr)/2h, and consequently "

the sin term irn (9) will become sinh. The eigenfunction of K, can
be determined by considering the foliowing homogeneous ordipary
differential equation

2 . |
—ddlsﬁﬂ +)24(z,5)=0 (10)

J

where A =-"JK1. Using boundary corditions given in (3) and (4), the

L T e s L




eigenfunctions of W can bte obtained and they would be of the form
sin\y where A=(nry)/2h (n=1,3,5,..). Because of the fact that ¥
is orthogonal and it can be normalized to unity, let

.ﬂ,,y).z [3ns:!.n Eght] (11)

n=odd

where "
8= f sin(zplle(s,yddy - < (12)
0

where 2/h is the normalization factor. Subatituting (12) into (11),
the apectral representation of K, can be obtained and is given by

:(;,y)--— / sm(ﬁljf dn f(i’.n)sin(n'"] (13)
- ngodd .

Note that £({,n) includes the general doplag density in dummy

variables {,n , L.8., £(x,y)=qN(x,y)/¢ « The dépletion region

potential W(x,y) of the FET? with general two dimensional doping

density can be obtained by aubdbstituting (13) into (9) and it is

given by

X h

W(x,7)=- 8 . (1/n)ein(B ){ atr fan.N(¢,n)
rzé:dd = f °

s1n(BE) s 1nn Bz r)]} | (1)

LN
4
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B, Uniform doping profile
Whereas equation (14) satisifies (1) and ite boundary conditions

as can be verified, it reduces tu the solution for uniform doping
(Pucel, 1975) by setting n(r.n)'-uo in (14). Thus at the interface
(y=h) equation (14) becomes

h
Wz m)mm 230 Y (1/m)sia( 35) i a5 [4n ata( Bteran(BEG-5]  (15)
o '

e
nsodd

After integration ard some algebra,equation (15) becomes

wcx.n)- (1/2%)s1n(-F= (16)
sy
The identity '
3 |
3 (1/27)s1n( 52y &5 (1)
Naodd ‘

can be applied to (16) to give the depletion regionm potential in i
a uniformly doped FET, 1i.e., |

Wiz, )iy ( 2 )2 (18) !

\,

which is identical %o that obtained by Pucel (1975). Woq is the |

pinch=cff potential of a uniformly doped FET.

qa?

Woo" —z— | | (19) é

Hote that there is no well-detined pinch-ofr potential for non-
uniformly. doped PET.
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III. T.INEAR LATERAL DOPING PROFILZ

Por the special case of lateral doping, N(E,n)=N($) in
equation (14). where N($) i3 the lateral doping profile. Therefore,
the depletion region potential for lateral doping becomes

X .h .
W(x,y)=- 48 E (1/n)sin( FEL) f d;:[ dn N(¢)sin( FEL)sinh[ZE(x-1)] (20)

b 2 ]
Nsodd

A. Depletion height and reduced potential distribvution
For linear doping let

N($)=Ho(1+a8) o (an)

where « is the rate o change of doping density which increases

- with §# (or x) if >0 and decreases if «<u, Ny is assumed %o be

10'7 ™3, substituting (21) into (20,

W(x,y)=- —-Z (1/n)81n( 21';'-!)./‘615‘ a1 (1+af)sin(Fet)sinn[F2(x-4)]
(22)

After integration with respect to 1, (22) becomes |

o Z (1/2)sia( FET)(ay0ag)  (23) |

Rz odd 'f
: %
where ]
Ay ﬁ&‘sinh F(x=¢)] (24)
1= fesealfCe (25)
or

Ajo- ih coah[ (x-:)],s .(2'6)




e eem——
o — v bz .

_ Azsﬂ{- %r“ cosh[‘z‘i’(x-r ) -(i%)zsinh[%(x-g)]}\ (27)
- s-x
’ ‘ 11-- %%'r (28)
and
12-- % _ (29)
Pherefore equation (23) becomes
8qhN, < |
W(x,y)=- -—qz-g Z (1/62)e1n BEL) (- -zn—% - 3—%—;’5) (30)

naodd

or

n=odd

16 24 )
W(z, )= —%‘;{2 Y (1/ad)etal B (1sax)  (31)

At aepletion-channel interface, i.e., y=h, the depletion region
potential w(x,y) becomes

he
W(z,n)= %gicua)z (1/27)stn(FH)  (32)

Nzodd

Using the identity descridved in (17), equation (32) reduces %o

’ qh.zno
W(x, k)= —pyz—s(1+ax) (33)

