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SEMICONDUCTOR DEVICE WITH
ALTERNATING CONDUCTIVITY TYPE
LAYERS HAVING DIFFERENT VERTICAL
IMPURITY CONCENTRATION PROFILES

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; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s based upon and claims the benefit of

priority from the prior Japanese Patent Application No.
2002-279463, filed Sep. 25, 2002, the entire contents of

which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention
The present invention relates to a power semiconductor
device used for controlling a large power, particularly, to an

clement having a super junction structure and used 1in, for
example, a vertical power MOSFET, SBD, MPS diode, SIT,

JFET or IGBT.

2. Description of the Related Art

In a vertical power MOSFET, which 1s one of power
semiconductor elements, the on-resistance 1s greatly depen-
dent on the electrical resistance of the conductive layer (drit
layer) portion. The dopant concentration determining the
clectrical resistance of the drift layer cannot be increased to
exceed a limit 1n accordance with the breakdown voltage of
the pn junction formed between the base layer and the dnit
layer. Therefore, there 1s a trade-ofl relationship between the
breakdown voltage of the element and the on-resistance. It
1s 1mportant to the low consumption power eclement to
improve the trade-ofl relationship. The trade-ofl has a limat
determined by the material of the element. In order to
achieve a low on-resistance element exceeding the existing
power element, 1t 1s necessary to exceed the limit noted
above.

Known as an example of the MOSFET eflective for
overcoming the problem noted above 1s an MOSFET 1n
which a resurf structure, which i1s called a super junction
structure, 1s buried in the dnit layer.

FIG. 13 A 1s a cross sectional view schematically showing
the construction of a vertical power MOSFET having a
resurt structure buried therein. In the MOSFET shown in the
drawing, an n*-type drain layer 2 is formed on one surface
of an n-type drift layer 3, and a drain electrode 1 1s formed
on the n™-type drain layer 2. Also, a plurality of p-type base
layers 5 are selectively formed on the other surface of the
n-type drift layer 3, and an n™-type source layer 6 is
selectively formed on the surface of each of the p-type base
layers 5.

A gate insulating film 8 1s formed to cover the surfaces of
the n*-type source layer 6, the p-type base layer 5, the n-type
drift layer 3, the adjacent p-type base layer 5 and the n™-type
source layer 6 formed within the p-type base layer 5, and a
gate electrode 9 1s formed on the gate insulating film 8. Also,
a source electrode 7 1s formed on the p-type base layer 5 1n
a manner to surround the gate electrode 9 with the gate
insulating film 8 interposed therebetween. The source elec-
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2

trode 7 thus formed i1s connected to the surfaces of the
n*-type source laver 6 and the p-type base layer 3.

A p-type resurt layer 4 connected to the p-type base layer
5 1s formed within the n-type drift layer 3 positioned
between the p-type base layer 5 and the drain electrode 1. In
this case, formed 1s a vertical resurt structure i1n which the
p-type resurl layer 4 and the n-type drift layer 3 are
alternately repeated 1n the lateral direction. It 1s possible to
increase the impurity concentration 1n the n-type drift layer
3 by narrowing the clearance of the resurt (cell width) so as
to lower the on-resistance.

FIG. 13B shows the impurity concentration profile 1n the
vertical direction 1n the n-type dnit layer 3 and the p-type
resurf layer 4 1n the vertical power MOSFET shown 1n FIG.
13A. The n-type drift layer 3 and the p-type resurf layer 4 are
equal to each other in the impurity concentration and has a
prescribed 1mpurity concentration profile 1n the vertical
direction.

What 1s important in manufacturing the MOSFET of the
construction described above 1s how to design the super
junction structure. To be more specific, the impurity con-
centration in the n-type dnit layer 3 and the p-type resurf
layer 4 constitutes an important factor for determiming the
breakdown voltage and the on-resistance.

In principle, the impurity concentration can be made
equivalently zero by making the impurity concentration 1n
the n-type driit layer 3 equal to that in the p-type resurt layer
4 so as to obtain a high breakdown voltage. Therefore, 1t 1s
possible to make the impurity concentration in the n-type
drift layer 3 higher than the impurity concentration 1n the
drift layer 1n the conventional MOSFET while retaiming the
breakdown voltage so as to realize a low on-resistance
exceeding the limit of the matenal.

However, in manufacturing the MOSFET, 1t 1s diflicult to
make the amount of the impurity in the n-type drift layer 3
perfectly equal to that in the p-type resurf layer 4 because of
the nonuniformity 1n the process so as to deteriorate the
breakdown voltage.

Such being the situation, 1t 1s necessary to design the
clement 1n view of the deterioration of the breakdown
voltage caused by the nonumiformity in the manufacturing
process. In this case, for lowering the on-resistance, it 1s
ellective to 1increase the impurity concentration in the n-type
drift layer 3. It should be noted in this connection that the
process margin relative to the breakdown voltage 1s deter-
mined by the unbalance amount, 1.e., the difference 1n the
amount of the impurity between the n-type drift layer 3 and
the p-type resurd layer 4. In other words, even 11 the impurity
concentration in the n-type drift layer 3 is increased, the
unbalance amount that can be taken as a process margin
remains unchanged.

It follows that, if the impurity concentration in the n-type
drift layer 3 1s increased, the ratio of the allowable unbalance
amount to the amount of the impurity in the n-type drift layer
3 1s diminished so as to diminish the process margin. On the
other hand, i order to ensure a wide process margin, 1t 1s
necessary to lower the impurity concentration in the n-type
drift layer 3, with the result that the on-resistance 1is
increased.

Incidentally, Japanese Patent Disclosure (Kokai) No.
2001-244472 shows 1n FIG. 1 a semiconductor device that
permits increasing the allowable on-current and suppressing
the output capacity and the on-resistance while satistying the
required breakdown voltage. In the semiconductor device
disclosed in this prior art, an n*"-type drain region and a
pT-type well region are formed apart from each other 1n an
n-type semiconductor layer of an SOI structure. Also, an
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n**-type source region is formed within the p™-type well
region, and an n-type drift region 1s formed between the

n*"-type drain region and the p*-type well region. Further,
the impurity concentration within the n-type driit region 1s
distributed such that the impurity concentration 1s lowered
away from the n™"-type drain region in each of the lateral
direction and the vertical direction of the n-type semicon-
ductor layer.

