United States Patent [ (1] E

45] Reissued Date of Patent:

Nakagawa et al.

[54] CONDUCTIVITY MODULATED MOS
TRANSISTOR DEVICE

Akio Nakagawa, Hiratsuka: Kiminori
Watanabe, Kawasaki, both of Japan

Kabushiki Kaisha Toshiba, Kawasaki,
Japan

126,309
Noav, 27, 1987

[75] Inventors:
[73] Assignee:

[21] Appl. No.:
[22] Filed:

Related U.S. Patent Documents

Reissue of:

[64] Patent No.: 4,680,604
Issued: Jul. 14, 1987
Appl. No.: 930,083
Filed: Nov. 13, 1986

U.S. Applications:
[63] Continuation of Ser. No. 707,556, Mar. 4, 1985,

abandoned,

130] Foreign Application Priority Data
Mar. 19, 1984 [JP] Japan ........ccccoievvviinniinnnnn. 59-52810
[51] Int. CL* .., HO1L 29/78; HO1L. 29/74
[52] US.CL ..ooeeeeiecireeeeivne 357/23.4; 357/38
[S8] Field of Search ........cccoovvevveeevrinennnnnn. 357/23.4, 38

[56] References Cited

U.S. PATENT DOCUMENTS
4,343,265 8/1982 Blanchard .......................... 357/23.4
4,364,073 12/1982 Beckeetal. ...cooooevevvvennnnn.n. 357/23.4
4,503,598 3/1985 Voraetal ..ooocevvvvevcennnnn. 3577234

6-1 18 6-2

AAIAIAA

i?- i(p*‘) -1
41-1

n.., 2.k l

Re. 32,784
Nov. 15, 1988

Patent Number:

4,587,713 5/1986 Goodmanetal. ............... 357/23.4
FOREIGN PATENT DOCUMENTS
0965188 3/1975 Canada ..................oooen 357723 4
0094891 11/1983 European Pat. Off. ........... 3587/234
2904424 8/1980 Fed. Rep. of Germany ..... 157/23.4
57-42164 3/1982 Japan .........ccooevreiiiiiiinnininnns, 357/23.4
38-16569 1/1983 Japan .......cccoccoveivieeenvnnnnenn,.. 35772304
58-68979 4/1983 Japan ......cccooiiiiieiniiiennnn. 357/23.4
58-153368 9/1983 Japan .....cccoocoeeeiiiiieiininninnnn, 357/231.4
58-197771 11/1983 Japan .....ccccooeeeviiiiinnin..n..., 357/23.4
2062349 5/1981 United Kingdom ............... 357/23.4
2103877 2/1983 United Kingdom ............... 357/23.4

Primary Examiner—Martin H. Edlow
Assistant Examiner—John Lamont
Attorney, Agent, or Firm—Oblon, Fisher, Spivak,

McClelland, & Maier

[57) ABSTRACT

There is a conductivity modulated MOS transistor com-
prising: a p-type region formed in the surface area of an
n—-type layer formed on a p~*-type layer; an n+-tvpe
region formed in the surface area of this p-type region
to face the n—-type layer; and a gate electrode formed
through a gate tnsulation layer over a surface region of
the p-type region sandwiched between the n—-type
layer and the nt-type region. This MOS transistor fur-
ther comprises a p+-type region formed inside the p-
type region, at least under the n+t-type region and hav-
ing a higher impurity concentration than the p-type
region.

3 Claims, 5 Drawing Sheets
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1

CONDUCTIVITY MODULATED MOS
TRANSISTOR DEVICE

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made

by reissue.

This application is a continuation, of application Ser.
No. 707,556, filed Mar. 4, 1985 now abandoned.