?he reduced potential u which is the same as w of Pucel (1975) can
be obtained as follows ) P

w(x,h) 2
uz(z,h)-- Voo ,[ééﬁ] (1+acx) {34)

where Wgyq 18 gijen in (19). Becauvse & plays an important role in our

apalysis, its range and limitaticn need to be considered. When

R S A o e [
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ot is too small, the doping becomés almoat uniform, however, of can
not be too large for otherwise the semiconductor will becoms
degenerate, e shall consider the two cases,i.e., small o((ld? | =0.1)-
and large « (luf‘-o 9) where the gate lengbh is assumed to ‘be 0.6 M
(4). small sc(leed]=0.1)
Tn this case the normalized depletion height h/a becomes
almost uniform in the saturation velooity model (Sze, 1981),i.e.,
u=a where s=u{0,h)., Therefore (34) be.cmes
o2
b/a = fJiog=e ' (35)
¥here s is the reduced potential at the source and is given by
(Pucel, 1975) |
V . +¢

) B= (36)

Where V,, 1s the gate-source bias voltage and ¢ is the barrier

polentiale .

(11). Large o (Jxi[=0.9) ‘ !
In this case it is necessary to calculate the potential

V(x) in the channel, From Pig. 1 and.equation. (34) »

V(x)a ~(Vq+ 9)+W(:.h)-w°°[u2(x,h)-aal (37)
Under the commonly used assumption of neutral channel, where the

carrier and doping densities are the same, the Poisvon's esquation

‘becomes

2 l ‘ :
d~v({x
=0 : 8 ‘
_é—de (38) .
The agsumption of neutral channel is reasomable for high doping

densiiy. It Lis obvious thai the solution of (38) is V(x)=ax+3,

e ——— e
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. Where A and B are constant to be determined. Using the conditions.
that V(0)=0 (source is grounded) and v(f)-vda (drain-source bias
. poxentialliﬂcnerobtains--B-O;-}.and A-vasﬁf. Therefore the caannel '

potential V(x) becomes
V(x)a(Vge/Nx (39)
From (37) and (39), the reduced potential u(x,h) can be obtained

2
u(x’h)-‘/wooswgévde/f) b 4 (40)

And from (34) the normalized depletion height h/a can be obtained

and is given by

and is given by

82+ v x :
b, [T D ()

Where v&sn'vdB/wOO' Equation (41) implies that as « increases, the
height of the depletion region i8 no longer a constant and varies !
with ocand x.
B.Channel Current

The total current consists of the conduction current and
diffusion current. However, in the neutral channel the diffusion
current can be neglected. Also neglected here is the small bhand-
gap n#rrowing effect due to doping variation.

The conduction current is given by

I(x)=qn(x}v A (42)

Where q is the electron charge, n(z)=uo(1+a(x) is the carrier

?‘“* - e e _ h. —“
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(or doping) denaity, vy 48 the saturation velocity and
A(x]-z[a-h(z)]- is- the cross-sectional area{z is the device width), -

' Thus from (42) we ha.ve TR - A S g

I(x)-qwo(h ux) [1- —(—):] azvgy | (43=-a)

In equation (43-a)(which is equivalent to (6) of Pucel, 1975), the
current is a function of h(x) and n(x). Therefore the tetal average
current I (which !s constant) 1s obtained by integrating (43-a) .

from x=0 to x-f

g
I« :;-)' I(x)dx | (43-1) f
(v

Thus for small o({lq(ﬂl-o.ﬂ, B(x)/a~se (see (35)), and the tofal average

current becomes

‘ ' f

Teqvgzal,(1-8) (1+ %) (44) |

. ' | |

And for la.rgeot(lotf,-o.S), the total average current can be obtained ;
from (43), and 1s given by ‘?

Qv 32l |

I = J_ﬁj(1+0<x)[1- h(x) ] dx (45)
7 4 e |

It is convenient that we preform the integration in u instead ;

of x. From (40) we Jolve x in: terms of u,
2 .2
- f=) | (46)

Subatituti:ns (46) into (45) we get
d ‘ 3
2qzav M
I '-T-'E_QS +-vdL(u ~8 ) L/1+?—jfn(u -8 )]-‘u du (47)

dan an
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Where & is the reduced potential at the drain, and is given by
(Pucel, 1975)

' Vgt PV ' |

- d-J—g—r——s B. ' T (48)
.00

Equation (44) for small o and (47) for large o' are dependent oun

the gate bias voltage, their transfer characteristices as functions

v e e wme W

of (v88+¢)/w°° = 82 are shown in FPig. 2. Por the purpose of
numerical calculé.tion, it is specified that =1 .671103 en~? for
small o¢ and ot-1.5!1d4 em™! for large o . Thus for example, for
¢=t'--s-1.6'fx1o3 cm"‘, N(x) decreases from 1017 cm’3(source) to

ox10'6 a3 (drain), or for «=1,5%10% cm'1, N(x) increases from
1017 cm's(source) to 1.9x1o’7 cm"3(d.r.'a.1n). The gate length it
essumed to be 0.6 p and the drain-sou.rce.bi'a.s' voltage is asaumed to

be high enough to ensure saturstion, 1.e., vds"wOO'

Pig, 2 shows significant improvement in linearity when ok *
is large. However, when /{0, channel pinches off quickly at low |
gate-source bilas yoltage. The reason why it pinches off so fast {
is that both the channel ope ‘a.nd. the carrier density are ,
decreasing functicns of x (see (38)). Therefore, the voltage swing

48 very much limited and devices with o0 are of little use.

