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POWER SEMICONDUCTOR DEVICES AND
METHODS OF MANUFACTURE

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims the benefit of the following pro-
visionally-filed U.S. patent application:

No. 60/533,790, entitled “Power Semiconductor Devices
and Methods of Manufacture,” by Ashok et al. filed Dec. 30,
2003.

This application is a continuation-in-part of the following
commonly-assigned U.S. patent applications:

Ser. No. 10/640,742, entitled “Improved MOS Gating
Method for Reduced Miller Capacitance and Switching
Losses,” by Kocon et al., filed Aug. 14, 2003; now U.S.
Pat. No. 6,870,220;

Ser. No. 10/442,670, entitled “Structure and Method for
Forming a Trench MOSFET Having Self-Aligned Fea-
tures,” by Herrick, filed May 20, 2003 now U.S. Pat. No.
6,916,745.

This application is related to the following commonly-
assigned U.S. patent applications:

Ser. No. 10/155,554, entitled “Field Effect Transistor and
Methods of its Manufacture,” by Mo et al., filed May 24,
2002;

Ser. No. 10,209,110, entitled “Dual Trench Power MOS-
FET,” by Sapp, filed Jul. 30, 2002;

Ser. No. 09/981,583, entitled “Semiconductor Structure with
Improved Smaller Forward Loss and Higher Blocking
Capability,” by Kocon, filed Oct. 17, 2001;

Ser. No. 09/774,780, entitled “Field Effect Transistor Having
a Lateral Depletion Structure,” by Marchant, filed Jan. 30,
2001,

Ser. No. 10/200,056, entitled “Vertical Charge Control
Semiconductor Device with Low Output Capacitance,”
by Sapp et al., filed Jul. 18, 2002;

Ser. No. 10/288,982, entitled “Drift Region Higher Blocking
Lower Forward Voltage Drop Semiconductor Structure,”
by Kocon et al., filed Nov. 5, 2002;

Ser. No. 10/315,719, entitled “Method of Isolating the
Current Sense on Planar or Trench Stripe Power Devices
while Maintaining a Continuous Stripe Cell,” by Yedinak,
filed Dec. 10, 2002;

Ser. No. 10/222,481, entitled “Method and Circuit for
Reducing Losses in DC-DC Converters,” by Elbanhawy,
filed Aug. 16, 2002;

Ser. No. 10/235,249, entitled “Unmolded Package for a
Semiconductor Device,” by Joshi, filed Sep. 4, 2002; and

Ser. No. 10/607,633, entitled “Flip Chip in Leaded Molded
Package and Method of Manufacture Thereof,” by Joshi
et al., filed Jun. 27, 2003;

All of the above-listed applications are hereby incorpo-
rated by reference in their entirety.

BACKGROUND OF THE INVENTION

The present invention relates in general to semiconductor
devices and in particular to various embodiments for
improved power semiconductor devices such as transistors
and diodes, and their methods of manufacture, including
packages and circuitry incorporating the same.

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
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demands of the particular application. Solid state switches
including, for example, the power metal-oxide-semiconduc-
tor 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 devel-
oped, among many other technologies, to address the dif-
fering and often competing performance requirements.

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 par-
ticular application, a different emphasis is placed on each of
these performance criteria. For example, for power applica-
tions 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, and the breakdown
voltage, improving the voltage performance of the transistor
while maintaining a low R, poses a challenge. Various
charge balancing structures in the transistor drift region have
been developed to address this challenge with differing
degrees of success.

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.

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

The present invention provides various embodiments for
power devices, as well as their methods of manufacture,
packaging, and circuitry incorporating the same for a wide
variety of power electronic applications. Broadly, one aspect
of the invention combines a number of charge balancing
techniques and other techniques for reducing parasitic
capacitance to arrive at various embodiments for power
devices with improved voltage performance, higher switch-
ing speed, and lower on-resistance. Another aspect of the
invention provides improved termination structures for low,
medium and high voltage devices. Improved methods of
fabrication for power devices are provided according to
other aspects of the invention. Improvements to specific
processing steps, such as formation of trenches, formation of
dielectric layers inside trenches, formation of mesa struc-
tures, processes for reducing substrate thickness, among
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others are offered by various embodiments of the invention.
According to another aspect of the invention, charge bal-
anced power devices incorporate temperature and current
sensing elements such as diodes on the same die. Other
aspects of the invention improve equivalent series resistance
(ESR), or gate resistance, for power devices, incorporate
additional circuitry on the same chip as the power device and
provide improvements to the packaging of charge balanced
power devices.

These and other aspects of the invention are described
below in greater detail in connection with the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a cross-sectional view of a portion of an
exemplary n-type trench power MOSFET;

FIG. 2A shows an exemplary embodiment of a dual trench
power MOSFET;

FIG. 2B shows an exemplary embodiment for a planar
gate MOSFET with source shield trench structure;

FIG. 3A shows part of an exemplary embodiment of a
shielded gate trench power MOSFET;

FIG. 3B illustrates an alternative embodiment for a
shielded gate trench power MOSFET that combines the dual
trench structure of FIG. 2A with the shielded gate structure
of FIG. 3A;

FIG. 4A is a simplified partial diagram of an exemplary
embodiment of a dual gate trench power MOSFET;

FIG. 4B shows an exemplary power MOSFET that com-
bines a planar dual gate structure with trenched electrodes
for vertical charge control;

FIG. 4C shows an exemplary implementation of a power
MOSFET that combines the dual gate and shielded gate
techniques inside the same trench;

FIGS. 4D and 4E are cross-sectional diagrams of alter-
native embodiments for a power MOSFET with deep body
structure;

FIGS. 4F and 4G illustrate the impact of trenched deep
body structures on the distribution of potential lines inside
the power MOSFET near the gate electrode;

FIGS. 5A, 5B and 5C are cross-sectional diagrams show-
ing portions of exemplary power MOSFETs with various
vertical charge balancing structures;

FIG. 6 shows a simplified cross-sectional view of a power
MOSFET that combines an exemplary vertical charge con-
trol structure with a shielded gate structure;

FIG. 7 shows a simplified cross-sectional view of another
power MOSFET that combines an exemplary vertical charge
control structure with a dual gate structure;

FIG. 8 shows one example of a shielded gate power
MOSFET with vertical charge control structure and inte-
grated Schottky diode;

FIGS. 9A, 9B and 9C depict various exemplary embodi-
ments for power MOSFETs with integrated Schottky diode;

FIGS. 9D, 9E and 9F illustrate exemplary layout varia-
tions for interspersing Schottky diode cells within the active
cell array of a power MOSFET;

FIG. 10 provides a simplified cross-sectional view of an
exemplary trench power MOSFET with buried diode charge
balancing structure;

FIGS. 11 and 12 show exemplary embodiments for power
MOSFETs that combine shielded gate and dual gate tech-
niques with buried diode charge balancing, respectively;

FIG. 13 is a simplified cross-sectional view of an exem-
plary planar power MOSFET that combines the buried diode
charge balancing technique with integrated Schottky diode;
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FIG. 14 shows a simplified embodiment of an exemplary
accumulation-mode power transistor with alternate conduc-
tivity regions arranged in parallel to the current flow;

FIG. 15 is a simplified diagram of another accumulation-
mode device with trenched electrodes for charge spreading
purposes;

FIG. 16 is a simplified diagram of an exemplary dual
trench accumulation-mode device;

FIGS. 17 and 18 show other simplified embodiments for
exemplary accumulation-mode devices with dielectric-filled
trenches having opposite-polarity exterior liner;

FIG. 19 is another simplified embodiment for an accu-
mulation-mode device that employs one or more buried
diodes;

FIG. 20 is a simplified isometric view of an exemplary
accumulation-mode transistor that includes heavily-doped
opposite polarity region along the surface of the silicon;

FIG. 21 shows a simplified example of a super-junction
power MOSFET with alternating opposite-polarity regions
in the voltage sustaining layer;

FIG. 22 shows an exemplary embodiment for a super-
junction power MOSFET with opposite-polarity islands
non-uniformly spaced in the vertical direction in the voltage
sustaining layer;

FIGS. 23 and 24 show exemplary embodiments for super-
junction power MOSFETs with dual gate and shielded gate
structures, respectively;

FIG. 25A shows a top view of active and termination
trench layout for a trench transistor;

FIGS. 25B-25F show simplified layout views of alterna-
tive embodiments for trench termination structures;

FIGS. 26A-26C are cross-sectional views of exemplary
trench termination structures;

FIG. 27 shows an exemplary device with termination
trenches having large radius of curvature;

FIGS. 28A-28D are cross-sectional views of termination
regions with silicon pillar charge balance structures;

FIGS. 29A-29C are cross-sectional views of exemplary
embodiments of ultra-high voltage devices employing
super-junction techniques;

FIG. 30A shows an example of edge contacting for a
trench device;

FIGS. 30B-30F show exemplary process steps in forming
the edge contacting structure for a trench device;

FIG. 31A is an example of an active area contact structure
for multiple buried poly layers;

FIGS. 31B-31M show an exemplary process flow for
forming an active area shield contact structure for a trench;

FIG. 31N is a cross-sectional view of an alternate embodi-
ment for an active area shield contact structure;

FIGS. 32A and 32B are layout views of an exemplary
trench device with active area shield contact structure;

FIGS. 32C-32D are simplified layout diagrams of two
embodiments for making contact to the perimeter trench in
a trench device with broken trench structure;

FIG. 33A is an alternate embodiment for contacting
trenched shield poly layers in the active area;

FIGS. 33B-33M show an example of a process flow for
contacting an active area shield structure of the type shown
in FIG. 33A,;

FIG. 34 shows an epi layer having a spacer or buffer
(barrier) layer to reduce thickness of epi drift region;

FIG. 35 shows an alternative embodiment for a device
with a barrier layer;

FIG. 36 shows a barrier layer employed at a deep body-
epi junction to minimize epi layer thickness;
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FIG. 37 is a simplified example of the well-drift region
junction of a transistor employing a diffusion barrier layer;

FIGS. 38A-38D show a simplified process flow for an
example of a self-aligned epi-well trench device with buried
electrode;

FIGS. 39A-39B show an exemplary process flow for an
angled well implant;

FIGS. 40A-40E show an example of a self-aligned epi
well process;

FIGS. 40R-40U show a method for reducing substrate
thickness;

FIG. 41 shows an example of a process flow using a
chemical process as the final thinning step;

FIGS. 42A-42F show examples of improved etch pro-
cesses;

FIGS. 43A and 43B show embodiments of a trench etch
process that eliminates the bird’s beak problem;

FIGS. 44A and 44B show alternative etch processes;

FIG. 45A-45C show a process of forming an improved
inter-poly dielectric layer;

FIGS. 46 A, 46B and 46C illustrate an alternate method of
forming an IPD layer;

FIGS. 47A and 47B are cross-sectional views of yet
another method of forming a high quality inter-poly dielec-
tric layer;

FIGS. 48 and 49A-49D show other embodiments for
formation of an improved IPD layer;

FIG. 50 A shows an anisoptric plasma etch process for IPD
planarization;

FIG. 50B shows an alternate IPD planarization method
using a chemical mechanical process;

FIG. 51 is a flow diagram for an examplary method for
controlling oxidation rate;

FIG. 52 shows an improved method for forming thick
oxide at the bottom of a trench using a sub-atmospheric
chemical vapor deposition process;

FIG. 53 is an exemplary flow diagram of a method for
forming thick oxide at the bottom of a trench using a
directional Tetraethoxyorthsilicate process;

FIGS. 54 and 55 show another embodiment for forming
thick bottom oxide;

FIGS. 56-59 show another process for forming a thick
dielectric layer at the bottom of a trench;

FIG. 60 is a simplified diagram of a MOSFET with a
current sense device;

FIG. 61A is an example of a charge balance MOSFET
with a planar gate structure and isolated current sense
structure;

FIG. 61B shows an example of integrating a current sense
device with a trench MOSFET,;

FIGS. 62A-62C show alternative embodiments for a
MOSFET with series temperature sensing diodes;

FIGS. 63A and 63B show alternative embodiments for a
MOSFET with ESD protection;

FIGS. 64A-64D show examples of ESD protection cir-
cuits;

FIG. 65 shows an exemplary process for forming charge
balanced power devices with lower ESR;

FIGS. 66A and 66B show a layout technique to reduce
ESR;

FIG. 67 shows a DC-DC converter circuit using power
switching;

FIG. 68 shows another DC-DC converter circuit using
power switching;

FIG. 69 shows an exemplary driver circuit for a dual gate
MOSFET;
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FIG. 70A shows an alternate embodiment with separately
driven gate electrodes;

FIG. 70B shows a timing diagram illustrating the opera-
tion of the circuit of FIG. 70A;

FIG. 71 is a simplified cross-sectional view of a molded
package; and

FIG. 72 is a simplified cross-sectional view of an
unmolded package.

DETAILED DESCRIPTION OF THE
INVENTION

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 illustra-
tive 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.
It is understood by those skilled in the art that the teachings
herein are equally applicable to devices in which the con-
ductivities of the various regions are reversed.

Referring to FIG. 1, there is shown a cross-sectional view
of a portion of an exemplary n-type trench power MOSFET
100. As with all other figures described herein, it is to be
understood that the relative dimensions and sizes of various
elements and components depicted in the figures do not
exactly reflect actual dimensions and are for illustrative
purposes only. Trench MOSFET 100 includes a gate elec-
trode that is formed inside trenches 102 that extend from the
top surface of the substrate through a p-type well or body
region 104, terminating in an n-type drift or epitaxial region
106. Trenches 102 are lined with thin dielectric layers 108
and are substantially filled with conductive material 110
such as doped polysilicon. N-type source regions 112 are
formed inside body region 104 adjacent to trenches 102. A
drain terminal for MOSFET 100 is formed at the backside of
the substrate connecting to a heavily-doped n+ substrate
region 114. The structure shown in FIG. 1 is repeated many
times on a common substrate made of, for example, silicon,
to form an array of transistors. The array may be configured
in various cellular or striped architectures known in this art.
When the transistor is turned on, a conducting channel is
formed vertically between source regions 112 and drift
region 106 along the walls of gate trenches 102.

Because of its vertical gate structure, MOSFET 100
enables a higher packing density when compared with a
planar gate device, and the higher packing density translates
to relatively lower on-resistance. To improve the breakdown
voltage performance of this transistor, p+ heavy body region
118 is formed inside p-well 104 such that at the interface
between p+ heavy body 118 and p-well 104 an abrupt
junction is formed. By controlling the depth of p+ heavy
body 118 relative to the trench depth and the depth of the
well, electric fields that are generated when voltage is
applied to the transistor are moved away from the trenches.
This increases avalanche current handling capability of the
transistor. Variations on this improved structure and pro-
cesses for forming the transistor, and in particular the abrupt
junction, are described in greater detail in commonly owned
U.S. Pat. No. 6,429,481, to Mo et al., which is hereby
incorporated by reference in its entirety.
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Although vertical trench MOSFET 100 exhibits good
on-resistance and improved ruggedness, it has a relatively
high input capacitance. The input capacitance for trench
MOSFET 100 has two components: gate-to-source capaci-
tance Cgs and gate-to-drain capacitance Cgd. The gate-to-
source capacitance Cgs results from the overlap between
gate conductive material 110 and source regions 112 near the
top of the trench. The capacitance formed between the gate
and the inverted channel in the body also contributes to Cgs
since in typical power switching applications the body and
source electrodes of the transistor are shorted together. The
gate-to-drain capacitance Cgd results from the overlap
between gate conductive material 110 at the bottom of each
trench and drift region 106 which connects to the drain. The
gate-to-drain capacitance Cgd, or Miller capacitance, limits
the transistor V ¢ transition time. Therefore, higher Cgs and
Cgd results in appreciable switching losses. These switching
losses are becoming increasingly important as power man-
agement applications move toward higher switching fre-
quencies.

One way to reduce the gate-to-source capacitance Cgs is
to reduce the channel length of the transistor. A shorter
channel length directly reduces the gate-to-channel compo-
nent of Cgs. A shorter channel length is also directly
proportional to R, and enables obtaining the same device
current capacity with fewer gate trenches. This reduces both
Cgs and Cgd by reducing the amount of gate-to-source and
gate-to-drain overlap. A shorter channel length, however,
renders the device vulnerable to punch through when the
depletion layer formed as a result of the reverse-biased
body-drain junction pushes deep into the body region and
approaches the source regions. Decreasing the doping con-
centration of the drift region so that it sustains more of the
depletion layer has the undesirable effect of increasing the
on-resistance R, of the transistor.

An improvement to the transistor structure that allows a
reduction in channel length and is also effective in address-
ing the above drawbacks uses additional “shield” trenches
that are laterally spaced from gate trenches. Referring to
FIG. 2A, there is shown an exemplary embodiment of a dual
trench MOSFET 200. The terminology “dual trench” refers
to the transistor having two different types of trenches as
opposed to the total number of similar trenches. In addition
to the structural features that are common to the MOSFET
of FIG. 1, dual trench MOSFET 200 includes shield trenches
220 that are interposed between adjacent gate trenches 202.
In the exemplary embodiment shown in FIG. 2A, shield
trenches 220 extend from the surface through p+ region 218,
body region 204 and into drift region 206 well below the
depth of gate trenches 202. Trenches 220 are lined with a
dielectric material 222 and are substantially filled with
conductive material 224 such as doped polysilicon. A metal
layer 216 electrically connects conductive material 224
inside trenches 220 with the n+ source regions 212 and p+
heavy body regions 218. In this embodiment, trenches 220
can therefore be referred to as source shield trenches. An
example of this type of dual trench MOSFET, and process of
manufacture and circuit applications for the same are
described in greater detail in commonly-assigned, U.S.
patent application Ser. No. 10/209,110, entitled “Dual
Trench Power MOSFET,” by Steven Sapp, which is hereby
incorporated by reference in its entirety.

The impact of deeper source shield trenches 220 is to push
the depletion layer formed as a result of the reverse-biased
body-drain junction deeper into drift region 206. Thus, a
wider depletion region can result without increasing the
electric field. This allows the drift region to be more highly
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doped without lowering the breakdown voltage. A more
highly doped drift region reduces the transistor on-resis-
tance. Moreover, the reduced electric field near the body-
drain junction allows the channel length to be substantially
reduced which further reduces the on-resistance of the
transistor and substantially reduces the gate-to-source
capacitance Cgs. Also, as compared to the MOSFET of FIG.
1, the dual trench MOSFET enables obtaining the same
transistor current capacity with far fewer gate trenches. This
significantly reduces the gate-to-source and gate-to-drain
overlap capacitances. Note that in the exemplary embodi-
ment shown in FIG. 2A, gate trench conductive layer 210 is
buried inside the trench eliminating the need for the inter-
layer dielectric dome that is present above trenches 102 in
MOSFET 100 shown in FIG. 1. Also, the use of source
shield trenches as taught herein is not limited to trench gated
MOSFETs and similar advantages are obtained when source
shield trenches are employed in planar MOSFETs where the
gate is formed horizontally on the top surface of the sub-
strate. An exemplary embodiment for a planar gate MOS-
FET with source shield trench structure is shown in FIG. 2B.

