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RSP@10V | BVDSS | VTH | CISS | COSS | Qg@10vV | Qgd | Ron‘Qg |Ron*Qgd
DEVICE (mQ.mm2) W M | pFemd) | @Fem2) | (nCem2) | (nClem2) | (mQnG) | (mQnC)

Prior Art (Fig. 1) 87 276 15[ 79245 18016 1004 196 874 170
Prior Art (Fig. 2) 98 425 15| 98837 21869 1275 133 1249 130
Prior Art (Fig. 3) 9.1 2.7 15[ 79908 11105 1038 140 945 128
Fig. 5d 10.2 519 15[  80008] 15056 1071 137] 1093 140
Fig. 5d (with a lowsr
EP! resistivity) 72 423 15 80105 15773 1068 130 76.9 94

. Al devices have the cell pitch of 1.2um, the P-wel junction depth of 0.55um and GOX thickness of 50nm.

TABLE. |
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POWER MOSFET AND ITS EDGE
TERMINATION

BACKGROUND

[0001] Power MOSFETs are widely used as switching
devices in many electronic applications. In order to minimize
the conduction power loss it is desirable that power MOS-
FETs have a low specific on-resistance (R, or R*A), which
is defined as the product of the on-resistance of the MOSFET
multiplied by the active die area. In order to minimize the
switching loss it is desired that power MOSFETs have low
input and output capacitances. The most common way to
reduce the R, is to shrink the device’s unit cell and pitch
increase the packing density or number of cells per unit area.
However, as the cell density increases, the associated intrinsic
capacitances of the device, such as the gate-to-source capaci-
tance (Cgs), the gate-to-drain capacitance (Cgd), the total
input capacitance (Ciss), and the total output capacitance
(Coss), also increase. As the consequence, the switching
power loss of the device will increase. Therefore, it is desir-
able to develop a device with the best trade-off between the
conduction loss and the switching loss, leading to the lowest
conduction loss and the lowest switching loss at the same
time.

[0002] Currently, there are two common techniques to
improve the switching performance of power MOSFETs. The
first one is the trench-gated MOSFET with thick bottom
oxide, as shown in FIG. 1 (U.S. Pat. No. 6,849,898). The
second one is the split poly gated MOSFET structure, in
which the first poly gate is electrically shorted to the source
electrode (U.S. Pat. Nos. 5,998,833, 6,683,346). This is illus-
trated in FIG. 2.

[0003] Most recently, US Patent Publication Nos. 2008/
0073707 and 2009/0206924 disclosed the further improved
Power MOSFET structures to realize a very short channel
region (~0.25 um) to further reduce the device on-resistance
R and the gate-source capacitance as well as the gate-drain
capacitance. These device structures are illustrated in FIG. 3
and FIG. 4. In addition to the increase of the channel density
and the reduction of channel length for decreasing the device
on-resistance, the so-called charge balance technique (U.S.
Pat. Nos. 5,216,275 and 5,438,215) has been proposed to
achieve a flat electric field distribution in the device drift
region. Consequently, the doping concentration of the drift
region can be raised and the on-resistance of the device for a
given breakdown voltage can be lowered significantly.

SUMMARY

[0004] Improved MOSFET structures and processes,
where an upper field plate portion shields the electric field
from penetrating into the channel, so that a very short channel
can be used without jeopardizing the device drain-source
leakage current; and a lower field plate portion modulates the
electric field distribution in the drift region, such that a more
uniform field distribution can be obtained.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIGS. 1 and 2 show two common techniques to
improve the switching performance of power MOSFETs.
[0006] FIGS. 3 and 4 show further improved device struc-
tures, from copending Publication Nos. 2008/0073707 and
2009/0206924.
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[0007] FIGS. 5a-5f illustrate various aspects of the dis-
closed architectures.

[0008] FIG. 6 shows the electrostatic potential contours at
the onset of the avalanche breakdown of the device in FIG. 2
and the new device in FIG. 54.

[0009] FIGS. 7-18 show a first process technique for fabri-
cation.

[0010] FIGS. 19-26 show a second manufacturing process
for fabrication.

[0011] FIGS.27a-275 show an alternative device structure,

where the P shield layer is shorted to the P body.

[0012] FIG. 28a shows an alternative device structure,
where the P shield region is replaced by a  region.

[0013] FIG. 285 shows an alternative device structure,
where the P shield region is replaced by a v region.

[0014] FIG. 29 shows an alternative device structure, where
a planarized contact scheme is included.

