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57 ABSTRACT 
A PN junction gated field effect transistor is described 
in which the channel region is provided with a subsur 
face portion of higher conductivity than the outer sur. 
face of such channel at an intermediate position be. 
tween the outer surface and the bottom of the channel 
in order to reduce the noise caused by surface recom. 
bination of current carriers and other surface effects, 
to about one-tenth its previous noise level. This suh 
surface portion of high conductivity is preferably 
formed by providing an oxide layer which, during dif 
fusion of the channel, gathers the doping impurity 
from the surface of the channel to reduce the conduc 
tivity of such surface. A further method is to diffuse 
compensating impurities into the channel which invert 
the channel surface to an intrinsic material while leav 
ing a subsurface portion of high conductivity. 

10 Claims, 5 Drawing Figures 
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Re. 28,500 

LOW NOISE FIELD EFFECT TRANSISTOR WITH 
CHANNEL HAVING SUBSURFACE PORTION OF 

HIGH CONDUCTIVITY 

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

BACKGROUND OF THE INVENTION 

The subject matter of the present invention relates 
generally to semiconductor electronic devices and, in 
particular, to field effect transistors of the PN junction 
gated type. The channel region of the field effect tran 
sistor is provided with a subsurface portion of high con 
ductivity in order to reduce noise in the output signal 
of such transistor by minimizing surface effects includ 
ing current carrier recombination of electrons and 
holes. Since most of the channel current flows through 
this subsurface portion, the surface defects do not 
cause as much recombination as with a conventional 
field effect transistor. 
The field effect transistor of the present invention is 

especially suitable for use in an integrated circuit such 
as that shown in co-pending U.S. Pat. application, Ser. 
No. 697,055 filed Jan. 11, 1968, by H. J. Bresee, one 
of the joint inventors of the present invention. As 
shown in this pending application, the diffused channel 
portion of previous field effect transistors is provided 
with a doping impurity concentration having a maxi 
mum value at the surface of such channel and continu 
ously decreasing to a minimum value at the bottom of 
the channel. This is the normal impurity concentration 
profile produced during diffusion of impurities into 
semiconductor material. Unfortunately, such a diffused 
channel has the disadvantage that the region of highest 
conductivity is at the surface of the channel so that 
much of the channel current flows through surface de 
fects which act as recombination centers with the result 
that noise is produced in the output signal of the tran 
sistor due to recombination and other surface effects. 
This problem is avoided by the subsurface portion of 
high conductivity used in the channel of the present 
field effect transistor. Thus, such subsurface portion 
has peak value of conductivity of, for example, 9 x 
10* atoms per cubic centimeter, spaced below the 
surface of the channel, a distance of about 0.5 microns, 
and located at an intermediate position between the 
outer surface and the bottom of the channel. The impu 
rity concentration of the channel decreases from such 
peak value to an outer surface concentration of, for ex 
ample, 3 x 10" atoms per cubic centimeter, and to a 
bottom gate junction concentration of, for example, 7 
x 10 atoms per cubic centimeter. As a result of pro 
viding this subsurface portion of highest conductivity, 
the noise in the output signal of the transistor is re 
duced to a level of about one-tenth that of previous 
field effect transistor. 

It is, therefore, one object of the present invention to 
provide an improved field effect semiconductor device 
having a low level of noise in its output signal. 
Another object is to provide a field effect transistor 

with a channel region having a subsurface portion of 
higher conductivity than its outer surface to reduce 
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2 
noise due to surface recombination of current carriers 
and other surface effects, 
An additional object of the invention is to provide a 

PN junction gated field effect transistor having such a 
channel region formed by diffusion in which an oxide 
layer is provided on the outer surface of the channel to 
cause doping impurity to migrate from such surface 
into the oxide layer which is later removed to leave the 
outer surface with a lower impurity concentration than 
a subsurface portion of the channel. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other objects and advantages of the present inven 
tion will be apparent from the following detailed de 
scription of certain preferred embodiments thereof, 
and from the attached drawings of which: 
FIG. 1 is a sectional view of one embodiment of the 

field effect transistor of the present invention: 
F.G. 2 is a diagram of the doping impurity concentra 

tion curves of the semiconductor regions in the field ef 
fect transistor of FIG. 1; 
FIG. 3 is a sectional view of a second embodiment of 

the field effect transistor of the present invention; 
FIG, 4 is a sectional view of a third embodiment of 

the field effect transistor of the present invention; and 
FIG. S is a sectional view of a fourth embodiment of 

the field effect transistor of the present invention. 
DETALED DESCRIPTION OF PREFERRED 

