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JUNCTI ON TRANSI STORS AND METHODS OF FORM NG THE SAME PRICRITY [001] This
appl i cat ion is a continuation-in-part of United StateslPaepiamb Pcati on

Seri al 01(%/,0 5439 filed Novenber 30, 2001, which is_the Natlonal St age
of | nterng{l onal ~ Appl i cati on PCT/ US00/ 15066 filed on N8Py which

claims priority of United States Provisional Patent Application Serial No.

60/ 137,077 fil @bMPLEWARﬂ(%@IOTﬂ‘I@YJ@N@FI@NW@iS&Q)I@é aims priority of
United States Provisional A& ication Serial No. 60/364,528 entitled

"Conpl enentary N- andANDAYE D%@F&@W@Mansi stors for

M cro-Power Integrated Circuits" filed in the United States Patent and
Trademark OFfice on March 15, 2002. TECHNI CAL FI ELD [002] Vari ous

enbodi mrents of the present invention relate to sem conductor devices and
to techni ques for manufacturing 'Ogﬁ@ﬂ.uctor devices. More particularly,
various enbodinents relate to czﬁ tary field effect transistor

devi ces[(oapt amsc@@ﬁ&luen Q% a qeafihRftA-BUp@S of UniteStafed Hatet AHlicioh €Nt
sour ces. BACKGROUND 03] El ectronic devices such as di odes, transistors

and the walé%i@%&ﬁ%&ﬁ% ereatber 30, 2001 whichdvthe National Stastefatstatipndl ces
vehi cl eg, ﬁ&ﬁ@ﬂ?@fgﬁ@ﬂgeﬁmﬁém M&Q'ﬂ?t 008! wid clﬁﬁ]@%ﬁ@ﬁt?%fUﬁR&i s@aki ons,

medi cal eV| ces and el se nera’l y 'speaki ng, ansistor 1s a three-
term. naPrmn@b P@t@ait Ampbwahd@sgenﬁbNoe@/rﬁﬂémaﬁlpd idni dunei 3n 1999. swlhishi ng
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repl ace e C‘éﬁ?ﬁ% (%18‘8 a%f‘%ﬁ makers),
satel I i jardhes $®D, and other applications, battery replacement can be

extrenely inconvenient, so the need for so- called "nicropower" conponents
is increased. In addition, |ow power devices are typically preferred for

ultra-large-scal e-integrati On%ﬁﬁ@? whi ch frequently require | ow
power devices to mnimze tot pat lon. 1 15 Septenber 2006
[002]  Various embodiments of the present invention relate to semiconductor devices and
to techniques for manufacturing semiconductor devices. More particularly, various
embodiments relate to complementary field effect transistor devices that are capable of

performing as curreni-controlled current sources,

BACKGROUND

[003]  Elecironic devices such as diodes, transistors and the like are commeonly used in

many items found in homes, offices, vehicles, personal electronics, industrial and aerospace

applications, medical devices and elsewhere. Generally speaking, a transistor is a three-

terminal device that provides, for example; amplification or switching capabilities in analog

and digital circuits. - Recently, efforts have been focused upon creating transistors that

perform various functions with reduced power consumption, Reduced power consumption

is particularly desirable in applications that require batteries that may need to be replaced

. when power is expended. In medical devices (such as pacemakers), satellite devices, and

other applications, battery replacement can be extremely inconvenient, so the need for so-
called “micropower” components is increased. In addition, low power devices are typically

- preferred for ultra-large-scale-integration (ULSI) circuits, which frequently require low

power devices to minimize total power dissipation. | '




WO 03/ 079445 PCT/ US03/ 08011 [004] Various fornms of transistors are shown in
FIG 1. Such transistors generally fall into one of t%sﬁﬁ?@%@pﬁ@
corresponding to field effect transistors (FETs) and bipolar junction
transi st 0% 95%). General | y speaking, FETs operate in response to a
voltage applred at a gate termnal that suitably cont FGres "‘H‘gldl etion
region that affects current flowin a sem -conducting channel. BJTs are
typi cal ch | [ Ol : P- ] | st seen in
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net al qxJ senl. dy r FETs rati i rong .Jj rsion

regi me J%cgﬁg %ﬁ@gg@i%%?%ﬁ%@ ?@% opge rlgra}F%P ﬁ'{eh{éng ‘)3 reshol d
vol t agepplidd at laipateterinidat thalsduithtdy soritdols axdeplediod relon that gfféats carrestrflowcinnduct i ng
channel (i..e. the drain cgurrent, 1D fypjcall) ri es,as S- 2. The
Chrecha toripduBogy Shatnd BIFE e arpioubd Meighinted B st o 3 B £ ent 11 ow
i n the jGRANE las PARYseBLI FIGL (@).mM | | i - anp range. A biasing configuration of
an exenBI ary strongly inverted n-channel prior art _ MOSFET device is shown
by FI GI081a) Pressuiy, theanajeriiyiof (dandands trapsigtonderigesHsed ingniceogracesser #dow, CMOS
based ¢j 4ot . he ' - Q'EHE | RS’

oper at ﬁ%&;ﬂﬁ&?&g@k@?ﬁgﬁﬁéﬂp@& %3 ]\%Jﬁﬂgfregmdggt e- socﬁlréﬂgie) (go: t §ge (Vs,) is

| ess t hoparattyg in Fét@ng Ifvelsicniregime ovterginputygats-savica goltaga §Vis) isigseatep thana weakl y

i nverted,n- nnel FET. Undgr these conditisons the MOSFET .drain current,
oty i bR el Ve o B Eepsine oo A0 g Bot R -TRagPen by T

| a=Cox \bhbdeb ()¢ ths/debif loureny/d5Y tfpically-Garids as [(OQAl )Mk ehrblbsldVattagew,ch may be
about 25.8 nV at room tenperature is the carrier _ nobi/l I'tﬁ’@ C%? is the
oxi de dap@ich dayiess mayibovground 0. 1% andjcerrent flgw ia g shannel Py be 17 Hie ilinsi st or .
008 dg &N : 'fh‘ﬂﬂ% L SAHI i current
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i nver siMASFEY dendcain RwendiyFIGt Heleshol d operation ideal for micropower
circuit li,catiagns,.such as_ pocket. cal cul.at or ager i I mpl ant s,
LSt 1 AP o R bt TR Bk Bt Rl o AR GrouliE B9 Ve, LT o
speed. Hiaskd & fo-falled|babehteshbld MIOSRBRE" oty Aing 08 weOinWersios régib Sletey gi ven by

fT = 1tUl/27cLg2. For_a weakly inverted NMOS device g is on.the order of
200c /8- soutpevaltage (Vahis lese ﬁap%hg Fit 16peshaws prepmmlasy bispiag conditions dor ovz

al t hou r AL r : equenci es
R U g

Ia, typically varies in the picoamp to microamp range and is given by:

1L Iy= BCox W (Vgs—Vin)/ U (@-¢~Vas'UT)
Lg
M)
[007]  where Ur=kT/e, which may be about 25.8 mV at room temperature, |1 is the carrier
mobility, Cy is the oxide capacitance and W/L is the width-to-length ratio of the fransistor.
[008]] The low drain currents and small voltage required for drain current saturation
(e.g. V4™ > 3 Ur ~75 mV) of devices operating in the weak inversion regime makes sub-
threshold operation ideal for micropower circuit applications such as pocket calculators,
_ pagers, medical implants, ULSI logic efc. The main disadvantage of such devices, however,
is low speed. Cut-off frequency in the weak inversion regime is typically given by fr =
pUﬂZnng. For a weakly inverted NMOS device p is on the order of 200cm?/Vs and for
| .Lg=3 pm, creating an operating frequency of about 9MHz, althbugh stable operation
generally takes place at much lower frequencies (e. g. on the order of about 200-500 kHz).




2 15 Septenber 2006 WO 03/079445 PCT/ US03/ 05011 [009] _A distjnction
between transistors operating in the weak inversion or I\esmemBF20R8 at i on
regi me (as opposed to the strong inversion or strong accumnul ati on regine)
is that the drain current in the weak inversion or weak accunul ation

oper ati ng Y&&¥4¥4¢ypical Iy varies exponentially with tREVES®PP®knce

bet ween the gate-source voltage and the threshold voltage (e.g. Vgs VvdJ.
Smal | vakdont | QNSy: ds , f pl 1y paradu .variatlLons in
drain CE(?drgznt % ?1 e%%égls 3&@?&3{6 ﬁgﬁsgs%?o% néé:%fa:ugé Hﬁa&%r g’ag)f %‘%ﬁ’g’}‘ﬁ é}n%f 519

At t enpt acyniationpegime (dshopposeq dethe Sfforpf invargion posiemg dewinuddiob yegime)lisei ng gat e

| ength then, is not.typicall ractj cal cause of di.fficulties in
preci seiﬂg‘tﬂ'ﬁ ﬁ‘ﬁwflﬂ}%@%%’% WW%{%CB(@?W N ORGFAIEICBEE DI § r eason
many nm R espineaiidlRUwits ﬁeﬁﬁ&%&%eﬁﬁﬁﬁ%@@éeﬁiﬂ@'%lth%&@dgﬁd feshatdg. Lg > 1
gnm and typically_o er%tﬁﬁ below 1 _MHz. 10010] Controlling a transistor
wi th anvPKABE(C-&i Vs Ve PRAY variptionsda Y m fherelons aicolly prodicefrge vagialionsda wher ei n

col | ect @ruftifediM; buSBYr thee Hénﬁﬁllszﬁﬂué‘éf %gém.%eméﬁ&giuﬁ HRGORI@L ! Y

i npractical to use base-emtter voltage, to cont , due to the

exponenspesil friefmivdenomwer dexfices by redweing Igate lenptlh i chenyiist nad typiwlly prpstical/be) .

Rat h h ' - emt. BJT. ' . b ,
o "to bR o E i el e HestRL Varinede iy By Blipdt B )1 L
cur r ent tHi Rasof Kikiny GritidboWEr clrdiits AyhiQKe NV eAlndediBblyBddg ffesybgVI) 3 D) G 1(cC) .

[ 00111 In_ principal, prior _art T devices could be used In the m cropower
regi me- B3 tyBisgixapsEptebedel  Mil®nt |y smal | base current to ensure that |. is

in the [}inﬁ%?”éoﬁtﬂa&fﬂﬁé QEERtOﬁrvﬁfﬂgﬁ'in \aﬁg%ﬁm&ﬁg@%ﬁ ubhRiRRiogeRerF al | y
mnorit C rier e ces, charging e | nput | usi on capamtance (I . e.
Cd; ff oflevidee Wisreimredlimtasaurebtabenanbe tegpressad ais | capVik/Bhee s Iiats generddgi r abl e

f time, thus causi h - of f be.. undesi-r abl 1.
BoTs 1 nEmeE b Rarp i oledf Giedn Soprol IR IO RE S Rbi BaRbeRy ™
f r equenef @fren{ @9 bﬁ]baé‘dleiﬂittbﬁd‘!ﬁgég%gi ®attf thah LeigbasEmiaanfoliggs; lahpn is the

met al - sem conduct or FET or, MESF MESFETs are typically used as_depletion
mode debBi ke inpubbase gumetidnie coqteol Lyinihe eurrent 2ain f; Myd= ) sk conipl pe

W t cheg : ' | : hot t k t

 nput eiﬁggn%%g%a ?é’jaéﬁ(?uf. Kot forgts &?ﬁlﬁk&%%ﬁﬁd%%ﬁﬁmﬁ%% 16 Ve cﬁgﬁﬁef

| i emapiincipad| paior gl BIT thévides |ed e khe mixsopiolwgr thgipesdbyuch t hat
tﬁge(r:lelpl e%i.gﬁ remapm un ?he te 1S s 1 er .t an.thewrhannal tﬁ?ckne?s
for Vo upiRt p spelny SOAFhede iR shs R 1G5 il fiebidciR I PARRAT o
shown i pnfe. gHoWweek, béce&kiﬁnﬁ%afeegdhéxlagy bfindrity cartiefldlevide) chafging b adpael

depl etigin node MESFET, .the thresho i . o
' ffusion capacitance (i.e. Cyus of the forward biased base-emitter junction) takes an

undesirable amount of time, thus causing the cut-off frequency to be undesirably small.
BITs therefore are typically not used as micropower devices at high frequencies.
[0012] An alternate prior art transistor configuration is the metal-semiconductor FET or
MESFET. MBESFETs are typically used as depletion mode devices (i.e. the channel is
conducting for Vg= 0) and may be switched off by applying a reverse bias voltage to the
Schottky gate input. To make this kind of depletion mode MESFET, the active channel
. layer is generally relatively thick and relatively heavily doped such that the depletion region
under the gate is smaller than the channel thickness for Ve=0. A fypical biasing
configuration for an n-channel MESFET is shown in Fig. 1(d).
[0013] Referring to Fig. 1(d), for an n-channel depletion mode MESFET, the threshold
- ‘voltage Vi, is typically less than zero and the gate voltage is varied in the range Viy <Vg:<0
to control the drain cutrent, which varies as some small power of the difference between the
. gate-source voltage and the threshold voltage (e.g: Vg-Vin). In this configuration the current

