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(57) Abstract: A method for fabricating a high-voltage field-eftect transistor includes forming a body region, a source region, and a
drain region in a semiconductor substrate. The drain region is separated from the source region by the body region. Forming the
drain region includes forming an oxide layer on a surface of the semiconductor substrate over the drain region and performing a
plurality ot ion implantation operations through the oxide layer while tilting the semiconductor substrate such that ion beams im -
pinge on the oxide layer at an angle that is offset from perpendicular. The plurality of ion implantation operations form a corres-
ponding plurality of separate implanted layers within the drain region. Each of the implanted layers is formed at a different depth
within the drain region.
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HIGH-VOLTAGE FIELD-EFFECT TRANSISTOR HAVING MULTIPLE
IMPLANTED LAYERS

BACKGROUND INFORMATION

Field of the Disclosure

[0001] The disclosure relates to fabrication of field-effect transistors,

and more particularly, to fabrication of high-voltage field-effect transistors.

Background
[0002] High-voltage field-effect transistors (HVFETSs) may be used in a

variety of different circuit applications, such as power conversion circuits.
For example, a HVFET may be used as a power switch in a power conversion
circuit. Example power converter topologies including a HVFET power
switch may include, but are not limited to, non-isolated power converter
topologies (e.g., a buck converter or boost converter) and isolated power
converter topologies (e.g., a flyback converter).

[0003] A HVFET may be subjected to high voltages and currents during
operation in a power conversion circuit. For example, HVFETs may be
subjected to hundreds of volts (e.g., 700-800 V) during operation.
Accordingly, HVFETs may be designed to have high breakdown voltages.
HVFETs may also be designed to have a relatively low ON resistance in order
to minimize conduction losses during operation of the power conversion
circuit.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Non-limiting and non-exhaustive embodiments of the present
disclosure are described with reference to the following figures, wherein like
reference numerals may refer to like parts throughout the various views.

[0005] FIG. 1 shows a cross-sectional side view of a high-voltage field-
effect transistor (HVFET).

[0006] FIG. 2 is a flow diagram that describes fabrication of the HVFET
of FIG. 1.

[0007] FIG. 3 shows a cross-sectional side view of a substrate including

a drain region and a body region of the HVFET of FIG. 1.

-1-
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[0008] FIG. 4 shows a cross-sectional side view of a substrate including
a thin oxide layer.

[0009] FIG. S5 shows a cross-sectional side view of ion implantation
operations used to implant implanted layers of the HVFET of FIG. 1.

[0010] FIG. 6 shows a cross-sectional side view of a substrate including
a thick oxide layer.

[0011] FIG. 7 shows a cross-sectional side view of a substrate including
an etched thick oxide layer and an etched thin oxide layer.

[0012] FIG. 8 shows a cross-sectional side view of an alternative
HVFET.

[0013] Corresponding reference numerals may indicate corresponding
components throughout the several views of the drawings. Skilled artisans
will appreciate that elements in the figures are illustrated for simplicity and
clarity and have not necessarily been drawn to scale. For example, the
dimensions of some of the elements in the figures may be exaggerated
relative to other elements to help to improve understanding of various
embodiments of the present disclosure. Also, common but well-understood
elements that are useful or necessary in commercially feasible embodiments
are often not depicted in order to facilitate a less obstructed view of the
various embodiments of the present disclosure.

DETAILED DESCRIPTION

[0014] In the following description, numerous specific details are set
forth in order to provide a thorough understanding of the present invention.
It will be apparent, however, to one having ordinary skill in the art that the
specific detail need not be employed to practice the present invention. In
other instances, well-known materials or methods have not been described
in detail in order to avoid obscuring the present invention.

[0015] Reference throughout this specification to "one embodiment”,
"an embodiment”, "one example" or "an example" means that a particular
feature, structure or characteristic described in connection with the
embodiment or example is included in at least one embodiment of the
present invention. Thus, appearances of the phrases "in one embodiment”,

" "

"in an embodiment", "one example" or "an example" in various places
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throughout this specification are not necessarily all referring to the same
embodiment or example. Furthermore, the particular features, structures,
or characteristics may be combined in any suitable combinations and/or
subcombinations in one or more embodiments or examples.

[0016] A high-voltage field-effect transistor (HVFET) of the present
disclosure may be fabricated on a substrate (e.g., a doped silicon substrate).
In general, the processing operations used to form the HVFET may be
performed on a surface of the substrate. For example, doping operations,
patterning operations, and layering operations used to fabricate the HVFET
may be performed on the surface of the substrate.

[0017] The HVFET includes a drain region (e.g., drain region 104 of
FIG. 1), a source region (e.g., source region 108 of FIG. 1), and a body region
(e.g., body region 106 of FIG. 1) formed in the substrate. The drain region
and the source region may be separated from one another by the body
region. The drain region may include a doped region (e.g., an n-well) formed
in the substrate. The body region may be a doped region (e.g., a p-well)
formed in the substrate adjacent the drain region. The source region may
be a doped region (e.g., P+ and N+ doped regions) formed within the body
region such that a portion of the body region is disposed between the source
region and the drain region.

