PATENT SPECIFICATION

1 Apphcat:on made in ‘Umted States of America (No 22201 9) on Sept 7 l962
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. W‘e, RADIO (’bRPdRATION OF AMBMCA,
uonorgamzedunderthelamofthe

{ ‘pray that: % patent may: be granted to us;
~ and- the method’ bywhxchu:xstobeper

- formed,-to be particularly described i in and by'

the follcmng statement:—

© et This invention: relates: to ﬁeld-eﬂ’ect transis-
= tors and a methods’ offabncaungthm :

. o According “to’ the: present >invention .there

.- is.provided a field-effect transistor. compnsmg

15 a substrate ‘of :semiconductor material of one

T conductivity “type,: a low: resistivity -channel
- of: semuconductor--matenal of the opposite con-

> ductivity:type; in said substrate,said -channel

- bemg ubs;aémally free- of- dopanm of. said

> conduc ity:type i

acting - said -“channel, anfci a gatg
ectrode opposite to and: spaced from sai
channel by a sulatmg layer of hxgh. resxs-

L ixIn‘an eleetncal cu'cmt comiprising a plurality

of field<effect transistors, ; a%‘loordmg 0. the
mventxoq, the” substrate ".of - semaconductor
aterial -inclides - &. plm'ahty layers of
onverted sitbstrate material such as oxides of
said. - sitbstraté - material,.. each: layer: being
respectively separated. from. ‘the bulk of said
substrate by:a different low resistivity. channel,
‘& plurality of sources end drains, each of said
sources; and- drains ‘except for: .the.end : ones
being respecuvely -connected -to: two_different
_channels :and ‘acting .as - a. source. ‘for. one
chﬁannelandadtamfortheothetofsmdtwo

_ éen'odes, ‘éach ‘of said gate electrodes ‘being
oy dupon a'-respeouvely dmﬂ'erent

'Fleld-eﬂ'ect Devnces and _Metll hds. :
:'i:ic‘ii plurahty of. layers and- bemg spaced from

State of Delaware; United: States: of America, - ch
. of. 30; ‘Rockefeller. Plaza, City and State .
5. of New "York, Umted -States . of- Amenca, do
" hereby -declare the invention, for which we

different -channels, and a. pluerahty of . gate

f F. abncatlon thereof

e - layer s: respecmve resastmty

present ‘invention also - pmwdes a
od of fabricating a ﬁeld—eifeet Aransistor

“comprising -the steps of: producing at”Jeast
‘two. spaced msulatmg layers portions: on. a

Surface of a semiconductor substrate of high
resistivity material and - havmg one - conduc-
tivity - type, said -layer portions. containing
impurities of opposite- conductivity type to
said substrate, producing a’ reacted. region it
said substrate between said - msulatmg layer
portions, said reacted region including a con-
verted layer of the. substrate matma], such

‘as* an oxide of -said . substrate, and. a low

resistivity channel between the bulk of said
body and said converted layer of stubstrate
material, - causing said impurities. to- diffuse
fromr said layer. portions into said. substrate to
form ‘low. resistivity diffused regions contigu-
ous.with-and defining the ends of said channel,

and then producing an. electrode on said con~

verted layer of substrate material opposite. to
and. spaced from said channel.
‘A transistor fabricated in accordance with

-the present invention is capable of operation

in. either. or both the depleuon and .enhance-
ment modes of operauom The transfer
characteristics of the transistor is continuous
over, a'relatively. Iarge range of gate, voltages,
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and. the ‘drain current for zerc gate voltage

«can be. selected throughout a’ substantial cur-

rent. range . by relatively sunple changes in

-tbe method of fabsication, -

;- By the method of the invention, ﬂ:e channel,
--of-converted body material, - the

e’ drain may_ all be’ produced

dm-mg ithe_same’ step; following only a smgle

masking of -the semiconductor body. The

‘characteristics, . of . the transistor may be
‘modified by 'a suitable -choice .of the semi-
.conductor material, its resistivity and its con-
of ductmty type, by the seleeuon af the 1m-
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" field-effect transistor according to the inven-.
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purity in the depoe1ted layer portions and