- flowing info the gate is that due to a reverse-biased Schottky junction. In many devices, the




voltage Va, is typically less than zero and the gate voltage is varied in
the range Vth <Vgs<O to control the drain current, whiléRemtgmbers2098 some
smal | power of the difference between the gate-source voltage and the
threshold _voltage (e.g; Vgs V'J. In this configuration the current flow ng
into the 6‘59%3’(17%44? hat due to a reverse-biased Schottky FEHERBREHI | n nany
devices, the 3 15 Septenber 2006 WD 03/079445 PCTI US03/ 08011 gate current

i s desi | 104 At ' r The gate
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MESFETS 5 JoYQ. C ¥4 8, ér%v\ I 24 ‘L. C t.hat . | enerql I, nt ended
to be kgpqz tot %ehe t%ltomes‘{}ﬁposagi 1%? ggﬁgvéf%wgiﬁ]w %Rﬁ&ﬁ%gﬁ%"m-?%%%e VESFETs
have al sorréastént Greesdraly intendediihibé képh & e wekt possible Rgelon ext ends across the
active e ayer at \\V= hown in EIG 2. The transistor .is
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channel . The voltage applied to thé gate, however, typically has to be
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becaus evalfage isegrests dwindbethrdshajd veltage (i.cc when Wt Vas). Wienenkenkgmeni-moide

desi rab t mcro r deviges have.drain currents in the mcro-to

o1 conm MESTFER" rf HAGRRSH, B SRcd opisklih oBemts, il rosnf G g NESFET
I's the gicasenton Ghaldpousitd sidnglihvegsidoin @MOSE didign G@tet {sity@eallyiput )

el ectrode and the conduct.i n? channel of a FET. Wthout the gate

i nsul at B¢ THEMRRes n 4 dexel of purseabisssmnerally bighlynndesiwblefRHmiGepowgDSFET
drai n cpi: | ) {Oh : ' : ' : at no
current éﬂggﬁﬁoﬁgﬁ&ﬁgo%ﬂpﬁgﬁ 8%@;5@ %ﬂ §B ﬁ%ﬁ:ﬁ%ﬁ{r&e{ .0%%%%?@%3?230 ?%ﬁ%'%lﬁ of the
MOSFET thet misthpower devicesibaviedrain gunenistin thesniclodwpiceamp ranpe t hi ckness of the
I nsul at gai e. oxi S L educed pr.o l.anal . yery thin.gate
" i nsul at @pgﬂexégé{gﬁ) ﬁ%ﬁ%ﬁrgﬁ?es e@&ﬁﬁ%&k@ﬂ\@é}&%ﬁgw ﬁﬁrp\éﬁalﬁetoﬁg“
~ insulating layer between the gate (i.e. input) elecirode and the conducting channel of a
MOSFET. Without the gate insulator the semiconductor surface cannot be inverted and the
MOSFET drain current is negligible. The insulator must be thick enough that no current can
| leak from the gate to the channel. As the gate length of the MOSFET is reduced to smaller

geometries, however,: the thickness of the insulating gate oxide is reduced proportionally.

=t

For very thin gate insulators excessive currents can flow from the gate, through the
“insulator, to the channel. This gate leakage current is expected to limit the minimum
allowable gate insulator thickness, which in turn will limit the minimum gate length of the
MOSFET. In contrast the MESFET does not require a gate insulator. Consequently, it is
expected that MESFETs may be scalable to smaller dimensions {han most conventional
MOSFETs.
-[0016] Accordingly, it is desirable to create micropower circuits using complementary n-
‘and p-channel devices that consume relatively small amounts of power. In addition, it is

desirable to create complementary devices that are as small as possible to reduce cost and to
.4 '




insulator, to the channel. This gate | eakage current is_expected to limt
the minimum allowable gate insulator thickness, whichl? RertembengoPe | mit
the mninumgate length of the MOSFET. In contrast the MESFET does not
require a gate insulator. Consequently, it is expected that MESFETs may be
scal able to small er dinensions than nost conventional MOSFETs. [0016]
Accordingly, it is desirable to create m cropower circuits using

conpl epeRh@lthe Mmbd df Revicd@ihaehafBY ine 8ol lonfNYE: Wb iRinio el |

amounts of power. In addition, 1t Is desirable to create conplenentary
devi ceetherrdesirghle fegirespad |chargctengish bf thetmsesepidinration il haepmcoapparent - - - - - .
SRR . 2006 i wihe : ' t hat may
be i nc%?%él}ea%ugs ger?'? g&%ﬁgﬁ.ﬁ%nﬁ&m e@?ﬁlﬁgﬁﬁggrﬁfﬁqe, i(%ltcﬁﬁeurug%}e%1 ﬁﬁghbl e

f eat ur ths acaochpohmangdinemgs andothe tfregdueg tochesmhiicld andeackgnound. | | becone appar ent
fromthe subsequent detailed description and the appended clains, taken in
~conjunction with the acconpanying drawi ngs and the foregoi ng technical
field and background. BRI EF BRNEERUNMBMARYOr dance with an aspect of the
present invention, there is provided a sem.conductor device, conprising: a
drain regi 5?°8¥ﬁaa?eng“'§ #t ﬁSPFCELPgr‘g'ﬁtEreﬁnEWEtéomr geols; Pre?‘”éiﬁ‘grﬁ'nel regi on
di sposgehibptveanNdéie, dbmpfsii@ 04 AMiR iSO PEGRIIAE A MRin aFnB Hadifice I €71 ON

di sposed, on the channel region, the gate region providing a_gate current
into tiseionchskanesl regign dispessd bewieen theedspinegion prdgioyrredesiodand Re2d¥hannel

regio ; i i J ; l ration

ol cor SRR SHE] R U e e aRR R e e L oss

bul k - ofthanped regiem teformegilapletinh apgivin ecroemtbe shatwek sgiodethecdamme] regiwr ating in a
subt hr I i r i i : i gate

curr enﬁ&th%naqg%g‘ger%%%{r‘\agdéﬁj%ﬁtc ﬁ%ﬁg?tﬁoglrsreg%%\é?&lg a%tﬂ#edagr%{éls’ﬁ/erneyolh%\}}%ﬁ 3 on, there

i S prowbstetially ®esss coholitcéfothedehannd, regionpwhen thg: setnictindudtot devitandd ; a source

term nal ; .a channel io di sposed between t.he drajn,term nal and source
t or mi RIS A pbLres b e e, S SEED AEL varts P ar T HAEME SURHE Sour e
termnal; amdacRodadc® Wil Bhdlidr Mp&P@TaRe Piesdod envehfiet)ehert 89ipfividedthe gat e
termnal prqoviding a gate current. into the channel region to forma

depl et SeBHCOnERAIAndeviger emprising: & HhsR PR dRoUTEhisTeRak Aeharg regethavi ng a

t hi Ckngigts@NBethloR 8 dEAN ARG PAIODur Gbafidd do e R dibeh: AR SlgRligd | on region

extends substantially across a bulk of the channel region when the

seni cohandemyina ¢y tesose sypoinal;iang a gutcatesuibelidispobs! eh the ¢barmebiregien, current

I Lg""'ga g Eéctg E%@tnl}%l SHoHalhe Al Afkntifo RN FidnTh Belf adplldofTediddrear Iy Wi th
across the channel region, the channel region having a thickness and doping concentration

selected such that the depletion region extends substantially across a bulk of the channel
region when the semiconductor device is operating in a subthreshold mode and the current
flowing from the drain terminal to the source terminal varies linearly with the gate current.
In accordance with yet another aspect of the present invention, there is provided a
semiconductor device, comprising: a drain region providing a drain current; a source
region; a channel region disposed between the drain region and source region; and a gate
region disposed on the channel region, the gate region providing a gate current into the
channel region to form a depletion region across the channel region, the channel region
having a thickness and doping concentration selected such that the depletion region extends
substantially across a bulk of the channel region and the drain current varies linearly with

the gate current.

BRIEF DESCRIPTION OF THE DRAWINGS




In accordance with yet another aspect of the present invention, there is
provided a semiconductor device, conprising: a drain F2§FRIFm r89p§ing a
drain current; a source region; a channel region disposed between the
drain region and source region; and a gate region disposed on the channel
region, the gate region providing a gate current into the channel region
to forma depletion region across the channel region, the channel region
having a thpgk g%‘éémai'ﬁderﬁfaﬂ' 1 %%ﬁﬁﬂf;ﬁ 8L | RBrRl Sht SfhiRkGo Wial iche _
depletion regi on extends substantially across a bu of the channel region
and t hiellgwiigrrasing Bii.s, weheredmlikd nveerdlydenotetlike elemegst andcur rent . BRI EF

DESCRI PTI THE ; . _ S ent
wi 11 her ei n dr U4 doStrriais, R Bt P MUY, of e R bl C W g

FI G s, inwtreibeiagith¢;ke nuneral s denote |like elenents, and FIG 1 (a) is a
schematic r sentation of .a MOSFET.opeyat iLh-the stron i nyersion
Foi e 1 At T B R eheRnud eeraiRh et A IDSERT i BB bt ed i n
t he weiakersiohwgiad;on regime; FIG 1 (c) is a schematic representation of a
BJT, FIG 1 dil i.s a %gher_rati c representation of a depletion node MESFET;
FIG 2 is aSchémhdi?chrmpticepreentationobt Biipri or art enhancenent node

MESFET;  FIi§G. B(d) & scRGRRI¥BEIEschBREESEHepletiONmelic MESFRPL t Ky junction forned
on an n-type semconductor;” FIG 4 is a schematic representation of an -

exenpl ary SdFo? i5@schemetici represpatatien et aprior ag pryangement sode MEPHRT: t he present
i nvention; Gq 5 i : 1) Sl ucture
nodel i ng thﬂgb'gllggterPcatﬁég a%@%yo%gﬁghggﬁwggé&@%gg a ?Lrg%ggp gmer 2006
WO 03/RitdepadudR@/ US03/ 08011 [0027] FIG 6 is an exenplary plot of drain

current an ate cunrent. as a functi.on of gat voltage:. [D028] FIG 7 is
o exenpl aro gt £ Siefitbs Bhrtahitite 3 Rimfhdento Mo BRflie o020y
FI G §SIF) Blisekesibyahy pebdt imvéntidbpi n current versus drain vol tage for
different gﬁhe 5 is an exemplary computer generated SJT mesh structure modeling the

electrical behavior of the SJT device;

Sa




currents; [0030] FIG 9 is a schematic representation of an e |ary SJIT
showi ng the extent of the depletion region across thel3&fgteR ‘i"f 0%i ng
channel ; [0031] FIG 10 is a schematic representation of an exenplary
process flow that nay be wused to fabricate conplenentary n-and p-channel
SITs on tWO 84S ybstrate; [0032] FIG 11 is an exenplP&IISPHEIof drain
current against gate current for conplenentary n- and p- channel SJTs;

0033] Ik 1 o n- channel
507 ab JO7], o £16h5 SR plor Bt o bkl ERERSH 53R be B 200
pl ot shwultagg; dopi ng i npl ant concentrations for corrpl enentary n- and

chann % DETAI L I PTI.ON [ 0035] ..The, fal | owi detail ed
Sescri pﬂo&ﬂf ?ﬁﬁéfr %F@e’@?@ﬁﬂ%& q}“ﬁ‘&tgﬁﬁnt[f o "P%“?ﬁ)dfamf’?ﬂe@ﬁged to linit the
i nventi w201 FI®@ ipgh bﬁ@ipl@ﬁgmdf&amxﬁfenﬁmk BrBINNdlaEs fol diffehpt ppee, there