To further reduce the input capacitance, additional struc-
tural improvements can be made that focus on reducing the
gate-to-drain capacitance Cgd. As discussed above, the
gate-to-drain capacitance Cgd is caused by the overlap
between the gate and the drift region at the bottom of the
trench. One method of reducing this capacitance increases
the thickness of the gate dielectric layer at the bottom of the
trench. Referring back to FIG. 2A, gate trenches 202 are
depicted as having a thicker dielectric layer 226 at the
bottom of the trench where there is overlap with drift region
206 (the transistor drain terminal) as compared to dielectric
layer along the sidewalls of the gate trench. This reduces the
gate-to-drain capacitance Cgd without degrading the for-
ward conduction of the transistor. Creating a thicker dielec-
tric layer at the bottom of the gate trench can be accom-
plished in a number of different ways. One exemplary
process for creating the thicker dielectric layer is described
in commonly-owned U.S. Pat. No. 6,437,386 to Hurst et al.
which is hereby incorporated by reference in its entirety.
Other processes for forming a thick dielectric layer at the
bottom of a trench are described further below in connection
with FIGS. 56 to 59. Another way to minimize the gate-to-
drain capacitance is to include a centrally disposed second
dielectric core inside the trench that extends upwardly from
the dielectric liner on the trench floor. In one embodiment,
the second dielectric core may extend all the way up to
contact the dielectric layer above the trench conductive
material 210. An example of this embodiment, and varia-
tions thereof, are described in greater detail in commonly-
owned U.S. Pat. No. 6,573,560 to Shenoy.

Another technique for reducing the gate-to-drain capaci-
tance Cgd involves shielding the gate using one or more
biased electrodes. According to this embodiment, inside the
gate trench and below the conductive material that forms the
gate electrode, one or more electrodes are formed to shield
the gate from the drift region, thereby substantially reducing
the gate-to-drain overlap capacitance. Referring to FIG. 3A,
there is shown part of an exemplary embodiment of a
shielded gate trench MOSFET 300A. Trenches 302 in MOS-
FET 300A include a gate electrode 310 and, in this example,
two additional electrodes 311a and 3116 under gate elec-
trode 310. Electrodes 311a and 3115 shield gate electrode
310 from having any substantial overlap with drift region
306 almost eliminating the gate-to-drain overlap capaci-
tance. Shield electrodes 311a and 3115 can be independently
biased at optimal potential. In one embodiment, one of
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shield electrodes 311a or 3115 may be biased at the same
potential as the source terminal. Similar to the dual trench
structure, the biasing of the shield electrodes can also help
in widening of the depletion region formed at the body-drain
junction which further reduces Cgd. It is to be understood
that the number of shield electrodes 311 can vary depending
on the switching application and in particular the voltage
requirements of the application. Similarly, the size of the
shield electrodes in a given trench can vary. For example,
shield electrode 311a can be larger than shield electrode
3115. In one embodiment, the smallest shield electrode is the
closest to the bottom of the trench and the remaining shield
electrodes gradually increase in size as they near the gate
electrode. Independently biased electrodes inside trenches
can also be used for vertical charge control purposes to
improve smaller forward voltage loss and higher blocking
capability. This aspect of the transistor structure, which will
be described further below in connection with higher voltage
devices, is also described in greater detail in commonly-
assigned U.S. patent application Ser. No. 09/981,583,
entitled “Semiconductor Structure with Improved Smaller
Forward Voltage Loss and Higher Blocking Capability,” by
Kocon, which is hereby incorporated by reference in its
entirety.

FIG. 3B illustrates an alternative embodiment for a
shielded gate trench MOSFET 300B that combines the dual
trench structure of FIG. 2A with the shielded gate structure
of FIG. 3A. In the exemplary embodiment shown in FIG.
3B, gate trench 301 includes gate poly 310 above shield poly
311 similar to trench 302 of MOSFET 300A. MOSFET
300B, however, includes non-gate trenches 301 that may be
deeper than gate trenches 302 for vertical charge control
purposes. While the charge control trenches 301 may have
a single layer of conductive material (e.g., polysilicon)
connecting to the source metal at the top of the trench, as in
FIG. 2A, the embodiment shown in FIG. 3B uses multiple
stacked poly electrodes 313 that can be independently
biased. The number of electrodes 313 stacked in a trench can
vary depending on the application requirements, as can the
sizes of electrodes 313 as shown in FIGS. 3B. The electrodes
can be independently biased or tied together electrically.
Also the number of charge control trenches inside a device
will depend on the application.

Yet another technique for improving the switching speed
of'the power MOSFET reduces the gate-to-drain capacitance
Cgd by employing a dual gate structure. According to this
embodiment, the gate structure inside the trench is split into
two segments: a first segment that performs the conventional
gate function receiving the switching signal, and a second
segment that shields the first gate segment from the drift
(drain) region and can be independently biased. This dra-
matically reduces the gate-to-drain capacitance of the MOS-
FET. FIG. 4A is a simplified partial diagram of an exemplary
embodiment of a dual gate trench MOSFET 400A. As
depicted in FIG. 4A, the gate of MOSFET 400A has two
segments G1 and G2. Unlike the shielding electrodes (311a
and 3115) in MOSFET 300A of FIG. 3A, the conductive
material that forms G2 in MOSFET 400A has an overlap
region 401 with the channel and therefore acts as a gate
terminal. This secondary gate terminal G2, however, is
biased independently of the primary gate terminal G1 and
does not receive the same signal that drives the switching
transistor. Instead, in one embodiment, G2 is biased at a
constant potential just above the threshold voltage of the
MOSFET to invert the channel in overlap region 401. This
will ensure that a continuous channel is formed when
transitioning from secondary gate G2 to primary gate G1.
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Also, Cgd is reduced because the potential at G2 is higher
than the source potential, and the charge transfer away from
the drift region and into the secondary gate G2 further
contributes to the reduction in Cgd. In another embodiment,
instead of a constant potential, secondary gate G2 can be
biased to a potential above the threshold voltage just prior to
a switching event. In other embodiments, the potential at G2
can be made variable and optimally adjusted to minimize
any fringing portion of the gate-to-drain capacitance Cgd.
The dual gate structure can be employed in MOSFETs with
planar gate structure as well as other types of trench gate
power devices including IGBTs and the like. Variations on
the dual gate trench MOS gated devices and processes for
manufacturing such devices are described in greater detail in
commonly-assigned U.S. patent application Ser. No. 10/640,
742, entitled “Improved MOS Gating Method for Reduced
Miller Capacitance and Switching Losses,” by Kocon et al.,
which is hereby incorporated by reference in its entirety.

Another embodiment for an improved power MOSFET is
shown in FIG. 4B, wherein an exemplary MOSFET 400B
combines a planar dual gate structure with trenched elec-
trodes for vertical charge control. Primary and secondary
gate terminals G1 and G2 function in a similar fashion as the
trenched dual gate structure of FIG. 4A, while deep trenches
420 provide an electrode in the drift region to spread charge
and increase breakdown voltage of the device. In the
embodiment shown, shield or secondary gate G2 overlaps
the upper portion of primary gate G1 and extends over p well
404 and drift region 406. In an alternative embodiment,
primary gate Gl extends over shield/secondary gate G2.

The various techniques described thus far such as gate
shielding and trenched electrodes for vertical charge control
can be combined to obtain power devices, including lateral
and vertical MOSFETs, IGBTs, diodes and the like, whose
performance characteristics are optimized for a given appli-
cation. For example, the trenched dual gate structure shown
in FIG. 4A can be advantageously combined with vertical
charge control trench structures of the types shown in FIGS.
3B or 4B. Such a device would include an active trench with
dual gate structure as shown in FIG. 4A as well as deeper
charge control trenches that are either substantially filled by
a single layer of conductive material (as in trenches 420 in
FIG. 4B) or by multiple stacked conductive electrodes (as in
trenches 301 in FIG. 3B). For lateral devices where the drain
terminal is located on the same surface of the substrate as the
source terminal (i.e., current flows laterally), the charge
control electrodes would be laterally disposed forming field
plates, instead of being stacked in vertical trenches. The
orientation of the charge control electrodes is generally
parallel to the direction of current flow in the drift region.

In one embodiment, the dual gate and shielded gate
techniques are combined inside the same trench to provide
switching speed and blocking voltage enhancements. FIG.
4C shows a MOSFET 400C wherein trench 402C includes
a primary gate G1, a secondary gate G2 and a shield layer
411 stacked in a single trench as shown. Trench 402C can be
made as deep and may include as many shield layers 411 as
the application demands. Using the same trench for both
charge balance and shielding electrodes enables higher
density, since it eliminates the need for two trenches and
combines it into one. It also enables more current spreading
and improves device on-resistance. It is to be understood,
however, that embodiments combining active trenches hav-
ing the shielded dual gate structure of the type shown in FIG.
4C with separate charge balancing trenches of the various
types described herein are also possible.
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The devices described thus far employ combinations of
shielded gate, dual gate and other techniques to reduce
parasitic capacitance. Due to fringing effects, however, these
techniques do not fully minimize the gate-to-drain capaci-
tance Cgd. Referring to FIG. 4D, there is shown a partial
cross-sectional view of an exemplary embodiment of MOS-
FET 400D with deep body design. According to this
embodiment, the body structure is formed by a trench 418
that is etched through the center of the mesa formed between
gate trenches 402, and extends as deep or deeper than gate
trench 402. Body trench 418 is filled with source metal as
shown. The source metal layer may include a thin refractory
metal at the metal-diffusion boundary (not shown). In this
embodiment, the body structure further includes a p+ body
implant 419 that substantially surrounds body trench 418.
P+ implant layer 419 enables additional shielding to alter the
potential distribution inside the device especially close to the
gate electrode. In an alternate embodiment shown in FIG.
4E, body trench 418 is substantially filled with epitaxial
material using, for example, selective epitaxial growth
(SEG) deposition. Alternatively, body trench 418E is sub-
stantially filled with doped polysilicon. In either of these two
embodiments, instead of implanting p+ shield junction 419,
subsequent temperature treatment will diffuse dopants from
the filled body into the silicon to form p+ shield junction
419. A number of variations for trenched body structure and
formation are described in greater detail in commonly-
assigned U.S. Pat. Nos. 6,437,399 and 6,110,799, both to
Huang, which are hereby incorporated by reference in their
entirety.

In both embodiments shown in FIGS. 4D and 4E, the
distance L between gate trench 402 and body trench 418, as
well as the relative depths of the two trenches are controlled
to minimize fringing gate-to-drain capacitance. In the
embodiments using SEG or poly filled body trenches, the
spacing between the outer edges of the layer 419 and the
wall of the gate trench can be adjusted by varying the doping
concentration of the SEG or poly inside body trench 418.
FIGS. 4F and 4G illustrate the impact of the trenched deep
body on the distribution of the potential lines inside the
device near the gate electrode. For illustrative purposes,
FIGS. 4F and 4G use MOSFETs with shielded gate struc-
tures. FIG. 4F shows the potential lines for a reverse biased
shielded gate MOSFET 400F with trenched deep body 418,
and FIG. 4G shows the potential lines for a reverse biased
shielded gate MOSFET 400G with a shallow body structure.
The contour lines in each device show potential distribution
inside the device when reverse biased (i.e., blocking off-
state). The white line shows the well junction and also
defines the bottom of the channel located next to the gate
electrode. As can be seen from the diagrams, there is a lower
potential and lower electric field imposed on the channel and
surrounding gate electrode for the trenched deep body
MOSFET 400F of FIG. 4F. This decreased potential enables
a reduced channel length which reduces the total gate charge
for the device. For example, the depth of gate trench 402 can
be reduced to below, e.g., 0.5 um, and can be made shal-
lower than body trench 418 with the spacing L. being about
0.5 um or smaller. In one exemplary embodiment, the
spacing L is less than 0.3 um. Another advantage of this
embodiment is the reduction in the gate-drain charge Qgd
and Miller capacitance Cgd. The lower the value of these
parameters, the faster the device is able to switch. This
improvement is realized through the reduction of potential
that is present next to the gate electrode. The improved
structure has much lower potential that will be switched and
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the induced capacitive current in the gate is much lower.
This in turn enables the gate to switch faster.

The trenched deep body structure as described in connec-
tion with FIGS. 4D and 4E can be combined with other
charge balancing techniques such as shielded gate or dual
gate structures, to further improve the switching speed,
on-resistance, and blocking capability of the device.

The improvements provided by the above power devices
and variations thereof have yielded robust switching ele-
ments for relatively lower voltage power electronic appli-
cations. Low voltage as used herein refers to a voltage range
from, for example, about 30V-40V and below, though this
range may vary depending on the particular application.
Applications requiring blocking voltages substantially
above this range necessitate some type of structural modi-
fication to the power transistor. Typically, the doping con-
centration in the drift region of the power transistor is
reduced in order for the device to sustain higher voltages
during the blocking state. A more lightly doped drift region,
however, results in an increase in the transistor on-resistance
Rpson- The higher resistivity directly increases the power
loss of the switch. The power loss has become more sig-
nificant as recent advances in semiconductor manufacturing
have further increased the packing density of power devices.

Attempts have been made to improve the device on-
resistance and power loss while maintaining high blocking
voltage. Many of these attempts employ various vertical
charge control techniques to create a largely flat electric field
vertically in the semiconductor device. A number of device
structures of this type have been proposed including the
lateral depletion device disclosed in commonly-owned U.S.
Pat. No. 6,713,813, entitled “Field Effect Transistor Having
a Lateral Depletion Structure,” by Marchant, and the devices
described in commonly-owned U.S. Pat. No. 6,376,878, to
Kocon, both of which are hereby incorporated by reference
in their entirety.

FIG. 5A shows a cross-sectional view of a portion of an
exemplary power MOSFET 500A with a planar gate struc-
ture. MOSFET 500A appears to have similar structure to that
of planar MOSFET 200B of FIG. 2B, but it differs from that
device in two significant respects. Instead of filling trenches
520 with conductive material, these trenches are filled with
dielectric material such as silicon dioxide, and the device
further includes discontinuous floating p-type regions 524
spaced adjacent the outer sidewalls of trenches 520. As
described in connection with the dual trench MOSFET of
FIG. 2A, the conductive material (e.g., polysilicon) in
source trenches 202 help improve the cell breakdown volt-
age by pushing the depletion region deeper into the drift
region. Eliminating the conductive material from these
trenches would thus result in lowering the breakdown volt-
age unless other means of reducing the electric field are
employed. Floating p regions 524 serve to reduce the electric
field.

Referring to MOSFET 500A shown in FIG. 5A, as the
electric field increases when the drain voltage is increased,
floating p regions 524 acquire a corresponding potential
determined by their position in the space charge region. The
floating potential of these p regions 524 causes the electric
field to spread deeper into the drift region resulting in a more
uniform field throughout the depth of the mesa region in
between trenches 520. As a result, the breakdown voltage of
the transistor is increased. The advantage of replacing the
conductive material in the trenches with insulating material
is that a greater portion of the space charge region appears
across an insulator rather than the drift region which could
be silicon. Because the permittivity of an insulator is lower
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than that of, e.g. silicon, and because the area of the
depletion region in the trench is reduced, the output capaci-
tance of the device is significantly reduced. This further
enhances the switching characteristics of the transistor. The
depth of dielectric-filled trenches 520 depends on the volt-
age requirements; the deeper the trenches the higher the
blocking voltage. An added advantage of the vertical charge
control technique is that it allows the transistor cells to be
laterally displaced for thermal isolation without appreciable
added capacitance. In an alternative embodiment, instead of
the floating p regions, p-type layers line the exterior side-
walls of the dielectrically-filled trenches to achieve similar
vertical charge balancing. A simplified and partial cross-
sectional view of this embodiment is shown in FIG. 5B,
where the exterior sidewalls of trenches 520 are covered by
a p-type layer or liner 526. In the exemplary embodiment
shown in FIG. 5B the gate is also trenched, which further
improves the device transconductance. Other embodiments
for improved power devices employing variations of this
technique are described in greater detail in commonly-
assigned U.S. patent application Ser. No. 10/200,056,
entitled “Vertical Charge Control Semiconductor Device
with Low Output Capacitance,” by Sapp et al., which is
hereby incorporated by reference in its entirety.

As described above, trench MOSFET 500B of FIG. 5B
exhibits reduced output capacitance and improved break-
down voltage. However, because the active trench (gate
trench 502) is positioned between dielectric-filled charge
control trenches 520, the channel width of MOSFET 500B
is not as large as conventional trench MOSFET structures.
This may result in a higher on-resistance R .. Referring to
FIG. 5C, there is shown an alternative embodiment for a
trench MOSFET 500C with vertical charge control that
eliminates the secondary charge control trenches. Trenches
502C in MOSFET 500C include gate poly 510 and a
dielectric-filled lower portion that extends deep into drift
region 506. In one embodiment, trenches 502C extend to a
depth below about half the depth of drift region 506. A
p-type liner 526C surrounds the exterior walls along the
lower portion of each trench as shown. This single-trench
structure eliminates the secondary charge control trench,
allowing for increased channel width and lower R,,,,,. The
lower portion of deeper trench 502C that is surrounded by a
p-type liner 526C on its exterior walls supports a major
portion of the electric field in order to reduce output capaci-
tance and gate-to-drain capacitance. In an alternative
embodiment, p-type liner 526C is made into a plurality of
discontinuous regions along the sides and the bottom of
trench 502C. Other embodiments are possible by combining
the single trench charge control structure with shielded gate
or dual gate techniques described above, to further reduce
device parasitic capacitance.

Referring to FIG. 6, there is shown a simplified cross-
sectional view of a power MOSFET 600 that is suitable for
higher voltage applications that also require faster switch-
ing. MOSFET 600 combines vertical charge control to
improve breakdown voltage, with shielded gate structure
that improves switching speed. As shown in FIG. 6, a shield
electrode 611 is positioned inside gate trench 602 between
gate conductive material 610 and the bottom of the trench.
Electrode 611 shields the gate of the transistor from under-
lying drain region (drift region 606) which significantly
reduces the gate-to-drain capacitance of the transistor and
thus increases its maximum switching frequency. Dielectric-
filled trenches 620 with p doped liners 626 help create a
largely flat electric field vertically to improve the breakdown
voltage of the device. While in operation, the combination of
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dielectric-filled trenches 620 with p-type liner 626, and the
shielded gate structure reduces the parasitic capacitance and
helps deplete the n drift region which disperses the electric
field concentrating on the edge portion of the gate electrode.
Devices of this type can be used in RF amplifier or in high
frequency switching applications.

FIG. 7 depicts an alternative embodiment for another
power MOSFET suitable for higher voltage, higher fre-
quency applications. In the simplified example shown in
FIG. 7, MOSFET 700 combines vertical charge control to
improve breakdown voltage with dual gate structure that
improves switching speed. Similar to the device shown in
FIG. 6, vertical charge control is implemented by the use of
dielectric-filled trenches 720 with p-doped liners 726.
Reduction in parasitic capacitance is achieved by the use of
a dual gate structure whereby a primary gate electrode G1 is
shielded from the drain (n-drift region 706) by a secondary
gate electrode G2. Secondary gate electrode G2 can be either
continuously biased or only biased prior to a switching event
in order invert the channel in region 701 to ensure an
uninterrupted flow of current through a continuous channel
when the device is turned on.

