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SUPERJUNCTION STRUCTURES FOR POWER DEVICES AND
METHODS OF MANUFACTURE
CROSS-REFERENCE TO RELATED APPLICATIONS
[0001]

This application claims the benefit of US Provisional Appln. No. 60/974,433, filed

September 2 1, 2007, which is incorporated by reference in its entirety for all purposes.

BACKGROUND OF THE INVENTION
(0002]

The present invention relates in general to semiconductor technology and in

particular to various embodiments for improved power semiconductor devices such s
transistors and diodes and their methods of manufacture.
[0003]

The key component in power electronic applications is the solid-state switch. From

ignition control in automotive applications to battery-operated consumer electronic devices,
to power converters in industrial applications, there is a need for a power switch that

optimally meets the demands of the particular application. Solid-state switches including, for
example, the power metal-oxide-semiconductor field effect transistor (power MOSFET), the

insulated-gate bipolar transistor (IGBT) and various types of thyristors have continued to
evolve to meet this demand. In the case of the power MOSFET, for example, double-diffused
structures (DMOS) with lateral channel (e.g., U.S. Pat. No. 4,682,405 to Blanchard et al.),

trenched gate structures (e.g., U.S. Pat. No. 6,429,481 to Mo et al.), and various techniques
for charge balancing in the transistor drift region (e.g., U.S. Pat. No. 4,941,026 to Temple,

U.S. Pat. No. 5,216,275 to Chen, and U.S. Pat. No. 6,081,009 to Neilson) have been

developed, among many other technologies, to address the differing and often competing

performance requirements.
[0004]

Some of the defining performance characteristics for the power switch are its on-

resistance, breakdown voltage and switching speed. Depending on the requirements of a

particular application, a different emphasis is placed on each of these performance criteria.
For example, for power applications greater than about 300-400 volts, the IGBT exhibits an

inherently lower on-resistance as compared to the power MOSFET, but its switching speed is
lower due to its slower turn off characteristics. Therefore, for applications greater than 400
volts with low switching frequencies requiring low on-resistance, the IGBT is the preferred

switch while the power MOSFET is often the device of choice for relatively higher frequency

applications. If the frequency requirements of a given application dictate the type of switch
that is used, the voltage requirements determine the structural makeup of the particular
switch. For example, in the case of the power MOSFET, because of the proportional

relationship between the drain-to-source on-resistance R.sub.DSon and the breakdown
voltage, improving the voltage performance of the transistor while maintaining a low Ros on
poses a challenge. Various charge balancing structures in the transistor drift region have
been developed to address this challenge with differing degrees of success.
[0005]

Device performance parameters are also impacted by the fabrication process and the

packaging of the die. Attempts have been made to address some of these challenges by
developing a variety of improved processing and packaging techniques.
[0006]

Whether it is in ultra-portable consumer electronic devices or routers and hubs in

communication systems, the varieties of applications for the power switch continue to grow
with the expansion of the electronic industry. The power switch therefore remains a
semiconductor device with high development potential.

BRIEF SUMMARY OF THE INVENTION
[0007]

In accordance with an embodiment of the invention a power device comprises an

active region and a termination region surrounding the active region, and a plurality of pillars
of first and second conductivity type alternately arranged in each of the active and
termination regions, wherein the pillars of first conductivity type in the active and termination
regions have substantially the same width, and the pillars of the second conductivity type in
the active region have a smaller width than the pillars of the second conductivity type in the
termination region so that a charge balance condition in each of the active and termination
regions results in a higher breakdown voltage in the termination region than in the active
region.
[0008]

In one variation the first conductivity type is P-type and the second conductivity

type is N-type.
[0009]

In another variation the first conductivity type is N-type and the second conductivity

type is P-type.

[0010]

In another variation each of the pillars of first conductivity type comprises a trench

substantially filled with P-type silicon, the trenches being separated from one another by Ntype regions forming the pillars of second conductivity type.
[0011]

In another variation the pillars of first conductivity type in the active region have

substantially the same doping profile as the pillars of first conductivity type in the termination
region.
[0012]

In another variation the active region includes a planar gate structure extending over

at least one of the pillars of second conductivity type in the active region.
[0013]

In another variation the active region includes a trench gate structure extending to a

predetermined depth within at least one of the pillars of the second conductivity type in the
active region.
[0014]

In another variation the active region does not include gate structure extending over

any of the pillars of second conductivity type in the active region.
[0015]

In another variation the pillars of first conductivity type in the active region are

stripe-shaped, and the plurality of pillars of first conductivity type in the termination region
surround the active region in a concentric fashion.
[0016]

In another variation the plurality of pillars of first conductivity type in the active and

termination regions are concentric.
[0017]

In another variation a plurality of pillars of first conductivity type have termination

pillars that are extensions of the active pillars and another plurality of termination pillars are
parallel to the active region.
[0018]

In accordance with another embodiment of the invention, a power device comprises

an active region, a transition region, and a termination region surrounding the active and

transition regions, and a plurality of pillars of first and second conductivity type alternately
arranged in each of the active and termination regions, the transition region having at least
one pillar of the first conductivity type and one pillar of the second conductivity type between
the active and termination regions, the plurality of pillars of the first conductivity type in the
active region being connected to a source terminal, the plurality of pillars of the first
conductivity type in the termination region floating, and at least one pillar of the first
conductivity type in the transition region being connected to the source terminal through a

bridging diffusion of the first conductivity connecting at least one pillar of the first
conductivity type in the transition region to one of the plurality of pillars of the first
conductivity type in the active region, wherein the bridging diffusion extends across the
width of the at least one pillar of the second conductivity type, the pillars of first conductivity
type in the active and termination regions as well as the at least one pillar of the first
conductivity type in the transition region all have substantially the same width, and the pillars
of the second conductivity type in the active region have a smaller width than a width of the
at least one pillar of the second conductivity type in the transition region so that a charge
balance condition in each of the active and transition regions results in a higher breakdown
voltage in the transition regions than in the active region.
[0019]

In one variation the pillars of the second conductivity type in the active region have

a smaller width than a width of the plurality of pillars of the second conductivity type in the
termination region so that a charge balance condition in each of the active and termination
regions results in a higher breakdown voltage in the termination region than in the active
region.
[0020]

In another variation the active region comprises body regions of the first

conductivity type, and source regions of the second conductivity type in the body regions,
wherein the bridging diffusion extends deeper than the body regions.
[0021]

In another variation the bridging diffusion and the body regions have substantially

similar doping concentration.
[0022]

In another variation the active region comprises body regions of the first

conductivity type, and source regions of the second conductivity type in the body regions,
wherein the bridging diffusion extends to a shallower depth than the body regions.
[0023]

In another variation the bridging diffusion has a lower doping concentration than the

body regions.
[0024]

In another variation the first conductivity type is P-type and the second conductivity

type is N-type.
[0025]

In another variation the first conductivity type is N-type and the second conductivity

type is P-type.

[0026]

In another variation each pillar of first conductivity type comprises a trench

substantially filled with P-type silicon, the trenches being separated from one another by Ntype regions forming the pillars of second conductivity type.
[0027]

In another variation the pillars of first conductivity type in the active and

termination regions and the at least one pillar of first conductivity type in the transition region
all have substantially the same doping profile.
[0028]

In another variation the active region includes a planar gate structure extending over

at least one of the pillars of second conductivity type in the active region.
[0029]

In another variation the active region includes a trench gate structure extending to a

predetermined depth within at least one of the pillars of the second conductivity type in the
active region.
[0030]

In another variation the active region does not include gate structure extending over

any of the pillars of second conductivity type in the active region.
[0031]

In another variation the plurality of pillars of first conductivity type in the active

region and the at least one pillar of first conductivity type in the transition region are stripeshaped, and the plurality of pillars of first conductivity type in the termination region

surround the active and transition regions in a concentric fashion.
[0032]

In another variation the plurality of pillars of first conductivity type in the active and

termination regions and the at least one pillar of the first conductivity type in the transition
region are concentric.
[0033]

In accordance with another embodiment of the invention, a power device comprises

an active region and a termination region surrounding the active region, a plurality of pillars

of first and second conductivity type alternately arranged in each of the active and
termination regions, the pillars of first conductivity type in the active and termination regions
having substantially the same width and being spaced from one another by substantially the
same distance, and a surface well region of the first conductivity type extending across a top
region of two or more of the pillars of the first conductivity type in the termination region,
each of the surface well regions being centered about its corresponding pillar of the first
conductivity type, and at least two of the surface well regions having different widths.

[0034]

In one variation a width of two or more of the surface well regions decreases in a

direction away from the active region.
[0035]

In another variation two or more of the surface well regions have the same width.

[0036]

In another variation a width of one or more of the surface well regions is greater

than the width of the pillars of the first conductivity type.
[0037]

In another variation a width of one or more of the surface well regions is smaller

than the width of the pillars of the first conductivity type.
[0038]

In another variation the active region comprises body regions of the first

conductivity type, and source regions of the second conductivity type in the well regions,
wherein the body regions extend deeper than the surface well regions.
[0039]

In another variation the active region comprises body regions of the first

conductivity type, and source regions of the second conductivity type in the well regions,
wherein the body regions have a higher doping concentration than the surface well regions.
[0040]

In another variation the two or more of the pillars of the first conductivity type with

a surface well region across their top region float.
[0041]

In another variation the first conductivity type is P-type and the second conductivity

type is N-type.
[0042]

In another variation the first conductivity type is N-type and the second conductivity

type is P-type.
[0043]

In another variation each pillar of first conductivity type comprises a trench

substantially filled with P-type silicon, the trenches being separated from one another by Ntype regions forming the pillars of second conductivity type.
[0044]

In another variation the pillars of first conductivity type in the active and

termination regions all have substantially the same doping profile.
[0045]

In another variation the active region includes a planar gate structure extending over

at least one pillar of second conductivity type in the active region.
[0046]

In another variation the active region includes a trench gate structure extending to a

predetermined depth within at least one pillar of the second conductivity type in the active
region.

[0047]

In another variation the active region does not include gate structure extending over

any of the pillars of second conductivity type in the active region.
[0048]

In another variation the plurality of pillars of first conductivity type in the active

region are stripe-shaped, and the plurality of pillars of first conductivity type in the
termination region surround the active region in a concentric fashion.
[0049]

In another variation the plurality of pillars of first conductivity type in the active and

termination regions are concentric.
[0050]

In another variation a plurality of pillars of first conductivity type have termination

pillars that are extensions of the active pillars and another plurality of termination pillars
extend parallel to the plurality of first and second conductivity type in the active region.
[0051]

In accordance with another embodiment of the invention, a power device comprises

an active region and a termination region surrounding the active region, a plurality of pillars
of first and second conductivity type alternately arranged in each of the active and
termination regions, the pillars of first conductivity type in the active and termination regions
having substantially the same width and being spaced from one another by substantially the
same distance, and a surface well region of the first conductivity type extending across a top
region of two or more of the pillars of the first conductivity type in the termination region,
one or more the surface well regions being offset relative to its corresponding pillar of the
first conductivity type, and at least two of the surface well regions having different widths.
[0052]

In one variation two or more of the surface well regions merge together.

[0053]

In another variation a width of two or more of the surface well regions decreases in

a direction away from the active region.
[0054]

In another variation a width of one or more of the surface well regions is greater

than the width of the pillars of the first conductivity type.
[0055]

In another variation a width of one or more of the surface well regions is smaller

than the width of the pillars of the first conductivity type.
[0056]

In accordance with another embodiment of the invention, a power device comprises

an active region and a termination region surrounding the active region, and a plurality of
pillars of first and second conductivity type alternately arranged in each of the active and
termination regions, the pillars of first conductivity type in the active region being stripe-

shaped, and the pillars of the first conductivity type in the termination region being

concentric, ends of the stripe-shaped pillars of first conductivity type being spaced from a
first one of the concentric pillars of the first conductivity to form a gap region of the second
conductivity type there between, wherein no diffusion region of the first conductivity type
extends through the gap region thus allowing the gap region to float.
[0057]

In one variation at least one full floating mesa is inserted between the termination

and the gap region to provide additional isolation.
[0058]

In another variation at least one partial floating mesa is inserted between the

termination and the gap region to provide additional isolation.
[0059]

In accordance with another embodiment of the invention, a power device comprises

an active region and a termination region surrounding the active region, and a plurality of

pillars of first and second conductivity type alternately arranged in each of the active and
termination regions, the pillars of first conductivity type in the active region being stripeshaped, and the pillars of the first conductivity type in the termination region being arranged
concentrically around the active area but not continuous, ends of the stripe-shaped pillars of
first conductivity type being spaced from a first one of the concentric pillars of the first
conductivity to form a gap region of the second conductivity type there between, wherein no
diffusion region of the first conductivity type extends through the gap region thus allowing
the gap region to float.
[0060]

In one variation at least one concentrically arranged termination pillars is

continuous.
[0061]

In another variation at least one full floating mesa is inserted between the

termination and the gap region to provide additional isolation.
[0062]

In another variation at least one partial floating mesa is inserted between the

termination and the gap region to provide additional isolation.
[0063]

In accordance with another embodiment of the invention, a power device comprises

an active region and a termination region surrounding the active region, a gate interconnect
electrically contacting polysilicon gates in the active region, a source interconnect electrically
contacting source regions in the active region, a plurality of pillars of first and second
conductivity type alternately arranged in each of the active and termination regions, and a
polysilicon field plate extending over but being insulated from one or more of the plurality of

first and second conductivity type in the termination region closest to the active region,
wherein the polysilicon field plate is connected to the source interconnect.
[0064]

In one variation portions of the gate interconnect extend into the termination region,

the polysilicon field plate being configured so as to extend between the gate interconnect and
the pillars of second conductivity type in the termination region.
[0065]

In another variation a diffusion region of the first conductivity type extends under

portions of the gate interconnect that extend along an edge region of the active region.
[0066]

In accordance with another embodiment of the invention, a power device comprises

an active region and a termination region surrounding the active region, a gate interconnect

electrically contacting polysilicon gates in the active region, a source interconnect electrically
contacting source regions in the active region, a plurality of pillars of first and second
conductivity type alternately arranged in each of the active and termination regions, and a
polysilicon field plate extending over but being insulated from one or more of the plurality of
first and second conductivity type in the termination region and an isolation region disposed
between the termination and active area, wherein the polysilicon field plate is connected to
the source interconnect.
[0067]