Japanese Patent Disclosure No. 2001-313391 discloses in
FIG. 1 a super junction semiconductor device that permits
suppressing the imjection of hot carriers into an insulating
film and that does not impair the characteristics and reli-
ability of the element active region. The super junction
semiconductor device disclosed 1n this prior art comprises a
drain-driit section of a parallel pn junction structure. In this
prior art, a p-type breakdown voltage limiter region having
a high impurity concentration 1s formed 1n that portion of the
p-type partition region which forms the well bottom surface
of the p-type base region.

U.S. Pat. No. 6,291,856 shows in FIGS. 3 and 4 an
MOSFET of a super junction structure, in which the amount
of an impurity in the drift layer 1s defined.

Further, Japanese Patent Disclosure No. 2000-286417
shows 1n FIG. 1 a lateral MOSFET of a multi-resurt struc-
ture. It 1s taught that a low on-resistance and a high break-
down voltage can be achieved simultancously in this prior
art.

Still further, a power semiconductor element of a super
junction structure having a high breakdown voltage and a
low on-resistance 1s disclosed 1n “Lateral Unbalanced Super
junction (USJ/3D-RESURF for High Breakdown Voltage on
SOI” by R. Ng, et al, Proceedings of 2001 International
Symposium on Power Semiconductor Devices & ICs,
Osaka, pp. 395-398. It 1s taught that the power semiconduc-
tor layer of a super junction structure can be achieved by
employing a lateral structure 1n the semiconductor layer of
an SOI structure.

As described above, in the conventional vertical power
MOSFET, the reduction of the on-resistance 1s contradictory
to the requirement for the expansion of the process margin
in respect of the amount of the impunty relative to the
breakdown voltage. The difliculty 1s coped with by setting
the impurity concentration in the n-type drift layer 3 at an
appropriate value in designing the semiconductor device.

BRIEF SUMMARY OF THE INVENTION

According to an aspect of the present invention, there 1s
provided power semiconductor device comprising a semi-
conductor layer including a first semiconductor layer of a
first conductivity type and a second semiconductor layer of
a second conductivity type, which are periodically formed 1n
the lateral direction; and a power semiconductor element
including the semiconductor layers that are formed periodi-
cally, wherein a distribution of an amount of an impurity 1n
a vertical direction of the first semiconductor layer diflers
from a distribution of an amount of an impurity in the
vertical direction of the second semiconductor layer.

According to another aspect of the present invention,
there 1s provided a power semiconductor device comprising
a first semiconductor layer of a first conductivity type; a first
main e¢lectrode electrically connected to the first semicon-
ductor layer; second semiconductor layers of a second
conductivity type formed within the first semiconductor
layer and periodically arranged in a lateral direction, a
distribution of an amount of an mmpurity 1n a vertical
direction of the second semiconductor layers being differ
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4

from a distribution of an amount of the impurity in the
vertical direction of the first semiconductor layer; a third

semiconductor layer of the second conductivity type selec-
tively formed in surfaces of the first semiconductor layer and
the second semiconductor layer; a fourth semiconductor
layer of the first conductivity type selectively formed 1n a
surface of the third semiconductor layer; a second main
clectrode formed to be connected to the surface of the third
semiconductor layer and a surface of the fourth semicon-
ductor layer; and a control electrode formed on the first
semiconductor layer, the third semiconductor layer and the
fourth semiconductor layer with a gate insulating film nter-
posed therebetween.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

FIG. 1A 1s a cross sectional view schematically showing
the construction of a vertical power MOSFET according to
a first embodiment of the present invention;

FIG. 1B shows the impurity concentration profile 1n the
vertical direction in the n-type dnit layer and the p-type
resurf layer included 1n the MOSFET shown 1n FIG. 1A;

FIG. 2 1s a graph showing the relationship between the
normalized breakdown voltage and the unbalance amount,
1.€., the difference 1n the amount of the impurity between the
n-type driit layer and the p-type resurtf layer in the MOSFET
shown 1n FIG. 1A;

FIG. 3 1s a graph showing the maximum breakdown
voltage and the reduction rate of the breakdown voltage
relative to the change in the gradient of the distribution
profile of the impurity concentration in the p-type resurf
layer included 1n the MOSFET shown in FIG. 1A;

FIG. 4A 1s a cross sectional view schematically showing
the construction of a modification of the MOSFET shown in
FIG. 1A;

FIG. 4B shows the impurity concentration profile 1n the
vertical direction in the n-type drnit layer and the p-type
resurf layer included 1n the MOSFET shown 1n FIG. 4A;

FIG. 5A 1s a cross sectional view schematically showing
the construction of a vertical power MOSFET according to
a second embodiment of the present invention;

FIG. 5B shows the impurity concentration profile in the
vertical direction 1n the n-type dnit layer and the p-type
resurl layer included 1n the MOSFET shown 1n FIG. 5A;

FIG. 6 A 1s a cross sectional view schematically showing
the construction of a modification of the MOSFET shown in
FIG. SA;

FIG. 6B shows the impurity concentration profile 1n the
vertical direction in the n-type dnit layer and the p-type
resurl layer included 1n the MOSFET shown 1n FIG. 6A;

FIG. 7A 1s a cross sectional view schematically showing
the construction of a vertical power MOSFET according to
a third embodiment of the present imvention;

FIG. 7B shows the impurity concentration profile in the
vertical direction 1n the n-type dnit layer and the p-type
resurf layer included 1in the MOSFET shown 1n FIG. 7A;

FIG. 8 1s a graph showing the relationship between the
change 1n the normalized breakdown voltage and the unbal-
ance amount, 1.e., the difference in the amount of the
impurity between the n-type drift layer and the p-type resurf
layer in the MOSFET shown in FIG. 7A;

FIG. 9 1s a graph showing the maximum breakdown
voltage and the reduction rate of the breakdown voltage
relative to the change in the gradient of the distribution
profile of the impurity concentration in the p-type resurf

layer included 1n the MOSFET shown in FIG. 7A;
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FIG. 10A 1s a cross sectional view schematically showing
the construction of a vertical power MOSFET according to
a Tfourth embodiment of the present invention;

FIG. 10B shows the impurity concentration profile i the
vertical direction 1n the n-type dnit layer and the p-type
resurl layer included 1in the MOSFET shown in FIG. 10A;

