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SEMICONDUCTOR POWER DEVICE

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority to and benefits of the following applications:

1) Chinese Patent Application Serial No. 201110110252.6, filed with the State Intellectual
Property Office of P. R. China on April 29, 2011; and

2) Chinese Patent Application Serial No. 201210073789.4, filed with the State Intellectual
Property Office of P. R. China on March 20, 2012.

The entire contents of the above applications are incorporated herein by reference.

FIELD
The present disclosure belongs to the field of semiconductor, and more particularly relates to

a semiconductor power device.

BACKGROUND

High frequency, high voltage resistance and low loss are importance performances of a
semiconductor power device. The semiconductor power device has advantages of both a bipolar
power device and a MOS type power device and has high frequency, high voltage resistance and
low loss. With continuous development of the power electronics industry, the requirements for the
performance of the semiconductor power device becomes higher and higher. In order to reduce the
on-state voltage drop of the semiconductor power device so as to reduce the on-state loss, a barrier
layer is introduced. As shown in Fig. 1, an n-channel insulated gate bipolar transistor (IGBT)
comprises a barrier layer 103, a drift region 104, and well regions 102 and 112, in which a doping
concentration of the barrier layer 103 is higher than that of the drift region 104. Due to the
difference between doping concentrations of the barrier layer 103 and the drift region 104, a
potential barrier is formed because of diffusion of majority carriers between the barrier layer 103
and the drift region 104, which may stop minority carriers stored in the barrier layer 103.
Therefore, minority carriers may not be easily collected by a reverse-biased well-drift region
junction, thus increasing the concentration of carriers near the surface of the device, enhancing the
conductance modulating action near the surface of the device, effectively reducing the on-state

voltage drop, and reducing the on-state loss. The barrier layer may be commonly formed by
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diffusing a dopant identical with a dopant in the drift region on the surface of the entire device or
in a selected region to form a doped region with a certain thickness and a high concentration.
However, the conventional method for forming the barrier layer has some defects. Particularly,
because the barrier layer is formed by a highly doped region near the surface of the device, when
the device is in an off state, a depletion layer of the reverse-biased well-drift region junction is
extended. According to the PN junction theory, the higher the doping concentration, the more
difficult the extension of the depletion layer is, thus reducing the voltage resistance of the device.
One conventional solution is to shorten a space between unit cells, thus shortening the distance
between well regions so as to ensure the voltage resistance. However, for the entire device, the
number of the unit cells must be increased, thus bringing two following negative influences. On
one hand, the increase of the number of the unit cells means the increase of the proportion of the
well region area, thus increasing the area where minority carriers are collected, reducing the
conductance modulating action, and weakening the function of the barrier layer. On the other hand,
the increase of the number of the unit cells may cause the increase of the density of the channel,
and because the density of the channel is in direct proportion to the short-circuit current, the
increase of the density of the channel means the increase of the short-circuit current, thus
weakening the self-current-limiting capability of the device and reducing the robustness of the

device.

SUMMARY

Embodiments of the present disclosure seek to solve at least one of the problems existing in
the prior art to at least some extent, particularly a problem of the conflict between the on-state loss
and the voltage resistance of a conventional semiconductor power device, or to provide a
consumer with a useful commercial choice.

According to embodiments of the present disclosure, there is provided a semiconductor
power device. The semiconductor power device comprises: a first semiconductor layer of a first
conductivity type; a first well region of a second conductivity type and a second well region of the
second conductivity type which are formed above the first semiconductor layer; a second
semiconductor layer of the first conductivity type formed between the first well region and the first
semiconductor layer and between the second well region and the first semiconductor layer, in

which a band gap of the second semiconductor layer is greater than that of the first semiconductor
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layer; a first source region of the first conductivity type formed in a part of the first well region and
a second source region of the first conductivity type formed in a part of the second well region; a
first insulating layer formed on the second semiconductor layer and covering a part of the first
source region, a part of the second source region, a part of the first well region and a part of the
second well region; a polysilicon layer formed on the first insulating layer; a second insulating
layer formed on the polysilicon layer and covering the polysilicon layer, a part of the first source
region and a part of the second source region; a first metal layer formed on the second insulating
layer and covering the second insulating layer, a part of the first source region, a part of the second
source region, a part of the first well region and a part of the second well region; a third
semiconductor layer of the second conductivity type formed below the first semiconductor layer;
and a second metal layer formed below the third semiconductor layer.