In one variation portions of the gate interconnect extend into the isolation region,

the polysilicon field plate being configured so as to extend between the gate interconnect and
the pillars of second conductivity type in the isolation region.
[0068]

In another variation portions of the gate interconnect extend into the termination

region, the polysilicon field plate being configured so as to extend between the gate
interconnect and the pillars of second conductivity type in the termination region.
[0069]

In another variation a diffusion region of the first conductivity type extends under

portions of the gate interconnect that extend along an edge region of the active region.
[0070]

In accordance with another embodiment of the invention, a power device comprises

an active region and a termination region surrounding the active region, a plurality of pillars
of first and second conductivity type alternately arranged in each of the active and
termination regions, the pillars of first conductivity type in the active region being stripeshaped, body regions of first conductivity type extending through the stripe-shaped pillars of
the first conductivity type in the active region but terminating prior to ends of the stripedshape pillars of the first conductivity type in the active, one or more diffusion regions of the

first conductivity type extending at least in portions of the striped-shaped pillars of the first
conductivity type in the active region where the body regions do not extend.
[0071]

In one variation at least one diffused of first conductivity type region bridges an

active body region.
[0072]

In another variation none of diffused regions of first conductivity type bridges an

active body region.
[0073]

In another variation at least one diffused regions of first conductivity extends

beyond the end of the stripe-shaped active pillars.
[0074]

In another variation at least one diffused regions of first conductivity is coincident

with the end of the stripe-shaped active pillars.
[0075]

In another variation at least one diffused regions of first conductivity is contained

within the bounds of the end of the stripe-shaped active pillars.
[0076]

In accordance with another embodiment of the invention, a power device comprises

an active region and a termination region surrounding the active region, a plurality of pillars

of first and second conductivity type alternately arranged in each of the active and
termination regions, and a plurality of conductive floating field plates in the termination
region, each floating field plate extending over but being insulate from at least one of the
pillars of the first conductivity type in the termination region.
[0077]

In accordance with another embodiment of the invention, a power device comprises

an active region and a termination region surrounding the active region, a plurality of active
pillars of first and second conductivity type alternately arranged in the active region, the
plurality of active pillars of first and second conductivity type extending into the termination
region, a plurality of termination pillars of first and second conductivity type alternately
arranged in the termination region, all the plurality of active and termination pillars of first
and second conductivity type being parallel to one another, and a plurality of surface P-well

rings of the first conductivity type extending in the termination region in a concentric fashion
with substantially right angle corners, the plurality of surface P-well rings intersecting
portions of the active pillars of first and second conductivity type in the active region that
extend out of the active region, each ring further extending through an upper surface region
of a corresponding one of a plurality of first conductivity type pillars that do not extend into
the active region.

[0078]

In one variation the plurality of active and termination pillars of first and second

conductivity type are configured to have an N-rich charge balance condition.
[0079]

In another variation the plurality of active and termination pillars of first

conductivity type have substantially the same width and are spaced from one another by
substantially the same distance.
[0080]

In another variation the width of the plurality of active and termination pillars of the

first conductivity type is smaller than the spacing between the plurality of active and
termination pillars of the first conductivity type so as to create an N-rich charge balance
condition in the active and termination regions.
[0081]

In another variation portions of the plurality of active pillars of first and second

conductivity type that extend into the termination region are configured to have an N-rich
charge balance condition.
[0082]

In another variation a portion of each of the plurality of active pillars of first

conductivity type that extends in the termination region has a width that gradually narrows in
the direction away from the active region.
[0083]

In another variation a portion of each of the plurality of active pillars of first

conductivity type that extends in the termination region has a narrower width than a portion
that extends in the active region.
[0084]

In accordance with another embodiment of the invention, a method of forming a

power device comprises forming deep trenches in a silicon region of a first conductivity type,
implanting dopants of a second conductivity type on a bottom of each trench, substantially
filling each trench with silicon material of the second conductivity type, thus effectively
increasing a depth of pillars of the second conductivity type comprising the implanted regions
and the silicon material substantially filling each trench.
[0085]

In one variation one or more temperature cycles is applied to diffuse out the

implanted dopants.
[0086]

In another variation the implant doping of second conductivity type is sufficiently

high enough to create a P-rich imbalance condition at the bottom of the pillar.
[0087]

In another variation the pillars of the same width and are spaced from one another

by the same distance.

[0088]

In another variation the width of the pillars is smaller than the spacing between the

pillars.
[0089]

In another variation the width of the pillars is greater than the spacing between the

pillars.
[0090]

In accordance with another embodiment of the invention, a power device comprises

a plurality of pillars of first and second conductivity type alternately arranged in a silicon
layer, a plurality of enrichment regions of the first conductivity type each formed at a bottom
of one of the plurality of pillars of first conductivity type to thereby form a charge imbalance
condition at the bottom of the plurality of pillars of first conductivity type so that an onset of
avalanche breakdown occurs at the bottom of the plurality of pillars of first conductivity type.
[0091]

In accordance with another embodiment of the invention, a method of forming a

power device comprises forming a first silicon layer of first conductivity type over a
substrate, implanting dopants to form enrichment regions of a second conductivity type in an
upper portion of the first silicon layer, forming a second layer of silicon of the first
conductivity type over the first layer of silicon, forming trenches extending through the
second layer of silicon, and substantially filling each trench with silicon material of the
second conductivity type such that dopants in the silicon material of the second conductivity
in each trench merges with at least one of the enrichment regions thereby forming pillars of
the second conductivity type each having a greater doping concentration at its bottom than
the rest of the pillar.
[0092]

In one variation the implant doping of second conductivity type is sufficiently high

enough to create a P-rich imbalance condition at the bottom of the pillar.
[0093]

In another variation the pillars of the same width and are spaced from one another

by the same distance.
[0094]

In another variation the width of the pillars is smaller than the spacing between the

pillars.
[0095]

In another variation the width of the pillars is greater than the spacing between the

pillars.
[0096]

In another variation the P-pillar extends through the P-enrichment region.

[0097]

In accordance with another embodiment of the invention, a power device comprises

an active region and a termination region surrounding the active region, a plurality of active

pillars of first and second conductivity type alternately arranged in the active region, and a
plurality of terminations pillars of first and second conductivity type alternately arranged in
the termination region, enrichment regions of the first conductivity type formed in all or a
subset of the plurality of active of pillars of first conductivity type, but none of the
termination pillars of the first conductivity type.
[0098]

In one variation the enrichment regions do not extend along the full length of the

plurality of active pillars of the first conductivity type.
[0099]

In another variation the enrichment regions are discontinuous along the length of the

plurality of active pillars of the first conductivity type.
[0100]

In another variation the enrichment regions are not parallel to the plurality of active

pillars of the first conductivity type.
[0101]

In another variation the enrichment regions are wider than the plurality of active

pillars of the first conductivity type.
[0102]

In another variation the enrichment regions are narrower than the plurality of active

pillars of the first conductivity type.
[0103]

In another variation the P-pillar extends through the P-enrichment.

[0104]

In accordance with another embodiment of the invention, a power device comprises

an active region and a termination region surrounding the active region, a plurality of active
pillars of first and second conductivity type alternately arranged in the active region, and a
plurality of terminations pillars of first and second conductivity type alternately arranged in
the termination region, a compensation region of the first conductivity type extending
through a portion of the plurality of active pillars of first and second conductivity type.
[0105]

In one variation the compensation region further extends through a bottom portion

of the plurality of termination pillars of first and second conductivity type.
[0106]

In another variation the compensation regions are formed by one or more stripes

that intersect at least two of the plurality of active pillars of first conductivity type.
[0107]

In another variation the compensation regions are formed by one or more stripes

that intersect at least two of the plurality of active pillars of second conductivity type.

[0108]

In another variation the compensation regions are formed by one or more stripes not

parallel to the plurality of active pillars of first conductivity type.
[0109]

In another variation the P-pillars extend through the compensation regions.

[0110]

In accordance with another embodiment of the invention, a power device comprises

an active region and a termination region surrounding the active region, a plurality of active

pillars of first and second conductivity type alternately arranged in the active region, and a
plurality of terminations pillars of first and second conductivity type alternately arranged in
the termination region, enrichment regions of the second conductivity type formed in all or a
subset of the plurality of active of pillars of first conductivity type.
[0111]

In one variation the N-enrichment regions do not extend along the full length of the

plurality of active pillars of the first conductivity type.
[0112]

In another variation the N-enrichment regions are discontinuous along the length of

the plurality of active pillars of the first conductivity type.
[0113]

In another variation the N-enrichment regions are not parallel to the plurality of

active pillars of the first conductivity type.
[01 14]

In another variation the enrichment regions are also formed at a bottom of all or a

subset of the plurality of termination pillars of first conductivity type.
[0115]

In another variation the enrichment regions are wider than the plurality of active

pillars of the first conductivity type.
[0116]

In another variation the enrichment regions are narrower than the plurality of active

pillars of the first conductivity type.
[0117]

In another variation the N-enrichment regions are not parallel to the plurality of

active pillars of the first conductivity type.
[0118]

In accordance with another embodiment of the invention, a power device comprises

an active region and a termination region surrounding the active region, a plurality of active
pillars of first and second conductivity type alternately arranged in the active region, and a
plurality of termination pillars of first and second conductivity type alternately arranged in
the termination region, enrichment regions of the second conductivity type formed in all or a
subset of the plurality of active of pillars of second conductivity type.

[0119]

In one variation the N-enrichment regions do not extend along the full length of the

plurality of active pillars of the second conductivity type.
[0120]

In another variation the N-enrichment regions are discontinuous along the length of

the plurality of active pillars of the second conductivity type.
[0121]

In another variation the N-enrichment regions are not parallel to the plurality of

active pillars of the second conductivity type.
[0122]

In another variation the enrichment regions are also formed at a bottom of all or a

subset of the plurality of termination pillars of second conductivity type.
[0123]

In another variation the enrichment regions are wider than the plurality of active

pillars of the second conductivity type.
[0124]

In another variation the enrichment regions are narrower than the plurality of active

pillars of the second conductivity type.
[0125]

In another variation the N-enrichment regions are not parallel to the plurality of

active pillars of the second conductivity type.
[0126]

In accordance with another embodiment of the invention, a power device comprises

an active region and a termination region surrounding the active region, a plurality of active
pillars of first and second conductivity type alternately arranged in the active region, and a
plurality of terminations pillars of first and second conductivity type alternately arranged in
the termination region, an enhancement region of the second conductivity type extending
through all or a portion of the plurality of active pillars of first and second conductivity type.
[0127]

In one variation the enhancement region further extends through a bottom portion of

the plurality of termination pillars of first and second conductivity type.
[0128]

In another variation the N enrichment regions are formed by one or more stripes that

intersect at least two of the plurality of active pillars of first conductivity type.
[0129]

In another variation the N enrichment regions are formed by one or more stripes that

intersect at least two of the plurality of active pillars of second conductivity type.
[0130]

In another variation the N enrichment regions are formed by one or more stripes not

parallel to the plurality of active pillars of first conductivity type.
[0131]

In another variation the P-pillars extend through the N enrichment regions.

[0132]

In accordance with another embodiment of the invention, a power device comprises

an active region and a termination region surrounding the active region, a plurality of active

pillars of first and second conductivity type alternately arranged in the active region, a gate
pad area, and a plurality of polysilicon gates extending in the active region, wherein a
predetermined number of the plurality of polysilicon gates also extend into the gate pad area.
[0133]

In one variation the power device comprises well regions extending between and

overlapping the plurality of polysilicon gates, the well regions further extending in the gate
pad area.
[0134]

In another variation the power device comprises polysilicon bridges for electrically

connecting adjacent polysilicon gates.
[0135]

In another variation the polysilicon bridges are located in the gate pad area.

[0136]

In another variation the polysilicon bridges are located along an outer perimeter of

the gate pad area.
[0137]

In another variation well regions extend between adjacent ones of the plurality of

polysilicon gates, wherein a width of each polysilicon bridge is selected so that well regions
on opposite sides of each polysilicon bridge merge.
[0138]

In another variation the gate pad area includes a gate pad metal, the power device

further including a gate runner metal extending out from a side of the gate pad metal in a
direction away from the gate pad area and perpendicular to a direction that the plurality of
polysilicon gates extend.
[0139]

In another variation the power device comprises a plurality of contacts each

configured to bring the gate runner metal in contact with one of the plurality of polysilicon
gates.
[0140]

In another variation the power device comprises a plurality of contacts each

configured to bring the gate pad metal in contact with one of the plurality of polysilicon gates
that extend into the gate pad area.
[0141]

In another variation the plurality of contacts are located along an outer perimeter of

the gate pad area.
[0142]

In another variation the plurality of contacts are located along a row extending

through a middle section of the gate pad area.

[0143]

In accordance with another embodiment of the invention, a power device comprises

trenches in a semiconductor region, silicon material in each trench such that the silicon
material and portions of the semiconductor region extending between adjacent trenches form
pillars of alternating conductivity type, and gate electrodes insulated from the semiconductor
region by a gate dielectric layer, wherein the trenches and the gate dielectric layer are
configured so that the gate dielectric layer does not laterally overlap the trenches.
[0144]

In accordance with another embodiment of the invention, a method of forming a

power device comprises forming trenches in a semiconductor region, forming silicon material
in each trench so that the silicon material and portions of the semiconductor region extending
between adjacent trenches form pillars of alternating conductivity type, and forming gate
electrodes insulated from the semiconductor region by a gate dielectric layer, wherein the
trench and the gate dielectric layer are configured so that the gate dielectric layer does not
laterally overlap the trench.
[0145]

In accordance with another embodiment of the invention, a die housing a power

device comprises an active region, a termination region surrounding the active region, a
scribe line area along the outer perimeter of the die, a plurality of active pillars of first and
second conductivity type alternately arranged in the active region, a plurality of concentric
termination pillars of first and second conductivity type arranged in the termination region,
and a plurality of concentric scribe line pillars of first and second conductivity type

alternately arranged in the scribe line area.
[0146]

In accordance with another embodiment of the invention, a die housing a power

device comprises an active region, a termination region surrounding the active region, a
scribe line area along the outer perimeter of the die, a plurality of active pillars of first and
second conductivity type alternately arranged in the active region, a plurality of termination
pillars of first and second conductivity type alternately arranged in the termination region,
and a plurality of scribe line pillars of first and second conductivity type alternately arranged
in the scribe line area, wherein the plurality of scribe line pillars of first and second
conductivity type extend in a direction perpendicular to the direction that the scribe line area
extends.
[0147]

In one variation the die comprises an interconnect layer configured to contact the

plurality of scribe line pillars of the first conductivity type so as to bias the plurality of scribe
line pillars of the first conductivity type to a predetermined potential during operation.

