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t he layer 2

gate

type are Okfﬁnfﬁc Corpration ‘organi d fynction ofhibe swgwmdk bfagherapgied Sspaced.
junctkong fﬂéﬂﬁﬁriﬂ? 75 0f tfie" St %?#%%a%% eﬁc[t tial. -The inverted _1aye:éh may be
regions of UiRo Stk of Al do” herdy )}Zé eliminated by applying zero potential or a 50
-y i3 the -invention, for: which. we pray that a patent positive potential to the gate electrode, o
s :may be .granted- to us; and the method by The voltage necessary to invert the semi-
o which it-is to be performed,.to be particularly conductor material and form the current path
5 10 .described in and by. the. following state- is called the -turn-on voltage (V) and is
: menti—- . T related to the device structure by the follow- 55
.-~ This invention relates t6 an improved field ing "equation: .
effect transistor. of the:metal-dielectric-semi- (Qss+Qp) X,
< <conductor ‘type which, .due: to the fact that - Vo=
‘the -dielectric .is usually .an oxide, is often . K ¢,
i referred to_asi:a MOST. = More particu- Where o
larly, -this - invention. relates to g MOST of - X, is the thickness of the dielectric over
the ‘P channel type. 'wherein the dielectric the area -to be inverted, in centi- 60
layers:. on' the “surface -thereof are optimized -mieters )
1o prevent undesired inversions of the semi- Qs is the charge in the surface layer of
conductor..material. in areas not below the the semiconductor in coulombs per
-gate electrode. .. The. device is thereby opti- square centimeter o
‘mized - against failure due to.leakage current, - ‘Qus is the charge in the dielectric at the €5
-i.e., - -uncontrollable .currents between the semiconductor-dielectric interface in
-source ‘and: the ‘drain.. - Simultaneously, the the region to be inverted in coulombs
device'.is. essentially optimized for its sensi- _per square centimeter
~ tivity. to: low input voltages on the gate. - K is the dielectric constant of the di- )
-An the P channel’ type of MOST with electric (3.9 for SiQ,) T
-which . this .invention. is : concerned, a mono- €, is the free space permitivity=8.85X%
crystalline: semiconductor substrate .of N-type 10-™ farads per centimeter '
.conductivity is provided with a pair of closely For.a P channel MOST structure, Qg is posi-
spaced source and drain: regions of P+ type five.and of 3 magnitude equal to the exposed
conductivity which_; form - espective' P-N  domor atoms in the semiconductor. Qg is 7%
junc i Afor all practical purposes always a positive
region between charge whose valie depends on,_ the nature of
1€ S . ed ‘the.dielectric layer, i.e., the particular material
i+ the xegion by eans -of; an insulating or di- and the manner. in which it is. formed. | .
. electric. layer. In the normally .off, or Although dielectrics wherein Qgs 'is a .nega- 80
.- enhancement type MOST,.the application of tive charge have been observed, e.g., a gold
-~ 40 -2 negative potential between the .gate and the doped- silicon oxide, these are special and
substrate of proper magnitudé results in the not normally occurring situations. Moreover,
inversion of ‘the surface of the semiconductor” with the present  state of technology, very
material -.directly - below: .the. gate. electrode. little is known about how to stabilize these. 85

auses a -conduc-

negative Qgg . dielectrics or how. to‘control



oxide (layer 21) may then be forned by a the inprovenent conpri sing:

85 low tenperature, i.e., below 600[err]C, oxide formng a first |ayer
of . dielectric material T s, e.g., anodic growi ng or vapor
having a | ow surface charge density on the deposition, which is not

foll owed by heating surface of said substrate overlying the channel the
farmed oxide to a tenperature above region and t he adj acent portions of
the P-N 600[err]C. junctions; and

90 Al though the device has been descyiokest for forning a second Iayer
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process.
claim 4 whe
first layer o
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_ silicon dioxide MOST stru
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chéﬁém’c;gm ithasoxide thickness in
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approxxmately 3><1()11 co?, resultmg in a

turn-on voltage for the device of about ~2

to —3 volts.