[0018] A variety of different layers may be formed over the surface of
the substrate. A gate oxide layer and gate electrode may be formed over top
of the portion of the body region disposed between the source region and the
drain region. The portion of the body region under the gate electrode and
gate oxide may form a channel region of the HVFET. Source and drain
electrodes may also be formed to provide contacts for the source and drain
regions.

[0019] The HVFET of the present disclosure may also include a thin
oxide layer that is formed over the drain region. The thin oxide layer may be
present during fabrication of features included in the drain region (e.g.,
implanted layers 110). The thin oxide layer may also be present in the final
HVFET, as illustrated in FIG. 1. The structure and fabrication of the drain

region is described hereinafter.
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[0020] The drain region of the HVFET includes a plurality of implanted
layers (e.g., implanted layers 110-1, 110-2, 110-3 of FIG. 1). As described
herein, the implanted layers may be p-doped regions within the n-well of the
drain region. Each implanted layer may have a planar geometry that is
approximately parallel to the surface of the substrate. Accordingly, the
implanted layers may be approximately parallel with one another. The
implanted layers may be formed at different depths within the drain region
such that the implanted layers are stacked above or below one another. The
implanted p-type layers may be separated from one another by n-type
regions of the drain region.

[0021] The three implanted layers may be referred to as a top
implanted layer, a middle implanted layer, and a bottom implanted layer. In
some examples, the top implanted layer may be formed at the surface of the
substrate (e.g., see FIG. 1). In other examples (e.g., see FIG. 8), the top
implanted layer may be formed a distance below the surface of the substrate
such that an n-type portion of the drain region is disposed between the top
implanted layer and the surface of the substrate. The middle implanted
layer may be formed under the top implanted layer and separated from the
top implanted layer by a region of the n-well. The bottom implanted layer
may be formed under the middle implanted layer and separated from the
middle implanted layer by a region of the n-well.

[0022] The three implanted layers may be implanted in the drain region
using ion implantation operations. In general, an ion implantation
operation may involve emitting an ion beam of a selected energy at the
substrate to implant one of the implanted layers. As described hereinafter
(e.g., with respect to FIG. 5), the three implanted layers may be implanted
through a thin oxide layer formed on the surface of the substrate.
Implantation through the thin oxide layer may aid in producing implanted
layers having a Gaussian distribution doping profile. In some examples, the
substrate may be tilted during an ion implantation operation such that the
ion beam does not impinge on the thin oxide layer perpendicularly. For
example, the substrate may be tilted such that the ion beam impinges on

the thin oxide layer at an angle that is approximately 3-10 degrees off from
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perpendicular. Implantation while the substrate is tilted may also aid in
producing implanted layers having a gaussian distribution doping profile.

[0023] The thin oxide layer over top of the drain region may be left over
the drain region during subsequent processing operations. For example,
additional layers (e.g., insulators and electrodes) may be built up on top of
the thin oxide layer during subsequent processing operations. In some
examples, the thin oxide layer may be present in a finished HVFET device,
as illustrated in FIG. 1 and FIG. 8.

[0024] Example HVFETs and fabrication of the example HVFETSs is now
described with reference to FIGS. 1-8. FIG. 1 and FIG. 8 show example
HVFETs. FIG. 2 shows an example method for fabricating HVFETs. FIGS.
3-7 show various phases of HVFET fabrication, as described in the method
of FIG. 2.

[0025] FIG. 1 is a cross-sectional side view of a HVFET 100 of the
present disclosure. HVFET 100 may be used in a variety of different
electronic applications. For example, HVFET 100 may be used as a power
switch in a switched mode power supply circuit. In one example the
HVFET 100 may be for applications with rating voltage 700 Volt, rating
current 5 Ampere and Rpson of 1 Ohm.

[0026] HVFET 100 includes a p-type semiconductor substrate 102.
For example, p-type semiconductor substrate 102 may be a p-doped silicon
wafer. P-type semiconductor substrate 102 may be referred to hereinafter
as "substrate 102." Substrate 102 includes a drain region 104, a body
region 106, and a source region 108. Source region 108 may refer to the
combination of P+ region 108-1 and N+ region 108-2. A portion of body
region 106 is located between drain region 104 and source region 108.

[0027] Drain region 104 is formed within substrate 102. For example,
drain region 104 may be an n-well formed within substrate 102. Drain
region 104 includes three implanted layers 110-1, 110-2, and 110-3
(collectively "implanted layers 110"). Drain region 104 may also include a
drain contact region 112. Drain contact region 112 may be a heavily n-
doped (N+) region within drain region 104. Drain contact region 112 may be

contacted by a drain electrode 114. Drain electrode 114 may serve as a
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drain terminal of HVFET 100 which may be connected to circuitry external
to HVFET 100. In some examples, drain electrode 114 may be a metallic
electrode.

