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[57] ‘ ABSTRACT 

A method for making an iGFET is described. The 
method utilizes impurity ion implantation into the sur 
face channel to determine the conductivity thereof. 
The advantages include special impurity pro?les pro‘ 
viding improved performance, better control over im 
portant parameters such as threshold voltage, the 
manufacture of improved tetrodes, and the manufac 
ture of improved iCs using for example N- and P 
channel devices, and depletion and enhancement de 
vices combined in a single chip. 

21 Claims, 7 Drawing Figures 
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Re. 
1 

SEMICONDUCTOR DEVICES 

Matter enclosed in heavy brackets I: ] appears in the 
original patent but forms no part of this reissue specifi 
cation; matter printed in italics indicates the additions 
made by reissue. 

This invention relates to a semiconductor device with 
a semiconductor body or body part of one conductivity 
type. comprising at least one insulated gate ?eld effect 
transistor having ?rst and second spaced low resistivity 
regions of the opposite conductivity type extending in 
the body or body part from one surface thereof, a sur 
face region in the body or body part situated adjacent 
the one surface and between the two low resistivity 
regions in which charge carriers characteristic of the 
opposite conductivity type can be caused to flow be 
tween said two low resistivity regions within a channel 
of the opposite conductivity type present or formed in 
said surface region, a gate electrode at the one surface 
between the two low resistivity regions and separated 
from the one surface by insulating material, and elec 
trodes in ohmic contact with the said low resistivity 
regions and to a method of manufacturing such semi 
conductor devices. 
The low resistivity regions are referred to as the 

source and drain regions. The insulated gate ?eld effect 
transistor may form part of a semiconductor integrated 
circuit and may comprise a plurality of source, drain 
and gate electrodes. 
One commonly known form of such a transistor is the 

Metal-OxideSemiconductor-Transistor, generally re 
ferred to as the MOST. In this device generally the 
semiconductor body or body part is of silicon and the 
gate electrode is spaced from the silicon surface by an 
insulating layer of silicon oxide. In operation the ap 
plied voltage between the source and drain regions is 
such that the PN junction between the source and the 
adjacent ‘substrate’ part of the semiconductor body is 
usually, but not always, unbiased and the PN junction 
between the drain and the adjacent ‘substrate’ part of 
the semiconductor body is reverse biased. Current flow 
between the source and drain regions is controlled in 
accordance with the voltage applied between the 
source region and the gate electrode. In the so-called 
enhancement mode, on application of a voltage of a 
suitable polarity to the gate electrode a current flow is 
initiated between the source and drain. in one con?gu 
ration of the transistor suitable for use in the enhance 
ment mode the voltage applied to the gate causes a 
surface inversion layer of the opposite conductivity 
type to be formed in the region of the semiconductor 
body or body part of the one conductivity type situated 
adjacent the one surface and between the source and 
drain. The charge carriers flow in a channel formed by 
the surface inversion layer. MOST’s may also be pre 
pared which operate in the so-called depletion mode. 
In these devices current can flow between the source 
and drain with no applied voltage on the gate electrode. 
The concentration of charge carriers in the channel is 
decreased by the application of a voltage of suitable 
polarity to the gate electrode. Such a device may also 
be operated in the enhancement mode by increasing 
the concentration of charge carriers in the channel 
region by the application of a voltage of suitable polar 
ity to the gate electrode. Devices suitable for operation 
in the depletion mode may be manufactured by form 
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2 
ing a diffused surface region of the opposite conductix - 
ity type in the region of the semiconductor bod} or 
body part adjacent the one surface and between the 
source and drain. The current carrying channel is thus 
present in the diffused surface region of the opposite 
conductivity type. 
For devices suitable for operation in the enhance 

ment mode it is necessary to be able to control the 
threshold voltage, that is the voltage between the gate 
electrode and the substrate at which current flow be 
tween the source and drain is initiated. It is found that 
the threshold voltage is highly dependent upon the 
resistivity of the surface region of the semiconductor 
body or body part between the source and drain. upon 
the properties of the insulating layer below the gate 
electrode, upon the properties ofthe interface between 
the insulating layer and the semiconductor body or 
body part, and upon the crystallographic orientation of 
the semiconductor body or body part. 

In devices suitable for operation in the depletion 
mode in which the current carrying channel is present 
in a surface inversion layer of the opposite conductivity 
type, for example silicon MOST‘s in which an N~type 
inversion layer is formed at the surface of a high resis~ 
tivity P-type substrate by oxidation of the surface. the 
charge carrier mobility is limited due to the current 
carrying channel being located in the vicinity of the 
silicon/silicon oxide interface. Depletion type devices 
having diffused surface channel regions are extremely 
dif?cult to fabricate due to the precise doping control 
required and the precise control of the depth of the 
diffused region required. 

In some semiconductor integrated circuits an insua 
lated gate ?eld effect transistor is formed in a semicon 
ductor body or body part together with other circuit 
elements, for example a bipolar transistor or another 
insulated gate ?eld effect transistor having different 
properties. One such known circuit comprises MOST 
insulated gate ?eld transistor of both polarities, that is, 
both P~channel and N-channel devices. These transis 
tors, sometimes referred to as complementary pair 
MOST’s, may be enhancement mode or depletion 
mode devices depending upon theexact form of the 
circuit, for example in logic circuits enhancement 
mode devices are commonly used. Difficulties arise in 
the manufacture of complementary pair _MOST‘s in a 
common semiconductor body or body part initially of 
one conductivity type because it is necessary to obtain 
precise control of the resistivities of the surface regions 
of the two MOST‘s, these surface regions being of dif 
ferent conductivity types. For example, starting with an 
N-type body in which a P-channel enhancement mode 
MOST is to be formed, a complementary N-channel 
enhancement mode MOST has to be formed in a P-type 
island situated within the N-type body. Diffusion tech 
niques are not always readily suitable for producing the 
P-type island since the resistivity of the surface region 
of the diffused P-type island may be too low. One 
method of overcoming this problem comprises a cavity 
etch and epitaxial re?ll method, sometimes referred to 
as contour deposition. This method, while providing an 
island of the desired controlled resistivity, is costly and 
complex since it requires special techniques for locat 
ing and re-exposing the initial surface of the body sub 
sequent to the contour epitaxial deposition in the 
etched cavity and on the surrounding surface. 
According to one aspect of the invention, in an insu 

lated gate ?eld effect transistor as herein de?ned, the 
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surface region within which charge carriers can be 
caused to flow between the two low resistivity regions 
in a channel contains a concentration of implanted ions 
of an impurity element characteristic of the conductiv 
ity type of said surface. 
Such an insulated gate ?eld effect transistor in which 

the current carrying channel is located in an ion im 
planted surface region can have improved properties as 
will be apparent from the following description of vari 
ous alternative forms of the transistor. 

in one form of the transistor suitable for operation in 
the depletion mode, said surface region is of the oppo 
site conductivity type and contains a concentration of 
implanted ions of an impurity element characteristic of 
the opposite conductivity type. in this transistor, by the 
provision of the ion implanted surface region of the 
opposite conductivity type, said region being referred 
to as a skin, the current ?ow is within the bulk of the 
ion implanted skin and is not con?ned to an area imme 
diately adjacent the semiconductor/insulating layer 
interface as occurs in the case of a depletion mode 
device in which the current flow occurs within a pre 
formed inversion layer. The location of the current 
?ow in said bulk yields an increase in the effective 
carrier mobility in the channel. The carrier mobility in 
the implanted skin should approach its bulk value and 
hence the gain factor of the device ofa speci?c geome 
try is increased. For a speci?c geometry the magnitude 
of the increase in gain will be equal to the ratio of bulk 
to surface mobility values and this may be a factor of 
from 2 to 3. This con?guration is suitable for very high 
frequency insulated gate ?eld effect devices. In the 
depletion mode this device operates by the movement 
of a space charge region through the implanted skin 
until this skin is completely depleted and the channel is 
cut off. There is also a space charge region associated 
with the junction between the skin and the immediately 
underlying portion of the semiconductor body or body 
part. By biasing said portion and the gate, the im 
planted skin can be depleted from both sides. The max 
imum space charge layer thickness that can be pro’ 
duced by the gate potential is determined by the resis 
tivity of the implanted skin. Hence, accurate control of 
the thickness of the implanted skin and its resistivity is 
required. The provision of said skin by the method of 
ion implantation has been found to yield said control. 
Furthermore signi?cant improvements can be obtained 
using the method of ion implantation to form the skin 
as compared with the method of producing the skin by 
diffusion techniques. It will be appreciated that it is 
difficult to control precisely the resistivity of a skin 
when using such diffusion techniques, particularly to 
obtain a skin of relatively high resistivity. Also the 
method of ion implantation can yield an impurity con 
centration pro?le, in the direction extending from the 
surface through the skin, which is more readily suitable 
for the formation of a current carrying channel. 