Is no intention to be bound by any expressed or inplied theory presented in
the pr&&&HSg technical field, background, brief summary or the follow ng

detaile c t Q@@gﬁr
i nventi g()nﬁﬁ]szIecﬁ glalgggcrlgent ee&ﬁ%é%ﬁﬁéﬁmrwu%h\?ﬁﬁ ?gﬂbiex?ﬁgﬁnel drain
current dﬁléetumrwglmaceus S@Ihectmplptttmgatthamel,of a b| as current into, or out

f, th f t.he NESE f I
Gopi ng. RIS B 0T84 sehimeid Sedsiiirlon o8 arf Bl ooy Al MRRIVRES
gr eat er usedam fabriate @m;ﬂéiﬂeh)ammn@p-chmbl mednmrsmﬂeyubeme,rranuf actured in

accor danc t hods describ For exa gate cufrent
control [%Szhrgf% ehriseft mm&&twgtcﬁémpﬁ&eé‘hta ngteﬁﬁqeo B nade

anal ogog&nﬂ@mgﬁ&?ncmdrlﬁ%aﬁgrgyrgl of collector current in BJTs It is
therefore appropriate that devices nmade in accordance with the present

i nvent i 938le EBhsl2de maexaplagcplot ekihe patcedpasitanyeapfsinse-channgliffsys 2 [ 0037]
Becauseﬁhggon%fmc&e Ja&{l ty carrier device, however, it may not suffer
fromthe Sanme mnori carrier problens as the BIT. SpeC| fically, various
enbodi nfl984] oFIG.h#3 S§Tan mémplmyt ploy phowingy depifid Hinblahh ecntichtratione nfor

capamtanc C e ority carriers in BJTs, since SJTs do not
t ypi cal PR™ gﬁ"ﬂy& @“F‘F d®¥¢SSi ers for their operation. 6 15 Septenber

2006 WO 03/ 079445 PCT/ USOS/ 08011 [0038] As a result, the input capacitance

of the SJT gate el ectrode may be orders of
DETAILED DESCRIPTION

[0035] The following detailed description is merely exemplary in nature and is not

intended to limit the invention or the application and uses of the invention. Furthermore,
there is no intention'to be bound by any expressed or implied theory presented in the
preceding technical ﬁéld, background, brief summary or the following detailed description.
[0036] According to various aspects of the invention, an enhancement mode MESFET is
produced whereby channel drain current is controlled by the application of a bias current
into, or out of, the gate electrode of the MESFET. By carefully selecting channel doping,
Np, channel thickness, a, and gate length, Lg, current gain greater than 1 (e.g. $>1) can be
achieved for dcvices‘manufactured in accordance to the methods described below. For
- exarnple, gate current control of drain current described by the present invention may be
made analogous to Base current control of collector current in BJTs. It is therefore
appropriate that devices made in accordance with the present invention be considered as
Schottky Junction Transistors (SYTs). ‘ |
[0037] Because the SIT is a majority carrier device, however, it may not suffer from the
same minority carrier problems as the BJT. Specifically, various embodiments of the SIT
will not typically exhibit the diffusion capacitance created by minority carriers in BJTs,

since SJTs do not typically depend on minority carriers for their operation.
6




magni tude smaller than the input capacitance of a BJT, thus allow ng the
SJT to operate at nuch higher frequencies in the nicrbpStRembeE0A2 [ 0039]
I n various enbodi nents, both input gate current and output drain current of
the SJT may be made to vary exponentially with the applied gate bias by
sel ect i ngwé%%l“b"ﬂi‘ﬁ ate layer thickness and dopi ng concdiTYER0FeREL naki ng
the ratio of drain current to gate current (e.g. the gain of the device)

relativ | ndependent., of threshol d vaqlta e in he .effects of
b o5 ho R8I A derRaio e b FPeeere, P b6 S, el BRI R eCortft B o1 or
mat chi nenagtitude kmalierhihdnhthe Bipod épadi@heeofl SBIT) RS vlelviag thelSXT to@pgateat | engt hs
can be nadlghfgﬁbs antially.  shorter, thus allowing for transi stor operation
‘at si gnPHe ?rﬁeﬂ}lﬁ’l‘i’é’?“’ffpéﬁ’%?ﬂﬂ“éﬁé?@@%ﬁdi tionally, various SJT devices

have beggpabpunflvioub emBadifkbs| tth Yopty ?&@%ﬁeﬁ Qhd SuBidrafmUéiRAt §f he t he
range applicable to m cropower circuit applications (i.e, picoanps to
micr oarrS mapthe aepde to vaty gkroapntially ouith the ppilied get biss by aeleglingrappIopsid® usi ng

I : ~ [ t | ti .

M or opormer ks AR bt ARG SRRl e BHPLY e chiRtret GRR T 2T, O
capabl e(ad. thpgaimpf thyg davict)i rglatvely irslgpendented thrbshold woliagee By demayiignihe

ti | ' h kly i t ed FETS. [0040 ddi ti I

Co e ESR) o BT e Rl eSS bl Pl ) oo

conpl engptabyhrésioRl RERnefs ipfove® \ahe detivé ablishgttaican BB hakssubstafiallpan pri or

art MOSFET circuits.. The reduction in area occurs for two _reasqons. First,
the devfhosteqofus ngllowing, Jor Aransistop geparationn af Ranbopefly Jighee cfeqsatesand

channel I : t - - | Fyipe nmade
smal | erAtdEigﬂﬁétIﬁ’og?@ﬁ Sg‘g%%/eglr?tgg g?%l WS% %%E%ﬁﬁ%r}ﬁ?ﬁtgﬁﬁi%ﬁpl enentary
n-and, purcdtenine kheStMge rapplicokle radmiondpdwer cuirduit tapplipationsn(iel picshmphdo sane or
simlar width. .In convertignal . circuits, p- channel devices may be
ppr o Frebe- QoM S Bigl St Hombamions PR e e WERE Rl lEX BT e e
from cosmd pekmnérdevicey & aigt®by thd frebewiriemione Niyopbiver afalugeandadigibke to
achi eve hi gther integration | evel s than conventional A CMJS because of (i)
the red6Eitsmads SRpyRXTs srayttherefore ey aanable of pperating iy highey freguengips thaRy ¢t o

scal et Higsdih dsERUbHvchBolBicet sithBWRHAP Rvored HOSFERG VANt ages associ at ed
e lack of a a e

with th gate insulator int current I nvention are (i) reduced
i nput (4] Anpdditionahedvaatage 0f ¥irious enthodivhents ofithe STT s thpt civenits svadey. [ 0041]

The anal ytical basi,s of wario exenpl ar. odi nent s_ ma e ri zed by
equat 1 RS oppBRRHy yatis, L AR, B I st PP B0 R01 1
MOSFET circuits. The reduction in area occurs for two reasons. First, the device does not
typically require an insulator between gate and chaonel, so the gate length of both n-and p-
channel devices can be made smaller than those in conventional MOSFETS. Secondly, the

complementary nnand: p-channel SJTs may be made with conducting channels of the same or

‘similar width, In conventional CMOS circuits, p- channel devices may be approximately

twice as wide as n-channel devices. Digital circuits made from complementary version of

the new device may therefore be able to achieve higher integration levels than conventional

CMOS because of (i) the reduction in width of the p-channel device and (ii) the ability to

~scale the gate length to smaller dimensions. ' Other advantages associated with the lack of a

~ gate insulator in the current invention are (@) reduced input (gate) capacitance and (ii)
reduced manufacturing complexity.

B [0041] The analytical basis of various exemplary embodiments may be summarized by

“equation (2) below:




Id = 2P NO expl gND~p"ga 1. 2 /f = 1g agg4d A" NDopin 28UT 0042]
where s = permttivity; a k = Boltzmann's constant a é@é@@?7 0 bility
for n-channel device (hole nobility for p-channel); a Nc = effective
density of states in conduction band (val ence band); a g = electronic
charge; aWMMB@MY4= donor concentrati on (acceptor conceCTABPHWIILi n channel ;
a a = channel thickness. (sane for both n- and p-channel devices); a Lg =
gate length; and a A* = Richardson's constan%i;[0043]gln deriving Equation

2, it is useful to first %smer gripenhdpce omgde In- type GaAs MESFET
for which the gate current S Vighg by Nl WesrT' € miur(ev-iu, -1)

(3) [0044] where W Lg are the chaknel wWPEEh and I'éhgth, cpb is the
Schottky barrier height and A* is the R chardson constant. If the MESFET
is weakly accunul ated or otherv#i2¢e operating in the sub-threshold regine,
the drain current may be witten as: Vag V V 1. Id =a NdbMWsUTIt[exp( 9S th
)] (l-e UT ) NDaL9 UT (4) [0045] Wnere l<a<2; i. N+ = source and drain

cont act oncentratl = channel dopi ng concentration; and
= chaﬂﬁ)gﬁthl Eﬁ‘?ess T8 vlJi'*?ésum ng aN+/ Nr=1 and t aki ng V& 3UT gives:

k = Boltzmann’s constant;

m= eléctron mobility for n-channel device (hole mobility for p-channel);
Nc = effective density of states in conduction band (valence band);

q = electronic charge; _

Naoping = donor concentration (acceptor concentration) in channel;

a= channel thickness (same for both n- and p-channel devices); '
Lg = gate length; and

A* =Richardson’s constant,

2 2 /f R R Q Q g

'[0043] In deriving Bquation 2, it is useful to first consider an enhancement mode n- type
GaAs MESFET for which the gate current is given by:

1. I =WLA'TH" (/e —1)
3)
[0044] where W, L, are the channel width and length, @, is the Schottky barrier height

and A* is the Richardson constant. If the MESFET is weakly accumulated or otherwise

- operating in the sub-threshold regime, the drain current may be written as:

vds
1 Iy =0 upfexp(- B gs )](1 e UT
NpaL,
Q)]

- [0045]  where 1<a<2;
i. Ni=source and drain contact doping concentrations;
ii. Np = channel doping concentration; and |
o = channel thickness.
'[0046] = Assuming oN;/Np=1 and taking Vy=> 3Uy gives:




R T 15 Sept enber 2006 V\DOI% 79445

PCT/ US03/05011 1. | d = UT exp( gyUM ) g T (5) [00 ?epé f 2000 w
A*T2e 4e/ Ureyv/UT (6) [0048] Taking the ratio of equations (5) and (6)
gives the current gain of the device: 1Id sk2it e(Cb-Vth)/UT |g a4g2A* (7)
[0049] FIWO WML energy- band di agram of an exenpl arfcl)‘\:@{sﬁ“’lmﬁ’& n-type
sem conductor Schottky junction. The di agram shows the relationship

bet ween the Schottky barrier %i ght, ,;(Pth he built-in voltage, Vb, and the
extent of depletion regipns, ¥ fAdsp{-£-vdtyage is the potential
difference that forms between @he Schot ey gate and the semi -conducting
channel (see below) as a result of the Schottky barrier. FromFI G 3 it
can be seen that the Schottky Bhrrier hei ght and the built-in voltage may
be rel agyg@;]by: add 94" b = gVbi +(EC -EF) (8) [0050] From standard texts it
can be shown that: 1. (EGEF)=kTIn(NC) D (9) [0051] and: gNDa2 1. VaV,r+
2c  (10) [0052] From Equiat fpa@I ATy "aal®’{10) it can be s@®wn that: 2 1
~b 0, =UT In(N)+ ~ DD 26

[0048] Taking the ratio of equations (5) and (6) gives the current gain of the device:

L Lo & y-va)/ug
I allq?A’
(7

[0049] FIG. 3 is an energy-band diagram of an exemplary metal to n-type semiconducior
Schottky junction. The diagram shows the relationship between the Schottky barrier height,
@y the built-in voltage, Vi; and the extent of depletion region, W. Built-in voltage is the
potential difference that forms between the Schottky gate and the semi-conducting channel
(see below) as a result of the Schottky barrier. From FIG. 3 it can be seen that the Schottky
barrier height and the buil{-in voltage may be related by:

1. qép =qVpi +(Ec ~Ep)

®)
[0050] From standard texis it can be shown that:

1. (Bo-Eg)=KTn(Cy
Np

®
[0051]  and:

g, Daz
2e

L Vy=V,+

(10)
 [0052] From Equations (8), (9) and (10) it can be shown that:
g, J:n‘“2

N,
. G~V =UpIn(=S) +
L ¢-V,=U; (Np) oy

(1)
[0053] . and substituting this term into equation (7) gives:




(11) [0053] and substituting this terminto equation (
------------ -~ 15 Septenber 2006 WO 03/ 079445 PCTI US g%ﬁ%é@ﬂ%“zzogﬁ R=ld

= ak 2 NCex rgNDa | 1Ig a] gg2A* ND pl 28UT J (12) [0054] It will be
appreciated that Equation 12 nmay be expressed as a constant term

nul tipli eWOROB4exponenti ated constant term Hence, byPCI&SAY8EGat e
current to bias the sub-threshold FET, the terms in Vg~-Vs, (which lead to

drain current variations) have been , cancel I X s, the fluctuations in
threshold vol tage may beys i[dalltl %W r Nf]:rﬁo the problem As a

result, transistor matchin N;[?]g I\f2gtAnt)l y easier, and circuits
usi ng tranS|stors with shorter gat@ | engt y be”created, thus al | owi ng

significantly faster operati ng( Ifzéiequenm es than prior art sub-threshold
transi stors. As an exanple, consider an exenplary GaAs MESFET with a 5m
gate | ed@@54] &h wilh bg Gupreciried thet FEquatien 42 dnay-be Sxpredsed ay at tnmstentytemes and

W =0, 3 Apled Hy e nBBfmhBE ol RN s BIal4 20 i BV ey

act ual | pulbéhresholid rREST, itl'metbmd: in[\P¥a](whicklead to Sirdin Clirtds vativhs) have béeaw of an

enbodt meeEcth s o HppasPaHE LR o epeimen be ST esiAlg FeRgred foc
sui t abl yrgblegh URSa AdulD REan§star mhﬂﬁﬁig%dynﬁb hﬁ&@&g&%anﬂﬁ/%ﬁ& QRd dudldestrate

202. A sem - conducti ngg(t:hanne | aced on insulating | ayer 204 (or

subst r ab@ing drensisiors with shertes gate fenaths m@)crea@duﬂl@%all@m significently f@éare

;S[Jpogfl %te g[aﬁ]‘%]‘ggl}&%%&eéoul |SB@‘&§ rlﬁc%?]sgﬁw t‘ﬁpangﬁ?{e{ﬁ%ﬁca%@ y such as

gal | i umezemsdary dGaAss MESRRT, withi 4 iSpon gate- Jefisthy| atdon~§05M, )ND=€1017td:m lante. SO
gener al Ig% Sll | ows. insul atjng | ayer 204 directly _under channel 20 V\:hi ch

may r edfe)-§¥n dsingttacse yaluayendetrmetysappgimations the taeshpld: volipge wpy
mai NSt r eamagdd fo %Wfo@ﬁ%ﬁmﬂﬁoﬁ%v% eﬂtg?ggfaﬁm §’E‘wlﬁ hla con

substrate as sh or any-o erla suth as

gal | i unecivallyntiedwderesimatedm ni tri de, pol y-
[0055] FIG. 4 is a cross-sectional view of an exemplary Schottky Junction Transistor 200.

According to various embodiments and with reference now to FIG. 4, an exemplary SJT 200
suitably includes an optional insulating layer 204 placed on a substrate 202. A semi-
conducting channe} 206 is placed on insulating layer 204 (or substrate 202 in alternate
embodiments). Source terminal 210, gate terminal 214 and drain terminal 208 are formed
on channel 206 as appropriate.
[0056] SJTs could be fabﬁcated with any technology such as gallium arsenide, silicon,
silicon-on-insulator (SOI), or the like. SOI generally allows iﬁsulating layer 204 directly
under channel 206, which may reduce substrate leakage effects. SOIis also compatible with
mainstream silicon process technology. Substrate 202 may be a silicon substrate as shown
in FIG. 4, or any other substrate material such as gallium arsenide, gallium nitride, poly-
crystalli_ne silicon, amoxrphous silicon, silicon dioxide (glass) or the like could be used.
| Insulating layer 204 may be deposited, sputtered, or otherwise placed on substrate 202 and
-may be formed of buried silicon dioxide (as shown in FIG. 4) or any other Suitable
insulating material such as silicon nitride.
[0057] Conventional SOI technology is capable of producing buried oxides with
thicknesses in the range 0.05 to 0.4 microns, although other thicknesses may also be used.
Other techniques such as wafer bonding, for example, are capable of producing buried
oxides thicker than 10 microns or more. The thickness of insulating layer 204 will vary
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crystalline silicon, anorphous silicon, silicon dioxide_(glass) %r the Iike
coul d be used. Insulating |ayer 204 may be deposited, lgéﬁﬂt?@??{&, O r

ot herwi se placed on substrate 202 and may be forned of buried silicon

di oxide (as shown in FIG 4) or any other suitable insulating material
such as sWO%GH4Hitride. [0057] Conventional SO techndiGgH¥EMapabl e of
produci ng buried oxides with thicknesses in the range 0.05 to 0.4 m crons,
al t hough..qt di?:ﬂein NG ] : ' h as

waf er b%ﬁ%ér%%,ro orﬁé’xarrpﬁ%,wgg%g?%égba etﬂe(g)&q%rroo uzglgﬁéﬁl gﬁlr;g{’]g‘%ﬂggﬁq%ggs t hi cker
t han 1008 erigmss.or nore. The thickness of insulating |ayer 204 will vary

ertbodi mNES] bUPmAONETE PR TG B OP S SeRPPr OV (LR S bout 0. a5

m cr OnSforﬁlQﬁEQinsﬁeﬁﬁg% lasaemgc: hd fgrephialen el the leﬁbmﬁmggﬁhswm FIGed, chaerbsi t eol,h
grown or of herw se orned on i nsul ating | ayer 4 as appropriate. In the
enbodi néM IsSAeNAM 2§ Friyneilioan fonthe Ahanngdisvicss, sHbtgh Astype ¢ ‘&q“ﬁ%n for the

n- Channﬁéedqﬁe%egso lei BOHER, Wkﬁ&ﬁve‘i},!éhﬁ%&g)“@éfﬁi%ﬁ@ucﬁﬂé _%ﬂteﬁ@lrsu%lhﬁs p- channel

devices. Alternatively, any other sem -ctonducting material such as GAs,

GaN, poGpAsr§a,gioly-enystalline sitinon, amorpbbususilicoinl éte eauidthes. used uCanvsationskd.

Convent | I 1 echnol I.s_capabl e of .produci Sill ce |ayers
o T h O Renoiy,if AR o odhling BRED SefRle I Witk WoBletb lne bl O, | oY

t echni q0e% te 02mistnyaf es. e exigtingfieshnizpsegiick as witky boading farbdxemple, pr oduci ng
silicon surface |ayersg that,.are thicker than 1.0 qr re mcrons. |n an
exenpl afY BrtrBaRlrehprodygingsiligon sudece Layprs Mﬁeﬁc@rﬁmﬁo&% ALYy i ng

t hi cknegsSanfexempRryémbdiial, dasmePER s 42REd of'a §i¥ibsh laPerdatind Bfdknéstai=on Nn of

about 1017 cm 3, "al t hough of course other materials, dopants and dopant
concent §.88 ohtabikas bisen depsd ri-iypo toheconcenitation Merof sboytd05 9} Althongh efis

enbodi nents, Qate ,lgr.‘ 1 ngl 214 | so called. a."gate electrode" or sinply
"gat e..)cqugsef Sglﬁﬁ &ﬁ'u:fwg%i g?@ﬂ%efl&gd%pq’g opnecisp ‘%y“]”é’ni’f’ i 6 a‘é‘c8§18’| ng to any
t echni qeigbodEaénts.t er mi nal may be formed of cobalt di-silicide (CoSi2),
al um num §§)Il atfinum or any other material that forns a chottﬁ%"_ barri er

[

when del#88% lr warious pmbodiments: gy terarngl it e calish A teats elestiofei gk, for

| eq " - t i ' -t
o T Don R’ IQRET i Tba® onPMiEhit T8 os § Wehol flakich oltbMIRCIS By Y Pnts,
cur r ent tephaiqueo| Gagy teoinhlimay bofrmbdof ebalt diatilicide (FoSins dumiong: plstinumt may
vary f r?r”&@f&ﬁ%ﬁgtegé @‘gtﬁ s?? a' SonA barBer WL B0 ted B SenfiSfidheAsy about 0.5

m crons
channel 206. Cobalt di-silicide, for example, has been shown to form almost ideal Schoitky

. diodes to n-type silicon and is compatible with silicon processing. In various embodiments,

—+
~

current technology would allow the fabrication of gate lengths that may vary from about
0.01 microns to about 5 microns or more (such as about 0.5 microns), although of course
dimensions will vary from embodiment to embodiment. Source terminal 210 (also called
"source") and drain terminal 208 (also called "drain") may be fashioned on channel 206 in
any manner, and may be formed of any conducting material such as aluminum, copper,
gold, silver or any other metal or silicide that forms a low resistance, ohmic contact to the
semi-conducting channel. To aid the formation of low resistance ohmic contacts the semi-
conducting channe! beneath the contact regions (212) may be heavily implanted with dopant
atoms. For n-channel silicon devices these dopants may be arsenic or phosphorus or any
other material that forms an n-type region to the semi-conducting channel 206. For p-
‘channel silicon devices the dopants may be boron or any other material that forms a p-type
region to the semi-conducting channel. The distance between source and drain varies from
. embodiment to embodiment, but using current technologies and design rules this distance

may be abont 0.03 microns to about 10 microns, such as about 0.9 microns in an exemplary
11




di nrensions wll vary from enbodi nent to enbodi ment. Source term nal 210
(al so called "source") and drain termnal 208 (al so cht Peiember086) may be
fashi oned on channel 206 in any manner, and may be fornmed of any
conducting material such as alum num copper, gold, silver or any other
metal or WOBEIME that fornms a | ow resistance, ohm c cAETASP3/48811t he
sem -conducting channel. To aid the fornmation of |ow resistance ohmc
contacts _the sem., conduct. el beneath the contact regions (212) may
Do hoay FIORRR A ARt GOmaf 206 Jetieen Crovaats e Dey PPEBATHRS  cos
these dopapddswitiby ploRcivelaytr 22M6f sies BlaRidd $5i05) o2 Ry othdrAeriglt eri al t hat
fornms an n-tygg region to the sem -conducti n]%ﬁh%hannel 206. _For B channel

c

si i con (W0} cbsvaress E@b%ﬂ%@@%ﬁ@e ‘B’@?‘Hﬁ)'ﬁ%c“é‘l"e o phétwantp iesipgiel it forns a
p-type afe%gﬂe&@dg&httﬁ'ﬁaﬁgggg . ngiﬂﬁbié"ﬂs fsnggegﬁféar %JQEI%&%%&%MW“ source

and drain varies from nt to e | men but using cuarrent

"t echnol (ginearliagieseslewicgnt flaw 218 fram draiti 20840 senrceRd whenabobiasyoligeNer ons t o

Sont e PBHR T ug0G e B TR0, e Ll St ekl AR AP RY by .
o e g e o W 1
P0060] - PHerh o alich thsin inind RSt fion Solkh GHEL B L8708 W b omnt s | n
channel o4t LAkR &RMCGRnRek YRy B Rltakly aRkRE 280 chRthlled W@ﬂi@ﬂtirﬁ%aﬁ'@&dmd near

gate 214 that effectively closes (or nearly closes) current Tlow 218 from
dr ai n 2theesheld yeliagecasshowiphe fieZ AnadytispbRasiss sedtiga abays. i s applied. If a
positiv ias i ' ' “Ejng

term naﬁ]s?? I t’ﬁlgé)& g"%s?g%z"“o‘?a’ﬁ’% @@39%%@@%@9@%@&@3 1'n 8%%&% becones
dependethie sepbeondbetingachennet. uThe dépldtign apgion extemds agyedrical distanceaW, bblbw whi ch i s

Schot £ ky., | ti . B ' t t t I.g, t dr ai t 1Id
may be. 0SB st e Betpinentip iz ianiRou  reddissenpetigin it o
vol t agedepistiof 1ebn Bya tdiBequéialof heithd BasdiSy e 64duft in3ROMRIudioR Badd The

depletion region may be forned by the presence of the Schottky_ contact

above tnfevaleags bandid acemhepndpeting aaterivhplacedin sentet withgnetheravatasieg dal verti cal
\ar mls By ol 0k p R R e ety i e 010

In various e on 1s a consequence”of the band
bendi ngdttératinedce accerdance with Equationcl?, esddseniistd baloe. val ence band of a ,

i - ti terial pl ' t wWith, t terial that
For s o8RG Okt BuRes S Befibe 2 anabbin ot B Aven et A ance w
my be tyilpditlendioiRd chMp@er SloddNGmheVVEDIED !d@ﬂwivﬁe tdels (Ailsas Gombagakte! ow.