[0028] Body region 106 is formed within substrate 102 adjacent drain
region 104. For example, body region 106 may be a doped region (e.g., a p-
well) formed in substrate 102 adjacent drain region 104. In some examples,
body region 106 may abut (e.g., interface with) drain region 104.

[0029] Source region 108 may include one or more doped regions
within body region 106. For example, source region 108 may include a
heavily p-doped (P+) region 108-1 and a heavily n-doped (N+) region 108-2
formed within body region 106. Source region 108 is separated from drain
region 104 by body region 106. For example, source region 108 is formed
within body region 106 such that a portion of body region 106 is disposed
between source region 108 and drain region 104. The portion of body region
106 disposed between source region 108 and drain region 104 may include
a portion of the "channel region" of HVFET 100. Source region 108 may be
contacted by a source electrode 116. Source electrode 116 may serve as a
source terminal of HVFET 100 which may be connected to circuitry external
to HVFET 100. In some examples, source electrode 116 may be a metallic
electrode.

[0030] As described above, drain region 104 may include three
implanted layers 110. Although three implanted layers 110 are illustrated
and described herein, it is contemplated that additional implanted layers
may be formed in drain region 104 according to the techniques of the
present disclosure. Implanted layer 110-1 may be referred to herein as a
"top implanted layer 110-1." Implanted layer 110-2 may be referred to
herein as a "middle implanted layer 110-2." Implanted layer 110-3 may be
referred to herein as a "bottom implanted layer 110-3."

[0031] Implanted layers 110 may be p-doped regions (e.g., using boron)
within drain region 104. Implanted layers 110 may be implanted within
drain region 104 using ion implantation operations described herein. Each
of implanted layers 110 may have approximately planar geometries that

extend within drain region 104 approximately parallel to surface 118.
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Accordingly, implanted layers 110 may be visualized as p-doped layers
within drain region 104 that are approximately parallel with surface 118
and parallel with one another.

[0032] Implanted layers 110 may be formed at different depths within
drain region 104 such that implanted layers 110 are stacked above and
below one another. Implanted layers 110 may be separated from one
another by regions the n-well that are not p-doped by the ion implantation
operations. In other words, implanted layers 110 may be formed in drain
region 104 such that implanted layers 110 are separated by n-doped regions
120-1, 120-2 of drain region 104.

[0033] Top implanted layer 110-1 may be separated from middle
implanted layer 110-2 by n-doped region 120-1. Put another way, n-doped
region 120-1 may be disposed between top implanted layer 110-1 and
middle implanted layer 110-2 and may extend along the lengths of top
implanted layer 110-1 and middle implanted layer 110-2. Middle implanted
layer 110-2 may be separated from bottom implanted layer 110-3 by n-
doped region 120-2. In other words, n-doped region 120-2 may be disposed
between middle implanted layer 110-2 and bottom implanted layer 110-3
and may extend along the lengths of middle implanted layer 110-2 and
bottom implanted layer 110-3.

[0034] In HVFET 100 of FIG. 1, top implanted layer 110-1 may be
formed at surface 118. In other examples, e.g., with respect to FIG. 8, top
implanted layer 810-1 may be formed below surface 118 of substrate 102
such that an n-doped region 820-1 is disposed between top implanted layer
810-1 and surface 118.

[0035] Implanted layers 110 may extend in a direction that is parallel
to surface 118. As illustrated herein, in some examples, implanted layers
110 may extend from a portion of drain region 104 that is near drain contact
region 112 to a portion of drain region 104 that is near body region 106.
However, as illustrated in FIG. 1, implanted layers 110 may not contact
drain contact region 112 and body region 106 in some examples. Instead, in
these examples, an n-doped region of drain region 104 may separate

implanted layers 110 from drain contact region 112. Similarly, an n-doped
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region of drain region 104 may separate implanted layers 110 from body
region 106. Put another way, edges of implanted layers 110 near drain
contact region 112 are separated from drain contact region 112 by an n-
doped region of drain region 104. Similarly, edges of implanted layers 110
near body region 106 are separated from body region 106 by an n-doped
region of drain region 104.

[0036] In the example HVFET 100 of FIG. 1, middle implanted layer
110-2 and bottom implanted layer 110-3 may be surrounded by n-doped
regions of drain region 104. Top implanted layer 110-1 is surrounded by n-
doped regions of drain region 104 an all sides except for the side of top
implanted layer 110-1 at surface 118. The side of top implanted layer 110-1
at surface 118 may abut thin oxide layer 122. In the example HVFET 800 of
FIG. 8, each of implanted layers 810 may be surrounded by n-doped regions
of drain region 104.