FIG. 11 A 1s a cross sectional view schematically showing
the construction of a modification of the MOSFET shown in
FIG. 10A;

FIG. 11B shows the impurity concentration profile in the
vertical direction in the n-type drnit layer and the p-type
resurf layer included 1in the MOSFET shown 1n FIG. 11A;

FIG. 12 1s a cross sectional view schematically showing
the construction of a vertical power MOSFET according to
a fifth embodiment of the present invention;

FIG. 13 A 1s a cross sectional view schematically showing,
the construction of a conventional vertical power MOSFET
having a resurt structure buried therein; and

FIG. 13B shows the impurity concentration profile i the
vertical direction 1n the n-type dnit layer and the p-type
resurl layer included in the conventional power MOSFET

having a resurf structure buried therein as shown in FIG.
13A.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

Embodiments of the present ivention will now be
described with reference to the accompanying drawings. In
the embodiments described in the following, the first con-
ductivity type 1s n-type and the second conductivity type 1s
p-type. Also, the same parts or portions of the semiconductor
device are denoted by the same reference numerals through-
out the drawings.

<First Embodiment>

FIG. 1A 1s a cross sectional view schematically showing
the construction of a vertical power MOSFET having a
resurl structure buried therein according to a first embodi-
ment of the present mnvention.

In the MOSFET shown in FIG. 1A, a high impurity
semiconductor layer, e.g., an n*-type drain layer, 2 1s formed
on one surface of an n-type drift layer 3, which 1s a first
semiconductor layer, and a drain electrode 1, which 1s a main
clectrode, 1s formed on the n™-type drain layer 2.

A plurality of p-type resurf layers 4 are periodically
arranged 1n the lateral direction as second semiconductor
layers in the other surface of the n-type drift layer 3 to form
a super junction structure.

A p-type base layer 5 1s formed as a third semiconductor
layer 1n the surface of the super junction structure, and an
n*-type source layer 6 1s selectively formed by diffusion as
a fourth semiconductor layer in the surface of the p-type
base layer 5 1n the shape of a planar stripe.

The p-type base layer 5 has an impurity concentration of,
for example, about 1x10"'” cm™ and is formed in a depth of
about 2.0 um. Also, the n"-type source layer 7 has an
impurity concentration of, for example, 1x10°° cm™ and is
formed 1n a depth of about 0.2 um.

A gate msulating film, e.g., a silicon oxide film, 8 1s
formed 1n a thickness of about 0.1 um 1n a manner to cover
the surface of the region including the n™-type source layer
6, the p-type base layer 35, the n-type drift layer 3, the
adjacent p-type base layer 5 and the n™-type source layer 6
positioned inside the p-type base layer 5, and a gate elec-
trode 9 1s formed as a first control electrode on the gate

insulating film 8 in the shape of a planar stripe.
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Further, a source electrode 7 1s formed as a second main
clectrode 1n the shape of a planar stripe on the surface of
cach of the p-type base layers 5 1n a manner to surround the
gate electrode 9 with the gate insulating film 8 interposed
therebetween. The source electrode 7 thus formed 1s con-
nected to the surfaces of each of the n*-type source layer 6
and the p-type base layer 5.

In other words, a plurality of p-type base layers 3 are
selectively formed on the other surface of the n-type drift
layer 3, and the n*-type source layer 6 is selectively formed
on the surface of each of the p-type base layers 5. Also, a
p-type resurl layer 4 connected to the p-type base layer 5 1s
formed within the n-type drift layer 3 positioned between the
p-type base layer 5 and the drain electrode 1. In this case,
formed 1s a vertical resurf structure in which the p-type
resurf layer 4 and the n-type drift layer 3 are alternately
repeated 1n the lateral direction. It 1s possible to increase the
impurity concentration in the n-type drift layer 3 by nar-
rowing the clearance of the resurt (cell width) so as to lower
the on-resistance.

In view of the principle of the super junction structure, it
1s desirable for the sum of the impurity in the n-type drift
layer 3 to be equal to the sum of the impurity in the p-type
resurf layer 4. If the sum of the impurity in the n-type dnit
layer 3 1s equal to the sum of the impurity in the p-type resurt
layer 4, the equivalent impurity amount in the drift layer 1s
increased so as to lower the breakdown voltage.

FIG. 1B shows the distribution profile in the vertical
direction of the impurity concentration in each of the n-type
drift layer 3 and the p-type resurt layer 4 shown in FIG. 1A.
As shown in FIG. 1B, the impurity concentration in the
n-type drift layer 3 has a uniform profile. On the other hand,
the impurity concentration in the p-type resurt layer 4 1s
gradually decreased in the vertical direction (depth direc-
tion) from the source electrode 7 toward the drain electrode
1 so as to form an inclined distribution profile.

FIG. 2 1s a graph showing the change 1n the normalized
breakdown voltage relative to the unbalance amount, 1.e., the
difference in the amount of the impurity between the n-type
drift layer 3 and the p-type resurf layer 4 included in the
MOSFET according to the first embodiment of the present
invention, which 1s shown in FIG. 1A. FIG. 2 also shows for
comparison the change in the normalized breakdown voltage
in respect of the conventional MOSFET having a super
junction structure, which 1s shown 1 FIG. 13A. As apparent
from FI1G. 2, the MOSFET according to the first embodiment
of the present invention i1s smaller 1n the reduction of the
normalized breakdown voltage relative to the unbalance
amount of the impurity than the conventional MOSFET.

To be more specific, 1n view of the principle of the super
junction structure, 11 the impurity concentration in the n-type
drift layer 3 1s increased for lowering the on-resistance, the
reduction in the breakdown voltage relative to the unbalance
amount 1s increased so as to diminish the process margin.
However, 1n the case of employing the structure according
to the first embodiment of the present invention, the process
margin 1s rendered broader than that in the construction of
the prior art. As a result, it 1s possible to increase the
impurity concentration in the n-type drift layer 3 so as to
make 1t possible to lower the on-resistance.