In the said transistor suitable for operation in the 
depletion mode, the ?rst and second low resistivity 
regions of the opposite conductivity type at least in the 
vicinity of their closest separation may each comprise a 
portion containing a concentration of implanted ions of 
an impurity element characteristic of the opposite con 
ductivity type, the dimension of the gate electrode in 
the lateral direction between said ?rst and second low 
resistivity regions corresponding substantially to the 
lateral separation of said ?rst and second low resistivity 
regions. This con?guration of the transistor may be 
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4 
obtained by a method as described in a copending 
application Ser. No. 753,449, ?led Aug. l9. I968 in 
which initially portions of the source and drain regions 
are formed by diffusion techniques. the source. drain 
and gate electrodes are then provided, and thereafter 
an ion implantation process is carried out, preferably 
through an insulating layer present on the one surface. 
to extend the source and drain regions towards each 
other. In this method a metal layer constituting the gate 
electrode acts as a mask and the channel formed in the 
resultant surface region between the source and drain 
regions has a length corresponding substantially to the 
lateral dimensions of the gate electrode. With such a 
method insulated gate ?eld effect transistors can be 
fabricated having precisely controlled channel lengths 
of small dimensions and having a very small gate/drain 
capacitance since the gate/drain overlap is only gov 
erned by the sideways scattering and channelling of 
implanted ions. This method will be referred to herein 
after as Auto-Registration. 

In the depletion mode transistor according to the 
invention in which the ?rst and second low resistivity 
regions of the opposite conductivity type (source and 
drain) each comprise an ion implanted portion, said ion 
implanted portions and the ion implanted surface re 
gion of the opposite conductivity type may be present 
in and partly surrounded by an ion implanted region of 
the one conductivity type, said ion implanted region of 
the one conductivity type having a lower resistivity 
than the adjacent underlying semiconductor body part 
of the one conductivity type. This con?guration pro 
vides a depletion device having a high carrier mobility 
in the channel and a high gain factor. The presence of 
the lower resistivity ion implanted region of the one 
conductivity type serves to reduce the spreading of the 
depletion layer associated with the junction between 
the drain and the adjacent part of the one conductivity 
type and thus inhibits punch-through to the source. 
Consequently a small source to drain separation is 
possible. The provision of the ion implanted portions of 
the source and drain regions using the method of Auto 
Registration yields a device having a low gate to drain 
feedback capacitance and renders possible the small 
separation between the source and drain. In this device 
the ?rst and second low resistivity regions of the oppo 
site conductivity type (source and drain), the ion im 
planted surface region of the opposite conductivity 
type, in which the channel is present, the ion implanted 
region of the one conductivity type, and the underlying 
semiconductor body part of the one conductivity type 
all may be present in a high resistivity layer mainly of 
the one conductivity type situated on a low resistivity 
substrate of the one conductivity type. This con?gura 
tion provides a depletion device having a low drain to 
substrate capacitance since at fairly high applied volt 
ages between the drain and substrate the depletion 
layer associated with the PN junction between the 
drain and the underlying high resistivity layer part of 
the one conductivity type approaches the low resistivity 
substrate. 

In another form of an insulated gate ?eld effect tran 
sistor according to the invention, which is suitable for 
operation in the enhancement mode, said surface re~ 
gion is of the one conductivity type and contains a 
concentration of implanted ions of an impurity element 
characteristics of the one conductivity type, the resis 
tivity of the ion implanted surface region being lower 
than the resistivity of an immediately underlying por 
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tion of the semiconductor body or body part of the one 
conductivity type. The provision of the ion implanted 
lower resistivity surface region, which may be referred 
to as a lower resistivity skin, enables insulated gate ?eld 
effect transistors suitable for operation in the enhance 
ment mode to be obtained, said transistors having accu 
rately controlled threshold voltages. The process of ion 
implantation for forming the skin has certain advan 
tages compared with diffusion techniques in that it can 
yield impurity concentration profiles in the skin which 
are better suited to the requirement of forming a chan 
nel therein by inversion. 

[n the said transistor according to the invention suit 
able for operation in the enhancement mode, the first 
and second low resistivity regions of the opposite con 
ductivity type at least in the vicinity of their closest 
separation may each comprise a portion containing a 
concentration of implanted ions of an impurity element 
characteristic of the opposite conductivity type, the 
dimension of the gate electrode in the lateral direction 
between said ?rst and second low resistivity regions 
corresponding substantially to the lateral separation of 
the ?rst and second low resistivity regions. ln this de 
vice, in which the technique of Auto-Registration is 
used, similar advantages arise in respect of the low 
gate/drain capacitance and small dimension of the 
channel as have been previously described with refer 
ence to the depletion mode insulated gate ?eld effect 
transistor. Each of the ?rst and second low resistivity 
regions of the opposite conductivity type (source and 
drain) may comprise a portion containing a concentra~ 
tion of a diffused impurity element characteristic of the 
opposite conductivity type and an adjoining portion 
containing a concentration of implanted ions of an 
element characteristic of the opposite conductivity 
type, the said ion implanted portions lying within and 
partly surrounded by the ion implanted surface region 
of the one conductivity type. This con?guration pro 
vides an enhancement device having a precisely con 
trolled threshold voltage and a high gain factor. The ion 
implanted surface region of the one conductivity type 
partly surrounding the ion implanted portions of the 
source and drain and the channel also serves to reduce 
the spreading of the depletion layer associated with the 
junction between the drain and the adjacent part of the 
one conductivity type and thus inhibits punch-through 
to the source. This permits the use of a small separation 
between the source and drain, said small separation 
being achieved, for example using the technique of 
Auto-Registration. 

In the said transistor suitable for operation in the 
enhancement mode the ?rst and second low resistivity 
regions of the opposite conductivity type (source and 
drain) and the ion implanted surface region of the one 
conductivity type may be present in a layer consisting 
mainly of the one conductivity type situated on a lower 
resistivity substrate of the one conductivity type. This 
structure is particularly suitable forenhancement mode 
devices suitable for high frequency operation because 
at fairly high voltages, for example 20 volts between the 
drain and the substrate, the depletion layer associated 
with the junction between the drain and the underlying 
region in the layer of the one conductivity type ap 
proaches the lower resistivity substrate and thus the 
capacitance between the drain and the substrate is 
small. 

In another form of an insulated gate ?eld effect tran 
sistor according to the invention, a third low resistivity 
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6 
region of the opposite conductivity type extends in the 
body or body part from the one surface and is situated 
between the two spaced low resistivity regions of the 
opposite conductivity type, ?rst and second surface 
regions being present within which ?rst and second 
current carrying channels respectively are formed, at 
least the ?rst surface region being of the opposite con 
ductivity type and containing a concentration of im 
planted ions of an impurity element characteristic of 
the opposite conductivity type, ?rst and second gate 
electrodes being present, the ?rst gate electrode being 
associated with the ?rst surface region and the ?rst 
current carrying channel-formed therein between the 
?rst and third low resistivity regions of the opposite 
conductivity type, and the second gate electrode being 
associated with the second surface region and the sec 
ond current carrying channel formed therein between 
the third and second low resistivity regions of the oppo 
site conductivity type. Such a transistor may be re 
ferred to as a tetrode insulated gate ?eld effect transis 
tor. 
Tetrode MOST's are described in British Pat. Speci? 

cation No. 1,037,850 and are designed to be capable of 
giving useful power gain at high frequencies, for exam 
ple at least lOdB at 900 Mc/s. The tetrode MOST con 
stitutes an improvement on a single gate, triode MOSE 
in respect of the serious limitation that is imposed on 
the power gain at high frequencies by the gate to drain 
feedback capacitance which occurs in a triode MOST. 
The tetrode MOST may be considered as the cascade 
arrangement of two MOST‘s, the third low resistivity 
region of the opposite conductivity type forming the 
drain of the ?rst MOST and the source of the second 
MOST. Said third region is hereinafter referred to as 
the virtual source and drain as it has no electrode. In 
actual circuit operation the second gate electrode is 
usually kept short circuited to the source of the ?rst 
transistor and to the substrate, thus providing the 
shielding between the drain of the second transistor 
and the gate of the ?rst transistor. The effective feed 
back capacitance between the drain and the ?rst gate is 
equal to the feedback capacitance between the ?rst 
gate and the intermediate virtual source and drain di 
vided by the voltage ampli?cation of the second tran 
sistor. The maximum stable power gain in the cascade 
arrangement is therefore increased by a factor equal to 
the voltage ampli?cation of the second transistor, par 
ticularly at low and moderate frequencies. The overall 
high frequency limitations are dependent, inter alia, 
upon the magnitudes of the capacitances between the 
virtual source and drain and the substrate, and between 
the drain of the second transistor and the substrate, and 
between the gate of the ?rst transistor and the drain of 
the second transistor. 