[0037] HVFET 100 includes a thin oxide layer 122, a gate oxide layer
124, and a thick oxide layer 126. Thin oxide layer 122 may be formed on
surface 118 over top of implanted layers 110. For example, thin oxide layer
122 may completely cover the portion of surface 118 over top of implanted
layers 110. As described hereinafter, thin oxide layer 122 may be formed on
surface 118 prior to implantation of implanted layers 110. After formation
of thin oxide layer 122, implanted layers 110 may be implanted in drain
region 104 through thin oxide layer 122 during ion implantation operations.

[0038] Gate oxide layer 124 may be formed on surface 118 over top of
body region 106. For example, gate oxide layer 124 may cover the portion of
body region 106 that is located between drain region 104 and source region
108. As illustrated in FIG. 1, gate oxide layer 124 may be formed adjacent
thin oxide layer 122 such that gate oxide layer 124 and thin oxide layer 122
form a continuous oxide layer covering surface 118.

[0039] A gate electrode 128 may be formed on top of gate oxide layer
124 over top of body region 106. The portion of body region 106 and drain
region 104 under gate oxide layer 124 and gate electrode 128 may form a
channel region of HVFET 100. Accordingly, the channel region of HVFET

100 may extend from edges of implanted layers 110 to source region 108 in
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some examples. Gate electrode 128 may serve as a gate terminal of HVFET
100 which may be connected to circuitry external to HVFET 100. In some
examples, gate electrode 128 may be a heavily doped polycrystalline silicon
material. Modulating a gate voltage applied at gate electrode 128 may
modulate the conductivity of the portion of body region 106 (e.g., the
channel region) underlying gate electrode 128 and gate oxide layer 124.

[0040] Thick oxide layer 126 may be formed over top of thin oxide layer
122 after implanted layers 110 are formed via ion implantation operations.
An edge of thick oxide layer 126 may be located adjacent to an edge of gate
oxide layer 124. For example, an interface may be present between an edge
of gate oxide layer 124 and an edge of thick oxide layer 126.

[0041] As described above, gate electrode 128 is formed over top of gate
oxide layer 124. In some examples, as illustrated in FIG. 1, gate electrode
128 may be a continuous layer that is formed over both gate oxide layer 124
and a portion of thick oxide layer 126. For example, gate electrode 128 may
conform to the interface between gate oxide layer 124 and thick oxide layer
126 such that a continuous gate electrode 128 is deposited on top of gate
oxide layer 124 and on top of a portion of thick oxide layer 126. As
illustrated in FIG. 1, gate electrode 128 may be formed on top of thick oxide
layer 126 over top of edges of implanted layers 110 that are near body region
106. In some examples, a drain polysilicon extension 130 may be deposited
on top of thick oxide layer 126 over top of edges of implanted layers 110 that
are near drain contact region 112. Drain polysilicon extension 130 and the
portion of gate electrode 128 over top of implanted layers 110 may modify
the peak field within the underlying drain region 104.

[0042] HVFET 100 may include an interlayer dielectric 132 formed over
top of gate oxide layer 124, gate electrode 128, and thick oxide layer 126.
Interlayer dielectric 132 may be an insulting material that serves to prevent
electrodes (e.g., 114, 116, 128) from contacting one another.

[0043] Some of the structure and operation of HVFET 100 is
summarized as follows. Drain region 104 and source region 108 are
separated by body region 106. Drain region 104 includes a drain contact

region 112 which may be contacted with drain electrode 114. Body region
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106 includes source region 108 that may be contacted with source electrode
116. A portion of body region 106 and a portion of drain region 104 are
located between source region 108 and drain contact region 112. Put
another way, drain contact region 112 and source region 108 may be located
on separate ends of HVFET 100 such that portions of body region 106 and
portions of drain region 104 including implanted layers 110 are located
between drain contact region 112 and source region 108. During operation,
when HVFET 100 is set into the ON state by a gate voltage, current may flow
between drain contact region 112 and source region 108 (e.g., between
implanted layers 110) in response to application of a drain to source voltage.

[0044] Fabrication of HVFET 100 is described hereinafter. A method
200 for fabricating HVFET 100 is described with respect to FIG. 2.
Fabrication of HVFET 100 at various different stages is illustrated in FIGS.
3-7. The method 200 for fabricating HVFET 100 is now described with
reference to FIGS. 3-7.

[0045] FIG. 2 shows a method 200 for fabricating HVFET 100. As
illustrated and described herein, HVFET 100 may be fabricated on a p-type
semiconductor substrate 102 (e.g., a p-doped silicon wafer). In one
example a lightly p-doped (5x1013 cm-3 to 5x10'% cm-3) silicon wafer may be
used.

[0046] With reference to FIG. 3, substrate 102 may have a surface 118
on which processing operations are performed to fabricate HVFET 100. For
example, doping operations, patterning operations, and layering operations
used to fabricate HVFET 100 may be performed on surface 118 as described
hereinafter.