[ 0062] eratjon of an _exenplary SJT device 200 as shown in FIG 4 was
si mul at BgAR<ofFreemont California). The MEDICI software partitions the structure into a mesh

4

on which it solves the relevant device equations as appropriate. An exemplary mesh is
shown in FIG. 5 that may be used to calculate currents flowing in device 200. FIG. 6 shows
exemplary gate currents 604 and drain currents 602 plotted as a function of voltage applied
to the gate. For gate voltages in the range 0 < V< 0.3, the drain current 602 shown is larger
than the gate current 604, and both gate and drain currents increase exponentially with Vg,
An exemplary ratio of I4 to I; (i.e. the current gain, B) is shown in FIG. 7 plotted as a
function of drain current, As can be seen in the Figure, the exemplary current gain shown
varies with Iy, and may be in the range of about forty to about one hundred over almost three
decades of drain current.

[0063] FIG. 8 shows the drain current of an exemplary SJT 200 as a function of drain
voltage for different input bias currents applied to the gate, with data presented in units of
nanoAmps (1 nA=10" Amperes) per micron of gate width. The graph shows good current
saturation for high Vg, which translates to a high output resistance as may be desiréd for

many analog and digiteil_ circuit applications. It will be appreciated that in FIG. 8 a gate
' 12 :




t wo- di nensi onal conputer nodel using MEDI Cl software tools (available from
Avant! TCAD of Freenont California). The MEDI Cl sof t wht Seiieipbert208his t he
structure into a mesh on which it solves the rel evant device equations as
appropriate. An exenplary nmesh is shown in FIG 5 that nay be used to

" cal cul at eWUPOEHES flowing in device 200. FIG 6 shows P P8y gate
currents 604 and drain currents 602 plotted as a function of voltage

appl i ed : e, r Yol 40 < < 0,3, the
drain cﬁ#%ﬁﬁygﬁg%éh%ﬂﬁ&i vgﬁﬁgﬁb@ &i%gg% Séf'l'hcéédggg%a{gggrcgﬂwggiPngnﬂ?bot h gate
and dr aiMESFETs eshtre ai gatervelisge iengpd nesddchthk ¥o-Vistiace/gs.  An exenpl ary rati o of
ld to | . e..the current gain IS sh in FIG 7, plotted as a
functi ol Gl Foee afpulsdies deséried aBafe FFSIHE B dipdrtt HEERsRD) ary

cur r ent hgiveth $pioMart evRdncafentinidde MESFRTChnHEe $tRoily JubsiohanaRistr. IGout forty
to about one hundred over al nost three _decades of drain current., [0063]

FIG 8 §sbons amexenplaty eobpdiment inf whigh dseimereent 66 fowing in dheSHTvaekes on of
r e i . . : Oth
rain ¥ gﬁnat@xgﬁlqr With 7§, oSESRE chB Hseddi ﬁgﬁ@%{h@&ﬂﬁn{éﬁkg@gn LP tlehRe@pt e, Wt

data pre n unifs of nanoAmps er mcron of gate
wi dt h. Tnge)pf degatetoomeniddddin suehr eantiodinseats, the comtucting chhnghoftie STz h

I h | . . desi . I
and i ot afeuky Renfiue i phERL SOAEE, Ralile, ARpdE R bifror 8 prfPRY, &'5°3
gate . dghadéeniapnydecMESPEDs 100 WK 184 Abaktell/iWSRSigh@D 1 teudn esibng s used to

control which ld-V& trace is selecited.__This is.in contrast ,to ior art
MESFETs tign Whensthg deyige,ls sviched.ep. iThe SIF gy berpee -wgunﬁuflge‘é%ffboezu The

NUNer i Cegi kit MASdoPRBCohOaHafR0Mehé Lénu%ﬁaicagg hhahd8P Qhivedtkn hdster ences

between a prior art enhancenent node MESFET and the Schottky Junction
Tr ansi stush tharthgdepletiontrogion extensis @agobsthg bulkio6 thie ebammel yndarnosmalpgiaing ur r ent

602 fl ow.ng. | ' | all ' . Ak d f ul
range ( SyeRobf tECerhd o Bo EpioERRORREM Reyalpat s b 8 Blnii il |C V2T,

604. | nclsnndl irevdiods artddimenttdwmagbnchlanlatsigsingaonationdB below. SIT may be weakly
accumnul at ed under normal operati iltions. This is in contrast to prior

art en ement node MESFETs [ 8¢ i the channel is desi d to bein
strong @@@umﬂ ati on when t'he q%i@g“i(}gs)svm tched on. The S.ng%ﬁay be weakly

accunul ated when the thickness and doping concentration in the

sem - co[dge]t | RdeehaNnig! theawadth esh tieh deglations wedior, NN, fepreseh®placidopunt r egi on
extends across the bul k of the channel under normal o condi ti ons.

The ext eancenbration é agéd glaes sopptanta.goi adiuili-revoligge E@Wm&;fet%ﬂqgéﬂiam@:onduct i ng
channel (i SRk RERRFSIE BAFVITY 2 RE11HR! pifi Al (R4 gAR 1BHiifh 290 i DE! OW.
source terminal 210, From equations (8) and (9), the built-in voltage Vy; for the exemplary
embodiment describec} above may be calculated to be about 0.435V. Froni equation (13) the
depletion region at the source end of the channel for the exemplary embodiment used to

derive this esemplary embodiment, may extend a distance of 75 nm, 65 nm, 55 nm, 49 nm
and 42 nm for gate voltages of 0, 0.1, 0.2, 0.25 and 0.3V respectively. The depletion region
216 at the source end of semi-conducting channel 206 is shown to be enly significantly
smalier than the channel thickness of 50 nm for gate voliages \!fgs > 0.3V. The extent of
depletion region 216 across semi-conducting channel 206 is shown schematically in FIG. 9.
[0067] For the exemplary embodiment described above the normal operating range (e.g.
the sub-threshold regime) of the SJT may allow gate currents up to a maximum value, Iz
~which for this exemplary embodiment may be approximately 1 pA/um. Above this value
the voltage developed on the gate may significantly exceed 0.3 V, depletion region 216 at
_the source end of the channel may be much less than 50 nm and semi-conducting channel

206 may no longer be weakly accumulated. As a result the drain current may no longer vary
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[0065] R = 9Nn (Vm-V (13) [0066] where Wis the width of the depletion
region, ND represents a dopant concentration, a and ql%S@’t%‘B'PFétzQﬁ s, Vbj
is a built-in voltage between gate term nal 214 and seni -conducting
channel 206, and V. is a voltage applied between gate term nal 214 and
source teMAHWAM4450. From equations (8) and (9), the buRdHUSIHISYH| t age Vb;
for the exenplary enbodi nent descri bed above maybe cal cul ated to be about

0. 435V. Fraom.equat.i.OR; ( t depletion region at.the.source. e of the
channel SRR Sl aieh sicERee Rrsbipey 5%k Maidiy b iriisely

enbodi NRAtl p &R ¥udxhankk gidldusleates nd longs bRRkedtd chifiol R ddh ctftnlm and 42 inn
for gate voltages of 0, 0.1, O. . and 0.3V respectively. The depletion

2, 0.2
regi on [0068] ariceardinglyy vasousnembadiments of dhel Sehattky Bmetinre Trapgigor SHhown to be

only si gui.f4 Res, psn@hE ' e RipkOr gate
vol %/ageg%gﬁgﬁ%%lé . edcg(ﬁtﬂgnt c?fL' pﬁa&%%@et onéfkrﬁgé#(gln&}fgg?%?%s S or 9
seni - comducniiony] MESFEES, ha@¢6var,she Silmay ihdasizgnedsich vhat the BpGt gdde curfe6D67] For

t he exenpl ary enbodi nent. descri bed abov he..nor.mal, oper ati ng range (e.g.

the sun pipbieSRaRrLERR B BSerpsGely Vahaaru gl s e Lol PE .

MaXi MUMeagine 6f thedevice, wiitictay @icliddissme sLAPbBthy s@csru@ebhmarrbgimay%@mer, . :
oped on the gate

appr oxi nmat ellgy 1 gA/ pm Abe@/gesthi s value the voltage dev?l

may si gHg P amexgﬁ wipeuutgtely, desvgned;apl ercratid Vidjn She bdhigehold jrgmsgitke end of
the chamne Pttt PHEE shiRBhudAhealy With IEzRe BlrdP RGN 416 | 206
may no | onger be weakly accunul’ated.” As a r%sult the drain current may no

| onger - vonsfani Guitst Bapthatis giver DY & rativOf ¢6/dDate aurtenPOThe)SUS cO8DL IVaiouenent i al | y

with (Vgys Vi cur rent .qgai n. nay. decre rapi dl ' LAcreasing | g
unti | 48%20@%'%%%&?%@%{%&&5% aesnat‘ngé'r?oﬂ%iﬁg ﬁﬁ%?&ﬁém\ééssé@mkegg %ont r ol

t he dr aidlatbvelyr serl. inptQAGEH, B caitdls@inich ager ehismelerkn gy tvia abwidne Schot t ky
Junction Transi stor 1§SJS(=TT)T resenbl e netal sem conductor, field effect

transi s&¥RsP evESFETSY. ST stgshmologiep apayshaverarticalarly dhepebigial applicaips it Ts
however -he q%%% the input gate current, 1Is, and
t he chaﬁ?\ﬁé %ﬁ#h%hﬁgﬂas ot &i\i%?iqu%%anﬁﬁial ly with gate voltage over the
operating regine of the device, which may include sone or all of the

sub-threshol d regi me. Furt appropriately designed and
operated within the sub-t h&@@%ﬁm&ﬂ‘é%&% hat drain current varies
subst an{00sb] Y Fioh € airduit pidtbftvikey, 3B FreGikinfi AllvdntioBoiE o Asd cdagiiaidntay | Y
constant current gain that is given by a ratio of the drain_current to the

gate cuflg\ass . to/giedesgs POWRT ovmAERRLioN o pRdaT fo migprone r designe frsibildg As

current; &@ée‘sﬁ;‘ﬂﬂ'&aﬁ YOR &l n ' y, L ahput

current, I%?ﬁ%ﬁﬁiﬁg?g nmuc ar gz? chaﬁr?glna%lﬁégé%ﬁﬁsﬁé{m\%i % current
transistor. The p- and n-channel devices are typically said to be “complementary” if equal

and opposite biases applied to the inputs of the transistors produce equal and opposite output
currents. The basic complementary pair of devices can be used to realize virtually any
‘digital or analog circuit in an efficient manner. In a éonventional complementary metal
.oxide semiconductor (CMOS) circuit, for example, each current path through the circuit
typically passes throuéh both n- and p-type transistors. Only one fype of transistor is turned
on in any stable state so there is typically little or no static power dissipation. Current
typically flows only to charge an undesirable parasitic capacitance when a gate switches.
[0070] Conventionql devices such as field effect transistors (FETs) are typically made
complementary by making the channel width of the p-type device approximately two times
larger than that of the n-channel device to compensate for the greater mobility of electron
carriers. This is generally true for conventional MOSFETs and MESFETSs operating above
or below threshold. This increased size of the p-type device frequently creates disadvantages
in terms of size and cost. Moreover, the increased capacitance of the p-channel device often

resulis in increased power consumption as well as reduced switching speéd._ By exploiting
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gain (3 =1d/1g >> 1.; SJT technol ogi es may have particul arly benefici al
application in conplementary circuits, as described mb? ecHiembsr 2986 ow,
COVPLEMENTARY DEVI CES [0069] Froma circuit point of view, it is frequently
advant agegus to use conpl enentary devices to reduce power consunption

and/ or t o WOBBHE design flexibility. A conplementary HEVSHEHey ces

typi cally consists of an n-channel transistor and a p-channel transistor.
The p- ﬁﬂ:dca@ | ' e.t:ypi I " l..e ary" if
equal and %’%@2‘??@ %?gg%gﬁ’zvﬁgﬁ gﬁ?g&ﬁ%&% %gt‘%gé g?lﬂ@ﬁ%l&?@gr?s F{g?g’r s produce
equal achanogpBl deviess thpt thave eppreximstelyTegmab gate ovidtbsrphd geatlengthsp8ome of

devi ces _g¢an tq. reaglize vi.rtuall n lgital or an yrcuit in
anef 11 e e, FEng fronf t 66 o eoitlentnRiY ST, Babiosd o PRl

sem condpraplemerifiylaBjcon idevivest may dicludwanplagousedetivdimkntse sinalfed iclrciih aeaigh t he
Cypo.of GiRFIPREd o6 B = Bieh oy bishs] el spects BR8Nt (it y i Lal |y
type o [ l ypt cally
little eﬁnéﬁ%;aﬁ&@b&m%a&@&a&&ﬁﬁ@ghon%&él&%hdévy&é.cal ly flows only to
charge an undesirabl e parasitic capacitance en a gate switches. [0070]