.- Although the " inversion of _the semicon~
ductor surface beneath the gate region by
means of an electric field generated by a volt-
age applied to the gate electrode is a desir-
able characteristic of a MOST device, in-
versions of the semiconductor surface -in
regions -outside of the channel region are
-generally undesirable.  Such inverted regions
cannot be returned to their original state by
-merely removing the gate voltage from the
gate electrode. In contrast to a time of

approxxmately 10-° seconds required for the

35

- return to

45
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5.

inversion layer beneath ‘a gate electrode to
-its normal condition “after the
removal of the gaté voltage, days or months
may be required for an inverted layer out-
side of the gate region to return to its normal
condition.
and uncontrollable return time, any . such
inverted - tegion ‘which results in a current

path between the source and the drain will .

effectively cause the device to fail since the
‘device cannot be turned off, ie., made non-
conductmg

In the use of enhancement mode MOST-

-dev1ces, it often happens that a gate voltdge
is._applied to the _gate electrode for relatively
long periods of time, e.g., hours or days. In

addition to maintaining the semiconductor in’

the' channél region in its inverted state, the

voltage . applied to the gate electrode also.

causés a redistribution of the charge on the
surface of the semiconductor substrate in the
area adjacent the gate electrode until finally
‘an external nng of charge surrounding the
gate electrode is formed. The potential of
the external ring of charge continues to

1 il 3|
me;x;pgﬁe%ggrcgf égvbhmt m&zc@eentué hleeé

§ hpkdRO: rent failure nﬁd tEeOJIel
| ow terrper ature a nonocrystallgne sem corfiubx. gate \tgtoerlsoﬁuaupmmled mredum ng

1 in 3
tj:%a%m% an msﬁe?‘% ?&a&e{ theO mgp

afichi t h| n -
-g)Y isetin?rutadd dv\zht @Ap eegivh twoeld oypic :
ally

.values of -

Because of this relatively long

‘wafer. -
_to define thc ends of a channel region within

A first dielectric layer havmg a.
‘relatively low surface charge dénsity is located -

rquthe

288 r%,'“

manner whereby it is sgb

ve a value of approxxmately 10,000~ A
resulting in a turn-on voltage of approxi-
mately —20 to "—30 volts for any external
channel. . However, voltages greatly in-ex-

cess of —20 to —30 volts, for example —50 -

to —60 volts, are commonly applied to the
gate electrode of a MOST.  Since fabrica~

‘tion " techniques under present day tech-

tO

e

&

s

nology are usually optnmzed for a minimum -
turn-on voltage, and since lower and lower ‘-

the turn-on ' voltage are bemg
dchieved .by means’ of improved technology in

dielectric formation to produce smaller values
" -of -Qgg; the sensitivity of MOST dev1ces 1o

the link current mode "of failure is a ‘very. _;_-":‘._ .

real problem which is tending to increase,

“In order to eliminate or at least minimize

the problem of link current mode of failure of
MOST devices while at the same time not

sacrificing the optimization of the device for-

Tow turn-on voltage; accordmg to the inven- .
tion, the MOST device. is fabricated in such

a manner that the effective turn-on voltage

for any external channel is materially in-
“creased.

Bneﬂy, the field eﬁect transistor
according to the invention comprises a mono-

crystalline semiconductor wafer of N-type
"conductivity having first and second regions
‘of P-type -conductivity located’ therein and =
-_forrmng respective first and second PN junc="

110

tions which .extend to a ma;or surface of the -

The P-N junctions are spaced apart
the . wafer.

on the major -surface overlying the- channel

region -and extending to the adjacent portions 1
‘of the "P-N junctions, while the ' remamder of .

115

the major surface. of the substrate -is covered -~ -

with a layer of dielectric having a relatlvely

high surface charge density.  Overlying the

gﬁdi'ﬂk%d b a.

