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A Fermi-threshold field effect transistor 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. In order to compensate for the junction with the
substrate, the doping density of the substrate region is raised to counteract the shared charge. Furthermore, the proximity of the source
and drain regions leads to a potential leakage due to the drain field which can be compensated for by reducing the maximum tub depth
compared to a low capacitance Fermi-FET and a contoured-tub Fermi-FET while still satisfying the Fermi-FET criteria. The tub depth is
maintained below a maximum tub depth. Short channel effects may also be reduced by providing source and drain extension regions in
the substrate, adjacent the source and drain regions and extending towards the channel regions. The source and drain extension regions are

doped the same conductivity type and doping concentration as the source and drain themselves. A Fermi-FET which is particularly suitable

for small linewidths is thereby provided.
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SHORT CHANNEIL, FERMI-THRESHOLD
FIELD EFFECT TRANSISTORS

Field of the Invention

This invention relates to field effect
transistor devices and more particularly to integrated

circult field effect transistors.

Eackground of the Invention

Field effect transistors (FET) have become the
dominant active device for very large scale integration
(VLSI) and ultra large scale integration (ULSI)
applications, such as logic devices, memory devices and
microprocessors, because the integrated circuit FET is by
nature a high i1mpedance, high density, low power device.
Much research and development activity has focused on
improving the speed and integration density of FETs, and

pr—

on lowering the power consumption thereof.
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A high speed, high performance field effect
Cransistor 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, when the threshold
voltage 1s set to twice the Fermi potential, the
dependence of the threshold voltage on oxide thickness,
channel length, drain voltage and substrate doping is
substantially eliminated. Moreover, when the threshold
voltage is set to twice the Fermi potential, the

vertical electric field at the substrate 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. Device

performance is substantially independent of device
dimensions.

Notwilithstanding the wvast improvement of the
Fermli-threshold FET compared to known FET devices,
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 Reduced

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 reqguliring an
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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 capacitance. Gate capacitance is
thereby substantially reduced.

As described in the aforesaid 295 and ’923
patents, the low capacitance 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 Cype as the
draln 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

conductivity 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, memory devices,
microprocessors and other integrated circuit devices.

Accordingly, U.S. Patent 5,374,836 to Albert W. Vinal

and the present inventor 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



CA 02227011 1998-01-14
WO 97/04489 PCT/US96/11968

-4 ~

w—

the 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

5 source. The i1njector 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

10 herein as a "high current Fermi-FET".

Preferably, the source injector region is a
source injector tub region which surrounds the source
region. A drain injector tub région may also be
provided. A gate sidewall spacer which extends from

15 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 tyvpe as the

20 substrate may also be provided.

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
25 Fermi-FET at low voltages. 2As 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.

30 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

35 wvelocity. This results in a precipitous drop in the
available drain current. The drop in drain current

effectively limits the decrease in operating voltage
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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 No. 5,543,654 to the present

inventor entitled Conteocured-Tub Fermi-Threshold Field

Effect Transistor and Method of Forming Same, describes a

Fermi-FET which includes a contoured Fermi-tub region

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 1is

thereby reduced compared to a Fermi-tub having a uniform
tub depth, so that high saturation current is produced at
low voltages.

In particular, a contoured-tub Fermi-threshold
field effect transistor according to U.S. Patent No.

5,543,654 includes a semiconductor substrate of first

conductlvity 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 predétermined depth from the
substrate face to below at least cne of the spaced-apart
source and draln 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

- lLayer and source, drain and gate contacts are also

included. A substrate contact may also be included.
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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
1s selected to produce zero static electric field
perpendicular to the substrate face at the bottom of the
channel with the gate electrode at ground potential. The

second predetermined depth may also be selected to

produce a threshold voltage for the field effect

transistor which is twice the Fermi potential of the

semiconductor substrate. The first predetermined depth,

b,

i.e. the depth of the contoured-tub region 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 gilven rise to the “short

channel” FET wherein the channel length 1s 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 5,369,285, the high current Fermi-FET of
Patent 5,374,836 and the contoured tub Fermi-FET of U.S.
Patent No. 5,043,654 may be used to provide a short

channel FET with high performance capabilities at low
voltages. However, 1t will be recognized by those having
skill 1n the art that as linewidths decrease, processing

limitations may limit the dimensions and conductivities

which are attainable in fabricating an FET. Accordingly,
for decreased linewidths, processing conditions may

regquire
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reoptimization of the Fermi-FET transistor to accommodate

these processing limitations.

Summarz of the Invention

It 1s therefore an object of an aspect of the

invention to provide an improved Fermi-threshold field

effect transistor (Fermi~FET).

It 1s another object of an aspect of the

invention to provide a Fermi—FET which is optimized for
the processing limitations of short linewidths.
These and other objects of aspects of the

invention are provided by a Fermi-FET which 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.

i -

Since the source and drain regions extend beyond the tub,

a junction with the substrate 1s formed which can lead to

a charge-sharing condition. In order to compensate for
this condition, the substrate doping should be 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-threshold
field effect transistor according to the present
invention includes a semiconductor substrate of first

conductivity type and a tub region of second conductivity

type 1n the substrate at a surface thereof which extends

a first depth from the substrate surface. The short

channel Fermi-FET also includes spaced-apart
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source and drain regions of the second conductivity
type 1n 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 1s included in the tub region, 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

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/cm may be produced in a short channel Fermi-FET
compared to a static electric field of more than 105
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) 103 V/cm which is essentially

zero when compared to a conventional MOSFET. The first

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

voltage to the gate electrode beyond the threshold

voltage of the field effect transistor, without

Creating an inversion layer in the channel. The
Lransistor further includes a gate insulating laver and
source, drain and gate contacts. A substrate contact

may also be included.
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The short channel Fermi-FET may also be

viewed as a Tub-FET wherein the tub region extends

between the spaced-apart source and drain regions and
wherein the tub region extends a first depth from the
substrate surface. The source and drain regions extend

into the substrate beyond the first depth.

