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(57) Abstract: Field effect transistors include a semiconductor substrate of first conductivity type having a surface. A tub region of
second conductivity type is in the semiconductor substrate at the surface and extends into the semiconductor substrate a first depth
from the first surface. Spaced apart source and drain regions of the second conductivity type are included in the tub region of second
conductivity type at the surface, to define single conductivity junctions of the second conductivity type with the tub region of second
conductivity type. The spaced apart source and drain regions extend into the tub region a second depth that is less than the first
depth. A trench is included in the tub region, between the spaced apart source and drain regions, and extending from the surface
into the tub region to a third depth that is more than the second depth but is less than the first depth. An insulated gate electrode is
included in the trench. Source and drain electrodes are provided on the surface that electrically contact the source and drain regions
respectively. These field effect transistors may be fabricated by forming a tub region of second conductivity type in a semiconductor
substrate of first conductivity type at a surface thereof, and extending into the semiconductor substrate a first depth from the surface.
A source/drain region of the second conductivity type is formed in the tub region of second conductivity type at the surface, to define
a single conductivity junction of the second conductivity type with the tub region of second conductivity type. The source/drain
region extends into the tub region a second depth that is less than the first depth. A trench is formed in the source/drain region, to
define spaced apart source and drain regions therefrom. The trench extends from the surface into the tub region a third depth that
is more than the second depth but is less than the first depth. An insulated gate electrode is formed in the trench. Source and drain
electrodes are formed on the surface that electrically contact the source and drain regions, respectively.
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TRENCH GATE FERMI-THRESHOLD FIELD EFFECT TRANSISTORS
AND METHODS OF FABRICATING THE SAME
Field of the Invention
This invention relates to transistor devices and fabrication methods therefor,

and more particularly to field effect transistors and fabrication methods therefor.

Background of the Invention

Field effect t;rarisistors (FET) have become the dominant active device for very
large scale integration (VLSI) and ultra large scale integratidn (ULSI) applications, - )
such as logic devices, memory devices and microprocessors, because the integrated
circuit FET is by nature a high impedance, high density, low power device. Much
research and development activity has focused on improving the speed and integration .
density of FETs, and on lowering the power consumption thereof. FETSs also are
widely used as power devices, such as power amplifiers. Much reséarch and
development activity has fbcused on improving ‘the speed and efficiency of FETs that
are used as power devices,tparticularly at high freciuencies, for wired and wireless

applications.

A high speed, high performance field effect transistor is described in U.S.

~ Patents 4,984,043 and 4,990,974, both by Albert W. Vinal, both entitled Fermi

Threshold Field Effect Transistor and both assigned to the assignee of the present
invention. These patents describe a metal oxide semiconductor field effect transistor
(MOSFET) which operates in the enhancement mode without requiring inversion, by
setting the device's threshold voltage to twice the Fermi potential of the

semiconductor material. As is well known to those having skill in the art, Fermi
potential is defined as that potential for which an energy state in a semiconductor
material has a probability of one-half of being occupied by an electron. As described
in the above mentioned Vinal patents, \;vhen the threshold voltage is set to twice the
Fermi potential, the dependence of the threshold voltage on oxide thickness, channel

length, drain voltage and substrate doping is substanually eliminated. Moreover,

-1-



WO 02/43117 PCT/US01/46746

10

15

20

25

30

Wheh the threshold voitage is set to twice the Fermi potential, the vertical electric
field at the substraté face between the oxide and channel is minimized, and is in fact
substantially zero. Carrier mobility in the channel is thereby maximized, leading to a
high speed device with greatly reduced hot electron effects.

Notwithstanding the vast improvement of the Fermi-threshold FET compared
to known FET devipes, there was a need to lower the capacitance of the Fermi-FET
device. Accordingly, in U.S. Patents 5,194,923 and 5,369,295, both by Albert W.
Vinal, and both entitled Fermi Threshold Field Effect Transistor With Redhiced Gate
and Diffusion Capacitance, a Fermi-FET device is described which allows conduction
carriers to flow within the channel at a predetermined depth in the substrate below the
gate, without requiring an inversion layer to be created at the surface of the
semiconductor in order to support carrier conduction. Accordingly, the average depth
of the channel charge requires inclusion of the permittivity of the substrate as part of
the gate capaéitance. Gate capacitance is thereby substantially reduced.

As described in the aforesaid '295 and '923 patents, the low capécitance Fermi-
FET is preferably implemented using a Fermi-tub region having a predetermined
depth and a conductivity type opposite the substrate and the same conductivity type as
the drain and source. The Fermi-tub extends downward from the substrate surface by
a predetermined depth, and the drain and source diffusions are formed in the Fermi-
tub within the tub boundaries. The Fermi-tub forms a unijunction transistor, in which
the source, drain, channel and Fermi-tub are all doped the same coﬁductivity type, but
at different doping concentrations. A low capacitance Fermi-FET is thereby
provided. The low capacitance Fermi-FET including the Fermi-tub will be referred to
herein as a "low capacitance Fermi-FET" or a "Tub-FET".

Notwithstanding the vast improvement of the Fermi-FET and the low
capacitance Fermi-FET compared to known FET devices, there was a continuing need
to increase the current per unit channel width which is produced by the Fermi-FET.
As is well known to those skilled in the art, higher current Fermi-FET devices will
allow greater integration density, and/or much higher speeds for logic devices,
mémory devices, microprocessors and other integrated circuit devices. Accordingly,
U.S. Patent 5,374,836 to Albert W. Vinal and the present inventor Michael W,
Dennen entitled High Current Fermi-Threshold Field Effect Transistor, describes a
Fermi-FET which includes an injector region of the same conductivity type as the

Fermi-tub region and the source region, adjacent the source region and facing the
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drain region. The injector region is preferably doped at a doping level which is
intermediate to the relatively low doping concentration of the Fermi-tub and the
relatively high doping concentration of the source. The injector region controls the
depth of the carriers injected into the channel and enhances injection of carriers in the
channel, at a predetermined depth below the gate. Transistors according to U.S.
Patent 5,374,836 will be referred to herein as a "high current Fermi-FET".
‘Preferably, the source injector region is a source injector tub region which
surrounds the source region. A d;ain injector tub region may also be provided. A
gate sidewall spacer which extends from adjacent the source injector region to
adjacent the gate electrode of the Fermi-FET may also be provided in order to lower
the pinch-off voltage and increase saturation current for'the Fermi-FET. A bottom

leakage control region of the same conductivity type as the substrate may also be

: prov1ded

Notwithstanding the vast improvement of the Fermi-FET, the low capacitance
Fermi-FET and the high current Fermi-FET compared to known FET devices, there
was a continuing need to improve operation of the Fermi-FET at low voltages. As is
well known to those having skill in the art, there is currently much emphasis on low

power portable and/or battery-powered devices which typically operate at power

- supply voltages of five volts, three volts, one volt or less.

For a given channel length, lowering of the operating voltage causes the lateral
electric field to drop linearly. At very low operating voltages, the lateral electric field
is so low that the carriers in the channel are prevented from reaching saturation
velocity. This results in a precipitous drop in the available drain current. The drop in
drain current effectively limits the decrease in operating voitage for obtaining usable
circuit speeds for a given channel length. ‘

In order to improve operation of the Tub-FET at low voltages, U.S. Patent
5,543,654 to the present inventor Michael W. Dennen entitled Cbntoured—Tub Fermi-
Threshold Field Effect Transistor and Method of Forming Same, describes a Fermi-
FET which includes a contoured Fermi-tub regioh having nonuniform tub depth. In

particular, the Fermi-tub is deeper under the source and/or drain regions than under

the channel region. Thus, the tub-substrate junction is deeper under the source and/or

drain regions than under the channel region. Diffusion capacitance is thereby reduced

compared to a Fermi-tub having a uniform tub depth, so that high saturation current is

produced at low voltages.



WO 02/43117 PCT/US01/46746

10

15

20

25

30

In particular, a contoured-tub Fermi-threshold field effect transistor according
to the ‘654 patent includes a semiconductor substrate of first conductivity type and

spaced-apart source and drain regions of second conductivity type in the

semiconductor substrate at a face thereof. A channel region of the second

conductivity type is also formed in the semiconductor substrate at the substrate face
between the spaced-apart source and drain regions. A tub region of the second -
conductivity type is also included in the semiconductor substrate at the substrate face.
The tub region extends a first predetérmined depth ﬁom the substrate face to below at
least one of the spaced-apart source and drain regions, and extends a second
predetermined depth from the substrate face to below the channel region. The second .
predetermined depth is less than the, first predetermined depth. A gate insulating layer
and source, drain and gate contacts are also included. A substrate contact may also be
included. ‘

Preferably, the second predetermined depth, i.e. the depth of the contoured-tub

adjacent the channel, is selected to satisfy the Fermi-FET criteria as defined in the

- aforementioned U.S. Patents 5,194,923 and 5,369,295. In particular, the second

predetermined depth is selected to produce zero static electric field perpendicular to
the substrate face at the bottom of the channel with the gate electrode at ground
potentiél. The second predetermiﬁed depth may also be selected to produée a
threshold voltage for the field effect transistor Which is twice the Fermi potential of
the semiconductor substrate. The first predetermined depth, i.e. the depth of the
contoured-tub fegion adjacent the source and/or drain is preferably selected to deplete
the tub region under the source and/or drain regions upon application of zero bias to
the source and/or drain contact. | '

As the state of the art in microelectronic fabrication has progressed,
fabrication linewidths have been reduced to substantially less than one micron. These
decreased linewidths have given rise to the "short channel" FET wherein the channel
length is substantially less than one micron and is generally less than one half micron
with current processing technology. '

The low capacitance Fermi-FET of Patents 5,194,923 and 5,369,295, the high -
current Fermi-FET of Patent 5,374,836 and the contoured tub Fermi-FET of U.S.
Patent 5,543,654 may be used to provide a short channel FET with high performance
capabilities at low voltages. However, it will be recognized by those having skill in

the art that as linewidths decrease, processing limitations may limit the dimensions
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and conductivities which are attainable in fabricating an FET. Accordingly, for
decreased linewidths, processing conditions may require reoptimization of the Fermi-
FET transistor to accommodate these processing limitations.

Reoptimization of the Fermi-FET transistor to accommodate processing
limitations was provided in U.S. Patent No. 5,814,869 to the present inventor Michael
W. Dennen and entitled "Short Channel Fermi-Threshold Field Effect Transistors”,
assigned to the assignee of the present invention, the disclosure of which is hereby
incorporated herein by reference. The Short Channel Fermi-FET of U.S. Patent No.
5,814,869, referred to herein as the "short channel Fermi-FET", includes spaced-apart

source and drain regions which extend beyond the Fermi-tub in the depth direction

- and which may also extend beyond the Fermi-tub in the lateral direction.  Since the

source and drain regions extend beyond the tub, a junction with the substrate is

formed which can lead to a charge-sharing condition. In order to compensate for this
condition, the substrate doping is increased. The very small separation between the
source and drain regions leads to a desirability to reduce the tub depth. This causes a
change in the static electrical field perpendicular to the substrate at the oxide:substrate
interface when the gate electrode is at threshold potential. In typical long channel
Fermi-FET transistors, this field is essentially zero. In short channel devices the field |
is significantly lower than a MOSFET transistor, but somewhat higher than a long
channel Fermi-FET. '

In particular, a short channel Fermi-FET includes a semiconductor substrate of
first conductivity type and a tub region of second conductivity type in the suBsnjate at
a surface thereof which extends a first depth from the substrate surface. The short _
channel Fermi-FET also inciudes spaced-apart source and drain regions of the second
condﬁctivity type in the tub region. The spaced-apart source and drain regions extend
from the substrate surface to beyond the first depth, and may also extend laterally
away from one another to beyond the tub region. ) ‘ _

A channel region of the second conductivity type is included in the tub fegion,
between the spaced-apart source and drain regions and extending a second depth from
the substrate surface such that the second depth is less than the first depth. At least
one of the first and second depths are selected to minimize the static electric field
perpendicular to the substrate surface, from the substrate surface to the second depth
when the gate electrode is at threshold potential. For example, a static electric field of

10* V/em may be produced in a short channel Fermi-FET compared to a static electric
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field of more than 10° V/cm in a conventional MOSFET. In contrast, the Tub-FET of
U.S. Patents 5,194,923 and 5,369,295 may produce a static electric field of less than
(and often considerably less than) 10° V/em which is essentially zero when compared
to a conventional MOSFET. The first and second depths may also be selected to
produce a threshold voltage for the field effect transistor which is twice the Fermi-
potential of the semiconductor substrate, and may also be selected to allow carriers of
the second conductivity type to flow from the source region to the drain region in the
channel region at the second depth upon application of the threshold voltage to the
gate electrode, and extending from the second depth toward the substrate surface upon
application of voltage to the gate electrode beyond the threshold voltage of the field
effect transistor, without creating an inversion layer in the channel. The transistor
further includes a gate insulating layer and source, drain and gate contacts. A
substrate contact may also be included.

Continued miniaturization of integrated circuit field effect transistors has .
reduced the channel length to well below one micron. This continued miniaturization -
of the transistor has often required very high substrate doping levels. High doping
levels and the decreased operating voltages which may be required by the smaller
devices, may cause a large increase in the capacitance associated with the source and
drain regions of both the Fermi-FET and conventional MOSFET devices.

In particular, as the Fermi-FET is scaled to below one micron, it is typically
necessary to make thé tub depth substantially shallower due to increased Drain ‘
Induced Barrier Lowering (DIBL) at the source. Unfortunately, even with the
changes describe‘ci above for the short channel Fermi-FET, the short channel Fermi-
FET may reach a size where the depths and doping levels which are desired to control
Drain Induced Barrier Lowering and transistor leakage become difficult to
manufacture. Moreover, the high doping levels in the channel may reduce carrier
mobility which also may reduce the high current advantage of the Fermi-FET
technology. The ever higher substrate doping levels, togethér with the reduced drain .
voltage may also cause an increase in the junction capacitance. '

A short channel Fermi-FET that can overcome these potential problems was
provided in Application Serial No. 5,698,884 to the present inventor Michael W.
Dennen and entitled “Short Channel Fermi-Threshold Field Effect Transistors
Including Drain Field Termination Region and Methods of F abricdt;'ng Same”

aésigned to the assignee of the present invention, the disclosure of which is hereby
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incorporated herein by reference. This Fermi-FET includes drain field terminating
means between the source and drain regions for reduciﬁg and preferably preventing
injection of carriers from the source region into the channel as a result of drain bias. -
A short channel Fermi-FET including drain field terminating means, referred to herein
as a "Vinal-FET" in memory of the now deceased inventor of the Fermi-FET,

prevents excessive Drain Induced Barrier Lowering while still allowing low vertical

. field in the channel, similar to a Fermi-FET. In addition, the Vinal-FET permits much

higher carrier mobility and simultaneously leads to a large reduction in source and
drain junction capacitance.