" it§ concentration; and by the choice of time,

témperature, and atmosphere used during the
step of producing the reacted region,
In the accompanying drawings: - -

FIGURE 1 is a diagrammatic wew; paru-'

ally in section, of a first embodiment of a

tion having a circular or ring geometry and
a typical biasing arrangement for operatlng
the transistor,

FIGURE 2 is a family of curves illustrat-
ing the drain characteristics of the embodimient
of FIGURE 1,

FIGURE 3 is a diagrammatic view, parti-
ally in section, of a second embodiment of

the invention showing several field-effect
transistors i séries, each having a ladder

geometry and . a biasing arrangement . for
operating’ one of the transistors, -

FIGURES 4A, 4B and 4C are partial sec-
tional views of structures illustrating a method
for fabncamng a third embodiment of field-
effect transistors according to the invention,
having a ladder geometry similar to the
embodiment of FIGURE 3, but having ‘a
different gate electrode design,
. FIGURR 5:is a family of curves’ illustrat-
ing the drain characteristics of the embodi-
ment of FIGURE 4C.

FIGURE 6 is.a family of curves illustrat-
ing the drain characteristics of a fourth em-
bodiment of field-effect transistors according

to the invention, having a geometry similar to
the embodiment of FIGURE 4C, except that |

the drain characteristics have been modified
by-a longer heatmg in dry oxygen, -

FIGURE 7 is a family of curves illustrating
the drain characteristics of a fifth embodi-
ment of a field-effect trans1stor accordmg o
the invention, having a geometry similar to
the embodiment of FIGURE 4C excépt that
the drain characteristics . have been modified
by a subsequent annealing in dry -nitrogen,

FIGURE 8 is a plan of a sixth embodiment
of the invention, showing several field-effect
vtra‘xtlsxstors havmg a mod:ﬁed gate geometry,
an

FIGURE 9 is 2 famlly of curves illus-

tratin the drain characteristics of the embodi-
_menl: of FIGURE 8. .

Similar reference numerals are used for
slrmlar elements throughout the . several
FIGURES.

. The-first” embodxment of a umpolar field-
effect. transistor. 21 shown i in FIGURE 1 has
a circular or ring geometry. - The transistor
2L incdludes a. base 23 of semiconductor

‘material preferably of high resistivity material

which may- be single crystal or polycrystalhne

The material may be any one of the semi-

condyctor materials used to prepare. trans1s—
tors in the semiconductor ast.

The base 23 includes a reacted region
having a layer 25 of converted body material

~.in’this embodithent has generally a. rf sha

the surface of the body'23: -
‘approximately 2000 A thick: ‘and_ .consists .

«of the supply

and a low resistivity channel 27 between the

bulk of the base 23 and an insulating layer
25. The layer 25 is of high resistivity
material. For purposes: of:.illustration; the
b?se23 in FIGhURElﬁnagm ;

of P-type silicon ha 1
approximately 200 ohm-cm:. T}

and is produced by 0x1d1z1ng-- “porti
The layer 25:is

essentially of pure silicon oxide prodiced by

- completely. ‘oxidizing silithn-of the body 23 .
The low resistivity channel 27 is_ produced
at the same time as the layer-25-and.-is sonie- -

times referred to as an inversion layer. The
channel 27 s believed to have a low resistivity
by virtue -of ‘attracting free charge carriers
thereto, which comgensate :ﬁr tmbalancecceld elec-
tronic charges in the y. converted semi-
conducting . riaterial g??i:e charinel, - A gate
electrode 29, preferably of a metal such as
ahiminium, zests on- layer 25 opposite
toandspuoedfmmthiechannelﬂ

~'A source 31 contacts the owter periphery of
the chanhmynel 0%TmeA dhraalxng ;;ntac{_sh n:hel mngfhr
perip! c! e len
of the channel 27, which is the distance be-

65

tween the outer and inner peripheries of the -

“channel 27, is approximately 00005 inch, As

1llustrated the source 31 and the drain 33
are regions of the body 23.into which N-type

impuritiés have been diffused to render them

condu;ctmg

- A “source- electrode 35; of a. generally ring
shape, “and - defined by - adjacent deposited
insulating pontions 39 and 41, overlies and
contacts a part of the source 31, A generally

disc shaped "drain electrode 37, defined by -

adjacent deposited insulating’ portion 43, over-
lies and contacts a part of the drain connec-

tion 33. ' The source and drain electrodes 35

and 37 are preferably of a metal, such as
aluminium, and may be ptroduced in the same
step and of the same material .as the gate
electrode: 29. ‘The deposited insulating por-
tions 39, 41 and 43 are of deposited silicon

