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_ _ ~ _ _ . -- .· COMPLETE SPEcWrCA;TION 

-' --~ Fi~ld~~~f?.eyi~s.:an~:-~~t~~cls:'.?!-.f~b:;icat~~~ ~~er~f- _ _ _ _ .-_ 
_ _ -- >:we; lW>'.10 _Q>j;pQRA;TJ:ON QF AMBB:ICA, -,a -~aid P,1iii8Jicy o!J~~ andbeirig spaced frQin 45 

--_-_ -~tij)ri otgail!zt:d ~Un4er-~-laws of_Jlie --Slli4'--~e:-_. la~r's·_-respectiVe:: .lo,w_ ~st;i~fy 
StateofDelamire; Um~:St_ates:of 4mencll, cbaD.n~l.- - ,: ... - .. . . _. ·----. 
-of- 3();: lwckefeller: Plaz1_t, OitY and ~AAte: : <·The:·_ ~t invention a.Iso · Pl'9vides· _.a 

f. of New•"¥orlc; United :~tes.:Qf- ~~ca, d,o lllC1:1J,~ of'f~bricatiJ?.g a field~eqt)ran$.isi:or 
_heie!>f:.de~ the•inV'ell1im.i, for .-whi,cb we· ;~pnShig·:P?-e stet?~ Of: Pro,cl:Y:<:irij ·at~lea.St 50 
pray_ that: a:.·patent ll,la~: be. ~ted to us, .:t:W<,l- ~~ ?n!aqng lay~ p.or:n<:ms.- ~--~ 
a~ the medwd: bf:·.wl:Jich-1~ 1S ro be-per.,. suiface of a seimconductor sµbstmte _Qf h;igbi 

<'· - --_, -~d, _ro ·_-be par_ti.clil.arly described in and by re!ilstivity materiiil and ·having. Qiie" conduc:. 
10 the foll<>Wirig Sta,~t: ~ . _ itiyity type, sai<i -1!1-yer . por:tions·: , Co.iJ,.taiajng 

,.·· ·:- :~~~~in~=~;s1::=~tnnsi~ =~~ra~~ =~;°:~~~~t ,55 
:.-; MOOrding to · .. -:the: present :in~tion: ,~ said sµbstrate- between Sai(i- · irisuJ.~ting: J.a:yc;r 
is,provided'~ fie14~ett ~si~ Comprising ~oils; said reacted regi()n)iiwlu.dirig a .con'." 

15 a substrate ·of:Seimconductor material ¢-one .ver~;ltiy~ ()f the. s~~te -~terial, .. ~ 
c00ducl:ivity . tjrp;;- Ii . 'low.>· ~stivity tjwmel as' an o:idde: of said , substrate; and;. a low :60 
.atSeinteond.rictol'inaterial of $¢-opposite con- resistivity channeI between -the blltk of said 

-- · ductiVity.·fype'; in said 'SI.Lbs~,--. said cha:tmel body and said converted layer of sU:bstirate 
·being· -~11bStaritially._:free~- of: do.pants of said .materiaJ, _causing said im:Pu#ties to -d~ 

··. · ~9.· .. -~i'.t¢~.::co~uCti:ri.ty:1 ·;type,- a -spurce of semi- ~ sajd. Iayer .. portiOll:S int9 said.subStr:ate to 
. ; con~Or-:lnateriaL 'Qf:.·said." opposit,e conduc- form low- resistivity diffused regions coii:tigu:. .-65 

.· · :tivity tj.pie ;in- sa.fd~. :~t!r!l;te , ~taoting said ous with: and defining the endS: of said channel, 
_ · ___ C1lanµcl, !lOClrain df>~emi~u,ctor .ma.teria.l of and tberi _prod.udng an. electrode on Said. con-

?~ ';'-=~~~~~~= ~~ ~~ ~T:~=--~u=~tdia~r.al .oPP-~si,te. .to 
· • :: electr(i(;le ~te :;:t0 ~d: ~ced from said .. 4 ~sistor fabrieated in ·aa;:ordance with .70 

-- -- - -,,· :¢hiimcl "by-~drisUla:ting iayer of high resi~ ~~ pres!!llt :inventioI1 i_s capl!;l,,l~ Qf. opeta.tion '>' 
.: tivify :m.8,terial > ::' : _: · · - _ · in. ·either. or both thy Qepletion:.· and. .eJ,lliJ!.~ce,. 

-.>Iii an d.~:t:rlcal circuit C()lll.$'-l'ising ~ plurality ment modes -of operation. -The - transfer 
- . 30. of field~effect:· tra.nsi$tors,, :accQ'niing ,:t9 ~ .~cteristics oLthe transistor is ~tip.uous 

· c -fil.:vention, me'· $ql;jstratC< , of · ~~ndll'Ctor .oVei a ;re4tiv;ely_-l~-!ange of ga~. V'<>~tages, /15 
·meterfal includes. it;;:.pl-µrality:• of -~~ -of and': the 'draiti «::urrent for z_ero .ga;t:e voitage .. 