FIG. 3 1s a graph showing the maximum breakdown
voltage and the reduction rate of the breakdown voltage
relative to the change in the distribution profile of the
impurity concentration in the p-type resurf layer 4 included
in the MOSFET according to the first embodiment of the
present invention, which 1s shown in FIG. 1A. In the graph
of FIG. 3, a ratio of the impurity concentration Nt 1n an
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upper portion of the p-type resurt layer 4 to the impurity
concentration Nb 1n the lower portion of the p-type resurf
layer 4 1s plotted on the abscissa. On the other hand, the
maximum breakdown voltage VB, _ and a ratio of the
reduction amount of the breakdown voltage to the maximum
breakdown voltage, 1.e., a breakdown voltage reduction rate
AVB, are plotted on the ordinates.

FIG. 3 covers the case where the impurity unbalance
amount between the n-type drift layer 3 and the p-type resurt
layer 4 1s set at 20% 1n view of the characteristics shown 1n
FIG. 2. The characteristics covering the case where the
gradient of the impurity distribution profile 1s 1 denote the
characteristics of the conventional MOSFT shown in FIG.
13A.

The characteristics shown 1n FIG. 3 support that, if the
gradient of the impurnity distribution profile 1s increased, the
breakdown voltage reduction rate AVB 1s decreased by the
cllect of the impurity distribution profile and that the maxi-
mum breakdown voltage 1s also lowered gradually. It can
also be understood that, 11 1t 1s intended to obtain about 90%
of the VB _  _of the conventional MOSFET as the maximum
breakdown voltage of the MOSFET according to the first
embodiment of the present invention, 1t 1s desirable to set the
gradient of the distribution profile of the impurity concen-
tration 1n the p-type resurt layer 4 at 1.7 or less. Also, where
it 1s desired to suppress the breakdown voltage reduction
rate AVB to a level lower than half the AVB of the
conventional MOSFET, i1t can be understood that the gra-
dient of the distribution profile of the impurity concentration
in the p-type resurf layer 4 should be set at 1.4 or more.

<Modification of First Embodiment>

FIG. 4A 1s a cross sectional view schematically showing
the construction of a modification of the MOSFET shown in
FIG. 1A, and FIG. 4B shows the impurity concentration
profile 1n the vertical direction in the n-type drift layer and
the p-type resurt layer included in the MOSFET shown in
FIG. 4A. The MOSFET shown 1n FIG. 4A differs from the
MOSFET according to the first embodiment of the present
invention i that the impurity concentration in the p-type
resurf layer 4 1s rendered constant in the vertical direction
and that the impurity concentration in the n-type drift layer
3 1s distributed to form an inclined distribution profile in the
vertical direction as shown 1n FI1G. 4B. The MOSFET shown
in FIG. 4A 1s equal to the MOSFET according to the first
embodiment of the present invention 1n the other respects
and, thus, the same portions are denoted by the same
reference numerals so as to omit the overlapping descrip-
tion.

Even if the distribution of the impurity concentration 1s
changed as described above, it i1s possible to obtain the
operation and the eflect basically equal to those of the
MOSFET according to the first embodiment of the present
invention.

<Second Embodiment>

FIG. 5A 1s a cross sectional view schematically showing
the construction of a vertical power MOSFET according to
a second embodiment of the present invention, and FIG. 5B
shows the impurity concentration profile in the vertical
direction 1n the n-type drift layer 3 and the p-type resurf
layer 4 included 1n the MOSFET shown 1n FIG. 5A. In the
MOSFET according to the second embodiment of the pres-
ent mvention, the super junction structure included 1n the
MOSFET according to the first embodiment of the present
invention 1s formed by a method of repeating a buried
epitaxial growth and an 10n 1mplantation.

To be more specific, if an epitaxial growth of an n-type
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repeated, the impurity concentration in the p-type resurf
layer 4 1s distributed to form a wavy impurity concentration
profile in the depth direction, as shown 1n FIGS. SA and 5B.
In this case, the impurity concentration profile 1n which the
concentration of the p-type impurity 1s gradually lowered as
a whole 1n the depth direction, 1.e., the impurity concentra-
tion in the p-type resurt layer 4 1s gradually lowered, can be
formed by controlling the 1on implanting amount of the
p-type dopant for every burying step. As a result, it 1s
possible to expect the operation and the eflect basically
equal to those produced by the MOSFET according to the
first embodiment of present invention.

<Modification of Second Embodiment>

FIG. 6 A 1s a cross sectional view schematically showing
the construction of a modification of the MOSFET accord-
ing to the second embodiment of the present invention
shown 1n FIG. 5A, and FIG. 6B shows the impurity con-
centration proiile 1n the vertical direction 1n the n-type drift
layer 3 and the p-type resurt layer 4 included 1n the MOS-
FET shown in FIG. 6A. The MOSFET shown 1in FIG. 6A
differs from the MOSFET according to the second embodi-
ment of the present invention, which 1s shown 1n FIG. SA,
in that the super junction structure 1s formed by repeating the
process of forming a high resistance layer by a crystal
growth and performing an 1on implantation of both a p-type
dopant and an n-type dopant. The MOSFET shown 1n FIG.
6A 1s equal to the MOSFFET according to the second
embodiment of the present invention in the other respects
and, thus, the same portions are denoted by the same
reference numerals so as to omit the overlapping descrip-
tion.

As described above, it 1s possible to obtain the operation
and the eflect basically equal to those produced by the
MOSFET according to the second embodiment of the pres-
ent mvention, even i1i the method of forming the super
junction structure 1s changed.

Incidentally, the method of forming the super junction
structure 1s not limited to the process described above. It 1s
possible to obtain the similar effect by allowing the impurity
concentration in the p-type resurt layer 4 to be distributed to
have an inclined distribution profile by employing another
process. For example, 1n the case of employing the process
in which a trench 1s formed first, followed by forming a
p-type resurl laver 4 by the p-type layer-buried epitaxial
growth within the trench, 1t 1s possible to change the manner
of the dopant introduction 1n the depth direction by control-
ling, for example, the flow rate of the dopant gas so as to
permit the impurity concentration to exhibit an inclined
distribution profile.