Convent {873l e \desasibed goayea ther $Id) mape b epproprizelyidssisnes fodropsyated 88 R ypical | y

made ¢ ] Y. aki e | Lhe ps j ce

appr oxi Sra nged it whiC o R o ool e 70 VU oA P2
-corrpenislem‘eodiment?,hbe priealeeice Wﬁdﬁﬁé cﬁt@ggﬁﬁwmﬂgr\ﬂﬁr@h isTihe slrdiss

gener a trye for conventional, FETs and MESFETs  operating a e or
bel ow tﬁ%&‘é‘hg?wgﬁh&‘% cmeﬁle@agifs egpub Eate ﬁ@reﬁi-mt%gqﬂaﬁeﬂm@qugﬁ ly

cr eat eSpeiaoRf RN EREAE gaihd) of W B Ad PicRMnBNIeviQRS tneedBS B8ORS sanld) Wit Cr eased

capaci tance of the p-channel device often results in_increased power
consunptaferencgagsipte Equation d abesce, #\wan bhshoyndhas éhe. cubpnicsei of apiS{§ devige 15

mowever cuzepeh o MRl Gd AP RN e FORR bfelon 11, 553

devi ces that have approxi mately equal gate wi dths and gate | engths. Sonme
advant ages resulting, fromthe use of conplenentary SJTs conpared to '
conventional ~ conpl gment ggdy sil incon dguNGGs;,| i nclude, in various

~enbodi ment/@72k malff et bt d—therefor e reduced cost®) for a given
function; higher opgatﬂﬂ-rgg Ap ing or \gi VEHTdrgfin  currents; and superi or
transi stor matching for short gate | ength devices. [0071] As descri bed
above, the SJT may be appropriately designed and operated as a

current-: troll ed current-saource when opegate el aw,t hreshol d..(i.e. VP <
Uy 1 nloDORH, PhorE o e e & 4 R oRBE Pt ot e B BB i 1
= | d/'| g,g WReERCthoh inSbilityeforfadi channel device or the hole mobility for a p-channel

device), N, is the effective density of states in the conduction band (e.g. the valence band), q

is electronic charge, Naoping is the donor or acceptor concentration in the channel, a is the
channel thickness (which is typically the same for both n- and p-channel devices), Ly is the
gate length, and A* is Richardson’s constant. Many of the parameters in Equation 2 are
fixed either because they are physical constants (e, k, N;, q and Uy), or because they are
fixed by the fabrication process. Channel thickness, a, for example, is typically designed to
be approximately the same for both n- and p-channel devices to simplify the fabrication
process. Channel length L, is also typically designed to be as small as possible and to be
approximately the same for both n- and p-channel devices. Accordingly, the only remaining
variables in Equation 2 are the carrier mobility, p, and the channel doping, Npgping, as the
remaining variables. Electron mobility is known to be approximately twice as large as the
hole mobility. For most conventional devices (e.g. MOSFETs and MESFETS), the most
convenient practical way to achieve complementary devices is to make the gate width of the
p-channe] device approximately twice as large as the gate width of the n-channel device to
' 15




current flowng in the channel and Ig is the input gate current. To obtain
conplenentary SJT behavior the current gains of the n15§ﬁﬁerﬂb‘iﬂ¥§%el
devices need to be the sane. Wth reference again to Equation 2 above, it
can be shown that the current gain of an SJT device depends upon the
channel g®&HE{7%4%nd dopi ng according to the foll owi ng BSIS¥Yn: . R =
lg = ak2 No e4 rq . Dopinga (2) [0072] 2 2 =19 aL2 gq A NDoping 28UT
[0073] wh

er Ky 0 ' ant,, is the'

carrier no '%S%F gﬁﬁégge&?ﬁ%%e%§¢l%%esﬁéﬁ|t&‘i %ﬁ@%ﬁﬁ Hfgéyyﬁ;%% dé%\l/i ce or
t he hol eunaibwlithtayeate@urrentfhomraani s podsible cedbtaiiNeatly iddntica cfueait igsies fbensi ty of
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p-channe] devices), Lg is the_ gate length, ang. A* is Richardson's
const anchanpalndevises wiboy Jyerying thesrelativegiaaof 8 devisese Stated, arpthar vy bhecause
t hey are,; ' SRS .k %&?Ud% are
fixed bsmﬁggs_ aglr)ll catl g%a%aoéggggﬁo%zﬁgglﬁlgﬁ%tﬁﬁ%@?ma, or ?Ig%{gﬁ%}ﬁe, S
é ypi cal htyarbwa_detg:]cglcgat??dj%hs gl]:qolentgﬂlmamﬂny redlized'sﬁéhmufs@plf lﬂzlrﬁ mslf[rlhngmpg%- clhannel

evi ces Si i e fabricati rO0GESS apnel Jen al so
i cat Fe Bl 1ot Gonifiie S8roBi8 SRET e FRNR uRd vl 48 &1 5 ne
sane f okotaplefertarye8IU-basedheirvnid seiebiycesupy Lo wafen gtey antl et ot Higheri ni ng.
vari abl %_s I n ,eqltllatl n 2 are the carrier nobility, , and the channel doping,
Nnopng, TEquenFigs thagofsrfiekigeSyar i abl es. El ectron mobility is known to be

appr oxi fgrg] y%&@ﬁ@%&%@ﬁsm& %ﬁﬁ-thﬂééﬂoﬁi RIS drk Youtih8ly tHBRbte AEMENt i onal
devices (e.q. ETs and MESFETs), the nost convenient practical way to
achi evestendad EMON fupdyessiviess. Complomentiny versiong af 8JTd 2Ah(F6. Thmay be channel

Govi oo RSHE BES Bnte sistfic oo o9 a0 SRy lic xR R WE ! Sl MlladiBar oo
O e o
near |y fOIBRE PR &smg{}ﬁiéﬁ%r@teé&?ﬁ@iﬂwfay &7 Rart fesliosn-oaeos @?@Q&Wﬁgi ng the
channel siﬁ@cﬁﬂ-ﬁ&gsé[p»ﬂhi&bl%bs? WARY, 6@)&/ difter @g%ﬁ&e& sti¥tratel lmaaﬂ exvipldip! e

mobility, resulting in felative equal current gain values for both n- and
p- embodiment, the starting substrate 202 may exhibit a low doping concentration (e. g. Na, Np

-
-,

{ess than about 10° per cm®). In one embodiment of an SIT circuit 700, for example, the
SOI substrate may be doped p-type at the level 10* per cm®. The buried oxide thickness
may be on the order 6f 0.2 microns to 1 micron (e. g. about 0.4 pm) and the surface silicon
layer may be on the order of about 0.05 to 5 microns (e. g about 0.12pum) thick. Substrate
202 may also have a layer 204 of oxide or other insulator, as described more fully below.
{0075] Channels 20:6 for the various devices (such as channels 206A and 206B in FIG. 10)
may: be isolated by mesa etching, ion beam induced damage, local oxidation of silicon
(LOCOS), shallow irench isolation. and/or any other technique. The n-type dopants for the n-
channel device 200A may be introduced by ion implantation or any other suitable technique,
‘as are the p-type dopants for the p-channel device 200B (FIG. 10(d)). In an exemplary
embodiment, n-channels 206A may be formed by implanting phosphorous at an energy of
about 25 keV to a dose of about 3.5 x 10" per cm? P-channels 206B may be formed by
jmplanting boron at an energy of about 10 keV to a dose of about 2.8 x 10" per cm®. Of
course dopants, implants, energy levels and doses described herein are for illustrative

~ purposes only, and actual implementations may vary widely from embodiment to
embodiment. ‘
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channel devices without varying the relative size of the devices. Stated
anot her way, by suitable control of the channel dopi nbf‘s@mem%ﬁaﬂ ation
step, conplenentary devices with nearly-identical gate wi dths and | engths
can be realized. Because of the resulting space reduction and the reduced
capaci t an?@ %¥MAB#45r esul ts fromthe smaller p-channel deWRCIESIYRU

conpl enentary SJT-based circuits suitably occupy | ess wafer area and

. ) _ , . . _
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f or t healpve fmmpachanmid deviees 200 Bofléniting a1€4tie)y. higindae o€ kavp lime the eepdsedli nent

n- channel.s 206A may, be forne y inplanti phoy o t an,energy of
about 281/ Oexgmélgggbq;?n %ﬂﬁ’ﬁ 3y r?“@@i%giégpﬁ’ﬁﬁiﬁmﬁ?ﬁﬁé’% BB may be
f or med asergyilawlaﬁth%gbbw\muﬁht@@mmiﬁmaﬁffo@%plé@odﬁf—*h’s-mkav.d@ﬁ@ of about
2.8 x 10" per _cnP. course dopants, |Inplants, energy |evels and doses

des?:r i berdseand deain iraplegs may | bgactivated ity a high tempesatens|apnead ten the ouder of
. . s _ . : 15
Sept oA EEROT R Mo K0 i GE IR Gy e RO 1 Boe B2 °
ot her | sisedempbary @28odimyntpthe implamel chrntdiemay bé abablf ansedted at about 950°

C for 45 minutes, or otherwise processed to completion.

[0078] After source/drain formation, a window may be opened in insulator 220 (FIG. 10
() to expose the underlying silicon in those regions where Schottky gates 214 are to be

formed. A. gate material (such as cobalt di-silicide or another metal) may then be deposited
and, if necessary, annealed fo form the Schottky barrier and/or any resistive contacts. If
silicide contacts are used, a snitable metal such as titanium or cobalt may be deposited and
then etched to leave metal layers above the source, drain and gate regions. After a rapid
thermal anneal (e.g on the order of 650° C for about 30 seconds), a metal silicide layer is
appropriately formed. This silicide forms an Ohmic confact above the highly doped
source/drain regions. It forms a Schottky (i.e. rectifying) contact above the lightly doped n-
and p-channel active regions. As described above, the channel thickness of the original SOI
or SOS wafer may be designed so that the reduced channel thickness (a in equation 2) after
the silicide reaction consumes some of the original silicon channel is such that both I; and I,

vary exponentially with gate voltage.
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conducting layer 206 and on insulating | ayer 204 (for exanple, %8 hown in
FIG 10 (c)) by thernal oxidation of the silicon, by H%gﬁ’é‘?@l?% 00%r by any
ot her suitable technique. If thermal oxidation is used, sone of channel
206 may be consuned, and the thickness of channel 206 w Il be |ess than
that of tW®&HiY#nhal silicon on the surface of the SO RCGIBSLIPY nay be
appropriate, the channel thickness used to cal cul ate device operation may

be the fj thi ck t i dation. [ 00771, S nd drai t act
Dot BBl A ISR BoPL oS0 iR L B P e e o
i nsul at pRYpliekl ddiceAlRVRribie embedianis hotvirc e piéiRaisand therplaadipi ng a

rel atively heavy dose of arsenic (or any other s tab#%s terigl), into the
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200B nayordslecting intetcdnpnent dayen osuel rad oshsmingmy, Feeppens gdld:s onghe diker Fasler above

t he p-chanpel .devi ' ' al iV -hi on into
the bxpaouRs R fisife AR APRATbE MAaR of Gl ilbOdOngs SowtB O |
about 2deviddd,lds ppropiaR, AIG.A0(d)ehe egmpls \skdwd findxemplanbepnhiplementarh 5L t he

ar seni c_i%I ant,, for exanple about 25-50 keV. The source and drain
i npl ant PYRESF Hehct i vated by a high tenperature anneal (on the order of

about 8ffysdP0AnHaBhemGKOr 10(ERM) thé® GnbUleRENplal’ drideps! 9foraryeatinger
sui tabl e technique. In an exenplary enbodi nent, the inplanted &ggnnel S may
be sui t eshylemeniars| ¥ sircuitpotherowaiations of tpspiecepstase possible Refheh ©an pr ocessed

t t s t dr.ai.n.f ' - ; d
i 1 nachgiosRBs of Sghaflor g de0 6,7 £ ilbbnl EGRA, @ erathoth RS ATHISHE PROCS

r egi onscoikbedisetyp depogitghrdhodyhdnanyevatiatidae to the proeeks désaghedeabone evuldl (such

as cobalt _di-sjlicide or another netal t hen..he .deposi t.ed , If
necessaP§f Hﬁt% igp implantahion, clflr‘:lée Wst@gﬁﬁéﬁch{]dlgﬂ%?%?an}ﬁfc;l%%cﬁggi ve

cont act schidve a &Jphigfdoﬂ@qnﬁaﬂiﬁnaﬁatmw compmedtasui-t2ab Ipechamich STE betfavivg ti t ani um
or cobalt may be deposited and. then etched to | eave netal |ayers above the

sour ce, with dpvicesod eqnel gate leggtbaad gate width-a rapid thermal anneal (e.g on the