105




respectively first and second P-N junctions producing process followed by
heating said which extends to a major surface of said wafer in an inert

at npsphere._at a tenpera- wafer, said first and second regi ons belngggLuLegggf
about 600 degrees centi grade; and where- 110 spaced apart to define the

ends of a channel in said second |ayer of material is an oxide region
wherei n upon application of a suitable of silicon forned by a | ow

tenperature oxide electric field a channel will be formed so that

pr oduci \ig process. current may flow betymén7sai d; flrst and second 73 A
fleid_ ff.ect—Cranststor su05tant|a||y as re S? _
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theedjélextric amtbria] oger aldt) gate avgion p Gort inegerial; cipreferably, ﬂl&ﬂy mﬁ Sevingp |7
%{%& mttu;eefo? J%@a}eﬂﬂgt .conductivity.- : gca ed. within the 9
/eR the, e rp wa 0 adjacent sna jor. surface .11 &ﬂf
r@%ﬁ%‘%p JS gl ki ‘;t‘eg 1.55'6 &8 ﬁfstsan zicpﬂ:@'ﬁx‘:é fddce by
T 5186 | ShiEh0 b3 Nbe&ld &»,rméHQGyBa FlabdeSpsch ttype Patugivity. CfHfei C
25, Sou‘t hari8t sepaBis .up{_rpg@ucmgom \Rpﬁ ¢ qymlﬁmn&% d?mcégamef mb@ by 80
Wi
obt alned - . therma Wi m‘m g]% aﬁgggp %Cf ?;@ ﬁgﬁ anar P- ns]c or
maki ng:. ohm : riﬁ&‘e (above 900°C) will 14 and.15:with the wafer 10, extendmg to
T “Tow surface charge density, i.c., in the -the major surface 11. - The'portion' 18 of
f- 3X10“ cm*’, whereas an oxide the wafer 10 between the regions 12 and 13 85
érmally * grown “ini - the presence of steam is referred to as the chazmel region of the
(comimonly -called ‘a steam oxide) will have a 'MOST device.
relatively high surface charge density, ie, . Fofmed :on the surface 11 overlymg the
in“the order of 1X10% cm™.  Moreover, channel region 18 and extending over the
most - silicon'“dioxide layers formed by so -.ad)acent portions of the junctions 14 and 90
lled: low - Iemperature processes, such as °15 is a layer 20 of dielectric material, pre-
odically-grown or deposited oxide layers, ‘ferably silicon dioxide.” In order,.as. indi-
have a relatively high surface charge density -cated above, to -provide for the optimization
, vhen originally formed. - It has been found :of the turn-on voltage for the device, the-di-
30 ~however; " that ‘the oxides exhibiting the high ‘electric layer 20 :is usually made: as:thin:as 95
tface charge ~density, ie., the steam. and :possible, for example; 1000 A is: a typical
w}v'temperature formed oxides, can be con- -thickness for silicon: dioxide.. Additionally,
rtéd-to oxides having a low surface charge ‘the turn-on voltage ‘may . slse. be ‘optimized
ity “by " ‘heating the oxides in an inert by choosing a dielectric material -having-a
atmosphere ‘or'4 vacium at a temperature in low surface charge .density. Although-~a 100
¢ vicinity” of 600°C and above. -Accord- typical desired value:of surface _charge: den-
ingly, care must be taken in the fabrication sity for the dielectric - layer’:20 'is about 2%
~thie ‘device “accoiding to the invention to 10 em, values not exceeding 5$%10% cm-3
wre” thatthe dielectric layers in the final are still considered low enough to ‘provide
device: have’the - desitéd characteristics. stable dielectric layers resulting in suffici- 105
: "Bneﬂy, the - method according to’ the in- ently low turn-on. voltages for the devices.
ention comprises the improvement in the - In the conventional MOST, the remainder
ndard -manufacturing process for MOST :of the surface 11, except: for openings _for
viceés-of first forming a layer of dielectric .the connection of ’ohmic ‘contacts to. regions
material-“having a low surface charge den- 12 and 13, is also covered with the same di- 110
ty over the channel region of the device and -electric- material as that used over the gate
e ‘adjacent: “portions ‘of the P-N junctions, region 18. " Accordingto the invention, how-
nd - ‘then forming a dielectric layer having a :ever, the- remainder:-of.~the. surface” 11..is
relatively high surface’ charge density over the covered: with -a - diele¢iici layer 21,” which,
remainder- of ‘the device in a manner so as ‘although it may have; the same: chemical com- 115
5. siibstantially change the surface charge ‘position as layer 20, has ‘> relatively -high
dielectric layer over the chan-' ‘surface charge - density.=» The reasons- for
el tegion. -this’-change :and : the- Imuts thereof -will: be
The 'fnvenuon and the advantages thereof .discussed further below..: : »
85 more:clearly understood from the fol- : Deposited on the exposed surface of di- 120
R stijled description taken in conjunc- -electric layer 20 is a metal electrode 25 for
e ith: the " attached drawings wherein: -the purpose of applymg an-electrical field to
T -greatly enlarged plan view of sthe’ chiannel region .18 and' theadjacent por-
) stor accordmg to the inven- :tion of the P-N junctions'14'and 15: Although
60’ ‘the. electrode 25 preferably .covers at least the 125
} sectxonal view of the transistor ' entire surface of the: layer .20;- the ‘invention
ding to- the mventlon taken ‘is not so limited. The only:requirement. for
g ‘liné:2—2 of FIG. 1. “the electrode- 25 is that it cover the channel
Referrmg now to FIGS 1 and 2,:there is -region.-18 and extend over:a portion of. the
- ghown™ a” striicture which although slightly regions 12:and 13.  Metallized ohmic elec- 130