[0015] FIGS. 30-31 show alternative device structures
where the trench depth of the field plate trenches is the same
as the gate trench.

[0016] FIGS. 32-40 show a variety of structures which can
be used for edge termination with the devices described
above.

DETAILED DESCRIPTION OF SAMPLE
EMBODIMENTS

[0017] In this application, a further improved MOSFET
structures and fabrication processes are disclosed. The archi-
tectures of the new concept are shown from FIGS. 5a to 5f. As
can be seen, the new devices have several notable features.
[0018] The first feature is that multiple embedded polysili-
con regions are introduced into the n+ source contact area.
The top poly layer, named “PolySi Field Plate#1”, is used to
shield the electric field from penetrating into the channel, so
that a very short channel can be used without jeopardizing the
device drain-source leakage current IDSS. The bottom poly
layer, named “PolySi Field Plate#2”, is used to modulate the
electric field distribution in the drift region such that a more
uniform field distribution can be obtained. This polysilicon
field plate can be either electrically shorted to the Source
metal, or some of these field plates can be floating if more than
two field plates are used as shown in FIG. 5e. Furthermore,
each polysilicon plate’s length can be adjusted independently
for achieving its best function. This is demonstrated through
FIGS. 5a to 5c. For example, in order to enhance the field
shield of the MOS channel, the “PolySi Field Plate#1” is
extended as given in FIG. 54. On the other hand, if field
shaping is needed in the drift region, then the “PolySi Field
Plate#2” can be elongated as shown in FIG. 5¢.

[0019] The second feature is having the additional P-type
shield layer underneath the field plate trench bottom. This P
shield layer provides a further optimized electric field distri-
bution during the device’s off-state blocking operation, and
more uniform field distribution can be achieved. Conse-
quently, a higher breakdown voltage can be obtained, and a
heavily doped drift/EPI layer can be used for a given break-
down voltage. Additionally, the P shield region also reduces
the voltage across the dielectric layer between the trench
bottom poly region and the N epitaxial layer when a high
drain-source voltage is applied. As a result, the bottom poly-
silicon field plate will offer a more reliable long life operation
under conditions of high drain-to-source voltage.

[0020] The third feature is that the doping concentration of
drift/EPI layer can be adjusted in a segmental manner in
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conjunction with each polysilicon field plate as shown in FIG.
5a, etc. The doping concentration of each drift/EPI layer
(such N1, N2, and N3) is properly chosen to yield a more
constantly distributed electric field inside the whole drift
region. As a result, the highest breakdown voltage and lowest
on-resistance R, can be realized.

[0021] Detailed process/device simulations have been per-
formed to validate the new technique and conclusions as
described in the previous paragraph. FIG. 6 shows the elec-
trostatic potential contours at the onset of the avalanche
breakdown of the device in FIG. 2 and the new device in FIG.
5d. Both devices have the same EPI thickness and doping
concentration. The new device has about 10V higher break-
down voltage than the prior art device. Additionally, the
breakdown electric field magnitude is less, and its distribution
is more uniform, in the new device.

[0022] Electrical parameters of prior devices and the new
device have been comparatively studied by simulations. The
results are summarized in Table 1. As can be seen, the new
device can offer the best performance of the conduction and
switching characteristics. Note that in the simulation of FIG.
5d, a uniformly doped EPI layer was used, i.e., N1 is equal to
N2.

[0023] The key fabrication process techniques for making
the new MOSFET described in this invention are also dis-
closed here. The first process technique is demonstrated
through the sequence in FIGS. 7 to 18.

[0024] Starting with an N+ substrate, an N- EPI layer with
an initial doping concentration of N1 is grown on the sub-
strate. This is followed by the oxidation process.

[0025] The first trench mask is applied to form the hard
mask for trench etch (FIG. 7). The silicon etch step is carried
out to create the trench followed by sacrificial oxidation step.
[0026] Then, the P-type dopant (e.g., Boron) is implanted
into the trench bottom (FIG. 8). Note that multiple implant
steps with different implant energy and dose can be utilized
here.

[0027] After removal of the hard mask, a field oxide is
grown on the silicon surface and the trench sidewall (FIG. 9).
[0028] The polysilicon deposition fills the trench followed
by the polysilicon recess etchback as shown in FIG. 10. At
this point, the N-type dopant (e.g., Phosphorous) is implanted
into the recessed trench sidewall to locally enhance the dop-
ing concentration of EPI layer (FIG. 10). Again, the multiple
implant steps with different implant energy and dose can be
utilized here also. A thermal anneal can be employed here to
spread out this N-type dopant to form the N2 layer.