In a tetrode insulated gate ?eld effect transistor ac 
cording to the invention, the provision of the ?rst sur~ 
face region of the opposite conductivity type contain 
ing a concentration of implanted ions of an impurity 
element characteristic of the opposite conductivity 
type, said ?rst surface region being referred to herein 
after as an ion implanted skin, yields a ?rst transistor 
part suitable for operation in the depletion mode and 
having an ion implanted skin. Furthermore the process 
of ion implantation to form said skin allows a substrate 
of a desired resistivity to be used. In this device the 
second transistor part may either operate in the en 
hancement mode or in the depletion mode. When it 
operates in the depletion mode the second surface 
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region may be of the opposite conductivity type also 
containing a concentration of implanted ions of an 
impurity element characteristic of the opposite con 
ductivity type. Such an ion implanted skin may be 
formed simultaneously with the ion implanted skin 
which constitutes the ?rst surface region. Alternatively 
if the second transistor part is to operate in the en 
hancement mode no such ion implanted skin need be 
provided. It will be appreciated that for the first transis 
tor part it is desirable to keep the channel length as 
small as possible and for this purpose the technique of 
Auto‘Registration may be employed. 
The ?rst and third low resistivity regions of the oppo 

site conductivity type at least in the vicinity of their 
closest separation may each comprise a concentration 
of implanted ions of an impurity element characteristic 
of the opposite conductivity type, the lateral dimension 
of the ?rst gate electrode which is associated with the 
?rst surface region corresponding substantially to the 
lateral separation of the ?rst and third low resistivity 
regions. Similarly, if desired, the technique of Auto 
Registration may be employed in determining the chan 
nel length in the second surface region. In one form the 
second and third low resistivity regions of the opposite 
conductivity type at least in the vicinity of their closest 
separation each comprise a concentration of implanted 
ions of an impurity element characteristic of the oppo 
site conductivity type. the lateral dimensions of the 
second gate electrode which is associated with the 
second surface region corresponding substantially to 
the lateral dimension of the second current carrying 
channel formed in said second surface region. in this 
form of the device the technique of Auto-Registration 
is used to detennine the lateral dimension of the second 
surface region on both sides of said region, that is both 
at the second and third low resistivity regions. in an 
other form the technique of Auto'Registration is used 
to determine the lateral dimension of the second sur 
face region as far as said dimension is determined by 
the position of the third low resistivity region of the 
opposite conductivity type. Thus the third low resistiv 
ity region of the opposite conductivity type at least in 
the vicinity of its closest separation from the second 
low resistivity region may comprise a concentration of 
implanted ions of an impurity element characteristic of 
the opposite conductivity type, the lateral boundary of 
the second gate electrode in the vicinity of the third low 
resistivity region corresponding to the lateral boundary 
of said third low resistivity region. 

In the tetrode insulated gate ?eld effect transistor 
each of the ?rst and second low resistivity regions may 
comprise a portion containing a concentration of a 
diffused impurity element characteristic of the opposite 
conductivity type and, if the technique of Auto-Regis 
tration is used to de?ne the ?rst and second surface 
regions, the ?rst and second low resistivity regions may 
each comprise a portion containing a concentration of 
implanted ions of an impurity element characteristic of 
the opposite conductivity type. The third low resistivity 
region of the opposite conductivity type may consist of 
a diffused region and when the technique of Auto 
Registration is used it may additionally comprise a 
portion containing a concentration of implanted ions of 
an impurity element characteristic of the opposite con 
ductivity type. Alternatively the third low resistivity 
region may be determined entirely by a concentration 
of implanted ions of an element characteristic of the 
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8 
opposite conductivity type and not contain a diffused 
concentration of said element. 

in a tetrode insulated gate ?eld effect transistor ac 
cording to the invention, in the semiconductor body or 
body part of the one conductivity type adjacent the 
third low resistivity region of the opposite conductivity 
type and on the side of said third region which faces the 
second low resistivity region of the opposite conductiv 
ity type there may be present a local low resistivity 
region of the one conductivity type containing a con 
centration of implanted ions of an impurity element 
characteristic of the one conductivity type. The pres 
ence of the low resistivity ion implanted region of the 
one conductivity type serves to reduce the spreading of 
the depletion layer associated with the junction be 
tween the second region and the substrate and thus 
inhibit punch-through to the third low resistivity region 
(virtual source and drain). Thus it is impossible to have 
a small separation between the drain and the virtual 
source and drain without punch~through occurring at 
normal applied voltages. Said local low resistivity ion 
implanted regions of the one conductivity type may 
comprise ions introduced in the body or body part 
through open channels in the crystal lattice. Such a 
method of ion implantation is referred to as channel 
ling. 

In a further form of an insulated gate field effect 
transistor according to the invention, the concentration 
of implanted ions of the impurity element characteris 
tic of the conductivity type of said surface region is 
different in different parts of said surface region be 
tween the ?rst and second low resistivity regions of the 
opposite conductivity type. Various di?'erent con?gu- ‘ 
rations of such a transistor are possible, for example the 
concentration variation of implanted ions may provide 
a device having a variable is characteristic. Such a 
device is described in British Pat. No. l,075,085. In 
another form the concentration variation may be such 
that in the lateral direction of the surface region be 
tween the ?rst and second low resistivity regions of the 
opposite conductivity type (source and drain) the con 
centration of implanted ions increase from the one of 
said regions which forms the drain region towards the 
other of said regions which forms the source region. A 
similar device in which the impurity concentration 
variation is obtained by diffusion is described in a co 
pending application, Ser. No. 688,227, ?led Dec. 5, 
I967. 
in an insulated gate ?eld effect transistor according 

to the invention the semiconductor body or body part 
may be of silicon, and the insulating material may be of 
silicon oxide or silicon nitride. These devices are re 
ferred as MOST’s and MNST‘s respectively. In one 
form of the transistor in which the semiconductor or 
body part is of silicon the insulating material may com 
prise a ?rst layer portion of silicon oxide on the surface 
of the semiconductor body or body part above the said 
ion implanted surface region and a second layer por 
tion of silicon nitride on the silicon oxide layer, the gate 
electrode being situated on the silicon nitride layer 
portion. Such a device may be referred to as a MNOST. 
The insulating material may contain a concentration 

of implanted ions of an element which stabilizes said 
layer. An insulated gate ?eld effect transistor of silicon 
comprising a silicon oxide insulating layer or layer 
portion may contain a concentration of implanted 
phosphorus ions which stabilize said layer or layer por 
tion. it is well known that phosphorus will reduce con 
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siderably surface charge and movement of charge in 
silicon dioxide. This stabilization is most effective when 
the phosphorus is introduced just below the surface of 
the silicon oxide layer since if the layer is contaminated 
with sodium ions their concentration is maximum at 
this position. By controlling the energy, ion implanta 
tion of phosphorus ions into the silicon oxide layer 
yields an effective method for obtaining the desired 
phosphorus pro?le in a silicon oxide layer or layer 
portion. 
According to another aspect of the invention, in a 

method of manufacturing an insulated gate ?eld effect 
transistor ions, of an impurity element are implanted in 
a region of a semiconductor body or body part of one 
conductivity type adjoining one surface thereof to de 
termine the conductivity and conductivity type of the 
surface region within which a current carrying channel 
is formed between two low resistivity regions of the 
opposite conductivity type extending into the body or 
body part from said one surface. 

In one form of the method the implanted ions are 
characteristic of the opposite conductivity type and 
form a surface region of the opposite conductivity type. 
This form of the method may be employed for the 
manufacture of an insulated gate ?eld effect transistor 
suitable for operation in the depletion mode. 