With the semiconductor power device according to an embodiment of the present disclosure,
because the band gap of the second semiconductor layer is greater than that of the first
semiconductor layer, when the doping concentration of the second semiconductor layer is equal to
or slightly lower than that of the first semiconductor layer, the energy level of majority carriers is
substantially invariable, while the energy level of minority carriers is curved to form a potential
barrier for the minority carriers. When the semiconductor power device is turned on, the potential
barrier may inhibit the minority carriers diffusing from a drift region to a well region, thus
effectively inhibiting the collection of the minority carriers by a well-drift region junction,
increasing the concentration of carriers near the surface of the semiconductor power device,
reducing the on-state loss, and ensuring that the voltage resistance of the semiconductor power
device is not affected.

The above summary of the present disclosure is not intended to describe each disclosed
embodiment or every implementation of the present disclosure. The Figures and the detailed
description which follow more particularly exemplify illustrative embodiments.

Additional aspects and advantages of embodiments of present disclosure will be given in part
in the following descriptions, become apparent in part from the following descriptions, or be

learned from the practice of the embodiments of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects and advantages of embodiments of the present disclosure will
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become apparent and more readily appreciated from the following descriptions made with
reference to the accompanying drawings, in which:

Fig.1 is a cross-sectional view of a conventional n-channel IGBT;

Fig. 2 is a cross-sectional view of an n-channel IGBT according to a first embodiment of the
present disclosure;

Fig. 3 is a cross-sectional view of an n-channel IGBT according to a second embodiment of
the present disclosure;

Fig. 4 is a first band structure diagram of a barrier layer and a drift region in an n-channel
IGBT according to an embodiment of the present disclosure;

Fig. 5 is a second band structure diagram of a barrier layer and a drift region in an n-channel
IGBT according to an embodiment of the present disclosure;

Fig. 6 is a first band structure diagram of a barrier layer and a drift region in a p-channel
IGBT according to an embodiment of the present disclosure; and

Fig. 7 is a second band structure diagram of a barrier layer and a drift region in a p-channel

IGBT according to an embodiment of the present disclosure.

DETAILED DESCRIPTION

Reference will be made in detail to embodiments of the present disclosure. The embodiments
described herein with reference to drawings are explanatory, illustrative, and used to generally
understand the present disclosure. The embodiments shall not be construed to limit the present
disclosure. The same or similar elements and the elements having same or similar functions are
denoted by like reference numerals throughout the descriptions.

According to embodiments of the present disclosure, a semiconductor power device is
provided. The semiconductor power device comprises: a first semiconductor layer of a first
conductivity type; a first well region of a second conductivity type and a second well region of the
second conductivity type which are formed above the first semiconductor layer; a second
semiconductor layer of the first conductivity type formed between the first well region and the first
semiconductor layer and between the second well region and the first semiconductor layer, in
which a band gap of the second semiconductor layer is greater than that of the first semiconductor
layer; a first source region of the first conductivity type formed in a part of the first well region and

a second source region of the first conductivity type formed in a part of the second well region; a
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first insulating layer formed on the second semiconductor layer and covering a part of the first
source region, a part of the second source region, a part of the first well region and a part of the
second well region; a polysilicon layer formed on the first insulating layer; a second insulating
layer formed on the polysilicon layer and covering the polysilicon layer, a part of the first source
region and a part of the second source region; a first metal layer formed on the second insulating
layer and covering the second insulating layer, a part of the first source region, a part of the second
source region, a part of the first well region and a part of the second well region; a third
semiconductor layer of the second conductivity type formed below the first semiconductor layer;
and a second metal layer formed below the third semiconductor layer.