BACKGROUND OF THE INVENTION

The present invention relates to a conductivity modu-
lated MOS transistor device which is used as a power

switching device.
Recently, a power MOSFET having source and

channel regions which are formed by a Diffusion Self

Align (DSA) method has been on the market as a power
switching element. However, an element having a
blocking voltage over 1000 V and sufficently low ON-
State resistance has not been realized yet. This is be-
cause if the blocking voltage is raised in an ordinary
power MOSFET, the ON-state resistance will have
been increased. To solve this problem, the use of a
conductivity modulated (COM)FET, as the power
MOSFET, is needed. As shown in FIG. 1, this COM-
FET comprises a p*-type silicon substrate 1 serving as
a drain region, a high resistance layer 2 of an n—-type
formed on the silicon substrate 1, p-type base regions
3-1 and 3-2 and n+-type source regions 4-1 to 4-3 which
are formed on the surface of the n—-type layer 2 by a
DSA method. The surface areas of the p-type regions
3-1 and 3-2 between the n—-type layer 2 and the n+-
type regions 4-1 to 4-3 act as channel regions 5-1 to $-3.
Further, a gate electrode 7-1 1s formed through an insu-
lation layer 6-1 over the n+t-type region 4-1, channel
region 5-1 and a part of the n—-type region 2. A gate
electrode 7-2 is formed through an insulation layer 6-2
over the surface areas of the channel regions 5-2 and 5§-3
and n—-type layer 2 between the n+-type regions 4-2
and 4-3. On the other hand, a source electrode 8-1 is
formed on the nt-type regions 4-1 and 4-2 and p-type
regions 3-1. A source electrode 8-2 is formed on the
n+-type region 4-3 and p-type region 3-2. A drain elec-
trode 9 1s formed on the p+-type substrate 1.

For example, in case of forming the p-type region 3-1
and n+-type regions 4-1 and 4-2 by the DSA method,
the portion defining the outermost side in the mask used
to form the p-type region 3-1 1s also used as it is in order
to form the nt-type regions 4-1 and 4-2. This makes it
possible to set a distance between the outermost side of
the p-type region 3-1 and the outermost side of the
n+-type region 4-1 or 4-2, namely, a length of the chan-
nel region 8-1 or §-2, to a desired value in accordance
with diffusion process parameters such as diffusion
time, diffusion temperature and the like.

When this COMFET is turned on, for instance, elec-
trons flow from the n+-type regions 4-1 and 4-2 into the
n—-type layer 2 through the channel regions 5-1 and
5-2, respectively, and at the same time holes are injected
from the p+-type substrate 1 into the n—-type layer 2.
Thus, a great amount of carners are stored in the n—-
type layer 2, thereby allowing the conductivity in the
n—-type layer 2 to be modulated. The holes injected
into the n—-type layer 2 flow into the source electrode
8-1, for instance, through the areas in the p-type region
3-1 below the n+-type regions 4-1 and 4-2.
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Although the COMFET shown in FIG. 1 has a struc-
ture similar to a thyristor, the source electrode 8-1 elec-
trically connects the p-type region 3-1 with the n~-type
regions 41 and 4-2, so that this COMFET does not
ordinarily operate as a thyristor.

This COMFET can be constituted so as to have suffi-
ciently high blocking voltage and sufficiently small
ON-state resistance owing to the conductivity modula-
tion effect.

However, in this COMFET, when a large current
flows into the COMFET when it is conductive, the
voltage drop in the transverse direction at the p-base
resistance area below the n+-type regions 4-1 and 4-2
increases. The voltage drop acts to forwardly bias the
pn junction between the p-type region 3-1 and the n+-
type region 4-1 or 4-2, so that this COMFET will have
operated similarly to a thyristor. Thus, even if the volt-
ages between the gate electrodes 7-1, 7-2 and the source
electrode 8-1 are set to 0 V, a latch-up phenomenon is
caused, so that the COMFET is not turned off.

To solve this problem, as shown in FIG. 2, conven-
tionally, p+-type regions 10-1 and 10-2 are formed by
diffusion p+-type impurites into the areas below the
n+-type regions 4-1 and 4-2 and n+-type region 4-3.
The resistance in the transverse direction in the area
below the n+-type regions 4-1 and 4-2 is reduced due to
the existence of the p+-type region 10-1. However, in
this case, it is required to hold the impurity concentra-
tion in the channel regions §-1 and 5-2 to be a low value;
therefore, the diffusion in the transverse direction of the
pt-type region 10-1 must not reach the channel regions.
Further, since the depth of diffusion of the p+-type
region 10-1 is great, a length of portion A of the trans-
verse diffusion is long and the sheet resistance in the
portion A cannot be made small enough as compared
with that in a portion B, so that the resistance in the area
from the channel region 5-1 to the source electrode 8-1
cannot be made sufficiently small. Consequently, the
latch-up of the parasitic thyristor which is constituted
by the regions, 4-1, 3-1, 2 and 1 cannot be suppressed.