In another form of the method the implanted ions are 
characteristic of the one conductivity type and form a 
surface region of the one conductivity type having a 
lower resistivity than the immediately underlying por 
tion of the semiconductor body or body part of the one 
conductivity type. This form of the method may be 
suitably employed for the manufacture of an insulated 
gate ?eld effect transistor suitable for use in the en 
hancement mode. 

in a method according to the invention at least parts 
of the two low resistivity regions of the opposite con 
ductivity type may be formed by diffusion of an impu 
rity element characteristic of the opposite conductivity 
type into portions of the one surface, the implantation 
of ions into the surface region within which the current 
carrying channel is formed being carried out subse 
quent to said diffusion. The implantation is carried out 
subsequent to the diffusion to avoid excessive diffusion 
of the implanted layer or layers. 
According to a further aspect of the invention a semi 

conductor device comprises a semiconductor body or 
body part of one conductivity type, an ion implanted 
region of the opposite conductivity type extending in 
the body or body part from one surface thereof and 
containing a concentration of implanted ions of an 
impurity element characteristic of the opposite con 
ductivity type, an insulated gate ?eld effect transistor 
formed in the ion implanted region of the opposite 
conductivity type and at least one other circuit element 
formed in the material of the body or body part of the 
one conductivity type. Such a semiconductor device 
may consist of a semiconductor integrated circuit com 
prising the said insulated gate ?eld effect transistor 
formed in the ion implanted region of the opposite 
conductivity type and at least one other circuit ele 
ment, for example a bipolar transistor or an insulated 
gate ?eld effect transistor formed in the material of the 
body or body part of the one conductivity type. The ion 
implanted region of the opposite conductivity type may 
be considered as an island in the body or body part of 
the one conductivity type. Certain advantages arise in 
forming said island by the technique of ion implanta 
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tion compared with the known techniques of diffusion 
and contour epitaxial deposition. It is found that the 
method of ion implantation can yield an island of de 
sired resistivity to form an insulated gate ?eld effect 
transistor therein, the characteristic of said transistor 
being compatible with the characteristics of another 
insulated gate ?eld effect transistor formed in the mate 
rial of the body or body part of the one conductivity 
type. 
Thus in one preferred form of the semiconductor 

device, 'said other circuit element is an insulated gate 
?eld effect transistor having different properties to the 
insulated gate ?eld effect transistor formed in the ion 
implanted region of the opposite conductivity type. 
Said two insulated gate ?eld effect transistors may be 
complementary in the sense that their surface regions 
within which the current channels are formed are of 
different conductivity types. Thus for example the de 
vice may comprise a P-channel MOST and a comple 
mentary N-channel MOST located in a common semi 
conductor body. 
The two insulated gate ?eld effect transistors may 

both be suitable for operation in the enhancement 
mode or may both be suitable for operation in the 
depletion mode. Alternatively one insulated gate ?eld 
effect transistor may be suitable for operation in the 
enhancement mode and the other insulated gate ?eld 
effect transistor suitable for operation in the depletion 
mode. 

In at least one of the two insulated gate ?eld effect 
transistors the surface region may be of different con 
ductivity or conductivity type to the immediately un 
derlying portion of the semiconductor body part and 
contains a concentration of implanted ions which de 
termines said different conductivity or conductivity 
type. Thus said one transistor may comprise an ion 
implanted skin as previously described and this transis 
tor may be constructed in a similar manner to the pre vi 
ously described transistors comprising such skins. 

In a semiconductor device according to the invention 
in one or more insulated gate ?eld effect transistors 
present in the semiconductor body or body part, the 
?rst and second low resistivity regions at least in the 
vicinity of their closest separation may each comprise a 
concentration of implanted ions of an impurity element 
characteristic of the conductivity type of_said regions, 
the lateral dimension of the gate electrode associated 
with the surface region between said regions corre 
sponding substantially to the lateral separation of the 
?rst and second low resistivity regions. This device 
employs the manufacturing technique of Auto-Regis 
tration as previously described and corresponding ad 
vantages arise in its utilization as have been described 
with reference to the insulated gate ?eld effect transis 
tors having surface skins. » 

In a semiconductor device according to the invention 
the ion implanted region of the opposite conductivity 
type within which an insulated gate ?eld effect transis 

' tor is formed may comprise ions introduced in the body 
part through open channels in the crystal lattice. Chan 
nelling is a suitable method for forming an island of the 
opposite conductivity type extending deeply into the 
body part from the one surface and having the desired 
resistivity for forming the insulated gated ?eld effect 
transistor therein. 
According to another aspect of the invention a 

method of manufacturing a semiconductor device com 
prises the steps of implanting in a region of a semicon 
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ductor body or body part of one conductivity type a 
concentration of ions of an impurity element character 
istic of the opposite conductivity type, said implanted 
ion concentration determining a region of the opposite 
conductivity type which extends to one surface of the 
body or body part and is surrounded within the body or 
body part by a region of the one conductivity type, 
forming an insulated gate ?eld effect transistor in the 
implanted region of the opposite conductivity type and 
at least one other circuit element in the region of the 
one conductivity type. 
According to a further aspect of the invention a 

method of manufacturing a semiconductor device com 
prising at least two insulated gate ?eld effect transistors 
having different properties, comprises the steps of im 
planting in a region of a semiconductor body or body 
part of one conductivity type a concentration of ions of 
an impurity element characteristic of the opposite con 
ductivity type, said implanted ions concentration deter 
mining a region of the opposite conductivity type which 
extends to one surface of the body or body part and is 
surrounded within the body or body part by a region of 
the one conductivity type, forming in the region of the 
one conductivity type spaced, low resistivity regions of 
the opposite conductivity type constituting source and 
drain regions of a ?rst insulated gate ?eld effect transis 
tor, forming in the ion implanted region of the opposite 
conductivity type spaced, low resistivity regions of the 
one conductivity type constituting source and‘ drain 
regions of a second insulated gate ?eld effect transistor, 
providing an insulating layer on the one surface, form 
ing a gate electrode over the insulating layer above the 
surface region between the source and drain of the ?rst 
transistor, a gate electrode over the insulating layer 
above the surface region between the source and drain 
of the second transistor, and electrodes on the source 
and drain regions of both transistors. 
Embodiments of the invention will now be described 

by way of example with reference to FIGS. 1 to 7 of the 
diagrammatic drawings accompanying this speci?ca 
tion, in which: 
FIG. I shows in cross-section part of the semiconduc 

tor body of an insulated gate ?eld effect transistor 
suitable for operation in the depletion mode; 
FIGS. 2 and 3 each show in cross-section part of the 

semi-conductor body of an insulated gate ?eld effect 
transistor suitable for operation in the enhancement 
mode, the FIG. 2 transistor being a P-channel device 
and the FIG. 3 transistor being an N-channel device; 

FIG. 4 shows in cross-section part of the semiconduc 
tor body of an insulated gate ?eld effect transistor 
suitable for high frequency operation in the enhance 
ment mode; 
FIG. 5 shows in cross-section part of the semiconduc 

tor body of an insulated gate ?eld effect transistor 
suitable for high frequency operation in the depletion 
mode; 

FIG. 6 shows in cross~section part of the semiconduc 
tor body of a tetrode insulated gate ?eld effect transis 
tor suitable for high frequency operation with high 
power gain; and 
FIG. 7 shows in cross-section part of the semiconduc 

tor body of a semiconductor integrated circuit compris 
ing a complementary pair of insulated gate ?eld effect 
transistors, both being suitable for operation in the 
enhancement mode. 
The insulated gate ?eld effect transistor shown in 

FIG. 1 is an N-channel depletion mode MOST. The 
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semiconductor body comprises a P-type substrate 1 
having a resistivity of 15 ohm-cm and of 200 microns 
thickness. The substrate 1 has a plane surface 2 at 
which there is a layer 3 of silicon oxide of 0.2 micron 
thickness. Two low resistivity N*~type regions 4 and S 
extend from the surface 2 into the P-type substrate 1. 
The regions 4 and 5 have been formed by diffusion of 
phosphorus into two surface portions of the substrate 
and extend into the substrate at a distance of approxi 
mately 2 microns from the surface 3. The surface con 
centration of phosphorus in the regions 4 and S is ap~ 
proximately [021 atoms/cc. The width of each of the 
regions 4 and 5 in the section shown in FIG. I is ap 
proximately l5 microns and they are separated by a 
distance of approximately 4 microns. 
Between the N*-type regions 4 and 5 there is an 

N-type surface region 6 of l ohm-cm resistivity and 
containing a concentration of implanted phosphorus 
ions. This ion implanted region 6 is referred to as an 
N-type skin and extends into the substrate at a distance 
of 0.8 micron from the surface 2. An N-type surface 
region 7 extends across other parts of the substrate 
surface beyond the regions 4 and 5 and also contains a 
concentration of implanted phosphorus ions. Alumi~ 
num layer parts 8 and 9 of approximately l micron 
thickness and 5 microns width are situated on the sur 
face portions of the regions 4 and 5 respectively and 
form electrodes thereon. A gate electrode consisting of 
an aluminum layer part 10 of 1 micron thickness is 
situated on the silicon oxide layer 2 above and slightly 
overlapping the N-type skin 6. 