the oxide nust either be forned or later first and second regions; and
heated at a tenperature above 600[err]C, the a second dielectric |ayer
having a relatively_65 preferred enmbodi ment of the method accord-___hi hmm
surface charge density overlying the 5 ing to the invention entails =
formng the di- remaining portions of said major surface. electric oxide _
| ayer 20 first and then formng 2. The transistor of claim1l wherein
said the oxide |layer 21 under conditions which first |layer of dielectric:.

materid has a maxi- will not subsieuysially change the surface num
surface char ge den5| Ty of apprOX| 70_charge density of tayer—20—— Foy
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:and 13 of the MOST.

e surface of the . wafer 10
dielectric layers adjacent to the
oh!ctrede, 1mt11 finally. a condition whereby
mings ‘of charge such as indicated by the
-dottedl lines 35 in FIG. I are formed. The

- jpotential of this external ring of charge will

icontinue to increase as long as the potential
s applied to the electrode 25 until it is fin-
:ally-equal to. the’ applied potential irrespective
of thickness and surface charge density of
ithe-dielectric.  Accordingly, if the gate volt-

-age: is ‘greater than the turn-on voltage for

the semiconductor layer beneath the ring of
-charge;-and if the gate voltage is applied for a
wsifficiently long time, e.g., days or weeks, to

‘ aﬂnw the potential of -the ring of charge to

otential of gate voltage, then inver-
“sion: of 1e 'semiconductor material beneath
e ring-of :charge will take place and result

_in;#he formation of an uncontrollable current

pisth-between ‘thesource and drain regions 12
In an effort to eli-
-minite ‘this. problem, as 1nd1cated in the
Arawings; the dielectric layer in the regions
govered by the layer 21 is usually made thicker
-them ithe dielectric thickness over the gate
region 18, thereby increasing the turn-on

woltage: for any external uncontrollable cur--

aentpaths.  Normally this increased thick-

- ness reaches a maximum of about 10, 000 A.

Fowever; ‘since the potential apphed to the

1gate €lectrode s often greater than the result--

:mg sturn=on ‘voltage, according to the inven-
-tiom, ithe :dieléctric layer 21 is. formed to have

o <high-surface charge density. - Preferably,

- it 1surface ‘charge density of layer 21 should

wmot ‘be-iless than 1X10"” cm~® which would
wesult-in"a-turn-on voltage for any external
«chamel :of about —70 to —100 volts. This
+i8: considerably :more. than the'.voltages com-

N %5 -momly -applied to MOS transistors.