[0029] Then, a second trench mask is employed to define
the second trench opening (FIG. 11).

[0030] Next, the silicon is etched to form the second trench
(FIG. 12).
[0031] Afterremoval of the photoresist, an oxide filling and

planarization process are carried out to fully fill all of the
trenches (FIG. 13).

[0032] Usingtheactive mask, the remaining oxide is etched
further down into trench forming the trench bottom oxide
layer (BOX) (FIGS. 14a and 14b). Note that, depending on
the depth of the first polysilicon layer inside the deeper
trench, the BOX layer can still cover the polysilicon layer as
shown in FIG. 144, or can be completely removed as shown in
FIG. 145.

[0033] Next, the gate oxide is grown along the trench side-
wall (FIG. 15).
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[0034] Then, the second polysilicon deposition/fill (FIG.
16) and etchback processes (FIG. 17) are performed for cre-
ating the gate polysilicon region. From here, the rest of the
process steps are similar to the those described in copending
Publication Nos. 2008/0073707 and 2009/0206924. The final
device structure is displayed in FIG. 18.

[0035] The second manufacturing process is demonstrated
through FIGS. 19 to 26. Starting with an N+ substrate, an N-
epitaxial layer is grown, followed by the oxidation or oxide
deposition.

[0036] A trench mask is applied to form the hard mask for
silicon trench etch (FIG. 19).

[0037] After the silicon trench etch, a second mask is used
to cover the trenches shown on the left and right, and then a
silicon etch is utilized again to produce the deep trench in the
center, followed by P-type dopant implantation (FIG. 20).
[0038] After removal of the photoresist and the oxide hard
mask, a field oxide is grown on the silicon surface and the
trench sidewall (FIG. 21).

[0039] Thepolysilicon fill/planarization and the recess etch
are employed to form the structure shown in FIG. 22. Note
that the polysilicon layer in the shallow trench should be
completely etched away at this process step.

[0040] Next, oxide filling and planarization are used to
fully fill all of the trenches (FIG. 23).

[0041] After the oxide etchback to form the BOX layer, an
N-type dopant (e.g., Phosphorous) is implanted into the
recessed trench sidewall to locally enhance the doping con-
centration of EPI layer (FIG. 24). The rest of the process steps
are generally the same as described above: FIG. 25 shows
oxide growth and gate polysilicon fill; FIG. 26 shows gate
poly etchback, etc.

[0042] In addition to the basic concept disclosed here, a
variety of alternative device structures can be developed. For
example, the P shield layer can be shorted to P body as shown
in FIGS. 27a and 275. This short can be achieved by a high
energy/low dose implant followed by a thermal anneal pro-
cess after the contact recess etch (the same skill described in
the prior art 2009/0206924). Considering its impact of this
implant on the channel doping, the implant can be done only
periodically along the trench direction (as shown in FIG. 274)
or only done at the periphery of the device (as shown in FIG.
27b) where N++ source is excluded.

[0043] In addition, the P shield region can be replaced
either by a m region (very lightly P-type doped) or by a v
region (very lightly N-type doped). These are respectively
illustrated in F1G. 286 and FIG. 28a. The use of lightly doped
shield regions (either v or ) reduces the pitching resistance in
the area, and also diminishes the impact on device on-resis-
tance during the device switching-off to switching-on
dynamic process. A better trade-off between the total losses
(including the conduction loss and the switching loss) and the
breakdown voltage is expected when either a v or & region is
used instead of a highly doped P region for the device with a
very small cell pitch.

[0044] Furthermore, a planarized contact scheme can be
implemented into the new device structures as demonstrated
in FIG. 29.

[0045] Moreover, the trench depth of all field plate trenches
can be made the same as the gate trench. These are illustrated
in FIG. 30 and FIG. 31.