Also, 1 the case of employing the process in which a
trench 1s formed first, followed by applying an 1on implan-
tation obliquely into the side wall of the trench, it 1s possible
to allow the impurity concentration to exhibit an inclined
distribution profile 1n the depth direction by imparting a
curvature to the shape of the trench or by applying an 1on
implantation a plurality of times by changing the angle of the

ion 1mplantation.
<Third F

Embodiment>

FIG. 7A 1s a cross sectional view schematically showing
the construction of a vertical power MOSFET according to
a third embodiment of the present invention, and FIG. 7B
shows the immpurity concentration profile i the vertical
direction 1n the n-type drift layer 3 and the p-type resurf
layer 4 included 1n the MOSFET shown in FIG. 7A. The
MOSFET according to the third embodiment of the present
invention differs from the MOSFET according to the first
embodiment of the present invention in that the impurity
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concentration in the p-type resurf layer 4 included i the
MOSFET according to the first embodiment of the present
invention 1s allowed to exhibit an inclined impurity distri-
bution profile in the vertical direction, and that the impurity
concentration in the n-type drift layer 3 1s also allowed to
exhibit an inclined impurity distribution profile in the depth
direction. The MOSFET shown 1n FIG. 7A 1s equal to the
MOSFET according to the first embodiment of the present
invention in the other respects and, thus, the same portions
are denoted by the same reference numerals so as to omit the
overlapping description.

As described above, 1t 1s possible to obtain the operation
basically equal to that produced by the MOSFET according,
to the first embodiment of the present invention and an
improved effect even if the distribution of the impurity
concentration 1s changed.

FIG. 8 1s a graph showing the change 1n the normalized
breakdown voltage relative to the unbalance amount, 1.e., the
difference in the amount of the impurity between the n-type
drift layer 3 and the p-type resurt layer 4 included 1n the
MOSFET according to the third embodiment of the present
invention, which 1s shown 1 FIG. 7A, the similar change 1n
the normalized breakdown voltage in respect of the MOS-
FET according to the first embodiment of the present inven-
tion, and the similar change in the normalized breakdown
voltage 1n respect of the conventional MOSFET having a
super junction structure, which 1s shown i FIG. 13A.

As apparent from FIG. 8, the MOSFET according to the
third embodiment of the present invention permits further
lowering the breakdown voltage, compared with not only
the conventional MOSFET but also the MOSFET according
to the first embodiment of the present invention in which the
impurity concentration in only the p-type resurt layer 4 1s
allowed to exhibit an inclined impurity distribution profile.
In addition, 1t can be understood that the MOSFET accord-
ing to the third embodiment of the present invention permits
increasing the process margin so as to facilitate the lowering
of the on-resistance.

FIG. 9 1s a graph showing the maximum breakdown
voltage and the breakdown voltage reduction rate relative to
the change 1n the gradient of the distribution profile of the
impurity in the p-type resurt layer 4 included in the MOS-
FET according to the third embodiment of the present
invention, which 1s shown 1n FIG. 7A. In the graph of FIG.
9, plotted on the abscissa 1s a ratio of the impurity concen-
tration Nt 1n an upper portion of the p-type resurt layer 4 to
the impurity concentration Nb in the lower portion of the
p-type resurface layer 4. The ratio noted above represents
the gradient of the impurity distribution profile. On the other
hand, a ratio of the lowered amount of the breakdown
voltage relative to the maximum breakdown voltage to the
maximum breakdown voltage, 1.e., the breakdown voltage
lowering rate AVB, 1s plotted on the ordinate of the graph.

FIG. 9 covers the case where the impurity unbalance
amount between the n-type drift layer 3 and the p-type resurf
layer 4 1s set at 20% 1n view of the characteristics shown 1n
FIG. 8. The characteristics covering the case where the
gradient of the impurity distribution profile 1s 1 denote the
characteristics of the conventional MOSFT shown in FIG.
13A.

The characteristics shown 1 FIG. 9 support that, 11 the
gradient of the impurity distribution profile 1s increased, the
breakdown voltage reduction rate AVB 1s decreased by the
cllect of the impunty distribution profile. Also, 1f the gra-
dient of the impurity concentration profile in the p-type
resurl layer 4 included in the MOSFET according to the
third embodiment of the present invention exceeds 1.82, the
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case where the impurity concentration in the n-type drift
layer 3 1s equal to the impurity concentration in the p-type
resurl layer 5 fails to provide the state of obtaining the
maximum breakdown voltage VB_ . As a result, the break-
down voltage reduction rate AVB 1s rendered minus so as to
make the design complex. Such being the situation, it 1s
desirable for the gradient of the impurity concentration
profile in the p-type resurt layer 4 to be not larger than 1.82.

Further, since the impurity concentration in the upper
portion of the n-type drit layer 3 1s low, compared with the
MOSFET according to the first embodiment of the present
invention, 1.€., the case where the p-type resurt layer 4 alone
1s allowed to exhibit an inclined impurity distribution pro-
file, the upper portion of the n-type driit layer 3 1s promptly
depleted upon application of a high voltage. As a result, the
capacitance between the gate and the source of the MOSFET
1s diminished so as to make 1t possible to expect a rapid
switching operation.

It can also be understood from the characteristics shown
in FI1G. 9 that, where 1t 1s desired to suppress the breakdown
voltage reduction rate AVB of the MOSFET according to the
third embodiment of the present invention to a half or less
of the breakdown voltage reduction rate AVB of the con-
ventional MOSFET, the gradient of the impurity concentra-
tion profile in the p-type resurt layer 4 should be set at 1.25
Or more.

Incidentally, in the third embodiment of the present inven-
tion described above, the impurity concentration profile in
the n-type driit layer 3 1s inclined 1n the direction opposite
to the direction 1n which the impurity concentration profile
in the p-type resurf layer 4 i1s inclined, and these two
impurity concentration profiles are equal to each other 1n the
amount of the inclination. However, the amount of inclina-
tion of the impurity concentration profile 1n the n-type drift
layer 3 need not be equal to that in the p-type resurt layer 4
in the third embodiment of the present invention.

The method of forming the super junction structure 1s not
limited to the process described above. It 1s also possible to
obtain the similar effect by allowing the impurity concen-
tration 1n the p-type resurt layer 4 to exhibit an inclined
distribution profile by using another process.

<Fourth Embodiment>

FIG. 10A 1s a cross sectional view schematically showing
the construction of a vertical power MOSFET according to
a fourth embodiment of the present invention, and FIG. 10B
shows the mmpurity concentration profile i the vertical
direction 1n the n-type drift layer and the p-type resurt layer
included in the MOSFET shown in FIG. 10A. In the
MOSFET according to the fourth embodiment of the present
invention, the super junction structure included 1n the MOS-
FET according to the third embodiment of the present
invention 1s formed by the method of repeating a buried
epitaxial growth and an 10n 1mplantation.