... ·~····~~-!Sr'!'~ r~ia=~! 
. ' ; .$Uibstmte w~a ~t low resistivity~' ; :);Jy the~ of tb.e.in.ventiQit, tb.e_tjiannel, :80 

. ' '•-~~;li:t~;t~~~~'.jh~~= -~t~~~~;;~~~:i:t~:t~~ 
:.:1'-C:ing --~vely ·CQD11~¢ .. ~9'·;tw0,. d#ferent dtm,ng: • s~ step, f9ll0WU7-g only: a_ $ingl.e 

·. 40 _ -cliartneis· : alid. ·e~g .- as,. a. SQtU"Ce for- ~e ~s!dP'g . ¢. ::1¥ . s~icond~~. _ 1*f,y. · · The 
_ -Chaimel an4 a·~ f~ the~ of: S8,ld,'tW;'O cba~~stJ.cs,. ~f: :the .~Slst;or: may .be .SS 

-· '-'di_!ferent ·ch:aIJ¥1~,: a1]4 !!-: plUritJ,it:f .. Pf ~t~ . :#.l~fi;i:l_-W" ~-, .~ui#ple -C!1o!~ ; ()f th~ ~-
" el~odes, ~ ~f, saifi ~te el~ :~g 9~ductor.ma~~al; 1ts ,restsi;tvtty and ... 1ts cqn-:: ~(µr:;.1%.; .a :~ective11_: ~e~~::°?~' ,~ ,~u~~it)' ~;·-~_-we' -~~o~ · ¢. ~~ :.~ 
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purity, in the deposited layer p0rtion.S and and a low resistivity channel 27' between: the 
· 1~~: .~~tratioo:; and by .the choice of time, bulk of the base 23 and an insulatjng la~ 

temperatm"e, and. atmosphere used during the 25. The layer 25 is of~- high resistivity - .. 
step of producing the reacted region. material. For purposes: of; illustrati~ . the ·. · .:. 

S In· the accompanying- drawings: . · : · base 23 in FIGURE 1 is a $in~ crystal body 7(f 
FIGURE 1 .is a diagrammatic view, parti- of P-:type .. $Jiron. hav.Ing- lV' ~1;iyiity. of 

aily in section, of a first embodiment of a approxnneitely 200 ohm..an:.: · Thi~~t.yer 25 
.. fteld~effect -transistor according . to the inven- ' .. in'.this embodiment ~ ~~y a .l'fiig;,~~ 

tion having a circular or ring _geometry and and is produced by on~: a: po.r,t:ion . o.f 
10 a. typical biasing al"Iangement for operating the _suiface .of the .body: i3; The layer :zs is 75-

the transiStor, · approximately 2000 A -itbiek'.i ::im.,d, ,cpnsists 
FIGURE 2 is a family of c~ illustrat- essentially of pure silicon oxide. produCed by 

ing the drain characteriStics Of the einooclinrent : c;Orilipletcl.y. -o:Xidi.Zing &ili®-of .the boqy, ~.: :- -: 
of FIGURE 1, The low resistivity chann~L~'Z is_~~uce4_. . 

15 FIGURE 3 is. a diagrammatic view, parti- at the same time as the layer- 25--ahd is some- · 80 ·. 
ally in section, -of a second ~bodiment of times .referred to as an inversion layer. The 
the invention showing_ sevend fi~d-efect ' ~el 27.is believed to have a low resistivi0ty 
transistors '.iii- series, each having a ladder .by virtue ' of 'attril.Ctiilg: 'fr~ef.' (;ha.rge camers 
geometry and . a. biaSing ~ngement for. ~to, which compen8ate for unbalanced elec-

20 opera,ting- one of the .tt'aJlSistors, · · _ tronic. charges ;in the ~ally converted semi- 85 
FIGURES 4A; 4B and 4C are partial ·sec- oonduct:irig. ma.tetial of the. channel. . A gate 

tional views of structures illustrating a riletbOO. ele~e 29, -preferably of a . met.al sucll .. as 
fur fa~icating a third embodllnent of fietd- alwm01um,-. ~ on the layer 25 opposite 
effect 'l!l'ansistors according ifO the invention, .fo and~ :spiaceq 'fl'OD) the ~. 27. . 