[0148]

In another variation the plurality of scribe line pillars of first and second

conductivity type are spaced from the plurality of termination pillars of first and second
conductivity type by a predetermined mesa spacing.
[0149]

In another variation the plurality of active pillars of first and second conductivity

type are stripe shaped, and the plurality of termination pillars of first and second conductivity
type are concentric.
[0150]

In another variation the plurality of active pillars of first and second conductivity

type and the plurality of termination pillars of first and second conductivity type are stripe
shaped.
[0151]

In accordance with another embodiment of the invention, a power device comprises

an active region and a termination region surrounding the active region, and a plurality of

pillars of first and second conductivity type alternately arranged in each of the active and
termination regions, the pillars of first conductivity type in the active region being stripeshaped, and the pillars of the first conductivity type in the termination region being
concentric, ends of the stripe-shaped pillars of first conductivity type being spaced from a
first one of the concentric pillars of the first conductivity to form a gap region of the second
conductivity type therebetween, wherein the gap region has a predetermined width selected
so as to obtain a charge balance condition along the gap region relative to a charge balance

condition in the active region that results in the active region having a lower breakdown
voltage than a breakdown voltage along the gap region.
[0152]

In one variation the pillars of first conductivity type in both the active and

termination regions are formed in trenches, the trenches having tapered sidewalls, wherein
the predetermined width of the gap region is dependent in part on the degree to which the
trench sidewalls are tapered and a spacing between the pillars of first conductivity type in the
active region.
[0153]

In accordance with another embodiment of the invention, a power device comprises

a lower epitaxial layer over a substrate, an upper epitaxial layer over and in contact with the
lower epitaxial layer, a plurality of trenches extending through the upper epitaxial layer and
terminating within the lower epitaxial layer, each trench having tapered sidewalls, and a
silicon material formed in each trench such that the silicon material together with portions of
the upper and lower epitaxial layers extending between adjacent trenches form pillars of

alternating conductivity type, wherein the upper epitaxial layer has a higher doping
concentration than the lower epitaxial layer.
[0154]

In one variation the upper epitaxial layer includes a JFET implant region between

adjacent trenches near a top surface of the upper epitaxial layer, the JFET implant region
being of the same conductivity type as the upper epitaxial layer but having a higher doping
concentration than the upper epitaxial layer.
[0155]

In another variation a greater portion of the vertical depth of each trench extends in

the upper epitaxial layer than in the lower epitaxial layer.
[0156]

In another variation the silicon material in each trench has a doping concentration

which increases in the direction from bottom of the trench toward the top of the trench.
[0157]

In another variation the lower epitaxial layer has a doping concentration which

increases in the direction from bottom toward top of the lower epitaxial layer.
[0158]

In another variation the upper epitaxial layer has a doping concentration which

increases in the direction from bottom toward top of the upper epitaxial layer.
[0159]

In accordance with another embodiment of the invention, a method for transferring

alignment marks from backside of a substrate to a topside of the substrate comprises forming
alignment marks along a backside of a substrate, after forming the alignment marks, forming
an epitaxial layer along a topside of the substrate, forming trenches in the epitaxial layer and
after forming the trenches, transferring the alignment marks to the topside of the substrate.
[0160]

In one variation prior to transferring the alignment marks to the topside of the

substrate, planarizing a topside surface of the substrate.
[0161]

In another variation prior to planarizing, filling the trenches with silicon material.

[0162]

In another variation after planarizing the topside surface of the substrate, the silicon

material remaining in the trenches together with portions of the epitaxial layer extending
between adjacent trenches form pillars of alternating conductivity type.
[0163]

In another variation the planarizing is carried out using chemical mechanical polish.

[0164]

In another variation the alignment marks are formed in a polysilicon layer extending

along the backside of the substrate.

[0165]

In another variation prior to forming the epitaxial layer, forming a dielectric layer

on the backside of the substrate over the polysilicon layer to prevent formation of an epitaxial
layer over the polysilicon layer during the step of forming an epitaxial layer.

[0166]

In accordance with another embodiment of the invention, a method for forming a

power device comprises forming trenches in a semiconductor region, filling the trenches with
silicon material, and after filling the trenches, carrying out a post-bake process.
[0167]

In one variation the post bake process results in silicon migration in the silicon

material to thereby minimize leakage due to silicon defects.
[0168]

In another variation the post-bake process is carried out at a temperature within the

range of 1150-1250°C for at least a period of 30 minutes in an inert ambient.
[0169]

In another variation the semiconductor region includes an epitaxial layer over a

substrate, and the trenches extend into the epitaxial layer, the method comprises after
carrying out the post-bake process, forming body regions in the epitaxial layer, and forming
heavy body regions in the body regions.
[0170]

In another variation the semiconductor region includes an epitaxial layer over a

substrate, and the trenches extend into the epitaxial layer, the silicon material together with
portions of the epitaxial layer extending between adjacent trenches form pillars of alternating
conductivity type.
[0171]

In accordance with another embodiment of the invention, a power device comprises

a plurality of trenches extending in a semiconductor region, wherein a crystal orientation of
the semiconductor region along each the trench sidewalls, the trench bottom and along mesa
surfaces adjacent the trenches match one another, and silicon material in the trenches such
that the silicon material and the portions of the semiconductor region extending between
adjacent trenches form pillar of alternating conductivity type.
[0172]

In accordance with another embodiment of the invention, a power device comprises

a plurality of trenches extending in a semiconductor region, wherein a crystal orientation
along all horizontally extending and vertically extending surfaces inside and outside the
plurality of trenches match one another, and silicon material in the trenches such that the

silicon material and the portions of the semiconductor region extending between adjacent
trenches form pillar of alternating conductivity type.
[0173]

In accordance with another embodiment of the invention, a method of forming a

power device comprises forming trenches in a semiconductor region, forming a first epitaxial
layer lining trench sidewalls and bottom, removing a portion of the first epitaxial layer, and
after removing a portion of the second epitaxial layer, forming a final epitaxial layer
substantially filling the trenches.
[0174]

In one variation after removing a portion of the first epitaxial layer and before

forming the final epitaxial layer, forming a second epitaxial layer over remaining portions of
the first epitaxial layer, and removing a portion of the second epitaxial layer.
[0175]

In another variation the first, second and final epitaxial layer in the trenches together

with portions of the semiconductor regions extending between adjacent trenches form pillars
of alternating conductivity type.
[0176]

In another variation the removing steps are carried out using HCl.

[0177]

In another variation after removing a portion of the second epitaxial layer and prior

to forming the final epitaxial layer, forming a third epitaxial layer over remaining portions of
the second epitaxial layer, and removing a portion of the third epitaxial layer.
[0178]

In another variation prior to removing a portion of the first epitaxial layer, the first

epitaxial layer has a non-uniform thickness but the remaining portions of the first epitaxial
layer have a substantially uniform thickness.
[0179]

In another variation prior to removing a portion of the second epitaxial layer, the

second epitaxial layer has a non-uniform thickness but the remaining portions of the second
epitaxial layer have a substantially uniform thickness.
[0180]

In accordance with another embodiment of the invention, a method of forming a

power device comprises forming trenches in a semiconductor region, performing a first
anneal in hydrogen ambient to remove lattice damage from along trench sidewalls and to
round corners of the trenches, and after the first anneal, forming a first epitaxial layer lining
trench sidewalls and bottom.
[0181]

In one variation removing a portion of the first epitaxial layer, after removing a

portion of the first epitaxial layer, performing a second anneal in hydrogen ambient to

remove lattice damage from along exposed sidewalls and bottom of remaining portions of the
first epitaxial layer, and after the second anneal, forming a second epitaxial layer over the
remaining portions of the first epitaxial layer.
[0182]

In another variation removing a portion of the second epitaxial layer, after removing

a portion of the second epitaxial layer, performing a third anneal in hydrogen ambient to
remove lattice damage from along exposed sidewalls and bottom of remaining portions of the
second epitaxial layer, and after the third anneal, forming a final epitaxial layer substantially
filling the trenches.
[0183]

In another variation the first, second and final epitaxial layer in the trenches together

with portions of the semiconductor regions extending between adjacent trenches form pillars
of alternating conductivity type.
[0184]

In another embodiment of the invention, a method of forming a power device

comprises forming trenches in a semiconductor region, and forming an epitaxial layer in the
trenches using ramped HCl flow.
[0185]

In one variation the ramped HCl flow results in formation of epitaxial layer with a

substantially uniform thickness.
[0186]

In another variation the HCl gas is ramped from a small flow during initial trench

filling to a high flow at the final closing of the trench.
[0187]

In another variation the epitaxial layer in the trenches together with portions of the

semiconductor regions extending between adjacent trenches form pillars of alternating
conductivity type.

BRIEF DESCRIPTION OF THE DRAWINGS
[0188]

Figs. 1A-IC show three different layout configurations for a superjunction FET in

accordance with embodiments of the invention;
[0189]

Fig. 2 shows a simplified cross section view of a superjunction FET that is

configured so that breakdown first occurs in the active region, in accordance with an
embodiment of the invention;

[0190]

Fig. 3 shows a simplified cross section view of a superjunction FET where the

transition pillars in the transition region are bridged to the first contacted pillar in the active
area through a diffusion region, in accordance with an embodiment of the invention;
[0191]

Figs. 4A and 4B show simulation results for a conventional termination design with

five termination P-pillar rings;
[0192]

Fig. 5 shows a simplified cross section view of a superjunction FET where the

desired surface electric profile is obtained using surface P-well regions that are centered
about the P-pillars, in accordance with an embodiment of the invention;
[0193]

Fig. 6A shows a simplified cross section view of a superjunction FET where the

width of the pillars is kept constant while the widths of the surface wells are gradually
reduced in the direction away from the active region, in accordance with an embodiment of
the invention;
[0194]

Fig. 6B shows the surface electric profile for the structure in Fig. 6A;

[0195]

Fig. 7 shows a simplified cross section view of a superjunction FET where a desired

surface electric field is obtained by using surface P-wells that are asymmetrical about the Ppillars, and in some instances are joined together, in accordance with an embodiment of the
invention;
[0196]

Fig. 8A is a simplified top layout view of a corner of a die showing a gap region

between ends of active P-pillar stripes and the concentric P-pillars, in accordance with an
embodiment of the invention;
[0197]

Fig. 8B is a snapshot of a die with corner design similar to that shown in Fig. 8A,

wherein the die is under bias, and the lighter areas near the four corners of the die indicate the
location where breakdown first occurs;
[0198]

Fig. 9A shows a top layout view in accordance with an exemplary embodiment of

the invention where charge imbalance areas such as the active area gaps and the corners of
the concentric termination pillars are disconnected from the active region, allowing them to
float to a potential higher than the source;
[0199]

Fig. 9B is a top layout view where, in accordance with another exemplary

embodiment of the invention, a second full floating mesa is inserted to provide additional
isolation between the gap and corner areas and the termination;

[0200]

Fig. 9C is a snap shot of a die with corner design similar to that shown in Fig. 9A,

where the die is under bias and the lighter areas near the four corners of the die indicate the
location where breakdown first occurs;
[0201]

Fig. 10 is a simplified cross section view showing the gap region in the corner area,

in accordance with an embodiment of the invention;
[0202]

Fig. 11 is a simplified cross section view of another exemplary embodiment where a

bridging PIso diffusion discussed in connection with the Fig. 3 embodiment is extended
under the gate metal so that no portion of the gate metal extends over the drain region;
[0203]

Fig. 12 is a simplified cross section view in accordance with yet another exemplary

embodiment where the surface well regions discussed in connection with the Figs 5-7
embodiments are extended under the gate metal so that no portion of the gate metal extends
over the drain region;
[0204]

Fig. 13 is a simplified cross section view in accordance with another exemplary

embodiment where a shallower, more lightly doped surface P-well region extends along the
end of the striped active P-pillar where the P-body region terminates;
[0205]

Figs. 14A-14G are simplified layout views illustrating various implementations of

the PIso and surface P-well regions, in accordance with embodiments of the invention;
[0206]

Fig. 15 is a simplified cross section view illustrating implementation of floating

field plates in the termination region in accordance with an exemplary embodiment of the
invention;
[0207]

Figs. 16A and 16B show the electric field profile for a structure with field plates

(Fig. 16A) and a structure without field plates (Fig. 16B).
[0208]

Fig. 17 is a simplified top layout view of a corner of the die where, in accordance

with an exemplary embodiment of the invention, surface P-well rings are used to fix the
potential of the pillars that do not intersect the active area and would otherwise be floating;
[0209]

Figs. 18A and 18B are simplified cross section views at two process steps for

forming P-pillars in accordance with an exemplary embodiment of the invention;
[0210]

Fig. 19 is a simplified cross section view in accordance with an exemplary

embodiment of the invention where P-enrichment regions are formed at the bottom of all P-

pillars to create a local charge imbalance thereby inducing the onset of avalanche breakdown
at the pillar bottoms;
[0211]

Figs. 20A-20H are simplified cross section views depicting a process flow for

forming the structure in Fig. 19 in accordance with an exemplary embodiment of the
invention;
[0212]

Figs. 2 1A-21F are simplified cross section views illustrating various

implementations of P-enrichment regions at or near the bottom of all or select group of Ppillars in the active and/or termination regions, in accordance with embodiments of the
invention;
[0213]

Figs. 22A-22N are simplified cross section views illustrating various

implementations of N-enrichment regions at or near the bottom of all or select group of Ppillars in the active and/or termination regions, in accordance with embodiments of the
invention;
[0214]

Fig. 23 is a simplified top layout view of a gate pad area and its surrounding region,

wherein the active poly stripes are extended under the gate pad, in accordance with and
embodiment of the invention;
[0215]

Fig. 24 is a simplified top layout view showing a variation of the Fig. 23 design

where the poly stripes are extended through the gate pad area similar to Fig. 23 but no poly
bridges are used, in accordance with another embodiment of the invention;
[0216]