In another embodiment, the shielded vertical charge con-
trol MOSFET also employs the doped sidewall dielectric-
filed trenches to implement an integrated Schottky diode.
FIG. 8 shows one example of a shielded gate MOSFET 800
according to this embodiment. In this example, electrode
811 in the lower part of trench 802 shields gate electrode 810
from drift region 806 to reduce parasitic gate-to-drain
capacitance. Dielectric-filled trenches 820 with p doped
liners on their exterior sidewalls provide for vertical charge
control. A Schottky diode 828 is formed between two
trenches 820A and 820B that form a mesa of width W. This
Schottky diode structure is interspersed throughout the
trench MOSFET cell array to enhance the performance
characteristics of the MOSFET switch. The forward voltage
drop is reduced by taking advantage of the low barrier height
of Schottky structure 828. In addition, this diode will have
an inherent reverse recovery speed advantage compared to
the normal PN junction of the vertical power MOSFET. By
doping of the sidewalls of dielectric-filled trenches 820 with,
e.g., Boron, sidewall leakage path due to phosphorus seg-
regation is eliminated. Features of the trench process can be
used to optimize the performance of Schottky diode 828. In
one embodiment, for example, the width W is adjusted such
that depletion in the drift region of Schottky structure 828 is
influenced and controlled by the adjacent PN junction to
increase the reverse voltage capability of Schottky diode
828. An example of a monolithically integrated trench
MOSFET and Schottky diode can be found in commonly-
assigned U.S. Pat. No. 6,351,018 to Sapp, which is hereby
incorporated by reference in its entirety.

It is to be understood that a Schottky diode formed
between dielectric-filled trenches of the type depicted in
FIG. 8 can be integrated with a variety of different types of
MOSFETs, including MOSFETs with a planar gate struc-
ture, trench gate MOSFETs without any shielding electrode
with or without thick dielectric at the bottom of the trench,
etc. An exemplary embodiment for a dual gate trench
MOSFET with integrated Schottky diode is shown in FIG.
9A. MOSFET 900A includes gate trench 902 wherein a
primary gate G1 is formed above a secondary gate G2 to
reduce parasitic capacitance and increase switching fre-
quency. MOSFET 900A also includes dielectric-filled
trenches 920 with p doped liners 926 formed along their
exterior sidewalls for vertical charge control to enhance the
device blocking voltage. One method of forming the liners

FORCEMOS Ex. 2029, Pg. 84
uPl v. Force MOS, IPR2025-00920



US 7,345,342 B2

15

for many of the embodiments described above (e.g., those
shown in FIGS. 5B, 6, 7, 8 and 9A) uses a plasma doping
process. Schottky diode 928A is formed between two adja-
cent dielectric-filled trenches 920A and 920B as shown. In
another variation, a monolithically integrated Schottky
diode and trench MOSFET is formed without the dielectric-
filled trenches. FIG. 9B is a cross-sectional view of an
exemplary device 900B according to this embodiment.
MOSFET 900B includes active trenches 902B each having
electrodes 911 buried under a gate electrode 910. A Schottky
diode 928B is formed between two trenches 902L and 902R
as shown. The charge balancing effect of biased electrodes
911 allows for increasing the doping concentration of the
drift region without compromising the reverse blocking
voltage. Higher doping concentration in the drift region in
turn reduces the forward voltage drop for this structure. As
in previously described trench MOSFETs with buried elec-
trodes, the depth of each trench as well as the number of the
buried electrodes may vary. In one variation shown in FIG.
9C, trench 902C has only one buried electrode 911 and gate
electrodes 9108 in Schottky cell 928C connect to the source
electrode as shown. The gate of the Schottky diode can
alternatively connect to the gate terminal of the MOSFET.
FIGS. 9D, 9E and 9F show exemplary layout variations for
Schottky diode interspersed within the active cell array of
MOSFET. FIGS. 9D and 9E show single mesa Schottky and
double mesa Schottky layouts, respectively, while FIG. 9F
shows a layout wherein Schottky regions are perpendicular
to MOSFET trenches. These and other variations of an
integrated Schottky diode, including alternative multiples of
Schottky to MOSFET regions, can be combined with any of
the transistor structures described herein.

In another embodiment, the voltage blocking capability of
a power device is enhanced by use of one or more diode
structures in series, buried inside a trench lined with dielec-
tric, and arranged parallel to the current flow in the device
drift region. FIG. 10 provides a simplified cross-sectional
view of an exemplary trench MOSFET 1000 according to
this embodiment. Diode trenches 1020 are disposed on
either sides of a gate trench 1002, extending well into drift
region 1006. Diode trenches 1020 include one or more diode
structures made up of opposite conductivity type regions
1023 and 1025 that form one or more PN junctions inside the
trench. In one embodiment, trench 1020 includes a single
region having a polarity that is opposite that of the drift
region such that a single PN junction is formed at the
interface with the drift region. P-type and n-type doped
polysilicon or silicon may be used to form regions 1023 and
1025, respectively. Other types of material such as silicon
carbide, gallium arsenide, silicon germanium, etc. could also
be used to form regions 1023 and 1025. A thin dielectric
layer 1021 extending along the trench inner sidewalls insu-
lates the diode in the trench from drift region 1006. As
shown, there is no dielectric layer along the bottom of
trenches 1020, thus allowing the bottom region 1027 to be
in electrical contact with the underlying substrate. In one
embodiment, similar considerations to those dictating the
design and manufacture of the gate oxide 1008 are applied
in designing and forming dielectric layer 1021. For example,
the thickness of dielectric layer 1021 is determined by such
factors as the voltage it is required to sustain and the extend
to which the electric field in the diode trench is to be induced
in the drift region (i.e., the extent of coupling through the
dielectric layer).

In operation, when MOSFET 1000 is biased in its block-
ing state, PN junctions inside diode trench 1020 are reverse
biased with the peak electric field occurring at each diode
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junction. Through dielectric layer 1021, the electric field in
the diode trench induces a corresponding electric field in
drift region 1006. The induced field is manifested in the drift
region in the form of an up-swing spike and a general
increase in the electric field curve in the drift region. This
increase in the electric field results in a larger area under the
electric field curve which in turn results in a higher break-
down voltage. Variations on this embodiment are described
in greater detail in commonly-assigned U.S. patent applica-
tion Ser. No. 10/288,982, entitled “Drift Region Higher
Blocking Lower Forward Voltage Drop Semiconductor
Structure,” by Kocon et al., which is hereby incorporated by
reference in its entirety.

Other embodiments for power devices that combine
trenched diodes for charge balancing with techniques to
reduce parasitic capacitance such as shielded gate or dual
gate structures are possible. FIG. 11 shows one example of
a MOSFET 1100 according to one such embodiment. MOS-
FET 1100 uses a shield electrode 1111 inside active trench
1102 under gate electrode 1110, to reduce gate-to-drain
capacitance Cgd for the transistor as described above in
connection with, for example, MOSFET 300A in FIG. 3A.
A different number of PN junctions are employed in MOS-
FET 1100 as compared to MOSFET 1000. FIG. 12 is a
cross-sectional view of a MOSFET 1200 that combines the
dual gate technique with the trenched diode structure. Active
trench 1202 in MOSFET 1200 includes a primary gate G1
and a secondary gate G2 and operates in the same manner as
the active trenches in the dual gate MOSFET described in
connection with FIG. 4B. Diode trenches 1220 provide
charge balancing to increase the device blocking voltage
while the dual gate active trench structure improves the
device switching speed.

Yet another embodiment combines the trenched diode
charge balancing technique with integrated Schottky diode
in a planar gate MOSFET 1300 as shown in FIG. 13. Similar
advantages can be obtained by the integration of Schottky
diode 1328 with the MOSFET as described in connection
with the embodiments of FIGS. 8 and 9. In this embodiment,
a planar gate structure is shown for illustrative purposes, and
those skilled in the art will appreciate that the combination
of an integrated Schottky diode and trenched diode structure
can be employed in a MOSFET having any of the other
types of gate structures including trench gate, dual gate and
shielded gate. Any one of the resulting embodiments can
also be combined with the trenched body technique to
further minimize the fringing parasitic capacitance, as
described in connection with MOSFET 400D or 400E of
FIGS. 4D and 4E. Other variations and equivalents are
possible. For example, the number of regions of opposite
conductivity inside the diode trenches may vary as can the
depth of the diode trenches. The polarities of the opposite
conductivity regions may be reversed as can the polarity of
the MOSFET. Also, any of the PN regions (923,925 or
1023,1025, etc.) may be independently biased if desired by,
for example, extending the respective regions along the third
dimension and then up to the silicon surface where electrical
contact can be made to them. Further, multiple diode
trenches may be used as demanded by the size of the device
and the voltage requirements of the application, and the
spacing and arrangement of the diode trenches can be
implemented in various stripe or cellular designs.

In another embodiment, a class of accumulation-mode
transistors is provided that employs various charge balanc-
ing techniques for smaller forward voltage loss and higher
blocking capability. In a typical accumulation-mode transis-
tor there is no blocking junction and the device is turned off
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by lightly inverting the channel region next to the gate
terminal to pinch off the current flow. When the transistor is
turned on by applying a gate bias, an accumulation layer
rather than an inversion layer is formed in the channel
region. Since there is no inversion channel forming, channel
resistance is minimized. In addition, there is no PN body
diode in an accumulation-mode transistor which minimizes
the losses that are otherwise incurred in certain circuit
applications such as synchronous rectifiers. The drawback of
conventional accumulation-mode devices is that the drift
region has to be lightly doped to support a reverse bias
voltage when the device is in blocking mode. A more lightly
doped drift region translates to higher on-resistance.
Embodiments described herein overcome this limitation by
employing various charge balancing techniques in an accu-
mulation-mode device.

Referring to FIG. 14, there is shown a simplified embodi-
ment of an exemplary accumulation-mode transistor 1400
with alternate conductivity regions arranged in parallel to
the current flow. In this example, transistor 1400 is an
n-channel transistor with a gate terminal formed inside
trenches 1402, an n-type channel region 1412 that is formed
between trenches, a drift region 1406 that includes opposite
polarity columnar n-type and p-type sections 1403 and 1405,
and an n-type drain region 1414. Unlike enhancement-mode
transistors, accumulation-mode transistor 1400 does not
include a blocking (p-type in this example) well or body
region inside which the channel is formed. Instead, a con-
ducting channel is formed when an accumulation layer is
formed in region 1412. Transistor 1400 is normally on or off
depending on doping concentration of region 1412 and
doping type of the gate electrode. It is turned off when n-type
region 1412 is entirely depleted and lightly inverted. The
doping concentrations in opposite polarity regions 1403 and
1405 are adjusted to maximize charge spreading, which
enables the transistor to support higher voltages. The use of
columnar opposite polarity regions parallel to current flow
flattens the electric field distribution by not allowing it to
decrease linearly away from the junction formed between
regions 1412 and 1406. The charge spreading effect of this
structure allows the use of a more highly doped drift region
which reduces transistor on-resistance. The doping concen-
tration of the various regions may vary; for example, n-type
regions 1412 and 1403 may have the same or different
doping concentrations. Those skilled in the art appreciate
that an improved p-channel transistor can be obtained by
reversing the polarities of the various regions of the device
shown in FIG. 14. Other variations of the columnar opposite
polarity regions inside the drift region are described in
greater detail in connection with ultra-high voltage devices
described further below.

FIG. 15 is a simplified diagram of another accumulation-
mode device 1500 with trenched electrodes for charge
spreading purposes. All regions 1512, 1506 and 1514 are of
the same conductivity type, in this example, n-type. For a
normally off device, gate polysilicon 1510 is made p-type.
The doping concentration of region 1512 is adjusted to form
a depleted blocking junction under no bias conditions. Inside
each trench 1502, one or more buried electrodes 1511 are
formed under gate electrode 1510, all surrounded by dielec-
tric material 1508. As described in connection with enhance-
ment-mode MOSFET 300A of FIG. 3A, buried electrodes
1511 act as field plates and can be biased, if desired, to a
potential that optimizes their charge spreading function.
Since charge spreading can be controlled by independently
biasing buried electrodes 1511, the maximum electric field
can be increased significantly. Similar to the buried elec-
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trodes employed in MOSFET 300A, different variations of
the structure are possible. For example, the depth of trench
1502 and the size and number of buried electrodes 1511 can
vary depending on the application. Charge spreading elec-
trodes can be buried inside trenches that are separate from
active trenches that house the transistor gate electrode, in a
similar fashion to that shown for the trench structures of
MOSFET 3008 in FIG. 3B. An example of such an embodi-
ment is shown in FIG. 16. In the example shown in FIG. 16,
n-type region 1612 includes more heavily doped n+ source
regions 1603 that can be optionally added. Heavily doped
source regions 1603 can extend along the top edge of n-type
region 1612 as shown or can be formed as two regions
adjacent trench walls along the top edge of n-type region
1612 (not shown in this Figure). In some embodiments, the
inclusion of n+regions 1603 may necessitate lowering the
doping concentration of n-type region 1606 in order to
ensure the transistor can properly shut off. This optional
heavily doped source region can be used in the same manner
in any one of the accumulation transistors described herein.

Another embodiment for an improved accumulation-
mode transistor employs dielectric-filled trenches with an
opposite polarity exterior liner. FIG. 17 is a simplified
cross-sectional view of an accumulation transistor 1700
according to this embodiment. Dielectric-filled trenches
1720 extend downward from the surface of the silicon well
into drift region 1706. Trenches 1720 are substantially filed
with dielectric material such as silicon dioxide. In this
exemplary embodiment, transistor 1700 is an n-channel
transistor with trenched gate structure. A p-type region 1726
lines the exterior walls of dielectric-filled trenches 1720 as
shown. Similar to the enhancement-mode transistors S00A,
500B and 500C described in connection with FIGS. 5A, 5B
and 5C, respectively, trenches 1720 reduce the output
capacitance of the transistor while p-type liner 1726 pro-
vides for charge balancing in the drift region to increase the
blocking capability of the transistor. In an alternative
embodiment shown in FIGS. 18, oppositely doped liners
1826N and 1826P are formed adjacent the opposite sides of
a dielectric-filled trench 1820. That is, a dielectric-filled
trench 1820 has a p-type liner 1826P extending along the
exterior sidewall on one side, and an n-type liner 1826N
extending along the exterior sidewall on the other side of the
same trench. Other variations of this combination of accu-
mulation transistor with dielectric-filled trenches, as
described in connection with the corresponding enhance-
ment-mode transistors, are possible. These include, for
example, an accumulation transistor with a planar (as
opposed to trenched) gate structure and floating p-type
regions instead of p-type liner 1726 as in the device shown
in FIG. 5A; an accumulation transistor with a p-type liner
that covers only the exterior side-walls and not the bottom
of trenches 1726 as in the device shown in FIG. 5B; and an
accumulation transistor with a single trench structure with a
p-type liner that covers the lower portion of the trench as in
the device shown in FIG. 5C, among others.

In another embodiment, an accumulation-mode transistor
employs one or more diodes formed in series inside a trench
for charge balancing purposes. A simplified cross-sectional
view of an exemplary accumulation-mode transistor 1900
according to this embodiment is shown in FIG. 19. Diode
trenches 1920 are disposed on either side of a gate trench
1902, extending well into drift region 1906. Diode trenches
1920 include one or more diode structures made up of
opposite conductivity type regions 1923 and 1925 that form
one or more PN junctions inside the trench. P-type and
n-type doped polysilicon or silicon may be used to form
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regions 1923 and 1925. A thin dielectric layer 1921 extend-
ing along the trench inner sidewalls insulates the diodes in
the trench from drift region 1906. As shown, there is no
dielectric layer along the bottom of trenches 1920, thus
allowing the bottom region 1927 to be in electrical contact
with the underlying substrate. Other variations of this com-
bination of accumulation transistor with trenched diodes, as
described in connection with the corresponding enhance-
ment-mode transistors shown in FIGS. 10, 11, 12 and 13 and
variations thereof, are possible.

Any one of the accumulation-mode transistors described
above can employ a heavily doped opposite polarity region
in the top (source) region. FIG. 20 is a simplified three-
dimensional view of an exemplary accumulation-mode tran-
sistor 2000 that shows this feature in combination with other
variations. In this embodiment, the charge balancing diodes
in accumulation-mode transistor 2000 are formed inside the
same trench as the gate. Trench 2002 includes gate electrode
2010 below which n-type 2023 and p-type 2025 silicon or
polysilicon layers form PN junctions. A thin dielectric layer
2008 separates the diode structure from gate terminal 2002
as well as drift region 2006. Heavily doped p+ regions 2118
are formed at intervals along the length of the mesa formed
between trenches in source regions 2012, as shown. Heavily
doped p+ regions 2118 reduce the area of n-region 2012 and
reduce device leakage. P+ regions 2118 also allow for p+
contact which will improve hole current flow in avalanche
and improve device robustness. Variations on an exemplary
vertical MOS-gated accumulation transistor have been dis-
cussed to illustrate the various features and advantages of
this class of device. One of skill in the art appreciates that
these can be implemented in other types of devices including
lateral MOS-gated transistors, diodes, bipolar transistors and
the like. Charge spreading electrodes can be formed either
inside the same trench as the gate or inside separate trenches.
The various exemplary accumulation-mode transistors
described above have the trenches terminating in the drift
regions, but they can also terminate in the more heavily
doped substrate connecting to the drain. The various tran-
sistors can be formed in stripe or cellular architecture
including hexagonal or square shaped transistor cells. Other
variations and combinations as described with some of the
other embodiments are possible, many of which are further
described in previously referenced U.S. Patent Application
Nos. 60/506,194 and 60/588,845, both of which are incor-
porated herein by reference in their entirety.

Another class of power switching devices designed for
very high voltage applications (e.g., SO0V-600V and above),
employs alternating vertical sections of p-doped and
n-doped silicon in the epitaxial region between the substrate
and the well. Referring to FIG. 21, there is shown one
example of a MOSFET 2100 that employs this type of
structure. In MOSFET 2100, region 2102 that is sometimes
referred to as the voltage sustaining or the blocking region,
comprises the alternating n-type sections 2104 and p-type
sections 2106. The effect of this structure is that when
voltage is applied to the device, the depletion region spreads
horizontally into each side of sections 2104 and 2106. The
entire vertical thickness of blocking layer 2102 is depleted
before the horizontal field is high enough to produce ava-
lanche breakdown because the net quantity of charge in each
vertical section 2104,2106 is less than that needed to pro-
duce the breakdown field. After the region is fully depleted
horizontally, the field continues to build vertically until it
reaches the avalanche field of approximately 20 to 30 volts
per micron. This greatly enhances the voltage blocking
capability of the device extending the voltage range of the
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device to 400 volts and above. Different variations of this
type of super-junction device are described in greater detail
in commonly-owned U.S. Pat. Nos. 6,081,009 and 6,066,
878 both to Nielson, which are hereby incorporated by
reference in their entirety.

A variation on the super-junction MOSFET 2100 uses
floating p-type islands in the n-type blocking region. The use
of floating p-type islands as opposed to the pillar approach,
allows the thickness of the charge balance layer to be
reduced which reduces R, In one embodiment, instead
of uniformly spacing the p-type islands, they are spaced
apart so as to maintain the electric filed near the critical
electric field. FIG. 22 is a simplified cross-sectional view of
a MOSFET 2200 that shows one example of a device
according to this embodiment. In this example, the deeper
floating p regions 2226 are spaced farther from the ones
above. That is, the distance L3 is larger than the distance .2,
and the distance 1.2 is larger than the distance L.1. By
manipulating the distance between the floating junctions in
this manner, minority carriers are introduced in a more
granular fashion. The more granular the sources of these
carriers the lower R, and the higher breakdown voltage
can be made. It is understood by those skilled in the art that
many variations are possible. For example, the number of
floating regions 2226 in the vertical direction is not limited
to four as shown, and the optimum number may vary. Also,
the doping concentration in each floating region 2226 may
vary; for example, in one embodiment, the doping concen-
tration in each floating region 2226 decreases gradually as
the region gets closer to substrate 2114.