SUMMARY OF THE INVENTION

It is an object of th present invention to provide a
conductivity modulated MOS transistor device 1n
which even in the case where a large current is allowed
to flow, the latch-up phenomenon can be effectively
suppressed.

This object is accomplished by a conductivity modu-
lated MOS transistor device comprising: a semiconduc-
tor substrate of one conductivity type; a semiconductor
layer of an opposite conductivity type formed on this
substrate; a first semiconductor region of the one con-
ductivity type formed in the surface area of this semi-
conductor layer; a second semiconductor region of the
opposite conductivity type formed in the surface area of
the first semiconductor region to face the semiconduc-
tor layer; the surface region of the first semiconductor
region sandwiched between the second semiconductor
region and the semiconductor layer forming a channel
region; a gate region including a gate insulation layer
formed at least on this channel region and a gate elec-
trode formed on this gate insulaton layer; and a third
semiconductor region of the one conductivity type
formed in the first semiconductor region, at least under
the second semiconductor region and having a higher
impurity concentration than the first semiconductor
region.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic cross sectional view of a con-
ventional COMFET:

FIG. 2 is a schematic cross sectional view of a COM-
FET in which the latch-up current characteristic of the
COMFET shown in FIG. 1 1s improved;

FIG. 3 is a schematic cross sectional view of a COM.-
FET according to one embodiment of the present in-
vention;

FIG. 4 is a graph showing the latch-up current char-
acteristics of the COMFETSs shown in FIGS. 2 and 3;

FI1G. § is a graph showing the relationship between
the ratio of the depths of n+-type and p+-type regions
in FIG. 3 and the quantity of uncompensated boron in
this p+-type region;

FI1G. 6 1s a schematic cross sectional view of a COM-
FET according to another embodiment of the present
invention;

FIG. 7 is a schematic cross sectional view of a COM-
FET according to still another embodiment of the in-
vention;

F1G. 8 shows a modified form of the COMFET
shown in FIG. 3 in which the withstanding voltage of
the COMFET shown in FIG. 3 is improved;

FIG. 9 shows another modified form of the COM-
FET shown in FIG. 3 in which the withstanding volt-
age of the COMFET shown in F1G. 3 1s improved; and

FIG. 10 shows a modified form of the COMFET
shown in FI1G. 6 in which the withstanding voltage of
the COMFET shown in FIG. 6 is improved.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

FIG. 3 schematically shows a cross section of a con-
ductivity modulated MOS transistor according to one
embodiment of the present invention. In the case of
manufacturing this COMMOS transistor, an n—-type
layer 12, having a low impurity concentration, a spe-
cific resistance over 50 {}-cm and a thickness of about
100 pm, is first formed on a prepared p+-type silicon
substrate 11 due to an epitaxial growth method. Next,
the surface of the n—-type layer 12 is oxidized to form a
gate oxide film 13 and a polysilicon gate electrode 14
having a thickness of about 0.5 um is formed on the gate
oxide film 13. Thereafter, the gate electrode 14 is selec-
tively removed by an etching process. Then, boron is
diffused into the n—-type layer 12 using the residual
gate electrode 14 as a mask to have a depth of about 8
um, thereby forming p-type base regions 15-1 and 15-2.
Subsequently, only the central portion of the window
defined by the gate electrode 14 is covered by oxide
films (not shown) and arsenic (As) is implanted into the
p-type regions 15-1 and 15-2 with a dose amount of
5x 1015 cm—2 by an ion implantation using these oxide
films and gate electrode 14 as masks. The oxide films
used for masking are removed to form a resist pattern
having a window smaller than the window defined by
the gate electrode 14. Boron is then implanted into the