When the source and drain regions extend
beyond the tub depth, charge sharing and other short
channel effects may take place which lead to a
degeneration in sub-threshold slope and higher drain
leakage current. In order to reduce these effects, the

tub depth is maintained to below a maximum tub depth.
The maximum tub depth is given by:

Y77 Ve-s L, |, Tex
V ""V' + ___.D d L

where V, , is the work function difference between the

gate and source electrodes, L. is the effective

channel length, L, is the Debye length, V,; is the drain

voltage, Vi 18 the barrier potential for the Fermi-
FET, €5 1s the permittivity of the substrate, €, is the
permittivity of the gate insulating layer and T is the
thickness of the gate insulating laver. The work

function difference between the gate and source
electrodes V ., is given by V, ,=kT/q Ln (N'N.,,/n?)

wherein N* i1is the source doping concentration Nporyr 18

the doping concentration of the polysilicon gate, n, is

the intrinsic carrier concentration of the substrate at

temperature T degrees Kelvin, g=1.6x10"* coulomb and

K=1.38x10"%° Joules/°Kelvin. The barrier potential for
the Fermi-FET V,, is given by kT/g Ln(N*'/n,).

Short channel effects may also be reduced by

providing source and drain extension regions in the
substrate at the substrate face, adjacent the source

and drailn regions respectively, and extending into the
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channel region. In contrast with “lightly doped drain”

technology used in conventional FETs, the source and
draln regilions are doped the second conductivity type at
about the same doping concentration as the source and
drain themselves. The source and drain extension regions
reduce the drain voltage sensitivity due to charge

sharing effects. The source and drain extension regions

may also be used in a contoured-tub Fermi-FET to reduce
short channel effects. Accordingly, a Fermi-FET which is

particularly suitable for small linewilidths is provided.

In a further aspect of the invention, a field

effect transistor comprises:

a semiconductor substrate of first conductivity
type:

a tub region of second conductivity type in the
substrate at a surface therecof, and extending a first
depth (Yo+Y¥Y¢) from the substrate surface;

spaced apart source and drain regions of the
second conductivity tvype, but of different doping
concentrations than, the tub region, in the tub region,

the spaced apart socource and drain regions extending from

i

the substrate surface to beyond the first depth;
a channel regilon of the second conductivity

type in the tub region, between the spaced apart source

and drain regions, and extending a second depth (Y¢) from

the substrate surface, wherein the second depth is less
than the first depth;

a gate 1lnsulating layer on the substrate
surface, between the spaced apart source and drain
reglons;

source, drain and gate electrodes contacting
the source and drain regions and the gate insulating
layer, respectively;

the first depth (Y,+Y:) being selected to allow
carriers of the second conductivity type to flow from the

source region to the drain region in the channel
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region, at the second depth (Y¢) upon application of the
threshold voltage of the field effect transistor to the
gate electrode;

the semiconductor substrate has an intrinsic
carrier concentration n; at temperature T degrees Kelvin
and a permittivity e€s;

the spaced apart source and draln regions are

doped at a doping concentration N+;

the channel region has an effective channel

length Lefes

the gate insulating layer has a thickness oI Tox

and permittivity e;;

the gate electrode includes a polysilicon layer

which is doped the first conductivity type at a doping
concentration Npeiys and
the first depth (Yo+Y¥Ye) 18 equal to

Vo - LytLh, | e,
g L < OX
— D_d ;
Vd Viff T L
\ off

where V4.5 1s the work function difference between the gate

and source electrodes and is equal to kT/gq Ln (N'Ngeiy/n:?),

where Vige 15 the barrler potential for the Fermi-FET and

is equal to kT/g Ln(N'n;), where Vg is the voltage applied

to the drain electrode, g is 1.6x10™*? coulomb and k is
1.38x107%° Joules/°Kelvin.

Brief Descrigtion of the Drawings

Figure 1 i1llustrates a cross-sectional view o:

an N-channel high current Fermi~FET according to
application Serial Number 08/037,636.

Figure 2A illustrates a cross-sectional view of

i}

a first embodiment of a short channel low leakage current
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Fermi—-FET according to U.S. Patent 5,374,830.

Figure 2B 1llustrates 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 1llustrates a cross-sectional view of
an N-channel contoured-tub Fermi—-FET according to
application Serial No. 08/037,636.

Figure 4 1llustrates a cross—-sectional view of

an N-channel short channel Fermi-FET according to the

present invention.

P13

Figure 5 illustrates a cross-sectional view o:

charge sharing conditions in the transistor of Figure 4,

Figure 6 illustrates a cross-sectional view of
a second embodiment of an N-channel short channel Fermi-
FET according to the present invention.

Figure 7 illustrates a cross-sectional view of

electric fields in the short channel field effect
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transistor of Figure 4 when the device is in the off-
state.

