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SEMICONDUCTOR STRUCTURE WITH MULTIPLE TRANSISTORS HAVING
VARIOQUS THRESHOLD VOLTAGES AND METHOR OF FABRICATION
THEREOQOF

TECHNICAL FIELD

The following disclosure relates in  general to
gemiconductor devices and processing and more
particularly to a semiconductor structure with multiple
transistor elements having various threshold voltages and

method of fabrication thereof.

BACKGRQUND

Many integrated circuit designs use a variety of
cells that perform specific functions. Integrated
circuits can include loglic, memory, controller and other
functional bklocks. Semiconductor integrated circults are
fabricated in a semiconductor process, often using a CMOZ
Process. Trangistors are formed in a semiconductor
substrate, and usually involve a seguence of fabrication
steps that result in a gate with adjacent source and
drain, the source and drain being formed in a channel. A
key setting for a transistor is the threshold wvoltage,
which in turn determines the voltage at which a
trangistor can be switched. Low thresheld voltage
devices are generally used for high speed circuits,
though low threshold voltage devices tend to have higher
leakage power. High threshold voltage devices tend to

regult in slower spesds bubt are usually implemented when

powaer reduction is desirved. It is generally known that
variation in threshold voltage from the device
gspecification is undesirable. Threshold voltage can be

set by incorporating dopants inte the transistor channel,
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either by way of direct channel ilwmplantation adjacent the
gate oxide or by way of pocket or hale implants adjacent
the gource and drain. Such channel doping or halo
implants also have the positive effect of reducing short
channel effects esgpecially as the gate length shrinks.
Threshold voltage variation can increase with scaling,
however, because of random dopant fluctuaticns in the
implanted channel area. The variation problem worsens as
critical dimensions shrink because of the greater impact
of dopant fiuctuations as the volume o<f the channel
becomes smaller. As a vesult, circult design has become
more limited over time in that cirvcuilt designers must
account for greater potential wvariation in the devices
with smaller gate dimensions, thus making it impossible
to design ciycuits with the technical freedom needed to
build new and improved semiconductor chips. while CMOS
technology has improved to allow continued scaling down
of critical dimension, the associated and degived scaling

down of voltage has not followed,

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present
disclosure and the advantages thereof, reference is now
rade to the following descriptions taken in conjunction
with the accompanying drawings, wherein Ilike reference
nuneral represent like parts, in which:

FIGURE 1 shows an embodiment of a Deeply Depleted
Channel {DDC) transistor 100 having an enhanced body
coefficient, along with the ability to sget thresghold
voltage Vi with enhanced precision;

FIGUREg 22-2C illustrate the dopant profiles for

exemnplary screening regions for three different
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transistoy device types constructed on a  common
substrate;

FIGUREs 3A-3C illustrate representative sgtructures
of the transistor device titypes correspending to the
dopant profiles of FIGUREs 2A-2C;

FPIGUREs 4A-4C are graphs illustrating an alternative
dopant profile for exemplary screening regiong for thres
different transistor device types constructed on a coamon
substrate;

FIGUREs B5A-5C ave graphs i1illustrating still another
alternative scheme for sgetting Vi acyross thres types of
transistors;

FIGUREs 6A-8B i1llustrates the impact of the dJdosges
and implant energy used to implant the second screening
region dopant on the threshold wvoltage and the leakage
current for a PMOS transistor;

FIGURE 7 i1llustrates the combined effect of the
implant energy and implant dose used to implant the
second screening region dopant on the thresheld wvoltage
and leakage current for a PMOS tranzistor;

FIGQUREs 8A and 8B illustrate embodiments that
advantageously use two different dopant specieg for the
twe gcoreening reglon lmplants used to form dual scresening
regions;

FIGURE 9 illustrates a semiconductor wafer
supporting multiple die;

FIGURE 10 illustrates one embodiment of a portion of
a DDC transistoy manufacturing process;

FIGUREs 11a-11D illustrate a dopant profile and
corresponding structure for a DDC trangistor having dual
antipunchthrough {(APT) regicns with single and dual

goreening regions reapectively;
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FIGUREs 122-12C illustrate threshold wvoltage as a
function of gate length for DDC transistors having single
and dual APT regicons formed using different implant
conditions;

FIGURE 13 illustrates the body coefficient for PFMOS
LVt transistors having single and dual Sk APT regions;

FIGURE 14 illustrates the body coefficient for MMOS
LVt transistors having single and dual boron (B} APT
veglons;

FIGUREs 15A-15B illustrate that dual APT reglons
have an effect on  body coefficient for PBPMCS DDC
transistor devices for given screening vegion conditions;

FIGUREs 16A and 168 illustrate that dual APT regions
can provide an enhanced body coefficient for NMOS

transistor devicesg for given screening region conditions.

DETATLED DESCRIPTION

Transgistors having improved threshold voltage
variation and therefore enabling the scaling of supply
voltage ave disclosed. Embodiments of structures and
fabrication methods allowing for reliable setting of
threshold voltags, and with improved mobility,
transconductance, drive current, strong body coefficient
and reduced junction leakage are provided. More
specifically, embodiments of doping profiles to result in
different Vt targets for the different transistor device
types without the use of pocket or hale implants ov
channel implantation adjacent the gate oxide arve
disclosed.

FIGURE 1 shows an enmbodiment of a Deeply Depleted
Channel (DDC) transistor 100 having an enhanced body

coefficient, along with the ability to set threshold



3]

39

WO 2014/004606 PCT/US2013/047767

voltage Vt with enhanced precision. The DDRC transistor
100 includes a gate electrode 102, source 104, drain 106,
and a gate dielectric 128 positioned over a substantially
undoped channal 110. Lightly doped source and drain
extensions {SDE} 132, positioned respectively adjacent to
gource 104 and drain 108, extend toward each other,
setting the transistor channel length.