‘surface charge density oxide, -
to"the fact that the vacuum bake step-of:the

usually a thermally grown oxide (grown-at 90

-about 1200°C in a dry oxidising atmosphere).

Howeéver, thermally grown steam oxides which
have been baked at a high ‘temperature -(abeut

'1000—1200°C) in an inert atmosphere. and
.:anodically grown or .deposited -exides- which
‘have been. baked in a vacuum or an -imert
-atmosphere at a temperature between 750°
-and '900°C. may ‘also be used.  Thermally

grown steam -oxides, anodically grown -oxides,

and deposited ‘oxides usually have -2 h}gh Sue- 1

face charge density as’ ongmally formﬁ,

requiring the ‘baking step.

In the fabrication of the device aceordmg
to the ‘invention, as indicated -dbove; any.di-
electric ~ having the desired charge density
characteristic may be used. However, because

dielectric layers having: two. different. surface.

charge_densities are required, -care ‘must be
taken in the manner in which -the dielectric
layers are formed so that the resulting layers
will have the desired characteristic. -For
example, if the dielectric layer having ‘the
high surface icharge density were formed :by
means of a thermally grown high temperature
steam oxide, any subsequént attempts to-form
the low surface charge density dieleetric layer
by anodically growing an oxide layer wveuld
reduce the thermally grown oxide to- a low
This s «due

anodic oxide which is necessary ‘to:reduce the
oxide to a low surface charge density oxide

takes place at a temperature above '600°C. .

It has been found that the surface charge

density of oxides changes above: this tem-

perature. ° Accordingly, the order in-which
the dielectric layers or oxides -of the MOST

"according  to the invention. -are formed

becomes . exceedingly lmportant

Since it appears that in order to prodme A80




rmng process, e.g., an
density on the deposition,
substrate overlying the channel

anodi ¢ growi ng or vapor \
which is not followed by heating
the formed oxide to a tenperature

t he adj acent portions of -
regl,oEAand j p 1’@2’%&

N 600[ err] C.

having a | ow surface
surface
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conduc- ffwrt
d withi2s Sedudng\ymic
at ur-e oxi (ispPasiEen,
s followe

in an inert ARHoBENSHRE 8dvRe Bls HRen EHIRBL or
30 P-channel MOST devices with dielectrics
wherein Qgs is a positive charge, as indicated
above this is due to the unavailability and
lack of knowledge of dielectrics wherein Qgs
is a negative charge.  Accordingly, it is con-
ceivable that when and if this latter type of
dielectric is readily available, that the basic
concept of this invention, i.e., the use of two
dielectrics with different surface charge den-
sities, can be applied to N-channel devices,

WHAT WE CLAIM 1S:—

1. A field effect transistor comprising:

a monocrystalline semiconductor ‘wafer of
* N-type conductivity; o

first and second regions of P-type conduc-
tivity located within said wafer and forming
respectively first and second P-N junctions
which extend§ to a major surface: of said
wafer, said first and second regions being
spaced apart to define the ends of a channel
region wherein upon application of a suitable
electric field a channel will be formed so that
current may flow between said first and second
regions;

a first dielectric layer having a relatively
low surface charge density located on said
major surface and overlying said channel
region and the portion of said first and second
junctions adjacent thereto; f

electrode overlying said first dielectric
layer for applying an electrical field to said
channel region and the adjacent portions of
the respective junctions;
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junctions; a

forming a second layer of dielectric
material having a relatively high surface
charge density over the remainder of the sur-
face of said substrate in a manner so as not
to substantially change the surface charge den-
sity of said first dielectric layer.
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5. The method of claim 4 wherein said -

first layer of dielectric material is an oxide
of silicon and is formed by heating said wafer
in a substantially dry oxidizing atmosphere
at a temperature of abdut 1200 degrees centi-
grade, and wherein said second layer is a
silicon ‘oxide formed by a low temperature
oxide producing process. _

6. The method of claim 4 wherein said
first layer of dielectric material is an oxide
of ‘silicon formed by a low temperature oxide
producing process followed by heating said
wafer in an inert atmosphere at a tempera-
ture about 600 degrees centigrade; and where-
in said second layer of material is an oxide
of silicon formed by a low temperature oxide
producing process.