With the semiconductor power device according to an embodiment of the present disclosure,
because the band gap of the second semiconductor layer is greater than that of the first
semiconductor layer, when the doping concentration of the second semiconductor layer is equal to
or slightly lower than that of the first semiconductor layer, the energy level of majority carriers is
substantially invariable, while the energy level of minority carriers is curved to form a potential
barrier for the minority carriers. When the semiconductor power device is turned on, the potential
barrier may inhibit the minority carriers diffusing from a drift region to a well region, thus
effectively inhibiting the collection of the minority carriers by a well-drift region junction,
increasing the concentration of carriers near the surface of the semiconductor power device,
reducing the on-state loss, and ensuring that the voltage resistance of the semiconductor power
device is not affected.

The semiconductor power device according to a first embodiment of the present disclosure,
i.e., an n-channel IGBT, will be described below with reference to Fig. 2. As shown in Fig. 2, the
semiconductor power device comprises a first semiconductor layer 204 of a first conductivity type,
and a second semiconductor layer 203 of the first conductivity type formed on the first
semiconductor layer 204. The semiconductor power device further comprises a first well region
2021 of a second conductivity type formed in the second semiconductor layer 203 and a second
well region 2022 of the second conductivity type spaced apart from the first well region 2021. The
second semiconductor layer 203 is formed between the first well region 2021 and the first
semiconductor layer 204 and between the second well region 2022 and the first semiconductor
layer 204.

The semiconductor power device further comprises a first source region 2011 of the first
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conductivity type formed in a part of the first well region 2021 and a second source region 2012 of
the first conductivity type formed in a part of the second well region 2022. The semiconductor
power device further comprises a first insulating layer 207 formed on the second semiconductor
layer 203 and covering a part of the first source region 2011, a part of the second source region
2012, a part of the first well region 2021 and a part of the second well region 2022; a polysilicon
layer 209 formed on the first insulating layer 207; a second insulating layer 211 formed on the
polysilicon layer 209 and covering the polysilicon layer 209, a part of the first source region 2011
and a part of the second source region 2012; and a first metal layer 208 formed on the second
insulating layer 211 and covering the second insulating layer 211, a part of the first source region
2011, a part of the second source region 2012, a part of the first well region 2021 and a part of the
second well region 2022.

In one embodiment, a material of the first insulating layer 207 may be silicon dioxide (Si0.).
In one embodiment, a material of the second insulating layer 211 may be borophosphosilicate
glass (BPSG), thus stopping outside moistures and impurities from entering into the device.

In one embodiment, the second semiconductor layer 203 surrounds a part of the first well
region 2021 and a part of the second well region 2022, and the first semiconductor layer 204 is
contacted with the first insulating layer 207. That is, the second semiconductor layer 203 is divided
into two portions by the first semiconductor layer 204, the first well region 2021 is formed in one
portion of the second semiconductor layer 203, and the second well region 2022 is formed in the
other portion of the second semiconductor layer 203.

The semiconductor power device further comprises a third semiconductor layer 206 of the
second conductivity type formed below the first semiconductor layer 204, and a second metal layer
210 formed below the third semiconductor layer 206.

In one embodiment, a band gap of the second semiconductor layer 203 is greater than that of
the first semiconductor layer 204. In this embodiment, for the semiconductor power device, the
third semiconductor layer 206 is used as a collector, the first semiconductor layer 204 is used as a
drift region, the second semiconductor layer 203 is used as a barrier layer, the first metal layer 208
is used as an emitter, and the polysilicon layer 209 is used as a gate.