25 ha.Ving_ a ladder geometry similar to the ,· A ~Ce: 31 eootacts the ooter per.iphery of 90 
embodiment af FIGURE 3; but having ·a. the chailnel 27. A drain 33 contacts the inner 
~ g~te electrod~ design, . ·~phely ··of .the ·c~· 27. · The _length 
_ FIGURE 5 is a family of curves illustrat- of the channel 27, which is the diSt:ance l:JO.. 
ing . dte dJ.'.8in characteristics . of the. embodi- tween the .ot¢er !Ind iDnei' peripherles of the 

30 inent of FIGURB 4C. . ·cbaniieI 27, is approximately 0;0005 inch. As 95 
FIGUR$ 6 is. a family of curves illustrat- illustrated, the source 31 and ;the drain 33 

ing itbe dtajn characteristics . of· .a. fourth. em- are regions of tlie ·bOdy 23 mto which N-type 
ooaunent of field-dfe<;t transistors according impuritje~ have beei1 diffused to render them 
to the invention, having. a geometry similar to :conducting, . · · 

3S the embodiment of FIGURE 4C, except that . ·A SQIJ!l'Ce· e~e 35; of a generally ring 100 
the drain characteristics have been modified sb&pe; -~d defined by . adjacent deposited 
by a longer beating .in dry oxy~, . .insulating por.ti:ons 39 and 41, overlies and 
· . FIGURE 7 ·is a family of C1ll'VeS illustrating ·contaci:s a part of the s0urce 31. A generally 
the dtain: characteristics of a. fifth embodi,. c:µsc shaped -drain ele~e 37; defined by 

40 ~t of -a field-effect :transistor according to adjacent deposited insulating pl()rtion. 43, over- 105 
:the blvention, having a geoznetry' similat to lies end contacts a ~rt· of the drain connec-
tbe_ ~odhuent of FIGURE 4C CJtcept that ti~ 33~ TJie -SoiuCe and drain ele<itrodes 35 
the · drain characteristics have been modified and· 37 are preferably of a metal, such as 
by a subsequent annealing in dry ·nitrogen, :aiuininiunJ., and may be produced in the same 

45 .FIG'QRE 8 is a plan of a sixth embodiment stw arid of the samie material as the .gate 110 
~ the invention, showing several field-dfec.t eleCtrode 29. The deposited in~ulating por­
·itra.ns~i;tors having a modified gate geometry, tio.ns 39, 41 . a.nd 43 are ~f deposited silicon 
and · · . · · . ·. · · · 'dioXide apipraxm.tely _O.l to 10 microns 

PIGUJ,W 9 is ~ family of curves illus- ithick, arid preferably one micron .thick. · 
50 ttadng the drain characteristics of the embodi- . FIGYRB 1 also. illustrate5 _a biasing 115 
~t of FIGURE 8. . . . . a1TaDg'e111ellt for operatirig roe tran.sistor 2J.. 
. · ~illldl.ar. reference. numerals are used f:or The source _elecnrode 35 iS oonnected ii;o ground 
similar . elements tbroughOU:t the seve.ial potential 51 by a source cooductor 53. The 
FIGURES._ . . . . gate :eleCtmde .29 is connected· to a termfoal 

55 The-first ¢m:bodiment of a unipolar _field- af .a. variable supply 55 of gat~ v-olt11:ge, Vg,. 120 
etr~. transist:Ot".21 shown -in FlGURE 1 ha.s by .. a.· gate conductor 57, the .other tetminal · 
a citCU!ar- ,<>r r:i,ng .~metry. The transis~or d' the supply 55 of gate - yoltage bejilg 
.U. includes a. base 23 of semiconductor .grorinded. The dram electrode· 3T is c~n­
·inaterial:'pi;efer-ably of high resistivity ~a.terial .nected to a iterminal of, an a~justable supply 

60 which may- be sin,gle crystal or polycrystallin:e. 59· of· cli'am :Voltage, Vd, by a dram· conducwr 1~5 · 
.The material may be any 011e of the seni.i- :61 .through a l0ad 63; the other termi$1 
c.ond.u~ot tnatetl.al~ u_sed to prepare. transis- .of ~e .. SlJ:Pl?lY -5.9 . of dmin voltage' being 
rots in the semiconductor art. · ·grounded: · · OUtJllllt terminals 65: are· connected · 

The base 23 includes a reacted region to the ends of the load 63.: It should be 
6S having a layer 25 of converted body material noted dlat the adjustable supplies 55 and 59 130 
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and' is· approXimi.tely 0;0005 JnCh. Iong::and· is 
apP!=oximately 0.05 inch 'wide. The: length of 
chaimet 27at.is defiiied> as the dimensiOn. be-

. hiveen the ··SOU!l'Ce ·and drain connections. The 
W:id.th·.is:defuied as the diinension perpendicu- 70 
lar':to':the length and parallel to the top sur-
face ·of· the '.body 23a. The irisula.ting layer 25a 
is:·of-·silicon :oxide ·approximately 2700 A thick 
which was ·.converted from a single -crystal 
body .Of high :resistivity silicon. ·The depmited 7S 
imnllatfug layer ,portions 47 a.re of deposited 
silicon. dioxide approxiinately one micron thick. 
~ rQUJld,tabS.-45 at the ends of the gate elec­
trodes• 29.aJ permit simple connection thereto 
with: a themially-bonded wire. Adjacent gate 80 
elect:J.'.O<b 29a! are sp11Ced 011 approximately 
0-;-0lO:inch centres. The source electrode 35a 
or •. On.e ·transistor may function also as the 
drain electrode for an adjacent ttailsistor. 
Also, the drain electrode 37a of one tranSim>r SS 
may function as the Source electrode for an 
adjacent transistor. 