Figures 8A and 8B graphically illustrate an
idealized doping profile and carrier profile, and the
resultant electric field respectively, for an N*:N-

junction.

Figure 9 graphically illustrates the N*:N-
junction of a tub-FET between the source region and the

Fermi-tub.

Figures 10-12 graphically illustrate combined
field strength versus effective channel length for

various combinations of tub depth and other device
parameters.

Figure 13 graphically illustrates the

combined barrier field versus effective channel length

for various drain voltages.

Figure 14 graphically illustrates combined
barrier field versus tub depth for various gate oxide

thicknesses.

Figure 15 graphically illustrates maximum
depth of the Fermi-tub versus channel length for
various drain voltages.

Figure 16 1llustrates a cross-sectional view

of a contoured-tub Fermi-FET including source and drain

extension regions according to the present invention.

Figures 17A-17D illustrate cross-sectional

views of the Fermi-FET of Figure 16 during intermediate

fabrication steps.

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

Rt

not be construed as limited to the embodiments set

forth herein; rather, these embodiments are provided so
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that this disclosure will be thorough and complete, and

will fully convey the scope of the invention to those

skilled in the art. In the drawings, the thickness of
lavers and regions are exaggerated for clarity. Like
numbers refer to like elements throughout.

Before describing a short channel Fermi-

threshold field effect transistor 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 according to U.S. Patent No. 5,543,654 will

also be described. A more complete description may be

found in these patents and application, the disclosures
of which are hereby incorporated herein by reference.
Short channel Fermi-FETs according to the present

invention will then be described.

Fermi—-FET With Reduced Gate and Diffusion Capacitance
The following summarizes the low capacitance
Fermi~FET including the Fermi-tub. Additioconal details
may be found in U.S. Patents 5,194,923 and 5,369,295.
Conventional MOSFET devices regquire an
inversion 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 1is

essentially the permittivity of the gate insulator laver

divided by its thickness. In other words, the channel

charge 1s so 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 conductiocn

carriers are confined within a channel region below the
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gate, where the average depth of the channel charge
requires inclusion of the permittivity of the substrate

Lo calculate gate capacitance. In general, the gate
capacitance of the low capacitance Fermi-FET is
5 described by the following equation:

Yf o+ Tox (1)
Bes ei

Where Y, is the depth of the conduction channel called
the Fermi channel, €, is the permittivity of the
substrate, and [ is the factor that determines the
average depth of the charge flowing within the Fermi

10 channel below the surface. § depends on the depth
dependant profile of carriers injected from the source
into the channel. For the low capacitance Fermi-FET,
f=2. T, 1s the thickness of the gate oxide layer and
€; 1s 1ts permittivity.

15 The low capacitance Fermi-FET includes a

Fermi-tub region of predetermined depth, having
conductivity type opposite the substrate conductivity
type and the same conductivity type as the drain and
source regions. The Fermi-tub extends downward from

20 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

25 predetermined depth Y. and width Z, extends between the
source and drailn diffusions. The conductivity of the

Fermi channel i1is controlled by the voltage applied to

the gate electrode.

The gate capacitance is primarily determined
30 by the depth of the Fermi channel and the carrier

distribution in the Fermi channel, and is relatively
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independent of the thickness of the gate oxide laver.
The diffusion capacitance is inversely dependant on the
difference between [the sum of the depth of the Fermi-
tub and the depletion depth Y, in the substrate] and the
5 depth of the diffusions X;,. 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
10 inversion layer within a MOSFET.

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

15 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 surface between the spaced apart source and drain

20 regions. The channel extends a first predetermined

depth (Y;) from the first surface and the tub extends a

second predetermined depth (Y,) from the channel. A

gate insulating layer is provided on the substrate at

the first surface between the spaced apart source and
25 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
30 depths are selected to produce zero static electric
field perpendicular to the first surface at the first
depth, upon application of the threshold voltage of the
field effect transistor to the gate electrode. The

35 to allow carriers of the second conductivity type to
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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
5 without creating an inversion laver 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 laver, which is
equal and opposite to the sum of the voltages between

10 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 Ng, has an intrinsic carrier concentration n, at
CLemperature T degrees Kelvin and a permittivity e., and

15 the field effect transistor includes a substrate
contact for electrically contacting the substrate, and
the channel extends a first predetermined depth Y. from

the surface of the substrate and the Fermi-tub region

extends a second predetermined depth Y, from the

20 channel, and the Fermi-tub region is doped at a doping
density which is a factor o times N_, and the gate
electrode 1includes a polysilicon layer of the first

conductivity type and which is doped at a doping

density N, the first predetermined depth (Y;) is equal
25 to:

Yf _ 285 ELH(_'ZEE) , (2)
s

where q is 1.6x10™" coulombs and K is 1.38x10°23

Joules/°Kelvin. The second predetermined depth (Y,) is
equal to:
YO — 283¢S , (3)
\ alV.e (@ +1)
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where ¢, is equal to 2¢:.+kT/q In(a), and ¢, is the Fermi
potential of the semiconductor substrate.

High Current Fermi-FET Structure

Referring now to Figure 1, an N-channel high
current Ferml-FET according to U.S. Patent 5,374,836 1is
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 l1lllustrated in Figure 1, high current

Fermi-FET 20 is fabricated in a semiconductor substrate

21 having first conductivity type, here P-type, and

including a substrate surface 21la. A Fermi-tub region

gy

22 of second conductivity type, here N-type, 1s formed

in the substrate 21 at the surface 2la. Spaced apart

source and drailn regions 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 dralin regions may also be formed in a trench
in the surface 21a.