100

‘dioxide. approximately 0.1 to 10 mucrons .

thick, and preferably one micron thick.
FIGIIRE 1 ‘also illustrates a blasmg
arrangement for operating the transistor 21.
The source electrode 35 is connected to
potential 51 by a source conductor 53. The

115

‘gate -electrode 29 is connected- to a terminal .

of a.variable supply 55 of gate voltage, Vg',

by a_gate conductor 57, the other terminal

of the supply -55 of gate- voltage ~being

grounded. The 'drain electrode 37 is con-
nected: to a terminal of an adjustable supply

59 of drain voltage, Vd, by a drain condisctor

‘61 through a load 63, the other ‘terminal-
59 .of drain voltage being
grounded: - 0‘utput terminals 65° are connected

to the ends of the load 63. . It should be
noted that the adjustable supplies 55 and 59
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may beredmedtozeroouqmuemhavethmr
polnuesmr:ram&d -if “desired: -

n:one e ogetanon,thedrmnwdxa A
Vd; is adjusted:to. a:desired valie by. varying ge

S the supply 59. The gate voltage, Ve, which

35
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- the” drain’:. electrode: - - thiongh

is the.input or signal to“the:trafsistor; and

‘Which may be Direct ‘Curreat, {DC)’ Altern-
ating Current,: (AG) in.‘frequencies up:'to

100mc,0rpulses,1spmwdedfmmthcgate
voltage: supply 55 ‘or may -be:impressed in
additien to a° ed, ‘bias value.’” Although
not - illustrated, a. small. esciflator or input
signal’ termmals ‘may _be apr ».in - series
with 'ustable supply 35,7 if- dwred., for
th‘1 Dtram current, Id, which is

fmm: supply 59 thmughl the driin conductor
61 to _the drain elecbmde 37, then. from
the
drain 33, the -channel 27 the ‘source 31
and’ ‘the source electrode’ 35 sand-then from
thie-souice electrode 35 throughthesoume
conductex_' 53 to the & -51.'which is con-
ected. to the other. ‘terminal “of supply  59.
The ramcunvent, Id, is:a replica of the gate
Voltage,~-Vg. - The - output” power may be
many ‘times: the inpuit power and ‘the ‘input
impedance may’ be ‘many times the. output
nnpedance Thus, ‘the’. transistor may be
- totranslate’ from: a: higher i

ower imipédance ‘output;; to amphfy
power or- both bl tmnslane and

- mput
to’ amphfy
FIGURE 2 is a famnly of - curves illustrat-
ing ﬁlc""dram ‘characteristics (drain current
Id’ plotted gainst ‘drain voltage, Vd) of the
unit ‘of m_mmstor ‘and . biasing ‘arrangement: of
FiGURE 1.7 Bach curve was made with
ot '_tage, Vg, -held - constant at the
lue in volts ‘and the> source: elec-
trodé 35 -comnected 1o ground. ~ Increasing
values of drain voltage, Vd, (in volts)-were
qpphed 16 -the “drain’ and.- the’ ‘corresponding
drain curnents, Id; (in milliamperes) were

‘measured. - The. gate: input’ impedance is

capacitive at Jow frequencies. - Time constant
mesdsurements indicate a léakage resistance in
the range of 0™ o 10° ohms. » FIGURE
2 illustrates “the. ‘drain: characteristics of a
pamcular unit. - Other units:of: this geometry
‘may be ‘fabricated: which - may- be: used: with
higher: negative gate voltages and/or: with
positive gate ‘yoltages. . The maximmum usable
gate: voltage' is. believed 10 ‘be approximately
<+ 100 -volts for the units of the type-illus-
trated mFIGURE 1-and islimited by the: di-
br ' ngth of- the converted

.:_a g;eoup of . ﬁe!d-

-eﬁect translstom havmg a-.ladder geometry.