[0047] Initially, drain region 104 and body region 106 may be formed
in substrate 102 in block 202 and block 204, respectively. Drain region 104
may be an n-well formed in a portion of substrate 102. Body region 106
may be a p-well formed in a portion of substrate 102 adjacent drain region
104.

[0048] Drain region 104 and body region 106 may be doped regions
that extend from surface 118 into substrate 102. In some examples, drain

region 104 may have a depth of approximately 5-10 um and a length of
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approximately 20-150 um. In some examples, body region 106 may have a
depth of approximately 1-8 um.

[0049] Referring now to FIG. 4, thin oxide layer 122 may be formed on
surface 118 in block 206. As illustrated, thin oxide layer 122 may be
formed over both body region 106 and drain region 104. Thin oxide layer
122 may be grown using a thermal oxidation process. In some examples,
thin oxide layer 122 may have a thickness of approximately 20-500 nm.

[0050] Referring now to FIG. 5, masking layer 134 may be formed over
top of thin oxide layer 122 in block 208. Masking layer 134 may define an
opening 136 over top of a portion of thin oxide layer 122 that is above drain
region 104. Subsequent ion implantation operations may be performed
through opening 136. Masking layer 134 may be a photoresist layer in
some examples. Masking layer 134 may have a sufficient thickness to
prevent ions from penetrating into portions of substrate 102 that are
masked by masking layer 134.

[0051] A plurality of ion implantation operations are then performed
through thin oxide layer 122 in blocks 210-214 to form implanted layers
110. The plurality of ion implantation operations are represented by the
arrows 138 impinging on thin oxide layer 122. For example, arrows 138
may represent an ion beam impinging on thin oxide layer 122. The angle of
arrows 138 may represent the angle of the ion beam with respect to thin
oxide layer 122. The angle at which the ion beam impinges on thin oxide
layer 122 may be controlled by tilting substrate 102 relative to the ion beam.
Although substrate 102 may be tilted during an ion implantation operation
such that the ion beam impinges on thin oxide layer 122 at an angle other
than 90 degrees (i.e., perpendicular to thin oxide layer 122), in some
examples, substrate 102 may be tilted such that the ion beam impinges on
thin oxide layer 122 at a 90 degree angle. Arrows 138 are illustrated in FIG.
5 as impinging on thin oxide layer 122 at an angle that is approximately five
degrees off from perpendicular.

[0052] A single ion implantation operation may be used to implant a
single one of implanted layers 110. Accordingly, three separate ion

implantation operations may be used to implant the three separate
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implanted layers 110. Various different parameters (e.g., implantation angle
and implantation energy) may be used for each of the three ion implantation
operations. Example parameters for the three implantation operations are
described below.

[0053] A first ion implantation operation may be performed through
thin oxide layer 122 to implant bottom implanted layer 110-3 in block 210.
In some examples, the first ion implantation operation may be performed
while substrate 102 is tilted such that the ion beam impinges on thin oxide
layer 122 at an angle other than 90 degrees, i.e., other than perpendicular.
For example, substrate 102 may be tilted such that the ion beam impinges
on thin oxide layer 122 at an angle that is approximately 3-10 degrees off
from perpendicular. The first ion implantation operation may be performed
using an ion implantation energy of approximately 2 MeV-5 MeV in some
examples. Performing ion implantation through thin oxide layer 122 while
tilting substrate 102, as described above, may result in bottom implanted
layer 110-3 having an approximately gaussian distribution doping profile.

[0054] Bottom implanted layer 110-3 may be implanted in substrate
102 (i.e., drain region 104) at approximately 2-5 um below surface 118. The
thickness of bottom implanted layer 110-3 may be approximately 0.5-2 pm.
The distance between bottom implanted layer 110-3 and middle implanted
layer 110-2 (i.e., n-doped region 120-2) may be approximately 0.5-3 pm in
some examples.

[0055] A second ion implantation operation may be performed through
thin oxide layer 122 to implant middle implanted layer 110-2 in block 212.
In some examples, the second ion implantation operation may be performed
while substrate 102 is tilted such that the ion beam impinges on thin oxide
layer 122 at an angle other than 90 degrees, i.e., other than perpendicular.
For example, substrate 102 may be tilted such that the ion beam impinges
on thin oxide layer 122 at an angle that is approximately 3-10 degrees off
from perpendicular. The second ion implantation operation may be
performed using an ion implantation energy of approximately 0.5-3 MeV in
some examples. Performing ion implantation through thin oxide layer 122

while tilting substrate 102, as described above, may result in middle
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implanted layer 110-2 having an approximately gaussian distribution
doping profile.

[0056] Middle implanted layer 110-2 may be implanted in substrate
102 (i.e., in drain region 104) at approximately 0.5-3 um below surface 118.
The thickness of middle implanted layer 110-2 may be approximately 0.3-
1.5 um. The distance between middle implanted layer 110-2 and top
implanted layer 110-1 (i.e., n-doped region 120-1) may be approximately
0.5-3 um in some examples.