The exemplary DDC transistor 100 ig shown as an N-
channel transistor having a source 104 and drain 106 made
of N-type dopant material, formed upon a substrate such
ag a P-type doped silicon substrate providing a P-well
114 formed on a substrate 1146, In addition, the K-
channel DDC trangistor in ¥FIGURE 1 includes a highly
doped screening vregion 112 wmade of P-type dopant
material, and a threshold veoltage set regionm 111 made of
P-type dopant material. Substantially undoped channel
110 is preferably formed using epitaxially-grown silicon,
using a process vecipe that is intended to result in
undoped crystalline silicon. Although substantially
undoped channel 110 may be referred to herein ag the
undoped channel?, it is understood that a minimum oOX
baseline level of dopants arve present due to unavoidable
introduction of some foreign material during the
otherwise intringic epitaxial process. As a general
matter, the > undoped channel” preferably has a dopant
concentration of legs than 5 = 10Y atoms/owm’ in some
portiong thereof. However, it is desirable that at least
a portion of the channel underlying the gate remains
undoped in the final transistor structure and certain
process steps are chosen to achlieve this configuration.

An N-channel DDC transistor is shown 1in FIGURE 1.
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Similarly, a P-channel DDC transistor can be achieved by
interchanging N and P regions.

The features of DDC transistor 100 can vesult in
varicus transistor device types. Such transistor device
types include, but are not limited to: P-FETs, N-FETs,
FETs tailored for digital or analog circult applicaticns,
high-voltage FETs, high/normal/low freguency FETs, FETs
optimized to work at distinct veltages or voltage ranges,
low/high power FETs, and low, regular, or high threshold
voltage transistors (i.e. low Vi, regular Vi, or high Vt

also referred to as LVL, RVL, or HVL, respectively),
eto, Transistor device types are usually distinguished
by electrical chavactervistics {e.g. threshold voltage,
mobility, transconductance, linearity, noise, power},
which in turn can lend themselves to be suitable for a
particular application {e.g., signal processing or data
storage) . Since a complex integrated circult such as,
for imstance, a system on a chip (Sol) may include many
different circuit blocks having different transistor
device types to achieve the desived circuit performance,
it is desirable to use a transistor structure that can be
readily fabricated to result in the various transistor
device types.

A process for forming a DDC transistor may begin
with forming the screening region 112, In cevtain
embodiments, the screening region is formed by providin
the substrate having the P-well 114 and implanting
sereening region dopant material thereon. Other methods
may be used to form the screening region such as in-situ
doped epitaxial silicon depositicon, or epitaxial silicen
deposition followed by vertically directed  dopant

implantation to result in a heavily doped region embedded
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a vertical distance downward from gate 102, Preferably,

the screening regicon is positioned such that the top

surface of the screening region is located approximately

at a distance of Lg/1.% to Lg/% below the gate {where Lg

5 is the gate length}. The screening region is preferably

formed before 8TI ({shallow trench isclation) formation.

Boron (B), Indium (I}, or other P-type materials wmay be

used for P-type NMOS screening region material, and

arsenic {As), antimony {8k} or phosphorous (P} and cther

10 N-type materials can be used for PMOS screening region

material, The screening region 112, which is considered

heavily doped, has a sasignificant dopant concentration,

which may range between about 5 x 10%° to 1 x 10% dopant

atoms/cm’.  Generally, if the screening region 112 dopant

15 level is on the higher end of the range, the screening

region 112 can simultanecusly function as the threshold
voltage getting region.

Though exceptions wmay apply, as a general matter it

is desirable to take measures to inhibit the upward

20 migration of dopants from the screening region, and in

any event, controlling the degree to which dopants may

migrate wupward as a wechanism for controlling the

threshold voltage setting is desired. All process steps

occurring after the placement of screening region dopants

25 are preferably performed within a limited thermal budget.

Moreover, for those dopants that tend to migrate or forv

flexibility in using a higher tenmperature in sgubseguent

processes, a germanium (Ge), carbon (€}, or other dJdopant

migration resistant layer can be incorporated above the

30 sereening region to reduce upward wmigration of dopants.

The dopant migration resistant layer can be formed by way
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of don implantation, in-situ doped epitaxial growth, ov
other process.

An optional thresheold voltage set reglon 111 is
usually positiconed above the scresning region 112. The
threshold voltage set vegion 111 can be either in contact
with, adjacent to, incorporated within, or wvertically
offaet from the screening region. In certain
embodiments, the threshold veoltage set region 111 is
formed by ion implantation into the screening region 112,
delta doping, controlled in-sgitu deposition, or by atomic
layer deposition. In alternative enbodiments, the
threshold voltage set region 111 can be formed by way of
controlled outdiffusion of dopant wmaterial from the
screening region 112 into an undoped epiltaxial layer
uging a predetermined thermal cyeling recipe.
Preferably, the threshold woltage set region 111 is
formed before the undoped epitaxial layer is formed,
though exceptions may apply. The threshold veltage is
designed by targeting a dopant concentration and
thickness o©of the threshold voltage set region 111
suitable to achieve the thresheld voltage desired for the
device, Note that if the screening region 112
concentration is sufficiently high, then the screening
region 112 can function as the threshold voltage setiing
region and a sgeparate threshold voltage setting rvegion is
nct needed. Preferably, the threshold voltage set region
111 is fabricated to be a defined distance bpelow gate
dielectyric 128, leaving a substantially undoped channel
layer directly adjacent to the gate dielectric 128. The
dopant concentration for the threshold veoltage set region
111 depends on the desired threshold wveoltage for the

device, taking into account the location of the threshold
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voltage set region 111 relative to the gate. Preferably,
the threshold voltage set rvegion 111 has & dopant
concentraticon between about 1 x 10 dopant atons/om’ and
about 1 x 10% dopant atoms per om’. Alternatively, the
threshold voltags set region 111 can be degigned to have
a dopant concentration thaib is approximately one third to
one half of the concentration of dopants in the gcreening
region 1123.