Further, many of the techniques for reducing parasitic
capacitance to enhance switching speed, including shielded
gate and dual gate structures, as described in connection
with low voltage and medium voltage devices, can be
combined with the high voltage devices described in FIGS.
21 and 22 and variations thereof. FIG. 23 is a simplified
cross-sectional view of a high voltage MOSFET 2300 that
combines a variation of the super-junction architecture with
a dual gate structure. MOSFET 2300 has a planar dual gate
structure made up of gate terminals G1 and G2 similar to, for
example, the dual gate transistor shown in FIG. 4B above.
Opposite polarity (p-type in this example) regions 2326 are
vertically disposed in n-type drift region 2306 under p-well
2308. The size and spacing of p-type regions 2326 vary in
this example whereby the more closely disposed regions
2326 nearer p-well 2308 make contact to each other while
regions 2326 disposed further below are floating and smaller
in size as shown. FIG. 24 depicts yet another embodiment
for a high voltage MOSFET 2400 that combines the super-
junction technology with shielded gate structure. MOSFET
2400 is a trench gate device with a gate electrode 2410 that
is shielded from drift region 2406 with a shield electrode
2411 similar to, for example, MOSFET 300A in FIG. 3A.
MOSFET 2400 also includes opposite polarity floating
regions 2426 disposed in drift region 2406 parallel to current
flow.

Termination Structures

Discrete devices of the various types described above
have a breakdown voltage limited by the cylindrical or
spherical shape of the depletion region at the edge of the die.
Since this cylindrical or spherical breakdown voltage is
typically much lower than the parallel plane breakdown
voltage BVpp in the active area of the device, the edge of the
device needs to be terminated so as to achieve a breakdown
voltage for the device that is close to the active area
breakdown voltage. Different techniques have been devel-
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oped to spread the field and voltage uniformly over the edge
termination width to achieve a breakdown voltage that is
close to BVpp. These include field plates, field rings, junc-
tion termination extension (JTE) and different combinations
of these techniques. The above-referenced, commonly-
owned U.S. Pat. No. 6,429,481 to Mo et al. describes one
example of a field termination structure that includes a deep
junction (deeper than the well) with an overlying field oxide
layer, surrounding the active cell array. In the case of an
n-channel transistor, for example, the termination structure
includes a deep p+ region that forms a PN junction with the
n-type drift region.

In alternative embodiments, one or more ring-shaped
trenches surrounding the periphery of the cell array act to
lessen the electric field and increase avalanche breakdown.
FIG. 25A shows a commonly-used trench layout for a trench
transistor. Active trenches 2502 are surrounded by a ring-
shaped termination trench 2503. In this structure, regions
2506 shown by the dotted circles at the ends of the mesas
deplete faster than other regions causing increased field in
this area which reduces the breakdown voltage under reverse
bias conditions. This type of layout is therefore limited to
lower voltage devices (e.g., <30V). FIGS. 25B to 25F show
a number of alternative embodiments for termination struc-
tures with different trench layouts to reduce the high electric
field regions shown in FIG. 25A. As can be seen by the
diagrams, in these embodiments some or all active trenches
are disconnected from the termination trench. The gap W
between the ends of the active trenches and the termination
trench function to reduce the electric field crowding effect
observed in the structure shown in FIG. 25A. In one exem-
plary embodiment, W is made approximately half the
width of the mesa between trenches. For higher voltage
devices, multiple termination trenches as shown in FIG. 25F
can be employed to further increase the breakdown voltage
of the device. Commonly-owned U.S. Pat. No. 6,683,363,
entitled “Trench Structure for Semiconductor Devices,” by
Challa, which is hereby incorporated in its entirety,
describes variations on some of these embodiments in
greater detail.

FIGS. 26A through 26C depict cross-sectional views of
various exemplary trench termination structures for charge
balanced trench MOSFETs. In the exemplary embodiment
shown, MOSFET 2600A uses a shielded gate structure with
a shield poly electrode 2611 buried under gate poly 2610
inside active trench 2602. In the embodiment shown in FIG.
26A, termination trench 2603A is lined with a relatively
thick layer of dielectric (oxide) 2605A and filled with
conductive material such as poly 2607A. The thickness of
oxide layer 2605A, the depth of termination trench 2603A
and the spacing between the termination trench and the
adjacent active trench (i.e., width of the last mesa) are
determined by the device reverse blocking voltage. In the
embodiment shown in FIG. 26A, trenches are wider at the
surface (T-trench structure) and a metal field plate 2609A is
used over the termination region. In an alternative embodi-
ment (not shown), the field plate can be formed from
polysilicon by extending poly 2607A inside termination
trench 2603A above the surface and over the termination
region (to the left of the termination trench in FIG. 26A).
Many variations are possible. For example, a p+ region (not
shown) under the metal contacts to silicon can be added for
better Ohmic contact. P-well region 2604 in the last mesa
adjacent termination trench 2603A and it’s respective con-
tact can be optionally removed. Also, floating p-type
region(s) can be added to the left of termination trench
2603A (i.e., outside active area).
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In another variation, instead of filling termination trench
2603 with poly, a poly electrode is buried in the lower
portion of the trench inside an oxide-filled trench. This
embodiment is shown in FIG. 26B, wherein approximately
half of termination trench 2603B is filled with oxide 2605B
with the lower half having a poly electrode 2607B buried
inside the oxide. The depth of trench 2603B and height of
buried poly 2607B can be varied based on the device
processing. In yet another embodiment shown in FIG. 26C,
a termination trench 2603C is substantially filled with
dielectric with no conductive material buried therein. For all
three embodiments shown in FIGS. 26A, B and C, the width
of the last mesa separating the termination trench from the
last active trench may be different than the width of a typical
mesa formed between two active trenches, and can be
adjusted to achieve optimal charge balancing in the termi-
nation region. All variations described above in connection
with the structure shown in FIG. 26A can apply to those
shown in FIGS. 26B and 26C. Further, those skilled in the
art appreciate that while the termination structures have been
described herein for a shielded gate device, similar struc-
tures can be implemented as termination regions for all of
the various trench based devices described above.

For lower voltage devices the corner designs for the
trench termination ring may not be critical. However, for
higher voltage devices the rounding of the corners of the
termination ring with a larger radius of curvature may be
desirable. The higher the device voltage requirements, the
larger may be the radius of curvature at the corners of
termination trench. Also the number of termination rings can
be increased as the device voltage increases. FIG. 27 shows
an exemplary device with two termination trenches 2703-1
and 2703-2 having a relatively larger radius of curvature.
The spacing between the trenches can also be adjusted based
on the device voltage requirements. In this embodiment, the
distance S1 between termination trenches 2703-1 and
2703-2 is approximately twice the distance between the first
termination trench 2703-1 and the end of the active trenches.

FIGS. 28A, 28B, 28C, and 28D show exemplary cross-
sectional views for various termination regions with silicon
pillar charge balance structures. In the embodiment shown in
FIG. 28A, field plates 2809A contact every ring of p-type
pillar 2803A. This allows wider mesa regions because of
lateral depletion due to field plates. The breakdown voltage
generally depends on the field oxide thickness, the number
of rings and the depth and spacing of termination pillars
2803 A. Many different variations for this type of termination
structure are possible. For example, FIG. 28B shows an
alternative embodiment wherein a large field plate 2809B-1
covers all the pillars 2803B except the last pillar, which is
connected to another field plate 2809B-2. By grounding
large field plate 2809B-1, the mesa regions between the
p-type pillars deplete quickly and the horizontal voltage
drop will not be significant, causing lower breakdown volt-
age than the embodiment shown in FIG. 28A. In another
embodiment shown in FIG. 28C, the termination structure
has no field plates on the middle pillars. Because there is no
field plate on the middle pillars, they have narrower mesa
region to deplete adequately. In one embodiment, a gradu-
ally decreasing mesa width towards the outer ring yields
optimal performance. The embodiment shown in FIG. 28D
facilitates contact to p-type pillars by providing a wider well
region 2808D and increasing the spacing between the field
oxide layers as shown.

In the case of ultra-high voltage devices that employ
various super-junction techniques of the type described
above, the breakdown voltage is much higher than the
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conventional BVpp. For a super-junction device, the charge
balance or super-junction structures (e.g., opposite polarity
pillars or floating regions, buried electrodes, etc.) are also
used in the termination region. Standard edge termination
structures in combination with charge balance structures,
such as field plates on the top surface at the edge of the
device can also be used. In some embodiments, standard
edge structures on the top can be eliminated by using a
rapidly decreasing charge in the termination junction. For
example, p-type pillars in the termination region can be
formed with decreasing charge the farther they get from the
active area creating a net n-type balance charge.

In one embodiment, the spacing between the p-type
pillars in the termination region is varied as the pillars move
farther away from the active regions. A highly simplified
cross-sectional view of one exemplary embodiment of a
device 2900A according to this embodiment is shown in
FIG. 29A. In the active area of device 2900A, opposite
conductivity pillars 2926 A made of, for example, multiple
connected p-type spheres are formed under the p-type well
2908A in n-type drift region 2904A. At the edge of the
device, under the termination region, p-type termination
pillars TP1, TP2, to TPn are formed as shown. Instead of
having uniform spacing as in the active area, the center-to-
center spacing between termination pillars TP1 to TPn
increases as the pillars move farther away from the interface
with the active region. That is, distance D1 between TP2 and
TP3 is smaller than distance D2 between TP3 and TP4, and
distance D2 is smaller than distance D3 between TP4 and
TP5, and so on.

Several variations of this type of super-junction termina-
tion structure are possible. For example, instead of forming
p-type termination pillars TP1-TPn at varying distances
inside voltage sustaining layer 2904 A, the center-to-center
spacing could remain uniform but the width of each termi-
nation pillar could vary. FIG. 29B shows a simplified
example of a termination structure according to this embodi-
ment. In this example, termination pillar TP1 has a width
W1 that is larger than the width W2 of termination pillar
TP2, and W2 in turn is made larger than the width W3 of
termination pillar TP3 and so on. In terms of the spacing
between the opposite polarity charge balancing regions in
the termination region, the resulting structure in device
2900B is similar to that of device 2900A, even though in
device 2900B the center-to-center spacing between trench
pillars may be the same. In another exemplary embodiment
shown in a simplified cross-sectional view in FI1G. 29C, the
width of each opposite polarity pillar 2926C in the active
region is decreased from the top surface to the substrate,
whereas the width for termination pillars TP1 and TP2
remains substantially the same. This achieves the desired
breakdown voltage while utilizing less area. Those skilled in
the art appreciate that the various termination structures
described above can be combined in any desired manner,
including for example, the center-to-center spacing and/or
the overall width of termination pillars in device 2900C
shown in FIG. 29C can be varied as described in connection
with the embodiments shown in FIGS. 29A and 29B.

Process Techniques

A number of different devices with trench structures
having multiple buried electrodes or diodes have thus far
been described. In order to bias these trenched. electrodes,
these devices allow for electrical contact to be made to each
of the buried layers. A number of methods for forming the
trench structures with buried electrodes and for making
contact to the buried poly layers inside the trenches are
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disclosed herein. In one embodiment, contacts to trenched
poly layers are made at the edge of the die. FIG. 30A shows
one example of edge contacting for a trench device 3000
with two poly layers 3010 and 3020. FIG. 30A depicts a
cross-sectional view of the device along the longitudinal
axis of a trench. According to this embodiment, where the
trench terminates near the edge of the die, poly layers 3010
and 3020 are brought up to the surface of the substrate for
contact purposes. Openings 3012 and 3022 in dielectric (or
oxide) layers 3030 and 3040 allow for metal contact to the
poly layers. FIGS. 30B to 30F illustrate various processing
steps involved in forming the edge contact structure of FIG.
30A. In FIG. 30B, a dielectric (e.g., silicon dioxide) layer
3001 is patterned on top of epitaxial layer 3006, and the
exposed surface of the substrate is etched to form trench
3002. A first oxide layer 3003 is then formed across the top
surface of the substrate including the trench as shown in
FIG. 30C. A first layer of conductive material (e.g., poly-
silicon) 3010 is then formed on top of oxide layer 3003 as
shown in FIG. 30D. Referring to FIG. 30E, poly layer 3010
is etched away inside the trench and another oxide layer
3030 is formed over poly 3010. Similar steps are carried out
to form the second oxide-poly-oxide sandwich as shown in
FIG. 30F, where the top oxide layer 3040 is shown as being
etched to make openings 3012 and 3022 for metal contact
layer to poly layers 3010 and 3020, respectively. The last
steps can be repeated for additional poly layers, and poly
layers can be tied together by the overlying metal layer if
desired.

In another embodiment, contacts to multiple poly layers
in a given trench are made in the active area of the device
instead of along the edge of the die. FIG. 31A depicts one
example of the active area contact structure for multiple
buried poly layers. In this example, a cross-sectional view
along the longitudinal axis of the trench shows a poly layer
3110 which provides the gate terminal and poly layers 3111a
and 311156 that provide two shield layers. While three
separate metal lines 3112, 3122 and 3132 are shown as
making contact to the shield poly layers, they can be all tied
together and connected to the source terminal of the device,
or any other contacting combination can be used as required
by a particular application. An advantage of this structure is
the planar nature of the contact as compared to the multi-
layer edge contact structure shown in FIG. 30A.

FIGS. 31B to 31M illustrate one example of a process
flow for forming an active area shield contact structure for
a trench with two layers of poly. Etching of trenches 3102
in FIG. 31B is followed by shield oxide 3108 formation in
FIG. 31C. Shield polysilicon 3111 is then deposited and
recessed inside the trenches as shown in FIG. 31D. Shield
poly 3111 is additionally recessed in FIG. 31E, except for
locations where shield contact at the surface of the substrate
is desired. In FIG. 31E, a mask 3109 protects the poly inside
the middle trench from further etch. In one embodiment, this
mask is applied at different locations along different trenches
such that for the middle trench, for example, shield poly is
recessed in other portions of the trench in the third dimen-
sion (not shown). In another embodiment, shield poly 3111
inside one or more select trenches in the active area is
masked along the entire length of the trench. Shield oxide
3108 is then etched as shown in FIG. 31F, and a thin layer
of gate oxide 3108a is then formed across the top of the
substrate after mask 3109 is removed as shown in FIG. 31G.
This is followed by gate poly deposition and recess (FIG.
31H), p well implant and drive (FIG. 311), and n+ source
implant (FIG. 31J). FIGS. 31K, 31L and 31M depict the
steps of BPSG deposition, contact etch and p+ heavy body
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implant, followed by metallization, respectively. FIG. 31 N
shows a cross-sectional view of an alternative embodiment
for an active area shield contact structure wherein shield
poly 3111 forms a relatively wider platform on top of shield
oxide. This facilitates contacting the shield poly, but intro-
duces topography that may further complicate the fabrica-
tion process.

A simplified top-down layout view of an exemplary
trench device with an active area shield contact structure is
shown in FIG. 32A. A mask defining shield poly recess
prevents the recessing of the shield poly at location 3211C
in the active region as well as in perimeter shield trench
3213. A modification of this technique uses a “dogbone”-
like shape for the shield poly recess mask, that provides a
wider region at the intersection with each trench 3202 for
contact to the shield poly. This allows the shield poly in the
masked region to also be recessed but to the original surface
of the mesa, thus eliminating topography. The top-down
layout view for an alternative embodiment is shown in FIG.
32B, wherein active area trenches are connected to the
perimeter trench. In this embodiment, the shield poly recess
mask prevents recessing of shield poly along the length of a
selected trench (middle trench in the example shown) for
active area shield trench contact to source metal. FIGS. 32C
and 32D are simplified layout diagrams showing two dif-
ferent embodiments for making contact to the perimeter
trench in a trench device with broken trench structure. In
these figures, active trenches 3202 and perimeter trench
3213 are depicted by a single line for illustrative purposes.
In FIG. 32C, extensions or fingers from perimeter gate poly
runner 3210 are staggered with respect to perimeter shield
poly fingers to space the perimeter contacts away from the
perimeter trench. Source and shield contact area 3215 also
makes contact to shield poly in the active region in locations
3211C as shown. The embodiment shown in FIG. 32D,
eliminates the offset between active and perimeter trenches
to avoid possible limitations arising from trench pitch
requirements. In this embodiment, active trenches 3202 and
horizontal extensions from perimeter trench 3213 are
aligned, and windows 3217 in gate poly runner 3210 allow
for contacts to be made to shield poly around the perimeter.
Active area contacts are made in locations 3211C as in
previous embodiments.

An alternative embodiment for contacting trenched shield
poly layers in the active area is shown in FIG. 33A. In this
embodiment, instead of recessing the shield poly it extends
vertically over a substantial part of the active trench up to the
silicon surface. Referring to FIG. 33A, shield poly 3311
splits gate poly 3310 into two as it extends vertically along
the height of trench 3302. The two gate poly segments are
connected in the third dimension at a suitable location inside
the trench or as they exit the trench. One advantage of this
embodiment is the area that is saved by making source poly
contact inside the active trench instead of using silicon space
that would be dedicated for the trenched poly contact. FIGS.
33B to 33M illustrate one example of a process flow for
forming an active area shield contact structure of the type
shown in FIG. 33A. Etching of trenches 3302 in FIG. 33B
is followed by shield oxide 3308 formation in FIG. 33C.
Shield polysilicon 3311 is then deposited inside the trenches
as shown in FIG. 33D. Shield poly 3311 is etched and
recessed inside the trenches as shown in FIG. 33E. Shield
oxide 3308 is then etched as shown in FIG. 33F, leaving an
exposed portion of shield polysilicon 3311 that forms two
troughs on its sides inside the trench. A thin layer of gate
oxide 3308¢ is then formed across the top of the substrate,
sidewalls of the trenches and troughs inside the trenches as
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shown in FIG. 33G. This is followed by gate poly deposition
and recess (FIG. 33H), p-well implant and drive (FIG. 331),
and n+ source implant (FI1G. 33J). FIGS. 33K, 33L and 33M
depict the steps of BPSG deposition, contact etch and p+
heavy body implant, followed by metallization, respectively.
Variations on this process flow are possible. For example, by
re-ordering some of the process steps, the process steps
forming gate poly 3310 can be conducted prior to the steps
forming shield poly 3311.

Specific process recipes and parameters and variations
thereof for performing many of the steps in the above
process flows are well-known. For a given application,
certain process recipes, chemistries and material types can
be fine tuned to enhance manufacturability and performance
of the device. Improvements can be made from the starting
material, i.e., the substrate on top of which the epitaxial (epi)
drift region is formed. In most power applications, reduction
in the transistor on-resistance R, is desirable. The ideal
on-resistance of a power transistor is a strong function of the
critical field which is defined as the maximum electric field
in the device under breakdown conditions. Transistor spe-
cific on-resistance can be significantly reduced if the device
is fabricated in a material with critical field higher than that
of silicon, provided that reasonable mobility is maintained.
While many of the power devices features, including struc-
tures and processes, described thus far have been described
in the context of a silicon substrate, other embodiments
using substrate material other than silicon are possible.
According to one embodiment, the power devices described
herein are fabricated in a substrate made of wide-bandgap
material, including for example, silicon carbide (SiC), gal-
lium nitride (GaN), gallium arsenide (GaAs), indium phos-
phide (InP), diamond and the like. These wide-bandgap
materials exhibit a critical field that is higher than the critical
field for silicon and can allow for a significant reduction in
transistor on-resistance.