The drain field terminatihg means is preferably embodied by a buried contra-
doped layer between the source and drain regions and extending beneath the substrate
surface from the source region to the drain region. In particulaf, a Vinal-FET includes
a semiconductor substrate of first conductivity type and a tub region of second’
conductivity type in the substrate at a surface thereof. Spaced apart source and drain
regions of the second conductivity type are included in fhe tub region at the substrate

surface. A buried drain field terminating region of the first conductivity type is also

. included in the tub region. The buried drain field terminating region extends beneath

the substrate surface from the source region to the drain region. A gate insulating
layer and source, drain and gate electrodes are also included. Accordingly, the Vinal-
FET may be regarded as a Fermi-FET with an added contra-doped buried drain field
terminating region which prevents drain bias from causing carriers to be injected from
the source region into the tub region. ‘

As the channel length and integration density of integrated circuit field effect
transistors continues to increase, the operating voltages of the transistors has also
continued to decreaée. This decrease is further motivated by the increasing use of
integfated circuits in portable electronic devices, such as laptop computers, cellular
telephones, personal digital assistants and the like. As the operating voltage of the
field effect transistors decrease, it is also generally desirable to lower the threshold
voltage. '

Accordingly, in order to provide short channel Fermi-FETs for low voltage
opération, it is desirable to reduce the threshold voltaée, for example to about half a
volt or less. However, this reduction in threshold voltage should not produce

performance degradation in other areas of the Fermi-FET. For example, a reduction
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in threshold voltage should not unduly increase the leakage current of the Fermi-FET, |
or unduly decrease the saturation current of the Fermi-FET.

A Fermi-FET that can provide low voltage operation is described in Published
PCT Application No. WO 99/17371 entitled Metal Gate Fermi-Threshold Field Effect
Transistors to the present inventor Dennen and William R. Richards, assigned to the
assignee of the present invention, the disclosure of which is hereby incorporated '
herein by reference. As described therein, a Fermi-threshold ﬁeld effect transistor
includes a metal gate. A contra-doped polysilicon gate is not used directly on the gate

insulating layer. The metal gate can lower the threshold voltage of the Fermi-FET

~ without degrading other desirable characteristics of the Fermi-FET. Preferably, the

metal gate comprises metal having a work function between that of P-type polysilicon
and N-type polysilicon. More preferably, the metal gate comprises metal having a
work function of about 4.85 volts, i.e. midway between the work function of P-type
polysilicon and N-type polysilicon.

As the channel length of field effect transistors continues to decrease, for
example to sub-micron and sub-tenth micron dimensions, undesirable short channel
effects may continue to increase. It may be desirable to produce very shallow source
and drain regions in an attempf to reduce the short channel effects. However, it may
become increasingly difficult to produce shallow source/drain regions, so that short

channel effects may play an increasing role in reducing the performance of Fermi-
threshold field effect transistors. |

Summary of the Invention .
Embodiments of the present invention include Fermi-threshold field effect

transistors (Fermi-FET) that include a trench in the tub region and an insulated gate

electrode in the trench. These transistors, referred to herein as trench gate Fermi-

FETs, can provide reduced short channel effects without the need for hyper-shallow

source and drain profiles. High breakdown voltages and/or lower source and drain
parasitic capacitances also may be provided. h _

Field effect transistors according to embodiments of the invention include a
semiconductor substrate of first condﬁctivity type having a surface. A tub region of
second conductivity type is in the semiconductor substrate at the surface and extends
into the semiconductor substrate a first depth from the first surface. Spaced apart

source and drain regions of the second conductivity type are included in the tub region .
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of second conductivity type at the surface, to define single conductivity junctions of
the second conductivity type with the tub region of second conductivity type. The

spaced apart source and drain regions extend into the tub region a second depth that is

less than the first depth. A trench is included in the tub region, between the spaced

apart source and drain regions, and extending from the surface into the tub region to a
third depth that is more than the second depth but is less than the first depth. An,
insulated gate electrode is included in the trench. Source and drain electrodes are

provided on the surface that electrically contact the source and drain regions

‘respectively.

In some embodiments, at least one of the first, second and third depths are

selected to produce zero static electric field perpendicular to the surface at the third

depth. In other embodiments, at least one of the first, second and third depths are
selected to produce zero static electric field perpendicular to the surface at the third
depth ﬁpon application of the threshold voltage of the field effect transistor to the
insulated gate electrode. ,

In yet other embodiments, at least one of the first, secoﬁd and third depths are
selected to produce the static electric field of less than 700V per centimeter,

perpendicular to the surface at the third depth. In other embodiments, at least one of

. the first, second and third depths are selected to produce a static electric field

perpendicular to the surface at the third depth that is at least an order of magnitude
less than that produced by a field effect transistor that does not include the tub region.

- In still other embodiments, at least one of the first, second and third depths are

selected to produce a static electric field perpendicular to the surface at the third depth
that is less than one half of that produced by a field effect transistor that does not
include the tub rg:gion. In yet other embodiments, at least one of the first, second and
third depths are selected to produce a static electric field perpendicular to the surface
at the third dépth that is less than one fifth of thét produced by a field effect transistor
that does not include the tub region. In other embodiments, these static electric fields
are produced perpendicular. to the surface at the third depth upon application of the
threshold voltage of the ﬁelci effect transistor to the insulated gate electrode. ‘

In yet other embodiments, at least one of the first, second and third depths are
selected to pfoduce a threshold voltage for the field effect transistor that is twice the

Fermi potential of the semiconductor substrate.
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In still other embodiments, at least one of the first, second and third depths are
selected to allow carriers of the second conductivity type to flow in the tub region,
beneath the trench at the third depth, upon application of the threshold voltage of the
field effect transistor to the gate electrode. In still other embodiments, at least one of
the first, second and third depths are selected to allow carriers of the second
conductivity type to flow in the tub region, beneath the trench and extending from the
third depth towards the first depth upon application of voltage to the gate electrode
beyond the thfeshold voltage of the field effect transistor.

In yet other embodiments, the trench defines a trench width, and at least one of
the first, second and third depths are selected to form a channel in the tub region
beneath the trench, and having a channel length that is proportional to the trench
width and that is independent of a difference between the first depth and the second
depth. In yet other embodiments, at least one of the first, second and third depths are
selected to deplete the tub region beneath theltrench from the third depth to the first’
depth. |

In still other embodiments, the trench includes a trench ﬂpor and the insﬁlated
gate includes an insulating layer having a thickness on the trenChJ floor and & gate
electrode dn the insulating layer opposite the trench floor. At least one of the first,
second and third depths are selected to produce thréshold voltage for the field effect
transistor that is independent of the thickness of the insulating léyer on the trench
floor. In still other embodiments, the trench defines a trench width and at least one of
the first, second and third depths are selected to form a channel in the tub region upon
application of the threshold voltage of the ﬁéld effect transistor to the gate electrode,
wherein the channel is confined to beneath the trench, extends across the trench width
and has unifoﬁn thickness beneath 'thé trench and across the trench width.

In still other embodiments, the third depth is less than the first depth by an

amount that is equal to:

2e kT N, NN,
3 1n = |
: q (NgN, +Nj n;

where Ny is the doping density of the tub region, N, is the doping density of the

semiconductor substrate, N; is the intrinsic carrier concentration of the substrate at
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temperature T degrees Kelvin, & is the permittivity of the substrate, q is 1.6x107"°
coulombs and k is 1.38x107 Joules/degree Kelvin.

The semiconductor substrate in all of the above-described embodiments may

actually be a well region of first conductivity type that itself is in a semiconductor
substrate of second conductivity type, at the surface, such that the tub region of

- second conductivity type is in the well region of first conductivity type at the surface, -

and extends into the well region a first depth from the surface.

Moreover, in all of the above-described embodiments, the insulated gate
electrode may be in the trench and recessed beneath the surface. In some
embodiments, the insulated gate electrode is fecesséd beneath the surface by an

amount that minimizes capacitance between the insulated gate electrode and the

.spaced apart source and drain regions, without reducing drain current in the field

effect transistor. '

In still other embodiments, the semiconductor substrate is doped a first
conductivity type at a first doping density and the tub region is doped the second
conductivity type at a second doping density. At least one of the first, second and

third depths and the first and second doping densities are selected according to any of

- the embodiments that are described ébove.

Field effect transistors may be fabricated, according to embodiments of the °
invention, by forming a tub region of second conductivity type in a semiconductor
substrate of first conductivity type at a surface thereof, and extending into the

semiconductor substrate a first deﬁth from the surface. A source/drain region of the

‘second conductivity type is formed in the tub region of second conductivity type at

the surface, to define a single conductivity junction of the second conductivity type
with the tub region of second conductivity type. The source/drain region extends into
the tub region a second depth that is less than the first depth. A trench is formed in
the source/drain region, to define spaced apart source and drain regions therefrom.

The trench extends from the surface into the tub region a third depth that is more than

‘the second depth but is less than the first depth. An insulated gate electrode is formed

in the trench. Source and drain electrodes are formed on the surface that electrically
contact the source and drain regions, respectively.
In other embodiments, the source/drain region is formed prior to forming the

tub region. In yet other émbodiments, the trénch is formed after forming the

~ source/drain region and forming the tub region.. In still other embodiments, the
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insulated gate electrode is formed prior to forming. the source and drain electrodes. In
all of the above-described method embodiments, the first, second and third depths
and/or the first and second doping densities are selected as was described in any of the
structural embodiments that were described above. Moreover, a well region of first
conductivity type may be formed in a semiconductor substrate of second conductivity

type, and the tub region of second conductivity type may be formed in the well region

-of first conducﬁvity type, as was described above. Finally, the insulated gate

electrode may be recessed beneath the surface, as was described above.

In these method embodiments, the source/drain region may be formed by
implanting ions of the second conductivity type into the semiconductor substrate at a
large tilt angle. This can allow shallow source/drain regions to be produced, but need
not cause misalignment because the gate electrode is formed after the source/drain
region is produced. The gate electrode therefore may not act to shadow the
source/drain implants. Moreover, the insulated gate electrode may be formed by
lining the trench with an insulating layer and forming a gate electrode in the trench
that is lined with the insulating layer. The gate electrode may be formed by forming a
gate electrode layer on the surface and in the trench, and planarizing the gate
electrode layer to remove the gate electrode layer from the surface. The planarizing
may be followed by recessing the gate elecfrode beneath the surface. ‘

The trench (third) depth may be determined by forming trench gate Ferfni-
FET field effect transistors and measuring the parameters thereof. Moreover, the
trench depth may be determined by simulation. Empirical methods also may be used
to determine the trench depth according to embodiments of the invention, by
performing a series of capacitance vs. voltage measurements on a series of sites
having a tub region and a source/drain region therein, wherein the source/drain region
is etched by differing amounts in the series of sites. The sites may be on a single
wafer or on multiple wafers. The trench depth may be determined by determining a

maximum depth that allows a maximum capacitance to be obtained at negative

voltages.

Brief Description of the Drawings

Figure 1 illustrates a c_ross-sectibnal view of an N-channel high

current Fermi-FET according to U.S. Patent No. 5,374,836.
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Figure 2A illustrates a cross-sectional view of a first embodiment of a short
channel low leakage current Fermi-FET according to U.S. Patent 5,374,836.

Figure 2B illustrates a cross-sectional view of a second embodiment of a short
channel low leakage current Fermi-FET according to U.S. Patent 5,374,836.

Figure 3 illustrates a cross-sectional view of an N-channel contoured-tub

Fermi-FET according to U.S‘. Patent No. 5,543,654.

Figure 4 illustrates a cross-sectional view of an N-channel short channel
Fermi-FET according to U.S. Patent No. 5,543,654

Figure 5 illustrates a cross-sectional view of a secbnd embodiment of an N-
channel short channel Fermi-FET according to U.S. Patent No. 5,814;869.

Figure 6 illustrates a cross-sectional view of a first embodiment of a Vinal-
FET acéording to U.S. Patent No. 5,698,884.

Figure 7 illustrates a cross-sectional view of a second embodiment of a Vinal-
FET according to U.S. Patent No. 5,698,884.

Figure 8 illustrates a cross-sectional view of an embodiment of a metal gate
Fermi-FET according to published PCT Applicatiori WO 99/17371. .

Figure 9 illustrates a cross-sectional view of trench gate Fenni-FETs
according to embodiments of the present invention. ‘

Figures 10A and 10B graphically illustrate applied gate bias vs. gate insulator
field for trench gate Fermi-FET transistors according to embodiments of the invention
and conventional surface channel transistors, respectively.

Figures 11A and 11B are cross-sectional views of trench gate Fermi-FET
transistors according to embodiments of the invention and conventional FETS,
respectively, illustrating and contrasting channel formation therein.

Figures 12A-12F are cross-sectional views of trench gate Fermi-FET's
according to embodiments of the invention, during intermediate fabrication steps
according to embodiments of the prese'nf invention.

Figure 13 illustrates simulation results showing free carrier concentrations
present 1n embodiments of trench gate Fermi-FETs according to embodiments of the -
invention and conventional FETs. | |

. Figures 14A and 14B graphically illustrate drain current vs. gate voltage
characteristics of simulated trench gate Fermi-FETs according to embpdiments of the

invention vs. simulated conventional FETS, in logarithmic and linear forms,

respectively.
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Figures 15A and 15B illustrate transistor characteristics for simulated trench
gate Fermi-FETs according to embodiments of the invention in logarithmic and linear
form, respectively. :

Figures 16A and 16B graphically illustrate simulation results for trench gate
Fermi-FET transistors according to embodiments of the invention as a function of a
change of the gate insulating layer thickness.