The final laver of the channel is formed preferably
by way of a Dblanket epitaxial silicon deposition,
although selective epitaxial deposition may be used. The
channel 110 ig structured above the goreening yeglon 1128
aﬁd threshold voltage set region 111, having a selected
thickness tailored to the electrical specifications of
the device. The thickness of the substantially undoped
channel 1310 usually ranges from approximately 5-25 nm
with a thicker undoped channel 110 usually used for a
lower vVt device. To achieve the desired undoped channel
110 thickness, a thermal cycle may be used to cause an
outdiffusion of dopants from the screening region 112
into a portion of the epitaxial layer to result in a
threshold veltage setting region 111 for a given undoped
channel region 110 thickness. o control the degree of
outdiffusion of dopants acvoss a variety of device typss,
migration resistant lavers of {, Ge, or the like can be
ubilized in selected devices. By achieving a thickness
of the threshold voltage vegion by way of the ion
implantation, in-situ epitaxial growth or other methods
such as thermal coveleg to effect a controlled diffusion a
distance upward intce the channel, Jdifferent thicknesses
of c¢hannel 110 may be achieved. gtill further wmethods

for establishing differvent thicknesses of channel 110 may
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include selective epitaxial growth or a selective etch
pack with or without a blanket epitaxial growth or other
thickness reduction. Isolation structures are preferably
formed after the channel 110 iz formed, but isolation may
alse be formed beforehand, particularly 1f selective
epitaxy is used to form the channel 110.

The transistor 100 is completed by forming a gate
glectrode 102 which may be a polysilicon gate or a metal
gate stack, as well as SDE 132, spagers 130, and source
104 and drain 106 structures using conventicnal
fabrication methods, with the caveat that the thermal
budget be maintained within a selected constraint to
aveld Uﬁwagted migration of dopants from the previously
formed screening region 112 and threshold voltage setting
region 111. Note that versions of transistor 100 can be
implemented in any process node using a variety of
transigtor structural schemes including, in the more
advanced nodes, using technigues to apply stress oY
gtrain in the chamnel. In conventional £ield effect
transistors (FETs), the threshold voltage can be set by
directly implanting a “threshold voltage implant” into
the channel, ralsing the threshocld wvoltage to an
scceptable level that reduces transistor off-state
leakage while still allowing speedy transistor switching.
The threshold voltage implant generally results in
dopante permeating through the entire channel vregion.
Alternatively, the threshold voltage (V) in conventional
FETs can also be set by a technigue variously known as
*halco” implants, high angle implants, or pocket implants.
Such implants create a localized, graded dopant
distributicn near a transistor source and drain that

extends a distance intoe the channel. Both haloe implante
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and channel implantz introduce dopants inte the channel,
resulting in random fluctuations of dopants in the
chammel which in turn can affect the actual threshold
voltage for the device. such conventional threshold
voltage setting methods wesult in undesirable threshold
voltage variability betwsen transistors and within
transistor arrvavs. Additionally, such conventional
thresheld wvoltage getting methods decrease mebility and
channel transconductance for the device.

The screening region 112 coreates a strong body
coefficient amenable for recelving a body bkias. A hody
tap 126 to the screening region 112 of the DDC transistor
can be formed in order to provide further controel of
threshold voltage. The applied bilas can be either
reverse or Forward bilased, and can result in significant
changes Lo threshold voltage, Bias can be static or
dynamic, and can be applisd to isclated transistors, ov
to groups of trangistors that share a common well.
Biasing can be static to set threshold veltage at a fixed
set point or dynamic to adijust to changss in transistor
cperating conditions or regulrements. Varicus suitable
biasing technigues ave discleosed in U.8. Patent No.
8,273,617, the entivety of which is herein incorporated
by reference.

Furthey aexamnples of transistor structure and
manufacture suitable for use in DOC transistors are
disclosed in  U.8. Patent Application  Serial  No.
12/895,78% filed September 30, 201¢ titled “Cadvanced
Transistors with Threshold Voltage Set Dopant Structures”
by Lucian Shifren, et al., U.5. Patent No., 8,421,182,
7.8. Patent Application Serial No. 12/971,884 filed on

Decamber 17, 2010 titled “Low Powsr Semiconductor
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Transistor Structure and Method of Fabricaticn Therecf”
by Lucian Shifren, et al., and U.8. Patent Application
Serial No. 12/971,955 filed on Decembey 17, 2010 titled
vmransistor with Threshold Voltage Set Notch and Method
of Fabrication Therecf” by Reza Arghavani, et al., the
regpective contents of which ave incorporated by
rveference hervein in their entirety.

Many integrated circult designs bkenefit from the
availability of a variety, or range of transistor device
types that can be included in those integrated cilrcuits.
The availlability of multiple transistor device types
provides engineers with the resources toe produce
optimized circuit designs, as well as to produce circuit
designs that might otherwise be unachievable if limited
to a small number of transistor device types. As a
practical matter, it is desirable that each integrated
circuit on a wafer be able to incorxporate all, or any
subset of, the range of transistor device types available
in an integrated circuit manufacturing process while
achieving a limited wvariation in threshold voltage both
locally and globally. It is alsoc desirable to reduce the
off-state leakage current and teo achieve a limited
variation in the off-state leakage current for the range
of transistor device types available in the integrated
clreoult.