Fig. 25 is a simplified top layout view that is similar to the Fig. 23 embodiment

except that the gate metal contacts to the poly stripes are made along the center of the gate
pad area, in accordance with an alternate embodiment of the invention;
[0217]

Fig. 26 is a simplified top layout view showing a variation of the Fig. 25 design

where the poly stripes are extended through the gate pad area similar to Fig. 23 but no poly
bridges are used, in accordance with another embodiment of the invention;
[0218]

Figs. 27A-27C are simplified cross section views illustrating various techniques for

ensuring that the active channel is not formed over the area where the pillar trench is etched
and filled, in accordance with embodiments of the invention;

[0219]

Fig. 28 is a cross section view illustrating a technique where trenches are formed in

the scribe line area where usually no trenches are formed, in accordance with an embodiment
of the invention;
[0220]

Fig. 29 is a conventional layout diagram showing no trenches extending in the

scribe line areas;
[0221]

Fig. 30 is a simplified top layout view wherein additional trenches similar in pattern

to the termination trenches are formed in the scribe line areas, in accordance with an
embodiment of the invention;
[0222]

Figs. 3 1 and 32 are simplified top layout views showing two variations of the

concept of extending trenches in the scribe line areas, in accordance with other embodiments
of the invention;
[0223]

Fig. 33 is a simplified top layout view of a corner region where various gaps in the

corner region are carefully designed to obtain the desired charge balance characteristics, in
accordance with an embodiment of the invention, in accordance with an embodiment of the
invention;
[0224]

Figs. 34A-34G are simplified cross section views at various process steps for

forming the structure shown in Fig. 2 in accordance with an exemplary embodiment of the
invention;
[0225]

Fig. 35A is a highly simplified cross section view in accordance with an exemplary

embodiment of the invention, where doping concentration of two epi layers are carefully
selected taking into account the profile of the trench;
[0226]

Fig. 35B is a graph comparing the breakdown voltage characteristics of a single epi

design with the double epi design shown in Fig. 35A;
[0227]

Fig. 36 shows the doping profile for a superjuction FET where a J-FET implant is

used to reduce the resistance in the neck region of the superjunction FET;
[0228]

Fig. 37 shows simplified cross section views at various steps a process illustrating a

technique whereby alignment marks are formed on the back side of the wafer prior to
forming the trenches, and the alignment marks are then transferred to the top side after the
planarization of the top surface is complete, in accordance with an embodiment of the
invention;

[0229]

Fig. 38 shows a simplified view of an equipment used in the Fig. 37 process for

transferring an alignment mark from back side to front side of the wafer, in accordance with
an embodiment of the invention;
[0230]

Figs. 39A and 39B are simplified cross section views illustrating a process whereby

a post bake process is carried out after filling the trenches with epi to provide a more solid fill
status and crystallization of P-pillars by silicon migration, in accordance with an embodiment

of the invention;
[0231]

Fig. 40 is a top view of a wafer, illustrating a 45 degrees rotation of the wafer

relative to its flat;
[0232]

Figs. 4 1A and 4 1B show silicon results for the cases where no wafer rotation was

use (Fig. 4 1A) and where wafer rotation was used (Fig. 41B);
[0233]

Figs. 42A and 42B illustrate the crystal orientation for the on-axis and off-axis

wafer scenarios, respectively;
[0234]

Fig. 43 shows a series of SEM images illustrating a exemplary multi-epi process in

accordance with an embodiment of the invention;
[0235]

Figs. 44A-44F are simplified cross section views more clearly illustrating the multi-

epi process depicted in Fig. 43, in accordance with an embodiment of the invention;
[0236]

Figs. 45A-45C are SEM images illustrating a technique for eliminating lattice

damage and rounding trench corners, in accordance with an embodiment of the invention;
[0237]

Figs. 46A-46C are SEM images illustrating a technique for avoiding formation of

voids in the center of trenches, and for preventing premature epi closure at the top trench
corners, in accordance with an embodiment off the invention; and
[0238]

Fig. 47 is graph showing silicon growth rate versus trench position for various HCl

flow rates as well as the case where no HCl is used during epi deposition.

DETAILED DESCRIPTION OF THE INVENTION
[0239]

The power switch can be implemented by any one of power MOSFET, IGBT,

various types of thyristors and the like. Many of the novel techniques presented herein are
described in the context of the power MOSFET for illustrative purposes. It is to be
understood however that the various embodiments of the invention described herein are not

limited to the power MOSFET and can apply to many of the other types of power switch
technologies, including, for example, IGBTs and other types of bipolar switches and various
types of thyristors, as well as diodes. Further, for the purposes of illustration, the various
embodiments of the invention are shown to include specific P and N type regions (e.g., for an
n-channel MOSFET). It is understood by those skilled in the art that the teachings herein are
equally applicable to devices in which the conductivities of the various regions are reversed.
[0240]

In the super-junction technology, the alternating P/N pillars 102 and 104 in the

active and termination regions 108 and 106 may be arranged in a number of different layout
configurations. Figs. IA- 1C show three such layout configurations. In Fig. IA, P/N pillars
102 and 104 in both active region 108 and termination region 106 are arranged in a

concentric configuration (hereinafter referred to as "full concentric" configuration); in Fig.
IB, P/N pillars 112 and 114 in both active region 118 and termination region 116 are arranged
in a parallel (or striped) configuration (hereinafter referred to as "full parallel" design"); and
in Fig. 1C, P/N pillars 122 and 124 in active region 128 are arranged in a parallel (or striped)
configuration, and P/N pillars 122 and 124 in termination region 126 are arranged in a
concentric configuration (hereinafter referred to as "parallel-concentric" configuration). Each
of these layout configurations has its own merits and drawbacks. Some of the inventions and
embodiments described in this disclosure address various drawbacks of each of these layout
configurations.
[0241]

The full concentric configuration shown in Fig. IA enjoys uniform charge balance

throughout the active and termination regions 108 and 106, but the active channel area may
be reduced because the gate feeds must extend into the interior of active area 108 to feed the
concentric active polysilicon gates. The channel may need to be removed at all the corners to
prevent areas of lower threshold voltage and parasitic NPN turn-on. Thus, as the die size is
reduced, the penalty in on-resistance (Rdson) attributed to these corners in the active area
may become greater.
[0242]

The full parallel configuration shown in Fig. I B also enjoys uniform charge balance

throughout the active and termination regions 118 and 116 but without the Rdson penalty of
the full concentric configuration. However, the P/N pillar design in the full parallel
configuration may be limited to an N-rich balance condition to insure that the pillars
extending out into the termination area 116 from the active area 118 become fully depleted

somewhere along their length. By using concentric pillars for the termination, as in Fig. 1C,
the electric field can be distributed across the termination without full pillar depletion.
[0243]

In the design where pillars (e.g., P-pillars) are formed using a trench etch and fill

process, corners of the concentric pillars may be difficult to etch and fill resulting in voids in
the epi fill that cause charge imbalance. These corners may thus become areas of high

electric field stress. If they are shorted to source potential, either of the Fig. IA and Fig. 1C
layout configuration may have a lower breakdown voltage at these corners. In the parallel-

concentric configuration shown in Fig. 1C, these corners may be moved outside active area
128 where they can float and are thus not fixed at source potential thereby minimizing or

eliminating them as a source of localized lower breakdown voltage. Also, the active channel
area can be maximized and gate feeds used that are more conventional only requiring a
perimeter gate runner to make connection to the active polysilicon gates.
[0244]

In order to achieve good Undamped Inductive Switching (UIS) characteristics, it is

desirable to design the device so that breakdown first occurs in the active region as opposed
to any other region of the device including the termination region. One way to achieve this is
to make sure that all regions of the device have sufficiently higher breakdown voltage than

the active area by locally modifying the charge balance in these regions. Fig. 2 shows an
exemplary embodiment of the present invention where this is achieved. In Fig. 2, P-pillars
230, 236 in both active region 204 and termination region 202 have the same width W3.

Further, P-pillars 230, 236 in both active region 204 and termination region 202 may be
trench filled pillars that are filled with the same doped material. Mesa regions 232, 234
(alternatively referred to as N-pillars in this disclosure) in both active region 204 and
termination region 202 are also grown with the same epitaxial layer or layers.
[0245]

Using known techniques, mesa width W l and P-pillar width W3 as well as the

doping profiles in P-pillars 230, 236 and N-type mesas 232, 234 may be designed to achieve
a charge balance condition resulting in termination region 202 having a high breakdown
voltage. In contrast, mesa width W2 in active region 204 may be adjusted to obtain a

different charge balance condition that results in a lower breakdown voltage than other areas
of the device including termination region 202. In one embodiment, mesa width W2 may be
made narrower in active region 204 than mesa width W l in termination region 202 so that
active region 204 is more P-rich. In another embodiment, mesa width W2 in active region
204 may be made larger than mesa width W l in termination region 202 so that active region

204 is more N-rich. Thus, initiating breakdown in active region 204 first results in a more

stable breakdown characteristic and a more uniformly distributed current flow during a UIS
event. Accordingly, both the breakdown and UIS characteristics of the device are improved.

Note that an N-rich active region may result in a lower Rdson at the expense of UIS
performance, and a P-rich active region may provide a better UIS performance at the expense

of Rdson. Depending on the design goals, one approach may be preferred to the other.
[0246]

In one embodiment, the active pillars are stripe-shaped with the termination pillars

surrounding the active region in a concentric fashion similar to that shown in Fig. 1C. In
another embodiment, the active and termination pillars are all concentric similar to that
shown in Fig. IA. In still another design, the termination pillars are extensions of the active
pillars and include pillars parallel to the active region similar to that shown in Fig. IB.
[0247]

In some embodiments, active pillars extending parallel to the termination pillars

must transition into the termination pillars without causing charge imbalance in order to
ensure that the active region remains the area where breakdown initiates first. However, the
pillars in the transition region between active and termination regions cannot be physically
contacted and connected to the source potential due to metal-contact design rule limitations.
Without properly biasing the transition pillars, the transition regions may become the regions
that limit breakdown voltage.
[0248]

Fig. 3 shows an exemplary embodiment of the invention where transition pillars 329

in transition region 304 are bridged to first contacted pillar 330 in active area 301 through a

diffusion region 342 marked as PIso in Fig. 3 . This bridging diffusion may extend over Ntype mesa regions 333 between transition pillars 329. When N-type mesa regions 333 have
the same or smaller width than active N-type pillars 332, an increase in P charge in transition
region 304 occurs. This increase in P charge can reduce the breakdown voltage below the
rest of active area 301 . To compensate for this increase in P charge, the width of N-type
mesa regions 333 may be made greater than the width of N-type pillars 332. This can ensure
that the breakdown of transition region 304 remains higher than active area 301 . In the
embodiment shown in Fig. 3, transition region 304 is defined by the span of the bridging
diffusion 342.
[0249]

As with the Fig. 2 embodiment, the width of the P-type pillars in all regions (the

termination, transition and active regions) may be substantially the same, and the width of the
termination mesa regions may be greater than the width of the active mesa regions.

However, the width of the termination mesa regions may be greater than, the same as, or
smaller than the width of the transition mesa regions.
[0250]

In one embodiment, the bridging diffusion PIso may have a similar doping

concentration to that of the P-well in the active region, and may be formed prior to gate
oxidation and polysilicon deposition. In another embodiment, the active and transition pillars
may be stripe-shaped with termination pillars surrounding the active and transition regions in
a concentric fashion similar to the layout configuration shown in Fig. 1C. In yet another
embodiment, the active, transition, and termination pillars may be concentric similar to the
layout configuration shown in Fig. 1A.
[0251]

In another embodiment not shown, instead of the PIso diffusion, a shallower P

diffusion similar to the P diffusion regions marked in Fig. 3 as "Ring" may be used to bridge
the transition pillars to the first contacted pillar in the active region. The shallower P
diffusions are more lightly doped than the P-wells in the active region, and thus require less
compensation in terms of transition mesa width.
[0252]

Figs. 4A and 4B show simulation results for a conventional termination design with

termination P-pillars 404. P-pillars 404 may be formed using conventional multi-epi
processes. For example, a first N-type epitaxial layer is grown over a suitable substrate 402
followed by an aligned boron implantation into epi regions where P-pillars are to be formed.
The steps of growing N-epi and an aligned boron implantation are repeated until the desired
pillar height is obtained. In this process, pillar spacing can easily be adjusted by mask
patterning during boron implantation to achieve a desired surface electric field profile. An
exemplary set of spacing between adjacent pillars, which gradually increase in the direction
away from the active, is shown in Fig. 4A. The corresponding surface electric field profile is
shown in Fig. 4B.
[0253]

In the Fig. 4A process technology where pillars are formed by etching deep trenches

and filling them with silicon, varying the mesa width is undesirable as it results in non¬
uniform trench etch and filling. Therefore, center-to-center pillar spacing needs to be
maintained constant to the extent possible. However, with a constant pillar spacing other
provisions need to be made to obtain the desired surface electric field profile. Fig. 5 shows
an exemplary embodiment in accordance with the invention where the desired surface electric
profile is obtained using surface P-well regions 508 that are centered about P-pillars 504 (also
referred to herein as "P rings" or "P-enrichment of P-pillar surfaces"). As shown in Fig. 5,

active P-body region 510 (in which source regions 524 are formed) may extend deeper than
the surface well regions 508, and may have a higher doping concentration than surface well
regions 508. The doping and depth of surface well regions 508 may be designed to obtain a
charge balance state resulting in a high breakdown voltage with a low peak electric field and
substantially evenly distributed electric field across the termination region.
[0254]

It has been found that if the surface well widths are made too wide, most of the

potential may be dropped across the last pillar and the street so that the electric field at the
last pillar is high resulting in low breakdown voltage. When the well widths are made too
small, most of the potential may be dropped across one of the pillars or only a few pillars

close to the active area, so that the peak electric field at the termination pillars near the active
region becomes high resulting in low breakdown voltage. Further, while Fig. 5 shows
surface P-wells 508 to be of equal width, the invention is not so limited as illustrated next.
[0255]

Fig. 6A shows a variation of the invention wherein the width of pillars 604 may be

kept constant while the width of surface wells 608 may be gradually reduced in the direction
away from the active region. Note that surface wells 608 are maintained centered about Ppillars 604. As can be seen from the surface electric field profile shown in Fig. 6B, a
relatively low and uniform electric field peak is maintained along the top surface. The
simulation results in Fig. 6B correspond to an embodiment of the invention where center-tocenter P-pillar 604 spacing is maintained at 7.8 µm with the surface well widths gradually
reducing from 11.4 µm to 8µm in the direction away from the active area. While this specific
embodiment yields good results, the invention is not limited to the particular set of
dimensions shown in Fig. 6A.
[0256]

In one embodiment, the surface well regions are formed prior to field oxidation.