Figure 17A is a simulation of short channel trench gate Fermi-FET transistors
according to embodiments of the invention with a drain bias at the point of
breakdown.

Figure 17B illustrates drain leakage current vs. drain bias voltage
characteristics for simulated transistors of Figure 17A. |

- Figures 18A-18E are cross-sectional views of various stageé of etching that
may take place in a single wafer and/or in a series of wafers in order to empirically
determine a value of a trench depth according to embodiments of the present

Jinvention.

Figures 19A and 19B graphically illustrate capacitgnce vs. voltage plots as a
function of the etched amount in Figures 18A-18E for a large area capacitor and a
small area capacitor, respectively, according to embodiments of the invention.

Figure 20A is a simulated capacitance vs. voltage plot of trench gate Fermi-
FET transistors according to embodiments of the invention with different amounts of

gate recess.

Figure 20B is a simulated drain current vs. gate bias plot for the transistors

~ that are simulated in Figuré 20A.

Figures 21A and 21B illustrate the final net doping and actual P- and N-type

doping profiles, respectively, of trench gate Fermi-FETs according to embodiments of

the invention.-

Detailed Description of Preferred Embodiments
The present invention now will be described more fully hereinafter with

reference to the accompanying drawings, in which preferred embodiments of the
invention are shown. This invention may, however, be embodied in many different
forms and should not be construed as limited to the embodiments set forth herein;
rather, these embodiments are provided so that this disclosure will be thorough and

complete, and will fully convey the scope of the invention to those skilled in the art.
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In the drawings, the thickness of layers and regions are exaggerated for clarity. Like
numbers refer to like elements throughout. It will be understood that when an
element such as a layer, region or substrate is referred to as being “on” another
element, it can be directly on the other element or in;cervening elerﬁents may also be .
present. In contrast, when an element is referred to as being “directly on” another
element, there are no intervening elements present.

Before describing trench gate Fermi-threshold field effect transistors of the

- present invention, a Fermi-threshold field effect transistor with reduced gate and

diffusion capacitance of U.S. Patents 5,194,923 and 5,369,295 (also referred to as the
"low capacitance Fermi-FET" or the "Tub-FET") will be described as will a high
current Fermi-Threshold field effect transistor of U.S. Patent 5,374,836. A contoured-
tub Fermi-FET aécording to U.S. Patént 5,543 ,'654 will also be described. Short.
channel Fermi-FETs of U.S. Patent No. 5,814,869 will also be described. Vinal-FETs
of U.S. Patent No. 5,698,884 will also be described. Metal gate Fermi-FETs of
published PCT Application No. WO 99/ 17371 will also be described. A more
complete description may be found in these patents and applications, the disclosures
of which are hereby incorporated herein by reference. Trench gate Fermi-FETSs

according to embodiments of the present invention will then be described.

Fermi-FET With Reduced Gate and Diffusion Capacitance

The following summarizes the low capaciténce Fermi-FET including the
Fermi-tub. Additional details may be found in U.S. Patents 5,194,923 and 5,369,295.

Conventional MéSFET devices require an iiiyersio'n layer to be created at the
surface of the semiconductor in order to support carrier conduction. The depth of the
inversion layer is typically 100A or less. Under these circumstances gate capacitance
is essentially the permittivity of the gate insulator layer divided by its thickness. In
other words, the channel charge is 50 close to the surface that effects of the dielectric
properties of the substrate are insigniﬁcant in determining gate capacitance.

Gate capacitance can be lowered if conduction carriers are confined within a
channel region below the gate, where the average depth of the channel charge requires
inclusion 6f the permittivity of the substrate to calculate gate capacitance. In general,

the gate capacitance of the low capacitance Fermi-FET is described by the following

equation:
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where Yris the depth of the conduction channel called the Fermi channel, & is the
permittivity of the substrate, and P is the factor that &etermines the average depth of

| the charge flowing within the Fermi channel below the surface. B depends on the

5  depth dependent profile of carriers injected from the source into the channel. For the

low capacitance Fermi-FET, B=2. To is the thickness of the gate oxide layer and ; is

its permittivity.

The low capacitance Fermi-FET includes a Fermi-tub regién of predetermined

depth, having conductivity type opposite the substrate conductivity type and the same

10 conductivity type as the drain and source regions. The Fermi-tub extends downward
from the substrate surface by a predetermined depth, and the drain and source
diffusions are formed in the Fermi-tub region within the Fermi-tub boundaries. The
preferred Fermi-tub depth is the sum of the Fermi channel depth Y¢and depletion
depth Y. A Fermi channel region with bredetermined depth Y¢and width Z, extends

15 between the source and drain diffusions. The conductivity of the Fermi channel is
controlled by the voltage applied to the gate electrode.

The gate capacitance is primarily determined by the depth of the Fermi

channel and the carrier distribution in the Fermi channel, and is relatively iridepe;ndent

of the thickness of the gate oxide layer. The diffusion cépacitance is inversely
20 dependent on the difference between [the sum of the depth of the Fermi-tub and the
depletion depth Y in the substrate] and the depth of the diffusions X4. The diffusion

depth is preferably less than the depth of the Fermi-tub, Y. The dopant concentration

for the Fermi-tub region is preferably chosen to allow the depth of the Fermi channel
to be greater than three times the depth of an inversion layer within a MOSFET.

25 Accordingly, the low capacitance Fermi-FET includes a semiconductor

substrate of first conductivity type having a first surface, a Fermi-tub region of second

conductivity type in the substrate at the first surface, spaced apart source and drain
regions of the second conductivity type in the Fermi-tub region at the first surface,
and a channel of the second conductivity type in the Fermi-tub region at the first

30  surface between the spaced apart source and drain regions. The channel extends a
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first predetermined depth (Yy) from the first surface and the tub extends a second
predetermined depth (Yo) from the channel. A gate insulating layer is provided on the
substrate at the first surface between the spaced apart source and drain regions. |
Source, drain and gate electrodes are provided for electrically contacting the source
and drain regions and the gate insulating layer respectively.

At least the first and second predetermined depths are selected to produce zero
static electric field perpend1cu1ar to the first surface at the first depth, upon apphcatlon
of the threshold voltage of the field effect transistor to the gate electrode. The first
and second predetermined depths are also selected to allow carriers of the second
conductivity type to flow from the source to the drain in the channel, extending ffom
the first predetermined depth toward the first surface upon application of the voltage -
to the gate electrode beyond the threshold voltage of the field effect transistor. The
carriers flow from the source to the drain region beneath the first surface without
creating an inversion layer in the Fermi-tub region. The first and second
predetermined depths are also selected to produce a Voltage at the substrate surface

adjacent the gate insulating layer, which is equal and opposite to the sum of the

' voltages between the substrate contact and the substrate and between the polysilicon

gate electrode and the gate electrode.

When the substrate is doped at a doping density N, has an intrinsic carrier
concen&ation n; at temperature T degrees Kelvin and a permittivify &, and the field -
effect transistor includes a substrate contact for electrically contacting the substrate,
and the channel extends a first predetermined depth "Yf from the surface of the
substrate and the Fermi-tub region extends a secondvpredetermined depth Y, from the
channel, and the Fermi-tub region is doped at a doping density which is a factor o
times N, and the gate electrode includes a pblysilicon layer of the first conductivity

type and which is doped at a doping density Ny, the first predetermined depth (Y) is
equal to:
yf___\/ 285 ELH(NPJ’ ) ( : . (2)
gN;a q N

where q is 1.6x10""° coulombs and K is 1.38x10% Joules/’Kelvin. The second
predetermined depth (Yy) is equal to:
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—_— 285 ¢3‘
X = \) gN a(a+1) : @

where 9 is equal o 2¢¢+kT/q Ln(ar), and ¢s is the Fermi potential of the
semiconductor substrate.

-/
High Current Fermi-FET Structure ,

Referring now to Figure 1, an N-channel high current Fermi-FET according to
U.S. Patent 5,374,836 is illustrated. It will be understood by those having skill in the
art that a P-channel Fermi-FET inay be obtained by reversing the conductivities of the
N and P regions. _

As illustrated in Figure 1, hlgh current Fermi-FET 20 is fabricated in a ‘
semiconductor substrate 21 having first conductivity type, here P-type, and including
a substrate surface 21a. A Fermi-tub region 22 of second conductivity type, here N-
type, is foﬁned in the substrate 21 at the surface 21a. Spaced apart source and drain
régions 23 and 24, respectively, of the second conductivity type, here N-type, are
formed in the Fermi-tub region 22 at the surface 21a. It will be understood by those
having skill in the art that the source and drain regions may also be formed in a trench
in the surface 21a. |

A gate insulating layer 26 is formed on the substrate 21 at the surface 21a
between the spaced apart source and drain regions 23 and 24, respectively. As is well
known to those having skill in the art, thé gate insulating layer is typically silicon
dioxide. However, silicon nitride and other insulators may be used.

A gate electrode is formed on gate insulating layer 26, opposite the substrate
21. The gate electrode preferably includes a polycrystalline silicon (polysilicon) gate
electrode layer 28 of first conductivity type, here P-type. A conductor gate electrode _

layer, typically a metal gate electrode layer 29, is formed on polysilicon gate electrode

-28 opposite gate insulating layer 26. Soﬁrce electrode 31 and drain electrode 32,

typically metal, are also formed on source region 23 and drain re~gion 24, respectively.

A substrate contact 33 of first conductivity type, here P-type, is also formed in

‘substrate 21, either inside Fermi-tub 22 as shown or outside tub 22. As shown,

substrate contact 33 is doped first conductivity type, here P-type, and may include a
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relatively heavily doped region 33a and a relatively lightly doped region 33b. A
substrate electrode 34 establishes electrical contact to the substrate.

The structure heretofore described with respect to Figure 1 corresponds to the
low capacitance Fermi-FET structure of U.S. Patents 5,194,923 and 5,369,295, As
already described in these applications, a channel 36 is created between the source
and drain regions 23 and 24. The depth of the channel from the surface 21a,
designated at Yrin Figure 1, and the depth from the bottom of the channel to the
bottom of the Fermi-tub 22, designated as Y in Figure 1, along with the doping levels
of the substrate 21, tub region 22, and polysilicon gate electrode 28 are selected to
provide a high performance, low capacitance field effect transistor using the
relationships of Equations (2) and (3) above.

Still referring to Figure 1, a source injector region 37a of second conductivity
type, here N-type, is provided adjacent the source region 23 and facing the drain
region. The source injector region provides a high current, Fermi-FET by controlling
the depth at which carriers are injected into channel 36. The source injector region
37a may only extend between the source region 23 and the drain region 24. The
source injector region preferably surrounds source region 23 to form a source injector
tub region 37, as illustrated in Figure 1. Source region 23 may be fully surrounded by
the source injector tub region 37, on the side and bottom surface. Alternatively,
source region 23 may be surrounded by the source injector tub fegion 37 on the side,
but may protrude through the source injector tub region 37 at the bottom. Still
alternatively, source injector region 37a may extend into substrate 21, to the junction
between Fermi-tub 22 and substrate 21. A drain injector region 38a, preferably a
drain injector tub region 38 surrounding drain region 24, is also preferably provided.

Source injector region 37a and drain injector region 38a or source injector tub
region 37 aqd drain injector tub region 38, are preferably doped the second
conductivity type, here N-type, at a doping level which is intermediate the relatively
low doping level of Fermi-tub 22 and the relatively high doping level of source 23
and drain 24. Accordingly, as illustrated in Figure 1, Fermi-tub 22 is designated as
being N, source and drain injector tub regions 37, 38 are designated as N* and source
and drain regions 23, 24 are designated as N™*. A unijunction transistor is thefeby

formed.

The high current Fermi-FET provides drive currents that are about four times

~ that of state of the art FETs. Gate capacitance is about half that of a conventional
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FET device. The doping concentration of the source injector tub region 37 controls
the depth of carriers injected into the channel region 36, typically to about 1000A.
The source injector tub region 37 doping concentration is typically 2E18, and
preferably has a depth at least as great as the desired maximum depth of injected
majority carriers. Alternatively, it may extend as deep as the Fermi-tub region 22 to

minimize subthreshold leakage current, as will be described below. It will be shown

* that the carrier concentration injected into the channel 36 cannot exceed the dopmg

concentration of the source injector region 37a facing the drain. The width of the
portion of source injector region 37a facing the drain is typically in the range of 0.05-
0.15um. The doping concentration of the source and drain regions 23 and 24
respectively, is typically 1E19 or greater. The depth Y1=(Y¢+Y) of the Fermi-tub 22
is approximately 2200A with a doping concéntration of appfoxirhate‘ly 1.8E16.

As illustrated in Figure 1, the high current Fermi-FET 20 also includes a gate
sidewall spacer 41 on the substrate surface 21a, which extends from adjacent the
source injector region 37a to adjacent the polysilicon gate electrode 28. Gate sidewall
spacer 41 also preferably extends from adjacent the drain injector region 38a to
adjacent the polysilicon gate electrode 28. In particular, as shown in Figure 1, gate
sidewall spacer 41 extends from the polysilicon gate electrode sidewall 28a and
overlies the source and drain injector regions 37a and 38a respectively. Preferably
the gate sidewall spacer 41 surrounds the polysilicon gate electrode 28. Also
preferably, and as will be discussed in detail below, the gate insulating layer 26
extends onto the source injector region 37a and the drain injector region 38a at the
substrate face 21a and the gate sidewall spacer 41 also extends onto the source
injector region 37 and drain injector region 38. -

The gate sidewall spacer 41 lowers the pinch-off voltage of the Fermi-FET 20
and increases its saturation current in a manner in which will be described in detail
below. Preferably, the gate sidewall spacer is an insulator having a permittivity which
is greater than the permittivity of the gate insulating layer. 26. Thus, for example, if
the gate insulating layer 26 is silicon dioxide, the gate sidewall spacer is preferably
silicon nitride.. If the gate msulatmg layer 26 is silicon nitride, the gate sidewall
spacer is preferably an insulator which has permittivity greater than silicon nitride.

As shown in Figure 1, the gate sidewall spacer 41 may also extend onto source

and drain regions 23 and 24 respectively, and the source and drain electrodes 31 and
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32 respectively may be formed in the extension of the gate sidewall spacer region.
Conventional field oxide or other insulator 42 regions separate the source, drain and
substrate contacts. It will also be understood by those having skill in the art that
although the outer surface 41a of gate sidewall spacer 41 is illustrated as being'curved
in cross section, other shapes may be used, such as a linear outer surface to prodﬁce a

triangular cross section or orthogonal outer surfaces to produce a rectangular cross

section.