[0057] A third ion implantation operation through thin oxide layer 122
may be performed to implant top implanted layer 110-1 in block 214. In
some examples, the third ion implantation operation may be performed
while substrate 102 is tilted such that the ion beam impinges on thin oxide
layer 122 at an angle other than 90 degrees, i.e., other than perpendicular.
For example, substrate 102 may be tilted such that the ion beam impinges
on thin oxide layer 122 at an angle that is approximately 3-10 degrees off
from perpendicular. The third ion implantation operation may be performed
using an ion implantation energy of approximately 50-500 keV in some
examples. Performing ion implantation through thin oxide layer 122 while
also tilting substrate 102, as described above, may result in top implanted
layer 110-1 having an approximately gaussian distribution doping profile.
The thickness of top implanted layer 110-1 may be approximately 0.1-1 pm.
Accordingly, top implanted layer 110-1 may extend from surface 118 down
into substrate 102 (i.e., into drain region 104) approximately 0.1-1 pym.

[0058] Referring now to FIG. 6, masking layer 134 may be removed
from thin oxide layer 122. Subsequently, thick oxide layer 126 may be
formed over top of thin oxide layer 122 in block 216. Thick oxide layer 126
may be formed using a low temperature oxide forming process, such as a
chemical vapor deposition process in some examples. Using a low
temperature process may prevent diffusion of implanted layers 110. In
some examples, thick oxide layer 126 may have a thickness of
approximately 0.1-2 um.

[0059] Referring now to FIG. 7, thick oxide layer 126 and thin oxide
layer 122 may be etched to expose regions 140-1, 140-2 of surface 118 in

13-
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block 218. Exposed region 140-1 may be over top of body region 106.
Exposed region 140-2 may be over top of drain region 104. Fabrication of
the additional features of HVFET 100 are now described with respect to FIG.
1.

[0060] Referring back to FIG. 1, source region 108 and drain contact
region 112 may be fabricated in block 224. Source region 108 may be
formed using two doping operations. For example, P+ region 108-1 and N+
region 108-2 may be formed by using a p-doping process and an n-doping
process, respectively. Drain contact region 112 may be formed using an N+
doping process.

[0061] Gate oxide layer 124 may be formed over body region 106 in
block 220. Gate oxide layer 124 may be formed using a thermal oxidation
process. Gate oxide layer 124 may have a thickness of approximately 10-
100 nm in some examples.

[0062] Gate electrode 128 and drain polysilicon extension 130 may be
formed in block 222 using a Low Pressure Chemical Vapor Deposition,
LPCVD process. Gate electrode 128 and drain polysilicon extension 130
may include doped polysilicon in some examples. Gate electrode 128 may
have a thickness of approximately 0.1-1 um. Drain polysilicon extension
130 may have a thickness of approximately 0.1-1 um.

[0063] Interlayer dielectric 132 may then be formed in block 226 using
a Chemical Vapor Deposition, CVD process which is a low temperature
process. Interlayer dielectric 132 may have a thickness of approximately
0.3-2 um in some examples. Drain electrode 114 and source electrode 116
may be formed in block 228. In some examples, drain electrode 114 and
source electrode 116 may be metallic electrodes.

[0064] Although a few examples have been described in detail above,
other modifications are possible. For example, the flow diagram depicted in
FIG. 2 does not require the particular order shown, or sequential order, to
achieve desirable results. Other steps may be provided or eliminated in the
described flow diagram. For example, the various regions of substrate 102
(e.g., 104, 106, 108, 110, 112) and various layers (e.g., 114, 116, 122, 124,
126, 128, 130, 132) of HVFET 100 may be fabricated in a different order
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than described with respect to FIG. 2. Additionally, it is contemplated that
regions and/or layers may be added to substrate 102, or removed from
substrate 102, to form an HVFET. Other embodiments may be within the
scope of the claims.

[0065] FIG. 8 shows an alternative HVFET 800 that includes implanted
layers 810-1, 810-2, 810-3 (collectively "implanted layers 810"). Alternative
HVFET 800 differs from HVFET 100 in that implanted layers 810 are
implanted at different depths within drain region 104 than implanted layers
110. For example, top implanted layer 810-1 may be implanted a distance
away from surface 118 such that an n-doped region 820-1 is present
between implanted layer 810-1 and surface 118.

[0066] Implanted layers 810 may be p-doped regions (e.g., using boron)
within drain region 104. Implanted layers 810 may be implanted within
drain region 104 using ion implantation operations as described above with
respect to the ion implantation of implanted layers 110. Each of implanted
layers 810 may have approximately planar geometries that extend within
drain region 104 approximately parallel to surface 118.