7. A field effect transistor substantially as
described with reference to the accompany-
ing drawing.

8. A method of manufacturing insulated

gate: type field effect transistors substantially
"as :described.
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. ."As examples of methods by which the
. ‘two oxide layers can be formed, the gate
" oxide may first be either thermally grown
. -at.about 1200°C in a dry oxidising atmos-
¢ phere, anodically grown followed by vacuum

bake at a temperature between 750—900°C,
or vapor deposited followed by a vacuum
bake at about 900°C. The second layer of
oxide (layer 21) may then be formed by a
low temperature, ie, below 600°C, oxide
forming process, e.g., anodic growing or vapor
deposition, which is not followed by heating
the formed oxide to a temperature above
600°C. . ‘
Although the device has been described for
P-channel MOST devices with dielectrics
wherein Qss is a positive charge, as indicated
above this is due to the unavailability and
lack of knowledge of dielectrics wherein Qss
is a negative charge.  Accordingly, it is con-
ceivable that when and if this latter type of
dielectric is readily available, that the basic
concept of this invention, ie., the use of two

- dielectrics with different surface charge den-

sities, can be applied to N-channel devices.
WHAT WE CLAIM IS:—
1. A field effect transistor comprising:
a monocrystalline semiconductor wafer of
N-type conductivity;
first and second regions of P-type conduc-

. tivity located within said wafer and forming

respectively first and second P-N junctions
which extend$ to a major surface of said
wafer, said first and second regions being
spaced apart to define the ends of a channel
region wherein upon application of a suitable
electric field a channel will be formed so that
current may flow between said first and second
regions;

LANE S %‘é‘ a first dielectric layer having a relatively
S lo
[+

w surface charge density located on said
major surface and overlying said channel
region and the portion of said first and second
junctions adjacent thereto; _

(B electrode overlying said first dielectric
layer for applying an electrical field to said

_ channel region and the adjacent portions of

." the respective junctions; _
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both of said first and second dielectric layers
are oxides of silicon.

4. In a method of manufacturing insulated
gate -type field effect transistors wherein the
ends of the channel region in a semiconductor
substrate of a first conductivity type are
defined by planar P-N junctions formed by
spaced regions of opposite conductivity type,
the improvement comprising: .

forming a first layer of dielectric material
having a low surface charge density on the
surface of said substrate overlying the channel
region and the adjacent portions of the P-N
junctions; and

forming a second layer of dielectric
material having a relatively high surface
charge density over the remainder of the sur-
face of said substrate in a manner so as not
to substantially change the surface charge den-

sity of said first dielectric layer.

5. The method of claim 4 wherein said
first layer of dielectric material is an oxide
of silicon and is formed by heating said wafer
in a substantially dry oxidizing atmosphere
at a temperature of abobut 1200 degrees centi-
grade, and wherein said second layer is a
silicon oxide formed by a low temperature
oxide producing process. _

6. The method of claim 4 wherein said
first layer of dielectric material is an oxide
of silicon formed by a low temperature oxide
producing process followed by heating said
wafer in an inert atmosphere at a tempera-
ture about 600 degrees centigrade; and where-
in said second layer of material is an oxide
of silicon formed by a low temperature oxide
producing process.

7. A field effect transistor substantially as
described with ;reference to the accompany-
ing drawing. :

8. A method of manufacturing insulated
gate type field (effect transistors substantially
as described. |

POLLAK, MERCER -& TENCH, &
 Chartered Patent Agents, ..
EC1,

Audrey House, Ely Place, London,
Agents for the Applicants.
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