The gr.oup of· ficld.,effect ttansistors illus­
tta~d-.in FIGURE 3 .. may be fabricated by the 
~od illustrated in. FIGURES 4A,- 4B- and 90 
4C: The· single ·Crystal wafer body 23ai is 
.ol.. P-:type silicon· hav.ing ·a high ~sistivity of, 
for example, 500 ~- A SUiface of the 
wafer i,s cleaned to . expose the body material. 
nHnnay be achieved, for example, by etch- 9S 
.ing the .surface of ·the: wafer W:ith a chemical 
etchant to remove all of the di8turbed-material 
Olli the. surface. · .Neit, heavily doped .silicon 
dioxide .is-deposited as a layer portion 47 on 
selected .areas of !the clean .su.r{a(:e of the body 100 
23a. F0r example, this is preferably achieved 
-by- depositing a unifcirm layer- of dopied siliCOlll 
dioxide,, as· :by· :themml. deposition. from a 
doped oxy•silane, and then selectively re:mov .. 
ing .the ,deposited oxide, as by selective etch- lOS 
.ing .using .a photoresist technique. 

The · thickness : of· !the deposited oxide is 
preferably. between approximately 1 and 10 
-microns. ·The· deposited; oxide layer portions 
47"contain a relatively high concentration of 110 
impiur.ities:(lils0 referted to as a 4cpant) which 
.a.re•·:·N;.;.,type ·-when p!'.¢Sent in silicon·. Such 
tiqipurities. are for·enmple, antimony,_ arsenic, 
or. -phosphorus. The: 'waie:r. is now heated at 
appioXimately 950°C- in dry oxygen: for US 
aPI>roxiniately one·.hour and then cooled. Dur-
ing: ·me heating-, the surface portions_ of the 
:silicon--Water 23ai .which are not covered with 
the deposited silicon . di<»ri.de . layer 47 are 
converted· to. :silieon· dioxide 25ai. . Such con- 120 
Vetted: mterial: is·· sometimes· referred to as 
tliermBlly, :g:rOwn: silicon : dioxi .. ; .. The con­
vei¢ed'.:nmterlal is:~Ssen:1li,ally piµ:e·:silic<1J1 di:­
oxide· ari.d'liaS' a bigh:~Stivity ·approximately 
··~ nt:m-cm. A · chann~ of low · resistlvjty 125 
-N;;;,type: ma:t:eri~l.27ai. :fortjl~ betwc;:en the layer 
'&:of: s.ilk:cm: mde_,llJld; the .bulk, ,of the body 
·23a. ·. -The: =portioit of, :i;~e wafer which now. 
-mchufes;:the::Oco.ttvette.4'.~t~ .zsa and the 
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channel· 27 a ·is ·referred to beie.in as a · "re-
acted regionn~ . :. · •· · .... · ·. · · 
.. DurlDg die. same heating step; impurities 
from the deposited oxide layer portions 47 

: S diffii.Se into the silicon under the : deposited 
oxide layer pottions 47 · to' form :diffused 
regions 3 laJ : and 33ai., 'in whieh. the impurities 
decrease in ·concentration· with.the .. distance 
from the deposited layer pol-:tions 47> · At 

10 the point of connection to the channel 27 a and 
abOve, the diffused· regions 31a md 33a have 
a ielatively low· ~stivity. · · · ; · ' · 
· Aper.tureS ate· ·now etc!bed. •· :thi'ough the 
deposited· oxide fayer. pO.rtions 47 .permitting 

IS access to a centratpart of the diffused regions 
~la and 33a; · -phis may be achieved ~bj apply:­
mg a ph.Otores1st il:o selected areas Of.· tbe de• 
posited arid of. the···tbemia1J.y grown silic0n 
oXi.4e layers 47 and 25a, reSpectlvely and·tben· 

20 etcliing away portions wb.ei"e die~ boles are 
desired .... · Then:, ·metal, . such as altiminiurili, is 
selectively deposited on central parts of .. the 
diffused regions 3lt11.and.33a1,.:where the a~­
tures W'~ . previl)Usly' ~tched,. and . on the 

25 layer 2sa1 :of converted bodY materiA\. ~te · 
to the Channel 27a-to form the source, drain, 
and goate ~es 3Sa~ 37a. ari.d 29(i ~~­
tively. This.may be acconi?M•d ·bY depo&it,:. 
ing,. as by vap00r deposition, ,11 :uniformi layer 

30 of metal, su.ch as a~µri:l'ini1,Jlll; · an4 . then selee­
tively ~-·. tbe depo&ited ·-:~~ USing a 
photoresist_ techniqW: .leaVing a .s~. el~., 
trode 35a, a; gate electrode 29a IUld a · drain 
electrode . 37 a. · · · · . · ·. 