To be more specific, 1f the epitaxial growth of an n-type
layer and the 1on mmplantation of a p-type dopant are
repeated, formed 1s a wavy profile in the depth direction 1n
respect of the distribution of the impurity concentration in
the p-type resurt layer 4, as shown 1n FIG. 10B.

In this case, 1t 1s possible to form as a whole both a profile
in which the amount of the n-type impurity 1s gradually
increased, 1.¢., the impurity concentration in the n-type drift
layer 3 1s gradually increased, and another profile 1n which
the amount of the p-type impurity 1s gradually decreased,
1.¢., the impurity concentration in the p-type resurt layer 1s
gradually lowered, by controlling the impurity concentration
in each of the n-type layers and the amount of the 1on
implantation of the p-type dopant 1n every burying step. As
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a result, 1t 1s possible to expect the operation and the eflect

basically equal to those produced by the MOSFET accord-

ing to the third embodiment of the present invention.
<Modification of Fourth Embodiment™>

FIG. 11 A 1s a cross sectional view schematically showing
the construction of a vertical power MOSFET according to
a modification of the fourth embodiment of the present
invention, and FIG. 11B shows the impurity concentration
profile 1n the vertical direction in the n-type drift layer and
the p-type resurt layer included in the MOSFET shown in
FIG. 11A. The MOSFET shown 1n FIG. 11 A differs from the
MOSFET according to the fourth embodiment of the present
invention in that the super junction structure 1s formed by
repeating the processes of forming a high resistance layer by
means of crystal growth and of introducing both a p-type
dopant and an n-type dopant by means of an 1on implanta-
tion (the amount of 10ns to be implanted being controlled
every time 1ons are implanted into each layer). The MOS-
FET shown in FIG. 11A 1s equal to the MOSFET shown 1n
FIG. 10A 1n the other respects and, thus, the same portions
are denoted by the same reference numerals so as to omit the
overlapping description.

It 1s possible to obtain the operation and eflect basically
equal to those produced by the MOSFET according to the
second embodiment of the present invention even 1 the
method of forming a super junction structure 1s changed in
this fashion.

Incidentally, the method of forming a super junction
structure 1s not limited to the process described above. It 1s
also possible to obtain the similar effect by allowing the
p-type resurf layer 4 to exhibit an mclined impurity con-
centration distribution profile by using another process.

For example, in the case of employing the process in
which a trench 1s formed first, followed by forming a p-type
resurl layer 4 within the trench by performing a p-type
layer-buried epitaxial growth, 1t 1s possible to allow the
p-type resurt layer 4 to exhibit an inclined impurity distri-
bution profile by changing the manner of the dopant intro-
duction 1n the depth direction by controlling the width and
shape of the trench and the flow rate of the dopant gas.

Also, 1 the case of employing the process 1n which a
trench 1s formed first, followed by applying an 1on implan-
tation obliquely into the side wall of the trench, 1t 1s possible
to allow the p-type resurt layer 4 to exhibit an inclined
impurity distribution profile 1in the depth direction by impart-
ing a curvature to the shape of the trench or by performing
an 1on 1mplantation treatment a plurality of times by chang-
ing the 1on implanting angle.

<Fifth Embodiment>

FIG. 12 1s a cross sectional view schematically showing
the construction of a vertical power MOSFET according to
a fifth embodiment of the present invention. In the MOSFET
shown 1n FIG. 12, the width of resurt layer 4 included in the
MOSFET according to the first embodiment of the present
invention 1s changed 1n the depth direction and the impurity
concentration 1s rendered constant in the vertical direction,
thereby allowing the p-type resurt layer 4 to be different
from the n-type drift layer 3 1n the amount of the impurity
in the vertical direction. The MOSFET shown 1n FIG. 12 1s
equal to the MOSFET shown in FIG. 1A 1n the other respects
and, thus, the same portions are denoted by the same
reference numerals so as to omit the overlapping descrip-
tion.

The amount of the impurity within the p-type resurt layer
4 1s equal to the product of the concentration by the width.
Therefore, where the impurity concentration within the
p-type resurt layer 4 1s constant, the amount of the impurity
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1s decreased with decrease in the width 1n the depth direc-
tion. On the other hand, the width of the n-type drift layer 3
1s increased 1n the depth direction and, thus, the amount of
the impurity in the n-drift layer 3 1s increased 1n the depth
direction. It follows that 1t 1s possible to expect the operation
and etlect similar to those produced by the MOSFET accord-
ing to the third embodiment of the present invention, 1.e., the
case where the p-type resurf layer 4 and the n-type drift layer
3 are allowed to exhibit inclined impurity distribution pro-
files opposite to each other in the direction.

In this case, the ratio in width of the upper portion to the
lower portion of the p-type resurt layer 4 1s equal 1n
significance to the gradient of the inclined impurity distri-
bution profile in the p-type resurt layer 4 included in the
MOSFET according to the third embodiment of the present
invention. Therefore, 1t 1s desirable for the ratio noted above
to fall within a range of between 1.82 and 1.25.

Incidentally, the construction of the MOSFET according
to the fifth embodiment of the present mvention can be
formed by the process in which a trench 1s formed first,
tollowed by applying a buried epitaxial growth. In this case,
a trench 1s formed by a dry etching method such that the
width of the trench i1s gradually decreased in the depth
direction, followed by forming a p-type resurt layer 4 by
carrying out a crystal growth such that the impurity con-
centration 1s rendered uniform.

Incidentally, the present invention 1s not limited to the
embodiments described above and can be applied to every
modification that can be reached easily by those skilled art
based on the disclosure herein.

For example, the shape of each of the super junction
structure, the p-type base layer 5, the n*-type source layer 6
and the gate electrode 9 i1s not limited to the stripe shape
employed 1n the embodiments described above, and 1t 1s
possible for these super junction structure etc. to be arranged
zigzag or in the shape of a lattice.

Also, the semiconductor material employed 1n the present
invention 1s not limited to silicon. Alternatively, 1t 1s also
possible to use a compound semiconductor material such as
silicon carbide (Si1C), gallium nitride (GalN) or aluminum
nitride (AIN) as well as diamond.