Low Leakage Current Fermi-Threshold Field Effect Transistor

Referring now to Figures 2A and 2B, Fermi-FETs which have short channels
yet produce low leakage current, according to U.S. Patent 5,374,836 will now be
described. These devices will hereinafter be referred to as "low leakage current
Fermi-FETs". The low leakage current Fermi-FET 50 of Figure 2A includes a bottom
leakage current control region 51 of first condhuctivity type, here P conductivity type,
and doped at a high concentration relative to the substrate 21. Accordingly, it is
designated as P* in Figure 2A. The low leakage current Fermi-FET 60 of Figure 2B
includes extended source and drain injector regions 37a, 38a, which preferably extend
to the depth of the Fermi-tub 22.

Referring now to Figure 2A, bottom leakage current control region 51 extends -

across the substrate 21 from between an extension of the facing ends of the source and

- drain regions 23 and 24, and extends into the substrate from above the depth of the
* - Fermi-tub 22 to below the depth of the Fermi-tub. Preferably, it is located below, and

in alignment with the Fermi-channel 36. For consistency with the equations
previously described, the depth from the Fermi-channel 36 to the top of the bottom
current leakage current control region 51 has been labeled Y. The remainder of the-
Fermi-FET transistor of Figure 2A is identical with that described in Figure 1, except
that a shorter channel is illustrated. It will be understood by those having skill in the
art that injectdr regions 37a and 38a and/or injector tubs 37 and 38 may be omitted, as
may the gate sidewall spacer region 41, to provide a low leakage current low
capacitance, short channel Fermi-FET withoﬁt the higix current properties of the
device of Figure 2A. 4

The bottom leakage current control region 51 minimizes drain induced

injection in short channel Fermi field effect transistors, i.e. those field effect

-21-



WO 02/43117 PCT/US01/46746

10

15

20

25

transistors having a channel length of approximately 0.5 pm or less, while
majntaiﬂing low diffusion depletion capacitance. For example, at 5 volts, leakage
current of 3E-13 A or less may be maintained. |

The bottom leakage current control region may be designed using Equations
(2) and (3) where Yj is the depth from the channel to the top of the bottom leakage
control region as shown in Figures 2A and 2B. Factor o is the ratio between the P*
doping of the bottom leakage current control region 51 and the N doping of the
Fermi-tub 22. 'Preferably a is set to about 0.15 within the bottom leakage control
region, i.e. below the gate 28. Below the source and drain regions 23 and 24, « is set
to about 1.0 to minimize diffusion dep;letion capacitance. In other words, the doping

concentrations of substrate 21 and Fermi-tub 22 are about equal in the regions below

the source and drain. Accordingly, for the design parameters described above, and for

a channel width of 0.5 micron, the doping concentration in the bottom leakage control
region 51 is approximately SE17 and is deep enoughAto support partial depletion at the
tub-junction region given 5 volt drain or source diffusion potential.

Referring now to Figure 2B, an alternate design for bottom leakage control
extends the depth of source injector region 37a and drain injector region 38a,
preferably to the depth of the Fermi-tub (Y¢+ Yo). As shown in Figure 2B, the depth
of the entire source injector tub 37 and drain injector tub 38 may be extended,
preferably to the depth of the Fermi-tub. The separatibn distance between the bottom
of the injector tubs 37 and 38 and the bottom of the Fermi-tub 22 is preferably less
than half the channel length and preferably approaches zero. Under these conditions,
injector tubs 37 and 38 have doping concentration of about 1.5E18/cm®. The depth of
substrate contact region 33b also pfeferably is extended to approach the Fermi-tub
depth. The remainder of the Fermi-FET transistor 60 of Figure 2B is identical with
that described in Figure 1, except that a shorter channel is illustrated.
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Contoured-Tub Fermi-Threshold Field Effect Transistor

Referring now to Figure 3, an N-channel contoured-tub Fermi-FET according
to U.S. Patent 5,543,654 is illustrated. It will be understood by those having skill in
the art that a P-channel Fermi-FET may be obtained by reversing the conductivities of
the N and P regions. As illustrated in Figure 3, contoured-tub Fermi-FET 20’ is
similar to high current Fermi-FET 20 of Figure 1, except thét a contoured-tub 22" is
present rather than the tub 22 of Figure 1 which has a uniform tub depth. Injector tubs
and injector regions are not shown, although they may be present.

Still referring to Figure 3, contoured-tub 22' has a first predetermined deptﬁ
Y from the substrate face 21a to below at least one of the spaced-apart source and
drain regions 23, 24‘respectiveiy. The contoured-tub 22' has a second predetermined
depth Y, from the substrate face 21a to below the channel region 36. According to
the invention, Y is different from, and preferably less than, Y; so as to create a
contoured-tub 22'. Stated another way, the junction between tub 22' and substrate 21

is pushed downward, away from source and drain regions 23 and 24, relative to the

- position dictated by the tub-FET criteria under the channel, to reduce the source/drain

diffusion capacitance and thereby allow the contoured-tub Fermi-FET to operate at
low voltages. It will be understood by those having skill in the art that tub 22' may
only be contoured under source region 23 or drain region 24 to produce an _
asymmetric device. However, symmetric devices in which the tub is contoured under
source 23 and drain 24 are preferably formed.

The second predetermined depth Y> is selected based on the low capacitance
Fermi-FET (Tub-FET) criteria of U.S. Patents 5,194,923 and 5,369,295. These
criteria, which de’tennine the depths Yrand Yy, and which together form the second
predetermined depth Y5, are described above. '

The first predetermined depth (Y1) is selected to be greater than the second
predetermined depth Y. Prefera’bly, the first predetermined depth is also selected to

| deplete the tub region 22' between the first predetermined depth Y and the source

and/or drain regions when zero voltage is applied to the source contact 31 and drain
contact 32 respectively. Thus, the entire region labeled Yy, is preferably totally

depleted under zero source bias or drain bias respectively. Based on this criteria, Y

is determined by:
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where Ny, is the doping concentration of the substrate 21 and Ny, is the doping
concentration of the contoured-tub 22".

Short Channel Fermi-FETs

Referring now to Figure 4, a short channel N-channel Fermi-FET 20"
according to U.S. Patent 5,814,869 is illustrated. It will be understood by those
having skill in the art that a P-channel short channel Fermi-FET may be obtained by
reversing the conductivities of the N and P regions. As shown in Figure 4, Fermi-tub
22" extends a first depth (Y¢+Y)o) from the substrate surface 21a. The spaced-apart
source and drain regions 23 and 24 respectively are located in the tub region, as
shown by regioﬁs 23a and 24a. However, the source and drain regions 23 and 24
respectively also extend from the substrate surface 21a to beyond the tub depth.
Source and drain regions 23 and 24 also extend laterally in a direction along substrate
surface 21a, to beyond the tub region. |

The channel depth Y and the tub depth from the channel Yj are selected to
minimize the static eléctric field perpendicular to the substrate surface in the channel
36 from the substrate surface to the depth .Yy when the gate electrode is at threshold
potential. As already described, these depths are also preferably selected to produce a
threshold voltage for the field effect transistor which is twice the Fermi potential of
the semiconductor substrate 21. These depths are also selected to allow carriers of the
second conductivity type to flow from the source region to the drain region in the
channel region, extending from the depth Y¢toward the substrate surface 21a upon
application of voltage to the gate electrode beyond the threshold voltage of the field
effect transistor. Carriers flow within the channel region from the source region to the
drain region underneath the substrate surface without creating an inversion layer in
the channel. Accordingly, while not optimum, the device of Figure 4 can still produce

saturation currents far higher than traditional MOSFET transistors, with significant
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reductions in off-state gate capacitance. Drain capacitance becomes similar to
standard MOSFET devices.

It will be understood that in Figure 4, the source and drain regions extend
beyond the tub region in the depth direction orthogonal to substrate face 21a, and also
in the lateral direction parallel to substrate face 21a. However, in order to decrease -
the parasitic sidewall capacitance, the tub 22" preferably extends laterally beyond the

source and drain regions, so that the source and drain regions only project through the

tub in the depth direction.

Referring now to Figure 5, a second embodiment of a short channel Fermi-

"FET according to U.S. Patent No. 5,8114,869 is illustrated. Transistor 20"" is similar

to transistor 20" of Figure 4 except that source and drain extension regioné 23b and
24b respectively are provided in the substrate 21 at the substrate face 21a adjacent the
source region and drain regions 123' and 24' respectively, extending into channel 36.

‘ As shown in Figure 5, source and drain extension regions 23b and 24b
respectively are heavily doped (N*"), at approximately the same doping concentration
as source and drain regions 23' and 24'. It will be understood that the extensions 23b
and 24b are not lightly doped as are lightly doped.drain structures of conventional
MOSFET devices. Rather, they are doped at the same doping concentration as the
source and drain region, and are preferably as highly doped as practical in order to
reduce leakage and improve saturation current.

The source and drain extension regions 23b and 24b reduce drain voltage
sehsitivity due to the charge sharing described above. Unfortunately, the device of
Figure 5 will generally not display as low a capacitance as the fully enclosed source
and drain regions of Figures 1 and 2. It will be understood by those having skill in the

art that in order to preserve the dimensions of the source/drain extension regions 23b

‘and 24b, a heavy, slow moving dopant such as arsenic or indium is preferably used

for the source and drain extension regions rather than a lighter, faster moving element

‘which is typically used for the source and drain regions themselves.

Short Channel Eermi-FET Including Drain Field Termination
The architecture of short channel Fermi-threshold field effect transistors
including drain field termination regions, also referred to herein as Vinal-FETs,

according to U.S. Patent No. 5,698,884, will now be described. It will be understood
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by those having skill in the art that P-channel Vinal-FETs may be obtained by
reversing the conductivity of the N- and P-regions.

Figures 6 and 7 illustrate first and second embodiments of a Vinal-FET
respectively. As shown in Figure 6, Vinal-FET 60 includes a semiconductor substrate.
21 of first conduectivity type, here P-type. It will be understood by those having skill
in the art that semiconductor substrate 21 may also include one or more epitaxial
layers formed on a bulk semiconductor material so that the substrate surface 21a may
actually be the outer surface of an epitaxial layer rather than the outer surface of bulk
semiconductor material.

Still referring to Figure 6, a first tub reglon 62 of second conductivity type
(here N-type) is formed on the substrate 21 at surface 21a and extendmg into the
substrate a first depth Y3 from the substrate surface 21a. A second tub region 64 of
the first conductivity type, here P-type, is included in the first tub region 62. Second
tub region 64 extends into the substrate a second depth Y, from substrate surface 21a,
with the second depth Y3 being less than a first depth Y3. The second tub region 64 in
the first tub region 62 may also extend laterally beyond first tub region 62. Second
tub region 64 forms a Drain Field Terminating (DFT) region as will be described
below. A third tub region 66 of the second conductivity type, here N-type, is included
in the second tub region 64. The third tub 66 extends into the substrate 21 a third -
depth Yy from the substrate surface wherein the third depth Y is less than the second
depth. Third tub 66 is preferably formed in an epitaxial layer as will be described
below. .

Still referring to Figure 6, spaced apart source and drain regions 23 and 24
respectively, of the second conductivity type (here N+), are formed in the first tub
region 62 and extend into the substrate a fourth depth Y from the substrate surface
21a. As shown in Figure 6, the fourth depth Y4 is greater than the third depth Y;. As
shown in Figure 6, fourth depth Yy is also greater than the second depth Y3, but is less
than the first depth Y3. Accordingly, the source and drain diffusions 23 and 24
respectively, extend through the third and second tubs 66 and 64 respectively, and
into the first tub 62. In a second embodiment of a Vinal-FET 60" as shown in Figure
7, the fourth depth Y} is greater than the third depth Y; but is less than the second
depth Y», so that the source and drain regions exténd through the third tub 66 and into

the second tub 64, but do not extend into the first tub 62.
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Vinal-FET transistors 60 and 60' of Figures 6 and 7 respectively, also include

a gate insulating layer 26 and a gate electrode including polycrystalline silicon layer
28 of the first conductivity type, here P-type. Source, gate and drain contacts 31, 29
and 32 are also included as already described. A substrate contact 34 is also included.
The substrate contact is shown opposite surface 21a But it may also be formed
adjacent surface 21a as in previous embodiments. |

' The Vinal-FETs 60 and 60 of Figures 6 and 7 may also be described from the
perspective of the layers in the substrate 21 which extend between the source and
drain regions 24. When viewed in this regard, third tub 66 produces a first layer 66a

of a second conductivity type in the substrate at the substrate surface which extends

from the source region 23 to the drain region 24 and also extends into the substrate a

first depth Y, from the substrate surface. Second tub 64 produces a second layer 64a .
of the first conductivity type in the substrate which extends from the source region 23
to the drain region 24 and extends into the substrate from the first depth Yy to a
second depth Y, from the substrate surface. Second layer 64a acts as Drain Field
Terminating means as described below. First tub 62 produces a third layer 62a of the
second conductivity type in the substrate which extends from the source region to the
drain region and extends into the substrate from the second depth Y, to a third depth
Y3 from the substrate surface.

| When viewed in this manner, in the embodiment of Figure 6, the third layer
62a also extends from the source bottom 23a to the drain bottom 24a as indicated by
regions 62b. In the embodiment of Figure 7, the second and third layers 64a and 62a
respectively, both extend from the source bottom 23a to the drain botiom 24a as
shown at regions 64b and 62b respectively.

The Vinal-FET of Figures 6 and 7 may also be regarded as a Tub-FET which
includes a contra-doped buried tub 64 within the original tub. Still alternatively, the
Vinal-FET may be viewed as a Tub-FET which includes a buried layer of first
conductivity type 64a beneath the channel region 66a. As will be described in detail
below, second tub 64 including second layer 64a acts as Drain Field Terminating
(DFT) means to shield the source region by preventing the applied drain bias from
causing carriers to be injected from the source region into or below the channel
region. Accordingly, second tub 64 and second layer 64a may also be referred to as a

Drain Field Termination (DFT) region.
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Operation of the Vinal-FET transistors 60 and 60" of Figures 6 and 7 are
described in detail in U.S. Patent No. 5,698,884 and will not be described again

herein.