The ladder geomictry. facilitatesthe intercon-
fiection ‘of many devices: jon.a gingle:-semi-
conductor base; or ‘body.:: In: the embodiment
ofFIGUREB,thechannelZ?“ammmgxﬂar

and’ is. approximately 0.0005-inch long: and is
approzimately 0.05 inch wide. The length of
channel: 27a)is- defined- as the dimension be-

-meen:thesomceanddramconnecﬁons The

width. is: defined as the dimension perpendicu-
lar to the léngth and parallel to the top sur-
face .of the body 23a. The irisulating layer 25a
is-of silicon :oxide approximately: 2700 A thick
which - was converted from a single .crystal
body of highi resistivity silicon. ‘The deposited
insulating layer portions 47 are of deposited
silicon dioxide approximately one micron thick.
The round:tabs.45 at the ends of the gate elec-
trodes: 29a - it simple connection thereto
with a thanmally—honded wire. Adjacent gate
electrodes 29a are spaced on approximately
0:016:inch centres. ‘The source electrode 354
of - one ‘transistor may function also as the
drain electrode for an adjacent . transistor.
Also, the drain electrode 37a of one transistor
may function as the source electrode for an
ad)acent transistor.

“The group of ﬁeld effect transistors illus-
trated.in FIGURE 3.may be fabricated by the
method illustrated in. FIGURES 44, 4B-and
4CP The mlehaystal v;afg% body 23a olfs

-type i aving a high resistivity of,
for example, 500. ohm~cm. A surface of the
wafer is cleaned to expose the body material.
This-may be achieved, for example, by etch-
ing the surface of -the- wafer with a .chemical
etchant to remove all of the disturbed material
on the surface. Next, heavily doped silicon
dioxide is-deposited as a layer portion 47 on
selected .areas of the clean surface of the body
230, For example, this is preferably achxeved
by depositing a uniform layer of doped silicon
dioxide,. as by- thermal deposition. from a
doped oxy-silane, and then selectively remov-
ing the deposited oxide, as by selective etch-
mg 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
1mpumt1es {also referred to as a dopant) which
are ‘N:type when présent in silicon. Such
umpurities:are for-éxample; antimony, arsenic,
or- ‘phosphorus. The wafer is now heated at
approximately 950°C in dry oxygen for
approximately one-hour and then cooled. Dur-
ing-the heating, the surface portions of .the
siliconwafer 23a which are not covered with
the deposited silicon dioxide layer 47 are
converted- to ssilicon dioxide 25a. " Such con-
versed: material  is- sometimes. referred to as
thermally grown: silicon :diozide. A The con-
verted : méterial is’ essenmally pure’ “silicon di-
oxide and-has a high-resistivity ap«proxnmately