.order o . i S Ik kG 159 thi
appr opr I()é)t@ goy%%m%%}e@gﬁﬁf@?ﬁ%hcg%@g%cﬁ E#“ (t:tfé C tg%%ﬁgego%eﬂl? he hi ghly
doped - dpclosueé diaed beere ginmieded basel conmtheapiSedsotfidwy deseribed rbavei B iy cont act

VSR R SR T R M N R Rl R
desi gnegsEPRENG-4.t ARer/1R6UesLHmEREON The EIBAAII @BSadieistits SOmaindqRckdimelf ter the

silicide reaction consunes sone of the original silicon channel is such
t hat bod¢vides veifhd exemplara 05 psopsaie dengtis| apdvi e tthickrgss 9§0.121pm were

simulated using MEDICL. The ion doses, energies and subsequent diffusion have been

selected such that the same current gain results from each complementary device, and such

that both drain and gélte currents vary exponentially with gate voltage to achieve SIT mode

of operation as described above.

[0082] For the channel thickness of 0.12 pm, complementary behavior can be achieved by

implanting the n-active region with phosphorus fo a dose of about 3.5x10" cm™® at an

energy of about 25keV. The p-active region may then be implanted with boron to a dose of
about 2.75 x 10" cm™ at an energy of about 10 keV. Note that the doses used for these

implants are approxirhately ten times smaller than those used for the conventional silicon
MESFETs. After both implants are completed the wafer may be annealed at 950° C for 45

minutes to activate the dopants and to diffuse them into the channel. Source and drain
regions to the p- and n-channel devices are formed by the implantation of boron and arsenic,

respectively. For the exemplary embodiment described here, the source and drain regions to
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15 Septenber 2006 WD 03/079445 PCT/ US03/ 08011 [0079] :gl ngn gsé)ﬁe met al
may be used to formthe Schottky gate to both the n-ch ER channel
devices. In various enbodi ments, however, the properties of the n-and p-
channel devices 200 can be tailored sonewhat differently if a different
Schot t ky W&t08079%415 i s used for each. Devices nay then \?&%ﬂ“@@“"ﬂ%&’ét her to
formthe circuit by depositing a highly conducting interconnnect |ayer

such as ul gl eﬁge%@rbe st 1 4t bl oF e BlergM YA dhol Ul at i g

| ayer 2 0 accomro CONNECLT ONns etmeen evi ces, as
appropralactuerIBI G(ﬂﬁSOﬁma@«haplwptaﬁhMeamhmMﬂmc yacbopdhisveht ary SJIT

t t. .[0080]. Alth FL,GS, h
pr 06 ot AgAp R AS PR Oh Lo O P SOk gt Sbse Bt BT BT OHE Bf ¢ e
Pr 0CesSga& &awﬁmmﬁ%&ﬁﬂwﬁ B@ﬁbuvét@@ 9§ Iréphd)meﬁial geaidg #@hbdut Dsgeat | owed by

a silicidation reaction, for exanple, Si'2 or TiSi2 could be directly
~deposi t&mabmtpmmmtmwpﬂ@tteghmueo t he process descri bed above could

EgnfgreﬂweSI]g BadeBn' ac%@%@@g@mg@%ﬁggﬂ% e Mo RUBRERED Hoflhd f usT o

conpl enpfitesshowing bk gopahtemmedniraidn hxeheﬂmomm oﬁvﬂistanc:bemtoc’é:s chinnefifi@l gate

dov) coswBlP: ey an A P el eierhreciovy it dar BloRcia0 T oRr 308 ABAr e based

on the adeesehobdtRuoEE GhbbfidyaRane n-éi@ﬁndllsu*ps REWEIFE With ddpentRriocessi ng
of the dévices was sinul atlggl usi ng the Avant! (F%D ag}lia e (?ﬁzllJPREIVE%

After piewssehannghA0fs inohuriednexids &4 rand dn subetiatec2@y s@wnc%t P Progressiig
p- Chann&km%q%geoﬁéch Wt dh ‘i’%%ﬁé%pﬂspﬁ Xu@lﬁﬂ%ﬂb@?}é%}%ﬁﬂﬂ%lﬁéos%% t FHAARE!

t hi ckness 0o mwere simulated using e 1on doses, energies
and subfoe thesoureel edd drsin@onthcty in b eadin-chainebdesites; mspedimely. Dhmnt gaplwts: urrent

gain re ultsf om.each cor Ierretar Vi ch t bot rain and
gate culth iR o U A &7 ROOH P e £50g, PG JRcelonats REAR e S50 %06
oper at | aistedte e Al raR01306. [@ﬁS@]wﬂ)ghoh@Qloﬁztmmplbntt ffmcﬂheqasdmmfa 0.12 m

conpl enment ary _behavi or can_be achi eved by _inplanti ngﬂt he n- actthﬁve regi on

Wi t h phestizasisies, wih hadkeeund dopinginithessubsiydie showmby trage £- about
25keV. &I;tepﬁh%ﬁiﬂ U5idef Qe PorfiBY ohmeeoﬁﬁoh HRb st Ssho Wil H R %.9{1?] @n@ose of

about 2 at an energy of about 10 kéV. hé doses
used f omatkhdd2id fonﬂiealmhsnmi devigepwithbersitbidryo ﬂ]@tmaﬂcnét?:(lﬁrfat thelp-qhhml t hose

used for the n naI Ilcon SFET After b
conpl et ¥ héﬁ&é@ mﬁ&? ﬁlétﬁlcglél %vqrborus FB0 %ﬁ@’e%}hﬁt i vat e
the dopgipasts aitude®ottinf for'dRe pdhanAd SID abd ph@bmmsl for Beurchameh §ITr The

particular dopant concentrations shown in FIG. 13 are meant to be exemplary, and doping

concentrations may vary. widely from embodiment to embodiment.
[0084] Based on the doping profiles in FIG. 13, currents flowing in the n- and p-channel
SJTs may be simulated. FIG. 11 shows the output drain current resulting from an exemplary
simulation as a function of the input gate current for the two devices. FIG. 11 shows results
from an exemplary n-channe! device 200A with a drain bias (V) of 1.0 volt applied and
results from an exemplary p-channel device with Vg, = -1.0 volt applied. For the n-channel
-device the gate current and drain currents are both positive while for the p-channel device
_ they are both negative. FIG. 11 shows the magnitudes of these exemplary currents, and
shows that over a wide range of gate current bias the two devices are complementary (i.c.
the drain current in the p-channel device is equal in magnitude, but opposite in sign to an n~
channel device of the same dimensions if the input gate current is also equal in magnitude
‘but opposite in sign)'. The device processing conditions (e. g. channel implant energies,
.doses and anneal times etc.) may be chosen fo give the highest complementarity for gate

bias magnitudes in the range of about 10™'° to 10® amperes. Different complementanty at
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regions to the p- and n-channel devices are fornmed by the inplan i on of
boron and arsenic, respectively. For the exenplary en’cﬁj%ﬂﬁ%‘meraé@éri bed

here, the source and drain regions to 18 15 Septenber 2006 WD 03/079445
PCT/ US03/ 08011 t he p-channel device can be achieved by a boron inplant of
about eneW@PADHeV and dose about 2x1015 em 2, whil e PEAHSEH8EHd drain

contacts to the n-channel device can be achieved wth an arsenic inplant

f f t : d
i ai | RS b 0¥ S0 e flpes o 6 YrBVea B9 SN mepbOdsng Bt B0 08 B0
950 C éamphblputarging the chaheesl dopingyndfoy thidkiness tb ehimpe dheegaif 6088¢htBased on t he

I npl ant and ﬂealing conditions set forth above, exenplary doping
profi| e<48 g the dopant concentration as a function of distance into

the chajpogd] Sfle cﬁt&ffﬁﬁe@ﬁ@g}fwwﬂﬁaﬂ &ifect trdasist ishgdnefaly e byor =0 FI G 13,
pl ots 1301 and 1308 show doping _concentrations in exenplary % and
n- chann@¥276%T end fravsserduciaedeyds = WHe'dV s 6pmbe shown fom EqwsHor flriade 206, in

buri ed oxjfe R0 ' a : . ' .St ance

it o't YA R pual 30 cabofits'Cob g Rl 1P Y QISR hon Gt PO

i mpl antlse sithalatet heing MBERIELand drain contacts in p- and n-channel devices,
respectively. Dopant inmplants for th -channel actjive region,are shown on

trace 1188%] vﬁ?ﬁgﬁﬁﬂﬂ‘@;@%‘bft’aﬂﬂl@ﬁ $@t\§t‘$}5“°‘ F &t é‘ﬂbﬁﬁgéﬂgﬁgn’trape

1306. Tét@gxgel H3vide $HBVE RARAPTantedRhARES (i 9ranfeaewi§h ?ﬁ@@ﬂﬂhs atodil éneggy’ €gi on,

wi th bac ound doping In the su:l!)strate shown by trace 1314. Because the n-
and p- dBisheV toedosces 3 Snel K operew®) e thicknessraon 042 st is shawvio FIG: e Ferack gr ound

doping ,marked 1314 for the,.n- nnel .devi.ce will be simlar of-hat marked
1306 { dbpieag pemauy eblinet Y Pesiraman e SRt P e 080 be s eq
| n_varigpgs auRa, @Iﬁ"‘%a‘ie Icﬁ%tﬁfiﬂsﬁﬁxﬂ' ed GRS find A U ArAPbiAN adsBhed foEbeP- channel

SJT and phosphorous Tor the n-channel SJT. The particul ar dopant

concent .8V ellwughoincourse Pragoust otber perameigrst could he esednds £ay beargadibopi ng

concentt.atio vary, W dely f.rom i ' t 4] Based
on the @M%ﬁ@lﬁ.i@@%‘f@féﬁﬁ@?&@ﬁg% eﬁ@ﬂﬁ?ﬁgﬁ%%@ O:rd%% p- channel
SITs neyiagkiuéd smdlke €chn ahleGuivldnt Py jidvtion tamistordyeainse ofitheabtencesfil ti ng
from an_exenp| arﬁ/ si,%l,ation .as a function of the |nput %at‘_e .c#rl'rent for
the twoheBYRQIEE charpesiitiysion papritapees ds agesulty i M moderpify PPRAHR el devi ce
200A Wthﬂrﬁp&%&'r&iﬂb%ﬁnﬁ&?ﬁkh&%e%éﬁc@?mfn%% SHbBHIT. MefdevdrSshottam an

exenpl ary 1p-channel device wt d, s .0 vol't applied. For the n-channel
devi ce gatrelegathe mayrhecenableddhey allowing incesased opernting tffeqyrosies pombaed % for t he

ot -Channelor g Sy bSY AR W WirinflFrednct O Wic! 1 gt udes o

capacitance at a drain bias of about 1 pA/um may be about 3.5 x 101 B/ ym, which may

correspond to a cut-off frequency of about 18 GHz. The gate capacitance of the new device
- may also be smaller than a prior art MOSFET of the same dimensions.
[0087] The input capacitance of a conventional MOSFET is generally governed by the so-
called oxide capacitance, Cox, and for a strongly inverted MOSFET with a 2 nm gate oxide
and gate length of about 0.5 pm, oxide capacitance is appropriately about 80 x 10" B/pm.
As a result, various SJTs niay have cut-off frequencies approximately 20 times faster than

- prior art MOSFETs of the same dimensions and carrying the same current.