35 •Ordinarily, the gate ele6trode . 29ai is, c.O-
extensive with the· _layer 25ai . of · convert¢d 
body -material._ . llowever, ~is constructiOn. 
presents some faboricatioii dijficaj.ties, ~cially 
_in aligning . the ga.te electrocl.e 2%1. over the 

40 _layer .of oonverte4 body mab:rial. 25ai~ . . A.$ 
illustrated in FIGURE 4C tlie gate el~ 
29ai is made longer than the cbaDnd 27a. to 
~tend over _the parts of the depo'sited layer 
portioris 47: ·· The· gate. ele~e 29ai covers 

45 the entire layer 25ai. of conxerted ma~erial :md 
parts of the deposited o:KJ.de la-yC! _portions 
47. In thi$ :r;e5pect, FIGURE 4C differs,from 
FIGURE· 3 aµd ·therefore prOvides · the third 
embOdinient of· the invention~· The 6rten.ded 

50 i;i0rtion8 of the. ·gat~ ~e 29a a~ in~ .. 
cated by the nuµi.eral 49 .. Since.the·tJ;Lickness 
of the depo-sited oxide layer 47 is at least fo11r 
times. that of the· hlyer 25at of' converted 
material, thi~ res¢ts. in ·only a· smrul amoiiilt 

55 of additional ~pacitan~, . . . · .. 
FIGURE .. 5 IS a family· O:f ~es· illu.strat .. · 

irig ·the drain chai"acteristics (Id plotted 
against .V d for d!iffercilt ·gate_· voltages, . Vg). of 
·t:be Clllibodiment of FIGURE 4C. · The -tran&-

60 ·conductance is ·approximately 3,000 riii~hos 
and the input capacitance meas~red .·at zero 
·gate bi.as is fifteen picof~, at-ap~ 
a.tely one me (megacycle). When~~ Channel 
·21a is completely depleted of· f~- electrons 

65 'by an applied gate voltage, the:channel :resis~ 

··--..;..--:::::"!!'.:_:· 

aitce is. a~tely 20,000: ohms •. · · This 
resistance is believ,Cd ;t91 be due to a parallel 
1eaka'ge P-th· betW'cen the source and drain 
connection& 31a and 33a. around the gate ·elec-
trode ·29iJ; . . . . . . 10 
: .. The •embodiment of FIGURE::«; :may be 
operatCd:_.:aFbQth. positive .a.nd ·negative: gate 
voltages: Vg; as Well ;iis · with no apphC4:.ga.te 
voltage:· Th.ere is .. Su.~n1ially n0:: DC -ga,te 
cllrient · fl<i:w; :at·~; ·positiv'e:::0r_ negative gate '15 
voltap. The:upwanf tum Of -the,_:cµzy:es for 
negative gate:.:wltages .a.t higher ·dridif v;olt-
age is 'the' efeci:: of- avalanche :breakdown in 
~ carrier deplet¢d ~annel 27ai. ;.: For; ex­
ample,: the :eurve Ng=3 volts turns upward ,0 
for• :valties :of· Vd · g'I:'ea'ter than approximately 
+1o:voltS. Gate ctirreilt-flow do.es· not .accom"-
pany this pheilOmeilon. : . · · 

The' choice of . material 23 'for. the base or 
bOdy :is · inip:>rtant; The base may. ·be. :any 8$ 
. single.· crystal or :J?Olycrystalline semiconductor 
D:ia.terial whkb. ma:y be used toi prepare semi­
conduCtor ·devices;~.· The base material should 
preferably have. a . high iresistivity . ancf be 
capabk: · of producing : .an: insulating· iayer of 90 
high. resistivity· by. chemicat."convemoo·_.of -a. 
region~- Of ; the · 'body. · ·The preferred base 
material: is single crystal ·silicon. With . low 
resistlrity P-fype: silicon as: the base materia:l , 
tmly· ipa.rtiat c-Ompensation may occ:ur- in· die 9S 
channel region :arid.an N-type layer may .·110t 
be 'Obtafued when ·the: converted .layer i!l pro.­
duced. P-type silicon, . typically.: ·between 
·2°and 1000. ~hmi-cm resistivity, is !'- preferred 
base _material. Generally, in P-type. silicon; lOO 
tlie ·,high.Cr 1:1¢: ~sistivity of the base, the 
·g~ater the number · of free N .. type · cbaige. 
canieni. in the channel If a P-~ channel 
:iS 'desired· between the bulk of . the base and 
~ layer·of converted bOdy niaterlal, ·then high IOS · 
resistivitY. N..type silicon · should be used as 
the.base. · · · · · 
: .. The· drain chai:acteristics of the embodimelit 
of FIGURE 4C may also be IIl()dified: by 
cllattging·. the time of heating in the .range llO 
betWeen 05aild 40.hoors and/or the temprera.-
tU.te- in the !l'8ll.gC between 850° and 1100°c 
to produce 'the coriverted layer. The longer 
heating •tinies and higher heating temperatures 
cOllV'erts t1ie silicon of the body to a .. greater 115 
d~ ·and .·produces a - cbannel· of greater 
depth; - . . . . 
· FIGURE. 6 is a family .of cuzyes of an 
embodiment similar iri geometry ·to. that illu~ 
tia:ted in FIGURE 4C except that tb.e heating 120 
-Step \vas .coiltiriUcii .. for a:pp~tely :tWO 
hours at approximately 950°C in dry oxygen. 
This· produced · a · thicker · reacted~. region-
. i!i?~i_ng a deeper channel. Also, depending 
on th~- atmosphere and on the surface treat- 125 
ment prior to oiidatio'li; either a ·P-type or a 
-~type~ channel· {invlersion layer)' may be 
forni.ed·.· ·· .Either· type· Qf ·Channel·. is operative. 
:However;: the cofuiect1ons -~<> . the., ~el 
'.should be of .the 'same-·c<>nductivity·cype -as J30 
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that of the channel. Where P-type source may be prepared using only one surface of the 65 
and drain connections are desired for silicon, wafer. 
the deposited oxide layer should contain P- '\V:HA.T WB CLAIM IS:-
ll:ype impurities for silicon such as indium -or 1. A field-effect transistor comprising a sub-