A gate insulating laver 26 is formed on the
substrate 21 at the surface 2la between the spaced
apart source and drain regions 23 and 24, respectively.

As 1s well known to those having skill in the art, the

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, 1s formed on polysilicon gate electrode 28 opposite

gate insulating layer 26. Source electrode 31 and
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drain electrode 32, typically metal, are also formed on
source region 23 and drain region 24, respectively.

A substrate contact 33 of first conductivity
type, here P-type, is also formed in substrate 21,

5 eilther 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
relatively heavily doped region 33a and a relatively

lightly doped region 33b. A substrate electrode 34
10 establishes electrical contact to the substrate.

The structure herxetofore 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,

15 a channel 36 1s created between the source and drain
regions 23 and 24. The depth of the channel from the
surface 2la, designated at Y; in Figure 1, and the depth
from the bottom of the channel to the bottom of the
Fermli-tub 22, designated as Y, in Figure 1, along with

20 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.

25 Still referring to Figure 1, a source

injector region 37a of second conductivity type, here
N-type, 1s provided adjacent the source region 23 and

facing the drain region. The source injector region

provides a high current, Fermi-FET by controlling the

30 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 1njector region preferably surrounds source

region 23 to form a source injector tub region 37, as
35 1llustrated 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
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23 may be surrounded by the source injector tub region
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
5 1into 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
10 region 38a or source injector tub region 37 and drain
injector tub region 38, are preferably doped the second
conductivity type, here N-type, at a dopling level which
is intermediate the relatively low doping level of
Fermi-tub 22 and the relatively high doping level of
15> 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 thereby formed.
20 The high current Fermi-FET provides drive
currents that are about four times that of state of the
art PFETs. Gate capacitance is about half that of =

conventional FET device. The doping concentration of

the source injector tub region 37 controls the depth of

25 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, i

(1

30 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
exXceed the doping concentration of the source injector
35 region 37a facing the drain. The width of the portion

of source 1injector region 37a facing the drain is

typically in the range of 0.05-0.15um. The doping
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concentration of the source and drain regions 23 and 24
respectively, is typically 1E19 or greater. The depth
Y= (Y:+Y;) of the Fermi-tub 22 is approximately 22004
with a doping concentration of approximately 1.8E16.

As 1llustrated in Figure 1, the high current
Fermi-FET 20 also includes a gate sidewall spacer 41 on
the substrate surface 2l1la, which extends from adjacent

the source injector region 37a to adjacent the

N

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 lnjector 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

Z2la and the gate sidewall spacer 41 also extends onto

Lhe source 1injector region 37 and drain injector region
38.

The gate sidewall spacer 41 lowers the pinch-
of:

saturation current in a manner in which will be

)

voltage of the Fermi-FET 20 and increases its

described in detail below. Preferably, the gate

sidewall spacer is an insulator having a permittivity

F

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 insulating layer 26 is silicon nitride, the gate
sidewall spacer is preferably an insulator which has
permittivity greater than silicon nitride.

As shown 1n Figure 1, the gate sidewall

spacer 41 may also extend onto source and drain regions
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23 and 24 respectively, and the source and drain
electrodes 31 and 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 4la 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 produce 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

conductivity 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 22, 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
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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
5 channel 1s illustrated. It will be understood by those

having skill in the art that injector 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

10 Fermi-FET without the high current properties of the
device of Figure 2A.

The bottom leakage current control region 51

minimizes drain induced injection in short channel

Fermi field effect transistors, i.e. those field effect
15 transistors having a channel length of approximately
0.5 um or less, while maintaining low diffusion
depletion capacitance. For example, at 5 volts,
leakage current of 3E-13A or less may be maintained.
The bottom leakage current control region may
20 be designed using Equations 2 and 3 where Y, 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

25 Fermi-tub 22. Preferably o 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, o is

set to about 1.0 to minimize diffusion depletion

capacitance. In other words, the doping concentrations

30 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

35 approximately 5E17 and is deep enough to support

partial depletion at the tub-junction region given 5

volt drain or source diffusion potential.
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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 + Y,) .
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 separation distance between the bottom of the
injector tubs 37 and 38 and the bottom of the Fermi-tub
22 1s preferably less than half the channel length and
preferably approaches zero. Under these conditions,
injector tubs 37 and 38 have doping concentration of

gr—

about 1.5E18/cm’. The depth of substrate contact region

33b also preferably 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.

Contoured-Tub Fermi-Threshold Field Effect Transistor

Referring now to Figure 3, an N-channel
contoured-tub Fermi-FET according to Application Serial
No. 08/037,636 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 that a

contoured-tub 22’ 1s 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 depth Y, from the

o
p—

substrate face 2l1la to below at least one of the spaced-

apart source and draln regions 23, 24 regpectively.
The contoured-tub 22’ has a second predetermined depth

Y, from the substrate face 21la to below the channel
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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
capaclitance 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
Lo produce an asymmetric device. However, symmetric
devices 1in 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 determine the depths Y; and Y,,
and which together form the second predetermined depth

Y,, are described above.

The first predetermined depth (Y,) is selected

to be greater than the second predetermined depth Y,.