Also, each of the embodiments described above 1s
directed to a vertical element. However, it 1s also possible to
apply the technical 1dea of the present invention to a lateral
clement as far as the element has a super junction structure.
Also, the present invention 1s not limited to a power MOS-
FET having a super junction structure. It 1s also possible to
apply the techmical idea of the present invention to a
switching element having a super junction structure such as
SBD, MPS diode, SIT, JFET or IGBT and to a composite or
integrated element comprising a diode and a switching
clement.

As described above, the power semiconductor device
according to the present mvention permits increasing the
process margin in respect of the amount of the impurity
relative to the breakdown voltage without increasing the
on-resistance so as to suppress the reduction of the break-
down voltage relative to the change in the amount of the
impurity, thereby realizing a power MOSFET having a high
breakdown voltage and a low on-resistance.

What 1s claimed 1s:

1. A power semiconductor device comprising:

a first semiconductor layer of a first conductivity type;

a first main electrode electrically connected to the first

semiconductor layer;

second semiconductor layers of a second conductivity

type formed within the first semiconductor layer and
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periodically arranged 1n a lateral direction, a profile of
an amount of an 1mpurity in a vertical direction of the
second semiconductor layers being [differ] different
from a profile of an amount of the impurity i the
vertical direction of the first semiconductor layer;

a third semiconductor layer of the second conductivity
type selectively formed 1n surfaces of the first semi-
conductor layer and the second semiconductor layer;

a fourth semiconductor layer of the first conductivity type
selectively formed 1n a surface of the third semicon-
ductor layer;

a second main electrode formed to be connected to the
surface of the third semiconductor layer and a surface
of the fourth semiconductor layer; and

a control electrode formed on the first semiconductor
layer, the third semiconductor layer and the fourth
semiconductor layer with a gate insulating film 1nter-
posed therebetween,

wherein the first semiconductor layer has a constant
concentration of the mmpurity in a vertical direction
from the second main electrode to the first main elec-

trode; [and]

[the] eack second semiconductor layer has a concentra-
tion of the impurity distributed such that the impurity
concentration 1s decreased 1n the vertical direction from
the second main electrode to the first main electrode;
and

a ratio Nt/Nb of an amount Nt of the impurity on a side
of an end of each second semiconductor layer that is
close to the second main electrode to an amount Nb of
the impurity on a side of another end of each second
semiconductor layer that is close to the first main
electrode is not larger than 1.7.

[2. A power semiconductor device according to claim 1,
wherein a ratio Nt/Nb of an amount Nt of the impurity on a
side of an end of the second semiconductor layer close to the
second main electrode to an amount Nb of the impurity on
a side of another end close to the first main electrode 1s not
larger than 1.7.]

3. A power semiconductor device according to claim [2]
I, wherein [a] the ratio Nt/Nb [of an amount Nt of the
impurity on a side of an end of the second semiconductor
layer close to the second main electrode to an amount Nb of
the impurity on a side of another end close to the first main
electrode is not larger] is not smaller than 1.4.

4. A power semiconductor device according to claim 1,
wherein a portion of the first semiconductor laver is pro-
vided between the first main electrode and the second
semiconductor lavers along the vertical direction.

5. A power semiconductor device according to claim 1,
wherein an impurity concentration of the first semiconductor
laver is uniform in a vertical divection from the second main
electrode to the first main electrode.

6. A power semiconductor device accovding to claim 1,
wherein the second semiconductor layers are provided in
trenches, and the trenches are provided in the first semicon-
ductor layer.

7. A power semiconductor device according to claim 6,
wherein the impurity concentration of the first semiconduc-
tor layer is uniform.

8. A power semiconductor device according to claim 7,
wherein the impurity concentration of the first semiconduc-
tor layer is uniform in a vertical divection from a bottom of
the thivd semiconductor layer to a bottom of the trench.

9. A power semiconductor device according to claim 1,
wherein the first semiconductor layer further comprises:
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a fifth semiconductor laver of the first conductivity type

between the second semiconductor layers,

and a sixth semiconductor layer of the first conductivity

type provided on the first electrode, wherein

an impurity concentration of the fifth semiconductor layer

is lower than that of the sixth semiconductor layer.

10. A power semiconductor device according to claim 1,
wherein the second semiconductor layers further comprise a
plurality of impurity regions, each impurity vegion being
formed by an application of an impurity at diffevent vertical
depths and having an impurity concentration, the impurity
concentrations of the impurity regions substantially
decreasing in a divection from the second main electrode to
the first main electrode.

11. A power semiconductor device according to claim 10,
wherein an impurity concentration of the first semiconductor
layver is uniform.

12. A power semiconductor device according to claim 11,
wherein the impurity concentration of the first semiconduc-
tor layer is uniform in a vertical direction from an impurity
peak position of a top impurity vegion in the plurality of
Impurity rvegions to an impurity peak position of a bottom
impurity rvegion in the plurality of impurity regions.

13. A power semiconductor device according to claim 10,
wherein a portion of the first semiconductor layer is pro-
vided between the first main electrode and the second
semiconductor layers.

14. A power semiconductor device according to claim 10,
wherein the first semiconductor laver further comprises:

a fifth semiconductor laver of the first conductivity type

between the second semiconductor layers;

and a sixth semiconductor layver of the first conductivity

tvpe provided on the first electrode, wherein

an impurity concentration of the fifth semiconductor layer

is lower than that of the sixth semiconductor layer.

15. A power semiconductor device according to claim 10,
wherein the impurity concentration of a portion of a first
impurity region in the plurality of impurity regions that is
closer to the second main electrode is less than the impurity
concentration of a portion of a second impurity region in the
plurality of impurity vegions that is located closer to the first
main electrode than is the first impurity region in the
plurality of impurity rvegions.

16. A power semiconductor device of claim I, wherein

the first main electrode extends in a first direction; and

the second semiconductor layers are periodically spaced
apart in the first divection.

17. A power semiconductor device of claim 16, wherein
the second semiconductor lavers comprise a plurality of
columns extending inwardly of the first semiconductor layer
in a second dirvection generally perpendicular to the first
direction.

18. A power semiconductor device according to claim 10,
wherein a ratio Nt/Nb of a maximum amount Nt of the
impurity of the second semiconductor layers in the impurity
region closest to the second main electrode to a maximum
amount Nb of the impurity of the second semiconductor
lavers in the impurity region closest to the first main
electrode is not larger than 1.7.