Metal Gate Fermi-FET Transistors
According to published PCT Application No. WO 99/17371, the threshold

voltage of Fermi-FET transistors may be decreased without unduly increasing leakage
current and/or uﬁduly reducing saturation current, by using a metal gate in a Fermi-
FET rather than a contra-doped polygate.

Figure 8 illustrates an embodiment of a metal gate Fermi-FET. This
embodiment is patterned after the N-channel, short-channel Fermi-FET of U.S. Patent
5,543,654 that is illustrated in Figure 4 of the present application. However, it will be
recognized by those having skill in the art that metal gate Fermi-FET technology can
be applied to all Fermi-FETSs to lower the threshold voltage thereof.

As shown in Figure 8, metal gate Fermi-FET 110 includes a metal gate 28"
rather than the P-type polysilicon gate 28 and metal gate electrode layer 29 of Figure.
4. For ease of illustration, all other elements of transistor 110 are unchanged from
that of Figure 4. Accordingly, as shown in Figure 11, a metal gate 28' is included
directly on the gate insulating layer 26. Stated differently, the metal gate 28' of the
Fermi-FET 110 is free of doped pf)lysilicon directly on the gate insulating layer 26.
Thus, the contact potential is not controlled by the Fermi-potential of polysilicon. It

will be understood that the metal gate may include multiple layers, wherein the layer

. thatis directly on the gate insulating layer is free of doped polysilicon.

Specifically, metals, silicides, or other metal alloys with work functions near
the center of the silicon band gap can significantly reduce the Fermi-FET threshold
without unduly increasing detrimental two-dimensioﬁal effects.

* Materials with a work function near 4.85V are particulaﬂy preferred in Fermi-
FET structures because they can result in symmetrical N-Channel and P-Channel
dopings. Other materials may be used to give a lower relative threshold to either the
N- or P-channel devices depending upon a desired performance. Preferably, metals or

metal alloys having work function between that of P-type silicon and N-type silicon

are used. -
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Trench Gate Fermi-FET Transistors

Referring now to Figure 9, a cross-sectional view of N-channel trench gate
Fermi-FETs 90 according to embodiments of the present invention is illustrated. It
- will be understood by those having a skill in the art that a P-channel trench gate
5  Fermi-FET may be obtained by reversing the conductivities of the N and P regions.
As shown in Figure 9, these embodiments include a se;niconductor substrate 121 of
first conductivity type, here P-type, and having a surface 121a. It will be understood
that the substrate 121 actually may be a well region of first conductivity type in a
substrate 133 of second conductivity type, here N-type. In particular, N-channel
10 trench gate Fermi-FETs typically may be formed in a P-well 121 in an N-type
substrate 133, whereas P-channel trench gate Fermi-FETs may be formed in an N-
type substrate without the need for a well region. It also will be understood that both
N-type and P-type trench gate Fermi-FETs may be integrated into a single
semiconductor substrate, often referred to as a CMOS substrate. Finaﬂy, it will be
15  understood by those having skill in the art that the substrate 133 and/or well region
121 may also include one or more epitaxial layers formed on a bulk semiconductor
material, so that the substrate surface 121a may actually be the outer surface of an
epitaxial layer rather than the outer surface of bulk semiconductor material.
Still referring to Figure 9, é. tub region, also referred to as a Fermi-tub, 122 of
20  second conductivity type, here N-typé, also is provided in the semiconductor substrate
121 at the surface 121a and extending into the semiconductor substrate é first depth X;
from the surface 121a. Spaced apart source and drain regions 123 and 124,
- respectively, of the second conductivity type, here N-type, also are provided in the tub
region 122 at the surface 121. As shown in Figure 9, the source and drain regions 123
25 ~ and 124 define single conductivity junctions or unijunctions of the second
conductivity type, here N-type, with the tub region 122. The spaced apart source and
drain regions are highly doped, shown as N and extend into the tub region 122 a
second depth X that is less than the first depth X.
A trench 134 is provided in the tub region 122, between the spaced apart
30  source and drain regions 123 and 124, and extending from the surface 121a into the
tub region 122 a third depth X; that is more than the second depth X but less than the
first depth X;. :Although the trench 134 is illustrated in Figure 9 as beiﬁg rectangular
in cross-section, many other cross-sectional shapes may be used, such as U, V or

rounded comer, rectangular shaped cross-sections. An insulated gate electrode,
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comprising a gate electrode 128 and a gate insulating layer 126 is provided in the
trench 134. The gate electrode 128 has a width L4 and extends beneath the
source/drain régions 123/124 by an amount X4 and extends above the source and
drain regions by an amount Xj. .

Source and drain electrodes 131 and 132 are provided, for example on the
surface 121a, that electrically contact the source and drain regions 123 and 124,
respectively. Insulaﬁng regions 142 may be provided to separate the source and drain
electrodes 131 and 132. A substrate contact also may be provided on the surface 121a
and/or on the opposite surface of the substrate. Finally, as shown in Figure 9, the
substrate (or well) 121 is doped at a doping density N, and the tub 122 is doped at a
doping density Ng. ‘

Still referring to Figure 9, according to embodiments of the present invention,
the distance Y, between the tub and the trench floor, which is equal to the first depth
X; minus the third depth X, is set according to Equation (5) as follows:

g, = PRI N )N 5
q \NgN, +Nj n; '

where Ny is the doping density of the tub 122, and where this doping density varies,
preferably is the average doping density of the tub 122 between the trench floor and

the substrate 121; N, is the substrate or well doping, and where N, varies, preferably
is the doping density beneath the gate 128 and adjacent the tub 122; n; is the intrinsic
carrier concentration of the material at a temperature T degrees Kelvin, & is the
permittivity of the material (for silicon, k is 1.38x10" Joules/°Kelvin); and q is
1.6x10™ coulornbs. |

Equation (5) can define the length of a depletion region in the tub 122 beneath
the trench 134. Preferably, this depletion region extends to fully deplete the tub
region 122 beneath the trench 134 from the third depth Xj to the first depth X;.

In embodiments of the invention, with Y exactly equal to the distance defined
in Equation (5), the threshold voltage of the trench gate Fermi-FET will be equal to
the difference in work function between the siljcon substrate and the gate material.
Stated differently, the transistor threshold will be twice the Fermi potential of the

substrate. This can result in a device with the lowest possible vertical field in the
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channel region, which can be zero at the threshold voltage of the device. Thus, ZEero
static electric field may be produced perpendicular to the surface of the substrate at
the third depth X3, upon application of the threshold voltage of the field effect
transistor to the insulated gate electrode. Correct selection of the proper gate material
can result in threshold values from a few millivolts or less to over one volt or more,
while still satisfying the criteria of Equation (5), which can produce an "ideal" trench
gate Fermi-FET transistor. ( ‘

Adjustment of the transistor threshold, either above or below the "ideal" value,
is possible, with only small increases in the vertical field. Thus, the vertical field may
be maintained at least an order of magnitude less than that produced by a field effect
transistor that does not include the tub region 122. In other embodiments, the electric
field may be less than half that produced by a field effect transistor that does not
include the tub region 122. In still other embodiments, the vertical electric field may
be less than one ﬁﬂh that produced by a field effect transistor that does not include the
tub region 122. In yet other embodiments, the static electric field may be less than
700V/cm, which may be compared to conventional field effect transistors that have
vertical fields of between about 10,000V/cm and about 100,000V/cm. Increases in
the vertical field may be produced by varying the actual value of Yq from that defined
in Equation (5). Increasing Y, can lower the device threshold towards zero.

Conventional surface channel transistors and conventional buried channel field

effect transistors generally have a strong threshold sensitivity to the gate insulator
 thickness. In sharp contrast, in embodiments of Fermi-FET transistors, there can be

little or no sensitivity to gate insulator thickness, so that the threshold voltage can

remain independent of the thickness of the insulating layer 126 on the trench floor.
This can be due to the fact that, at the threshold voltage, the insulator field switches
from the negative to the positive direction, passing through zero at very close to the
threshold voltége.
Figures 10A and 10B graphically illustrate applied gate bias vs. gate insulator

(for example, oxide) field for trench gate Fermi-F ET transistors and conventional
surface channel transistors, respectively. In Figures 10A and 10B, and in all
simulation results that follow, the simulations have been perfonned on transistors with
the following characteristics: - -

Drawn Channel Length, Lg=0.18 urﬁ;

Gate Oxide (Insulator) Thickness, Tox=354;
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Operating Drain Voltage, V¢=2.5 Volt; and

Leakage Current @ 1.8V, Liss = 20 pA/um. _
As shown in Figure 10A, the trench gate F ermi-FET can have a lower field and a
single threshold, regardless of the gate insulator thickness. In contrast, a conventional
surface channel transistor can have a higher field and a threshold that is highly
dependent on the thickness of the gate oxide, as shown in Figure 10B.

Moreover, conventional trench gate field effect transistors, such as described,
for example in U.S. Patents 4,835,585 to Panousis; 5,108,938 to Solomon; and
5,142,640 to Iwamatsu also may suffer due to a strong dependence of the threshold
voltage on the gate insulator thickness. Stated differently, in non-Fermi-FET ‘devices,
a trench may provide non-uniform channel formation because the threshold voltage
may be higher at the regions of thicker dielectric, such as at the corners or vertices of
the trench. In sharp contrast, trench gate Fermi-FETs according to 'embodiménts of
the invention can provide uniform threshold across the entire device, regardless of the
gate insulator thickening at the vertices.

As shown in Figures 10A and 10B, trench gate Fermi-FETs according to
embodiments of the present invention can have very low sensitivity of threshold
voltage to gate dielectric thickness. This can allow the entire channel to turn on as a
unit, which can provide a high Gy, and very rapid turn-on. In sharp contrast, surface
channel devices and conventional buried channel transistors may have a significantly
higher threshold sensitivity to oxide thickness. The thicker dielectric that occurs
adjacent the vertices of the trench, whether the trench is rectangular, rounded ’
rectangle, V-shaped or U-shaped, can cause the transistor to turn on first in the thin -
areas and then later in the thicker areas, thus increasing the on-resistance and
decreasing the subthreshold swing and G

Figures 11A and'11B are cross-sectional views of embodiments of trench gate
Fermi-FET transistors and conventional trench gate MOSFET transistors,
respectively, illustrating and contrasting channel formation therein. In Figures 11A
and 11B, all the source, drain and gate elecﬁodes are at 0V, so that the devices are off.
As shown in Figure 11A, the P/N junction that is formed between the tub 122 and the
well (or substrate) 121 causes depletion to take place within both the tub 122 and the
well 121. Thus, a depleted region 122b and an undepleted region 122a is created in |

the tub 122, and a depleted region 121b and an undepleted region 121a is created in
the substrate or well 121.
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As shown in Figure 11A, the tub region 122 is fully depleted beneath the
trench 134 from the trench floor to the P/N junction between the tub 122 and the well
121 at the interface of the depleted regions 122b and 121b. This creates a channel
140 that is confined to beneath the trench 134, extends across the trench width Lq and
has uniform thickness beneath the trench and across the trench width Lg. Thus, A
carriers of the second conductivity type flow in the tub region 122 beneath the trench
134 at the third depth X3 upon application of the threshold voltage of the ﬁeld effect
transistor to the gate electrode 128. Moreover, carriers of the second conductivity
type flow in thleltub region 122 beneath the trench 134, and extend from the third
depth X3 towards the first depth X; upon application of voltage to the gate electrode
128 beyond the threshold voltage of the field effect transistor. Also, the length of the

* channel 140 is proportional to the trench width Lg and is indeperident of the difference

between the first depth X; and the second depth X;.

In sharp contrast, in Figure 11B, ina éonvehtional trench MOSFET, the
channel length generally is a strong function of the depth of the trench according to
the following equation: Leg~ W + 2D, where Leg is the effective channel length, W is
the width of the trench, and D is the depth that the trench exceeds the source and drain
depths. Thus, small changes in the depth of the trench can cause relatively large
cha'ﬁges to the effective channel length in a conventional MOSFET, but may only
cause slight variations in threshold voltage of a trench gate Fermi-FET. This can
provide much greater process stability than would be otherwise obtainable.

As was descrlbed above, N-channel and P-channel trench gate Fermi-FET's

may be integrated into an integrated circuit substrate to provide high performance

CMOS applications for logic memory, microprocessor and/or other applications.
Moreover, trench gate Fermi-FETs also may be well suited for lateral power devices,

including power amplifiers, which can be particularly well suited for high frequency, -

. high power operation. In these lateral transistors, the width and dopiﬁg level of the

undepleted portion 122a of the tub 122 under the drain region 124 can be "tuned' to
serve as a vertical drift region with graded concentration along the current path: Thus,
an abrupt siﬁgle conductivity junction need not be provided between the source 123
and the tub 122 and between the drain 124 and tub 122. The drift region, combined
with the greater effective mobility of the Fermi-FET channel can combine to create an

RF power amplifier with high breakdown voltage, low on-resistance and an operating
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- frequency usually associated with more exotic semiconductors, such as gallium

arsenide.

Trench Gate Fermi-FET Fabrication Processes

Fabrication processes for forming trench gate Fermi-FET transistors now will
be described. As will be shown below, fabrication processes for creatihg a trench gate
Fermi-FET can be significantly shorter and/or simpler than those used to form
traditional MOSFETSs and/or Fermi-FETs. One reason that the process can be shorter
and/or simplér is because the gate structure can be created after other doping has been
performed. This cén allow the gate, source, drain and channel to be self-aligned.

Figures 12A-12F are cross-sectional views of trench gate Fermi-FETs
according to embodiments of the present invention during intermediate fabrication
steps according to embodiments of the present invention. Fabrication of an N-channel
trench gate Fermi-FET is shown. However, P-channel trench gate Fermi-FETSs also
may be formed by reversing the conductivity types.

Referring now to Figure 12A, a P-type substrate 133, such as a
monocrystalline silicon substrate or a silicon-on-insulator substrate is provided. An
initial oxide layer 202 or other insuléting layer may be formed using conventional
techniques. A mask 204 such as a photoresist layer may be patterned to define the
location of the transistor. Conventional field oxide énd/or trench isolation also may
be provided. The mask 204 defines an implant window through which various ions
210 may be implanted, as will be described below.