Preferably, 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 labelled Y, is preferably totally

depleted under zerxro source bias or drain bias
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where N, is the doping concentration of the substrate

21 and N.,, is the doping concentration of the
contoured-tub 22’.

Short Channel Considerations

The Fermi-FET designs of Figures 1-3 describe
preferred designs for Fermi-FET transistor architecture
for all channel lengths to produce high current, low
leakage devices. These devices are preferably used at
all linewidths. However, it will be understood by
those having skill in the art that as devices are
scaled to linewidths of substantially less than one
micron, processing limitations, and the resultant
electrical effects, may require a change in the device
architecture in order to optimize the device, while
still adhering to the basic Fermi-FET criteria. For

example, as illustrated in Figures 1-3, the source and
drain regions 23 and 24 respectively are in Fermi-tub
22 or 22', and the Fermi-tub completely surrounds the
source and drain regions. However, as devices are
scaled to channel lengths well below one micron, there
1s a need to make the depth of tub 22 substantially
shallower than what would be predicted by U.S. Patent
No. 5,367,186 entitled Bounded Tub Fermi-FET to Albert
W. Vinal and the present inventor, assigned to the

assignee of the present invention, the disclosure of

which is hereby incorporated herein by reference. The
Cub should be made shallower due to the increased’
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contribution of drain induced barrier lowering at the

source.

Unfortunately, in the present state of
integrated circuit manufacturing, it may be difficult
to reduce the tub depth and correspondingly decrease
the source and drain depths so that the source and
drain are in the tub and completely surrounded by the
tub. In particular, the source and drain depths may be
limited by, among other things, the thermal budget of
the manufacturing process after the source and drain
regions are formed, the diffusivity of the dopant
specles utilized and/or the amount of diffusion-
enhancing crystalline defects present or formed when
diffusions are created or activated.

Due to these processing limitations, the
Fermi-tub depth will eventually approach the source and
drain depths. It 1s also possible for the Fermi-tub
depth to be shallower than the source and drain regions
for extremely short channel lengths or deep diffusion
depths. In order to allow for these processing

conditions, while still satisfying the Fermi-FET

criteria for high performance, the short channel Fermi-
FET of the present invention is provided. However, it
will be understood that in order to maintain maximum
performance, the architecture of Figures 1-3 should
preferably be used. In particular, in order to produce

the highest performance device at small linewidths,

attempts should be made to create a surrounding tub
using low thermal budgets, slow moving dopants and/or
other processing technigques, so that the source and
drain regions are completely within the tub whenever

possible.

Design of a Short Channel Fermi-FET

Referring now to Figure 4, a short channel N-

channel Fermi-FET 20" according to the invention is

illustrated. It will be understood by those having
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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,) from the substrate
surface 2la. The spaced-apart source and drain regions
23 and 24 respectively are located in the tub region,
as shown by regions 23a and 24a. However, the source
and drain regions 23 and 24 respectively also extend
from the substrate surface 2la to beyvond the tub depth.
Source and drain regions 23 and 24 also extend
laterally in a direction along substrate surface 21la,
to beyond the tub region.

The channel depth Y. and the tub depth from
the channel Y, are selected to minimize the static
electric field perpendicular to the substrate surface
in the channel 36 from the substrate surface to the
depth Y. 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 laver 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 reductions in off-state gate capacitance.
Drain capacitance becomes similar to standard MOSFET

devices.
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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
2la, and also 1in the lateral direction parallel to
substrate face 2la. 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.

When process limitations produce a short
channel Fermi-FET as shown in Figure 4, adjustments can
be made to the substrate concentration to compensate
for the junction between the source/drain regions and
the substrate. The additional junction causes a
parasitic depletion of the well region leading to a
"charge sharing" condition as shown in Figure 5. The
charge sharing causes a reduction in the effective well
doping below the Fermi-tub. The depletion regions of
the source and drain regions reduce the effective tub
doping of the device due to charge sharing. This also
produces an increased threshold sensitivity to drain
potential.

This type of charge sharing is responsible
for the well known "short channel effect" seen in
conventional MOSFET devices. In Fermi-FET devices,
this effect may lead to a degeneration in sub-threshold
slope and higher Idss rather than simply a reduction in
threshold normally associated with this phenomenon in

conventional MOSFET devices.

Fermi-FET transistors according to Figure 1
include a depleted region below the junction between
tub 22 and substrate 21. The width of the depleted

region in the substrate 21 is:

. -

2e_V, . N N
_é’__b__l(____s_u?___) where Vbiszn( tub (5)
\ thub Nsub+Ntub ag N ub

S

Wsub=
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This depleted region contains ionized atoms (#3ep) equal
to the average concentration (N.,) times the ares
depleted (W ,Li.ce) :

#dep=NsubWsubLef f ( 6 )

Referring again to Figure 4, in the case of a
projecting source and drain regions, the source and
drain regions utilize some of this available charge due
Lo the junction between the source/drain and substrate
21, which has a finite width parallel to the junction
between the tub 22" and substrate 21. Some of the
avalilable charge is lost due to the built-in Junction
potential as in Equation 5, and additional charge is
lost due to the potential applied to the drain region
by V4.

Assuming that the penetration of the source
and drain regions below the tub 22" is large compared

Lo the drawn channel length L_, then the shared charge in
the channel #,.,..4 is equal to:

#sharedstubWsub (Wsource+wdrain) (7A)
where
2e N*¢p l 28 N*}, +V,,
Wsource= “_—SE_”QT" and Wdrain = = o di (7B)
QNQwCNﬁwﬁN') Cﬂ@mﬂﬂgwﬁﬂf)
b, = kTLn( N ) (70}
d AQM).