19. A power semiconductor device according to claim 18,
wherein the ratio Nt/Nb is not smaller than 1.4.

20. A power semiconductor device comprising.

a first semiconductor laver of a first conductivity type;

a first main electrode electrically connected to the first

semiconductor layer;

second semiconductor lavers of a second conductivity

tvpe, each second semiconductor layer formed in a
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substantially vertical column within the first semicon-
ductor laver and periodically arranged in a hovizontal
divection;

a thivd semiconductor layver of the second conductivity
tvpe selectively formed in surfaces of the first semicon-
ductor laver and the second semiconductor layer;

a fourth semiconductor layer of the first conductivity type
selectively formed in a surface of the third semicon-
ductor layer;

a second main electrode electrically connected to a sur-

Jace of the third semiconductor layer and a surface of

the fourth semiconductor laver;

an insulating film formed on a portion of the first semi-
conductor laver, a portion of the thivd semiconductor
laver, and a portion of the fourth semiconductor layer;
and

a gate electrode formed on the insulating film;

wherein an impurity concentration of the first semicon-
ductor layer is constant in a vertical divection from the

second main electrode to the first main electrode; and

wherein an impurity concentration of the second semi-
conductor layers decreases in a vertical direction from
the second main electrode to the first main electrode,
and said impurity concentration of the second semi-
conductor layers being different from an impurity con-
centration of the first semiconductor layer.

21. A power semiconductor device according to claim 20,
wherein a ratio Nt/Nb of an amount Nt of the impurity on a
side of an end of the second semiconductor lavers close to
the second main electrode to an amount Nb of the impurity
on a side of another end of the second semiconductor layers
close to the first main electrode is not larger than 1.7.

22. A power semiconductor device according to claim 21,
wherein the ratio Nt/Nb is not smaller than 1.4.

23. A power semiconductor device according to claim 20,
wherein the second semiconductor layers further comprise a
plurality of impurity regions, each impurity region being
formed by an application of an implant dosage of an
impurity at different vertical depths and having an impurity

concentration, the impurity concentrations of the plurality of

impurity regions substantially decreasing in a divection from
the second main electrode to the first main electrode.

24. A power semiconductor device according to claim 23,
wherein a ratio Nt/Nb of a maximum amount Nt of the
impurity of the second semiconductor lavers in the impurity
region closest to the second main electrode to a maximum
amount Nb of the impurity of the second semiconductor
lavers in the impurity region closest to the first main
electrode is not larger than 1.7.

25. A power semiconductor device according to claim 24,
wherein the ratio Nt/Nb is not smaller than 1.4.

26. A power semiconductor device according to claim 23,
wherein a ratio Nt/Nb of an average amount Nt of the
impurity of the second semiconductor layers in the impurity
region closest to the second main electrode to an average
amount Nb of the impurity of the second semiconductor
lavers in the Iimpurity region closest to the first main
electrode is not larger than 1.7.

27. A power semiconductor device according to claim 26,
wherein the ratio Nt/Nb is not smaller than 1.4.

28. A power semiconductor device according to claim 20,
wherein

an impurity concentration of a first conductivity type

Impurity in the first semiconductor layer is constant in
a direction orthogonal to a surface of the first semi-
conductor layer; and
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an Iimpurity concentration of a first conductivity type
impurity in the second semiconductor layers is constant
in a direction from the second main electrvode to the first
main electrode, and an impurity concentration of a
second conductivity type impurity decreases in a divec-
tion from the second main electrode to the first main
electrode.

29. A power semiconductor device comprising.

a first semiconductor laver of a first conductivity type;

a first main electrode electrically connected to the first
semiconductor layer;

second semiconductor lavers of a second conductivity
type, each second semiconductor layer formed in a
substantially vertical column within the first semicon-
ductor layer and periodically arranged in a horizontal
divection;

a third semiconductor laver of the second conductivity
tvpe selectively formed in surfaces of the first semicon-
ductor laver and the second semiconductor layer;

a fourth semiconductor layver of the first conductivity type
selectively formed in a surface of the third semicon-
ductor layer;

a second main electrode electrically connected to a sur-
Jace of the third semiconductor laver and a surface of
the fourth semiconductor layer;

an insulating film formed on a portion of the first semi-
conductor layer, a portion of the third semiconductor
laver, and a portion of the fourth semiconductor layer;
and

a gate electrode formed on the insulating film; wherein

an impurity concentration of a first conductivity type
impurity in the first semiconductor layer is constant in
a direction orthogonal to a surface of the first semi-
conductor laver; and

an impurity concentrvation of a first conductivity type
impurity in the second semiconductor layers is constant
in a direction from the second main electrvode to the first
main electrode, and an impurity concentration of a
second conductivity type impurity decreases in a dirvec-
tion from the second main electrode to the first main
electrode.

30. A power semiconductor device according to claim 29,
wherein a ratio Nt/Nb of an amount Nt of the second
conductivity type impurity on a side of an end of the second
semiconductor layers close to the second main electrode to
an amount Nb of the second conductivity type impurity on a
side of another end of the second semiconductor layers close
to the first main electrode is not larger than 1.7.

31. A power semiconductor device according to claim 30,
wherein the ratio Nt/Nb is not smaller than 1.4.

32. A power semiconductor device according to claim 29,
wherein the second semiconductor layers further comprise a
plurality of implantation vegions, each implantation rvegion
being formed by the application of an ion implantation
dosage at different vertical depths and having an impurity
concentration substantially proportional to the ion implan-
tation dosage, the ion implantation dosages decreasing in a
dirvection from the second main electrode to the first main
electrode.

33. A power semiconductor device according to claim 32,
wherein a ratio Nt/Nb of a maximum amount Nt of the
second conductivity type impurity of the second semicon-
ductor laver in the implantation vegion closest to the second
main electrode to a maximum amount Nb of the second
conductivity type impurity of the second semiconductor
laver in the implantation region closest to the first main
electrode is not smaller than 1.4.
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34. A power semiconductor device according to claim 29,
wherein a ratio Nt/Nb of an average amount Nt of the second
conductivity type impurity of the second semiconductor
lavers in the implantation region closest to the second main
electrode to an average amount Nb of the second conduc-
tivity type impurity of the second semiconductor layer in the
implantation vegion closest to the first main electrode is not

lavger than 1.7.
35. A power semiconductor device according to claim 34,

wherein the ratio Nt/Nb is not smaller than 1.4.
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