p-type regions 15-1 and 15-2 with a dose amount of 60

1X 1013 cm—2 by an ion implantation using this resist
pattern as a mask. The semiconductor structure ob-
tained in this way is subjected to thermal treatment and
the ion-implanted boron regions and arsenic regions are
subjected to an annealing process, thereby forming
n+-type regions 16-1, 16-2 and 16-3 and p+-type re-
gions 17-1 and 17-2. Since the diffusing speed of boron
is faster than arsenic, the p+-type regions 17-1 and 17-2
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are formed more deeply than the n+-type regions 16-1
to 16-3. An oxide film (not shown) is formed on the
whole upper surface of the semiconductor structure by
a chemical vapor deposition method and contact holes
are formed in the oxide film. After an Al layer is formed
by a vapor deposition method, this Al layer is selec-
tively removed to form a source electrode 18. Finally, a
drain electrode 20 of a V-Ni-Au film is formed on the
back surface of the substrate 11.

On the other hand, in the above manufacturing pro-
cesses, 1t 1s also possible to execute an ion implantation
to form the p+-type regions 17-1 and 17-2 and after the
annealing process, an ion implantation to form the n+-
type regions 16-1 to 16-3 may be performed.

In this embodiment, the p-type regions 15-1 and 15-2
are formed with impurity concentration of about
7% 1016cm—3, to set a threshold value of this COMFET
to | to 3V, while the p+-type regions 17-1 and 17-2 are
formed inside the p-type region 15-1 and 15-2 more
deeply than the n+-type regions 16-1 to 16-3. Thick-
nesses of n+-type regions 16-1 to 16-3 are set to be less
than 0.3 um, for example, 0.1 t0 0.25 um. The impurity
concentration of the p*-type region 17-1 under the n™-
type regions 16-1 and 16-2 and the p+-type region 17-1
can be set to a value which is ten or more times larger
than 7% 101%cm—3, which is an impurity concentration
of the p-type region 18-1, for example, to a value of
5% 1018¢m—3, The p+-type region 17-1 can be set to a
high impurity concentration even in the region near the
channel regions, since the diffusion in the transverse
direction is less. Therefore, a resistance between a chan-
nel region 19-1, 19-2 or 19-3 and the source electrode 18
can be made very small, thereby making it possible to
set a current upon latch-up to a large value. Since the
n+-type regions 16-1 to 16-3 are formed as thin as about
(0.2 um, injection efficiency of the carriers from the
nt+-type regtons 16-1 to 16-3 into the p-type regions
15-1 to 15-2 is made remarkably low, thereby making it
difficult for this COMFET to operate as a thynistor. As
described above, in this embodiment, it 1s possible to
obtain a COMFET, having a high withstanding voltage
over 1000 V and a small enough ON-state resistance
(e.g., 0.02 Q in the FET of 1 ¢cm?), which does not
operate as a thyristor even if it carries an operating
current of up to 1000 A/cm?.

FIG. 4 shows the relationship between the latch-up
current and the temperature of the COMFETs of
FIGS. 2 and 3 by a broken line and a solid line, respec-
tively. In the cases where the p-type region 3-1 and
p+-type regoin 10-1 in FIG. 2 were formed to have
depths of 4 um and 7 um respectively and where the
p-type region 1%3-1 and p+-type region 17-1 in FIG. 3
were formed to have depths of 4 um and 2 um, respec-
tively. In this case, the latch-up currents of the COM-
FETs of FIGS. 2 and 3 are S00 A/cm? and 1000 A/cm?
at 25° C., respectively. The latch-up current in the
COMFET shown in FIG. 3 is larger. In FIG. 4, the
latch-up current at a temperature of 25° C. is set at 100.
It 1s obvious from FIG. 4 that with an increase in tem-
perature the latch-up current in the COMFET of FIG.
2 decreases at a greater rate than that of the COMFET
of FIG. 3. It is considered that this is because in the
COMPFET shown in FIG. 2, the p+-type region 10-1 is
deeply formed, so that the impurity concentration of the
portion formed due to the transverse diffusion in the
pt-type region 10-1 i1s lower than the central portion
thereof. Namely, the resistance of the outer peripheral
region of the p*-type region 10-1 which has a smail
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impurity concentration and is located below the n+-
type region 41, largely varies in dependence upon a
change in temperature, so this causes the latch-up cur-
rent to vary considerably. On the contrary, since the
pt-type region 17-1 in FIG. 3 is shallow, the portion
which is formed due to the diffusion in the transverse
direction hardly exists and the p+-type rego 17-1 has an
uniformly high impurity concentration over the whole
area. Therefore, the local region of the p+-type region
17-1 located below the n+-type region 16-1 also has a
high impurity concentration, thus resistance in this local
region 1S low and does not vary very much with a
change in temperature. Consequently, the latch-up cur-
rent of this COMFET does not largely vary in depen-
dence upon the change in temperature.