Another primary contributor to the transistor on-resis-
tance is the thickness and doping concentration of the drift
region. The drift region is typically formed by epitaxially
grown silicon. To reduce R, it is desirable to minimize
the thickness of this epi drift region. The thickness of the epi
layer is dictated in part by the type of starting substrate. For
example, a red-phosphorus doped substrate is a common
type of starting substrate material for discrete semiconductor
devices. A property of phosphorus atoms, however, is that
they diffuse quickly in silicon. The thickness of the epi
region that is formed on top of the substrate is therefore
determined to accommodate the up-diffusion of phosphorus
atoms from the underlying heavily doped substrate.

In order to minimize the thickness of the epi layer,
according to one embodiment shown in FIG. 34, an epi
spacer or buffer (or barrier) layer 3415 having dopants with
relatively less diffusivity such as Arsenic, is formed above a
phosphorus substrate 3414. The combined phosphorous-
doped substrate and Arsenic-doped buffer layer provides the
foundation for the subsequent formation of epi drift region
3406. The Arsenic dopant concentration in layer 3415 is
determined by the breakdown voltage requirements of the
device, and the thickness of Arsenic epi layer 3415 is
determined by specific thermal budget. A regular epi layer
3406 may then be deposited on top of the Arsenic epi, the
thickness of which would be determined by device require-
ments. The much lower diffusivity of Arsenic allows the
overall thickness of the epi drift region be reduced resulting
in a reduction in transistor on-resistance.

In an alternative embodiment, in order to counter the
up-diffusion of dopant species from the heavily doped
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substrate to the epi layer a diffusion barrier is employed
between the two layers. According to one exemplary
embodiment shown in FIG. 35, a barrier layer 3515 com-
posed of, e.g., silicon carbide Si,C, _, is deposited epitaxially
on either boron or phosphorus substrates 3514. Epi layer
3506 is then deposited atop barrier layer 3515. The thickness
and carbon composition may vary according to the thermal
budget of the process technology. Alternately, carbon
dopants can be first implanted into substrate 3514, after
which thermal treatment activates the carbon atoms to form
a Si,C,_, compound at the surface of substrate 3514.

Another aspect of certain trench transistor technologies
that limits the ability to reduce the thickness of the epi is the
junction formed between the deep body and epi layer that is
sometimes employed in the active region and sometimes in
the termination region. The formation of this deep body
region commonly involves an implant step early in the
process. Due to the large subsequent thermal budget
required by the formation of field oxide and gate oxide, the
junction at the deep body and drift region is graded to a large
extent. To avoid early breakdown at the edge of the die, a
much thicker drift region is needed which results in higher
on-resistance. The use of a diffusion barrier layer can also be
employed at the deep body-epi junction in order to minimize
the required epi thickness. According to an exemplary
embodiment shown in FIG. 36, carbon dopants are
implanted through the deep body window and before the
deep body implant is carried out. The subsequent thermal
process activates the carbon atoms to form a layer of Si,.C,
compound 3615 at the boundary of deep body region 3630.
Silicon carbide layer 3615 serves as a diffusion barrier
preventing boron diffusion. The resulting deep body junc-
tion is shallower allowing the thickness of epi layer 3606 to
be reduced. Yet another junction in a typical trench transistor
that can benefit from a diffusion barrier is the well-drift
region junction. A simplified example of an embodiment
employing such a barrier layer is shown in FIG. 37. In the
exemplary process flow for the structure of FIG. 31M, a
p-well is formed between the two steps shown in FIGS. 31H
and 311. Prior to implanting the well dopants (p-type for this
exemplary n-channel embodiment), carbon is implanted
first. The subsequent thermal process activates the carbon
atoms to form a layer 3715 of Si,C, . at the p-well epi
junction. Layer 3715 serves as a diffusion barrier to prevent
boron diffusion so that the depth of p-well 3704 can be
preserved. This helps reduce transistor channel length with-
out increasing the potential for reach-through. Reach-
through occurs when the edge of the advancing depletion
boundary reaches the source junction as the drain-source
voltage increases. By acting as a diffusion barrier, layer 3715
also prevents reach-through.

As discussed above, reducing the transistor channel
length is desirable because it results in reduced on-resis-
tance. In another embodiment, transistor channel length is
minimized by forming the well region using epitaxially
grown silicon. That is, instead of the conventional method of
forming the well that involves an implant into the drift epi
layer followed by a diffusion step, the well region is formed
on top of the epi drift layer. There are advantages other than
a shorter channel length that can be obtained from an
epi-well formation. In shielded gate trench transistors, for
example, the distance by which the gate electrode extends
below the bottom of the well where it meets the trench (gate
to drain overlap) is critical in determining gate charge Qgd.
Gate charge Qgd directly impacts the switching speed of the
transistor. It is desirable, therefore, to be able to accurately
minimize and control this distance. However, in fabrication
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processes where the well is implanted and diffused into the
epi as shown, for example, in FIG. 311 above, this distance
is difficult to control.

To better control the gate-to-drain overlap at the corner of
the well, various methods for forming a trench device with
a self-aligned well are proposed. In one embodiment, a
process flow involving deposition of an epi-well enables the
self-alignment of the bottom of the body junction to the
bottom of the gate. Referring to FIGS. 38A-38D, there is
shown a simplified process flow for one example of a
self-aligned epi-well trench device with buried electrode (or
shielded gate). A trench 3802 is etched into a first epi layer
3806 that is formed on top of substrate 3814. For an
n-channel transistor, substrate 3814 and first epi layer 3806
are of n-type material.

FIG. 38A shows a layer of shield dielectric 3808S grown
on the top surface of epi layer 3806 including inside trench
3802. Conductive material 3811 such as polysilicon is then
deposited inside trench 3802 and etched back below the epi
mesa as shown in FIG. 38B. Additional dielectric material
38098 is deposited to cover shield poly 3811. After etching
back the dielectric to clear the mesa, a second layer of epi
3804 is selectively grown on top of first epi layer 3806, as
shown in FIG. 38C. The mesas formed by epi layer 3804
create an upper trench portion above original trench 3802 as
shown. This second epi layer 3804 has dopants of opposite
polarity (e.g., p-type) to that of the first epi layer 3806. The
dopant concentration in second epi layer 3804 is set to the
desired level for the transistor well region. After the step of
selective epi growth (SEG) that forms layer 3804, a layer of
gate dielectric 3808G is formed on the top surface and along
the trench sidewalls. Gate conductive material (poly) is then
deposited to fill the remaining portion of trench 3802, and
then planarized as shown in FIG. 38D. The process contin-
ues as in, for example, the process flow shown in FIGS. 31]
to 31M to complete the transistor structure.

As shown in FIG. 38D, this process results in gate poly
3810 that is self-aligned with well epi 3804. To lower the
bottom of gate poly 3810 below epi well 3804, the top
surface of inter-poly dielectric layer 3809S as shown in FIG.
38C can be etched slightly to the desired location inside
trench 3802. This process, therefore, provides for accurate
control of the distance between the bottom of the gate
electrode and the well corner. Those skilled in the art
appreciate that the SEG well formation process is not limited
to a shielded gate trench transistor and can be employed in
many other trench gate transistor structures several of which
have been described herein. Other methods of forming SEG
mesa structures are described in commonly-assigned U.S.
Pat. No. 6,391,699 to Madson et al. and U.S. Pat. No.
6,373,098, to Brush et al., which are hereby incorporated by
reference in their entirety.

An alternative method for controlling the corner of the
well for self-alignment purposes does not rely on SEG well
formation and instead employs a process involving angled
well implant. FIGS. 39A and 39B illustrate an exemplary
process flow for this embodiment. Instead of forming the
well after the trench is filled with gate poly as shown, for
example, in FIGS. 31H and 311, in this embodiment a first
well implant 3905 at a given partial dose is performed after
embedding shield poly in dielectric layer 3908 inside trench
3902 and before the remaining portion of the trench is filled.
A second but angled well implant is then performed through
the sidewalls of trench 3902 as shown in FIG. 39B. The
drive cycle is then completed to obtain the desired contour
for the well to drift epi interface at the trench corner. The
implant dose, energy and the particulars of the drive cycles
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will vary depending on the structural requirements of the
device. This technique can be employed in a number of
different device types. In an alternative embodiment, the
trench pitch and the angle implant are adjusted such that
when the angle implant is diffused, it merges with the region
from a neighboring cell to form a continuous well, elimi-
nating the need for the first well implant.

Another embodiment for a self-aligned epi well process
for forming a trench device is described in connection with
FIGS. 40A to 40E. As discussed above, to reduce gate-to-
drain capacitance some trench gate transistors employ a gate
dielectric layer that is thicker at the bottom of the trench
below the gate poly than the dielectric layer along the inner
vertical sidewalls. According to the exemplary process
embodiment shown in FIGS. 40A to 40E, a dielectric layer
4008B is first formed on top of an epi drift layer 4006 as
shown in FIG. 40A. Dielectric layer 4208B is formed with
the desired thickness for the bottom of the trench, and is then
etched leaving dielectric columns, as shown in FIG. 40B,
that have the same width as the trench that will subsequently
be formed. Next, in FIG. 40C, a selective epi growth step is
performed to form a second epi drift layer 4006-1 around
dielectric columns 4008B. Second drift epi layer 4006-1 is
of the same conductivity type and can be of the same
material as the first epi drift layer 4006. Alternatively, it is
possible to use other types of materials for second epi drift
layer 4006-1. In one exemplary embodiment, second drift
epi layer 4006-1 is formed by an SEG step strained with a
silicon germanium (Si,Ge, ) alloy. The SiGe alloy
improves the carrier mobility at the accumulation region
near the bottom of the trench. This improves the switching
speed of the transistor and reduces R, The use of other
compounds such as GaAs or GaN are also possible.

A blanket epi well layer 4004 is then formed on the top
surface, and is then etched to form trenches 4002 as shown
in FIGS. 40D and 40FE, respectively. This is followed by gate
oxide formation and gate poly deposition (not shown). The
resulting structure is a trench gate with a self-aligned epi
well. Conventional processing techniques can be used to
complete the remaining process steps. Those skilled in the
art appreciate that variations are possible. For example,
instead of forming a blanket epi well layer 4004 and then
etching trenches 4002, epi well 4002 can be selectively
grown only on top of second drift epi layer 4006-1 forming
trenches 4002 as it grows.

The various processing techniques described above
enhance device performance by focusing on the formation of
the well region to reduce channel length and R 5,,,- Similar
enhancements can be achieved by improving other aspects
of the process flow. For example, device resistance can be
further reduced by reducing the substrate thickness. A wafer
thinning process is therefore commonly performed in order
to reduce the thickness of the substrate. Wafer thinning is
typically performed by mechanical grind and tape processes.
The grind and tape processes impose mechanical forces on
the wafer that cause damage to the wafer surface resulting in
manufacturing problems.

In an embodiment described hereinafter, an improved
wafer thinning process significantly reduces substrate resis-
tance. Illustrated in FIGS. 40R, 40S, 40T and 40U, is one
method for reducing the thickness of the substrate. After
finishing the fabrication of the desired circuitry on a wafer,
the top of the wafer where the circuitry is fabricated is
temporarily bonded to a carrier. FIG. 40R shows a finished
wafer 4001 that is bonded to a carrier 4005 by a bonding
material 4003. The backside of the finished wafer is then
polished to the desired thickness using a process such as
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grinding, chemical etching or the like. FIG. 40S shows the
same sandwich as FIG. 40R with finished wafer 4001 having
been thinned. After the polishing of the backside of wafer
4001, the backside of the wafer is bonded to a low resistance
(e.g., metal) wafer 4009 as shown in FIG. 40T. This could
be accomplished using conventional methods using, for
example, a thin coating of solder 4007 to bond metal wafer
4009 to thinned finished wafer 4001 under temperature and
pressure. Carrier 4005 is then removed and the top surface
of thinned finished wafer 4001 is cleaned before further
processing. The highly conductive metal substrate 4009
facilitates heat dissipation, reduction in resistance and pro-
vides mechanical strength for the thinned wafer.

An alternative embodiment achieves thinner wafers with-
out the drawbacks of the conventional mechanical processes
by performing the final thinning step using a chemical
process. According to this embodiment, active devices are
formed in silicon layers of a silicon-on-thick-glass (SOTG)
substrate. At the grinding stage, the wafer can be thinned by
chemically etching away glass at the backside of SOTG
substrate. FIG. 41 sets out an exemplary process flow
according to this embodiment. Starting from a silicon sub-
strate, first at step 4110 a dopant such as, e.g., He or H, is
implanted into the silicon substrate. Next, at 4112, the
silicon substrate is bonded to a glass substrate. Different
bonding processes can be used. In one example, a silicon
wafer and a glass wafer are sandwiched and heated up to
around, e.g., 400 C to bond the two substrates. The glass can
be, e.g., silicon dioxide and the like, and may have a
thickness of, for example, about 600 um. This is followed by
an optional cleaving of the silicon substrate at 4114 and
forming of the SOTG substrate. To protect the substrate
from stress during handling and subsequent processing, the
bonding process can be repeated to form SOTG layer on the
other side of the substrate (step 4116). An epi layer is next
deposited on the silicon surface of the substrate (step 4118).
This can be performed on the backside in addition to the
front side. The doping level of the backside epi is preferably
similar to that of the backside silicon, while the front-side
epi is doped as required by the device. The substrate is then
subjected to the various steps in the fabrication process for
forming the active device on the front-side silicon layers.

In one embodiment, to further enhance the substrate
strength in withstanding stress introduced by front-side
processing steps, the backside substrate can be patterned to
approximate an inverse structure of the front-side die frame.
In this way, the glass substrate is etched into a grid to help
the thin substrate sustain the stress in the wafer. At grinding,
first the silicon layer from the back side is removed by a
conventional grinding process (step 4120). This is followed
by another grinding step 4122 that removes a portion (e.g.,
half) of the glass. The remaining portion of the glass is then
removed by a chemical etch process using, e.g., hydrofluoric
acid. The etching of the backside glass can be performed
without the risk of attacking or causing mechanical damage
to active silicon layers. This eliminates the need for taping
the wafer, which eliminates the need for tape and re-tape
equipment and the process risks associate with each of those
operations. Accordingly, this process allows for further
minimizing substrate thickness to enhance device perfor-
mance. It is to be understood that many variations of this
improved wafer thinning process are possible. For example,
depending on the desired thickness for the final substrate, the
thinning step may or may not involve grinding and chemical
etch may be sufficient. Also, the improved wafer thinning
process is not limited to processing of discrete devices and
can be utilized in the processing of other types of devices.
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Other wafer thinning processes are described in commonly-
assigned U.S. Pat. No. 6,500,764, to Pritchett, which is
hereby incorporated in its entirety.

There are a number of other structural and processing
aspects of the power transistor and other power devices that
can significantly impact their performance. The shape of the
trench is one example. To reduce the potentially damaging
electric fields that tend to concentrate around the corners of
the trench, it is desirable to avoid sharp corners and instead
form trenches that have rounded corners. To improve reli-
ability, it is also desirable to have trench sidewalls with
smooth surfaces. The different etch chemistries offer trade-
offs among several responses, such as: silicon etch rate,
selectivity to the mask layer, etch profile (sidewall angle),
top corner rounding, sidewall roughness, and rounding of
the trench bottom. A fluorinated chemistry, for example SF6,
provides a high silicon etch rate (greater than 1.5 um/min),
rounded trench bottoms, and a straight profile. The draw-
backs of the fluorinated chemistry are rough sidewalls and
difficulties with control of the top of the trench (can be
re-entrant). A chlorinated chemistry, for example Cl,, pro-
vides smoother sidewalls, and better control of the etch
profile and the top of the trench. The trade-offs with the
chlorinated chemistry are lower silicon etch rate (less than
1.0 um/min), and less rounding of the trench bottom.

Additional gases can be added to each chemistry to aid in
passivating the sidewall during the etch. Sidewall passiva-
tion is used to minimize lateral etching, while etching to the
desired trench depth. Additional processing steps can be
used to smooth the trench sidewalls, and achieve rounding
of the top corner and the bottom of the trench. The surface
quality of trench sidewalls is important because it effects the
quality of an oxide layer that can be grown on the trench
sidewall. Regardless of the chemistry used, a breakthrough
step is typically used before the main etch step. The purpose
of the breakthrough step is to remove any native oxide on the
surface of the silicon that may mask the etching of the
silicon during the main etch step. Typical breakthrough etch
chemistries involve CF, or Cl,.

One embodiment for an improved etch process shown in
FIG. 42A employs a chlorine based main silicon trench etch
followed by a fluorine based etch step. One example of this
process employs Cl,/HBr main etch step followed by an SF
etch step. The chlorinated step is used to etch the main
trench to a portion of the desired depth. This defines the
trench profile with some degree of taper, and with smooth
sidewalls. The subsequent fluorinated step is used to etch the
remainder of the trench depth, rounding the trench bottom,
and providing further smoothing of any dangling silicon
bonds on the trench sidewall. The fluorinated etch step is
preferably performed at relatively low fluorine flow, low
pressure, and low power to control the smoothing and the
rounding. Due to the difference in etch rates between the two
etch chemistries, the times of the two steps can be balanced
to achieve a more reliable and manufacturable process with
an acceptable overall etch time, while maintaining the
desired trench profile, sidewall roughness, and trench bot-
tom rounding.

In another embodiment shown in FIG. 42B, an improved
method for silicon etch includes a fluorine based main etch
step followed by a chlorine based second etch step. One
example of this process uses an SF,/O, main etch followed
by a Cl, step. The fluorine step is used to etch the main
trench for the majority of the depth. This step produces a
trench with a straight sidewall and with a rounded trench
bottom. Optionally, oxygen could be added to this step to
provide sidewall passivation, and to aid in maintaining a
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straight sidewall by reducing lateral etching. A chlorine
follow-up step rounds the top corners of the trench and
reduces the roughness of the sidewall. The high silicon etch
rate of the fluorine step increases the manufacturability of
the process by increasing the throughput of the etch system.

In yet another embodiment, shown in FIG. 42C, an
improved silicon etch process is obtained by adding argon to
a fluorine based chemistry. An example of a chemistry used
for the main etch step according to this embodiment is
SF4/O,/Ar. The addition of argon to the etch step increases
ion bombardment and therefore makes the etch more physi-
cal. This helps with controlling the top of the trench, and
eliminates the tendency for the top of the trench to be
re-entrant. The addition of argon may also increase the
rounding of the trench bottom. An additional etch process
may be needed for sidewall smoothing.

An alternative embodiment for an improved silicon etch
process uses a fluorine based chemistry with oxygen
removed from the start of the main etch step, as shown in
FIG. 42D. One example of this process uses an SF step
followed by an SF O, step. In the first phase of the etch
there is a lack of sidewall passivation due to the absence of
O,. This results in an increase in the amount of lateral
etching at the top of the trench. Then the second etch step,
SF4/O,, continues etching the remainder of the trench depth
with a straight profile, and a rounded trench bottom. This
results in a trench structure that is wider at the top, some-
times referred to as a T-trench. Examples of devices utilizing
a T-trench structure are described in detail in commonly-
assigned U.S. patent application Ser. No. 10/442,670,
entitled “Structure and Method for Forming a Trench MOS-
FET Having Self-Aligned Features,” by Robert Herrick,
hereby incorporated by reference in its entirety. The time
periods for the two main etch steps can be adjusted to
achieve the desired depth for each portion of the T-Trench
(top T portion, bottom straight sidewall portion). Additional
processing could be used to round off the top corner of the
T-Trench and smooth the trench sidewalls. These additional
processing methods could include, for example: (1) a fluo-
rine-based step at the end of the trench etch recipe, or (2) a
separate fluorine-based etch on a separate etch system, or (3)
a sacrificial oxide, or any other combination. A chemical
mechanical planarization (CMP) step could be used to
remove the top re-entrant portion of the trench profile. An H,
anneal can also be used to assist in rounding and making
favorable slope trench profile.