[n this device, which is suitable for operation in the 
depletion mode, the current carrying channel is present 
in the N-type ion implanted skin 6. Due to the provision 
of said skin the effective electron mobility in the chan 
nel is signi?cantly higher than in a prior art depletion 
mode device in which the channel is formed in a pre 
formed N-type inversion layer. Due to the increase in 
e?'ective electron mobility in the channel the gain fac 
tor (B) of the transistor shown in FIG. I is between two 
and three times that of a prior art device having the 
same channel length. 
The manufacture of the MOST shown in FIG. 1 will 

now be described. The starting material is a large slice 
of P-type silicon of i5 ohm-cm resistivity and 200 mi 
crons thickness in which, during subsequent processing 
steps, a plurality of MOST structures are formed at a 
corresponding plurality of sites on the slice, However, 
the manufacture. will be described with reference to the 
formation of one such MOST structure, it being under 
stood that where operations such as diffusion, ion im 
plantation, photomasking and etching are referred to, 
each of these operations is carried out at a plurality of 
locations on the slice. 
The slice is prepared with the crystallographic orien 

tation of its major surfaces parallel to the <11 1 > 
planes. One major surface 2 is prepared to be optically 
?at. An insulating layer 3 of silicon oxide of 0.5 micron 
thickness is grown on the surface by exposure in wet 
oxygen at an elevated temperature. Two openings are 
formed in the silicon oxide layer by the normal photo 
masking and etching technique, said openings exposing 
two surface portions of the substrate. A phosphorus 
diffusion step is carried out to form the N*-type regions 
4 and 5 by diffusion in the parts of the substrate ex 
posed by said two openings. Subsequently the silicon 
oxide layer 3 together with any glass layer formed on 
the surface in the openings during the phosphorus dif 
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fusion step is now removed completely from the sur 
face 2. 
The silicon body is placed in the target chamber of an 

ion implantation apparatus. The implantation of phos 
phorus ions is effected into the surface 2. The implanta 
tion energy is 40 KeV. the dose is of the order of IO11 
atomslsqcm and the orientation of the body is such 
that the direction of the ion beam is within :2" of the 
<l l l > direction. 
After removal from the ion implantation apparatus a 

fresh layer 3 of silicon oxide of 0.2 micron thickness is 
grown rapidly on the surface 2 by oxidation of the 
silicon in wet oxygen at an elevated temperature. This 
oxidation treatment also serves as a post implantation 
annealing process in which a certain redistribution of 
the implanted phosphorus ions occurs. Openings are 

‘ formed in the insulating layer above the N+-type re 
gions 4 and 5, said openings each having a dimension of 
approximately 5 microns in the section shown in FIG. 
I. An aluminum layer of approximately I micron thick 
ness is deposited over the entire surface of the silicon 
oxide layer 3 and in the openings therein. Thereafter by 
a photomasking and etching step the electrodes 8, 9 
and 10 are de?ned by selective removal of parts of the 
aluminum layer. The gate electrode H] has a dimension 
of approximately 5 microns in the section shown in 
FIG. 1. 
Connection of wires to the electrodes 8, 9 and 10 is 

carried out and connection to the substrate 1 made in 
a conventional manner as commonly carried out in 
semiconductor manufacture. Finally the device is suit 
ably encapsulated. 
The insulated gate field effect transistor shown in 

FIG. 2 is a P-charinel enhancement mode MOST. The 
semiconductor body comprises a high resistivity N-type 
substrate 11 having a resistivity of IS ohm-cm and of 
200 microns thickness. The substrate 11 has a plane 
surface 12 at which ,there is a layer 13 of silicon oxide 
of 0.2 micron thickness. Two low resistivity P+-type 
regions 14 and 15 extend from the surface 12 into the 
N-type substrate 11. The regions 14 and 15 have been 
formed by diffusion of boron into two surface portions 
of the substrate and extend into the substrate at a dis 
tance of 2 microns from the surface 13. The surface 
concentration of boron in the regions 14 and 15 is 
approximately 5 X 102° atoms/cc. The width 'of each of 
the regions 14 and 15 in the section shown in FIG. 2 is 
approximately l5 microns and they are separated by a 
distance of approximately 4 microns. 
Between the P+-type regions 14 and 15 there is an 

N'—type surface region 16 of l ohm-cm resistivity and 
containing a concentration of implanted phosphorus 
ions. The ion implanted region 16 is referred to as an 
N'-type skin and extends into the substrate at a dis 
tance of 0.8 micron from the surface 12. An N--type 
surface region 17 extends across the remainder of the 
substrate surface beyond the regions 14 and 15 and 
also contains a concentration of implanted phosphorus 
ions. Aluminum layer parts 18 and 19 of approximately 
1 micron thickness are situated on the surface portions 
of the regions 14 and 15 respectively and form elec 
trodes thereon. A gate electrode 20 consisting of an 
aluminum layer part of l micron thickness is situated 
on the silicon oxide layer 12 above and slightly overlap 
ping the N'-type skin I6. 

In this device which is suitable for operation in the 
enhancement mode. the current carrying channel is 
formed by inversion of at least part of the N‘-type ion 
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14 
implanted skin 16. Due to the provision of said skin the 
threshold voltage of the device is determined re 
produceably within fairly ?ne limits. 
The manufacture of the MOST shown in FIG. 2 core 

sponds substantially to the manufacture of the MOST 
shown in FIG. 1, the main difference being that in the 
manufacture of the P-channel device of FIG. 2 the 
initial diffusion is of boron. 
The insulated gate ?eld effect transistor shown in 

FIG. 3 is an N-channel enhancement mode MOST. In 
this device the dimensions of the semiconductor body 
and the various regions and electrodes correspond 
substantially to those of the P-channel MOST shown in 
FIG. 2. The di?'erence resides in that the substrate of 
the FIG. 3 device is of P"-type, the ion implanted 
surface skin is of P'-type and the source and drain 
regions are INF-type. This con?guration is particularly 
favorable for an N-channel enhancement mode MOST 
since the provision of the P_-type ion implanted skin 
enables good control of the threshold voltage to be 
obtained. Furthermore the resistivity of the PL-type 
substate may be chosen to be fairly high, for example 
15 ohm-cm. It will be appreciated that the direct for 
mation of an N-channel enhancement mode MOST in 
such material would not be readily possible since oxida 
tion of the surface of such high resistivity material 
forms an N~type inversion layer. Further advantages of 
providing an ion implanted P‘-type skin in a P“~type 
part for an N-channel enhancement mode MOST, in 
cluding the possibility of having short channel lengths 
due to the P‘-type region inhibiting punch-through to 
the source of the drain to substrate depletion layer, will 
be described with reference to the following embodi 
ment shown in FIG. 4. The manufacturing steps in 
forming the device shown in FIG. 3 are similar to those 
described with reference to FIG. 1, the main difference 
residing in that the ion implantation of the skin is car 
ried out using boron ions. Suitable conditions for the 
boron implantation are at an energy of 20 KeV with a 
dose of approximately 5 X l0ll atoms/sq.cm. 
The insulated gate ?eld effect transistor shown in 

FIG. 4 is an N-channel enhancement mode MOST 
suitable for high frequency operation. The semicon 
ductor body comprises a low resistivity P*-type sub 
strate 2] having a resistivity of 0.05 Ohm-cm and of 
200 microns thickness, and a high resistivity epitaxial 
P"-type layer 22 of IS ohm-cm resistivity and 6 mi 
crons thickness situated on the substrate 2]. The layer 
22 has a plane surface 23 at which there is a layer of 
silicon oxide 24 of 0.!2 micron thickness. Two low 
resistivity N+-type regions extend from the surface 23 
into the P"-type layer 22. The N“-type regions com 
prise diffused portions 26 and 27 respectively formed 
by diffusion of phosphorus into two surface portions of 
the layer 22 and ion implanted portions 28 and 29 
respectively adjoining the portions 26 and 27, the por 
tions 28 and 29 having been formed by implantation of 
phosphorus ions into the surface through the silicon 
oxide layer 23 in accordance with the method de 
scribed in said copending application, Ser. No. 753,449 
and now U.S. Pat. No. 3,596,347. The diffused por 
tions 26 and 27 extend into the layer 22 at a distance of 
approximately 1 micron from the surface 23 and the 
ion implanted portions 28 and 29 extend into the layer 
at a distance of 0.3 micron from the surface 23. The 
sheet resistance of the diffused portions 26 and 27 is 
approximately 20 ohms per square and in the ion im~ 
planted portions 28 and 29 is 300 ohms per square. The 
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width of each of the diffused portions 26 and 27 in the 
section shown in FIG. 4 is approximately 15 microns 
and the width of each of the ion implanted portions 28 
and 29 is approximately 3 microns. The ion implanted 
portion 28 and 29 are separated by a distance of ap 
proximately 3 microns. The portions 28 and 29 lie 
within a P-type surface region 30 of0.75 ohm-cm resis 
tivity and containing a concentration of implanted 
boron ions. The ion implanted region 30 is referred to 
as a P'-type skin and extends into the higher resistivity 
P“-type layer 22 at a distance of 0.7 micron from the 
surface 23. A P-type surface region 31 extends across 
the remainder of the layer surface beyond the regions 
26, 28 and 27, 29 and also contains a concentration of 
implanted boron ions. Electrodes consisting of alumi 
num layer parts 33 and 34 of approximately l micron 
thickness and 5 microns width in the section shown are 
situated on the surface portions of the regions 26, 28 
and 27, 29 respectively. said surface portions being 
located in openings in the silicon oxide layer 24. A gate 
electrode consisting of an aluminum layer part 35 of 1 
micron thickness and 3 microns width is situated on the 
silicon oxide layer 24 directly above the P'-type ion 
implanted surface region 30 between the N‘l-type ion 
implanted portions 28 and 29. 