FIG. 5 shows the relationship between the ratio
XAnt+t)/XAp+t) of a depth X n+) of the n+-type re-
gion 16-1 and a depth X Ap+) of the p+-type region 17-1
in FIG. 3, and the ratio A2/A1 of an amount A2 (cm—2)
of uncompensated boron in the outer peripheral region
of the p+-type region 17-1 existing below the n+-type
region 16-1 which is not affected by the formation of the
n+-type region 16-1 and a total dose amount Al (cm—2)
of implanted boron.

It 1s obvicus from FIG. § that in a case where the
depth XAn+) of n+-type region 16-1 is set to a value of
20% or more of the depth XAp+) of p+-type region
17-1, the ratio of the amount A2 of uncompensated
boron to the total boron dose Al will become less than
30%. It 1s desirable to set the XJ(nt) to be less than
20% of the XAp*). To set the distance of diffusion in
the transverse direction to a small enough value, e.g.,
less than 2 um, it is required to suppress the diffusion
depth of p+-type region 17-1 to be less than 2 um. On
the other hand, in the region below the n+-type region
16-1, in order to leave at least 50% of the total boron
dose Al in the p+-type region 17-1, it is necessary to set
the diffusion depth of n+-type region 16-1 to be less that
0.34 um, as will be understood from FIG. 5.

FIG. 6 shows a schematic structure of a COMFET
according to another embodiment of the present inven-
tion. This COMFET is constituted in a similar manner
to that shown in FIG. 3, except that p+-type regions
21-1 and 21-2 are respectively formed in the surface
areas of the p-type regions 15-1 and 15-2 and that, in
place of the p+-type regions 17-1 and 17-2, a p+-type
embedded layer 17-3 is formed below the n+-type re-
gions 16-1 and 16-2 and a p +-type embedded layer 17-4
i formed below the n+-type region 16-3.

These p+-type embedded layers 17-3 and 17-4 are
formed after the n+-type regions 16-1, 16-2 and 16-3
were formed in the surface areas of the p-type regions
15-1 and 15-2 to have dpths of about 0.2 um, p+-type
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impurities are implanted at an accelerating voltage of s

about 200 keV into the portions located below the n+-
type regions 16-1 and 16-2 and source electrode 18, and
into the portions locating below the n+-type region
16-3 and source electrode 18 by the ion implantation.
They are then subjected to the annealing process.

In this embodiment, the portions in the p+-type lay-
ers 17-3 and 17-4, below the p+-type regions 21-1 and
21-2, can be removed.

In this embodiment, the resistance between the chan-
nel region 19-1, 19-2 or 19-3 and the source electrode 18
can be made small enough similar to that shown in FIG.
3, and a high withstanding voltage, a large latch-up
current and a small ON-state resistance can be derived.