s boron. Where N-type source and dra4n strate of semiconductor material of one COll• 
connections are desired for silicon, the de- ductiVity type, a low resistivity channel of 70 
posited oxide layer should contain N-type semiconductor material of the opposite con­
impurities for silicon, such as arsenic, ductivity type in said substrate, said channel 
antimony, or phosphorus. being substantially free of dopants of said 

10 It has been found that baking the base for opposite conductivity type, a source of semi-
one or more hours in a dry inert atm0sphere conductor material of said opposite conduc- 75 
after the formation of the con\rerted layer tivity ·type in said substrate contacting said 
reduces the number of free charge carriers channel, a drain of semiconductor material of 
present in the channel. For instance, in the said opposite conductivity type in said sub-

15' ·device of FIGURE 4C, the concentration of strate contaoting said channel, and a gate -~ r 
free charge carriers in the channel 27 a pro- electrode opposite to and spaced .from said 80 
duced during the heating step can be reduced ~et by ~ insulating layer of high re-
by subsequently baking the silicon wafer at s1Stl"\1lty matc:rW. . . 
approximately 1000°C for approximately one . . 2. A transistor according to Claim 1 !iav-

20 hour in dry nitrogen. The overall method mg first and ~ond electrod~ respi;ctively 
is the same as that described above with connected to said source and said dram, and SS 
respect to fabricating the device of FIGURE wherein said insulating _layer is formed . of 
4C, except that before the electrooes are conv~ed substrate ma.~al, such as an oxide 
applied, ;the assembly is heated in an inert of said substrate matenal. 

2S atmosphere and then cooled. 3. A tranSistor according to Oaim 2, where-
. . . in said gate electrode extends over and . is 90 

1:1GURE 7. is a fami!y. of curves illus- spaced from a portion of said source and a 
tra~g .the dram chara~ttc o~ a field-effect portion of said drain the spacing between said 
transistor prepa;ed by this modified method. gate electrode and said channel being sub­
The transistor 1s teferre~ to as an enhance- stantially smaller than each of the spacings 

30 m~nt. field-effect tran~sto~ because the between said gate electrode and said source 95 
pnnapal mode of operation ,is by the ~er and said gate electrode and said drain. 
enh~~ent to the chanru:l. of free clia.rge 4. A transistor according to Claim 2 or 
earners m response to a poS!ttve gate voltage, Claim 3, wherein said substrate is P-type 
for an N-type channel. silicon; said layer of converted substrate 

35 The structure of FIGURE 8 is similar to material is silicon oxide, and said low resis-
that of FIGURE 3 except that adjacent gate tlvity channel is N-type silicon. 
electrodes 29b are connected at both ends 5. A transistor according to Oaim 2 or 
so that the drain electrode 371' of each unit Oaim 3, wherein said substrate is P-.type 
is completely surrounded by a modified pte silicon, said source includes a first low 

40 electrode. As illustrated in FIGURE .8, each resistivity impurity diffused region of N-type 
unit is comprised of two source electrodes silicon · in said substrate which contacts and 
35b and one drain electrode 37b enclosed by defines one end of said channel, and said 
the gate electrode 29b. In this embodiment, drain includes a second low resistivity impurity 
the drain electrode of one unit is not intended ditrused 1"egion of N-type silic.on in said sub-

4S to function as a ·source electrode for an strate which contacts and defines the other 
adjacent unit. end of said channel. 