For high voltage applications where trenches tend to be
deeper, there are additional considerations. For example, due
to the deeper trenches the silicon etch rate is important to
produce a manufacturable process. The etch chemistry for
this application is typically a fluorinated chemistry, because
a chlorinated etch chemistry is too slow. Also a straight-to-
tapered trench profile is desired, with smooth sidewalls. Due
to the depth of the trench, the etch process needs to also have
excellent selectivity to the mask layer. If the selectivity is
poor then a thicker mask layer is required, which increases
the overall aspect ratio of the feature. Sidewall passivation
is also very critical; a fine balance needs to be achieved. Too
much sidewall passivation will cause the bottom of the
trench to narrow to the point where it closes; too little
sidewall passivation will result in the increased lateral
etching.

In one embodiment, a deep trench etch process is pro-
vided that optimally balances all of these requirements.
According to this embodiment, shown in FIG. 42FE, the etch
process includes a fluorine-based chemistry with ramped O,
ramped power, and/or ramped pressure. One exemplary
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embodiment uses a SF,/O, etch step in a manner that
maintains etch profile and silicon etch rate throughout the
etch. By ramping the O,, the amount of sidewall passivation
can be controlled throughout the etch to avoid increased
lateral etching (in case of too little passivation) or pinching
off of the bottom of the trench (in case of too much
passivation). Examples of using fluorine based etch with
ramping oxygen gass flows are described in detail in com-
monly owned U.S. Pat. No. 6,680,232, entitled “Integrated
Circuit Trench Etch with Incremental Oxygen Flow,” by
Grebs et al., which is hereby incorporated by reference.
Ramping of the power and the pressure will aid in control-
ling the ion flux density and in maintaining the silicon etch
rate. If the silicon etch rate decreases significantly during the
etch as the trench is etched deeper, the total etch time will
increase. This will result in a low wafer throughput for the
process on the etcher. Also, ramping the O, may help in
controlling the selectivity to the masking material. An exem-
plary process according to this embodiment for trenches that
are deeper than, e.g., 10 um, may have an O, flow rate of 3
to 5 sccem per minute, at a power level of 10-20 watts per
minute and pressure level of 2-3 mT per minute.

An alternative embodiment of a deep trench etch process
uses a more aggressive fluorine based chemistry such as
NF;. Since NF; is more reactive than SF for silicon etching,
an increased silicon etch rate could be achieved with an NF3
process. Additional gases may need to be added for sidewall
passivation and profile control.

In another embodiment, an NF; etch step is followed by
an SF /O, process. According to this embodiment, the NF,
step is used to etch the majority of the trench depth with a
high silicon etch rate. Then the SF /O, etch step is used to
passivate the existing trench sidewall, and etch the remain-
ing portion of the trench depth. In a variation of this
embodiment shown in FIG. 42F, NF, and SF /O, etch steps
are performed in an alternating fashion. This yields a process
with a higher silicon etch rate than a straight SF/O, process.
It balances between a fast etch rate step (NF;), and a step
that generates sidewall passivation (SF,O,) for profile
control. The balance of the steps controls the sidewall
roughness. There may also be a need to ramp the O,, power,
and pressure for the SF /O, portion of the etch to maintain
the silicon etch rate, and to generate enough sidewall pas-
sivation to aid in controlling the etch profile. Those skilled
in the art will appreciate that the various process steps
described in connection with the above embodiments can be
combined in different ways to achieve optimum trench etch
processing. It is to be understood that these trench etch
processes can be employed for any of the trenches in any of
the power devices described herein, as well as for any other
type of trench used in other types of integrated circuits.

Prior to the trench etch process, a trench etch mask is
formed on the surface of the silicon and is patterned to
expose areas to be trenched. As shown in FIG. 43A, in a
typical device the trench etch first etches through a layer of
nitride 4305 and another thin layer of pad oxide 4303 before
it etches the silicon substrate. After the trench is formed
during the formation of an oxide layer in the trench, pad
oxide 4303 can also grow at the edge of the trench lifting the
overlying nitride layer. This results in what is commonly
referred to as a “bird’s beak” structure 4307 as the pad oxide
grows locally near the trench edge under nitride layer 4305.
The source region that will be subsequently formed next to
the trench edge under the pad oxide with the bird’s beak
structure, will be shallower near the trench. This is highly
undesirable. To eliminate the bird’s beak effect, in one
embodiment, shown in FIG. 43B, a layer of non-oxidizing
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material such as polysilicon 4309 is sandwiched between
nitride layer 4305 and pad oxide 4303. Poly layer 4309
prevents pad oxide 4303 from further oxidization during
subsequent trench oxide formation. In another embodiment,
shown in FIG. 44A, after etching through nitride layer 4405
and pad oxide 4403 defining the trench opening, a thin layer
of non-oxidizing material 4405-1 such as nitride is formed
on the surface structure. Protective layer 4405-1 is then
removed from the horizontal surfaces leaving spacers along
the vertical edges of the nitride-pad oxide structure as shown
in FIG. 44B. The nitride spacers protect pad oxide 4403
from further oxidation during subsequent steps reducing the
bird’s beak effect. In an alternative embodiment, to reduce
the degree of any bird’s beak formation both embodiments
shown in FIGS. 43B and 44B can be combined. That is, a
layer of polysilicon can be sandwiched between pad oxide
and the overlying nitride in addition to the spacers that result
from the process described in connection with FIGS. 44A
and 44B. Other variations are possible, including, for
example, adding another layer (e.g., oxide) on top of the
nitride to aid in the nitride selectivity while etching silicon
trenches.

As described above in connection with various transistors
with shielded gate structures, a layer of dielectric material
isolates the shield electrode from the gate electrode. This
inter-electrode dielectric layer that is sometimes referred to
as the inter-poly dielectric or IPD must be formed in a robust
and reliable fashion so that it can withstand the potential
difference that may exist between the shield electrode and
the gate electrode. Referring back to FIGS. 31E, 31F and
31G, there is shown a simplified flow for the relevant
process steps. After the etch back of shield poly 3111 inside
the trench (FIG. 31E), shield dielectric layer 3108 is etched
back to the same level as shield poly 3111 (FIG. 31F). Gate
dielectric layer 3108q is then formed on the top surface of
the silicon as shown in FIG. 31G. It is this step that forms
the IPD layer. An artifact of the shield dielectric recess etch
is the formation of shallow troughs on the top surface of the
shield dielectric remaining on either sides of the shield
electrode. This is shown in FIG. 45A. The resulting structure
with the uneven topography can cause conformality prob-
lems, especially with subsequent filling steps. In order to
eliminate such problems, various improved methods for
forming the IPD are presented.

According to one embodiment, after the shield dielectric
recess etch, a polycrystalline silicon (poly) liner 4508P is
deposited as shown in FIG. 45B using, for example, a low
pressure chemical vapor deposition (LPCVD) process.
Alternatively, poly liner 4508P can be formed only over the
shield poly and shield dielectric and leaving trench sidewalls
substantially free of poly by using a selective growth process
for poly or collimated sputtering of poly. Poly liner 4508P is
subsequently oxidized converting it into silicon dioxide.
This can be performed by a conventional thermal oxidation
process. In the embodiment where no poly is formed on the
trench sidewalls, this oxidation process also forms gate
dielectric layer 4508G. Otherwise, after etching the oxidized
poly layer from the sidewalls of the trench, a thin layer of
gate dielectric 4508G is formed and the remaining trench
cavity is filled with gate electrode 4510 as shown in FIG.
45C. An advantage of this process is that poly deposits in a
very conformal fashion. This minimizes voids and other
defects and creates a more even surface once poly is
deposited on top of the shield dielectric and shield electrode.
The result is an improved IPD layer that is more robust and
reliable. By lining the trench sidewalls and the adjacent
silicon surface areas with polysilicon prior to oxidation, a
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subsequent oxidation step causes less mesa consumption and
minimizes undesirable widening of the trench.

In an alternative embodiment, simplified cross-sectional
views of which are shown in FIGS. 46A, 46B and 46C, the
cavity inside the trench resulting from the shield poly recess
etch is filled with a dielectric fill material 4608F having
similar etch rate as the etch rate of shield dielectric 4608S.
This step may be carried out using any one of high density
plasma (HDP) oxide deposition, chemical vapor deposition
(CVD) or spin-on glass (SOG) processes, followed by a
planarization step to obtain a planar surface at the top of the
trench. Dielectric fill material 4608F and shield dielectric
material 4608S are then uniformly etched back such that a
layer of insulating material having the requisite thickness
remains over shield electrode 4611 as shown in FIG. 46B.
The trench sidewalls are then lined with gate dielectric after
which the remaining trench cavity is filled with gate elec-
trode as shown in FIG. 46C. The result is a highly conformal
IPD layer that is free of topographical non-uniformities.

An exemplary embodiment for another method of form-
ing high quality IPD is shown in the simplified cross-
sectional views of FIGS. 47A and 47B. After the formation
of shield dielectric layer 4708S inside the trench and filling
the cavity with shield poly 4711, a shield poly etch back step
is performed to recess the shield poly inside the trench. In
this embodiment, the shield poly recess etch leaves more
poly in the trench such that the top surface of the recessed
shield poly is higher than the final target depth. The thick-
ness of the extra poly on the top surface of the shield poly
is designed to be approximately the same as the target IPD
thickness. This upper portion of the shield electrode is then
physically or chemically altered to further enhance its oxi-
dation rate. A method to chemically or physically alter the
electrode can be performed by ion implanting impurities
such as fluorine or argon ions into the polysilicon to enhance
the oxidation rate of the shield electrode, respectively. The
implant is preferably performed at zero degrees, i.e., per-
pendicular to the shield electrode as shown in FIG. 47A, so
as not to physically or chemically alter the trench sidewalls.
Next, shield dielectric 4708S is etched to remove the dielec-
tric from the trench sidewalls. This shield dielectric recess
etch causes a slight recess in the remaining shield dielectric
adjacent shield electrode 4711 (similar to that shown in FIG.
45A). This is followed by a conventional oxidation step
whereby the altered top portion of shield poly 4711 oxidizes
at a faster rate than the sidewalls of the trench. This results
in the formation of a substantially thicker insulator 4708T
over the shield electrode than along the sidewalls of the
trench silicon surface. The thicker insulator 4708T over the
shield electrode forms the IPD. The altered poly oxidizes in
the lateral direction as well compensating for some of the
trough formed in the top surface of the shield dielectric as a
result of the shield dielectric recess etch. Conventional steps
are then carried out to form the gate electrode in the trench
resulting in the structure shown in FIG. 47B. In one embodi-
ment, the shield electrode is altered to obtain an IPD-to-gate
oxide thickness ratio in the range of 2-to-1 to 5-to-1. As an
example, if a 4-to-1 ratio is selected, for about 2000 A of
IPD formed over the shield electrode, about 500 A of gate
oxide is formed along the trench sidewalls.

In an alternative embodiment, the physical or chemical
alternation step is carried out after a shield dielectric recess
etch. That is, shield oxide 4708S is etched to remove the
oxide from the trench sidewalls. This exposes the upper
portion of the shield electrode and the silicon to a physical
or chemical alteration method as described above. With the
trench sidewalls exposed, the alteration step is confined to
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horizontal surfaces, i.e. silicon mesa and shield electrode
only. The alteration method, such as ion implanting of
dopants, would be performed at zero degrees (perpendicular
to the shield electrode) so as not to physically or chemically
alter the trench sidewall. Conventional steps are then carried
out to form the gate electrode in the trench thus resulting in
a thicker dielectric over the shield electrode.

Yet another embodiment for forming an improved IPD
layer is shown in FIG. 48. According to this embodiment, a
thick insulator layer 4808 T made of, e.g., oxide, is formed
over the recessed shield oxide 4808S and shield electrode
4811. Thick insulator 480871 is preferentially formed (i.e.,
“bottom up fill”) using such directional deposition tech-
niques as high density plasma (HDP) deposition or plasma-
enhanced chemical vapor deposition (PECVD). Directional
deposition results in the formation of a substantially thicker
insulator along the horizontal surfaces (i.e., over the shield
electrode and the shield oxide) than along the vertical
surfaces (i.e., along the trench sidewalls) as shown in FIG.
48. An etch step is then performed to remove the oxide off
the sidewalls, while leaving sufficient oxide over the shield
polysilicon. Conventional steps are then carried out to form
the gate electrode in the trench. An advantage of this
embodiment, other than obtaining a conformal IPD, is that
mesa consumption and trench widening is prevented
because the IPD is formed through a deposition process
rather than an oxidation process. Another benefit of this
technique is the rounding obtained at the top corners of the
trench.

In another embodiment, after the shield dielectric and
shield poly recess a thin layer of screen oxide 4908P is
grown inside the trench. Then, a layer of silicon nitride 4903
is deposited to cover screen oxide 4908P as shown in FIG.
49A. Silicon nitride layer 4903 is then anisotropically etched
such that it is removed from the bottom surface of the trench
(i.e., above shield poly) but not from the trench sidewalls.
The resulting structure is shown in FIG. 49B. The wafer is
then exposed to an oxidizing ambient, causing a thick oxide
4908T to form on the shield polysilicon surface as shown in
FIG. 49C. Since nitride layer 4903 is resistant to oxidation,
no significant oxide growth occurs along the trench side-
walls. Nitride layer 4903 is then removed by wet etching,
using for example hot phosphoric acid. Conventional pro-
cess steps follow to form the gate oxide and gate dielectric,
as shown in FIG. 49D.

In some embodiments the formation of the IPD layer
involves an etch process. For example, for embodiments
where the IPD film is deposited over topography a film layer
much thicker than the desired final IPD thickness may be
deposited first. This is done to get a planar film layer to
minimize the dishing of the starting layer into the trenches.
The thicker film, which may completely fill the trench and
extend over the silicon surface, is then etched to reduce its
thickness to the target IPD layer thickness. According to one
embodiment, this IPD etch process is performed in at least
two etch steps. The first step is intended to planarize the film
back to the silicon surface. In this step the uniformity of the
etch is important. The second step is intended to recess the
IPD layer to the desired depth (and thickness) within the
trench. In this second step, the etch selectivity of the IPD
film to silicon is important. During the recess etch step the
silicon mesa is exposed, as well as the silicon trench
sidewall as the IPD layer is recessed into the trench. Any loss
of silicon on the mesa effects the actual trench depth and, if
a T-trench is involved, the depth of the T is also affected.

In one exemplary embodiment shown in FIG. 50A, an
anisotropic plasma etch step 5002 is used to planarize the
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IPD film down to the surface of the silicon. An exemplary
etch rate for the plasma etch may be 5000 A/min. This is
followed by an isotropic wet etch 5004 to recess the IPD into
the trench. The wet etch is preferably performed using a
controlled solution selective to silicon so as not to attack the
silicon sidewall when exposed and to provide a repeatable
etch to obtain a specific recess depth. An exemplary chem-
istry for the wet etch may be 6:1 buffered oxide etch (BOE)
which produces an etch rate of about 1100 A/min at 25 C.
Commonly-assigned U.S. Pat. No. 6,465,325 to Rodney
Ridley, which is hereby incorporated by reference in its
entirety, provides details for exemplary plasma and wet etch
recipes suitable for this process. The first plasma etch step
for planarization results in less dishing of the IPD layer over
the trenches than would a wet etch. The second wet etch step
for the recess etch results in better selectivity to silicon and
less damage to the silicon than would occur with a plasma
etch. In an alternative embodiment shown in FIG. 50B, a
chemical mechanical planarization (CMP) process is used to
planarize the IPD film down to the silicon surface. This is
followed by a wet etch to recess the IPD into the trench. The
CMP process results in less dishing of the IPD layer over the
trenches. The wet etch step for the recess etch results in
better selectivity to silicon and less damage to the silicon
that would occur with CMP. Other combinations of these
processes are also possible.

Formation of a high quality insulating layer is desirable in
structures other than the IPD, including the trench and planar
gate dielectric, inter-layer dielectric and the like. The most
commonly used dielectric material is silicon dioxide. There
are several parameters that define a high quality oxide film.
The primary attributes are uniform thickness, good integrity
(low interface trap density), high electric field breakdown
strength, and low leakage levels, among others. One of the
factors that impacts many of these attributes is the rate at
which the oxide is grown. It is desirable to be able to
accurately control the growth rate of the oxide. During
thermal oxidation, there is a gas phase reaction with charged
particles on the wafer surface. In one embodiment, a method
for controlling oxidation rate is implemented by influencing
the charge particles, typically silicon and oxygen, by the
application of an external potential to the wafer to either
increase or decrease the rate of oxidation. This differs from
the plasma enhanced oxidation in that no plasma (with
reactive species) is created above the wafer. Also, according
to this embodiment the gas is not accelerated toward the
surface; it is merely prevented from reacting with the
surface. In an exemplary embodiment, a reactive ion etch
(RIE) chamber with high temperature capability can be used
to regulate the level of energy needed. The RIE chamber is
used not for etching, but for applying a DC bias to control
the energy needed to slow and stop oxidation. FIG. 51 is a
flow diagram for an exemplary method according to this
embodiment. Initially, the RIE chamber is used to apply a
DC bias to the wafer in a test environment (5100). After
determining the potential energy needed to inhibit the sur-
face reaction (5200), an external bias is applied that is large
enough to prevent oxidation from occurring (5120). Then,
by manipulating the external bias, such as pulsing or other
methods, the rate of oxidation at even extremely high
temperatures can be controlled (5130). This method allows
for obtaining the benefits of high temperature oxidation
(better oxide flow, lower stress, elimination of differential
growth on various crystal orientations, etc.) without the
drawback of rapid and non-uniform growth.

While techniques such as those described above in con-
nection with FIG. 51 can improve the quality of the resulting
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oxide layer, oxide reliability remains a concern especially in
trench-gated devices. One of the main degradation mecha-
nisms is due to high electric fields at the trench corners,
which results from localized thinning of the gate oxide at
these points. This leads to high gate leakage currents and low
gate oxide breakdown voltage. This effect is expected to
become more severe as trench devices are further scaled to
reduce on-resistance, and as reduced gate voltage require-
ments lead to thinner gate oxides.

In one embodiment, concerns with gate oxide reliability
are alleviated by using dielectric materials with higher
dielectric constant (high-K dielectrics) than silicon-dioxide.
This allows equivalent threshold voltage and transconduc-
tance with a much thicker dielectric. According to this
embodiment, the high-K dielectric reduces gate leakage and
increases the gate dielectric breakdown voltage, without
degradation of the device on-resistance or drain breakdown
voltage. High-K materials that exhibit the required thermal
stability and suitable interface-state densities to be inte-
grated into trench-gated and other power devices include
Al,0,, HIO,, Al HfyO,, TiO,, ZrO, and the like.