This implies that an increase to the substrate
concentration should be made for the effective

concentration to produce the minimum vertical field
condition at V.:
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N;ub . Nsu_b[ dep# shared | (8)
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Due to the variation in the shared charge
with V4, there is a greater threshold variation with Vv,
in a device constructed according to Figure 4 as well.
Accordingly, optimum performance will generally be
5 obtained with a device conforming to Figure 1 or 2.
However, as extremely short channels are produced, the
tub depth will become short enough to cause the source
and drain regions to extend beyond the tub as
1llustrated in Figure 4, even with slow diffusing
10 dopants, such as arsenic and indium. It can be seen
that the shared charge is a function of the ratio of

the depth of the source/drain regions X,, to the tub
depth Y +Y,.

Short Channel Fermi-FET with Source and Drain Extension Regions

15 Referring now to Figure 6, a second
embodiment of a short channel Fermi-FET according to
the present invention is illustrated. Transistor 20°7-
is similar to transistor 20" of Figure 4 except that

source and draln extension regions 23b and 24b

20 respectively are provided in the substrate 21 at the
substrate face 2la adjacent the source region and drain
regions 23’ and 24’ respectively, extending into
channel 36.

As shown in Figure 6, source and drain

25 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

30 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
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doped as practical in order to reduce leakage and

improve saturation current.

The source and drain extension regions 23b

and 24b reduce drain voltage sensitivity due to the
charge sharing described above. Unfortunately, the
device of Figure 6 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 draln regions themselves. The source and drain
extension regions may be formed by using a wide spacexr
41la to define the lateral dimensions of the extension
regions and to move the deep source/drain diffusions
outward at least to the depth defined by W, ... in
Equation 7B.

Short channel Fermi-FET transistors are also
subject to drain induced barrier lowering, DIBL. In a
Fermi-FET, DIBL leads to two separate fields: Drain
Field Threshold Lowering (DFTL) which is a field from
the drain electrode to the gate electrode, and Drain
Induced Injection (DII) which is drain field acting on
the source electrode.

Counteracting these two fields are the built-
in barrier of the N*:N source junction (assuming an N-
channel transistor) and the difference in contact
potential between the gate and source electrodes.
Figure 7 depicts these three fields. DFTL is present
due to the difference in the gate and drain potential.

DIT i1s the field present between the drain and source
diffusions. €, is due to the difference in contact

potentials of the gate and source electrodes.
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Figures 8A and 8B i1llustrate the behavior of
the source/drain:tub (N*:N or P*:P) junction. Due to

the high dopant gradient at the junction edge, carriers
diffuse across the junction from the highly doped side
to the lightly doped side. Figure 8A shows the
idealized doping profile and the resultant carrier
profile after mobile charge moves from the highly doped
to the lightly doped regions. As shown in Figure 8B,
the resulting depleted region 6n the highly doped side
and free carriers at the edge of the lightly doped

region create a retarding field to prevent further

carrilier migration. A source carrier must then overcome

this potential barrier in order to reach the channel

and become a conduction charge. The energy barrier at

a high doped:low doped junction can be expressed as a

V.= kTLn( N+) (9)

In a Fermi-FET however, the channel region is fully
depleted when the device is turned off due to the
effect of the tub:substrate junction. The channel side
of the N':N junction thus appears to be doped at the
intrinsic level. Carriers that cross the junction to
set-up the barrier potential will first occupy the
sites on the ionized donor atoms (lowest energy state
available) producing a distribution as seen in Figure
9. The barrier potential for the Fermi-FET (V) is
significantly higher than the doping levels involved
would otherwise produce. Thus, Equation 9 can be

modified to:
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Channel Fermi-FET is 2x10%, the fact that the channel
is fully depleted raises the energy barrier from
0.228eV to 0.590eV, over 200%. This change in the

barrier height permits short channel Fermi-FET devices

This barrier energy acts across a distance
equal to the depleted region in the source region, plus
the enhanced region within the channel. Utilizing the
depletion approximation to calculate the width of the N*
side, and assuming the accumulation region occupies 2.5

Debye lengths (L,), the charged region width Wi, can be
expressed as:

e _ kT + e _kT

Although if unbounded, an electron
distribution of 2 to 3 Debye lengths is reasonable for
the dipole, transistor linewidths are a more
constraining factor. Assuming that the tub doping is
n;, then 2.5L, is over 10uM. This is larger than the
available channel length. The barrier potential must

then be applied across the available channel width,

which leads to an effective field strength €i¢¢ OF:

e
d i

eskTLn( N”)+Leﬂ__

iy
Wb

€irr (12)

q2N+ 12 .

2z

Referring again to Figure 7, it can be seen

that leakage of the Fermi-FET will be negatively

affected by DII and positively affected by €, and the

energy barrier in Equation 10. The strength of the DIT
field is a function of V; and L_g:
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v
d (13)

=
DIT Z
efrf

The strength of the ¢, field is a function of the
distance from the bottom of the gate electrode. €g-s
decreases as the distance from the interface increases.