‘10% ohmweem. A -channel of low resistivity

Nitype: material 27a forms between the layer

‘251.0f: siicon. oxide_and, the bulk of the body

23a..- The: poition: of. the wafer which now

dictudes; the ormvarted material 254 and the

5

8

95

100

105

110

115

120

125



. » ..'. ‘l“
4 1,048,475 . - e
channel 27a is referred to herein as a “re< ahce is approximately 20,000: ohms. -~ This
acted region”. .. .-~ ~ 7w .+ resistance is believed to be due to'a parallel
_ - ‘During. the same -heating- step, impurities leakage path bétween the source and drain
' from the deposited oxide layer portions 47 connections 31a and 33d around the gate eléc- .
‘5 diffuse into the silicon under the ‘deposited trode29a - -~ - .. S o e 700
oxide layer portions 47 ‘to form -diffused ‘- The -embodiment of FIGURE-4C may be
regions 31a and 33, in which thé impurities operated ‘at”both. positive and - siegative *gate
decrease in -concentration. -with..the :distancé voltages: Vg, as well:ds with no-applied .gite
from. the deposited layer “portions 47.-. At. voltage. -There is'substantially no-DC gate . .
10 the point of connection to the channel 27z and  carrent flow 'at:Zero, positive_or negative gate 75 . =
above, the diffused regions 3la-and 33a have voltages. The: upward turn of the.curves for.
a relatively low resistivity. . -~ - % - ' ‘negative gate:Voltages at higher  drair volt-
- Apertures are now etched through the age is :the effect.of avalanche breakdown in
posited “oxide layer .portions- 47 .permitting the carrier. depletéd channel 27a.: For. ex-
15 access to a central:part of the diffused regions ample, the curve ‘Vg=3 volts turns upward 80
314 and 33¢; This may be achicved by apply- for values ‘of Vd greater than approximately
ing a photoresist to selected areas. of -the de= +10-volts. Gate current flow ddes not accom- -
posited and of the “thermally grown silicon pany this phenomenon. <. * & .17 - _
ozide layers 47 and 25a, respectively.and thens - The choice of material 23 for the base or . g
20 etching away portions where the holes are body is important. The base may be any 85 °
désired. . Then, metal, such as aluminiutn, is single crystal- or polycrystalline semiconductor
selectively deposited on central parts of the material which may be used to prepare semi-
. diffused regions 31a and 33a, where the aper- conductor devices. . The base material should
tures . were - previously etched, and. on the preferably havé:d  high- resistivity and. be
25 layer 25a-of converted body. material opposite- capable of producing : an- insulating layer of 90
to the channel 27¢-to form the source, drain, high; resistivity" by -chemical “conversion of -a
and gate electrodes 354, 37a and 29« respec- region: of ‘the ‘body. ~‘The preferred base
tively. “This may be accomplished by deposit- material: is single crystal silicon. With low.
_ ing, as by vapour deposition; 2 uniforny’layer resistivity P-type: silicon as: the base material
30 of metal, such ‘as aluminium, and then selec- only partial: compensation may occur in the 95
tively removing the deposited metal using a . channel region and an N-type layer may 1ol :
photoresist technique leaving a source elec- be-obtained when the converted .layer is pro-
trode 352, a gate electrode 294 and a ‘drain  duced. P-type silicon, typically - -between
electrode 37a.- . o0 2and '1000.ohm-cm resistivity, is a preferred _
35  Ordinarily, the gate electrode 29a is co- base matérial. Generally, in P-type. silicon, - 100
extensive with the layer 25a of converted the higher the resistivity of the base, the -
body - matérial. - However, this construction greater the number of free N-type “charge
presents some fabrication difficulties, especially carriers in the channel. If a P-type channel
in. aligning .the gate electrode 29a over the is ‘desired between the bulk of -the base and .
40 layer of converted body mmterial 25a. As the layer of converted body miaterial, then high 105 =
illustrated in FIGURE 4C the gate clectrode resistivity N-type silicon “should be used as
29g is made longer than the chamnel 27a 0 the base. = .~ IR
extend over the parts of the deposited layer .The drain characteristics of the embodiment
portions 47. - The’ gate electrode 294 covers of FIGURE 4C may also be modified by -
45 the entire layer 25a of converted material and changing the time: of heating in the range 110
"~ ‘parts of the ‘deposited oxide layer.portions ‘between 0.5 and 40 hours and/or the tempera- :
47. Tn this respect, FIGURE 4C differs fromd gure in the range between 850° and 1100°C
FIGURE 3 and therefore provides the ‘third ¢o produce ‘the converted layer. The longer
embodiment of the invention. The extended heating times and higher heating temperatures -
50 ‘portions of the gate electrode 29a are-indi- convetts the silicon of the body to-a. greater 115
cated by the numeral 49. 'Since ‘the thickueéss depth, -and ‘produces- a - channel of greater
of the deposited oxide layer 47 is at least four depth, - : . .- - .0
times that of the- layer 25a of converted ~~ FIGURE 6 is a family -of curves of an
material, this résults in only a small amount embodiment similar in geom'etgraa;o_that illus- _
55 of additional capacitance.. - . - . trated in FIGURE 4C except that the heating 120
-~ "FIGURE 5 is a family of curves illustrat-- step was continued for approximately two
ing the drain characteristics’ (Id plotted hours at approximately 950°C in dry oxygen.
against Vd for different gate ‘voltages, Vg). of ‘This" produced . a ~thicker " reacted - region-
‘the embodiment of FIGURE 4C. ' The trans- including a deeper channel. Also, depending
60 conductance is approzimately 3,000 micromhos on:the ‘atmosphere and on ‘the surface treat- 125 -
and the input capacitance measured-at zéro. ment prior to oxidation; either a P-type or a2 -
‘gate bias is fifteen picofarad, at”approxim- -N-type. channel- (inversion - layer): may be
ately one mc (megacycle). When the channél formed. - Bither type-of channel is operative.
274 is completely depleted of “free- électrons However;: the - connections - to-. the - channel
65 ‘by an applied gate voltage, the:channel resist- should be of -the ‘same-‘-c@nduc—ti_vity' “type as 130
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impurities for silicon,