Various anbodiments degcribed helow use a
combination of ion implantaticons to form dual screening
regiong to achieve diffevent transistor device ULypses.
Dual screening regions are advantageously used to provide
different transistor device types in terms of threshold
voltages while achieving a veduced off-state leakage

current. In comparison, a transistor device that uses a



28]
[4h]

25

3¢

WO 2014/004606 PCT/US2013/047767

single sgcreening region may have a sgimilar threshold
voltage bubt wmay have higher junction leakage. With dual
screens, each peak screening region dopant concentration
may be reduced compared with the case of the dopant

concentration of a single screening regilon for a given

threshold voltage. Additionally, dual antipunchthrough
(APT) regilong are discloesed, Dual APT can provide a
apecified body cosfficient uasing a lower paak

concentration as compared to the peak concentration of a
single implant APT region for a substantially similar
body coefficlient. bual APT regions alsco provide the
benefit of reducing the off-state leakage current of the
different transistor device types, for instance if dual
APT regions use a combination of a shallower and deeper
APT region implants compared to a mid-energy single APT
region implant. Transistors having shallower APT regions
{due to lower energy APT region implants) can typically
include a loweyr peak gscreening region dopant
concentration to achieve a target threshold voltage. The
advantages of dual APT regiong can be obtained whether
with single screening regions or dual sgraening regions.

Typically, the value of the threshold voltage is
related to the concentration of dopantg in the screening
region. For various embodiments descrikbed below, the
concentration of dopants ig illustrated as a function of
depth {alse referred to as a dopant profile), where the
zero depth position typically approximates the position
of the gate oxide in the device.

FIGUREs 2A-2C illustrate the dopant profiles for
axeamplary screening regions for three different
transistor device types constructed QL a COMMOn

substrate, in which the doped regions are geparated from
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the gate by a substantially undoped semiconductor layey

{(preferably intrinsic silicon having a dopant
concentration of less than 5x107 atoms/cw’). & range of
Vi's can be achieved thereby, for Iinstance a low

threshold voltage (LVt) 205, a regular threshold wvoltage
(RVE) 210, and a high threshold wvoltage (HVL) 215. The
gsoreening region dopant profile for the LVL transistor
device type has a peak screening region  dopant
concentration of CF1 atoms/cm’, the screening region
dopant profile for the RVt transistor device type has a
peak screening region dopant concentraticon of  CF2
atoms/om’, and the screening ragion dopant profile for the
HVE transistor has a peak screening reglion dopant
concentration of CF3 at@msfcm3, where (CF1 < ({F2 <« C(F3,
Such dopant concentrations can be achieved by selected
doses for the implants. In one embodiment, 8b is
implanted at a dose of 1 x 10 atoms/ew®, 2 x 109
atomg/om’, and 3 x 10 atoms/cm® to form the screening
regiong of the LVt, RVt, and HVt transistor device Utypes
respectively. Implant energies in the range of 10-50 keV
can be used to implant the screening region dopants,
where the location of the peak is generally related to
the implant energy used. The deeper the peak desired,
the higher the selected energy for the implant. In the
embodiment of FIGUREs 2A-~2C, the screening region dopants
for the three tramsistor device types are implanted using
the same implant energy but with different doses
resulting in three screening region dopant profiles 205,
210, and 215 having three different peak concentrations,
where the peak ig located at approximately the same depth

relative to the top surface of the substrate.
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FIGUREs 32-3C illustrate representative gtructures
of the transistor device types corresponding to the
dopant profiles of FIGURHEs 2A-2C, sghowing in cross-
section how screening reglons may appear. In FIGURE 34,
there may be a screening rvegion 305 placed a defined
depth below gate stack 308 with an undoped chamnel 307 in
the space between screening region 305 and gate stack 308
and having a defined thickness selected to achieve
threshold wvoltage, Jjunction leakage, and other device
characteriatics. Freferably, the thickness of screening
region 305 ig about 3 nm to 10 nm in thickness or more,
but in any event is preferably less thick than the gate
length of gate stack 308, Source and drain pair 306 are
onn either side of screening region 305 such that
scréening region 305 extends latervally across and
underneath undoped channel 307 and abutting the edges of
source and drain pair 306. IN FIGURE 3B, there may be
gereening region 210 that iz wmore heavily doped than
screening region 305, placed a similar depth below gate
stack 313 as sgcreening region 305 to its gate stack 308,
with undoped chamnel 307 formed using a blanket epitaxial
process so that it forms the same silicon thickness for
the undoped channel for all of the devices havin
gscreening regions. Screening region 310 has a defined
rhickness selected to achieve threshold voltage, junction
leakage, and other device characteristics. Prefarably,
the thickness of screening region 310 is about 3 nm to 15
am in thickness and may be thicker than screening region
305, but in any event is preferably less thick than the
gate length of gate stack 308. Source and drain pailr 311
are on either side of screening region 310 such that

screening region 310  extends laterally across  and
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underneath undeoped channel 307 and abutting the adges of
aource and drain pair 311, IN FIGURE 3C, there may be
soreening region 315 that i1s more heavily doped than
screening region 310, placed a similar depth below gate
stack 318 as screening vregion 310 and 305 to their
respective gate stacks 313 and 308, with undoped channel
307 forming the space between screening ryegion 315 and
gate stack 318. Sereening region 315 has a defined
thickness selected to achieve threshold voltage, junction
leakage, and other device characteristics. Preferably,
the thickness of scoreening region 315 1s about 3 nm to 20
nm in thickness and way be thicker than screening regions
310 and 305, but in any event is preferably less thick
than the gate length of gate stack 318. Source and drain
pair 316 are on either side of screening region 315 such
that screening region 315 extends laterally across and
underneath undoped channel 307 and abutting the edges of
gource and drain palr 316. The transistors illustrated
in FIGUREg 3A-3C are to demonstrate exemplary schemes fov
placement of the respective screening regions 303, 310,
and 315, though sgpecific implementations may differ
depending on a vaviety of desirved characteristics Ifor the
devices in the context of the semiconductor fabrication
node. For instance, source and drains may be elevated
and fabricated using selective epiltaxial growth using a
silicon, silicon-germanium, oy other material to form the
source and drain or any cother process that imparts a
stress in the chamnel.