Still referring to Figure 12A, P ions are implanted to form P- well 121. N ions
are implanted to form N- tub 122' and N+ ions are implanted to form a source/drain
region 125. It will be understood that the order of implantation to form regions 121,
122' and 125 }nay be arbitrary, so that, for example, the source/drain region 125 may
be implanted prior to the tub region 122" and eitﬁer or both of these regions may be
imblanted prior to forming the well region 121. It also will be understood that when a
P-type substrate is used and a N-channel trench gate Fermi-FET is fabricated, the well
region 121 need not be formed. Implementation techniques are well known to those
having skill in the art, and need not be described further herein. As also shown in
Figure 12A, implantation of the source/drain region 125 may take place at a tilt angle

6 from vertical, as will be described in detail below.
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Referring now to Figure 12B, the mask 204 may be removed and an optional
silicon nitride layer 206 may be formed using conventional techniques. A second
patterned mask 208 such as a second photoresist layer then may be formed to define
the trench. Then, as shown in Figure 12C, the mask 208 is used to etch the nitride
layer 206 which then can be used as a mask to define the trench 134. The trench 134
is etched through the source/drain region 125 to define spaced apart source and drain
regions 123 and 124, and is etched partially into the tub region 122 to define the depth
Y that was described above.

Thus, the trench and gate are formed after performing the implants for the
source/drain, tub and well. Accordingly, since the.implants 210 can be completed
before the gate structure is created, a high dose N+ implant can be performed to form
the source/drain region 125, tising a large tilt angle 8, such as a tilt angle O that is
greater than about 15°. Thus, shallow and sharp source/drain regions 123 and 124 .
may be defined, compared to proéesses that fabricate a gate electrode and then use the
gate electrode to form self-aligned source and drain regions thereafter. In
conventional processes, a large tilt angle 0 that is desirable to provide shallow and
sharp source/drain regions, may cause misalignment between the source and drain
regions and the gate. In sharp contrast, a large tilt angle 6 may be used in Figure 12A,
such as a tilt angle of 15° or greater from the vertical, to form the source/drain region
125, because the trench 134 and gate are formed subsequent to forming the
source/drain regions. A small or no tilt angle may be used to form the tub region 122'
and/or the well 121. ‘ A

It also will be understood fhat the trench depth X3 should be matched to the
implant profiles of the source 123, drain 124 and tub 122 to allow optirhized Fermi-
FET performance according to Equation (5). Since the actual ~implant profile may be
somewhat difficult to predict theoretically, the trench depth X3 can be matched to the
actual implant profiles by creating test wafers containing the implants and thermal
steps and then etching by known amounts into the surface of the wafer. These
samples then can be measured using capacitance-voltage (CV) techniques and
interpreted as will be described below.

Referring now to Figure 12D, the gate insulating layer 126 is formed. The
gate insulating layér 126 may be formed using cohveptional thermal oxidation

techniques and/or conventional chemical-vapor deposition techniques, to form a layer
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of silicon dioxide. Multi-layer oxide materials also may be used. Other gate
insuIa’cing layers also may be used, such as silicon nitride. Moreover, because the
high temperature anneals already have occurred in connection with Figures 12A-12C,
exotic dielectric materials, such as high dielectric constant materials including but not
limited to ferroelectric materials, such as PZT, may be used. As is well known to
those having skill in the art, the properties of these materials may be highly sensitive
to high temperature.' Since the high temperature anneals already have occurred, they

may be used in trench gate Fermi-FET transistors.

Referring now to Figure 12E, a gate electrode material 128' may be blanket-
deposited and then etched back or otherwise planarized, to define the gate electrode
128 of Figure 12F. In some embodiments, tungsten may be used for the gate
electrode and may be deposited using conventional deposition techniques, and then
planarized using chemical-mechanical polishing (CMP), for example usiﬁg the nitride
layer 206 as a stop.

As also shown in Figure 12F, the gate electrode 128 may be overetched,
and/or a separate etching step may be performed, to recess the gate electrode 128
beneath the surface 121a of the substrate 133. As will be described below, the gate
electrode 128 preferably is recessed beneath the surface by an amount that minimizes
capacitancé between the insulated gate electrode and the spaced apart source and
drain regions 123 and 124, without reducing drain current in the field effect transistor.
Finally, the nitride and/or oxide layers 206 and 202 may be stripped and the insulating
layer 142 and source and drain contacts 131 and 132 (Figure 9) may be defined using
conventional techniques. Moreover, a top side and/or bottom side substrate contact
also may be incorporated into this process using conventional techniques. Device
isolation also may be incorporated prior to or after the processing that was described
above. - -

Accordingly, high temperature steps may be reduced and preferably
eliminated after the activation anneal that follows the implants of Figure 12A. Thus, |
many alternative gate dielectric materials that may not be readily used with

conventional transistors may be used.

Electrical Simulation

A structure file from the process simulation that was described above was used

as an input for an Atlas simulation program, to simulate an N-channel transistor. The
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simulations use the default mobility parameters and assign a work function value of
4.63 eV to the gate material. Tungsten was used in this example. All other electrodes
were defined as neutral.

Figure 13 illustrates simulation results showing the free carrier concentrations
present in an embodiment of a trench gate Fermi-FET (left side) and a conventional
trench MOSFET (right side) created with the same architecture and with all electrodes
at zero bias. The difference in the channel length is clearly visible by comparing the
two devices. It will be understood that for the electrical simulation comparison, the
conventional MOSFET does not contain a drift region that is included in the Fermi-
FET. However, this may serve to increase the apparent drive current for the
MOSFET side.

Figures 14A and 14B graphically illustrate drain current vs. gate voltage
characteristics of the simulated trench gate Fermi-FET vs. the simulated MOSFET
using identical model parameters in logarithmic and linear forms, respectively..
Figures 14A and 14B clearly show a potential benefit of using the trench gate Fermi-
FET architecture. Even with the drift regions present in the Fermi-FET, the MOSFET
has only about 65% of the drive current, with about thirty times greater leakage when
the threshold voltages are matched.

Moreover, the trench can dramatically improve the short channel effects that
often are seen in buried channel types of devices. This can allow a lower threshold
voltage to be used, combined with significantly lowered capacitance, to thereby allow,
for example, high performance radio frequency devices to be produced.

~ Figures 15A and 15B illustrate transistor characteristics for the simulated
embodiment of the trench gate Fermi-FET in logarithmic and linear form, where drain
voltage is varied between 0.1V and 2.5V. The relative absence of short channel
effects clearly is shown.

Figures 16A and 16B graphically illustrate simulation results for a trench gate
Fermi-FET transistor as a function of a change of the gate insﬁlator thickness. In
particular, Figures 15A and 15B illustrate a 4.0 nm thick gate insulator thickness
whereas Figure 16A and 16B illustrate 2 5.0 nm gate insulator thickness. The
independenc_:é of threshold on gate insulator thickness is clearly shown. No doping or |
depth changes occur between the structures of Figures 15A and 15B and Figures 16A
and 16B. The thicker dielectric can allow higher operating voltages without the need -
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for line width or doping changes. Again, the absence of short channel effects can be
seen.

Botha2.5Vanda 3.3'\’ trench gate Fermi-FET can have very high breakdown
voltage (BVyss) due to the transistor architecture. With a suitable gate dielectric, the
BV s can be a function of the P/N junction rather than the transistor architecture.
Thus, proper construction of the P/N junction can permit very high breakdown

performance, while éllowing a low threshold voltage to be maintained. This can also

make the trench gate Fermi-FET a desirable technology.for power applications.

Figure 17A a simulated short channel trench gate Fermi-FET transistor with
the drain bias at the point of breakdown. The contours represent the free holes and
electrons, and illustrates the free carrier concentrations (above 10"em®) at the onset
of breakdowh for the 2.5V transistor of Figures 15A and 15B. The bréakdow‘n path
from the drain to the substrate is clearly shown. The breakdown occurs at a drain
electrode potential of 7.98V, as shown in Figure 17B. Terminal currents at
breakdown show only drain to well action, but the region of maximum field is
immediately below the gate trench due to the proximity of the undepleted well.

The breakdown voltage of trench gate Fermi-FET transistors according to
embodiments of the present invention may be increased and preferably. maximized
using at least two techniques. First, the source and drain regions 123 and 124 (Figure
9) can be made shallow enough to allow a region of low concentration N silicon to
exist above the junction between the tub 122 and well 121. This can be accomplished
with low energy diffusion implants at a high tilt angle 6 for the source/drain region
125 (Figure 12A) if desired. A high tilt angle is possible since the gate structure is
created after the diffusions, so that shadowing need not be a concern.

A second manner of increasing the breakdown voltage is to provide thicker
gate dielectrics. A thicker dielectric film can keep the peak field below wear-out
levels. The relative insensitivity of threshold to dielectric thickness can allow thicker

dielectrics to be used without the need to change other device parameters.

Empirical Optimization of Trench Depth and Gate Recess

The above-described simulations may be used to improve and preferably
optimize the performance of trench gate Fermi-FETs according to embodiments of the

present invention, by adjusting the implant doses and energies and the first through
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third depths. It will be understood, however, that in creatiﬂg actual devices, it may be
difficult to produce this optimization because the actual implanted profiles may not -
exactly match the theoretical profiles used in the simulation. This may cause the
performance to deviate from Equation (5), due to the balance between two
counterdoping impiant profiles.

In view of this potential difficulty, empirical techniques for balancing the
implant parameters and trench depths in actual silicon, now will be described, to
allow reduced complexity in the process dévelopment effort. In practice, the values
of the implants and depths can be arrived at in simulation, as was described above.
Then, corrections can be made for actual silicon using the techniciues that now will be
described.

In particular, test wafers can be fabricated according to the process flow
described in Figures 12-12F, without performing the etching step of Figure 12C. The
trench etch of Figure 12C then can be performed on the whole wafer, stopping at
various depths at various locations across the wafer. Following this step, the gate
dielectric can either be grown or deﬁosited, and then a gate electrode is applied and
patterned, to thereby provide an array of capacitors. Patterning may take place using
conventional techniques. Figures 18A-18E illustrate various stages of etching that
may take place in a single wafer and/or in a series of wafers. As increasing amounts
of the wafer.surface is etched, the depth of the P/N junction of Figures 11A becomes
shallower, and the doping of the source/drain layer 125 becomes less as the heavy
diffusion is etched away. |

The behavior of the capacitance vs. voltage (CV) plots as a function of the
etched amount depends upon the edge-to-area ratio of the electrode. Figures 19A and
19B show simulations of a large area capacitor and a small area capacitor,
respectively. A desired etch amount may be determined from Figures 19A and 19B.

In particular, by ekamining'the curves of Figures 19A and 19B, it is possible
to discern the proper trench etch depth for the particular set of implants and thermal
cycles that are actually being used. For example, examining the large area-to-
periphery curves of Figure 194, it can be seen that there is an initial decrease in
capacitance on the right hand side of the graph with increasing etch depth. However
the capacitance on the left hand side of the graph (negative voltage side) remains
pinned at Coy. With increasing etch dppth, the positive side capacitance reaches a

minimum and begins to rise. Further etching does not increase the positive side
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capacitance, but causes a rapid decrease in the negative side capacitance below Coy.
The optimum transistor may be obtained with an etch stopped just before the negative
side capacitance begins to fall. In Figure 19A, the optimized Fermi-FET trench depth
may be seen as 150 nm. The simulation of the oxide field at threshold of this device
shows a vertical component of less than 700V/cm.

Analysis of the small area-t‘(i-periphery capacitor (Figure 19B) shows a slight
difference in behavior. However, optimization of the trench depth still may be
performed. As in Figure 19A, the initial etch effect is a decrease in cé.pacitance on the
right hand side of the graph with increasing etch depth. Further etching causes a
minimum capacitance to be reached on the right hand side. With continued etching,

this positive side capacitance rapidly reaches a maximum and becomes pinned.

. Further etching causes no increase in the positive side capacitance, but a rapid

decrease in the negative side capacitance below Cg. The optimum transistor may be

obtained with an etch stopped just as the positive cal:;acitance reaches maximum but

before the negative side capacitance begins to fall. Again, the optimum trench depth
is 150 nm. This corresponds to the minimum inversion capacitance curve.

To summarize, the trench depth may be determined by determining a
maximum depth that allows a maximum capacitance on the negativé side of a
capacitance/voltage plot measured on a test capacitor with the same dielectric and
gate electrode material used in the actual transistors.

As was also described above, the gate electrode 128 (Figure 9) preferably is
recessed beneath the surface 121a. The gate preferably is recessed beneath the
surface by an amount that minimizes capacitance between the insulated gate electrode
and the spaced apart source and drain regions, without reducing drain current in the
field effect transistor. Derivation of a potentially optimum amount for recessing the
gate electrode now will be described. —

In particular, for high speed operation, all capacitances preferably are reduced
and more preferably are minimized. The diffusion area capacitance may be
minimized since the junction is N:P rather than N+:P, by keeping the diffusion region
abrupt in the depth. direction. This may be done as part of the breakdown voltage
optimization. Gate-to-well capacitance already may be low due to the deeper éharge
centroid of Fermi-FET transistor operation. Thus, the remaining item to optimize is

the overlap capacitance between the gate electrode 128 and the source and drain
regions 123, 124.
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Using a nominal 3.3V version of the device, a series of simulations have been
run with various amounts of gate etchback after planarization. The gate recess
amount may be defined as X - Xo in Figure 9. Qualitatively, the recess amount is
measured from the top surface of the trench after the gate material has been
mechanically planarized to be coincident with the top surface of the substrate.

' Figure 20A is a simulated capacitance vs. voltage plot of the simulated
transistors, with different amounts of gate recess. The drain current vs. gate tvoltage
performance of each of these transistors is shown in Figure 20B. Referring to Figure
20A, parasitic capacitance may be optimized by selecting the device W1th the deepest
recess amount before the drive current of Figure 20B begins to drop off due to
increased on-resistance. In Figures 20A andKZVOB, this conésponds to a 60 nm
etchback. Note that the total electrode height, prior to any etchback, is 150 nm. With
small etchback amounts capable of providing optimal performance, no special
provision need be made for contact etching, since the differential between the gate
contact height and the contact height to the diffusion areas may be insigniﬁcant in

most processes.