The semiconductor power device according to a second embodiment of the present disclosure,
i.e., an n-channel IGBT, will be described below with reference to Fig. 3. As shown in Fig. 3, the

semiconductor power device comprises a first semiconductor layer 304 of a first conductivity type;
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a second semiconductor layer 303 of the first conductivity type formed on the first semiconductor
layer 304; a first well region 3021 of a second conductivity type formed in the second
semiconductor layer 303 and a second well region 3022 of the second conductivity type spaced
apart from the first well region 3021; a first source region 3011 of the first conductivity type
formed in a part of the first well region 3021 and a second source region 3012 of the first
conductivity type formed in a part of the second well region 3022; a first insulating layer 307
formed on the second semiconductor layer 303 and covering a part of the first source region 3011,
a part of the second source region 3012, a part of the first well region 3021 and a part of the
second well region 3022; a polysilicon layer 309 formed on the first insulating layer 307; a second
insulating layer 311 formed on the polysilicon layer 309 and covering the polysilicon layer 309, a
part of the first source region 3011 and a part of the second source region 3012; a first metal layer
308 formed on the second insulating layer 311 and covering the second insulating layer 311, a part
of the first source region 3011, a part of the second source region 3012, a part of the first well
region 3021 and a part of the second well region 3022; a third semiconductor layer 306 of the
second conductivity type formed below the first semiconductor layer 304; and a second metal
layer 310 formed below the third semiconductor layer 306. In one embodiment, a band gap of the
second semiconductor layer 303 is greater than that of the first semiconductor layer 304. In this
embodiment, for the semiconductor power device, the third semiconductor layer 306 is used as a
collector, the first semiconductor layer 304 is used as a drift region, the second semiconductor
layer 303 is used as a barrier layer, the first metal layer 308 is used as an emitter, and the
polysilicon layer 309 is used as a gate.

The second semiconductor layer 303 surrounds a part of the first well region 3021 and a part
of the second well region 3022 and isolates the first semiconductor layer 304 from the first
insulating layer 307.

In one embodiment, a doping concentration of the second semiconductor layer is lower than
or equal to that of the first semiconductor layer. For example, in the semiconductor power device
shown in Fig. 3, a doping concentration of the second semiconductor layer 303 is lower than or
equal to that of the first semiconductor layer 304. In one embodiment, a dopant is phosphorus (P).

In another embodiment, the doping concentration of the second semiconductor layer (i.e., a
barrier layer) is equal to that of the first semiconductor layer (i.e., a drift region). First and second

band structure diagrams of an n-channel IGBT according to an embodiment of the present
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disclosure are shown in Figs. 4-5 respectively, in which Ev is a valence band, Ef is a Fermi level,
and Ec is a conduction band. As shown in Fig. 4, the conduction band of the barrier layer is
substantially collinear with the conduction band of the drift region, while the top of the valence
band of the barrier layer is lower than the top of the valance band of the drift region. In this way,
electrons in the valence band may easily flow from the barrier layer to the drift region, while
minority carriers (i.e., holes) in the drift region may enter into the barrier layer only when
exceeding a potential barrier. Therefore, the barrier layer may stop holes from flowing from the
first semiconductor layer (i.e., the drift region) to the second semiconductor layer (i.e., a barrier
layer), thus effectively inhibiting the collection of the minority carriers (i.e., holes) by a well-drift
region junction, increasing the concentration of the minority carriers near the surface of the IGBT,
reducing the on-state voltage drop, and reducing the on-state loss of the semiconductor power
device.

As shown in Fig. 5, the bottom of the conduction band of the barrier layer is higher than the
bottom of the conduction band of the drift region, the Fermi level of the barrier layer is collinear
with the Fermi level of the drift region, but electrons still tend to diffuse to the drift region, thus
facilitating the increase of the electron current when the semiconductor power device is turned on.
Meanwhile, the top of the valence band of the barrier layer is also lower than the top of the valance
band of the drift region to form a potential barrier for holes, thus inhibiting the collection of the
minority carriers (i.e., holes) by a well-drift region junction when the minority carriers diffuse
from the drift region to the barrier layer, effectively increasing the concentration of the minority
carriers near the surface of the IGBT, reducing the on-state voltage drop, and reducing the on-state
loss of the semiconductor power device. Because the potential barrier for holes is caused by
inconsistent band gap and the difference of the energy levels but not caused by carrier diffusion
resulted from concentration doping, it is not required that the doping concentration of the barrier
layer is higher than that of the drift region, so that the voltage resistance of the device may not be
reduced. On the contrary, because the band gap of the semiconductor materials of the barrier layer
is greater than that of the semiconductor materials of the drift region, the breakdown electric field
of the barrier layer is higher than that of the drift region, so that the voltage resistance of the device
is higher. As shown in Fig. 5, the doping concentration of the barrier layer may also be lower than
that of the drift region, thus enhancing the voltage resistance of the device.