Note that it may be desired to locate the screening
regions at different depths to achieve different
threshold voltage and other characteristics for the

device. Screening regilon depth can be controlled based
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on contrelling the process settings, for instance higher
ion implant energy to drive the iona deeper or lower ion
implant energy to wmaintain a mere shallow implanted
region. After the screening region deopants are emplaced,
5 the channel 18 completed by depoesiting an epitaxial
silicon layer on the substrate over the screening region
dopants. It follows that, if the screening vregion
dopants are at the approximately same depth below the top

aurface of the substrate, then to achieve differing Vt's,

10 different implant doses are used to modulate the Vt
value, A higher implant dose generally results in a
higher concentration of dopants. A loweyr implant dose

generally results in a lesser concentration of dopants.

If the soreening region dopant iwmplant process  uses

15 differing energies, then the Vt valueg will be modulated

based upon the different depths of the screens ov, put

another way, based upon the different resulting relative
thicknesses of the undoped epitaxial layer.

FIGUREs 4A-4C are graphs illustrating an alternative

20 dopant profile for exemplary screening regions for three

differeﬁt trangistor device types constructed on a common

gubstrate, Note that the profiles may represent the

digstribution of dopant material prior to anneal. Post

anneal, the profiles may ke less distinct. Preferably,

25 the profiles are achieved by way of separate ion implant

steps. The common substrate is doped to create different

transistor device types, e.g. a low threshold voltage

(Lvt), a vegular threshold wvoltage (RVE), and a high

threshold voltage (HVEL) transistor corrvesponding to

30 FIGUREg 4A-4C respectively. Preferably, the screening

region dopant profiles for the three transistor device

tvpes illustrated in PFICUREs 4A-4C ave obtained by
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performing multiple screening region dopant inmplants. In
one embodiment, a first screening region dopant can be
implanted for all three devices as shown herein as dopant
profiles 405, 410, and 415 for the LVL, RVt, and HVU
transistor device types vrespectively. An  additional
implant step is performed for the RVt transistor device
type to form the second screening region dopant profile
420, such that the combination of the dopant profiles 410
and 420 seﬁs the threshold veltage of the RVL transistor
device type. An additional implant step is performed for
the HVEL transistor device type to form the second
scraaning region dopant profile 425, where the
combination of the dopant profiles 415 and 425 setg the
threshold voltage of the HVL transistor device type. The
advantage of the scheme illustrated in FIGUREs 4A-4C is
that a reduced dose implant can be used to achieve a peak
concentration in the low end of the screening region
range and, if desired, the same dose and energy for the
screening region for the LVt device can be used for the
RVE and HVt devices. Ingstead of relying upon a higher
peak concentration for the screening region for the RV
and HVE devices, a reduced peak concentration is used,
preferably at approximately the same depth within the
substrate for sach of the devices, and the Vit is achieved
by implanting a secondary dopant profile at a location
adjacent to but closer to the gate using a dose selected
to result in the peak concentration appropriate to set
the VvVt for the device. Az i1llustrated in FIGUREs 424-4C,
the LVt device doeg not contaln a secondary implant and
ugses the initial screening region implant at peak
concentration CF1l, the RVt device includeg the screening

region implant at peak concentration CF1 and containsg a
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secondary implant at concentration €81, and the HVL
device includes the scoreening region implant at peak
concentration CF1 and contains a secondary implant at
concentration €852 which is higher than C81. ALl peak

5 concentrations of dopants and relative depths within the
substrate ave determined as part of the device design to
achieve the desired Vit while comprehending other design
constraints including leakage, drive-current, and other
factors understood by those skilled in the avt.

10 FIGUREs BSA-5C are graphs i1llustrating stilll anotherxr
alternative scheme for sgetting Vit across three types of
transistors. The commen substrate is doped to create
dopant profiles for different transistor device types,
e¢.g. a low threshold voltage (LVt), a regular threshold

15 voltage (RVt), and a high threshold voltage (HVE)
transistor. Freferably, a first screening region dopant
is  implanted for all three transistor device ULypes
resulting in first screening rveglon dopant profiles 505,
510, and 515 for the LVt, RVE, and HVt transistor device

20 types resgpectively. First screening region dopant
profiles 505, 510, and 515 are preferably formed to have
approximately the same peak concentration, designated as
CF, at approximately the same depth within the substrate,
An additional scrveening region dopant implant step 1is

25 performed for the RVL transistor device type to form the
second screening region dopant profile 520 at a peak
concentration of €8, where the combination of the dopant
profiles 510 and 520 sets the threshold voltage of the
RVt transistor device type. An additional screening

30 region dopant implant step is performed for the HVC
transistor device type to form the second screening

region dopant profile 525, using a reduced energy with
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the same or approximately the sawe dose so that second
screening region dopant profile 525 is at peak
concentration of approximately €8 but offset from the
location of screening region dopant profile 51i% to be
located closer to the gate. Dopant profiles 515 and 325
may be separvate from each other but comnnected by a lesgser
amount of dopant concentration as shown, namely a valley
between the two peaks, or the dopant profiles 515 and 525
may be isclated from each other. In effect, the undoped
channel for the device at FIGURE 5C is thinner than fox
FIGURE 3B and FIGURE BA. The combination of the dopant
profiles 515 and 525 sets the threshold voltage of the
HVE transistor device type. The second screening region
implant for the RVt and HVt transistor device types can
be performed using the same dopant species at a
substantially gimilar dose but using different implant
energies, such that the peak dopant concentrations of the
second dopant profile is approximately the same, but the
peak is positioned at a different depth for the two
transistor device types. In alternative embodiments, a
combination of different dopant species, different dopant
doses, and different implant energles can be uged to
implant the second dopant to form the screening regionsg
of the different transistor device types. All peak
concentrations of dopants and relative depths within the
substrate are determined as part of the device design to
achieve the desired Vt while comprehending other design
conatraints including leskage, drive-current, and other
factors understood by those skilled in the art.