[0067] Implanted layers 810 may be formed at different depths within
drain region 104 such that implanted layers 810 are stacked above and
below one another. Implanted layers 810 may be separated from one
another by regions of the n-well that are not p-doped by the ion
implantation operations. In other words, implanted layers 810 may be
formed in drain region 104 such that implanted layers 810 are separated by
n-doped regions 820-2, 820-3 of drain region 104. In HVFET 800, each of
implanted layers 810 is surrounded by n-doped material of drain region
104.

[0068] The above description of illustrated examples of the present
invention, including what is described in the Abstract, is not intended to be
exhaustive or to be limiting to the precise forms disclosed. While specific
embodiments of, and examples for, the invention are described herein for
illustrative purposes, various equivalent modifications are possible without
departing from the broader spirit and scope of the present invention.

Indeed, it is appreciated that the specific example dimensions, voltages,
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currents, etc., are provided for explanation purposes and that other values
may also be employed in other embodiments and examples in accordance

with the teachings of the present disclosure.
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CLAIMS

What is claimed is:
1. A method for fabricating a high-voltage field-effect transistor, the
method comprising:

forming a body region in a semiconductor substrate;

forming a source region in the semiconductor substrate; and

forming a drain region in the semiconductor substrate that may
include a doped n-well region and is separated from the source region by the
body region, wherein forming the drain region comprises:

forming an oxide layer on a surface of the semiconductor
substrate over the drain region; and
performing a plurality of ion implantation operations through

the oxide layer while tilting the semiconductor substrate such that ion
beams impinge on the oxide layer at an angle that is offset from
perpendicular, wherein the plurality of ion implantation operations form a
corresponding plurality of separate implanted layers within the drain region,
and wherein each of the implanted layers is formed at a different depth
within the drain region.
2. The method of claim 1, wherein the oxide layer has a thickness of 20-
500 nanometers.
3. The method of any preceding claim, wherein tilting the semiconductor
substrate comprises tilting the semiconductor substrate such that ion
beams impinge on the oxide layer at an angle of three to ten degrees offset
from perpendicular.
4. The method of any preceding claim, wherein the oxide layer is a first
oxide layer, wherein forming the first oxide layer comprises forming the first
oxide layer using a thermal oxidation process, and wherein the method
further comprises depositing a second oxide layer on top of the first oxide
layer using a low temperature oxide deposition process.
5. The method of any preceding claim, wherein the oxide layer is a first
oxide layer, wherein the method further comprises forming a second oxide

layer on top of the first oxide layer, wherein the first oxide layer has a
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thickness of 20-500 nanometers, and wherein the second oxide layer has a
thickness of 0.1-2 micrometers.
6. The method of claim 5, further comprising:

performing an etching process to expose the surface of the
semiconductor substrate over top of the body region;

forming a gate oxide layer over top of the body region, wherein
the gate oxide layer abuts the first oxide layer and the second oxide layer;
and

forming a gate electrode over top of the gate oxide layer and a
portion of the second oxide layer, wherein a portion of the gate electrode
over the portion of the second oxide layer is located over top of portions of
the implanted layers near the body region.
7. The method of any preceding claim, wherein each implanted layer of
the plurality of separate implanted layers has a thickness of 0.1-2
micrometers.
8. The method of any preceding claim, wherein the drain region
comprises an n-type well, wherein performing the plurality of ion
implantation operations comprises performing three ion implantation
operations to form three separate p-type implanted layers, wherein a first
one of the p-type implanted layers is formed at the surface of the
semiconductor substrate abutting the oxide layer, wherein a second one of
the p-type implanted layers is formed beneath the first one of the p-type
implanted layers, and wherein a third one of the p-type implanted layers is
formed below the second one of the p-type implanted layers.
9. The method of claim 8, wherein the first and second p-type implanted
layers are separated by a first n-type region of the n-type well having a
thickness of 0.5-3 micrometers, and wherein the second and third p-type
implanted layers are separated by a second n-type region of the n-type well
having a thickness of 0.5-3 micrometers.
10. The method of any preceding claim, wherein the drain region
comprises an n-type well, wherein performing the plurality of ion
implantation operations comprises performing three ion implantation

operations to form three separate p-type implanted layers within the n-type
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well, wherein a first one of the p-type implanted layers is buried below the
surface of the substrate such that an n-type region of the n-type well is
disposed between the oxide layer and the first p-type implanted layer,
wherein a second one of the p-type implanted layers is formed below the
first one of the p-type implanted layers, and wherein a third one of the p-
type implanted layers is formed below the second one of the p-type
implanted layers.
11. The method of claim 10, wherein the first p-type implanted layer is
separated from the oxide layer by a first n-type region of the n-type well
having a thickness of 0.05-2 micrometers, wherein the first and second p-
type implanted layers are separated by a second n-type region of the n-type
well having a thickness of 0.5-3 micrometers, and wherein the second and
third p-type implanted layers are separated by a third n-type region of the n-
type well having a thickness of 0.5-3 micrometers.
12. A method for fabricating a high-voltage field-effect transistor, the
method comprising:

forming a body region in a semiconductor substrate;