. [0088] Although the results of the simulation are presented, for example, in FIGs 11-13
for illustrative purposes, it will be understood that results obtained from the many
embodiments of the invention may vary widely from those presented here. For example,
many different parameters for device dimensions, dopants, dopant concentrations, and the

 like will suitably create performance characteristics that vary dramatically from embodiment

to embodhnent.
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shows that over a wi de range of gate current bias the tmo devj ces are
conmpl enentary (i.e. the drain current in the p-channel” deRiPREeGD08qual in
magni t ude, but opp03|te in sign to an n- channel device of the sane
dimensions if the input gate current is also equal in nmagnitude but
opposi te WO 80§45 The devi ce processing conditions (ePCUSEHBAHel i npl ant
energi es, doses and anneal tinmes etc. ) may - be chosen to give the highest

| t h 10 t
Tore. aniiapal, While 3 18Rk S Aismointh Ebodipes nah 10 oF R B Wil 0 1 ©
03{1 01394&&a13@’%t ; %ﬁ@ﬁé@&&h&m@b@g@recmtedlmwmwm@ml ofvarigiidas exst. ]btel;]cmﬁuh evedl by
nodadi I n e rocess) n conai ons exa e, channe
dopi né %1%@)36 @PE’)W‘E‘E% %ieoex@% lﬁﬁ?tn"ra"sxnp @@hgm@%@ﬁ B (2).

[ 0085] QEI&P_F‘Péét aﬂH Brefﬁoeqﬁtm teﬁmﬁt {ueeslcslgeef mbﬁlﬁawcﬁﬁﬁ\?ummw all'y

gi ven by 1 2uCg, and transcond ance gm='dld/d s can he, shown

from Eqmarent@nl(l@)ly wey.bBailyen, thndmwnmgﬁ@taﬂ@t@qscrgmamlép@m esiiled of the
devi ce degcr.i b r e - MEDI CI .
o086] st it oo Eplirbal ab WEMIBHaGR GO Sxably Unblatimnd e TEN L
| engt h éxenpian @mbodimmt&eltwhmﬂd hemh@mtd;oﬂ;lihﬁrﬁa&dus:cklmmwbm(bmh@méhle with

phosph N =q.22K w&?dgpgﬁﬁgﬁ 3mq,s)§op5§ﬁlfe§a e °%3‘2senp| ary

t hi ckn

enmbodi wtfonﬂﬂ%@éi@bndeﬂeia_ﬁﬁtt anamﬁbelagal\éqﬁvaaﬁu fRebof, Unlkes sfeciBibdllyGtatédr 45
nlnutes the gate lTength is assuped to be 0.5 mand the drajn bjas assuned

to be hemxn, B9 9%6@@%@1@9&%@%@ %‘mal todthe pretiseof iy Inyelon sed. As
can be ok : hi s
exenpl aéﬁy?%hy egédg%ed%g%%b dor er e#%égi%ﬁigc@&g%%ﬁ%l&%%% glfr(liefeqw val ent
bi pol arapattrﬁnmwmchrﬂwmrespresantbémathsdamfshelw.absence of the mnority charge
di ffusion capacitance. As a result, the SJT nodel ed nay operate in the

m cro-power reginme at nuch higher frequencies than a conparable BJT.

Mor eover, shorter gate |engths may be enabl ed, thus allow ng increased
operating frequencies conpared to prior art weakly inverted CMOS circuits.
Wth continued reference to FIG 12, the input capacitance at a drain bias
of about 1 jA/mmay be about 3.5 x 10.16 F/ m which may correspond to a
cut-of f frequency of about 18 GHz. The gate capacitance of the new device
may al so be smaller than a prior art MOSFET of the sane di nensions. [0087]
The i nput capacitance of a conventional MOSFET is generally governed by the
so- call ed oxide capacitance, Cox, and for a strongly inverted MOSFET with
a 2 nmgate oxide
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and gate length of about 0.5 m oxide capacitance is appropriately about 80
X 10-16 F/m As a result, various SJTs may have cut-o?fsql}t‘é'ﬁllf‘éﬁeél%s
approximately 20 tines faster than prior art MOSFETs of the sane

di rensions and carrying the same current. [0088] Although the results of
the sinulation are presented, for exanple, in FIG 11-13 for illustrative
purposes, it will be understood that results obtained fromthe many

enbodi ments of the invention mayCLAIMSA dely fromthose presented here. For
exanple, nmany different parameters for device di mensions, dopants, dopant
concentrations, and the I|ike will suitably create performance

char act.er i sAisemicohditctoraieyicedy amgtristogt | y from enbodi nent to enbodi ment. 20
15 Sept enber 2006 . WD 034.079%45 PCT/ l{{SOSI 08011 100891 While at |east one
exenpl ary ch¥BHTHEAR PFRYAIBE A R WEeHad in the foregoing detail ed

descri ptiomsoutcesBgbhd be appreciated that a vast nunber of variations
exist. It should also be appreciated that the exenplary enbodi nent or
exenpl ary enthsdneleegion dispossd bytween Hreplraia region and sounestregionczanded to |imit

t he. scope, |icabj.lit o configuratign of the invention in any way.
racher . ¢ ne PRFiseERiona o fog SHuiePieaftin, R gl b EPn prE PR &Lk 11 o T
t he ardumaht itcthe ean@el ©fion 6 fstmBger] @loni rogbe BEOEY the chAifcEregivh| ey

enbodi nent or . exenpl ary enbodi nents. It shoul d be understood that various
* changeshapagh regionshaying sthigkaessragd doping capeeniiatiomigiactadisush thaf igent s wi t hout

~departgj : : ] J I ;P i e appended
cl ai rrsdeg%cti&%g@‘#@%&%ﬁ%gﬁs\?@néﬂﬁg&%iﬁ%gBf%%I%g@e%%%gl |!(1:ézh t?‘g stated

her ei rsemicndlictardeviceds bpazatingintasabipaholdinmate and thesdraisemichievarico t he

practi e, invention. Any steps recited in any nethod clainms may be

ce of
executlgﬁaﬁ?ﬁwé‘ﬂﬁh%gaﬁ"e?‘,‘m?%cl uding an order apart fromwhich they are
presented in the clains below 21 15 Septenber 2006 CLAIMS 1. A
sem conduct or device, conprising: a drain region providing a drain current;
a sourke r édiesamicndiciomdsviceedictnmdi, whesathb drave currdit és mlagddtontleyi on and

source_region:, and a gate.reqgi on di sed .on the. channel region, the gate
regi orEa BUEeHt P2 Broﬁaﬁ’émg]été’rg?\é%asiarﬁ’g‘gpﬁé’fgﬂmﬁﬁﬁlom%i on to forma
depl etion region across the channel region, the

3. The semiconductor device of claim 1, wherein the drain current is related to the

gate current by a proportionality given as a function of channel thickness.

4, The semiconductor device of claim 1, wherein the semiconductor device is

formed as complementary devices.

5. The semiconductor device of claim 4, wherein the complementary devices have

substantially the same gate length and gate width.

6. The semiconductor device of claim 4, wherein the gate region contact to the

channel region forms a Schottky barrier.

7. A semiconductor device, comprising:
a drain terminal;
a source ferminal;

a channel region disposed between the drain terminal and source terminal so
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channel region having a thickness and doping concentratign se ectgg such
that the depletion region extends substantially acrosd® aemienRergfi¢ he
channel regi on when the sem conductor device is operating in a

subt hreshol d node and the drain current varies linearly with the gate
current. 2. The sem conductor device of claim1l, wherein the drain current
i s rel diaedcurcent Hews dairethe draie terminal B the spuocd feommkal; tagd gi ven as a functi on of
channel doping. 3. .The. sem.conduct or .device of claim]l, wherein the drain
current | ? Eftadining G Rt Sampelieeing S g6 ISl i EE Bl ven s o
functi gfte @GR 2RO e éh'ﬂhﬁ‘éﬂ?&; to%orn] B AepIRHH:E RBUACGIRYss BR\hEfhepf Claim 1,

wherein the sem conductor device is formed as conplenentary devices. 5.
The seregvanthgchamelmgianchayings thickness angh deping cenpenicasing selveted a¥sh devi ces have

substaptjally the sane te | engt nd._gat i . 0. The sem,.conduct or
dov; ot Be EpIkfich RETE Rt nERGhPuR e S btk Sk BB E R e T g on
fornms theSeRitbhductdratevicelis operatihgie Hisalsthbsldld mode ind the copopfleving: a drain
termnal; a source termnal; a channel region disposed between the drain

t er mi nfipmgheidras ferainabtorthegqurecdermipal pgrigphncapp svitiphp gatechienta current f1ows
fromthe drain termnal to the source termnal; and a gate term nal

di sposed on the channel region, the gate termnal providing a gate current
into t&e chimnemicagiuoor deviéoofimlamds prhetdiothergati amreatis odsted ethehannel

regi on, the_channel regjon havi t hi ckness d dopi ng cancentration

el ect BT ApWingam HtCArB SFENIRa) o fhesPRAte STrantloy S RERoRRIELY y acr oss a

bul k ofivEDRs £RABRG of @9h:R0 d¥piep. the sem conductor device is operating in a
subt hreshol d node and the current flowing fromthe drain termnal to the

source termnal varies linearly with the gate current. 8. The sem conduct or
devi ce,of claim7 erei,n.th ate current is . related to e. current

i ow 1 r R SEeRor Uit i T febE e e PRAGR b RS por t 1 onal i 1y
gi ven @sreat flowiini fivin BHe drhianaelindl epitRGoue tehignal B apoopbedlitydevi ce of claim
7, wherein the gate current is related to the current flowing fromthe

drai n gizemaseafuneiéon ¢fechgonpl gicknsssi nal by a proportionality given as a
function of channel thickness.

10. The semiconductor device of claim 7, wherein the semiconductor device is

formed as complementary devices.

11.  The semiconductor device of claim 10, wherein the complementary devices

have substantially the same gate length and gate width.

12.  The semiconductor device of claim 7, wherein the gate terminal contact to the

channel region forms a Schottky barrier.

13. A semiconductor device, comprising:

a drain region providing a drain current;

a source region; _

a channel region disposed between the drain region and source region; and

a gate region disposed on the channel region, the gate region providing a gate
current into the channel region to form a depletion region across the channel region, the

channel region having a thickness and doping concentration selected such that the
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10. The sem conductor device of claim?7, wherein the sem conduc devi ce
is forned as conplenentary devices. 11. The sem conddé{%?p?‘ﬂ’g?ﬁrégé%f claim
10, wherein the conplenentary devices have substantially the sane gate

| ength and gate width. 12. The sem conductor device of claim?7, wherein the
gate termnal contact to the channel region forms a Schottky barrier. 13.
A sem conductor device, conprising: a drain region providing a_drain

cur r endepletipngegipn extendsisgbstaniiably apress 2 belliod thechhapnst swioneanddBadidite dr ai n

regi on_an I LON; e region disposed on the channel region,
t he ga‘fugre?ltegﬁéﬁqﬁF%%ﬁlﬁtghe}ggea‘ﬁlg%ﬁ%urrent into the channel region to forma
depl etion region across the channel region, the channel region having a

t hi ckness and dopi ng concentration sel ected such that the 23 15 Septenber
2006 Hepl eﬁ‘iﬁﬁm}l%i%ﬁﬁ%% %%’let?’aﬁ‘g’f”ifﬂ the i cwrent 5 feletesktor he channel

regiongg nﬁ'eﬁtr@-d:g?}'iogbﬂ 5@% glﬁ%h %%a It Gah bY cihhdl dopfiggat e current. 14.

el i

i .
The sem gor? uct or e o wherein the drain current is related
to the gate current by a proportionality given as a function of channel
dopi ng, _15.._.The semn condyct or at'Han 13, wherein drain current

i s relbted TR ScpHeongustar deyice tCF%’%lC];’%ﬁ“S%%} Srp FW"@?VE}?EG s%a function of

channefe thie iRy alftopdiisn AR RN Y & FitctidR YT GfnAél tkickid¥s.13, wherein the
sem conductor device is forned as conpl enentary devices. 17. The

sem conduct or device of claim 16, wherein the conpl enentary devices have

S R O b B e

devi ce of c regi on co nnel region

forms frmedal ddiplbaedthgidevieds.

17.  The semiconductor device of claim 16, wherein the complementary devices

have substantially the same gate length and gate width.

18.  The semiconductor device of claim 13, wherein the gate region contact to the

channel region forms a Schottky barrier.
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