FIGURE 9 is a family of curves illustrating 6. A transistor according to Oaim 3, where-
the drain characteristics of the Un.ipolar field- in a first layer of silicon oxide is arranged on 
effect transistor illustrated in FIGURE 8. a portion of. said source and abuts said layer 

SO The device may be operated in either the of converted substrate material, a second 
depletion mode (negative gate voltage) or the layer of silicon oxide is arranged on a por­
enhancement mode (positive gate voltage). The tion of said drain and abuts said layer of 
transistor having the modified gate electrode converted substrate material, said firSt and 
arrangement of FIGURE 8 has a lower leak- second ·layers being thicker than said layer 

SS age current than the transistor of :f!GURE of conv~ed material, and wherein said gate 
3 having the ladder geometry. This ieSults electrode extends over at least a part of said 
from the fact that the drain electrode is com- second deposited layer. 
pletely surrounded by the gate electrode. 7. An electrical circuit comprising a 

It is clear th~t the illustrated transistor plurality of transistors according to Claim 1, 
60 devices and ·their methods of preparation when.em said substrate of semiconductor 

are particularly advantageous in integrated material includes a plurality of layers of con­
circwts since the devices may be prepared vetted.. substrate material such as oxides of 
simultaneously in large numbers on a s~gle said · ~trate material, each layer being 
wafer. It should be noted that the devtces respectively separated from the bulk of said 
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00
type': im~e8 :foN·I'. sili~on .· -si.lch · as inddi~_,:,~ : .t. -.A·field•e'tfect -ttansistor ·compr.iSing a sub-

. . ron, w:i.1~e. ' ...;type source· :an· ·w•u ·stni.te··w ·semiconductor···material of ·One con-

. - · ·· *>J:µleCtions. ·.are desired for ·silicon, the de:. :ductiwity · ~ -a fow resistivity Channel of 70 

, . ])00ite4 ~ide layer should· coi:ttil.in N-type ,semiconductor material of the opposite con-

. · -imputjties for _ silicon, ··such . ·:-as .ai:se11ic, ductivity type in said substrate, said ·channel 

· .Y •tiniony, -or·phosp-horus. · _ . . _ being substantially free of dapants of said 

;10 
opposite -conductivity type, a soul:ce .of semi-

. -
conductor material of said opposite conduc- 75 

tivity type in said substrate contacting said 

cllannel, a drain of seniic0nduct.Qr material of 

·said opposite oonductivity type in said sub­

~Striite :corttaoting _ said channel, . -and .-a. gate 

·dectrode . opposite to md ·spaced from said 80 

-~el· by an· insulating layer .Of ·mgh re­

·:mstivity ma.terlal. 

..:,_. 

2~ A transistor :accOTding to Oaim 1 ha.v-

. 20 
'ing . first and ·second electrodes respecti'v'ely 

:iS ·the -same as that: -de8Cribed 'abo-ve With connected to ·said SOU1'ce and said drain, and 85 

'.resPect: . to 'fabricatl,ng :the :cieyic# of' FIGURE ~wb~renr -:said · insulating layer · is formed of 

4C, ·ex.cepi: . that. }#~ the_ ~lCl:trodes -a.re ·converted substrate .ma.terial, such as an oxide 

appli~d, i1:he·.assem'bly -~5 _hea~ed· in -an inert ·of said. substrate material. · 

_25 :a:=~d,;;::-:i~:~d-~iilus- u/;atd~st~~~~:;'~ 90 

trating :tl1e drain characteristic of a field-effect ·:spaced ftom ·.a portion of said source and a 

.· itransiSt()l"•PrqM~- by,,i;his mpdified method. ::pOil'tion 'of·said drain othe spacing between said 

The transistor· is referred t'<l' ;as.-an enhan:ce- --gate :eleCtrode ·and said :channel being sub-

30 · ·ment :field-Coft'ect transist0r · -· becau8e · the :sia'n!:Udly smid.ler than ·each ·of 'the spacings 

nri,:.cipal. mod._ .··· .. e .of nnlf"l"Qtion is bv the fu.rt:her ·~tween said ·gate electtode and said· souree 95 

r·- -,,,.-·- J and said gate electrode and :said drain. 

e~eenreil't ll:O. ~~ .c1rannel yo,£ . free charge 4: A;·· tranSis~ acci>rding :to Claim 2 or 

cani~ in.respopse to:•11; positive,ga.te voltage, :~ 3,' Wherein said substrate is P-type 

for· an• N;..type_ :.~~ _ ... 11ilioon, said layer of converted substrate 

35 The structme of ·FIGURE 8 is similar to ma1:eiia:l is "ilicon · oxide, and said low resis- 100 

il:hat of FIG~.-3-excem: thilU1qjaceni: gate _ dvity cbatµiel, is N-type silicon. 

' - . : ~ctrodes' Z9bl at¢:: c~ ':alt bo.t'Jt;' emts - s:..A..: :.ttansiS't9r according 'tq Oaiin: 2 or 

so that the drain electrode 37b Of -each unit Oliim 3, ·wherein said substrate is P ... ty;pe 

. is completely ~unded by a modified gate silicon, said source includes a first low 

40 electrode ... As• illustrated in FIGURE 8, each resistivity impurity diffused region of N-type . 105 

unit is compri,sed of two source electrodes 'Silicon in said substrate which contacts and · 

351' and on~ drain electrode 37b enclosed by defines one end of said channel, and said 

me gate electrode 29b. In this embodiment, drain includes a second low resistivity impurity 

the drain electirode of one umt is not intended diffused :region of N-type silicon in said mb-

45 to function as a source electrode fur an strate which contacts and defines the other 110 

· adjacent unit. · end of said channel. 