Also, the particular design shown in Figs. 5 and 6A and their variations discussed herein may

be implemented in all three layout configurations shown in Fig. IA-I C.
[0257]

Note that while the exemplary embodiment in Fig. 5 shows trench gate 522 in the

active region, the invention can similarly be implemented in devices with planar gate
structures or other types of active structures. Further, while surface well regions 508 are
shown to be wider than P-pillars 504, they can alternatively be the same width as or narrower
than P-pillars504. Moreover, as Fig. 5 shows, P-body region 510 in the active area may
extend deeper than surface P-well regions 508.

[0258]

Fig. 7 shows yet another exemplary embodiment of the invention where a desired

surface electric field is obtained using surface P-wells that are asymmetrical about P-pillars
704, and in some instance are joined together. In all other respects, Fig. 7 is similar to Fig. 5 .

As shown in Fig. 7, some of the surface P-wells are offset to the right relative to P-pillars
704, some are offset to the left, and some are joined together. The ability to offset the surface

P-well relative to its P-pillar provides flexibility in designing a transition region between the
active and termination regions, examples of which are described further below.
[0259]

In super-junction charge balance designs it is desirable to not have areas of charge

balance disruption. These areas can become localized breakdown locations that can result in
inferior breakdown voltage for a desired Rdson, poor dynamic switching performance, and
even failure under dynamic conditions. Figs. 8A and 8B show such regions of a die. Fig. 8A
shows a corner of a die with striped active P-pillars 804 that are surrounded by concentric
termination P-pillars. A gap region 808 may be formed between an end of the active P-pillars
804 and the first concentric P-pillar in termination region 810. A P-diffusion region 806 may

be used to bridge a number of the concentric P-pillars in the termination region to active Ppillars 804 in order to maintain these concentric P-pillars near source potential. P-diffusion
bridge 806 extends through gap region 808 and into active area 802 thus maintaining gap
region 808 near source potential. When gap regions 808 and the corners area not maintained
at exactly the same charge balance state as active area 802, this design can create the
potential to have undesirable localized lower breakdown voltage areas in both gap region 808
and corners of the concentric P-pillars. Fig. 8B is a snap shot of a die under bias, and as can
be seen by the lighter regions, breakdown may occur first at the four corners of the active
region.
[0260]

Fig. 9A shows a top layout view in accordance with an exemplary embodiment of

the invention where charge imbalance areas such as active area gaps 908 and the corners of
the concentric termination pillars may be disconnected from the active region, thus allowing
them to float to a potential higher than the source. In addition a single full floating N-mesa
912 may be inserted between gap 908 or corner area and the termination region 910. As part

of termination region 910, they can float to a potential higher than the source so that a charge
balance condition does not have to be maintained exactly the same as the active region thus
eliminating these areas as sources of localized low breakdown voltage.

[0261]

Fig. 9B is top layout view where, in accordance with another exemplary

embodiment of the invention, a second full floating mesa 914 of second conductivity type
may be inserted to provide additional isolation between gap 908 and corner areas and
termination 910. Good UIS performance may be obtained by the designs shown in Figs. 9A
and 9B as evidenced by a uniform active area breakdown voltage illustrated in the snap shot
of a die under bias in Fig. 9C.
[0262]

Fig. 10 is a cross section view that more clearly illustrates the gap region. This

cross section view is through a region of the die where a striped active P-pillar intersects with
concentric termination P-Pillars. Gap region 1054 (labeled as "Gap Isolation") maybe
disposed between the end of striped active P-pillar 1030 and the first concentric termination
P-pillar 1036. Also, depicted in Fig. 10 is a full floating mesa 1056 (labeled as "Isolation
Mesa"), which may be inserted between the gap region and termination mesas 1034. As can
be seen, no bridging diffusion is present between active pillars 1030 and termination pillars
1036, thus allowing gap region 1054, isolation mesa region 1056, and termination pillars
1036 to float.

[0263]

As the cell pitch of trench epi-filled based charge balanced devices is reduced, the

mesas and pillars may deplete at a lower voltage. Thus giving rise to a dv/dt of greater than
IXlO 1 1 V/sec. Stray gate to drain capacitance (Cgd) due to gate feeds and/or termination
field plates can cause large currents to flow into the gate. These currents may flow through
the parasitic resistance in the gate of the device causing localized areas of the device to be
turned on, resulting in device failure. Thus, eliminating or minimizing parasitic Cgd is
generally desired.
[0264]

In accordance with the invention, structures outside and within the active region,

such as the gate runners (e.g., metal and polysilicon lines connecting gate pad to active gates)
and termination field plates, are carefully designed so as to eliminate or substantially
minimize Cgd. In one embodiment, the field plates in termination regions extending over the
drain regions that are normally connected to the gate metal may instead be connected to the
source metal. Fig. 3 shows a cross section view of an exemplary embodiment where active
polysilicon field plate 315 extends through the transition or isolation region 335 and into
termination region 302. Polysilicon field plate 315 maybe connected to source metal 310
instead of gate metal 308, thus substantially reducing the Cgd contribution by the active area
field plate, and converting the Cgd contribution to a more desirable Cds. This connection

may further convert the Cgd contribution by gate metal 308 to a more desirable Cgs as shown
in Fig. 3, since a field plate that is tied to the source potential extends between the gate metal
and its underlying drain regions.
[0265]

Fig. 11 shows a cross section view of another exemplary embodiment where

bridging PIso diffusion 1142 (discussed in connection with Fig. 3) may be extended under
gate metal 1108 such that no portion of gate metal 1 108 extends over the drain region. Fig.
12 shows a cross section view of yet another exemplary embodiment where the surface well
regions (discussed in connection with Figs. 5-7) may be extended under gate metal 1208 so
that no portion of gate metal 1208 extends over the drain region.
[0266]

In the active region, the P-type body regions may not extend the full length of the P-

pillars, but may terminate prior to reaching the ends of the striped P-pillars. To maintain a
breakdown voltage equal to or higher than that of the active area at the ends of the active Ppillars where the P-type body regions do not extend, various P enrichment techniques can be
utilized to compensate for the absence of the body region. The P enrichment enriches the
surface of the P-pillar where the boron dopant is leached into the oxide. Surface leaching
refers to the phenomenon where, during growth of an oxide layer, the boron dopants along
the surface of the P-pillars segregate into the oxide. In embodiments where the P-pillars are
lightly doped, the leaching effect can cause the surface of the P-pillars to become N-type.
Thus, the P enrichment of those surface portions of the active P-pillars where the body region
does not extend may reduce the possibility of those surface regions becoming N-type due to
surface leaching.
[0267]

Fig. 10 shows one exemplary embodiment of the invention where a P-type diffusion

region PIso 1042 extends along an end of striped active P-pillar 1030 where P-body region
1038 terminates. Fig. 13 shows another exemplary embodiment where a shallower, more

lightly doped surface P-well region extends along the end of striped active P-pillar 1330
where P-body region 1338 terminates. Note that a combination of the PIso and surface Pwell can be used as needed. For example, in Fig. 10, a surface P-well region is used at the
very end of the active P-pillar where the PIso could not be extended due to process
limitations.
[0268]

A number of layout implementations of the PIso region and the surface P-well

regions are possible, some of which are shown in Figs. 14A-14G. For example, PIso regions
1406, 1418 can be extended as a continuous region along the ends of active P-pillars 1404 as

shown in Figs. 14A and 14E. In this implementation, the PIso region may extend into the Ntype mesa regions between adjacent active P-pillars 1404. This may result in some charge
imbalance at both ends of the striped active P-pillars 1404. However, islands of PIso regions
can be formed along the ends of active P-pillars 1404 instead of a continuous PIso region,
such that the PIso islands do not bridge adjacent mesas or are contained within the bounds of
P-pillars 1404, as show in Figs. 14C and 14D. Similarly, either a continuous surface P-well
region 1408, 1410, 1414, 1420 (Figs. 14A, 14B, and 14D- 14F), or islands of surface P-well
regions 1413, 1422 (Figs. 14C and 14G) can be used along the ends of active P-pillars 1404.
Alternatively, a continuous surface P-well 1408 together with islands of PIso regions 1416
may be used along the ends of active P-pillars 1404 (Fig. 14D), or vice versa.
[0269]

Conductive field plates are used in the termination region to spread the electric field

more uniformly in the termination region. The field plates are typically electrically
connected to the underlying pillars so that they can assume the potential of their
corresponding pillar. However, as cell pitch is reduced, forming a contact between the field
plate and its underlying pillar becomes more difficult. It has been found that using field
plates that are not electrically connected to the underlying silicon (i.e., using floating field
plates) are still effective in distributing the electric field in the termination region. Fig. 15
shows integration of floating field plates 1530 in the termination region in accordance with an
exemplary embodiment of the invention.
[0270]

Fig. 15 is similar to Fig. 6A. An expanded view of a portion of the cross section

view is included in Fig. 15 to more clearly show some of the relevant details. Conductive
field plates 1530 (e.g., comprising polysilicon or metal) that may extend over each P-pillar
and its adjacent mesa region are included. Field plates 1530 are insulated from the
underlying silicon region by insulating layer 1532. The thickness of insulating layer 1532
may be optimized to ensure sufficient capacitive coupling so that floating field plates 1530
can assume the potential of an underling pillar or pillars. In one embodiment, an oxide layer
about l µm thick is used as insulating layer 1532 to enable the necessary capacitive coupling.
[0271]

In the example shown in Fig. 15, a width of each field plate 1530 may be equal to

the distance between the center of pillar 1504 and the center of mesa 1506, and thus the
spacing between adjacent field plates 1530 will be the same as the width of field plates 1530.
These particular dimensions are merely exemplary and not intended to be limiting. For

example, the field plate width may be more or less than the distance between the center of
pillar 1506 and the center of mesa region 1506.
[0272]

Floating field plates 1530 may eliminate the need for forming contacts between

field plates 1530 and underlying silicon 1503, and the field plate width may be defined by the
poly photo masking and etching process. This may allow the field plate width to be precisely
controlled.
[0273]

Figs. 16A and 16B are simulation results illustrating the effectiveness of floating

field plates. Figs. 16A and 16B show the electric field profile for a structure with field plates
and a structure without field plates, respectively. As can be seen the floating field plates

distribute the potential over a larger distance resulting in a lower and more uniform peak
electric field than the structure without field plates. Note that the invention depicted by Fig.
15 and its variations may be implemented in any of the layout configurations shown in Figs.

lA-lC.
[0274]

For charge balance designs it is important not to have areas were charge balance is

disrupted. These disruptions occur where there are gaps and corners when transitioning from
the active area to the termination area. Fully parallel pillar designs (as in Fig. 1B) do not
have these imbalanced areas because pillars consist only of parallel stripes. Further, in the
trench epi-fill pillar process, the full parallel designs having no gaps and corners make
etching and filling of deep trenches easier. However, in the full parallel design the electric
field does not spread uniformly on all four sides of the die because of the floating termination
pillars that do not intersect with the active area. This results in non-uniform electric field
distribution and reduced breakdown voltage. As stated before, to achieve good UIS
performance, it is desirable that breakdown occur uniformly in the active area.
[0275]

Fig. 17 shows a top layout view at a corner of the active region where, in

accordance with an exemplary embodiment of the invention, surface P-well rings 1712 may
used to fix the potential of pillars 1708 that do not intersect active area 1702 and would
otherwise be floating. As can be seen, rings 1712 intersect those portions of active P-pillars
1710 that extend into termination region 1706 and spread out the electric field and divide the

voltage along the termination region 1706. Rings 1712 also extend along a surface region of
P-pillars 1708 that do not extend in active region 1702, thus fixing the potential of P-pillars
1708 at an equal distance from active area 1702 on all four sides of the die. In this manner,

P-pillars 1708 that do not intersect with active area 1702 are biased to the same potential as

those portions of active pillars 1710 extending in termination region 1706 in an equidistance
manner from active region 1702. This is illustrated by dimensions marked as D l in Fig. 17.
[0276]

Note that one feature of the present invention is the right angle corners of P-rings

1712. Corners with right angles can improved charge balance at the corners compared to

rounded corners.
[0277]

In the exemplary fully parallel design shown in Fig. 17, the P/N pillars may be

designed so that an N-rich charge balance condition is created in active region 1702 or only
in termination region 1706. This can ensure that some portion of the section of active Ppillars 1710 that extend into termination region 1706 are fully depleted. In the embodiment
shown, P-pillars 1710, 1708 may be spaced the same distance from one another, have the
same width, and have a similar doping profile. In one embodiment, 5µm wide P-pillars 1710,
1708 with 8µm spacing therebetween yield a uniform breakdown voltage in active region

1702 of 646V, thus achieving a high and stable breakdown voltage with good UIS
characteristics. The embodiment where it is desirable to have an N-rich condition only in
termination region 1706 may be implemented by gradually tapering the width of P-pillars
1710 as they exit active region 1702 and extend into termination region 1706. In an alternate

implementation, the width of P-pillars 1710 can be narrowed in a step fashion in termination
region 1706.
[0278]

In embodiments where the pillars are formed by etching deep trenches and filling

them with silicon, process reliability may be directly related to the trench depth to width ratio
(i.e., the trench aspect ratio). As trench aspect ratio increases, epi filling of the trenches
becomes more difficult and the filling process may need to be improved.
[0279]

Figs. 18A and 18B show cross section views at two process steps for forming P-

pillars in accordance with an exemplary embodiment of the invention. In Fig. 18A, deep
trench 1808 may be etched in N-type silicon, and P-well 1806 may be formed at the bottom
of trench 1808 using conventional implant techniques. Trench 1808 may be filled with P-epi
1804A. The cross-section view in Fig. 18B shows the resulting P-pillar 1804B after
completion of the process. As can be seen, the dopants implanted at the bottom of trench
1808 may effectively extend P-pillar 1804B deeper, thus eliminating the need for modifying
the epi-filling process. Also, by increasing the implant dose used to form P-well 1806 at the
bottom of trench 1808, the onset of avalanche breakdown can be induced at the implanted
area resulting in higher UIS capability. This feature is explored in further detail below.