First and second band structure diagrams of a p-channel IGBT according to an embodiment
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of the present disclosure are shown in Figs. 6-7 respectively, in which Ev is a valence band, Ef is a
Fermi level, and Ec is a conduction band. Similar to the n-channel IGBT, as shown in Fig. 6,
because the valence band of the barrier layer is substantially collinear with the valence band of the
drift region, holes may easily move from the barrier layer to the drift region. For electrons, because
the bottom of the conduction band of the barrier layer is higher than the bottom of the conduction
band of the drift region, electrons in the drift region may enter into the barrier layer only when
exceeding a certain potential barrier, that is, the electron affinity energy of the second
semiconductor layer is lower than that of the first semiconductor layer. Therefore, electrons may
not easily flow from the first semiconductor layer (i.e., the drift region) to the second
semiconductor layer (i.e., the barrier layer), thus effectively increasing the concentration of
carriers on the surface of the device and reducing the forward direction voltage drop and the loss
of the device. As shown in Fig. 7, the top of the valence band of the barrier layer is lower than the
top of the valence band of the drift region, the bottom of the conduction band of the barrier layer is
higher than the bottom of the conduction band of the drift region, but holes still tend to diffuse
from the barrier layer to the drift region, thus facilitating the flow of the hole current. However,
electrons in the drift region may enter into the barrier layer only when exceeding a certain
potential barrier, thus effectively increasing the concentration of carriers on the surface of the
IGBT and reducing the on-state voltage drop and the loss of the device. Similarly, the band gap of
the barrier layer is greater than that of the drift region, or the doping concentration of the barrier
layer may be lower than that of the drift region, so that the voltage resistance of the device may not
be reduced.

In some embodiments, the doping concentration of the second semiconductor layer is about
5¢"*/cm’ to about 1e'*/cm’, and the doping concentration of the first semiconductor layer is about
5¢'*/cm’ to about le'’/cm’. For example, in the embodiment shown in Fig. 2, the doping
concentration of the second semiconductor layer 203 is about le'*/cm’, the doping concentration
of the first semiconductor layer 204 is about le'*/cm’, the doping concentration of each of the first
source region 2011 and the second source region 2012 is about 2e'’/cm’, the doping concentration
of each of the first well region 2021 and the second well region 2022 is about le'*/cm’, and the
doping concentration of the third semiconductor layer 206 is about 5e'’/cm’.

For example, in the embodiment shown in Fig. 3, the doping concentration of the second

semiconductor layer 303 is about 6e'*/cm’, the doping concentration of the first semiconductor
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layer 304 is about 8e'*/cm’, the doping concentration of each of the first source region 3011 and
the second source region 3012 is about 2¢'’/cm’, the doping concentration of each of the first well
region 3021 and the second well region 3022 is about le'®/cm’, and the doping concentration of
the third semiconductor layer 306 is about 5e'’/cm’.

In some embodiments, the band gap of the second semiconductor layer is 1eV to 5eV, and the
band gap of the first semiconductor layer is 0.1eV to 3eV, thus conveniently selecting suitable
semiconductor materials, ensuring that the band gap of the barrier layer is greater than that of the
drift region, effectively stopping the collection of the minority carriers by the well-drift region
junction, and achieving the technical effect of the present disclosure.

In some embodiments, a material of the second semiconductor layer is at least one selected
from the group consisting of silicon (S1), silicon carbide (SiC), aluminum phosphide (AlP), indium
phosphide (InP), and aluminum arsenide (AlAs); or may be other semiconductor materials having
larger band gap.