EMBODIMENTS 

As shown in FIG. 1, one embodiment of the field ef 
fect semiconductor device of the present invention is a 
PN junction gated field effect transistor formed on a 
substrate member 10 of any suitable monocrystalline 
semiconductor material. The substrate member 10 may 
be made of N type silicon semiconductor material hav 
ing a uniform concentration of phosphorous doping im 
purity. A channel region 12 of P-type silicon semicon 
ductor material is formed by diffusing boron doping im 
purity into the substrate 10 to provide such channel 
with a subsurface portion of higher conductivity than 
its outer surface in a manner hereafter described. A 
source region 14 and a drain region 16 of P-- type sili 
con semiconductor material are also formed by diffus 
ing more boron doping impurity into the channel re 
gion 12 at the opposite ends of such channel region. 
The source and drain form ohmic contacts with the 
channel. A top gate region 18 of N type silicon semi 
conductor material is formed by diffusing phosphorous 
doping impurity into the channel 12 at an intermediate 
position on the channel surface between the source and 
drain. The top gate region 18 forms a PN junction gate 
with the channel region which controls the flow of 
channel current between the source and drain in a con 
ventional manner. An insulating layer of silicon dioxide 
20 is provided over the outer surface of the channel 
portion 2 and the other portion of the upper surface 
of the substrate 10. A plurality of metal contacts 22 are 
provided through openings in the insulating layer 20 
into contact with the source 14, drain 16, top gate 18, 
and the substrate 10. The substrate acts as the back 
gate electrode for the channel at the PN junction 
formed between such substrate and the channel. It 
should be noted that the back gate region 10 may also 
be provided by an epitaxial layer of uniform resistivity 
provided on a substrate member forming part of an in 
tegrated surface as shown in the above-mentioned co 
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pending U.S. Pat. application, Ser. No. 697,055 of Bre 
See. 
The method of manufacture of the field effect tran 

sistor of FIG. 1 may be similar to that shown in the 
above-mentioned patent application, Ser. No. 697,055, 
except for the formation of the channel region 12. As 
shown in FIG. 2, the channel region 12 has an impurity 
concentration curve 24 with an outer surface value of 
about 3 X 10* atoms per cubic centimeter and in 
creases to a peak value 26 of about 9 x 10" atoms per 
cubic centimeter at a subsurface portion spaced at a 
distance of about 0.5 microns below the surface. The 
channel concentration curve 24 decreases in value 
from the peak point 26 to its minimum value of about 
7 x 10' atoms per cubic centimeter at the bottom of 
the channel approximately 2. microns from the sur 
face. The bottom of the channel is determined by the 
intersection of such channel curve with a horizontal 
line 28 representing the uniform concentration of the 
back gate region 10 of about 7 x 10' atoms per cubic 
centimeter. Thus, the subsurface channel portion 26 of 
highest conductivity is located at an intermediate posi 
tion between the outer surface and the bottom of the 
channel. Normal diffusion of the channel would pro 
vide a concentration curve 30, shown in dash lines, 
which has a surface concentration of about 2 X 10"' 
atoms per cubic centimeter that is its portion of maxi 
mum conductivity. Curve 30 decreases continuously in 
concentration from its surface value to its portion of 
minimum conductivity at the bottom of the channel. 
However, in the present invention, some of the doping 
impurity is removed from the surface by migration 
from the channel surface into an oxide layer coated 
over such surface to leave the subsurface portion 26 of 
maximum conductivity. This migration is caused by 
heating the oxide coated semiconductor member 10 
during the channel diffusion step. Thus, about five min 
utes after the start of the channel diffusion drive cycle, 
wet' oxygen containing water vapor is introduced 

into the system which causes silicon oxide layer to form 
on the surface of the channel early in the diffusion. This 
oxide layer "getters' the boron doping impurity from 
the surface of the channel and causes the surface value 
of the impurity concentration curve to reduce from 
curve 30 to curve 24, as shown in FIG. 4. As a result, 
a subsurface portion of higher conductivity than the 
outer surface and having a peak value of 26 is formed 
in the channel spaced about 0.5 microns below the sur 
face of such channel. This oxide layer is subsequently 
removed before the source, drain, and top gate regions 
are diffused into the channel. 
As shown in FIG. 2, the diffused source and drain re 

gions 14 and 16 having a concentration curve 32 which 
decreases from a surface value of about 0' atoms 
per cubic centimeter to the point where it intercepts 
the channel curve 24 at a value of approximately 
6x10* atoms per cubic centimeter about 1.25 mi 
crons from the surface of the channel at the bottom of 
the source and drain regions, Similarily, the top gate 
region 18 has a concentration curve 34 formed by dif 
fusion which decreases from a surface value of about 
4 x 10* atoms per cubic centimeter to a minimum 
value of about 6 x 10* atoms per cubic centimeter 
where it crosses the channel curve 24 so that the depth 
of the top gate region 18 is also about 1.25 microns. It 
should be noted that all of the elements of the field ef 
fect transistor except the back gate region 10 are 
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4 
formed by diffusion and that the channel region has an 
impurity concentration of lower surface value and 
lower average slope than any of the concentrations of 
the other diffusions. This provides the channel with a 
high resistance which is more uniform throughout its 
depth to enable the channel concentration to be more 
easily reproduced during production as set forth in the 
above-mentioned co-pending application. 
Another embodiment of the field effect transistor of 