[0280]

In one embodiment, N mesa 1802 has a doping concentration of 3 .02x1 0 15 and

boron is implanted along the bottom of trench 1808 at a dose of 2xlO 12 and energy of
200Kev. Trench 1808 is filled with P-epi 1804A having a doping concentration in the range
of 5xlO 15 to 7xlO 15 . The resulting structure has a P-pillar width of 5um and a pillar spacing
of7.5um.
[0281]

As discussed above, it is advantageous to induce the onset of avalanche breakdown

at the bottom of the P-pillars. Fig. 19 shows a cross section view in accordance with an
exemplary embodiment of the invention where P-enrichment regions 1921 may be formed at
the bottom of P-pillars 1930 to create a local charge imbalance thereby inducing the onset of
avalanche breakdown at the pillar bottoms. P-enrichment regions 1921 preferably have a
higher doping concentration than P-pillars 1930 to create the charge imbalance.
[0282]

Figs. 20A-20H are cross sectional views depicting a process flow for forming the

structure in Fig. 19 in accordance with an exemplary embodiment of the invention. Fig. 2OA
shows N+ starting substrate 2024. In Fig. 2OB, a first N-epi layer 2027'A may be grown using
conventional techniques. In Fig. 2OC, a P-enrichment implant may be carried out to form Penrichment regions 2021 where bottoms of the P-pillars will terminate. A conventional
masking and implant process may be used to form the P-enrichment regions. Note that the Penrichment implant may be carried out after forming the backside alignment marks. The
significance of this will become more clear below. The implant doping concentration and
energy may be set in accordance with the target charge imbalance condition at the pillar
bottoms.
[0283]

In Fig. 2OD, a second N-epi 2027B may be grown using conventional techniques.

Second epi layer 2027B may be formed with a uniform or stepped doping concentration. In
Fig. 2OE, trenches 2003 may be patterned and etched deep enough to reach P-enrichment
regions 2021 . A backside alignment technique (described more fully further below) may be
used to ensure alignment of trenches 2003 with P-enrichment regions 2021. In Fig. 2OF,
trenches 2003 may be filled with P-epi 2005 using the techniques described further below, or
using other known techniques.
[0284]

In Fig. 2OG, P-epi 2005 may be planarized using, for example, a conventional

chemical mechanical polishing (CMP) process. In Fig. 2OH, P-body region 2038, N+ source
regions 2018, the P+ heavy body regions as well as the gate structure and its overlying layers
may be formed using known techniques. Fig. 2OH is similar to Fig. 19.

[0285]

As can be seen, this process yields a super-junction device with P-enrichment

regions 2021 at the bottom of P-pillars 2030. This can induce avalanche breakdown at the
bottom of pillars 2030 and result in a device with improved UIS capability.
[0286]

In one embodiment, P-pillars 2030 have the same width and are spaced from one

another by the same distance. However, the width of P-pillars 2030 is preferably smaller
than the spacing between P-pillars 2030, thus providing a N-rich condition in the active
region.
[0287]

As discussed above, device ruggedness can be improved in trench epi fill charge

balance devices by initiating breakdown in the active area and having the breakdown voltage
be substantially lower than other areas, such as termination regions, gate runner areas, and
other areas that are likely to be a potential source of charge imbalance. In accordance with an
embodiment of the invention, this can be achieved by growing two or more epi layers.
Similar to the process shown in Figs. 20A-20H, the first epi layer is grown and a P
enrichment implant is formed in the first epi layer where the trenches will terminate. The P
enrichment regions need not extend along the full length of the P-pillar, be continuous along
the P-pillar, or be parallel to the P-pillar. This implanted enrichment area can disrupt charge
balance in the active region and create a location of lower breakdown voltage so that
avalanche initiates in this area.
[0288]

Fig. 2 1A is a cross section view of an exemplary embodiment of the invention

where P enrichment regions 2160 may be formed at the bottom of pillars 2130 in active
region 2101 only. In this example, P enrichment regions 2160 may be wider than active P
Pillar 2130. Fig. 2 1A is similar to Fig. 3 except for the inclusion of P enrichment regions
2160. Fig. 2 1B shows a variation where active P pillars 2130 do not extend as deep into P
enrichment regions 2160, thus resulting in a higher P-rich imbalance condition to pin the
onset of avalanche breakdown. Fig. 21C shows another variation where P enrichment
regions 2160 may be formed at the bottom of every other active P pillar 2130. This
embodiment is advantageous in that P enrichment regions 2160 do not pinch off the current
path at the bottom of pillars 2130 thus improving Rdson. Note that P enrichment regions
2160 could also be formed at the bottom of every third pillar or every fourth pillar or some
other pattern so long as breakdown occurs in a uniform manner in the active region.
[0289]

Fig. 2 1D shows yet another variation where P enrichment regions 2165 may be

narrower than active P pillars 2130. This embodiment can eliminate pinch-off of the current

path present in the Fig. 2 1A embodiment. Fig. 2 1E shows another exemplary embodiment
where P enrichment region 2167 may be formed in a blanket manner in active region 2101 .
As can be seen, blanket P compensation region 2 167 extends along the bottom of active P
pillars 2130 and N mesa regions 2132. The doping concentration of P compensation region
2167 can be carefully selected to ensure that N mesa regions 2132 remain N-type. For
MOSFET and IGBT devices, the P implant is chosen based on the trade-off of increasing N
mesa region resistivity versus increasing Rdson or Vce(sat). Further, in an embodiment not
shown, the P enrichment regions could also be formed by using one or more stripes that are
not parallel to the plurality of active pillars. One advantage of this embodiment is that the
alignment to the pillar trenches is not critical. Fig. 2 IF shows a variation of Fig. 2 1E where
blanket P compensation region 2169 extends along the bottom of both active and termination
pillars 2130 and 2136, respectively. This implementation can advantageously eliminate the
need for a mask so that P compensation region 2169 can be formed by a blanket implant.
[0290]

The various embodiments of this invention may be applied to any of the three layout

configurations shown in Figs. 1A-IC, and may easily be implemented in the process
technology where pillars are formed using multi-layer epi and implant steps.
[0291]

In accordance with another embodiment of the invention, regions of N-enrichment

are formed at the bottom of the P-pillars or in the mesa regions adjacent the bottom of the Ppillars to disrupt charge balance and thereby create a location of lower breakdown voltage so
that avalanche initiates at this localized area.
[0292]

The same process technique for forming the P-enrichment regions described above

in connection with Figs. 2 1A-21F can also be used, with slight modifications, to form the Nenrichment regions. The N-enrichment regions may be implemented in both the active and
termination regions, thus ensuring that breakdown occurs near the bottom of the pillars and is
far from the silicon surface. Alternatively, the N-enrichment regions may be implemented in
the active region only, so that the charge balance is disrupted in the active region to ensure
breakdown in the active region. Further, the N enrichment regions need not extend along the
full length of the active pillars, be continuous along the active pillar length, or be parallel to
the active pillars. A thermal diffusion cycle can be used directly after the N-enrichment
implant or after subsequent epi layers of same doping type are grown. Various ways of
implementing the N-enrichment regions are shown in Figs. 22A-22N in accordance with
exemplary embodiments of the invention.

[0293]

The cross section views in Figs. 22A-22N are generally similar to Fig. 3 except for

inclusion of the N-enrichment regions. In Fig. 22 A, N-enrichment regions 2260 may be
formed at the bottom of P-pillars 2230 in active region 2201 only. N-enrichment regions
2260 may be wider than P-pillars 2230. Fig. 22B shows a variation where N-enrichment
regions 2262 may be formed at the bottom of P-pillars 2230, 2236, including those P-pillars
in termination region 2202 (i.e., pillars 2236). Fig. 22C shows a variation where P-pillars
2230, 2236 may not extend into first epi layer 2227. This embodiment helps to spread the
current flow under P-pillars 2230, thus reducing Rdson and reducing P-pillar compensation.
The effective depth of P-pillars 2230 may also be reduced, thus reducing breakdown voltage.
Further, N-enrichments regions 2264 may be formed periodically (in this case, every other
pillar) in active region 2201 only.
[0294]

Fig. 22D shows a variation where N-enrichment regions 2266 may be narrower in

width than P-pillars 2230. Fig. 22E shows a variation where narrower N-enrichment regions
2268 may be formed periodically in active region 2201 only, while the Fig. 22F embodiment
shows narrower N-enrichment regions 2270 that may be formed at the bottom of P-pillars
2230, 2236, including those in termination region 2202. Narrow N-enrichment regions 2270
may be more effective in pinning the BV at the bottom of the P-pillars, but may be less
effective in reducing Rdson.
[0295]

Figs 22G-22L show alternate embodiments where the N-enrichment regions may be

formed in the N mesa regions near the bottom of the P-pillars. The mesa regions between Ppillars are herein also referred to as N-pillars. Doping the N-pillar more N-type near the
bottom of the P-pillar, where the potential is higher, reduces the lateral depletion causing the
effective width of the N-pillar to be wider and thus reducing Rdson. Fig. 22G shows an
embodiment where N-enrichment regions 2272 may be formed at the bottom of N-pillars
2232 in active region 2201 only. As shown in Fig. 22G, N-enrichment regions 2272 have a
lateral span wider than N-pillars 2232. Fig. 22H shows an embodiment where N-enrichment
regions 2274 may be formed periodically in active region 2201 only. Fig. 221 shows an
embodiment where N-enrichment regions 2276 may be formed at the bottom of N-pillars
2232, 2234, 2235. Fig. 22J shows N-enrichment regions 2278 at the bottom of N-pillars
2232 in active region 2201 only with a lateral span narrower than N-pillars 2232. Fig. 22K
shows an embodiment where narrower N-enrichment regions 2280 are formed periodically in
active region 2201 . Fig. 22L shows narrower N-enrichment regions 2282 near the bottom of

N-pillars 2232, 2234, 2235. The possible variations are not limited to those shown. Many
other variations can be envisioned by one skilled in the art.
Figs. 22M and 22N are similar to Figs. 2 1E and 2 1F except that in Figs. 22M and

[0296]

22N blanket N enhancement are 2284 is used in active region 2201 only (Fig. 22M) and in

both active region 2201 and termination region 2202 (Fig. 22N).
The doping concentration of the blanket N enrichment region can be carefully

[0297]

selected to ensure that the P-pillars through which it extends remain P-type. For MOSFET
and IGBT devices, the N implant is chosen based on the trade-off of decreasing N mesa

resistivity versus decreasing Rdson or Vce(sat). Further, in an embodiment not shown the N
enrichment regions could also be formed by using one or more stripes that are not parallel to
the plurality of active pillars. One advantage of these embodiments is that alignment to the
pillar trenches is not critical.
When dopants such as P-well and P+ heavy body are masked off from under the

[0298]

gate pad and gate runners, they become sources of charge imbalance. Normally these areas
in non-charge balance devices can be optimized to have higher BV. However, in charge
balance devices, if active areas are not doped similar they can become static and dynamic BV
locations.
[0299]

Fig. 23 shows a top layout view of an exemplary embodiment of the invention

wherein active poly stripes 2302A (also referred to as polysilicon gates) may be extended
under gate pad 2328 so that the doping profile in the gate pad area is the same as that in the
active area, thereby maintaining the same charge balance condition in the gate pad region as
in the active region. In other words, by extending gate stripes 23 02 A into the gate pad area,
the silicon region under the gate pad receives the same implants (e.g., well implant and P+
heavy body implant) as in the active area which advantageously helps maintain the same
charge balance condition in the gate pad region as in the active region. The right side of Fig.
23 shows an expanded view of a portion of the left figure where gate runner metal 2304

extends out from gate pad 2328. The expanded view more clearly shows another feature of
the invention. Small optimized poly bridges 2308 may be formed between poly gate stripes
2302B to maintain an interconnection between stripes 2302B. Without poly bridges 2308,
individual contacts can be made to each stripe 2302B, but if one contact is not formed during
manufacturing that un-contacted stripe causes a gate feed imbalance. A width of these poly
bridges 2308 (in the direction parallel to poly stripes 2302B) is carefully selected to ensure

that the implanted P-body merges under poly bridges 2308 thereby preventing charge
imbalance in the poly bridge areas.
[0300]

In the left figure, contacts to poly stripes 2302B in the gate pad area are made along

two opposing sides of gate pad 2328. By placing the contacts away from the center bonding
area, the integrity of the contacts to poly stripes is maintained during the bonding process.
This can be of particular importance in process technologies with thin gate oxide.
[0301]

Fig. 24 shows a variation of the Fig. 23 design where poly stripes 2402 are extended

through the gate pad area similar to Fig. 23, but no poly bridges are used. As shown, every
poly stripe 2402 is contacted by a gate metal-to-poly contact 2410.
[0302]

Fig. 25 is top layout view and is similar to the Fig. 23 embodiment except that the

gate metal contacts to poly stripes 2502B are made along a middle section of the gate pad
area. In the embodiment shown in Fig. 25, poly stripes 2502 may be extended through the

gate pad areas as in the Fig. 23 design. The Fig. 25 design, however, eliminates the non
uniform gate feed length present in the Fig. 23 design due to the two rows of contacts at the
two ends of the gate pad. With the metal gate contacts inside and outside the gate pad area
lined up, a more uniform RC delay can be obtained through the poly gates, resulting in a
more uniform dv/dt throughout the die. In the Fig. 25 embodiment, however, the gate oxide
thickness may need to be made sufficiently thick to ensure that the integrity of the gate
contacts extending through the center of the gate pad area is maintained during wire bonding.
[0303]

Fig. 26 shows a variation of the Fig. 25 design where poly stripes 2602 may be

extended through the gate pad area 2628 similar to Fig. 23, but no poly bridges are used. As
shown, every poly stripe 2602 is contacted by a gate metal-to-poly contact 2610.
[0304]

Creating an active gate structure over the area where the pillar trench is etched and

filled can result in lower gate oxide integrity and reduced gate reliability. This is because
surface states from the trench etch, stress induced dislocations, damage due to trench etch and
filling, and voids resulting from incomplete pillar epi fill can result in reduced gate oxide
integrity and reduced gate reliability.
[0305]