It 1s weakest at the bottom of the diffusion, or at the

5 bottom of the Fermi-tub, whichever is shallower. Thus,
_]_.CELH( N+Npoly}
g 2
e =\ ™ ) (14)

£
S Tox+ Y (x)

£ ;

where Y(x) 1s the depth below interface from the
substrate surface 2la to a depth of Y.+Y,. Elevated
leakage will begin to occur when the drain field

exceeds the gate field plus the injection barrier:

Eprr=€irrtE, ¢ (15)

10 Substituting Equations 12, 13 and 14 into Eguation 15

vields:
KT N° KT 7o X oy
v q n, q n;
- d < _ 1 e h] (16)
erf T + Ef
\ g2nv |\ n; :

where Y, is the tub depth, Y:.+Y,. Replacing the
inequality and solving for Y, produces an equation which
specifies a maximum limit for either X, or Y., (whichever

15 is smaller) based upon V,;, N, N Loee and T :

poly s
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ox

LpyVal e, (17)
L efr

Y=Y+ Y=V,

Va= Vgt

where L, is the Debye Length and Vg-s=kT/q Ln(N'N,,,/ni)

1s the work function difference between the gate and
source electrodes.

Equation 17 can be recast to express the
total field at the weakest point of the source to tub

boundary, at maximum depth Y,. This total field is the
sum of the three component fields:

kTLn( N"') KT, Mgo_lz)
o . q 2
Field = d g - - o ~ Lvd (18)
€ _KT N S T +Y.. erf
5 +Ln + L rr €
Qg°N Il;

As long as the sum of €y¢¢ and €, are larger than e,
the bottom leakage will not be inordinately affected by
the drain bias. If the total field is negative
however, the zero gate bias current will be increased
due to the drain field. This condition leads to
leakage becoming a strong function of process induced
variations, which is generally more difficult to
control. Therefore this condition of zero total field
can be utilized to define a maximum advisable Fermi-tub
depth for various transistor attributes. Since it is
desirable to make the Fermi-Tub as deep as possible,
Equation 17 generally defines the optimum Fermi-Tub

depth for a short channel transistor.

Figure 10 illustrates the total field at the
edge of the source near the tub:substrate Jjunction.
The curves represent tub depths of 10004, 1500A, 20004
and 2500A, where V4=3.3V, T_=80A&, N,,=1x1016, N, ,=5%x10%,

N*=1x10%°, (£=0.72. Minimum L., values can be extracted

where each field strength crosses zero. For each of
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the four tub depths, minimum L_. is 0.28u, 0.4u, 0.52u,

and 0.64u respectively. Figure 11 illustrates the

total field under the same conditions as Figure 10,

except that V; has been raised to 5.0V. For each of the
5 four tub depths, minimum L., is 0.46pu, 0.65u, 0.84u,

and 1.0y respectively.

Figure 12 illustrates the total field under
the same conditions as Figure 10, except that V,; has
been lowered to 2.2V. For each of the four tub depths,

10 minimum L., is 0.16u, 0.24u, 0.32u, and 0.39u
respectively.

Figure 13 illustrates the tub depth being
held fixed at 15004, where Vy; is moved in 0.5V steps
from 1.5V to 5.0V. Figure 14 illustrates the tub depth

15 Dbeing held fixed at 1500A and V; at 3.3V. Gate oxide

thickness T, is varied from 50A to 250RA.

Contour-Tub Fermi-FET With Source and Drain Extension Regions

Plotting Equation 17 directly as a function
OL Lesr shows an almost linear relationship. Figure 15
20 1illustrates the maximum Fermi-tub depth without drain
field causing leakage instability. Accordingly, at the
expense of additional process complexity,'a Fermi-FET
device can be created for short channel transistors
without increasing diffusion capacitance. This device

25 can be created by combing the source/drain extension

regions of Figure 6 with the contour-tub of application
Serial No. 08/037,636. This device thus includes a
second deeper tub structure under the source and drain
regions of the Fermi-FET transistor.

30 Thus, as shown in Figure 16, the contour-tub

Fermi-FET includes source and drain extension reglions

23b and 24b. The advantages of the contour-tub are
thereby provided along with the advantages of the

source and dralin extension regions for short channel

35 devices. The deeper tub creates a lowered capacitance

for the source and drain regions even though they
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extend deeper than the tub depth between the source and
drain regions.

A representative process for fabricating a
contoured-tub Fermi-FET with source and drain extension

regions as shown in Figure 16 will now be described.

In general, the deep section of the contoured-tub may

be formed by an additional implantation step during the

source and drain implant process, at an energy such

that the tub-substrate junction is moved significantly

away from the source/drain edges. These implants may

also be referred to as "shadow implants". The

additional implants may be performed after spacer etch,
and prior to the source/drain implants.

In particular, referring to Figure 17A, a
uniform depth tub 22 of first conductivity type is
formed in semiconductor substrate 21 of second
conductivity type. Tub 22 extends from face 21la of
substrate 21 to a predetermined depth Yy from the
substrate face 21la. Tub 22 is typically formed by
implanting ions of the first conductivity type into the
substrate at face 2l1la using field oxide 61 as =z mask.
After formation of tub 22, gate insulating laver 26 and

gate electrode layer 28 are formed using conventional
techniques.

mobility such as arsenic and indium are used.

Referring now to Figure 17C, second ions €3
of the first conductivity type are implanted into the
substrate face 21la to a depth Y, which is greater than

Cthe depth Y,. Gate 28 masks implantation of the first
ions 62 into the substrate under the gate.