FIGURE 8A illustrates the impact 600 of the doses
uged to implant the second screening region dopant on the

threshold voltage and the leakage current for a FMOS
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transigtor. The two graphs €05 and 610 in FIGURE €A arve
obtained from TCAD simulations performed for a PMOS DDC
transistor having a single implant screening region and

dual screening regions regpectively. Graph 605

£

illustrates the leakage current Isub as a function of
threshold voltage for a PMOS transistor having only one
soreening region implant consisting of Sb implanted at 20

keV using doses in the range of 1 x 10 to 2 = 10%

atoms/cm’.  Point 605A of graph 505 corresponds to a dose
10 of 1 x 10" atoms/cm® and point 6058 of the graph 605
corregsponds to a dose of 2 x 10" atoms/em®. Graph 610

illustrates the leakage current Isub as a function of
threshold voltage for a PMOS transistor having dual
screening regions, where the first screening region
15 implant is Sb implanted at 20 keV using doses in the
range of 1 x 10" to 2 x 10" atoms/cm® and the second

screening region implant is &b implanted at 10 keV using

doses in the range of 2 x 10" to 5 x 10%% atoms/ow’.
Foint 610A corresponds to a dose of 2 x 10 atoms/om’,
20 point 610B corvesponds to a dose of 3 x 10 atoms/om?,
point 610¢C corresponds to a dose of 4 x 10% atoms/ow’,

and point 610D corresponds to a dose 5 x 10" atoms/on’.
FIGURE 6B illustrates the impact 601 of the implant
energy used to implant the second screening regilon dopant
25 on the threshold veoltage and the leakage current for a
BMOS transistor. The three graphs 615, 620, and 625 in
FIGURE 6B are obtained from TCAD simulations performed
for a PMOS DDC transistor having a single screening
region and dual screening reglons regpectively, where
30 different implant energies ave used to implant the second
sereening region dopant. Graph 615 illustrates the

leakage current Isub as a function of threshold voltage
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for a PMOS transistor having only one screening reglon
implant consisting of Sh implanted at 40 keV using doses
in the range of 1 x 10 to 2 x 10" atoms/cm®. Point 8153
of graph 615 corresponds to a dose of 1 x 10 atoms/on’
and point 615B of graph €15 corresponds Lo a dose of 2 X
10* atoms/cm®.  Graph 620 illustrates the leakage current
Isub as a function of threshold wveoltage for a PMOS
trangistor having dual screening regions, where the first
screening region implant is Sk implanted at 40 keV using
dogses in the range of 1 x 10" to 2 x 10V atoms/em® and
the second scoreening region implant is Sb implanted at 20
keV using doses in the range of 0.5 x 18 to 1 = 10Y
atoms/cm?. Point 6204 corresponds te a dose of 0.5 x 10V
atoms/om®, point 6208 corresponds to a dose of 0.5 x 10%
atoms/cwm’, and point 620C corresponds to a dose of 1 x
10* atoms/cw®. CGraph 625 illustrates the leakage current
Isub as a function of threshold voltage for a PMOS
transistor having dual screening regions, where the first
sereening region implant isg Sh implanted at 40 keV using
doses in the vange of 1 x 10 to 2 x 107 atoms/om® and
the second screening region implant is Sb implanted at 10
keV using doses in the range of 0.5 x 10% to 0.8 x 10Y
atoms/cm®. Point 625A corresponds to a dose of 0.5 x 107
atonms/om® and point €25B corvesponds to a dose of 0.6 x
10" atoms/om’.

FIGURE 7 illustrates the combined effect 700 of the
implant energy and implant dose used to implant the
second screening region dopant on the threshold voltage
and leakage current for a PMOS transistor. FIGURE 7
includes an overlay of graphs 605 and 810 (FIGURE 8A} and
graphs 615, 620, and 625 (FIGURE 6B). It is noted that a
200 mv range cof threshold wvoltage, as indicated by the
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interval 705, can be cbtained at substantially the same
leakage by appropriate selection of the first screening
region implant and the second screening region implant

conditiong. It is also noted that the graphs 610 and 825

(9

have substantially similar slope and that both graphs
show substantially similar threshold voltage and leakage
current for the same sgecond screening region implant
dose. Therefore, the implant conditions of the second
goreening region dopant can have a dominant effect on
10 setting the thresheld voltage.

The dual screening rvegiong described above c<an be
formed by implanting either the same dopant species for
the first screening region implant or a different dopant
species can be used for the second screening region

15 implant, wherein the dopant species are o©f the sane
polarity. PIGUREs 8A& and 8B illustrate embodiments that
advantageously use two different dopant species for the
two sgcoreening region implants used to form the dual
goreening regions, FIGURE 82 illustrates an embodiment,

20 where the second dopant species s a heavier wmolecule
than the firvst dopant species and, therefore, the second
dopant species can be implanted using a higher implant
energy to form a shallow second implant for the screening
region as compared to the implant energy that would be

25 regquired if the firvst dopant species werve used to form
the shallow second implant. In FIGURE 8A, dual screening
regions are formed for an NMOS transistor by implanting B
to form the first implant and using BF2Z te form the
second implant. Since BF2 is approximately five times

38 heavier than B, the implant energy used £for the BF2

implant can be five times the implant energy that would

be used to implant B. This ig advantageous because the
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high energy implant can Pbe more precisely controlled.
FPIGURE 8B illustrates an embodiment where the fivst and
second dopant species diffuse at different rates during
dopant activation anuneal. In FIGURE 8B, dual screening
regiong are formed for a PMOS transistor by implanting £b
to form the first implant and using As to form the seccond
implant, where the Sh and As implant energies and doses
are selected to form the 5b and As doped implants at
approximately the same depth. However, during subsequent
thermal processing such as activation anneal, AS will
diffuse more than Sb and, therefore, forms a shallow
doped region as illustrated in FIGURE 8B, The use of a
secend dopant specles that dJdiffuses wmore also permits
higher dopant energies to be used to implant the second
dopant species.