; When & is small, there is no significant difference in the
transre;- characteristics when compared with uniform doping (ox=0)
 as 1t should be. P

L— g

n’-—--—-*— - . [ a._......._;_ e
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IV. DEVICE PARAMETERS

—

1 ' The smell-sigmel parametess for the cese of linear doping

B is preaented in this section, The parameters of a typical PET 18"

X assumed to be 3-500,.;. a=0.2 u, 4=0. 6p, N -10‘7 cm 3. Ey=4.44 Kvlcm.
| €m12.5, py=4500 cn 2/v-sea,, 6=0.8 ¥, and VooigEge (0.15050.9).

A. Transconductance gm
The trausconductance &n ia deofined as

_‘ ol 38 8l ad
( * 53 851 (49)
ds '

) -
o™ s 35 W

vdB'
When &« is small, the transconductance can be obtained by using (44)

and (49) and is given by

Wwhen « is large, eguation (47) can be numerically differentiated
according to (49). The iramsconductance for small and large & are
shown in Pig. 3. As expected, for small «,the variation of - with
gate bias voltage approaches to that of the uniform doping. However,
as |«f] approaches unity there is significant improvement in Linearity

of 8pe
B. Gate-to-source capacitance C ,
According to- Pucel (1975), the total charge on the

gate electrod is given by

p .
\s %‘o’/ Ey dx (51)
0

| C =

e e dm e
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Where E_ is the y-component of the electric field defined as

By~ 2‘%—;@ - -z—:-°—°(h/a)(1fdx)
y=0

s

Differentiating (14) with respect to y, Ey hence Qg can be evaluated.

C,q s defined as (Pucel, i975)

8
2Q aQs 38
085- svs-ga L -( FY) avs%
' - Naa Vs

For small ol, Qs- can be obtained from (51) and (52), .

2€_EWnn2Z8. 2

And from (S3), Cgg becomes, .2
z
. - &fo (£ 20

- an
hfass

For 1a.rge' o, Qg bmcomes )

2€_€aWnn2
%" A S(H ox) (b/a)dx
(o

(53)

(54)

(55)

(56)

where h/a is given in (41). Su%wstituting (56) into (53), ch3 fox
large &/ can numerically ‘be evaluated. Pig. 4 shows that the rate
of change of Qg with (vgs+¢)lwoo is 19.rger for smail« than that

for large of. This implies that c"gs
shown in Pig. 4. '
C. Cut-off frequency FT

The unit gain cut-off frequeacy is given by

decreases as|x| increases, as
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Ppe gt (57)
. Tt is shown in Fig. S thaxltor'°c>o ¥y does not vary with V énd'
gs

Py for large ol (whepre ¥ «0,9, as an examtle) is almost twice as
large as Pp for smaell and vanishing « This improvement in P, can
be accounted

ounted for by the inerease in -4 and decrease in css due to

the non-uniformity of doping.
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V. CONCLUSIONS

Analytica.l solution of potential in MESPET'& with arsitrary
doping profile ha.ve been preaented. The linea.r doping prorile has
' been tréated as a apecia.l case, in detail. Numerical results on
device paramefers for linear lateral doping profile are presented
and compared .with those for uniform doping. It is shown that there is
significart improvement in linearity as. |« f| approaches toward
unity. The transconductance of the FET is fourd t0 be larger for
g =0;9 then that for «f=0.1. This improvement in g, can be accounted
for by the increase in carrier density in the channel, Significant
improvement ixn Fp can ne prealized for EET'S with increasing doping
density from source to drain(i.e.,&D>0). The analytical solution
presented here is sutf-iciently general and it can be applled to
other types of profiles such as exponential, power law and step
for either vertical or lateral ddping or their combinations, In
future these topies will be investigated. Although experimeats
on vertical non-uniform doping h%we appeered, noae has been availabdle
on lateral or general doping. Our theory rredicts that the device
performance depends on doping profile. Optimum lateral and vertical
doping. will be shown to be important for FET power amplifier,

e —— v,
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