As discussed above, to improve the switching speed of a
trench gated power MOSFET it is desirable to minimize the
transistor gate-to-drain capacitance Cgd. Using a thicker
dielectric layer at the bottom of the trench as compared to
the trench sidewalls is one of several methods described
above for reducing Cgd. One method for forming a thick
bottom oxide layer involves the formation of a thin layer of
screen oxide along the sidewalls and the bottom of the
trench. The thin oxide layer is then covered by a layer of
oxidization-inhibiting material such as nitride. The nitride
layer is then etched anisotropically, such that all the nitride
is removed from the horizontal bottom surface of the trench
but the trench sidewalls remain coated by the nitride layer.
After the removal of the nitride from the bottom of the
trench, an oxide layer having the desirable thickness is
formed at the bottom of the trench. Thereafter, a thinner
channel oxide layer is formed after the removal of the nitride
and screen oxide from the trench sidewalls. This method for
forming a thick bottom oxide and variations thereof are
described in greater detail in commonly-assigned U.S. Pat.
No. 6,437,386, to Hurst et al., which is hereby incorporated
in its entirety. Other methods of forming a thick oxide at the
bottom of a trench involving selective oxide deposition are
described in commonly-owned U.S. Pat. No. 6,444,528 to
Murphy, which is hereby incorporated in its entirety.

In one embodiment, an improved method of forming thick
oxide at the bottom of a trench uses a sub-atmospheric
chemical vapor deposition (SACVD) process. According to
this method, an exemplary flow diagram for which is shown
in FIG. 52, after etching the trench (5210), SACVD is used
to deposit a highly conformal oxide film (5220), using for
example thermal Tetracthoxyorthsilane (TEOS) that fills the
trench without voids in the oxide. The SACVD step can be
carried out at sub-atmospheric pressures ranging from 100
Torr to 700 Torr, and at an exemplary temperature in the
range from about 450° C. to about 600° C. The TEOS (in
mg/min) to Ozone (in cm>/min) ratio can be set between the
range of, for example, 2 to 3, preferably about 2.4. Using this
process, an oxide film having a thickness anywhere from
about 2000 A to 10,000 A or greater can be formed. It is to
be understood that these numbers are for illustrative pur-
poses only and may vary depending on the specific process
requirements and other factors such as the atmospheric
pressure of the location of the fabrication facility. The
optimal temperature may be obtained by balancing the rate
of deposition with the quality of the resulting oxide layer. At
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higher temperatures the deposition rate slows down which
may reduce film shrinkage. Such film shrinkage can cause a
gap to form in the oxide film in the center of the trench along
the seam.

After the oxide film is deposited, it is etched back from the
silicon surface and inside the trench to leave a relatively flat
layer of oxide with the desired thickness at the bottom of the
trench (5240). This etch can be preformed by a wet etch
process, or a combination of wet and dry etch processes,
using for example, diluted HF. Because the SACVD-formed
oxide tends to be porous it absorbs ambient moisture after
deposition. In a preferred embodiment, a densification step
5250 is performed following the etch-back step to amelio-
rate this effect. Densification can be performed by tempera-
ture treatment at, for example, 1000° C. for about 20
minutes.

An added benefit to this method is the ability to mask off
(step 5230) an end trench during the etch-back step of the
SACVD oxide, leaving an oxide-filled termination trench.
That is, for the various embodiments of termination struc-
tures described above that include a dielectric-filled trench,
the same SACVD step can be used to fill the termination
trench with oxide. Also, by masking the field termination
region during etch-back, the same SACVD process step can
result in the formation of field oxide in the termination
region, eliminating otherwise required process steps to form
thermal field oxide. Furthermore, this process provides
additional flexibility as it allows a complete reworking of
both the termination dielectric layer and the thick bottom
oxide in case it is etched too far since silicon is not
consumed by thermal oxidation process but instead provided
in both locations during the SACVD deposition.

In another embodiment, another method for forming thick
oxide at the bottom of the trench uses a directional TEOS
process. According to this embodiment, an exemplary flow
diagram for which is shown in FIG. 53, the conformal
properties of TEOS are combined with the directional nature
of plasma enhanced chemical vapor deposition (PECVD) to
selectively deposit oxide (5310). This combination enables
a higher deposition rate on horizontal surfaces than vertical
surfaces. For example, an oxide film deposited using this
process may have a thickness of about 2500 A at the bottom
of the trench and an average thickness of about 800 A on the
trench sidewalls. The oxide is then isotropically etched until
all the oxide from the sidewalls is removed, leaving a layer
of oxide at the bottom of the trench. The etch process may
include a dry top oxide etch step 5320 followed by a wet
buffered oxide etch (BOE) step 5340. For the exemplary
embodiment described herein, after the etch there remains a
layer of oxide at the bottom of the trench having a thickness
of, e.g., 1250 A with all sidewall oxide removed.

In a specific embodiment, a dry top oxide etch is
employed that concentrates on the top surface of the struc-
ture, etching the oxide off the top area at an accelerated rate
while etching the oxide in the bottom of the trench at a much
reduced rate. This type of etch, referred to herein as “fog
etch” involves a careful balancing of the etch conditions and
etch chemistry to yield the desired selectivity. In one
example, this etch is performed at a relatively low power and
low pressure using a plasma etcher with a top power source
such as the LAM 4400. Exemplary values for the power and
pressure may be anywhere in the range of 200-500 Watts and
250-500 mTorr, respectively. Different etch chemistries can
be used. In one embodiment, a combination of a fluorine
chemistry, e.g., C2F6, and chlorine, mixed at an optimal
ratio of, for example, about 5:1 (e.g., C2F6 at 190 sccm and
Cl at 40 sccm), yields the desired selectivity. Using chlorine

20

25

30

35

40

45

50

55

60

65

40

as part of oxide etch chemistry is unusual because chlorine
is more commonly used for etching metal or polysilicon and
it normally inhibits etching of oxide. However, for purposes
of this type of selective etch, this combination works well
because the C2F6 aggressively etches the oxide near the top
surface where the higher energy allows the C2F6 to over-
come the impact of the chlorine, while closer to the trench
bottom chlorine slows down the etch rate. This primary dry
etch step 5320 maybe followed by a cleanup etch 5330 prior
to the BOE dip 5340. It is to be understood that according
to this embodiment, the optimal selectivity is achieved by
fine tuning the pressure, energy, and etch chemistry which
may vary depending on the plasma etch machine.

The PECVD/etch process according to this embodiment,
can be repeated one or more times if desired to obtain a
bottom oxide with the target thickness. This process also
results in the formation of thick oxide on the horizontal mesa
surface between trenches. This oxide can be etched after
polysilicon is deposited in the trenches and etched back on
the surface, so that the trench bottom oxide is protected from
the subsequent etch step.

Other methods for selectively forming thick oxide at the
bottom of the trench are possible. FIG. 54 shows a flow
diagram for one exemplary method that uses high density
plasma (HDP) deposition to keep oxide from building up on
the trench sidewalls (5410). A property of the HDP deposi-
tion is that it etches as it deposits, resulting in less of an
oxide buildup on the trench sidewalls relative to the oxide on
the trench bottom, as compared to the directional TEOS
method. A wet etch (step 5420) can then be employed to
remove some or clear the oxide from the sidewalls, while
leaving a thick oxide on the trench bottom. An advantage of
this process is that the profile at the top of the trench slopes
away (5510) from the trench (5500) as shown in FIG. 55,
making void-free poly fill easier to achieve. A “fog etch”
(step 5430) as described above can be employed to etch
some oxide off the top before poly fill (step 5440) so that less
oxide would need to be etched from the top after poly etch.
The HDP deposition process can also be used to deposit
oxide between two poly layers in a trench with buried
electrodes (e.g., trench MOSFETs with shielded gate struc-
tures).

According to yet another method shown in FIG. 56, a
selective SACVD process is used to form a thick oxide on
the trench bottom. This method makes use of the ability of
SACVD to become selective at a lower TEOS:Ozone ratio.
Oxide has an extremely slow deposition rate on silicon
nitride but deposits readily on silicon. The lower the ratio of
TEOS to Ozone, the more selective the deposition becomes.
According to this method, after etching the trenches (5610),
pad oxide is grown on the silicon surface of the trench array
(5620). A thin layer of nitride is then deposited on the pad
oxide (5630). This is followed by an anisotropic etch to
remove the nitride from horizontal surfaces leaving nitride
on the trench sidewalls (5640). Selective SACVD oxide is
then deposited (5650) on horizontal surfaces including the
trench bottom at a TEOS:Ozone ratio of, for example, about
0.6, at about 405° C. The SACVD oxide is then optionally
densified by temperature treatment (5660). An oxide-nitride-
oxide (ONO) etch is then performed to clear nitride and
oxide on the sidewalls of the trench (5670).

As discussed previously, one reason for the use of a
thicker oxide layer at the bottom of the gate trench as
compared to its sidewalls is to reduce Qgd or gate-to-drain
charge which improves switching speed. The same reason
dictates that the depth of the trench be about the same as the
depth of the well junction to minimize trench overlap into
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the drift region. In one embodiment, a method for forming
athicker dielectric layer at the bottom of a trench extends the
thicker dielectric layer up the sides of the trench. This makes
the thickness of the bottom oxide independent of the trench
depth and the well junction depth, and allows the trench and
the poly inside the trench to be deeper than the well junction
without appreciably increasing Qgd.

An exemplary embodiment for a method of forming a
thick bottom dielectric layer according to this method is
shown in FIGS. 57 to 59. FIG. 57A illustrates a simplified
and partial cross-section of a trench lined with a thin layer
of pad oxide 5710 and nitride layer 5720 after it has been
etched to cover only the sidewalls of the trench. This enables
the etching of pad oxide 5710 to expose the silicon at the
bottom of the trench and top surface of the die as shown in
FIGS. 57B. This is followed by an anisotropic etch of the
exposed silicon resulting in a structure as shown in FIG.
58A, wherein both top silicon and the silicon at the bottom
of the trench have been removed to the desired depth. In an
alternative embodiment, the silicon on the top silicon can be
masked such that during silicon etch, only the bottom of the
trench is etched. Next, an oxidation step is performed to
grow thick oxide 5730 in locations not covered by nitride
layer 5720 resulting in the structure shown in FIG. 58B. The
oxide thickness may be, for example, about 1200 A to 2000
A. Nitride layer 5720 is then removed and pad oxide 5710
is etched away. The etching of the pad oxide will cause some
thinning of thick oxide 5730. The rest of the process can
employ the standard flow to form the gate poly and well and
source junctions resulting in the exemplary structure shown
in FIG. 59.

As shown in FIG. 59, the resulting gate oxide includes a
bottom thick layer 5730 that extends along the sidewalls of
the trench to above the well junction in region 5740. In some
embodiments, wherein the channel doping in the well region
alongside the trench is graded with lighter doping near the
drain side 5740, this region would normally have a lower
threshold voltage compared to the region near the source.
Extending the thicker oxide along the sides of the trench
overlapping into the channel in region 5740 would therefore
not increase the device threshold voltage. That is, this
embodiment allows optimizing the well junction depth and
sidewall oxide to minimize Qgd without adversely impact-
ing the device on-resistance. Those skilled in this art will
appreciate that this method of forming thick oxide at the
bottom of trench can be applied to the variety of the devices
described above including the shielded gate, dual gate in
combination with the various charge balancing structures, as
well as any other trench gate devices.

Those skilled in the art will also appreciate that any of the
above processes for forming a thick oxide at the bottom of
a trench and for IPD can be employed in the process for
forming any of the trench gated transistors described herein.
Other variations for these processes are possible. For
example, as in the case of the process described in connec-
tion with FIGS. 47A and 47B, chemical or physical alter-
ation of the silicon can enhance its oxidation rate. According
to one such exemplary embodiment, a halogen ion species,
e.g., fluorine, bromine, etc., is implanted at a zero angle into
the silicon at the bottom of the trench. The implant may
occur at an exemplary energy of about 15 KeV or less, at an
exemplary dose greater than 1E'* (e.g., 1E'® to 5E'7), and at
an exemplary temperature between the range of 900° C. to
1150° C. In the halogen implanted areas at the trench bottom
oxide grows at an accelerated rate as compared to the trench
sidewalls.
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A number of the trench devices described above include
trench sidewall doping for charge balance purposes. For
example, all of the embodiments shown in FIGS. 5B and 5C,
and 6 through 9A have some type of trench sidewall doping
structure. Sidewall doping techniques are somewhat limited
due to the physical constraints of narrow, deep trenches
and/or perpendicular sidewall of the trench. Gaseous sources
or angled implants can be used to form the trench sidewall
doped regions. In one embodiment, an improved trench
sidewall doping technique uses plasma doping or pulsed-
plasma doping technology. This technology utilizes a pulsed
voltage that is applied to a wafer encompassed in a plasma
of'dopant ions. The applied voltage accelerates the ions from
a cathode sheath toward and into the wafer. The applied
voltage is pulsed and the duration continued until the desired
dose is achieved. This technique enables implementing
many of these trench devices with conformal doping tech-
niques. Additionally, the high throughput of this process
reduces the overall cost of the manufacturing process.

Those skilled in the art will appreciate that the use of
plasma doping or pulsed-plasma doping technology is not
limited to trench charge balance structures, but can also be
applied to other structures, including trenched termination
structures and trenched drain, source or body connections.
For example, this methodology can be used to dope the
trench sidewalls of shielded trench structures such as those
described in connection with FIGS. 4D, 4E, 5B, 5C, 6, 7, 8,
and 9A. In addition, this technique can be used to create a
uniformly-doped channel region. The penetration of the
depletion region into the channel region (p-well junction)
when the power device is reverse biased is controlled by the
charge concentration on both sides of the junction. When the
doping concentration in the epi layer is high, depletion into
the junction can allow punch-through to limit the breakdown
voltage or require a longer channel length than desired to
maintain low on-resistance. To minimize the depletion into
the channel, higher channel doping concentration may be
required which can cause the threshold to increase. Since the
threshold is determined by the peak concentration below the
source in a trench MOSFET, a uniform doping concentration
in the channel can provide a better trade-off between channel
length and breakdown.

Other methods that can be employed to obtain more
uniform channel concentration include forming the channel
junction using an epitaxial process, using multiple energy
implants, and other techniques for creating an abrupt junc-
tion. Another technique employs a starting wafer with a
lightly doped cap layer. In this way compensation is mini-
mized and up diffusion can be harnessed to create a more
uniform channel doping profile.

A trench device can take advantage of the fact that the
threshold is set by the channel doping concentration along
the trench sidewalls. A process which allows a high doping
concentration away from the trenches while maintaining a
low threshold can help to prevent the punch-through mecha-
nism. Providing the p-well doping before the gate oxidation
process allows for segregation of well p-type impurities,
e.g., boron, into the trench oxide to reduce the concentration
in the channel, thus reducing the threshold. Combining this
with the techniques above can provide a shorter channel
length without punch-through.

Some power applications require measuring the amount
of current flowing through the power transistor. This is
typically accomplished by isolating and measuring a portion
of' the total device current that is then used to extrapolate the
total current flowing through the device. The isolated portion
of the total device current flows through a current sensing or

FORCEMOS Ex. 2029, Pg. 98
uPl v. Force MOS, IPR2025-00920



US 7,345,342 B2

43

detecting device that generates a signal which is indicative
of the magnitude of the isolated current and which is then
used to determine the total device current. This arrangement
is commonly known as a current mirror. The current sensing
transistor is usually fabricated monolithically with the power
device with both devices sharing a common substrate (drain)
and gate. FIG. 60 is a simplified diagram of a MOSFET
6000 with a current sense device 6002. The current flowing
through the main MOSFET 6000 is divided between the
main transistor and current sense portion 6002 in proportion
to the active areas of each. The current flowing through the
main MOSFET is thus calculated by measuring the current
through the sense device and then multiplying it by the ratio
of the active areas.

Various methods for isolating the current sense device
from the main device are described in commonly-owned
U.S. patent application Ser. No. 10/315,719, entitled
“Method of Isolating the Current Sense on Power Devices
While Maintaining a Continuous Strip Cell,” to Yedinak et
al., which is hereby incorporated in its entirety. Embodi-
ments for integrating the sense device along with various
power devices, including those with charge balancing struc-
tures, are described hereinafter. According to one embodi-
ment, in a power transistor with charge balance structures
and a monolithically integrated current sense device, the
current sense area is preferably formed with the same
continuous MOSFET structure as well as the charge balance
structure. Without maintaining continuity in the charge
balance structure, the device breakdown voltage will be
degraded due to a mismatch in charge causing the voltage
supporting region to be not fully depleted. FIG. 61A shows
one exemplary embodiment for a charge balance MOSFET
6100 with a planar gate structure and isolated current sense
structure 6115. In this embodiment, the charge balance
structure includes opposite conductivity (in this example
p-type) pillars 6126 formed inside (n-type) drift region
6104. P-type pillars 6126 can be formed, for example, as
doped polysilicon or epi filled trenches. As depicted in FIG.
61A, the charge balance structures maintain continuity
under current sense structure 6115. Sense pad metal 6113
covering the surface area of current sense device 6115 is
electrically separated from source metal 6116 by dielectric
region 6117. It is to be understood that current sense devices
with similar structures can be integrated with any of the
other power devices described herein. For example, FIG.
61B shows an example of how a current sense device can be
integrated with a trench MOSFET with shielded gate where
charge balancing can be obtained by adjusting the depth of
the trench and biasing the shield poly inside the trench.

There are a number of power applications where it is
desirable to integrate diodes on the same die as the power
transistor. Such applications include temperature sensing,
electro-static discharge (ESD) protection, active clamping,
and voltage dividing among others. For temperature sensing,
for example, one or more series connected diodes are
monolithically integrated with the power transistor whereby
the diode’s anode and cathode terminals are brought out to
separate bond pads, or connected to monolithic control
circuit components using conductive interconnections. The
temperature is sensed by the change in the diode (or diodes)
forward voltage (V{). For example, with appropriate inter-
connection to the gate terminal of the power transistor, as the
diode V1 drops with temperature, the gate voltage is pulled
low reducing the current flowing through the device until the
desired temperature is achieved.

FIG. 62A shows an exemplary embodiment for a MOS-
FET 6200A with series temperature sensing diodes. MOS-

20

25

30

35

40

45

50

55

60

65

44

FET 6200A includes a diode structure 6215 wherein doped
polysilicon with alternating conductivity form three series
temperature sensing diodes. In this illustrative embodiment,
the MOSFET portion of device 6200A employs p-type
epi-filled charge balance trenches forming opposite conduc-
tivity regions inside n-type epi drift region 6204. As
depicted, the charge balance structure preferably maintains
continuity under temperature sense diode structure 6215.
The diode structure is formed on top of a field dielectric
(oxide) layer 6219 atop the surface of the silicon. A p-type
junction isolation region 6221 can be optionally diffused
under dielectric layer 6219. A device 6200B without this
p-type junction is shown in FIG. 62B. To make sure that
series forward biased diodes are obtained, shorting metal
6223 is used to short the P/N+ junctions that are reversed
biased. In one embodiment, p+ is implanted and diffused
across the junctions to form a N+/P/P+/N+ structure where
p+ appears under shorting metals 6223 to obtain improved
ohmic contact. For the opposite polarity N+ can also be
diffused across the N/P+ junction to form P+/N/N+/P+
structure. Again, those skilled in the art will appreciate that
this type of temperature sensing diode structure can be
employed in any one of the various power devices in
combination with many of the other features described
herein. FIG. 62C, for example, depicts a MOSFET 6200C
with a shielded trench gate structure, where the shield poly
can be used for charge balancing.