[0046] Finally, it is essential to point out that, in order to
fully realize the improvement on electrical performance of
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the new device structure disclosed in this invention, a reliable
and efficient device edge termination is extremely important.
[0047] FIGS. 32 to 40 propose a variety of termination
structures which can be used as the edge termination of the
new device proposed in previous paragraphs. In these struc-
tures, the embedded polysilicon field plate regions are pre-
ferred to be electrically floating. The enhanced P body shown
near the illustrated P+ region helps to reduce the leakage
current of the edge termination for high voltage applications.
1-2. (canceled)
3. A semiconductor active device structure, comprising:
a source region having a first conductivity type, and a
current-control structure which controls inversion of
portions of a body region having a second conductivity
type, to thereby control injection of majority carriers
from said source region into a semiconductor drift
region which has said first conductivity type;
one or more field plates, comprising one or more electri-
cally separated segments within a single insulated
trench; wherein at least one of said segments is electri-
cally floating; and
an additional concentration of dopant atoms of said second
conductivity type below the bottom of said trench;
whereby said field plates smooth the gradation of potential
in said drift region adjacent said trench, and said addi-
tional concentration of dopant atoms helps reduce deple-
tion of said drift region under conditions of reverse bias.
4. The device structure of claim 3, wherein said current-
control structure comprises a gate electrode which is capaci-
tively coupled to a body region which has said second con-
ductivity type.
5. The device structure of claim 3, wherein said additional
concentration of dopant atoms is sufficient to create an iso-
lated volume of second-conductivity-type material.
6. The device structure of claim 3, wherein said current-
control structure comprises a gate electrode which is in a
separate trench from said field plates.
7. The device structure of claim 3, wherein said additional
concentration of dopants creates a near-intrinsic semiconduc-
tor region below said trench.
8. The device structure of claim 3, further comprising a
drain region which has said first conductivity type and is more
heavily doped than said drift region, and which underlies said
drift region so that majority carriers can flow from said drift
region downwardly into said drain region.
9. The device structure of claim 3, wherein different ones of
said segments are laterally surrounded by different thick-
nesses of dielectric material.
10. A semiconductor active device structure, comprising:
a current-control structure;
a semiconductor drift region, through which carriers
injected by said current control structure can pass in a
predominantly vertical direction;
afield-shaping structure, which adjoins at least part of said
drift region, and which includes multiple separate con-
ductive segments in a single insulated trench;
wherein at least one of said segments is connected to a
fixed potential, and at least one of said segments is
electrically floating;

and wherein different ones of said segments are laterally
surrounded by different thicknesses of dielectric
material; and
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an additional concentration of dopant atoms of said second
conductivity type below the bottom of said trench;

whereby said field plates smooth the gradation of potential
in said drift region adjacent said trench, and said addi-
tional concentration of dopant atoms helps reduce deple-
tion of said drift region under conditions of reverse bias.

11. The device structure of claim 10, wherein said current-
control structure comprises a gate electrode which is capaci-
tively coupled to a body region which has said second con-
ductivity type.

12. The device structure of claim 10, wherein said addi-
tional concentration of dopant atoms is sufficient to create a
volume of second-conductivity-type material.

13. The device structure of claim 10, wherein said current-
control structure comprises a gate electrode which is in a
separate trench from said field plates.

14. The device structure of claim 10, wherein said current-
control structure comprises a gate electrode which is in a
separate trench from said field plates.

15. The device structure of claim 10, further comprising a
drain region which has said first conductivity type and is more
heavily doped than said drift region, and which underlies said
drift region so that majority carriers can flow from said drift
region downwardly into said drain region.

16. The device structure of claim 10, wherein different ones
of said segments are laterally surrounded by different thick-
nesses of dielectric material.

17. A semiconductor active device structure, comprising:

a source region, and a current-control structure which con-
trols injection of majority carriers from said source
region into a semiconductor drift region which has said
first conductivity type;

a plurality of field plates, comprising multiple electrically
separated electrodes within a single insulated trench;
and

an additional concentration of dopant atoms of said second
conductivity type below the bottom of said trench;

said drift region having different net doping concentrations
at different depths, such that at least some ones of said
field plates laterally adjoin portions of said drift region
with different dopant concentrations;

whereby said field plates smooth the gradation of potential
in said drift region adjacent said trench, and said addi-
tional concentration of dopant atoms helps reduce deple-
tion of said drift region under conditions of reverse bias.

18. The device structure of claim 17, wherein said current-
control structure comprises a gate electrode which is capaci-
tively coupled to a body region which has said second con-
ductivity type.

19. The device structure of claim 17, wherein said first
conductivity type is n-type.

20. The device structure of claim 17, wherein said addi-
tional concentration of dopant atoms consists of acceptor
dopant atoms.

21. The device structure of claim 17, wherein said first
conductivity type is n-type.

22. The device structure of claim 17, wherein said first
conductivity type is n-type.
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