In accordance with an embodiment of the invention, a planar gate or trench gate is

configured so that the active channel is not formed over the area where pillar trench 2730 is
etched and filled. Figs. 27A-27C will be used to illustrate this in the context of a planar gate
structure, but the concept may also b e implemented in trench gate structures. In Figs. 27A-

27C, the vertical dashed double-headed arrows indicate the boundaries of the trench prior to

filling the trench with epi. As shown in Fig. 27A, active poly gate stripes 2714 overlap the
etched trench, and thus the integrity of the gate oxide is compromised. However, in Figs.
27B and 27C, the active poly gate width and spacing are designed relative to the etched

trench so that no part of the gate oxide underlying gate poly 2714 extends over the etched
trench. Note that in Fig. 27C the width of P-pillar 2730 is narrower than the trench

boundaries because Fig. 27C represents an N-rich condition.
[0306]

In the trench epi fill charge balance technology, patterning effects due to the deep

trench etch and fill processes result in a non-uniform trench etch and fill across the wafer, or
even across the same die. This non-uniformity is generally observed more in the outer
regions of the die. In accordance with an embodiment of the invention, the trenches may be
extended through the scribe line area, so that the trenches across the entire wafer are etched
and filled more uniformly, and thus the patterning effect may be diminished.
[0307]

As illustrated in Fig. 28, trenches 2804 may be formed in the scribe line area where

trenches are usually not formed. This can more clearly be seen from a comparison of the top
layout diagrams in Figs. 29 and 30. Fig. 29 is a conventional layout diagram showing no
trenches extending in scribe line areas 2906. In Fig. 30, however, termination trenches 2904
are formed in the scribe line areas. In this manner, trenches may be formed along the entire
surface of a wafer thus eliminating the patterning effect.
[0308]

Figs. 3 1 and 32 are top layout diagrams showing two variations of the concept of

extending trenches in the scribe line areas. In Fig. 31, active trenches 3110 are parallel to one
another, and the trenches in termination region 3104 may extend in a concentric fashion. In
the scribe line areas, trenches 3 1 10 (i.e., "scribe line trenches") may be formed which extend
perpendicular to the direction that the scribe line extends. That is, scribe line trenches 3 1 10
in the vertically extending scribe line region extend horizontally, and scribe line trenches
3 110 in the horizontally extending scribe line region extend vertically, as shown. This
ensures that the scribe line P-pillars and N-pillars can be shorted together by metal or
diffusion and thus will not float.
[0309]

Further, trenches 3 1 10 are not formed in the entire scribe line area so that a mesa

gap 3208 can be formed between scribe line trenches 3110 and the last termination trench.
Mesa gap 3208 ensures that the edge of the depletion stops prior to reaching channel stopper,

and that the electric field terminates in the mesa gap region. Fig. 32 shows the same scribe

line trench design as Fig. 31 in combination with a parallel-parallel configuration.
[0310]

As stated earlier, for charge balance designs it is desirable not to have areas were

charge balance is disrupted. Gaps between pillars and pillar corners can become localized
low BV locations. By designing these areas to have higher BV than the active area, parallel
pillars in the BV location can be pinned to the active area thus resulting in robust UIS
performance.
[031 1]

For trench based charge balanced devices, gaps between active area parallel pillars

and concentric pillars can be formed so that charge balance is achieved at the midpoint of the
final pillar depth when gaps and pillars are maintained at the same potential. If gaps and
pillars are at different potentials, a gap with an N rich condition can enhance BV. To achieve
active area BV in parallel-concentric designs, these gaps in both the common potential and
different potential can be designed to be more N rich or less P rich with respect to the parallel
active area pillar balance condition. The active parallel pillars can be designed to be slightly
P rich to intentionally force BV in the active parallel pillars. Thus, the charge balance
condition of the gap regions can be optimize to have a higher breakdown voltage than or at
least the same as that of the active region.
[0312]

The gaps (stripe gap and corner gap marked in Fig. 33) can be designed so as to

satisfy the above condition as follows.
[0313]

Basic dimensions

Pillar width (Mask PTN width) : Wp [um]
Mesa width (Mask PTN width) : Wn [urn]
Cell Pitch : Wp+Wn=Cp
Trench Depth : Td [um]
Trench Angle : α [radian]
CMP Si removal : Rcmp [um]
Final Pillar depth : Td-Rcmp=Tp [um]
Stripe gap : Gap,stripe [um]
Corner gap : Gap,corner [um]
[0314]

With these dimensions, the charge balance state of each region can be calculated

and the states can be compared. Gap,stripe and Gap,corner can be adjusted to achieve a
charge balance state with a higher breakdown in the stripe gap and corner gap regions than in

the parallel active region. One method is to obtain a more balanced charge state in the
Gap,stripe and Gap,corner and a P-rich charge state in the parallel active region.
[0315]

Length and Area Calculation

Tp/tan α
Ll = Wp - Rcmp/tanα
L2 = Cp - Ll
L3 = Gap,stripe + 2*Rcmp/tan α
L4 = Tp/tanα
L5 = Wp - Rcmp/tanα
L6 = Cp - L5
L7 = Gap,corner + 2*Rcmp/tan α
LO=

H = L5*tanα
Sl = L5*L5
S2 = S1*{(H-Tp)/H}2
S3 = (Tp/ tanα)2
V2 = (1/3)*H*S1-(1/3)*S2*(H-Tp)
(Volume of octahedron enclosed by Sl and S2)
V3 = (l/3)*S3*Tp
(Volume of quadrangular pyramid - bottom area S3)
V4=V5= {(L5)2*Tp-(V2+V3)}/2
(Volume of quadrangular pyramid - bottom area S4 or S5)
[0316]

Real active region area - Ap and An
Ap = 0.5*(Ll+(Ll-L0))*Tp
An = 0.5*(L2+(L2+L0))*Tp

[0317]

Stripe gap region volume - Vps and Vns

Vps = VpI + Vp2 = [Cp*0.5*{Ll+(Ll-Tp/tan α)}*Tp] + [(l/4)*(l/3)*{(2*L0)*(2*Ll)}*Tp]
Vns = VnI + Vn2 = [0.5*{L3+(L3+2*L0)}*Tp*Cp] + [(0.5*L0*Tp*Cp)-Vp2]

[0318]

Corner gap region volume - Vpc and Vnc

Vpc = Vp3 + Vp4+Vp

= [(3*L6+2*L5)*0.5* {L5+(L5-Tp/ tana)}*Tp+V4] + [V2] + [(L7+L4)*0.5*{L5+(L5Tp/tan α)}*Tp + V5]
Vns = Vtotal - Vpc

= (L5+L4+L7)*(3*L6+3*L5)*Tp-Vpc
[0319]

Using the above formula, six area or volumes (Ap, An, Vps, Vns, Vpc, and Vnc)

can be calculated. The ratio of P/N in each region can also be calculated (Ap/An, Vps/Vns,
Vpc/Vnc - area ratio Ap/An in stripe active region is the same as volume ratio).
[0320]

Charge quantity ratio of the stripe gap region and corner gap region are

(Na»Vps)/(Nd»Vns) and (Na Vpc)/(Nd Vnc), respectively.
[0321]

These numbers are preferably be closer to 1 than stripe active region,

(Na Ap)/(Nd An). In other words,
1 > (Na Vps)/(Nd Vns) and (Na Vpc)/(Nd Vnc) > (Na Ap)/(Nd-An)
or

(Na Ap)/(Nd An) < (Na* Vps)/(Nd Vns) and (Na* Vpc)/(Nd Vnc) < 1

[0322]

The Gapped stripe and Gapped corner must be determined to satisfy the above

relations. If the stripe active area charge balance state is known, then the gap number only
with volume ratio comparison can be determined.
[0323]

Ex) P rich stripe active, Ap/An > Vps/Vns and Vpc/Vnc, N rich stripe active, Ap/An

< Vps/Vns and Vpc/Vnc
[0324]

Figs. 34A-34G are cross section views at various process steps for forming the

structure shown in Fig. 2 in accordance with an exemplary embodiment of the invention. In
Fig. 34A, N-epi layer 3422 is formed over N+ substrate 3424 using known techniques,

followed by a conventional backside silicon CMP. In Fig. 34B, buffer oxide layer 3445 is
formed on epi layer 3422, and polysilicon layer 3443 is formed using known methods. A
backside alignment mark is formed in polysilicon layer 3443 as shown, followed by
polysilicon 3443 and oxide 3445 removal in Fig. 34C. A front side silicon CMP is then
carried out using conventional methods.
[0325]

In Fig. 34D, deep trenches 3437 are formed using conventional masking and silicon

etch techniques. In Fig. 34E, trenches 3437 are filled with epitaxial silicon 3439 in

accordance with known methods, followed by a post bake. A silicon CMP is carried out to
planarize the silicon surface in Fig. 34F. In Fig. 34G, a conventional implant is carried out to
form P-ring 3420, followed by field oxidation. Next, using known techniques, gate oxide and
gate polysilicon are formed, polysilicon is defined and etched, and active P-body regions
3438 are implanted and driven. A conventional source implant is carried out to form N+

source regions 3418, followed by nitride deposition. A conventional heavy body implant is
carried out to form P+ regions 3406 in body regions 3438. Using known methods, BPSG
3417 is deposited and reflowed, contact openings are formed by etching through the BPSG,

nitride, and gate oxide stack in the contact windows. Source metal layer 3410 is formed to
contact source regions 34 18 and heavy body regions 3406. Further processing may be
carried out to form back drain metal 3428. While the process depicted by Figs. 34A-34C is
directed to a planar gate FET, modifying this process to obtain a trench gate FET would be
obvious to one skilled in the art in view of this disclosure.
[0326]

When the N doping is uniform along the depth of the silicon, due to the taper of the

trench which is generated as a result of trench etching, the trench width decreases with the
distance from the silicon surface. Therefore, the amount of P charge along the trench
decreases so that the breakdown is lowered due to the increased charge imbalance (less P and
more N) in the lower portion of the trench. In accordance with embodiments of the present
invention, a double-epi technique is used to offset the charge imbalance in the lower part of
the trench.
[0327]

A charge balanced structure with different doping concentration for upper and lower

epi layers 3504 and 3502, respectively, taking into account the trench profile, is shown in Fig.

35A. For the exemplary set of dimensions and doping concentrations listed in the figure, and
given the indicated angle of the trench sidewalls, improved charge balance condition is
obtained in the upper and lower epi layers 3504 and 3502, respectively, by using an epi
doping concentration in upper epi layer 3504 that is greater than that of lower epi layer 3502.
In one embodiment, the two epi layers are formed over a highly doped substrate (not shown).
The remaining structural features of the structure can be similar to other planar gate FETs
described herein.
[0328]

Fig. 35B compares the breakdown voltage characteristics of a single epi design with

the double epi design shown in Fig. 35A . As can be seen a substantially higher breakdown
voltage is obtained by using two epi layers with different doping concentrations.

[0329]

More than two epi layers may be used to more accurately set the charge balance to

the desired condition. If the upper epi layer(s) is(are) made to have a higher resistivity to
induce a P-rich condition, a JFET implant (N dopants) or epi JFET can be implemented to
reduce the resistance of the MOSFET neck region between adjacent well regions. Fig. 36
shows the doping profile for such a device. With this technique, a narrower N-pillar at top
and wider N-pillar at bottom can be obtained with a favorable Rdson.
[0330]

Note that a P-epi filled trench with less than 90 degree sidewalls provides the charge

balance conditions of Qp>Qn at the top of the pillar and Qp<Qn at the bottom, which is
favorable for UIS purposes. This condition is also favorable for Rdson and for softer reverse
recovery performance of the body diode due to incomplete or less depletion at the bottom. In
one embodiment, this condition is obtained by forming a graded (or step) N epi profile with
lower doping at bottom. In another embodiment, the trench is filled using a graded SEG epi
growth with an increasing P doping profile.
[0331]

In the trench super-junction process, alignment marks are necessary to ensure that

the deep trenches are properly aligned to the various layers and regions formed after the
trench etch. However, after filling the trench with epi, a planarization step is necessary to
form a smooth and planar top surface. If the alignment mark is formed on the front side of

the wafer, it would be removed during the planarization process. In accordance with an
exemplary embodiment of the invention, a technique can be used whereby alignment marks
are formed on the back side of the wafer prior to forming the trenches, and the alignment

marks are transferred to the top side after the planarization of the top surface is complete.
One implementation of this technique is shown in the process sequence provided in Fig. 37.
[0332]

In Fig. 37, silicon substrate 3702 with polysilicon back seal 3704 is provided.