forming a source region in the semiconductor substrate; and

forming a drain region in the semiconductor substrate that is
separated from the source region by the body region, wherein forming the
drain region comprises:

forming an oxide layer on a surface of the semiconductor
substrate over the drain region; and
performing three ion implantation operations through the oxide

layer to form three separate implanted layers within the drain region,
wherein each of the implanted layers is deposited at a different depth within
the drain region, and wherein a first one of the three implanted layers is
located at the surface of the semiconductor substrate abutting the oxide
layer.
13. The method of claim 12, wherein performing three ion implantation
operations comprises tilting the semiconductor substrate such that ion
beams impinge on the oxide layer at an angle that is offset from

perpendicular.
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14. The method of any one of claims 12-13, wherein the oxide layer is a
first oxide layer, wherein the method further comprises forming a second
oxide layer on top of the first oxide layer, wherein the first oxide layer has a
thickness of 20-500 nanometers, and wherein the second oxide layer has a
thickness of 0.1-2 micrometers.
15. The method of claim 14, further comprising:

performing an etching process to expose the surface of the
semiconductor substrate over top of the body region;

forming a gate oxide layer over top of the body region, wherein
the gate oxide layer abuts the first oxide layer and the second oxide layer;
and

forming a gate electrode over top of the gate oxide layer.
16. The method of any one of claims 12 - 15, wherein each of the three
implanted layers has a thickness of 0.1-2 micrometers.
17. The method of any one of claims 12 -16, wherein the drain region
comprises an n-type well, wherein the three implanted layers are p-type
implanted layers, wherein a second one of the p-type implanted layers is
formed beneath the first one of the p-type implanted layers, and wherein a
third one of the p-type implanted layers is formed below the second one of
the p-type implanted layers.
18. The method of claim 17, wherein the first and second p-type
implanted layers are separated by a first n-type region of the n-type well
having a thickness of 0.5-3 micrometers, and wherein the second and third
p-type implanted layers are separated by a second n-type region of the n-

type well having a thickness of 0.5-3 micrometers.
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19. A high-voltage field-effect transistor (HVFET) comprising:

a body region in a semiconductor substrate;

a source region in the semiconductor substrate;

a drain region in the semiconductor substrate that is separated from
the source region by the body region, wherein the drain region includes
three separate implanted layers, wherein each of the implanted layers is at a
different depth within the drain region, and wherein a first one of the three
implanted layers is located at a surface of the semiconductor substrate; and

an oxide layer on the surface of the semiconductor substrate over the
drain region and abutting the first implanted layer in the drain region.

20. The HVFET of claim 19, wherein the oxide layer is a first oxide layer,
wherein the HVFET further comprises a second oxide layer on top of the first
oxide layer, wherein the first oxide layer has a thickness of 20-500
nanometers, and wherein the second oxide layer has a thickness of 0.1-2
micrometers.

21. The HVFET of claim 20, further comprising:

a gate oxide layer on top of the surface over top of the body region,
wherein the gate oxide layer abuts the first oxide layer and the second oxide
layer; and

a gate electrode over top of the gate oxide layer.

22. The HVFET of any one of claims 19 - 21, wherein each of the three
implanted layers has a thickness of 0.1-2 micrometers.

23. The HVFET of any one of claims 19-22, wherein the drain region
comprises an n-type well, wherein the three implanted layers are p-type
implanted layers, wherein a second one of the p-type implanted layers is
located beneath the first one of the p-type implanted layers, and wherein a
third one of the p-type implanted layers is located below the second one of
the p-type implanted layers.

24. The HVFET of claim 23, wherein the first and second p-type implanted
layers are separated by a first n-type region of the n-type well having a
thickness of 0.5-3 micrometers, and wherein the second and third p-type
implanted layers are separated by a second n-type region of the n-type well

having a thickness of 0.5-3 micrometers.
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25. A method for fabricating a high-voltage field-effect transistor, the
method comprising:

forming a body region in a semiconductor substrate;

forming a source region in the semiconductor substrate;

forming a drain region in the semiconductor substrate that is
separated from the source region by the body region, wherein forming the
drain region comprises:

forming a first oxide layer on a surface of the semiconductor
substrate over the drain region, wherein the first oxide layer has a thickness
of 20-500 nanometers; and
performing three ion implantation operations through the oxide

layer to form three separate implanted layers within the drain region,
wherein each of the implanted layers is deposited at a different depth within
the drain region, and wherein each of the three separate implanted layers
has a thickness of 0.1-2 micrometers;

forming a second oxide layer over top of the first oxide layer, wherein
the second oxide layer has a thickness of 0.1-2 micrometers;

forming a gate oxide layer on the surface of the semiconductor
substrate over top of the body region, wherein the gate oxide layer abuts the
first oxide layer and the second oxide layer; and

forming a gate electrode over top of the gate oxide layer and a portion

of the second oxide layer.
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