60

65

6

F1G. 7 shows a schematic cross sectional structure of
the COMFET according to still another embodiment of
the present invention. In this embodiment, an n+-type
layer 12A is formed on the p+-type substrate 11 and the
n—-type layer 12 is formed on the nt-type layer 12A.
The pt-type regions 30-1 and 30-2 are formed in the
surface areas of the n—-type layer 12 and an n—-type
layer 31 is formed on the n—-type layer 12 and p+-type
regions 30-1 and 30-2 by an epitaxial growth method.
Further, in the n—-type epitaxial layer 31, p-type layers
32-1 and 32-2 are formed so as to reach the p+-type
regions 30-1 and 30-2. Thereafter, p+-type regions 33-1
and 33-2 are respectively formed in the p-type regions
32-1 and 32-2 and nt+-type regions 34-1, 34-2 and 34-3
are formed in the surface areas of the p-type regions
32-1 and 32-2.

In this embodiment, the resistances under the n+-
type regions 34-1, 34-2 and 34-3 can also be remarkably
reduced due to the existence of the p+-type regions 30-1
and 30-2. Consequently, even if the operating current
increases, the latch-up phenomenon is unlikely to occur
in this COMFET.

FIG. 8 is a modified form of the COMFET shown in
FIG. 3. This modification is constituted substantially in
a similar manner to that shown in FIG. 3 except that it
also comprises p+-type regions 41-1 and 41-2 and the
n+-type layer 12A. The p+-type regions 41-1 and 41-2
are formed from the central portions of the surface areas
of the p+-type regions 17-1 and 17-2 by the diffusion
and are formed deeper than the p-type regions 15-1 and
15-2. By forming the deep p+-type regions 41-1 and
41-2 below the source electrodes 18 in this way, the
latch-up current of this COMFET can be further in-
creased.

Although the present invention has been described
with respect to the embodiments, the invention is not
limited to only these embodiments. For example, in the
embodiments shown in FIGS. 6 and 7, the p*-type
regions 21-1 and 33-1 may be formed so as to come into
contact with the p+-type regions 17-3 and 30-1, respec-
tively.

On the other hand, in all of the foregoing embodi-
ments, the pt+-type layer 11 is used as the fundamental
semiconductor body. However, it is also possible to
form the n+-type layer 12A and p+-type layer 11 on
and over the n—-type layer 12 by diffusion and use this
n—-type layer 12 as the fundamental semiconductor
body.

What is claimed is:

1. A conductivity modulated MOS transistor device
comprising:

a first semiconductor layer of one conductivity type;

a second semiconductor layer of an opposite conduc-
tivity type, formed in contact with said first semi-
conductor layer:;

a first semiconductor region of said one conductivity
type formed by diffusion in a surface area of said
second semiconductor layer;

a second semiconductor region of said opposite con-
ductivity type formed by diffusion in a surface
region of said first semiconductor region to face
said second semiconductor layer, the surface re-
gion of said first semiconductor region sandwiched
between said second semiconductor region and
sald second semiconductor layer forming a channel
region, and a source electrode formed on the sec-

ond semiconductor region;
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a gate region including a gate insulation layer formed
at least on said channel region, and a gate electrode
formed on the gate insulation layer;

a third semiconductor region of said one conductivity
type formed by diffusion in said first semiconduc-
tor region without entering the channel region, and
shallower than said first semiconductor region and
deeper than said second semiconductor region, and
including a portion which lies outside a vertical
projection of @ contact area between said source
electrode and said second semiconductor region di-
rectly under said second semiconductor region and
has a higher impurity concentration than said first
semiconductor region; and

a fourth semiconductor region of said one conductiv-
ity type formed by diffusion from central portions
of the surface of said third semiconductor region
within the vertical projection of said third semicon-
ductor region and deeper than the first semicon-
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said third semiconductor region and said channel
region.

2. A conductivity-modulated MOS transistor accord-
ing to claim 1, wherein said fourth semiconductor re-
gion is formed outside the vertical projection of said
gate electrode.

3. A conductivity-modulated MOS transistor accord-
ing to claim 1, wherein said fourth semiconductor re-
gion is formed inside the vertical projection of said
contact area between said source electrode and said sec-
ond semiconductor region .

4. A MOS transistor device according to claim 1,
wherein said third semiconductor region is formed at
Lat] a depth which is at least twice as deep as said
second semiconductor region.

§. A MOS transistor device according to claim 4,
wherein said second semiconductor region is formed at

a depth of not more than 0.3 pm.
* L * o »
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