that of the channel. Where P-type source
and drain connections are desired for silicon,
the deposited oxide layer should contain P-
type impurities for silicon such as indium -or
boron. Where N-type source and drain
oconnections are desired for silicon, the de-
posited oxide layer should contain N-type
such as arsenic,
antimony, or phosphorus.

It has been found that baking the base for
one or more hours in a dry inert atmosphere
after the formation of the converted layer
reduces the number of free charge carriers

t in the channel. For instance, in the

‘device of FIGURE 4C, the concentration of

free charge carriers in the channel 27z pro-
duced during the heating step can be reduced
by subsequently baking the silicon wafer at

approximately 1000°C for approximately one .
ethod

hour in dry nitrogen. The overall me

is the same as that described above with
respect to fabricating the device of FIGURE
4C, except thdt before the electrodes are
applied, the assembly is heated in an inert
atmosphere and then cooled.

FIGURE 7 is a family of curves illus-

trating the drain characteristic of a field-effect
transistor prepared by this modified method.
The transistor is referred to as an enhance-
ment  field-effect transistor because . the
principal mode of operation is by the further
enhancement to the chammel of free charge
carriers in response to a positive gate voltage,
for an N-type channel.

The structure of FIGURE 8 is similar to
that of FIGURE 3 except that adjacent gate
electrodes 29b are connected at both ends
so that the drain electrode 37b of each umit
is completely surrounded by a modified gate
electrode. As illustrated in FIGURE 8, each
unit is comprised of two source electrodes
355 and one drain electrode 370 enclosed by
the gate electrode 295. In this embodiment,
the drain electrode of one unit is not intended
to function as a source electrode for an
adjacent unit,

FIGURE 9 is a family of curves illustrating
the drain characteristics of the unipolar field-
effect transistor illustrated in FIGURE 8.
The device may be operated in either the
depletion mode (negative gate voltage) or the
enhancement mode (positive gate voltage). The
transistor having the modified gate electrode
arrangement of FIGURE 8 has a lower leak-
ege current than the transistor of FIGURE
3 having the ladder geometry. This results
from the fact that the drain electrode is com-
pletely surrounded by the gate electrode.

It is clear that the illustrated transistor
devices and their methods of preparation
are particularly advantageous in integrated
circuits since the devices may be prepared
simultaneously in large numbers on a single
wafer. It should be noted that the devices

:::g be prepared using only one surface of the

er.

WHAT WE CLAIM 1S:—

1. A field=effect transistor comprising a sub-
strate of sémiconductor material of one con-
ductivity type, a low resistivity channel of
semiconductor material of the ite con-
ductivity type in said substrate, said channel
being substantially free of dopants of said
opposite conductivity type, a source of semi-
conductor material of said opposite conduc-
tivity type in said substrate contacting said
channel, 2 drain of semiconductor material of
said opposite conductivity type in said sub-
strate contacting said nnel, and a gate
electrode opposite to and spaced from said
channel by an insulating layer of high re-
sistivity material,

2. A transistor according to Claim 1 hav-
ing first and second electrodes respectively
connected to said source and said drain, and
wherein said insulating layer is formed of
converted substrate material, such as an oxide
of said substrate material.

3. A transistor according to Claim 2, where-
in said gate electrode extends over and is
spaced from a portion of said source and a
portion of said drain the spacing between said
gate electrode and said channel being sub-
stantially smaller than each of the spacings
between said gate electrode and said source
and said gate electrode and said drain.

4. A transistor according to Claim 2 or
Claim 3, wherein said substrate is P-type
silicon, said layer of converted substrate
material is silicon oxide, and said low resis-
tivity channel is N-type silicon.