In this device, which is suitable for high frequency 
operation in the enhancement mode, the current carry 
ing channel is formed by inversion of at least the part of 
the P‘-type ion implanted skin 30 located adjacent the 
surface 23 between the N+-type ion implanted regions 
28 and 29. Due to the provision of the ion implanted 
skin 30 the threshold voltage of the device is deter 
mined reproduceably within fairly ?ne limits. The de 
vice has a relatively high power gain since the effective 
channel length is small. that is 3 microns, due to the 
described con?guration being obtained by the method 
of Auto-Registration. This method also gives a low 
value of the gate to drain capacitance and gate to 
source capacitance since the overlap of the gate elec 
trode 35 above the N*-type ion implanted regions 28 
and 29 is determined only by the sideways scattering 
and channelling of the phosphorus ions. this overlap 
being only 0.25 micron or less on each side. The capac~ 
itance between drain and substrate is also small, a mea 
sured value at Vmmsuwm“ of 20 volts being 2 X l03 
pF/cm2 . This is because at such a voltage between the 
drain and substrate the depletion layer associated with 
the junction between the N*-type drain 27, 29 and the 
P"-type region 22 approaches the P*-type substrate 
21. The presence of the P"-type skin 30 also limits the 
spreading of this depletion layer in the region of the 
device adjacent the channel and thus punch-through of 
this depletion layer to the source at such a voltage is 
prevented. This facilitates the provision of the small 
source to drain separation, viz. 3 microns. 
The manufacture of the high frequency triode MOST 

shown in FIG. 4 will now be outlined in terms of the 
main steps in their relative order of succession. A P" 
type silicon slice of 200 microns thickness and 0.05 
ohm-cm resistivity is prepared with one of its major 
surfaces having an optically flat ?nish. The orientation 
is with the major surface parallel to the <l l l> planes. 
An epitaxial layer of P"-type silicon of IS ohm-cm 
resistivity is grown on the prepared major surface. The 
surface of the layer is suitably prepared to be optically 
?at. A silicon oxide layer of 0.2 u. thickness is grown on 
the surface of the epitaxial layer by exposure in wet 
oxygen at l.l00° C. for IS minutes. Openings are 
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formed in the silicon oxide layer by the normal photo 
masking and etching techniques. Phosphorus is then 
diffused into the exposed surface portions to form the 
N*-type regions 26 and 27. Subsequently the silicon 
oxide layer is removed from the surface and a fresh 
insulating layer 24 of silicon oxide of 0.l2 microns 
thickness is grown on the surface 23 by exposure in wet 
oxygen at l.l00° C. for approximately 6 minutes. The 
heating in wet oxygen may be followed by an etching 
step to determine accurately the thickness of the oxide 
layer 24. Implantation of boron ions is then effected 
into the whole surface through the silicon oxide layer 
24. The orientation of the body is with the surface 
normal to the ion beam. The energy is l40 KeV and the 
dose 2.5 X 10" atoms/sqcm. This is followed by an 
annealing step at 700° C. for 30 minutes. The implanta 
tion and annealing steps yield the P_-type skin 30, 31. 
Contact windows for the source and drain are then 
formed in the layer 24, said windows exposing the N* 
type regions 26 and 27. An aluminum layer of 1.0 mi 
cron thickness is then deposited over the whole surface 
of the insulating layer and in the openings formed 
therein. A photomasking and etching step is carried out 
to de?ne the gate electrode 35 and parts of the source 
and drain electrodes 33, 34. A phosphorus ion implan 
tation Auto-Registration step is then carried out to 
form the ion implanted portions 28 and 29. The energy 
is I00 KeV and the dose 6 X l0“ atoms/sq.cm. with the 
surface normal to the ion beam axis. A post-implanta 
tion annealing step is then carried out at 500° C. for 30 
minutes. Finally the external portions of the source and 
drain electrodes are de?ned by a photomasking and 
etching step, the body is mounted, connecting wires are 
provides and the unit is encapsulated. 
The insulated gate field effect transistor shown in 

FIG. 5 is an N-channel depletion mode MOST suitable 
for high frequency operation. In construction it is basi 
cally similar to the N-channel enhancement mode 
MOST shown in FIG. 4, the main difference being that 
it additionally comprises an ion implanted N-type skin 
37 of approximately 0.1 micron thickness and 0.] ohm 
cm resistivity. The current carrying channel is present 
within the skin 37. The N-type skin 37 lies within a 
P‘-type skin of approximately 0.7 micron thickness and 
of 0.75 ohm-cm resistivity. This device has a high car 
rier mobility and gain factor due to the presence of the 
ion implanted N-type skin 37 and also has similar ad 
vantages to those described for the FIG. 4 enhance 
ment mode device in respect of the channel length, 
drain to substrate capacitance, gate to drain capaci 
tance and prevention of punch-through to the source of 
the depletion layer associated with the drain junction. 
The steps in the manufacture of this device are similar 
to those involved in the manufacture of the FIG. 4 
device, the main difference residing in the additional 
phosphorus ion implantation step required to produce 
the N-type skin 37. 
The insulated gate ?eld effect transistor shown in 

FIG. 6 is a tetrode_MOST comprising a ?rst transistor 
portion suitable for operation in the depletion mode, 
the N-type current carrying channel therein being pres 
ent in an ion implanted ‘skin’, and a second transistor 
portion suitable for operation either in the enhance 
ment or depletion mode according to the applied volt 
age on the gate electrode associated therewith. the 
N-type current carrying channel in the second transis 
tor portion being present partly in a N-type ion im 
planted skin and partly within an N-type inversion layer 
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in an ion implanted P“-type region. 
The semiconductor body comprises a high resistivity 

P“-type substrate 41 of approximately 10 ohm-cm 
resistivity of 200 microns thickness. The substrate 41 
has a plane surface 42 on which a silicon oxide layer 43 
of 0.1 micron thickness is present. A low resistivity 
N*-type diffused region 46 extends into the substrate at 
a maximum distance therefrom of 1.5 microns and 
forms the major part of a source region. A low resistiv 
ity N*-type diffused region 47 extends into the sub 
strate 41 from the surface 42 at a maximum distance 
therefrom of L5 microns and forms the major part ofa 
drain region. 
An N‘-type ion implanted skin 48 is present extend 

ing into the body at a distance therefrom of 0.75 mi 
cron and containing a concentration of implanted 
phosphorus ions yielding a resistivity of approximately 
1.0 ohm-cm. 
The source and drain regions respectively also com 

prises ion implanted N-type portions 49 and 50 which 
extend in the body at a distance from the surface 42 of 
0.5 micron and contain a concentration of implanted 
phosphorus ions yielding a resistivity of approximately 
[0‘3 ohm-cm. 
Between the source region 46, 49 and the drain re 

gion 47, 50 there is an N-type ion implanted region 52 
which also extends in the body from the surface 42 at a 
maximum distance therefrom of 0.5 micron and con 
tains a concentration of implanted phosphorus ions 
yielding a resistivity of approximately 10‘3 ohm-cm. 
The device may be considered as a ?rst insulated gate 