FIGURE: 9. is a fami1y of CU1VCS illustrating 6. A transistor according il:o Claim 3, wbere-

the drain ~cteristics of the unipolar field- :in a first layer of silicon oxide is arranged on 

effect ttansistor illustrated in F.fGURE 8. a portion of said source and abuts said layer 

50 ~ device· may be operated in either the of ·converted substrate material, a second 115 

,:., 

· depletion: mode (negative gate voltage} or the layer of silicon oxide ;is ammged on a por­

Cnhancement mode (positive gate voltage}. The don of said drain and abuts said layer of 

transistor· having :the modified gate electrode converted substrate ma<terial, said first and 

arrangemeiit of FIGURE 8 has a lower leak- second layers being thicker than said layer 

':\ ::: 
:';.. :. : 

~ -: 
\ 
;_:· 

· 55 age current than the transistor of FIGURE of converted m&terial, and wherein said gate 120 

3 having the ladder geometry. This results electrode extends over at least a part of said 

from the fact that the drain electrode is com>- second deposited layer. 

· pletely SUl'!rounded by -the gate electrode. 7 .. ·. An electrical circuit comprising a 

It is clear that the illustrated transistor plurality of .transistors according il:o Oaim l 

60 ~ces and ·their methods of .preparation: wherein said substrate of semiconduet0: 125 

'°re particularly advantageous in integrated mater.ial includes a plurality of layers of con­

cir.cui;ts since the devices may be prepared verted subst!rate ma~rial such as oxides of 

simultaneously in large numbers on a single said substrate material, each layer being 

wafer. · It ~ould be noted that the d~ces respectively sepamted from ~ bulk of said 
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substrate by a different. low resistivity chilnnel, substrate, to produce said tw'O .·spaced 'insulat'." _ 
a plurality of sources and drains, each of said ing layer p<>r.tions said one conductiVity type· 
sources and drains except ft:n' the end ones being of impurity __ in said layer being N-type im­
respectively connected "to tWb different channels purity for said body, and selectively removing 40 

S and acting as a source fur one channel and material from said deposited silicon dioxide 
a drain for the other of said two different layer to leave said two spaced :layer ponions 
channels, and a plurality of gate electrodes, on: said substrate. · 
each of said gate electrodes being arranged 10. A method according to Claim 9 and 
upon a respectively different one of said comprising the step of heating said •trate 45 

10 plurality of layers and being S,plced from in an · oxidizing atmosphere ·simultarieously 
said one layer's respective low resistivity w convert said sli~te.material and to cause 
cliannel. -. ' said impurities :to diffuse fr(>jD said :layer por: 

8. A method of fabrica:ting a field-effect it:ioils into said substra;te. .·. ·· · · - - - _ -
transistor comprising the steps of: producing _ 11. . -A -n1ethod . aecordiiig to _ amm-.• -· . ~(), 50 

15 at least ltWO spaced .insulating layer portions wherein said, heating step is carried out at 
on a surface of a semiconductor substrate of a tempem~ of \letween 850° ;tQ l100°C. 
high resistivity material and havmg one con• 12. A . method · a.c¢ording to Oaim 11, 
ductivity type, said fayer pOrtions containing wherein, said h,eating .step llas a duration of 
impurities of opposite conductivity . type:. to betWeeil 0.5 to "10 hours an~ comprising the 55 

20 said substrate, ·producing a reaOt:ed region in steps of: sCJ.ectivdy rCmomig material from 
said . substrate between said · insulating laYe"r -each of• Said- depOsited layer ·portions so as 
portion8, said reacted region including( a tO- expose< each Of said diffused ~ons in 
converted. layer of the subst:ra.te material, such said Su.bstmte and depositing metal cQiltaCts 
as an oxide of said substrate; and - a low on to each of said diffusing· regi<>ns. _ •- . 60 

25 resistivity channel between the bulk of_ said 13. A method :in _accordance with any. one 
body and said converted layer of substrate of Oaams 10,.11 and _12, ~said semi­
material; causing: said impurities to dilfuse -conduaor SubStt:ate- ·is 'high ~stivity silicon 
from said layer portions into said substrate mateirial. - - · 
to form low resistivity diffused regions con- · 14. A field-effect transist0r-When made by a 65 

30 tiguous with and defininf dJe ends . of said method aCcQiding il'O. any one of Claims 8 to 
channel, and then prodUC1ng -an electrode on _ 13. · · · 
said converted :layer of substrate material 
opp0site to and spaced from said chalinet 

9. A metlrod according to Oaim 8 and 
35 comprising depositing a layer of silicoo di­

oxide oil a Slllface of silicon semi®Jiductor 
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