In another embodiment, by employing similar isolation
techniques as shown in devices 6200 for temperature sens-
ing diodes, asymmetrical ESD protection is implemented.
For ESD protection purposes, one end of the diode structure
is electrically connected to the source terminal and the other
end to the gate terminal of the device. Alternatively, sym-
metrical ESD protection is obtained by not shorting any of
the back to back N+/P/N+ junctions as shown in FIGS. 63A
and 63B. The exemplary MOSFET 6300A shown in FIG.
63A employs a planar gate structure and uses opposite
conductivity pillars for charge balancing, while exemplary
MOSFET 6300B shown in FIG. 63B is a trench gate device
with a shielded gate structure. To prevent non-uniformities
in charge balance, the charge balance structure is continued
under gate bond pad metal and any other control element
bond pads.

Exemplary ESD protection circuits are shown in FIGS.
64A to 64D wherein the main device, the gate of which is
being protected by the diode structures described above, can
be any one of the power devices described herein using any
one of the charge balancing or other techniques. FIG. 64A
shows a simplified diagram for an asymmetrical isolated
poly diode ESD protection, while FIG. 64B depicts a
standard back to back isolated poly diode ESD protection
circuit. The ESD protection circuit shown in FIG. 64C uses
an NPN transistor for BV_,, snap-back. The subscript “cer”
in BV_,, refers to a reverse biased collector-emitter bipolar
transistor junction in which a connection to the base uses a
resistor to control the base current. A low resistance causes
most of the emitter current to be removed through the base
preventing the emitter-base junction from turning-on, that is,
injecting minority carriers back into the collector. The
turn-on condition can be set by the resistor value. When
carriers are injected back into the collector the sustaining
voltage between the emitter and collector is reduced—a
phenomenon referred to as “snap-back.” The current at
which the BV_,, snap-back is triggered can be set by
adjusting the value of the base-emitter resistor Rzz. FIG.
64D shows an ESD protection circuit that uses a silicon-
controlled rectifier or SCR and diode as shown. By using a
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gate cathode short structure, the trigger current can be
controlled. The diode breakdown voltage can be used to
offset the voltage at which the SCR latches. The monolithic
diode structure as described above can be employed in any
of these and other ESD protection circuits.

In some power applications, an important performance
characteristic of a power switching device is its equivalent
series resistance or ESR that is a measure of the impedance
of the switching terminal or gate. For example, in synchro-
nous buck converters using power MOSFETs, lower ESR
helps reduce switching losses. In the case of trench gated
MOSFETs, their gate ESR is determined in large part by the
dimenstions of the polysilicon filled trenches. For example,
the length of the gate trenches may be constrained by
package limitations such as the minimum wire bond pad
size. It is known that applying a silicide film to polysilicon
lowers the resistance of the gate. Implementing silicided
poly in trench MOSFETs, however, poses a number of
challenges. In typical planar discrete MOS structures, the
gate poly can be silicided after the junctions have been
implanted and driven to their respective depths. For trench
gate devices where the gate poly is recessed, applying
silicide becomes more complicated. The use of conventional
silicide limits the maximum temperature a wafer can be
subjected too post silicide treatment to approximately less
than 900° C. This places a significant constraint on the stage
of the fabrication process when diffused regions such as
sources, drains and wells, are formed. The most typical
metal used for silicides is titanium. Other metals such as
tungsten, tantalum, cobalt and platinum can also be used
allowing a higher thermal budget post silicide processing
which provides more processing latitude. The gate ESR can
also be reduced by various layout techniques.

Described below are various embodiments for forming
charge balanced power switching devices with lower ESR.
In one embodiment shown in FIG. 65, a process 6500
includes forming trenches with a lower electrode formed at
a lower portion of the trench for shielding and/or charge
balance purposes (step 6502). This is followed by depositing
and etching an IPD layer (step 6504). The IPD layer can be
formed by known processes. Alternatively, any one of the
processes described above in connection with FIGS. 45 to 50
can be used to form the IPD layer. Next, an upper electrode
or gate poly is deposited and etched at step 6506 using
known processes. This is followed by implanting and driv-
ing the well and source regions (step 6508). It is after step
6508 that silicide is applied to the gate poly at step 6510.
This is then followed by deposition and planarization of a
dielectric at step 6512. In a variation of this process, step
6512, where the dielectric field is deposited and planarized,
is preformed first and then contact holes are opened to reach
the source/body and the gate, after which silicide contacts
are formed. These two embodiments rely on the heavy body
implant region being activated by a low temperature anneal
that is lower than the silicide film transition point.

In another embodiment, the poly gate is replaced by a
metal gate. According to this embodiment, a metal gate is
formed by depositing, e.g., Ti, using a collimated source to
improve fill capability in a trench structure. After applying
the metal gate and once the junctions have been implanted
and driven, dielectric options include HDP and TEOS to
isolate the gate from source/body contacts. In alternative
embodiments, a damascene or dual damascene approach
with various metal options from aluminum to copper top-
metals is used to form the gate terminal.

The layout of the gate conductor can also affect the gate
ESR and overall switching speed of the device. In another
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embodiment shown in FIGS. 66A and 66B, a layout tech-
nique combines perpendicular silicided surface poly stripes
with recessed trench poly to reduce gate ESR. Referring to
FIG. 66A, a highly simplified device structure 6600 is
shown wherein a silicide-coated poly line 6604 extends
along the surface of the silicon perpendicular to trench
stripes 6602. FIG. 66B illustrates a simplified cross-sec-
tional view of device 6600 along the AA' axis. Silicided poly
line 6604 contacts the gate poly at intersections with
trenches. Multiple silicided poly lines 6604 can extend atop
the silicon surface to reduce the resistivity of the gate
electrode. This and other layout techniques made possible
by, for example, processes having two or more layers of
interconnect, can be employed to improve gate ESR in any
one of the trench gate devices described herein.

Circuit Applications

With the dramatic reduction in the device on-resistance as
provided by, for example, the various device and process
techniques described herein, the chip area occupied by the
power device can be reduced. As a result, the monolithic
integration of these high-voltage devices with low voltage
logic and control circuitry becomes more viable. In typical
circuit applications, the types of functions that can be
integrated on the same die as the power transistor include
power control, sensing, protection and interface circuitry. An
important consideration in the monolithic integration of
power devices with other circuitry is the technique used to
electrically isolate the high voltage power devices from the
low voltage logic or control circuitry. There exist a number
of known approaches to achieve this, including junction
isolation, dielectric isolation, silicon-on-insulator, and the
like.

Below, a number of circuit applications for power switch-
ing will be described wherein the various circuit components
can be integrated on the same chip to varying degrees. FIG.
67 depicts a synchronous buck converter (DC-DC converter)
requiring lower voltage devices. In this circuit, n-channel
MOSFET Q1, commonly referred to as the “high side
switch,” is designed to have a moderately low on-resistance
but fast switching speed to minimize the power losses.
MOSFET Q2, commonly referred to as the low side switch,
is designed to have a very low on-resistance and moderately
high switching speed. FIG. 68 depicts another DC-DC
converter that is more suitable for medium to high voltage
devices. In this circuit, the main switching device Qa
exhibits fast switching speed, and high blocking voltage.
Because this circuit uses a transformer, lower current flows
through transistor Qa which allows it to have a moderately
low on-resistance. For the synchronous rectifier Qs, a MOS-
FET with low to very low on-resistance, fast switching
speed, very low reverse recovery charge, and low inter-
electrode capacitance can be used. Other embodiments and
improvements to such DC-DC converters are described in
greater detail in commonly-assigned U.S. patent application
Ser. No. 10/222,481, entitled ‘“Method and Circuit for
Reducing Losses in DC-DC Converters,” by Elbanhawy,
which is hereby incorporated in its entirety.

Any one of the various power device structures described
above can be used to implement the MOSFETs in the
converter circuits of FIGS. 67 and 68. The dual gate MOS-
FET of the type shown in FIG. 4A, for example, is one type
of device that offers particular advantages when used in
implementing synchronous buck converters. In one embodi-
ment, a special drive scheme takes advantage of all the
features offered by the dual gate MOSFET. An example of
this embodiment is shown in FIG. 69, wherein a first gate
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terminal G2 of high side MOSFET Q1 has its potential
determined by the circuit made up of diode D1, resistors R1
and R2, and capacitor C1. The fixed potential at gate
electrode G2 of Q1 can be adjusted for best Qgd to optimize
the switching time of the transistor. The second gate terminal
G1 of high side switch transistor Q1 receives the normal gate
drive signal from the pulse width modulated (PWM) con-
troller/driver (not shown). The two gate electrodes of the
low side switch transistor Q2 are similarly driven, as shown.

In an alternative embodiment, an example of which is
shown in FIG. 70A, both gate electrodes of the high side
switch are driven separately to further optimize the perfor-
mance of the circuit. According to this embodiment, differ-
ent waveforms drive gate terminals G1 and G2 of high side
switch Q1 to achieve best switching speed during transitions
and best on-resistance R ¢, during the rest of the cycle. In
the example shown, a voltage Va of about 5 volts during
switching delivers very low Qgd to the gate of high side
switch Q1 resulting in high switching speed, but R, ,
before and after transitions td1 and td2 is not at its lowest
value. This, however, does not adversely impact the opera-
tion of the circuit since during switching R,,,, is not a

significant loss contributor. To ensure the lowest R,
during the rest of the pulse duration, the potential V_, at gate
terminal G2 is driven to a second voltage Vb higher than Va
during time period t, as shown in the timing diagram of FIG.
70B. This driving scheme results in optimal efficiency.
Variations on these driving schemes are described in greater
detail in commonly-assigned U.S. patent application Ser.
No. 10/686,859, entitled “Driver for Dual Gate MOSFETs,”
by Elbanhawy, which is hereby incorporated by reference in
its entirety.

Packaging Technologies

An important consideration for all power semiconductor
devices is the housing or package that is used to connect the
device to the circuit. The semiconductor die is typically
attached to a metal pad using either metal bonding layers
such as solder or metal filled epoxy adhesives. Wires are
usually bonded to the top surface of the chip and then to
leads that protrude through the molded body. The assembly
is then mounted to a circuit board. The housing provides
both electrical and thermal connections between the semi-
conductor chip and the electronic system and its environ-
ment. Low parasitic resistance, capacitance, and inductance
are desired electrical features for the housing that enable a
better interface to the chip.

Improvements to the packaging technology have been
proposed that focus on reducing resistance and inductance in
the package. In certain package technologies, solder balls or
copper studs are distributed on the relatively thin (e.g., 2-5
um) metal surface of the chip. By distributing the metal
connections on the large area metal surface, the current path
in the metal is made shorter and metal resistance is reduced.
If the bumped side of the chip is connected to a copper lead
frame or to the copper traces on a printed circuit board the
resistance of the power device is reduced compared to a wire
bonded solution.

FIGS. 71 and 72 illustrate simplified cross-sectional
views of molded and unmolded packages, respectively,
using solder balls or copper studs that connect lead frames
to the metal surface of the chip. Molded package 7100 as
shown in FIG. 71 includes a leadframe 7106 that connects
to a first side of a die 7102 via solder balls or copper studs
7104. The second side of die 7102 which faces away from
leadframe 7106 is exposed through a molding material 7108.
In typical vertical power transistors, the second side of the

20

25

30

35

40

45

55

60

65

48

die forms the drain terminal. The second side of the die can
form a direct electrical connection to a pad on the circuit
board, thus providing a low resistance thermal and electrical
path for the die. This type of package and variations thereof
are described in greater detail in commonly-assigned U.S.
patent application Ser. No. 10/607,633, entitled “Flip Chip
in Leaded Molded Package and Method of Manufacture
Thereof,” by Joshi et al., which is hereby incorporated in its
entirety.

FIG. 72 shows an unmolded embodiment of a package
7200. In the exemplary embodiment shown in FIG. 72,
package 7200 has a multi-layer substrate 7212 that includes
a base layer 7220 comprising, e.g. metal, and a metal layer
7221 separated by an insulating layer 7222. Solder struc-
tures 7213 (e.g., solder balls) are attached to substrate 7212.
A die 7211 is attached to substrate 7212, with solder
structures 7213 disposed around the die. Die 7211 can be
coupled to substrate 7212 with a die attach material such as
solder 7230. After the illustrated package is formed, it is
flipped over and mounted onto a circuit board (not shown)
or other circuit substrate. In embodiments where a vertical
power transistor is fabricated on die 7211, solder balls 7230
form the drain terminal connection and the chip surface
forms the source terminal. The reverse connection is also
possible by reversing the connection of die 7211 to substrate
7212. As shown, package 7200 is thin and unmolded as a
molding material is not needed. Various embodiments for
unmolded packages of this type are described in greater
detail in commonly-assigned U.S. patent application Ser.
No. 10/235,249 entitled “Unmolded Package for a Semi-
conductor Device,” by Joshi, which is hereby incorporated
in its entirety.

Alternative methods in which the top surface of the chip
is connected directly to the copper by either solder or
conductive epoxy have been proposed. Because the stress
induced between the copper and silicon chip increases with
the area of the chip, the direct connection method may be
limited since the solder or epoxy interface can only be
stressed so much before breaking. Bumps, on the other hand,
allow for more displacement before breaking and have been
demonstrated to work with very large chips.

Another important consideration in package design is heat
dissipation. Improvements in the power semiconductor per-
formance often result in a smaller chip area. If the power
dissipation in the chip does not decrease, the heat energy
concentrates in a smaller area that can result in a higher
temperature and degraded reliability. Means to increase the
heat transfer rate out of the package include reducing the
number of thermal interfaces, using materials with higher
thermal conductivity, and reducing the thickness of the
layers such as silicon, solder, die attach, and die attach pad.
Commonly-assigned U.S. Pat. No. 6,566,749, to Rajeev
Joshi, entitled “Semiconductor Die Package With Improved
Thermal and Electrical Performance,” which is hereby
incorporated in its entirety, discusses solutions to the prob-
lems of heat dissipation, especially for dies including ver-
tical power MOSFETs for RF applications. Other techniques
for improving overall package performance are described in
greater detail in commonly-assigned U.S. Pat. Nos. 6,133,
634, and 6,469,384, both to Rajeev Joshi, as well as U.S.
patent application Ser. No. 10/271,654, entitled “Thin Ther-
mally Enhanced Flip Chip in a Leaded Molded Package,” to
Joshi et al. It is to be understood that any one of the various
power devices described herein can be housed in any of the
packages described herein or any other suitable package.

Using more surfaces of the housing for heat removal also
increases the ability of the housing to maintain a lower
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temperature such as thermal interfaces on both the top and
bottom of the housing. Increased surface area combined
with airflow around those surfaces increases the heat
removal rate. The housing design could also enable easy
interface with an external heat sink. While thermal conduc-
tion and infrared radiation techniques are the common
methods, application of alternate cooling methods are pos-
sible. For example, thermionic emission as described in
commonly-assigned U.S. patent application Ser. No. 10/408,
471, entitled “Power Circuitry With A Thermionic Cooling
System,” by Reno Rossetti, which is hereby incorporated by
reference, is one method of heat removal that can be used to
cool down power devices.

Integration of other logic circuitry including power deliv-
ery and control functions in a single package presents
additional challenges. For one, the housing requires more
pins to interface with other electronic functions. The pack-
age should allow for both high current power interconnects
in the package and low current signal interconnections.
Various packaging technologies that can address these chal-
lenges include chip-to-chip wire bonding to eliminate spe-
cial interface pads, chip-on-chip to save space inside the
housing, and multi-chip modules that allow distinctive sili-
con technologies to be incorporated into a single electronic
function. Various embodiments for multi-chip package tech-
niques are described in commonly-assigned U.S. patent
application Ser. No. 09/730,932, entitled “Stacked Package
Using Flip Chip in Leaded Molded Package Technology,”
by Rajeev Joshi, and U.S. Pat. No. 10/330,741, entitled
“Multichip Module Including Substrate with an Array of
Interconnect Structures,” also by Rajeev Joshi, both of
which are hereby incorporated by reference in their entirety.

While the above provides a complete description of the
preferred embodiments of the invention, many alternatives,
modifications, and equivalents are possible. For example,
many of the charge balancing techniques are described
herein in the context of a MOSFET and in particular a trench
gated MOSFET. Those skilled in the art will appreciate that
the same techniques can apply to other types of devices,
including IGBTs, thyristors, diodes and planar MOSFETs, as
well as lateral devices. 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 semiconductor device comprising:

a drift region of a first conductivity type;

a well region extending above the drift region and having

a second conductivity type opposite the first conduc-
tivity type;

an active trench extending through the well region and

into the drift region, the active trench having its side-
walls and bottom lined with dielectric material, and
substantially filled with a first conductive layer and a
second conductive layer, the second conductive layer
forming a gate electrode and being disposed above the
first conductive layer and separated therefrom by inter-
electrode dielectric material;

source regions having the first conductivity type formed

in the well region adjacent the active trench; and

a charge control trench extending deeper into the drift

region than the active trench and substantially filled
with material to allow for vertical charge control in the
drift region.
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2. The semiconductor device of claim 1 wherein a source
electrode electrically couples a conductive material inside-
the charge control trench to the source region.

3. The semiconductor device of claim 1 wherein inside the
charge control trench is disposed a plurality of conductive
layers stacked vertically and separated from each other and
from the trench sidewalls by dielectric material.

4. The semiconductor device of claim 3 wherein the
plurality of conductive layers inside the charge control
trench are electrically biased to provide vertical charge
balancing in the drift region.

5. The semiconductor device of claim 4 wherein the
plurality of conductive layers inside the charge control
trench are configured to be independently biased.

6. The semiconductor device of claim 3 wherein thick-
nesses of the plurality of conductive layers inside the charge
control trench vary.

7. The semiconductor device of claim 1 wherein the
thickness of a first conductive layer that is deeper inside the
charge control trench is smaller than the thickness of a
second conductive layer that is disposed above the first
conductive layer.

8. The semiconductor device of claim 1 wherein the first
conductive layer inside the active trench forms a first shield
electrode configured to be electrically biased to a desired
potential.

9. The semiconductor device of claim 1 wherein the first
shield electrode and the source regions are configured to be
electrically coupled to substantially the same potential.

10. The semiconductor device of claim 4 wherein the
plurality of conductive layers inside the charge control
trench are configured to be tied together electrically.

11. The semiconductor device of claim 4 wherein at least
one of the plurality of conductive layers is within the drift
region.

12. The semiconductor device of claim 4 wherein all of
the plurality of conductive layers are within the drift region.

13. The semiconductor device of claim 4 wherein at least
one of the plurality of conductive layers is outside of the
drift region.

14. The semiconductor device of claim 4 wherein at least
one of the plurality of conductive layers is within the p+
heavy body regions.

15. The semiconductor device of claim 4 wherein at least
one of the plurality of conductive layers is within the body
region.

16. The semiconductor device of claim 4 wherein one of
the plurality of conductive layers is located within both the
body region and the drift region.

17. The semiconductor device of claim 1 further com-
prising a second charge control trench located next to the
active control trench on the opposite side of the charge
control trench wherein the second charge control trench
extends deeper into the drift region than the active trench
and substantially filled with material to allow for vertical
charge control in the drift region.

18. The semiconductor device of claim 17 wherein the
charge control trench and the second charge control trench
are positioned substantially the same distance away from the
active control trench.
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