?eld effect transistor part between the source 46, 49 
and the region 52, and a second insulated gate ?eld 
effect transistor part between the region 52 and the 
drain 47, 50. The region 52 is referred to as the virtual 
source and drain. 
Between the virtual source and drain 52 and the 

drain 47, 50 there is an ion implanted P‘-type region 54 
which extends in the body at a maximum distance from 
the surface 42 of L5 microns. The P‘-type region 54 
extends around the edges of the virtual source and 
drain 52 which face the drain 47, S0 and contains a 
concentration of implanted boron ions. The resistivity 
of the P'-type region 54 is approximately l ohm-cm, 
allowance having been made during its formation for 
the phosphorus concentration of the N'-type skin 48 
which is present within the part of the region 54 adja 
cent the surface 42. 
On the surface 42 in openings in the insulating layer 

43 there are source and drain electrodes 56 and 57 
respectively, each consisting of an aluminum layer of 
L0 micron thickness. On the part of the insulating layer 
43 above the surface portion of the body between the 
source region portion 49 and the virtual source and 
drain region 52 there is a ?rst gate electrode 58 consist 
ing of an aluminum layer of 1.0 micron thickness. On 
the part of the insulating layer 43 above the surface 
portion of the body between the virtual source and 
drain 52 and the drain region portion 50 there is a 
second gate electrode 59 consisting of an aluminum 
layer of 1.0 micron thickness. 
A ?rst insulated gate field effect transistor part is 

formed by the source 46, 49, the virtual drain 52, and 
the gate 58. The current carrying channel is present in 
the N'-type skin situated below the gate electrode 58 
and between the N‘-type regions 49 and 52. The chan‘ 
nel length corresponds substantially to the lateral di 
mension of the gate electrode 58 because the regions 
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49 and 52 have been formed by the techniques ofAuto 
Registration in accordance with the method described 
in the said copending application. Ser. No. 753.449. 
The channel length is approximately 2.5 microns. 
A second insulated gate ?eld effect transistor part is 

formed by the virtual source 52, the drain 47, S0, and 
the gate 59. The current carrying channel in this tran 
sistor part lies below the gate electrode 59 partly within 
an N-type surface inversion layer formed at the surface 
of the P"~type region 54 and partly within the N_-type 
skin 48. The channel length of the second transistor 
part is approximately 3.5 microns and corresponds 
substantially to the lateral dimension of the gate elec 
trode 59 since the regions 52 and 50 also have been 
formed by the technique of Auto-Registration. 
The first transistor part constitutes a high frequency. 

high gain depletion mode device having a small channel 
length and very low gate to drain capacitance. In the 
second transistor part which may be operated in the 
enhancement or depletion mode. the presence of the 
P'~type region 54 serves to inhibit punch-through. in 
the depletion layer around the drain 47/substrate 41 
junction, between the virtual source 52 and the drain 
47, 50 at high applied voltages between the drain 47, 
50 and the substrate 41. The region 54 thus also per 
mits a small lateral separation of the virtual source 52 
from the drain 47, 50, said small separataion having 
been achieved with the aid of the Auto-Registration 
technique. 

In operation the source electrode 56 is connected to 
the substrate 41. The ?rst gate electrode 58 is at a 
negative DC. bias with respect to the source and sub 
strate and the input signal voltage is applied to the ?rst 
gate 58 over and above the DC. bias. The second gate 
electrode 59 is at a DC. bias with respect to the source 
and substrate which may be positive or negative as 
required. The gate 59 is A.C. short circuited to the 
source and substrate. The drain electrode 57 is at a 
positive bias with respect to the source and substrate, 
for example, l0 volts. 
The steps in the manufacture of the high frequency 

tetrode MOST shown in FIG. 6 will now be described 
briefly. 

l. A p“-type silicon slice of IO ohm-cm resistivity in 
which the major surfaces are parallel to the <l l l > 
planes, is prepared with one of the major surfaces 
optically ?at. 

2. A silicon oxide layer of 0.5 micron thickness is 
grown on the prepared surface by thermal oxida 
tion at an elevated temperature in wet oxygen. 

3. Openings are formed in the insulating layer by a 
normal photomasking and etching step. 

4. Phosphorus is diffused into the surface portions 
exposed by the openings in the insulating layer to 
form the source region part 46 and the drain region 
part 47. 

5. The silicon oxide layer is removed together with 
any phosphorus glass formed during step (4). 

6. A layer of aluminum of 1.0 micron thickness is 
deposited over the entire surface. 

7. An opening is formed in the aluminum layer by a 
photomasking and etching step. 

8. The p‘-type region is formed by implantation of 
boron ions at 140 KeV into the surface portion 
exposed by the opening provided in step (7). The 
remaining part of the aluminum layer acts as a 
mask during the implantation. Subsequently an 
annealing step is performed. 
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9. A larger opening is formed in the aluminum mask 
ing layer, said opening extending approximately to 
the outer perimeters of the regions 46 and 47. 
Phosphorus ions are implanted in the exposed sur 
face portion at 40 KeV to form the N“-type skin 
region 48. This is followed by an annealing treat 
ment. 

10. The remaining part of the aluminum masking 
layer is removed. 

l l. A silicon oxide layer of 0.1 micron thickness is 
grown on the surface by thermal oxidation in wet 
oxygen at an elevated temperature. 

12. Openings are formed in the last formed silicon 
oxide layer to expose the source region part 46 and 
the drain region part 47. 

13. A layer of aluminum of 1.0 micron thickness is 
deposited on the entire surface of the oxide layer 
and in the openings therein. 

l4. A photomasking and etching step is carried out to 
de?ne the gate electrodes 58 and 59 and to par 
tially de?ne the source and drain electrodes 56 and 
57 respectively. 

l5. Phosphorus ions are implanted at I40 KeV into 
the surface through the oxide parts not covered by 
the aluminum by the method of Auto-Registration 
using the electrodes 56, S7, 58 and 59 as a mask. 
This yields the N-type portions 49 and 50 of the 
source and drain respectively and the virtual 
source and drain region 52. This is followed‘ by an 
annealing step at a relatively low temperature. 

l6. The external parts of the source electrode 56 and 
the drain electrode 57 are de?ned in the aluminum 
layer by a further photomasking and etching step. 

17. The slide is divided to yield a plurality of individ 
ual chips each comprising a tetrode MOST unit. 

IS. The ‘unit‘ is mounted on a header, wires bonded 
to the electrodes and terminals, followed by encap 
sulation. 

The semiconductor body part shown in FIG. 7 is part 
of a semiconductor integrated circuit comprising a 
complementary pair of enhancement most MOST‘s. 
The semiconductor body comprises a high resistivity 
P-type silicon substrate 91 of L4 ohm-cm resistivity. 
The substrate has a plane surface 92 on which a silicon 
oxide layer 93 is present. Extending from the surface 
92 into the substrate there is a high resistivity N-type 
ion implanted island 94 having a resistivity of approxi 
mately 1 ohm-cm. The island 94 extends into the sub 
strate 9] at a distance of approximately 2 microns from 
the surface 92. 
The island 94 has been formed by implantation of 

phosphorus ions through open channels in the crystal 
lattice (channelling) at an implantation energy of 100 
KeV and dose of 5 X 10.2 atoms/sq.cm. This is followed 
by a drive-in and annealing step at 1,050" C. in argon 
for approximately 10 minutes. This method yields a 
fairly uniform phosphorus distribution in the island 94. 
In the N-type island 94 there is a P-channel enhance 
ment mode MOST comprising P*-type source and 
drain regions 95 and 96, source and drain electrodes 97 
and 98 and a gate electrode 99. The current carrying 
channel present is a P-type inversion layer formed in 
the surface region 100 below the insulated gate elec~ 
trode 99. in the part of the P-type substrate beyond the 
island 94 there is a complementary, N-channel en~ 
hancement mode MOST comprising N+-type source 
and drain regions 103 and 104, source and drain elec 
trodes I05 and 106 and a gate electrode 107. The 
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current carrying channel is present in an N-type inver 
sion layer formed in the surface region [08 below the 
insulated gate electrode l0‘). It will be appreciated that 
in the integrated circuit the various electrodes of the 
P-channel and N-channel transistors will be connected 
according to a predetermined configuration. However 
this interconnection is not shown in FIG. 7 as this ?gure 
mainly serves to illustrate the underlying concept of a 
device according to the invention in which an insulated 
gate ?eld effect transistor is formed in an ion implanted 
island of a specific conductivity type present in a sub 
strate of opposite conductivity type within which a 
further circuit element is present. In the embodiment 
described the further circuit element is a complemen 
tary insulated gate ?eld effect transistor but alterna 
tively the element may be, for example. a bipolar tran 
sistor. 
What is claimed is: 
1. A method of manufacturing at least one insulated 

gate ?eld effect transistor, comprising forming in a 
semiconductor body portion of one conductivity type 
adjacent a surface thereof by introducing opposite-type 
forming impurities therein spaced ?rst and second low 
resistivity regions of the opposite conductivity type to 
constitute at least part of source and drain electrodes of 
the transistor, implanting ions of an impurity element in 
a third surface~adjacent region of the body portion 
extending between the ?rst and second regions [to 
determine the conductivity thereof] to form at least a 
portion of a [current~carrying] channel region lo 
cated in the third region and whose conductivity is deter 
mined by the implanted ions and which functions to carry 
current between the source and drain electrodes when 
appropriate potentials are applied to the transistor, pro 
viding a gate electrode on an insulating layer on said 
surface and extending over at least said portion of the 
channel region, and making electrical connections to 
the low resistivity source and drain electrodes, and to 
the gate electrode. 