In some embodiments, a material of the first semiconductor layer is at least one selected from
the group consisting of germanium (Ge), silicon germanide (Si;xGex), and carbon silicon
germanide (SiGeC); or may be other semiconductor materials having smaller band gap.

For example, in the semiconductor power device shown in Fig. 2, a material of each of the
first semiconductor layer 204 and the third semiconductor layer 206 is Si;xGey; and a material of
each of the second semiconductor layer 203, the first well region 2021, the second well region
2022, the first source region 2011 and the second source region 2012 is Si.

In some embodiments, the first conductivity type is N type, and the second conductivity type
is P type, particularly see the semiconductor power devices shown in Figs. 2-3. Certainly, it would
be appreciated by those skilled in the art that the first conductivity type may be P type, and the
second conductivity type may be N type.

Although explanatory embodiments have been shown and described, it would be appreciated
by those skilled in the art that the above embodiments can not be construed to limit the present
disclosure, and changes, alternatives, and modifications can be made in the embodiments without

departing from spirit, principles and scope of the present disclosure.
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WHAT IS CLAIMED IS:

1. A semiconductor power device, comprising:

a first semiconductor layer of a first conductivity type;

a first well region of a second conductivity type and a second well region of the second
conductivity type which are formed above the first semiconductor layer;

a second semiconductor layer of the first conductivity type formed between the first well
region and the first semiconductor layer and between the second well region and the first
semiconductor layer, wherein a band gap of the second semiconductor layer is greater than that of
the first semiconductor layer;

a first source region of the first conductivity type formed in a part of the first well region and
a second source region of the first conductivity type formed in a part of the second well region;

a first insulating layer formed on the second semiconductor layer and covering a part of the
first source region, a part of the second source region, a part of the first well region and a part of
the second well region;

a polysilicon layer formed on the first insulating layer;

a second insulating layer formed on the polysilicon layer and covering the polysilicon layer, a
part of the first source region and a part of the second source region;

a first metal layer formed on the second insulating layer and covering the second insulating
layer, a part of the first source region, a part of the second source region, a part of the first well
region and a part of the second well region;

a third semiconductor layer of the second conductivity type formed below the first
semiconductor layer; and

a second metal layer formed below the third semiconductor layer.

2. The semiconductor power device according to claim 1, wherein the second semiconductor
layer surrounds a part of the first well region and a part of the second well region, and the first

semiconductor layer is contacted with the first insulating layer.

3. The semiconductor power device according to claim 1, wherein the second semiconductor
layer surrounds a part of the first well region and a part of the second well region and isolates the

first semiconductor layer from the first insulating layer.
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4. The semiconductor power device according to claim 1, wherein a doping concentration of

the second semiconductor layer is lower than or equal to that of the first semiconductor layer.

5. The semiconductor power device according to claim 4, wherein the doping concentration
of the second semiconductor layer is about 5e'*/cm’ to about leP/em’, and the doping

concentration of the first semiconductor layer is about 5e'*/cm’ to about leM/em’.

6. The semiconductor power device according to claim 4, wherein an electron affinity energy

of the second semiconductor layer is lower than that of the first semiconductor layer.

7. The semiconductor power device according to claim 1, wherein the band gap of the second
semiconductor layer is 1eV to 5eV, and the band gap of the first semiconductor layer is 0.1eV to

3eV.

8. The semiconductor power device according to claim 1, wherein a material of the second
semiconductor layer is at least one selected from a group consisting of silicon, silicon carbide,

aluminum phosphide, indium phosphide, and aluminum arsenide.

9. The semiconductor power device according to claim 1, wherein a material of the first

semiconductor layer is at least one selected from a group consisting of Ge, Si;.xGex, and SiGeC.

10. The semiconductor power device according to any one of claims 1-9, wherein the first
conductivity type is N type, and the second conductivity type is P type; or the first conductivity

type is P type, and the second conductivity type is N type.
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