5. A transistor according to Claim 2 or
Claim: 3, wherein said substrate is P-type
silicon, said source includes a first low
resistivity impurity diffused region of N-type
silicon in said substrate which contacts and
defines one end of said channel, and said
drain includes a second low resistivity impurity
diffused region of N-type silicon in said sub-
strate which contacts and defines the other
end of said channel.

6. A transistor according to Claim: 3, where-
in a first layer of silicon oxide is arranged on
a portion of said source and abuts said layer
of converted substrate material, a second
layer of silicon oxide is arranged on a por-
tion of said drain and abuts said layer of
converted substrate material, said first and
second layers being thicker than said layer
of converted material, and wherein said gate
electrode extends over at least a part of said
second deposited layer.

7. An electrical circuit comprising a
plurality of transistors according to Claim 1,
wherein said substrate of semiconductor
material includes a plurality of layers of con-
verted  substrate material such as oxides of
said substrate material, each layer being
respectively separated from the bulk of said
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. i¢hat- of “the'chennel: Where Petype “gOTrce
anid drain- connectionis ‘are desired for silicon,

" the deposited "oxide’ layer -should contain P-
'~ type: impurities for. silicon “such as indium -or

- approximately 1000 .
- hour’ in-dry -pitrogen. . -

Boron. Where : N-type source’ ‘and -drain
«connections ‘are desired - for silicon, the de-
‘posited oxide layer should ‘contain N-type
imputities for silicon, "such '8  arsenmic,

‘amtimony, -or’ phosphorus.

Tt has been found that bakig ‘the base for

| “Ghie ‘or- more hours in a dry inert atmosphere
- converted' layer

is. the -same: as_ that des

Tespect 1o fabricating the

L Gucept . that. before the_clectrodes “are

g 30

55

so that the drain electrode 37b of ‘each unit
js completely surrounded by 2 modified gate

' to function as a source el

applied, the -assembly is heated’ in = inert
‘atmosphere and then-cooled. - .

‘- FIGURE: 7. is_ 4: family of curves. filus-
trating the drain characteristic of 2 field-effect

" sransistor.prepared by. this medified method.

The -transistor is_ referred to ias-an enhance-
ment field-effect transistor because the
principal mode of operation is by the further
enhancement ‘10’ the’ .channel -of free charge
catriers in response fo:a positive. gate voltage,

The structure’ of FIGURE 8 is similar to
chat of FIGURE 3 except that udjacent gate

ted at €

electrode.  As:illustrated in FIGURE 8, each
unit is comprised of two source electrodes
355 and one drain electrode 37b enclosed by
the gate electrode 29b. In this embodiment,
the drain electrode of one unit is not intended
ectrode for an
adjacent unit.

FIGURE 9 is a family of curves illustrating
the drain characteristics of the unipolar field-
effect transistor illustrated in FIGURE 8.
The device may be operated in either the

" depletion: mode (negative gate voltage) or the

enhancement mode (positive gate voltage). The
transistor having the modified gate electrode
arrangement of FIGURE 8 has a lower leak-
age current than the transistor of FIGURE
3 having the ladder geometry. This results
from the fact that the drain electrode is comi-

pletely surrounded by the gate electrode.

It is clear that the illustrated transistor
devices and their methods of preparation
are particularly advantageous in integrated
circuits since the devices may be prepared
simultaneously in large numbers on a single

wafer. It should be noted that the devices

sy be prepared using ‘only one surface of the
wafer. - - o

. -1 ‘A-field-effect transistor comprising a sub-
strate “of ‘semiconductor “material of one con-
‘ductivity ‘type, & low. resistivity channel of
semiconductor material of the opposite con-
ductivity type in said substrate, said ‘channel
being substantially free of dopants of said

uppositeconducnvity type, & source of semi-

conductor material of said oppesite conduc-
tivity type in said substrate contacting said
channel, a drain of ‘semiconductor material of
'said opposite conductivity type in seid sub-
strate contacting said channel,
electrode . opposite to and spaced from said
channel- by an insulating layer of high re-
sistivity material.