2. A method as set forth in claim 1 wherein the im 
planted ions are of the one-type conductivity and form 
a channel [ portion 1 region of the one-type conduc 
tivity having a resistivity which is lower than that of the 
immediately underlying part of the said semiconductor 
body portion whereby said transistor is capable of oper 
ation in the enhancement mode. 

3. A method as set forth in claim 2 wherein the ?rst 
and second low resistivity regions are formed by diffu 
sion prior to the‘ion-implantation step. 

4. A method as set forth in claim 2 wherein the said 
semiconductor body portion of one conductivity type is 
provided as a layer on a substrate of the one conductiv 
ity type and of lower resistivity. 

5. A method as set forth in claim 1 wherein the insu 
lating layer comprises silicon oxide, and phosphorous 
ions are implanted in the silicon oxide insulating layer 
to stabilize same. 

6. A method of manufacturing at least one insulated 
gate ?eld effect tetrode transistor, comprising forming 
in a semiconductor body portion of one conductivity 
type adjacent a surface thereof by introducing oppos 
ite-type forming impurities therein spaced ?rst, second 
and third low resistivity regions of the opposite conduc 
tivity type to constitute at least part of the source and 
drain electrodes of the transistor and de?ning between 
the ?rst and second regions a ?rst [current-carrying 1 
channel region and between the second and third re 
gions a second [current-carrying ] channel region. 
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implanting ions of an impurity element of the opposite 
conductivity type in the surface region of the body 
portion constituting at least the ?rst channel region to 
determine the conductivity thereof, said channel re 
gions carrying current between the source and drain 
regions when appropriate potentials are applied to the 
transistor, providing a ?rst gate electrode on an insulat 
ing layer on said surface and extending over at least 
part of the ?rst channel region and providing a second 
gate electrode on an insulating layer on said surface 
and extending over at least part of the second channel 
region, and making electrical connections to the ?rst 
and third low resistivity regions, and to the gate elec 
trodes. 

7. A method as set forth in claim 6 wherein ions of 
the opposite conductivity type are implanted also in the 
second channel region. 

8. A method as set forth in claim 7 wherein ions of 
the one conductivity type are implanted over only a 
portion of at least one of the channel regions and adja 
cent its source electrode. 

9. A method of manufacturing a [ semiconductor] 
semiconductor device comprising at least a ?rst insu 
lated gate ?eld effect transistor and at least a second 
[other] circuit element, comprising forming in a ?rst 
part of a semiconductor body portion adjacent a sur 
face thereof said [ other] second circuit element, 
forming in a second part [of the semiconductor body 
portion 1 of one conductivity type of the semiconductor 
body portion adjacent a surface thereof by introducing 
opposite-type forming impurities therein spaced ?rst 
and second low resistivity regions of the opposite con 
ductivity type to constitute at least part of source and 
drain electrodes of the ?eld e?ect transistor, implant 
ing ions of an impurity element in a third surface-adja 
cent region of the body portion extending between the 
?rst and second regions [to determine the conductiv 
ity thereof] to form at least a portion of a I: current 
carrying ] channel region located in the third region and 
whose conductivity is determined by the implanted ions 
and which functions to carry current between the source 
and drain electrodes when appropriate potentials are 
applied to the transistor, providing a gate electrode on 
an insulating layer on said surface and extending over 
at least said portion of the channel region, and making 
electrical connections to the low resistivity source and 
drain electrodes, to the gate electrode, and to the 
[ other] second circuit element. 
10. A method as set forth in claim 9 wherein the 

[other] second circuit element [is also an I consti 
tutes a second insulated gate ?eld effect transistor hav 
ing different properties than the ?rst transistor deter 
mined by the ion implantation step. 
[ 11. A method as set forth in claim 10 wherein the 

ion implantation step employs ions of said one conduc 
tivity type and establishes an island of said one conduc 
tivity type in a substrate of said opposite conductivity 
type and constituting said second part of the semicon 
ductor body portion] 

12. A method as set forth in claim 10 wherein the 
?rst and second insulated gate ?eld e?‘ect transistors 
comprise channels of opposite conductivity types 
which are located at least partly in regions whose conduc 
tivity is determined by ion implantation. 

13. A method as set forth in claim 10 wherein the 
?rst and second insulated gate ?eld effect transistors 
comprise channels of the same conductivity type but 
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said transistofs are adapted to operate in different ones 
of the depletion and enhancement modes. 

[14. A method as claimed in claim 9 wherein the 
ion-implantation step comprises implanting in a region 
of the second semiconductor body portion ofone con 
ductivity type a concentration of ions of an impurity 
element characteristic of the opposite conductivity 
type, said implanted ion concentration determining a 
region of the opposite conductivity type which extends 
to one surface of the body portion and is surrounded 
within the body portion by a region of the one conduc 
tivity type, and forming the ?rst insulated gate field 
effect transistor in the implanted region of the opposite 
conductivity type, and at least the other circuit element 
in another region of the one conductivity type] 

15. A methodas setforth in claim 1 wherein ions oft/1e 
opposite type conductivity are implanted into the channel 
region to adjust the threshold voltage of the transistor. 

16. In a method of manufacturing a semiconductor 
device comprising at least one insulated gate ?eld effect 
device, comprising forming in a semiconductor body 
portion of one-type conductivity adjacent a surface 
thereof by introducing opposite-type forming impurities 
therein spaced first and second low resistivity regions of 
the opposite-type conductivity to constitute at least part 
of source and drain regions of the device, said source and 
drain regions de?ning between them a device channel 
region adjacent said surface, providing a gate electrode 
on an insulating layer on said surface and extending over 
said channel region, and making electrical connections to 
the low resistivity source and drain regions and to the 
gate electrode whereby when operating potentials are 
applied the device exhibits a threshold voltage which 
when applied to the gate causes current conduction in the 
channel region between the source and drain regions, the 
improvement comprising implanting ions of an impurity 
element in at least a portion of the channel region under 
such conditions that substantially all of said implanted 
ions are con?ned to the channel region and in such num 
ber that the threshold voltage is accurately and reproduc 
ibly controlled by the implanted ions. 

1 7. The method of claim 16 wherein the implantation 
step follows provision of the source and drain regions and 
provision of the insulating layer. 

18. The method of claim 16 wherein plural insulated 
gate field effect transistors are made in a common semi 
conductor body, ions being implanted into a‘! least several 
of the transistor channel regions to control their thresh 
old voltage. 

l9. The method of claim 18 wherein at least one of the 
transistors is of the enhancement type, and at least one is 
of the depletion type. 

20. The method of claim 16 wherein prior to the ion 
implantation step to control the threshold voltage. ions 
are implanted into the surface of the body to form a 
surface region of one type conductivity that is of lower 
resistivity than that of underlying one type body portions. 
21. The method of claim 16 wherein the body is of 
-type material, the channel is N-type, and acceptor ions 

are implanted in the channel region to accurately deter 
mine the threshold voltage. 
22. In a method of manufacturing a semiconductor 

device comprising at least one insulated gate field effect 
transistor, comprising forming in a semiconductor body 
portion of one-type conductivity adjacent a surface 
thereof by introducing opposite-type forming impurities 
therein spaced first and second low resistivity regions of 
the oppositetype conductivity to constitute at least part 
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of source and drain regions of the transistor. said source 
and drain regions defining between them a transistor 
channel region adjacent said surface. providing a gate 
electrode on an insulating layer on said surface and ex 
tending over said channel region, and making electrical 
connections to the low resistivity source and drain re 
gions and to the gate electrode whereby when operating 
potentials are applied to the transistor current conduction 
occurs in the channel region between the source and 
drain regions, the improvement comprising implanting 
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ions of an impurity element in at least a portion of the 
channel region in such number as to determine the dop‘ 
ing concentration of said channel portion. 

23. The method of claim 22 wherein one-typeforming 
impurity ions are implanted into the whole surface of the 
body portion including parts extending outside the source 
and drain regions, and opposite-type forming impurity 
ions are implanted into the channel region. 

is 1k * it 1! 
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