Figure 21A and 21B illustrate the final net doping and actual P- and N-type

doping profiles, respectively, of a device that is optimized according to the procedures

described above.

Conclusions

Trench gate Fermi-FETs according to embodiments of the present invention A
may be particularly well-suited for short channel CMOS devices, for example using
subtenth micron line widths. Trench gate Fermi-FETs according to embodiments of
the present invention also may be particularly well-suited for high power and/or high
speed linear applications, such as may be used in RF amplifiers.

Trench gate Fermi-FETs according to embodiments of the invention may be
fabricated with significant process simplification. Halos, extensions and extensi\}e
channe] engineering need not be used. Short channel effects can be greatly reduced.
There may be no need for hyper-shallow source and drain profiles, although these can
be provided using high tilt angles. High breakdown voltages may be providéd along
with lowered source and drain parasitic capacitance. Moreover, the breakdown path

is into the bulk silicon, not across the gate dielectric, so that increased reliability may
be obtained. |
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In the drawings and specification, there have been disclosed typical preferred
embodiments of the invention and, although specific terms are employed, they are
~ used in a generic and descriptive sense only and not for purposes of limitation, the

scope of the invention being set forth in the following claims.
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What is Claimed is:

1. A field effect transistor comprising:

a semiconductor substrate of first conductivity type having a surface;

a tub region of second conductivity type in the semiconductor substrate at the
surface and extending into the semiconductor substrate a first depth from the surface;

spaced apart source and drain regions of the second conductivity type in the
tub region of second conductivity type at the surface and that define single
conductivity junctions of the second conductivity type with the tub region of second -
conductivity type, the spaced apart source and drain regions extending into the tub
region a second depth that is less than the first depth;

a trench in the tub region, between the spaced'apart source and drain regions,

" and extending from the surface into the tub region a third depth that is more than the

second depth but less than the first depth;
an insulated gate electrode in the trench; and
source and drain electrodes that electrically contact the source and drain

regions, respectively.

2. A field effect transistor according to Claim 1 wherein at least one of
the first, second and third depths are selected to produce zero static electric field

perpendicular to the surface at the third depth.

3. A field effect transistor according to Claim 1 wherein at least one of
the first, second and third depths are selected to produce zero static elgctric field
perpendicular to the surface at the third depth upon application of the threshold
voltage of the field effect transistor to the insulated gate electrode.

4. A field effect transistor according to Claim 1 wherein at least one of

the first, second and third depths are selected to produce a threshold voltage for the

field effect transistor that is twice the Fermi potential of the semiconductor substrate.

5. A field effect transistor according to Claim 1 wherein at least one of
the first, second and third depths are selected to allow carriers of the second
conductivity type to ﬂéw in the tub region, beneath the trench at the third depth upon
application of the thr_eshoid voltage of the field effect transistor to the gate electrode.
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6. A field effect transistor according to Claim 1 wherein at least one of
the first, second and third depths are selected to allow carriers of the second
conductivity type to ﬂow in the tub region; beneath the trench and extending from the
third depth towards the first depth upon application of voltage to the gate electrode

5  beyond the threshold voltage of the field effect transistor.

7. A field effect transistor according to Claim 1 wherein at least one of
the first, second and third depths are selected to form a channel in the tub region at the
third depth, beneath the trench.

8. KA field effect transistor according to Claim 1 wherein the trench
defines a trench width and wherein at least one of the first, second and third depths
are selected to form a channel in the tub region beneath the trench and having a
channel length that is proportional to the trench width and is independent of a
5  difference between the first depth and the second depth.

9. Afield effect transistor according to Claim 1 wherein at least one of
the first, second and third depths are selected to deplete the tub region beneath the
trench from the third depth to the first depth. '

10. A field effect trans1stor according to Claim 1 wherein the trench
mcludes a trench floor, wherein the insulated gate includes an insulating layer having .
a thickness on the trench floor and a gate electrode on the insulating layer opposite the .
trench floor, and wherein at least one of the first, second and third depths are selected
5  to produce a threshold voltage for the field effect transistor that is independent of the
* thickness of the insulating layer on the trench floor.

11. A field effect transistor according to Claim 1 wherein the trench
defines a trench width and wherein at least one of the first, second and third depths
are selected to form a channel in the tub region upon application of the threshold |
voltage of the field effect transistor to the gate electrode, that is confined to beneath

5  the trench and extends across the trench width and having uniform thickness beneath

the trench and across the trench width.
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12, A field effect transistor according to Claim 1 wherein the third depth is
less that the first depth by an amount that is equal to:

22kT( N, ) _(N,N,
= |Inl —=1,
q NdNa+Nd ni

5  where Ny is the doping density of the tub region, N, is the doping density of the

semiconductor substrate, N; is the intrinsic carrier concentration of the substrate at
temperature T degrees Kelvin, &; is the permittivity of the substrate, q is 1.6x10™"°
coulombs and k is 1.38x10% Joules/degree Kelvin.

13. . A field effect transistor according to Claim 1 wherein the
semiconductor substrate of first conductivity type is a well region of first conductivity
typeina substra{e of second conductivity type, at the surface, and wherein the tub
region of second conductivity type is in the well region at the surface and extends into

5  the well region a first depth from the surface.

14. A field effect transistor according to Claim 1 wherein the insulated

gate electrode is in the trench and is recessed beneath the surface.

15. A field effect transistor according to Claim 14 wherein the insulated
gate electrode is in the trench and is recessed beneath the surface by an amount that
minimizes capacitance between the insulated gate electrode and the spaced apart

source and drain regions without reducing drain current in the field effect transistor.

16. A field effect transistor according to Claim 1 wherein at least one of
the first, second and third depths are selected to produce a static electric field of less
than 700 volts per centimeter perpendicular to the surface at the third depth.

17. A field effect transistor according to Claim 1 wherein at least one of

the first, second and third depths are selected to produce a static electric field of less
than 700 volts per centimeter perpendicular to the surface at the third depth upon
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application of the threshold voltage of the field effect transistor to the insulated gate

5 electrode.

18. A field effect transistor according to Claim 1 wherein at least one of
the first, second and third depths are selected to produce a static electric field
perpendicular to the surface at the third depth that is at least an order of magnitude
less than that produéed by a field effect transistor that does not include the tub region.

19. A field effect transistor according to Claim 1 wherein at least one of
the first, second and third depths are selected to produce a static electric field
perpendicular to the surface at the third depth upon appiication of the threshold
voltage of the field effect transistor to the insulated gate electrode that is at least an

5 order of magnitude less than that produced by a field effect transistor that does not
include the tub region.

20. A field effect transistor according to Claim 1 wherein at least one of
the first, second and third depths are selected to produce a static electric field
perpendicular to the surface at the third depth that is less than half of that produced by

a field effect transistor that does not include the tub region.

21. A field effect transistor according to Claim 1 wherein at least one of
the first, second and third depths are selected to produce a static electric field
perbendicular to the surface at the third depth upon application of the threshold
voltage of the field effect transistor to the insulated gate electrode that is less than half

5 ofthat produced by a field effect transistor that does not include the tub region.

22. A field effect transistor according to Clairﬁ 1 wherein at least one of
the first, second and third depths are selected to produce a static electric field
perpendicular to the surface at the third depth that is less than one fifth of that
produced by a field effect transistor that does not include the tub region.

23. A field effect transistor according to Claim 1 wherein at least one of
the first, second and third depths are selected to produce a static electric field

perpendicular to the surface at the third depth upon application of the threshold
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voltage of the field effect transistor to the insulated gate electrode that is less than one

5  fifth of that produced by a field effect transistor that does not include the tub region.

24. A field effect transistor according to Claim 1 wherein the
semiconductor substrate is doped the first conductivity type at a first doping density,
wherein the tub region is doped the second conductivity type at a second doping
density, and wherein at least one of the first, second and third depths and the first and

5  second doping densities are selected to produce zero static electric field perpendicular
" to the surface at the third depth.

25. A field effect transistor according to Claim 1 wherein the
' semiconductor substrate is doped the ﬁrst c'bnduc.tivity'typé. at a first doping density,
wherein thé tub region is doped the second conductivity type at a second doping
density, and wherein at least one of the first, second and third depths and the first-and
5  second doping densities are selected to produce zero static electric field perpendicular
to the surface at the third depth upon application of the threshold voltage of the field
effect transistor to the insulated gate electrode.

26. A field effect transistor according to Claim 1 wherein the
semiconductor substrate is doped the first conductivity type at a first doping density,
wherein the tub region is doped the second conductivity type at a second doping

- density, and wherein at least one of the first, second and third depths and the first and
5  second doping densities are selected to produce a-threshold voltage for the field effect

transistor that is twice the Fermi potential of the semiconductor substrate.

27. A field effect transistor according to Claim 1 wherein the
semiconductor substrate is doped the first conductivity type at a first doping density,
wherein the tub region is doped the second conductivity type at a second doping
density, and wherein at least one of the first, second and third depths and the first and

5 second doping densities are selected to allow carriers of the second conductivity type
to flow in the tub region, beneath the trench at the third depth upon applicatibn of the
threshold voltage of the field effect transistor to the gate electrode.
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28. A field effect transistor according to Claim 1 wherein the
semiconductor substrate is doped the first conductivity type at a first doping density,
wherein the tub region is doped the second conductivity type at a second doping
density, and wherein at least one of the first, second and third depths and the first and

5 second doping densities are selected to produce a static electric field of less than 700

volts per centimeter perpendicular to the surface at the third depth.

29. A field effect transistor according to Claim 1 wherein the
semiconductor substrate is doped the first conductivity type at a first doping density,
wherein the tub region is doped the second conductivity type at a second doping
density, and wherein at least one of the first, second and third depths and the first and

5 second doping densities are selected to produce a static electric field of less than 700
volts‘ per centimeter perpendicular to the surface at the third depth upon application of

the threshold voltage of the field effect transistor to the insulated gate electrode.

30. A field effect transistor according to Claim 1 wherein the
semiconduétor substrate is doped the first conductivity type at a first doping density,
wherein the tub region is doped the second conductivity type at a second doping
density, and wherein at least one of the first, second and third depths and the first and

5  second doping densities are selected to produce a static electric field perpendicular to
the surface at the third depth that is at least an order of magnitude less than that
produced by a field effect transistor that does not include the tub region.

31. A field effect transistor according to Claim 1 wherein the
semiconductor substrate is doped the first conductivity type at a first doping density,
wherein the tub region is doped the second conductivity type at a second doping
density, and wherein at least one of fhe first, second and third depths and the first and

5  second doping densities are selected to produce a static electric field perpendicular to
the surface at the third depth upon application of the threshold voltage of the field
effect transistor to the insulated gate electrode that is at least an order of magnitude

less than that produced by a field effect transistor that does not include the tub region.

32, Afield effect transistor according to Claim 1 wherein the

semiconductor substrate is doped the first conductivity type at a first doping density,

-48 -



WO 02/43117 PCT/US01/46746

wherein the tub region is doped the second conductivity type at a second doping
density, and wherein at least one of the first, second and third depths and the first and

5 second doping densities are selected to allow carriers of the second conductivity type
to flow in the tub region, beneath the trench and extending from the third depth
towards the first depth upon application of voltage to the gate electrode beyond the
threshold voltage of the field effect transistor.

33. " A field effect transistor according to Claim 1 wherein the
semiéonductor substrate is doped the first conductivity type at a first doping density,
wherein the tub region is doped the second conductivity type at a second doping

' density, and wherein at least one of the first, second and third depths and the first and
5  second doping densities are selected to form a channel in the tub region at the third
depth, beneath the trench. '

34. A field effect transistor according to Claim 1 wherein the trench
defines a trench width wherein the semiconductor substrate is doped the first
conductivity type at a first doping density, wherein the tub region is doped the second
conductivity type at a second doping density, and wherein at least one of the first,

5  second and third depths and the first and second doping densiﬁes,aré selected to form
a channel in the tub region beneath the trench and having a channel length that is
proportional to the trench width and is independent of a difference between the first

~ depth and the second depth. |

35. A field effect transistor according to Claim 1 wherein the
semiconductor substrate is doped the first conductivity type at a first doping density,
wherein the tub region is doped the second conductivity type at a second doping
density, and wherein at least one of the first, second and third depths and the first and

5 second doping densities are selected to deplete the tub region beneath the trench from
the third depth to the first depth.

36. A field effect transistor according to Claim 1 wherein the trench
includes a trench floor, wherein the insulated gate includes an insulating layer having
a thickness on the trench floor and a gate electrode on the insulating layer opposite the

trench floor, wherein the semiconductor substrate is doped the first conductivity type
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5  ata first doping density, wherein the tub region is doped the second conductivity type
at a second doping density, and wherein at least one of the first, second and third
depths and the first and second doping densities are selected to produce a threshold
voltage for the field effect transistor that ié independent of the thickness of the

insulating layer on the trench floor.

-37. A field effect transistor according to Claim 1 wherein the trench
defines a trench width wherein the semiconductor substrate is doped the first
conductivity type at a first doping density, wherein the tub region is doped the second

.conductivity type at a second doping density, and wherein at least one of the first,

5  second and third depths and the first and second doping densities are selected to form
a channel in the tub region upon application of the threshold voltage of the field effect
transistor to the gate electrode, that is confined to beneath the trench and extends |

across the trench width and having uniform thickness beneath the trench and across
the trench width. |

'38. A field effect transistor according to Claim 1 wherein the
semiconductor substrate is doped the first conductivity type at a first doping density,
wherein the tub region is doped the second conductivity type at a second doping
density, and wherein at least one of the first, second and third depths and the first and

5 second doping densities are selected to produce a static el‘éctric field perpendicular to
the surface at the third depth that is less than half of that produced by a field effect j

transistor that does not include the tub region.

39.  Afield effect transistor according to Claim 1 wherein the
semiconductor substrate is doped the first conductivity type at a first doping density,
wherein the tub region is doped the second conductivity type at a second doping

" density, and wherein Vat least one of the first, second and third depths and the first and
5  second doping densities are selected to produce a static electric field perpendicular to
the surface at the third depth upon Application of the threshold voltage of the field
effect transistor to the insulated gate electrode that is less than half of that produced
by a field effect transistor that does not include the tub region.
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40. A field effect transistor according to Claim 1 wherein fhe
semiconductor substrate is doped the first conductivity type at a first doping density,
wherein the tub region is doped the second conductivity type at a second doping
density, and wherein at least one of the first, second and third depths and the first and
second doping densities are selected to produce a static electric field perpendicular to
the surface at the third depth that is less than one fifth of that produced by a field

effect transistor that does not include the tub region.