the present invention is shown in FIG. 3 which is similar 
to that of FIG. 1 so that the same reference numerals 
have been used to designate like parts. However, the 
channel portion 12" of the field effect transistor of FIG. 
3 differs from that of FIG. 1 in that it is formed by an 
epitaxial outer layer 36 of P-type semiconductor ma 
terial over a diffused layer 38 of P type semiconductor 
material. Thus, the epitaxial layer 36 of high resistance 
semiconductor material forms the outer surface of the 
channel region 12" so that a subsurface channel portion 
of highest conductivity is provided by the diffused layer 
38. This subsurface portion is positioned at the junction 
between the bottom of the epitaxial layer 34 and the 
top of the diffused layer 38 because such diffused layer 
has a concentration curve similar to curve 30, in FIG. 
2. 
A third embodiment of the field effect transistor of 

the present invention is shown in FIG. 4. This embodi 
ment is similar to that of FIG. 3 except that the channel 
region 12' is provided with an type intrinsic semicon 
ductor layer 40 over a P type diffused layer 42. The in 
trinsic layer 40 is formed by diffusing N type impurities, 
such as phosphorous, into the surface of the P type dif 
fused layer 42 until such N type impurities compensate 
for the P type impurities to form an intrinsic region of 
high resistivity. As a result, a subsurface portion of 
highest conductivity is provided in the channel region 
12' by the layer 42 at a position adjacent the junction 
between the bottom of the intrinsic region 40 and the 
top of the P type region 42. 
FIG. 5 shows a fourth embodiment of the field effect 

transistor of the present invention which is similar to 
that of FIG. 1 except that the channel region 12' is 
provided with an intermediate layer 44 of P-- type 
semiconductor material within a diffused P-type layer 
46. The intermediate layer 44 is formed by ion implan 
tation to provide a subsurface channel portion of high 
est conductivity. Thus, the implanted P-- type layer 44 
is produced by bombarding the P-type layer 46 with 
ions of P type doping material which are accelerated to 
a high velocity so that they penetrate into the layer 44 
and stop at a point beneath the surface of such layer. 

It will be obvious to those having ordinary skill in the 
art that many changes may be made in the above 
described details of the preferred embodiment of the 
present invention without departing from the spirit of 
the invention. Therefore, the scope of the present in 
vention should only be determined by the following 
claims. 
We claim: 
1. in a field effect semiconductor device having a 

substrate of one conductivity type including source and 
drain regions of the other conductivity type and a chan 
nel portion of the other conductivity type extending be 
tween the source and drain regions with a gate elec 
trode disposed thereon, the improvement comprising: 

said channel portion having an outer surface on one 
side of said substrate, a botton portion, and a sub 
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surface portion of higher electrical conductivity 
relative to and spaced below said outer surface of 
said channel at an intermediate position between 
said outer surface and the said bottom portion 
of said channel for reducing the noise in the output 
signal of said device, said subsurface portion having 
a doping impurity concentration which is several 
times greater than that of said outer surface and said 
bottom portion of said channel, said outer surface, 
said bottom portion, and said subsurface portion 
being of the same conductivity type 

2. A semiconductor device in accordance with claim 
1 which is a PN junction gated field effect transistor 
having at least one gate region of opposite type conduc 
tivity to said channel region forming a PN junction gate 
with said channel region. 

3. A field effect transistor in accordance with claim 
2 in which the channel region has a doping impurity 
concentration which increases from an intermediate 
value at the outer surface of the channel to a peak 
value in said subsurface portion of highest conductivity 
and decreases from said peak value to a minimum value 
at the bottom of said channel. 

4. A field effect transistor in accordance with claim 
3 in which said peak value is at least 0.5 microns below 
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6 
the surface of said channel. 

5. A field effect transistor in accordance with claim 
3 in which the surface impurity concentration of the 
channel is less than that of the source, drain or top gate 
regions of the transistor. 
6. A field effect transistor in accordance with claim 

2 in which the channel region contains a diffused dop 
ing impurity, a portion of which has been removed 
from the surface of said channel region to leave said 
subsurface portion of highest conductivity. 

7. A field effect transistor in accordance with claim 
5 in which the channel doping impurity is boron. 

8. A field effect transistor in accordance with claim 
2 in which the channel region includes an outer epitax 
ial layer of low conductivity over a diffused layer con 
taining the subsurface portion of highest conductivity. 

9. A field effect transistor in accordance with claim 
2 in which the channel region has an outer surface layer 
of compensated intrinsic semiconductor material con 
taining donor and acceptor doping impurities, over said 
subsurface portion. 

10. A field effect transistor in accordance with claim 
2 in which the subsurface portion of highest conductiv 
ity is provided by ion implanted doping impurities. 

k k k k > 
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