Alignment marks 3716 are formed in backside polysilicon 3704 using known techniques.
Oxide 3708 is formed on the backside over polysilicon 3704 using known methods, and a
conventional epi deposition process is used to form epi layer 3706 on the top side. An oxide
may be formed over epi layer 3706 using known techniques, and deep trenches 3710 are
formed in epi layer 3706 using conventional photolithography and etch processes. Trenches
3710 are then filled with epi material 3714 using known techniques. A conventional CMP of
the front side is carried out to planarize the surface along the top side. Next, backside
alignment marks 3710 are transferred to the front side, as depicted by top side alignment

marks 3712. Similar process steps to those described in connection with Figs. 34A-34C may
be used to form the remaining layers and regions of the device.
[0333]

Fig. 38 shows a simplified view of the equipment used in transferring the alignment

marks from backside to front side of the wafer. As shown, left mirror 3802 projects an image
of backside alignment mark 3808 on to right mirror 3818 through lens 3810, and right mirror
3818 in turn makes image 3814 of backside alignment mark 3808 available along the topside

of wafer 3804. With the relative positions of backside alignment mark 3808 and its projected
image 3814 known, alignment marks can be formed on the top side in alignment with the
backside marks.
[0334]

In the deep trench etch and fill process, crystal defects in the P-pillars may become

sources of leakage. In accordance with an embodiment of the invention, a post bake process
can be carried out after filling the trenches with epi to provide a more solid fill and
crystallization of P-pillars by silicon migration. Figs. 39A and 39B are cross section views of
these process steps. In Fig. 39A, the trenches are filled with P-type epi material 3908 using
known techniques. However, as illustrated the center portion of epi fill 3908 has crystal
defects which if untreated could lead to leakage current. In Fig. 39B a post bake step is
carried out resulting in silicon migration whereby a more solid epi fill 3910 is obtained.
[0335]

In one embodiment, the post-bake step may be carried out at a temperature in the

range of 1150 to 1250 "C , for a period of time in the range of about 30 to 150 minutes in an
inert ambient such as N2, AR, or H2. In one specific embodiment, good results were
obtained when the post-bake was carried out at a temperature of 1200 °C for όOminutes in N2
gas. In another embodiment, the post bake process may be carried out prior to forming the

body and source regions so that the high temperature and duration of the post bake does not
adversely impact the source and body regions.
[0336]

A challenge in filling trenches having a high aspect ratio is avoiding formation of

voids in the trench or preventing premature epi closure along the top of the trench due to
localized growth along the top corners of the trench. Voids and seams in the P-pillars may
cause leakage. In accordance with an embodiment of the invention, a seam-less and void-less
epi fill may be obtained by rotating the wafer so that it is off-axis instead of on-axis during

the photo step used to define the trenches. In one embodiment, a wafer rotation of 45 degrees
is used. In an alternate embodiment a rotated starting wafer is used. In addition to
eliminating the seams and voids, the wafer rotation helps increase epi growth rate. In one

embodiment, a rotated substrate is used. Fig. 40 illustrates a 45 degrees rotation of wafer
4002 relative to its flat 4004. Fig. 4 1A shows silicon results for the case where no wafer
rotation was used. Voids 4102 at the center of the pillars can be observed. Fig. 4 1B shows
silicon results for the case where wafer rotation was used. No voids or seams can be seen in
the trenches.
[0337]

Figs. 42A and 42B illustrate the crystal orientation for the on-axis and off-axis

wafer scenarios. In the on-axis scenario (i.e., non-rotated wafer), the crystal orientation along
the trench sidewalls is different than along the trench bottom surface and the mesa surfaces.
The mismatch in crystal orientations can result in non-uniform growth of silicon 4204 in the
trench. In contrast, in the off-axis scenario (i.e., rotated wafer), the crystal orientation is

matched along the vertical and horizontal surfaces. This results in a uniform epi growth rate
in all directions and thus a much better filling profile of P-pillars 4204 than in the case of an
on-axis wafer.
[0338]

In conventional trench epi filling processes where trenches have a high aspect ratio,

during epi growth, the epi layer along the upper trench sidewalls and the upper corners grow
at a faster rate than along the lower trench sidewalls due to a gas transport phenomena in
filling high aspect ratio trenches. In accordance with an embodiment of the invention, a multi
step epi filling and etching process can be used to uniformly fill deep trenches with epi
material in a uniform manner.
[0339]

Fig. 43 shows an exemplary trench filling process using multi-epi deposition and

etch steps in accordance with an embodiment of the invention. In Fig. 43, the left-most SEM
image shows the trenches right after trench etch. The next SEM image to the right shows the
trenches after carrying out a first conventional epi deposition process. As can be seen, the epi
grows thicker along the upper trench sidewalls and upper trench corners. However, in the
next step an epi etch process is carried out whereby a greater amount of the deposited epi
along the upper trench sidewalls and corners is removed than other regions of the deposited
epi. After the first etch, a second step of epi growth is carried out followed by a second etch

step. A third epi deposition is carried out, and as the SEM image on the far right shows, the

trenches are completely filled with epi without formation of voids or seams therein. The time
line above the SEM images shows the deposition and etch sequences and the corresponding
temperatures.

[0340]

This process sequence is more clearly illustrated in Figs. 44A-44F. Fig. 44A shows

trench 4404 prior to start of the multi-step epi process. In Fig. 44B a first epi deposition is
carried out whereby epi 4406A grows in a non-uniform manner. The epi etch carried out in
step 44C removes portions of the deposited epi such that the remaining epi 4406B has a

relatively uniform thickness. In Figs. 44D and 44E, a second epi deposition and a second epi
etch is carried out such that after the second epi etch the remaining layer of epi 4406D has a

relatively uniform thickness. In Fig. 44F a final epi deposition is carried out to fully fill
trench 4404. More than 2 or 3 deposition-etch sequences may be used depending on the
trench aspect ratio and other process considerations.
[0341]

Note that the etch steps may be carried out using HCl, which can remove the thicker

portion of the epi layer at the trench corners at a faster rate than the other portions of the epi
layer. Accordingly, a defect-less, void-less, and highly controllable doping concentration can
be obtained in the trench epi fill.
[0342]

Repeated exposure of trench sidewalls to in-situ HCl etches during a deposition-

etch-deposition trench filling process can cause damage to the silicon crystal. If the crystal is
not "repaired" or "healed" prior to a deposition step, defects may form at the interface and in
the epi layer that is grown. In accordance with an embodiment of the invention, high
temperature annealing in a hydrogen ambient at the end of an HCl etch cycle (prior to the
next deposition step) will reduce or eliminate the occurrence of these defects thus reducing
the leakage current.
[0343]

Fig. 45A shows a TEM image of a trench right after the trench etch. Lattice damage

along the trench sidewalls can be seen. Fig. 45B shows the trench sidewall surface after
performing a high temperature anneal in hydrogen ambient. As can be seen, the lattice
damage is healed and the trench corner is rounded. Fig. 45C is a TEM image after growing
epi layer 4504 along the trench sidewalls and bottom. The interface between the trench
sidewalls and epi 4504 is shown by the dashed line. Once again, no defects are observed at
the interface between the trench sidewalls and newly grown epi layer 4504. The deposition
and etch cycles may be repeated with intermediate anneal steps so as to remove defects from
along the surface of each epi layer after etching the epi layer. All other regions and layers of
a power FET can be formed using any one of the techniques described herein.
[0344]

A technique in accordance with an embodiment of the invention that is highly

effective in avoiding creation of voids in the center of the trench or preventing premature epi

closure at the top trench corners is ramping the HCl flow throughout the deposition step.
Ramping of the HCl flow can inhibits excessive silicon growth at the top of the trench and
allows for uniform growth from top to bottom of the trench. This can reduce the number of
epi deposition and etch steps necessary to uniformly fill the trench.
[0345]

Utilizing capabilities of available tools, HCl gas can be ramped from a small flow

(e.g., lOcc) during the initial trench filling when high growth rates are desirable, to a high

flow (900cc) at the final closing of the trench when epi growth at the top trench corners is
suppressed in order to avoid pinch-off and creations of voids in the center of the trench.
[0346]

Fig. 46A is a SEM image right after etching 50um trenches 4602. Fig. 46B shows a

SEM of trenches 4604 after carrying out a non-HCl epi deposition step. As can bee seen, the

epi fill closes near the top of trenches 4604 thus forming a void in each trench. In contrast, as

shown in Fig. 46C, when the deposition process is carried out using ramped HCl flow, a layer
of epi uniformly lines the trench sidewalls without closing at the top of trenches 4604.
[0347]

Fig. 47 is graph showing silicon growth rate versus trench position for various HCl

flow rates as well as the case where no HCl is used during epi deposition. The dashed curve
corresponds to the case where no HCl is used. All other curves correspond to various HCl
flow rates and other process parameters as indicated in the graph. As can be seen from the
dashed curve, without HCl, there can be a wide variation in epi growth rate between the top
and bottom of the trench. In contrast, all the other cases in which a ramped HCl is used, the
epi growth rate does not change along the trench depth as widely as does the case where no

HCl is used. To the left of the graph, numerical values are provided for different parameters
in an epi deposition process which has been found to yield a substantially uniform epi growth
along the depth of the trench. The invention is not limited to these numerical values;
different process technologies may require values different than those listed next to Fig. 47 in
order to achieve uniform epi deposition.
[0348]

While the above provides a complete description of specific embodiments of the

present invention, various modifications, alternatives and equivalents are possible. For
example, while some embodiments of the invention are illustrated in the context of planar
gate MOSFETs, the same techniques could easily be applied to other planar-gate structures
such as planar gate IGBTs by merely reversing the polarity of the substrate from those shown
in the figures. Similarly, some of the structures and process sequences are described in the
context of N-channel FETs, however, modifying these structures and process sequences to

form P-channel FETs would be obvious to one skilled in the art in view of this disclosure.
Further, the various techniques disclosed herein are not limited to planar gate structures and
may be implemented in trench gate MOSFETs, trench gate IGBTs (which have trench gates),
shielded gate MOSFETs or IGBTs (which have trenched gates with underlying shield
electrode(s)), and rectifiers (including schottky rectifiers, TMBS rectifiers, etc.).
[0349]

Additionally, while not specifically called out for each embodiment, the various

embodiments including many of the termination designs and charge balance techniques may
be implemented in any of the three layout configurations shown in Figs. IA- 1C. Similarly,
many of the embodiments disclosed herein including many of the termination designs and
charge balance techniques are not limited in implementation to the trench epi fill charge
balance process technology, and may also be implemented in the multi-epi layer pillar
process technology. For this and other reasons, therefore, the above description should not be
taken as limiting the scope of the invention, which is defined by the appended claims.

WHAT IS CLAIMED IS:
1.

A power device comprising:

an active region and a termination region surrounding the active region; and

a plurality of pillars of first and second conductivity type alternately arranged
in each of the active and termination regions, wherein the pillars of first conductivity type in

the active and termination regions have substantially the same width, and the pillars of the
second conductivity type in the active region have a smaller width than the pillars of the
second conductivity type in the termination region so that a charge balance condition in each

of the active and termination regions results in a higher breakdown voltage in the termination
region than in the active region.
2.

The power device of claim 1 wherein the first conductivity type is P-

type and the second conductivity type is N-type.
3.

The power device of claim 1 wherein the first conductivity type is N-

type and the second conductivity type is P-type.
4.

The power device of claim 1 wherein each of the pillars of first

conductivity type comprises a trench substantially filled with P-type silicon, the trenches
being separated from one another by N-type regions forming the pillars of second
conductivity type.
5.

The power device of claim 1 wherein the pillars of first conductivity

type in the active region have substantially the same doping profile as the pillars of first

conductivity type in the termination region.
6.

The power device of claim 1 wherein the active region includes a

planar gate structure extending over at least one of the pillars of second conductivity type in
the active region.
7.

The power device of claim 1 wherein the active region includes a

trench gate structure extending to a predetermined depth within at least one of the pillars of
the second conductivity type in the active region.
8.

The power device of claim 1 wherein the active region does not

include gate structure extending over any of the pillars of second conductivity type in the
active region.

9.

The power device of claim 1 wherein the pillars of first conductivity

type in the active region are stripe-shaped, and the plurality of pillars of first conductivity

type in the termination region surround the active region in a concentric fashion.
10.

The power device of claim 1 wherein the plurality of pillars of first

conductivity type in the active and termination regions are concentric.
11.

The power device of claim 1 wherein a plurality of pillars of first

conductivity type have termination pillars that are extensions of the active pillars and another
plurality of termination pillars are parallel to the active region.
12.

A power device comprising:

an active region, a transition region, and a termination region surrounding the

active and transition regions; and
a plurality of pillars of first and second conductivity type alternately arranged
in each of the active and termination regions, the transition region having at least one pillar of
the first conductivity type and one pillar of the second conductivity type between the active
and termination regions, the plurality of pillars of the first conductivity type in the active

region being connected to a source terminal, the plurality of pillars of the first conductivity
type in the termination region floating, and at least one pillar of the first conductivity type in

the transition region being connected to the source terminal through a bridging diffusion of
the first conductivity connecting at least one pillar of the first conductivity type in the
transition region to one of the plurality of pillars of the first conductivity type in the active
region,
wherein:

the bridging diffusion extends across the width of the at least one pillar
of the second conductivity type,
the pillars of first conductivity type in the active and termination
regions as well as the at least one pillar of the first conductivity type in the transition region
all have substantially the same width, and

the pillars of the second conductivity type in the active region have a
smaller width than a width of the at least one pillar of the second conductivity type in the
transition region so that a charge balance condition in each of the active and transition
regions results in a higher breakdown voltage in the transition regions than in the active
region.

13.

The power device of claim 12 wherein the pillars of the second

conductivity type in the active region have a smaller width than a width of the plurality of
pillars of the second conductivity type in the termination region so that a charge balance
condition in each of the active and termination regions results in a higher breakdown voltage

in the termination region than in the active region.
14.

The power device of claim 12 wherein the active region comprises

body regions of the first conductivity type, and source regions of the second conductivity
type in the body regions, wherein the bridging diffusion extends deeper than the body
regions.
15.

The power device of claim 14 where the bridging diffusion and the

body regions have substantially similar doping concentration.
16.

The power device of claim 12 wherein the active region comprises

body regions of the first conductivity type, and source regions of the second conductivity
type in the body regions, wherein the bridging diffusion extends to a shallower depth than the

body regions.
17.

The power device of claim 16 where the bridging diffusion has a lower

doping concentration than the body regions.
18.

The power device of claim 12 wherein the first conductivity type is P-

type and the second conductivity type is N-type.
19.

The power device of claim 12 wherein the first conductivity type is N-

type and the second conductivity type is P-type.
20.

The power device of claim 12 wherein each pillar of first conductivity

type comprises a trench substantially filled with P-type silicon, the trenches being separated

from one another by N-type regions forming the pillars of second conductivity type.
21.

The power device of claim 12 wherein the pillars of first conductivity

type in the active and termination regions and the at least one pillar of first conductivity type

in the transition region all have substantially the same doping profile.
22.

The power device of claim 12 wherein the active region includes a

planar gate structure extending over at least one of the pillars of second conductivity type in
the active region.

23.

The power device of claim 12 wherein the active region includes a

trench gate structure extending to a predetermined depth within at least one of the pillars of
the second conductivity type in the active region.
24.

The power device of claim 12 wherein the active region does not

include gate structure extending over any of the pillars of second conductivity type in the
active region.
25.

The power device of claim 12 wherein the plurality of pillars of first

conductivity type in the active region and the at least one pillar of first conductivity type in
the transition region are stripe-shaped, and the plurality of pillars of first conductivity type in
the termination region surround the active and transition regions in a concentric fashion.
26.

The power device of claim 12 wherein the plurality of pillars of first

conductivity type in the active and termination regions and the at least one pillar of the first
conductivity type in the transition region are concentric.
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