FIGURE 9 illustrates a senmiconductor wafeyr 3242
supporting multiple die such as previously described. In
accordance with the present disclosure, each die can
support multiple blocks of circuitry, each block having
one or wmore Lransistor types. Such an arrangement
enables the creation of complex system on a chip {800},
integrated c¢ircuits, or similar dile that optionally
include FETs tailored for analeog or digital circuit
applications, along with ilmproved transistors such as DDC
tyranasistors. For example, four useful blocks in a single
die are illustrated as follows. Block 944 outlines a
collection of deeply depleted channel (DD} trangistors
having low threshold wvoltage, block 245 cutlines a
collection of DDC transistors having regulay threshold
voltage, block 946 outlines a collection of DRC
transistors having high threshold voltage, and block 947

cutlines a collection of DDC transistors tailored for a
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static random  access  nmemoyy cell. As  will  Dbe
appreciated, these transistor types are representative
and not intended to limit the tranaistor device types
that can be ugefully formed on a die or wafer. Wafer 300
5 includes a substrate 9802 {(typilcally silicon} that can be
implanted with optional APT regilons and required sgingle
or dual scoreening regions 204 and an epitaxial blanket
layer 906 formed after implantation of dopants in
gcreening region 904. Wafer 9200 can alsce include an
1o optional thresheld voltage set vegion {not shown in
FIGURE 2) pesitioned between the screening rvegion %04 and

the epitaxial blanket layer %0¢.
FIGURE 10 illustrates one enbodiment of a portion of

a DRC transistor manufacturing process 1000, A

ot
(o3

semiconductor wafer 1is masked at step 1002 with a “zero
layer® aligrmment mask to define dopant implantable well
regions, To illustrate one enbodiment, it ig shown in
FIGURE 10 to create PMOS dopant structures followed by
NMOS dopant structures, but in implementation the order
20 can bhe reversed. In FIGURE 10, a deep N-wall can be
optionally formed at step 1004 in combination with or
alternative tce a conventional N-well. & first screening
region dopant is implanted abt step 1006 to form a first
highly doped screening region for the LVEL, RVL, and HVEU
25 PMOS transistor device  types. Tyvpically, implant
conditions for the filrst screening region dopant are
selected to provide the target threshold wvoltage for the
PMOS LVE transistor device type. At step 1008, the FMOS
LVt and HVE devices are masked and an RVt additional
30 soreening  region dopant is  dwmplanted to  form  dual
screening regions for the RVE PMOS transistors. The

implant conditicns for the additional RVL scoreening
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region dopant ave selected such that the combination of
the first screening region deopant and the additicnal RVE
soreening region dopant provide the target threshold
voltage for the PMOS RVE device., AL step 1010, the PMOS
LVt and RVt devices are masked and an additional HVL
screening region dopant 1s dimplanted te form  dual
gsereening regicons for the HVEL PMOS transistors. The
implant conditions for the additional HVE screening
regidn dopant arve selected such that the combination of
the first screening region dopant and the additional HVL
screening region dopant provide the tavget threshold
voltage for the PMOS  HVt device. In alternative
embodiments, the additional RVL screening region dopant
is implanted as part of the dual screening regions fov
both the PMOS RVt and HVEt devices and both LVt and RVt
devices are then masked to allow for a still further HVT
screening region implant for the HVEL devices only. For
this embodiment, the implant condition for the first
screening region dopant is selected to provide the tavget
threshold voltage for the PMOS LVt devices, the implant
conditiona of the additicmal RVt and the additional HVL
dopants are selected such the combination of the first
screening region dopant and the additional RVL dopant
provides the target thresheold voltage for the RVL
devices, and the combination of all three screening
region dopants (i.e., the first screening region dopant,
the additiconal RVt dopant, and the additional HVt dopant)
provides the target threshold voltage for the HVL
devices. Other well implants such as the APT region
implant can be formed in the N-well before or after
implanting the screening region dopants in steps 1006,

1008, and 1016¢.
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After masking the N-well, the P-well 1s implanted at
step 1012. A first screening region dopant ig implanted
at step 1014 to form a firvst highly doped screening
region for the LVit, RVt, and HVt NMOS transistor device
Lypes. Typically, implant conditions for the first
gcreening region dopant are selected to provide the
target threshold voltage f£or the NMOS LVt transistor
device type. At step 1016, the NMOS LVt and HVL devices
are masked and an additional RVt screening region dopant
is implanted to form dual screening regions for the RVE
NMOE8 transistors. The implant conditions for the
additional RVt screening region dopant are selected such
that the combination of the firest screening region dopant
and the additicnal RVt screening region dopant provide
the target threshold voltage for the NMOS RVt device. AL
step 1018, the NMOS LVt and RVt devices arve masked and an
additional HVL sgcoreening region dopant 1s implanted to
form dual screening reglons for the HVL NMOS trangistors.
The implant conditions for the additional HVL screening
region dopant are selected such that the combination of
the first screening region dopant and the additional HVE
goreening vegion provide the target threshold voltage for
the NMOS HVE device. In altevnative embodiments, the
additional RVt screening region dopant is implanted as
part of the dual screening regions for both the NMOE RVU
and HVt devices and the NMOS Lvt and RVE devices are then
masked to allow for a still further scoreening region
implant for the NMOS HVEL devices only. For this
embodiment, the implant condition for the first screening
regicn dopant iz selected to provide the target threshold
voltage for the NMCOS LVt devices, the implant conditions