Accordingly, the tub 22 and the first ions 62 form =a

contoured-tub 22’ having nonuniform tub depth.
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Typically, first ions 62 are implanted at a low dose
but relatively higher energy than the implant which
formed tub 22.

Referring now to Figure 17D, sidewall spacers
5 419 are formed using conventional techniques. Second
ions 64 of the first conductivity type are then
implanted into the substrate face 2la. Gate 28 and
sidewall spacers 419 mask implantation of the second
ions into the substrate under the gate. Source and
10 drain regions 23 are thereby formed at a depth X, from
substrate face 21a. This implantation of second ions
63 1s typically performed at a low dosage and a lower
energy than the implant which formed tub 22
Conventional processing is then used to complete the

15 transistor and form contacts to the transistor.

Design Procedure for Short-Channel Fermi-FET

In view of the above, the following design

procedure may be employed to specify the parameters of
a short-channel Fermi-FET. It will be understood that

20 this procedure is presented as an example, and not for
purposes of limitation.

It i1s assumed that the minimum transistor
length is a known quantity as well as the gate
insulator thickness and material and the maximum

25 operating voltage V. It is further assumed that the
anticipated depth of the diffused regions which will

become the source and drain electrodes 1is known.

Those skilled in the art are able to select a

minimum Fermi-tub dopant concentration that can be

30 easily controlled given the equipment available for
eventual manufacture and level of control expected for
all relevant process steps.

The Fermi-tub depth and substrate doping is
provided for long channel devices in U.S. Patent No.

=

35 5,367,186 entitled Bounded Tub Fermi-FET and the
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earlier Tub-FET patents. The Fermi-tub depth should be
modified per Equations 17 and 18 or Figures 10-12 and
15 of the present application.

If the resulting maximum tub depth is larger
than the anticipated source and drain depth, the
transistor should be constructed according to all
earlier Tub-FET patents. If the transistor constraints
lead to a shallow tub with respect to the diffusions,
decisions should be made as to the desirability of
utllizing drain extensions (as shown in Figure 6 of the
present application) contour tub structures, or both
(as shown in Figure 16 of the present application).

If the drain depth exceeds the tub depth and
the additional process complexity of extensions or
contour tub architectures are unwarranted, then the
substrate concentration should be altered according to
Equation 8 of the present application.

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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We claim:

1. A fileld effect transistor comprising:

a semiconductor substrate of first conductivity

type;
a tub region of second conductivity type in said

substrate at a surface thereof, and extending a first

depth (Yo+Ye) from said substrate surface;

spaced apart source and drain regions of said second

conductivity type, but of different doping concentrations
than said tub region, 1in said tub region, said spaced
apart source and drain regions extending from said
substrate surface to beyond said first depth;

a channel region of said second conductivity type in
sald tub region, between said spaced apart source and
drain regions, and extending ansecond depth (Y¢) from said

substrate surface, wherein said second depth is less than

sald first depth;
a gate i1nsulating laver on said substrate surface,

between sald spaced apart source and drain regions;

source, draln and gate electrodes contacting said

source and drain regions and said gate insulating lavyer,
respectively:;

said first depth (Yot+Ys) being selected to allow

carriers of said second conductivity type to flow from

saild source region to said drain region in said channel

p—

region, at said second depth (Y¢) upon application of the

threshold voltage of saild field effect transistor to said

gate electrode;
sald semiconductor substrate has an intrinsic

carrier concentration n; at temperature T degrees Kelvin

and a permittivity gq;
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said spaced apart source and drain reglions are doped

at a doplng concentration N+;

said channel region has an effective channel length

Liefe?

sald gate insulating layer has a thickness of Ty, and
permittivity eji;
sald gate electrode includes a polysilicon laver

which 1s doped said first conductivity type at a doping

concentration Npsiy; and

salid first depth (Yo+Yf) is equal to

E
Vg—s T >3 “;Tox
* . i

where V4.5 18 the work function difference between said
gate and source electrodes and is equal to kT/g Ln
(N*Npo1y/ni®) , where Viee 18 the barrier potential for the
Fermi-FET and is equal to kT/g Ln(N'n;), where V4 is the
voltage applied to the drain electrode, g is 1.6x107%°

Coulémb and k is 1.38x1(07%3 Joules/"Kelvin.

2. A fleld effect transistor according to claim 1

whereln said first depth (Yo+Ys) 1is further selected to

allow sald carriers of said second conductivity type to

flow from said source region to sald drain region in said

channel reglon, extending from saild second depth (Ye¢)

towards sald substrate surface upon application of

voltage to said gate clectrode beyond the threshold

voltage of said field effect transistor.
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3. A field effect transistor according to claim 1

wherein said first depth (Y,+tY¢) 1s selected to allow

carriers of said second conductivity type to flow within

said channel region, from sald source-region to said

drain region and beneath said substrate surface, without

creating an inversion layer 1n said channel.

4. A field effect transistor according to claim 1

wherein sald spaced apart scurce and drain regions

further extend laterally away from one another, to bevond

said tub region.

5. A field effect transistor according to claim 1

further comprising a source extension region in said

—
-

substrate to said substrate face adjacent said source

region and extendlng into said channel region, said
source region and said source extension region being
doped said second conductivity type at same doping

concentration.

6. A fiela effect transistor according to claim 5

further comprising a drain extension region in said

substrate at said substrate face adjacent said drain

region and extending into said channel region, said drain
region and said drain extension region being doped said

second conductivity type at same doping concentration.
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