41. A field effect transistor according to Claim 1 wherein the
semiconductor substrate is doped the first conductivity type at a first doping density,
wherein the tﬁb region is doped the second conductivity type at a second doping
density, and wherein at least one of the first, second and third depths and the first and
second doping densities are selected to produce a static electric field perpendicular to
the surface at the third depth upon application of the threshold voltage of the field
effect transistor to the insulated gate electrode that is less than one fifth of that
produced by a field effect transistor that does not include the tub region.

42. A method of fabricating a field effect transistor comprising:
* forming a tub region of second conductivity type in a semiconductor substrate

of first conductivity type at a surface thereof and extending into the semiconductor

4 substrate a first depth from the surface

forming a source/drain region of the second conductivity type in the tub region
of second conductivity type at the surface to define a single conductivity junction of
the second conductivity type with the tub region of second conductivity type, the
source/drain region extending into the tub region a second depth that is less than the

first depth;

forming a trench in the source/drain region to define spaced apart source and

. drain regions therefrom, the trench extending from the surface into the tub region d

third depth that is more than the second depth but less than the first depth;
forming an insulated gate electrode in the trench; and

forming source and drain electrodes on the surface that electrically contact the

source and drain regions, respectively.
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43, A method according to Claim 42 wherein the step of forming a

source/drain region precedes the step of forming a tub region.

44, A method according to Claim 42 wherein the step of forming a trench

follows the steps of forming a source/drain region and forming a tub region.

45. A method according to Claim 42 wherein the step of forming an

insulated gate electrode precedes the step of forming source and drain electrodes.

46. A method according to Claim 42 wherein the step of forming a
source/drain region comprises implanting ions of the second conductivity type into

the semiconductor substrate at a large tilt angle.

47. A method according to Claim 42 wherein the step of forming an

insulated gate electrode compi‘ises:
lining the trench with an insulating layer; and

forming a gate electrode in the trench that is lined with the insulating layer.

48. A method according to Claim 47 wherein the step of forming a gate
‘ electrode comprises:
forming a gate electrode layer on the first surface and in the trench; and

planarizing the gate electrode layer to remove the gate electrode layer from the
5  first surface.

49. A method according to Claim 48 wherein the planarizing step is

followed by the step of recessing the gate electrode beneath the surface.

50. A method according to Claim 47 wherein the step of forming a gate
electrode comprises forming a gate electrode in the trench that is lined with the

insulating layer and that is recessed beneath the surface.

51. A method according to Claim 42 wherein the step of forming a trench
is preceded by empirically determining the third depth by performing a series of

capacitance versus voltage measurements on a series of sites having a tub region and a
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source/drain region therein, wherein the source/drain region is etched by differing

5 amounts in the series of sites.

52. A method according to Claim 42 wherein at least one of the first,
second and third depths are selected to produce zero static electric field perpendicular
to the surface at the third depth.

53. A method according to Claim 42 wherein at least one of the first, -
second and third depths are selected to produce zero static electric field perpendicular
to the surface at the third depth upon application of the threshold voltage of the field

effect transistor to the insulated gate electrode.

54, A method according to Claim 42 wherein at least one of the first,
second and third depths are selected to produce a threshold voltage for the field effect

transistor that is twice the Fermi potential of the semiconductor substrate.

" 55. A method according to Claim 42 wherein at least one of the first,
second and third depths are selected to allow carriers 6f the second conductivity type
to flow in the tub region, beneath the trench at the third depth upon application of the
threshold voltage of the field effect transistor to the gate electrode. -

56. A method according to Claim 42 wherein at least one of the first,
second and third depths are selected to allow carriers of the second conductivity type.
to flow in the tub region, beneath the trench and extending from the third depth
towards the first depth upon application of voltage to the gate. electrode beyond the

5  threshold voltage of the field effect transistor.

57. A method according to Claim 42 wherein at least one of the first,

second and third depths are selected to form a channel in the tub region at the third
depth, beneath the trench.

58. A method according to Claim 42 wherein the trench defines a trench
width and wherein at least one of the first, second and third depths are selected to

form a channel in the tub region beneath the trench and having a channel length that is
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proportional to the trench width and is independent of a difference between the first
5  depth and the second depth. '

59. A method according to Claim 42 wherein at least one of the first,
second and third depths are selected to deplete the tub region beneath the trench from
the third depth to the first depth.

60. A method according to Claim 42 wherein the trench includes a trench
floor, wherein the insulated gate includes an insulating layer having a thickness on the
trench floor and a gate electrode on the insulating layer opposite the trench floor, and

. wherein at least one of the first, second and third depths are selected to produce a
5  threshold voltage for the field effect transistor that is independent of the thickness of
the insulating layer on the trench floor.

61. A method according to Claim 42 wherein the trench defines a trench
width and wherein at least one of the first, second and third depths are selected to
form a channel in the tub region upon application of the threshold voltage of the field
effect transistor to the gate electrode, that is confined to beneath the trench and

5  extends across the trench width and having uniform thickness beneath the trench and

across the trench width.

62. A method according to Claim 42 wherein the third depth is less that the
first depth by an amount that is equal to: A

2e kT N, N,N,
5 1n — s
-q  \NyN, +Nj n;

5  where Ny is the doping density of the tub region, N, is the doping density of the

semiconductor substrate, N; is the intrinsic carrier concentration of the substrate at
temperature T degrees Kelvin, & is the permittivity of the substrate, qis 1.6x107%

coulombs and k is 1.38x1 0‘23.J oules/degree Kelvin.

63." . A method according to Claim 42 wherein the semiconductor substrate

of first conductivity type is a well region of first conductivity type in a substrate of
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second conductivity type, at the surface, and wherein the tub region of second

conductivity type is in the well region at the surface and extends into the well region a
5 first depth from the surface.

64. A method according to Claim 50 wherein the step of forming a gate
electrode that is recessed beneath the surface comprises forming a gate electrode that
is recessed beneath the surface by an amount that minimizes capacitance between the
insulated gate electrode and the spaced apart source and drain.regions without

5  reducing drain current in the field effect transistor.

65. A method according to Claim 42 wherein at least one of the first,
second and third depths are selected to produce a static electric field of less than 700 -

volts per centimeter perpendicular to the surface at the third depth.

66. A method accbrding to Claim 42 wherein at least one of the first, -
second and third depths are selected to produce a static electric field of less than 700
volts per centimeter perpendicular to the surface at the third depth upon application of
the threshold voltage of the field effect transistor to the insulated gate electrode.

67.. A method according to Claim 42 wherein at least one of the first,
second and third depths are selected to produce a static electric field perpendicular to
the surface at the third depth that is at least an order of magnitude less than that
produced by a field effect transistor that does not include the tub region.

68. A method according to Claﬁm 42 wherein at least one of the first,
second and third depths are selected to produce a static electric field perpendicular to
the surface at the third depth upon appli;:ation of the threshold voltage of the field
effect transistor to the insulated gate electrode that is'at least an order of magnitude

5 lessthan ‘ghat produced by a field effect transistor that does not include the tub region.

69. A method according to Claim 42 wherein at least one of the first,
second and third depths are selected to produce a static electric field perpendicular to
the surface at the third depth that is less than half of that produced by a field effect

transistor that does not include the tub region.
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70. A method according to Claim 42 wherein at least one of the first,
second and third depths are selected to produce a static electric field perpendicular to
the surface at the third dépth upon application of the threshold voltage of the field
effect transistor to the insulated gate elect’rode that is less than half of that produced
by a field effect transistor that does not include the tub region.

71. . A method according to Claim 42 wherein at least one of the first,
second and third depths are selected to produce a static electric field perpendicular to
the surface at the third depth that is less than one fifth of that produced by a field

effect transistor that does not include the tub region. *

72. A method according to Claim 42 wherein at least one of the first,
second and third depths are selected to produce a static electric field perpendicular to
the surface at the third depth upon application of the threshold voltage of the field
effect transistor to the insulated gate electrode that is less than one fifth of that
produced by a field effect transistor that does not include the tub region.

73. A method of determining a third depth for a trench of a field effect
transistor that includes a semiconductor substrate of first conductivity type having a
surface; a tub region of second conductivity type in the semiconductor substrate at the
surface and extending into the semiconductor substrate a first depth from the surface;
spaced apart source and drain fegions of the second conductivity type in the tub

region of second conductivity type at the surface and that define single conductivity

junctions of the second conductivity type with the tub region of second conductivity

type, the spaced apart source and drain regions extending into the tub region a second
depth that is less than the first depth; a trench in the tub regioﬁ, between the spaced
apart source and drain regions, and extending from the surface into the tub region a '
third depth that is more than the second depth but less than the first depth; an

insulated gate electrode in the trench; and source and drain electrodes that electrically

* contact the source and drain regions, respectively, the method comprising:

forming the tub region of the second conductivity typeA in the semiconductor
substrate of first conductivity type at the surface thereof and extending into the

semiconductor substrate the first depth from the surface;
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forming the source/drain region of the second conductivity type in the tub

‘region of second conductivity type at the surface to define the single conductivity

junction of the second conductivity type with the tub region of second conductivity
type, the source/drain region extending into the tub region the second depth that is
less than the first depth;

etching a plurality of spaced apart portions of the source/drain region by a
corresponding plurality of differing amounts;

forming insulated gate electrodes on the plurality of spaced apart portions that
have been etched by the corresponding plurality of differing amoﬁnts to define a
plurality of capacitors; ‘ ‘

obtaining capacitance-voltage measurements for the plurality of capacitors;
and ‘ ’

determining the third depth from the plurality of capacitance-voltage

measurements.

74. A method according to Claim 73 wherein the step of forrniﬁg a

source/drain region precedes the step of forming a tub region.

75. A method according to Claim 73 wherein the plurality of spacéd apart

portions are a plurality of spaced apart portions on a single semiconductor substrate.

76. A method according to Claim 73 wherein the step of determining
comprises determining a maximum depth that allows a maximum capacitance to be

attained at a negative voltage.

77. A method of fabricating a field effect transistor comprising:

forming a tub region of second conductivity type in a semiconductor substrate
of first conductivity type at a surface thereof and extending into the semiconductor
substrate a first depth from the surface; |

forming spaced apart source and drain regions of the second conductivity type
and a trench in the tub region of second conductivity type at the surface, the spaced
apart source and drain regions-deﬁning single conductivity junctions of the second
conductivity type with the tub region of second conductivity type, the spaced apart

source and drain regions extending into the tub region a second depth that is less than
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the first depth, the trench extending between the spaced apart source and drain
regions, and extending from the surface into the tub region a third depth that is more -
than the second depth but less than the first depth;

forming an insulated gate electrode in the trench; and

forming source and drain electrodes on the surface that electrically contact the

source and drain regions, respectively.

78. A method according to Claim 77 wherein the step of forming an
insulated gate electrode comprises: '
lining the trench with an insulating layer; and

- forming a gate electrode in the trench that is lined with the insulating layer.

79. A method according to Claim 78 wherein the step of forming a gate
electrode comprises: '
forming a gate electrode layer on the first surface and in the trench; and

planarizing the gate electrode layer to remove the gate electrode layer from the

first surface.

80. A method according to Claim 79 wherein the planarizing step is

followed by the step of recessing the gate electrode beneath the surface.

81. A method according to Claim 78 wherein the step of forming a gate
electrode comprises forming a gate electrode in the trench that is lined with the

insulating layer and that is recessed beneath the surface.

82. A method according to Claim 77 wherein the step of forming spaced
apart source and drain regionsfand a trench is preceded by empirically determining the
third depth by performing a series of capacitaﬁce versus voltage measurements on a
series of sites having a tub region and a source/drain region therein, wherein the

source/drain region is etched by differing amounts in the series of sites.

83. A method according to Claim 77 wherein at least one of the ﬁrst;

second and third depths are selected to produce zero static electric field perpendicular
to the surface at the third depth.
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- 84. A method according to Claim 77 wherein at least one of the first,
second and third depths are selected to produce zero static electric field perpendicular
to the surface at the third depth upon application of the threshold voltage of the field
effect transistor to the insulated gate electrode.

85. A method according to Claim 77 wherein at least one of the first,
second and third depths are selected to produce a threshold voltage for the field effect -

transistor-that is twice the Fermi potential of the semiconductor substrate.

'86. A method according to Clair 77 wherein at least one of the first,
second and third depths are selected to allow carriers of the second conductivity type
to flow in the tﬁb region, beneath the trench at the third depth upon appﬁcation of the
threshold voltage of the field effect transistor to the gate electrode.

87. A method according to Claim 77 wherein at least one of the first,
second and third depths are selected to allow carriers of the second conductivity type
to flow in the tub region, beneath the trench and extending from the third depth
towards the first depth upon application of voltage to the gate electrode beyond the

5  threshold voltage of the field effect transistor.

88. - A method according to Claim 77 wherein at least one of the first,
second and third depths are selected to form a channel in the tub region at the third
depth, beneath the trench.

89. A method according to Claim 77 wherein the third depth is less that the
first depth by an amount that is equal to: 4

2e kT N, NN,
> 1n| 1
q \NgN, +Nj n;

5  where Ny is the doping density of the tub region, N, is the doping density of the

semiconductor substrate, N; is the intrinsic carrier concentration of the substrate at
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temperature T degrees Kelvin, & is the permittivity of the substrate, qis 1.6x10"°
coulombs and k is 1.38x10" Joules/degree Kelvin.

90. A method according to Claim 77 wherein the semiconductor substrate
of first conductivity type is a well region of first conductivity type in a substrate of
second conductivity type, at the surface, and wherein the tub region of second
conductivity type is in the well region at the surface and extends intd the well region a

5  first depth from the surface.

91. A method according to Claim 81 wherein the step of fofming a gate
electrode that is recessed beﬁeath the surface comprises forming a gate electrode that
is recessed beneath the surface by an amount that minimizes capacitaﬁce between the
insulated gate electrode and the spaced apart source and drain regions without

5  reducing drain current in the field effect transistor.
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