772 A transistor according to Claim 1 hav-
jng first and second electrodes respectively
connected to said source and said drain, and
swherein said - insulating layer is formed of
«converted substrate material, such as an oxide
‘of said substrate material '

3. A transistor according to-Claim 2, where-
in said® gate electrode extends over and is
spaced from @ portion of said source and a
-portion of 'said drain the spacing between said
gate ‘electrode and said ‘channel being sub-
‘stantially smaller than each of the spacings
‘between said gate electrode and said - source
and said gate electrode and said drain.

4. A’ transistor according 0 Claim 2 or
‘Claih 3, wherein said substrate is P-type

silicon, said layer of comverted substrate - °

iaterial s silicon oxide, and said low resis-
_tivity chennel is N-type silicon.

cuds . .5.. A-transistor according to Claim 2 or

Claim: 3, wherein said substrate is P-type
silicon, said source includes a first
resistivity impurity diffused region of N-type
silicon in said substrate which contacts and
defines one end of said channel, and said
drain includes a second low resistivity impurity
diffused region of N-type silicon in said sub-
strate which contacts and defines the other
end of said channel.

6. A transistor according to Claim 3, where-
in a first layer of silicon oxide is arranged on
a portion of said source and abuts said layer
of converted substrate material, a second
layer of silicon oxide is arranged on a por-
tion of said drain and abuts said layer of
converted substrate material, said first and
second layers being thicker than said layer
of converted material, and wherein said gate
electrode extends over at least a part of said
second deposited layer.

7. .An electrical circuit comprising a
plurality of transistors according to Claimi 1,
wherein said substrate of semiconductor
material includes a plurality of layers of con-
verted substrate material such as oxides of
said substrate material, each layer being
respectively separated from the bulk of said

* c L M s *

and a gate -
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substrate by a different low resistivity channel,
a plurality of sources and drains, each of said
sources and drains except for the end ones!

réspectively connected to two different channels
and acting as a source for one channel and
a drain for the other of said two different
channels, and =2 plurality of gate electrodes,
each of said gate electrodes being arranged
upon. a respectively different one of said
plurality of layers and being spaced from
said one. layer’s respectwe low res1smwty

8. A method of fabricating a field-effect

transistor comprising the steps of : producing

at least two spaced insulating layer portions
on a surface of a semiconductor substrate of
high resistivity material and having one con-
ductivity type, said layer portions containing

impurities of opposite conducfivity- type. to
said substrate, producing a reacted region in

said substrate between said insulating: layer
portions, said reacted region including a
converted layer of the substrate material, such
as an oxide of said substrate, and a low
resistivity channel' between the bulk of . said
body and said converted layer of substrate
material, causing said impurities to diffuse
from said layer portions into said substrate
to form low resistivity diffused regions con-
tiguous with and defining the ends of said
channel, and then producing an electrode. on
said converted layer of substrate material
opposite to and spaced from sdid channel.

9. A method accordmlg to Cflam]mls agd
comprising depositing a layer of silicon di-
oxide onga surface of silicon semicoriductor

s, Stone Buildings, Lincoln's

substrate, to produce said two. spaoed msulax
ing layer portions said one condw:nvny type

of impurity in'said layer being N-type im- -

purity for said body, and selectively removing
material from said deposited silicon dioxide
layer to leave said two spaced. layer “portions
on said substrate.

10. A method according to Claim 9 and

comprising the step of heating said substrate

in an . oxidizing atmosphere slmultaneausly .
to convert said substrate. matenal and to-cause

said impurities to diffuse from i said layer por-
tions into said substrate,

11. A method according to Claim~ 10,
wherein said heating
a tunperature of between 850° o 1100°C.

50

step is carried out at -

‘A method 'according to Claim 11, -

wherem said heating step has a duration of
between 0.5 to 40 hours and comprising the

to expose. each of said diffused regions in
said substrate and dmsmng metal - contacts
on to each of sald . <

13. A method in acoordance mth any. one
of Claims 10, 11 and 12, wherein said semi-

‘conductor substra.te is- ]:ugh. resistivity silicon

msamnal
14 A ﬁeld-etfect transistor- when made by a
mcthodaccordmgmanyoneofClanmsSto
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steps. of selectively. removing. material from .
each of said deposited layer portions so as
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