of the additional RVt and the additional HVL dopants ave
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selacted sguch the combination of the f£irst screening
region dopant and the additional RVt dopant provides the
target thresghold voltage for the NMOS RVt devices, and
the combination of all three screening region dopants
{i.e., the first screening region dopant, the additional
RVt dopant, and the additiomal HVL deopant} provides the
target threshold voltage for the NMOS HVE devices. Otheyr
well dimplants such as the APT region implant can be
formed in the P-well Dbefore or after implanting the
sereening region dopants in steps 1014, 1016, and 1018.
Next, at step 1020, a capping silicon epitaxial
layer i1is deposited/grown acrosg the entire substrate
using a process that does not include added dopant
gpeciss so that the resulting channel is sgubstantially
undoped and 1is of a resulting thickness tallored to
achieve the multitude of threshold voltages. Typically
the epitaxial ayer is 100% intrinsic silicon, bhut
gilicon germanium or other non-silicon in-situ deposited
atoma can also be added to the epitawxial laver either
across the substrate or a preselected device location
uging wmasks, though preferably the resulting material
from the epitaxial growth process 1g intrinsic in terms
of dopant-based polavity. For further adiustment of Vg,
a thermal cvoling can be used to cause a controlled oub-
diffusion of some of the screening region dopants.
Following epitaxial growth, at step 1022, shallow trench
izmolation {87TI) structures are formed. In steps 1024 and
10206, gate structures, SPAaCers, contacts, stress
implants, tensile films, dielectric coatings, and the
like are then formed to establish structures for operable
transistors. The processes used to form the various

gtructures are genevally conventional, though within a
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defined thermal cycle and with appropriate adjustments to
conventional process recipes to  comprehend reduced
temperatures from otherwise high-temperature steps. In
gome devices, optionally, additiomal channel dJdoping can
be done using halo implants and/or traditiconal channel
implants to render such devices conventional as opposed
Lo DR, It shall further be noted that the exemplary
dopant profiles can be achieved wuging alternative
processes, Although the process sequence of doping the
screening  region followed by forming the epitaxial
undoped layer may be preferred, other processes can be
used, for instance providing an undoped semiconductor
region and then performing ion implantation at selected
higher energies to drive the dopants down a depth through
the undoped semiconductor region to achieve the exemplary
dopant profiles, A Ffurther alternative process is to
replace ion implantation with in-situ doped epitaxial
growth to achieve the doped screening regions followed by
deposition of semiconductor material to create the
desired dopant profiles having the screening regionsg
embedded a depth below the gate.

FIGURE 112 iilustrateg a dopant profile 1100 for a
DDC  transistor having dual APT regions and a single
screening region. FIGURE 11B illustrates a structure
1120 with the dual APT regions 1105 and 1110 and the
single screening region 1115 underlying an undoped
channel 1102. The dopant profile 1100 includes two APT
region implants having dopant profiles that form the dual
APT regions 1105 and 1110. The dopant profile 1100 also
includes a single scoreening veglon implant having a
dopant profile that form the single screening wregion

1115, Typically, the peak dopant concentration of the
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APT rvegion implant positiconed closest to the screening
region, i.e. the dopant profile for APT region 1105, is
greater than the peak dopant concentraticn of the APT
region implant for APT regilon 1110 that i1s positioned
deeper in the substrate. However, in alternative
embodiments, the peak dopant concentration ©f the dopant
prafiles for APT region 1105 and APT vregion 1110 can be
approximately the same. Though shown as adjacent and in
contact with one another, APT regions 1105 and 1110 and
screening region 1115 may be spaced apart from each other
as desirved.

FIGURE 11C illustrates a dopant profile 1150 for a
PDC transistor having dual APT regions and dual screening
regionsg. FIGURE 11D illustrates a sgtructure 1180 with
the dual APT regions 1155 and 1160 and the dual screening
regiong 116% and 1170 underlying an undoped channel 1182,
The dopant profile 1150 includes twoe APT region implants
having dopant profiles that form the dual APT regions
1155 and 1160. The deopant profile 1150 alsce includes two
screening region implants having a dopant profile that
form dual screening regions 1165 and 1170, The dual APT
regions 1155 and 116¢ can be combined with a single ov
dual {oy triple or morse)} screening regions, in
combinations of wvarying peak dopant concentrations, in
embodimentg that are not shown herein. Froper selection
of the dual APT region dose and energy condition allows
the APT region to perform its primary functicen of
preventing deep punchthrough between the source and drain
regions {(which would pinch-off the screening region
isclating the sorveening vregion from the body bias
voltage) while wminimizing the junction leakage that can

be caused by excesgsive screening region and APT region
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implant dose, A single APT region implant controlsg the
pinch-off performance through increased dose at a penalty
of higher junction leakage from the increased APT region
peak concentration. A wider APT region made from Lwo
separately optimized implants can be even more effective
at protecting against pinch-off than a single APT region
implant and allows the peak concentration £for each
implant to be lower than the equivalent single APT region
implant resulting in overall lower leakage. Though shown
as adjacent and in contact with one another, APT regions
1155 and 1160 and screening regions 1165 and 1170 may be
spaced apart from each cother as desired.

Por the dual APT region dopant profiles i1llustrated
in FIGUREs 131A and 11C, the deep APT region implant
corresponding to the dopant profiles of APT regions 1110
and 1160 can assist the respective screening regiong by
controlling the depletion region generated by the
operational voltage and, therefore, preventing the
respective screening regions from being pinched off by
the depletion region. Preventing the pinch off of the
screening regions allows the screening regions to be
biased by a body bias voltage applied to the trausistor
tody . Typically the peak concentration o©f the deep APT
region implant {i.e. dopant profiles of APT regions 1110
and 1160} i1s selected based on a predetermined range of
body bias voltages to be applied to the DDC transistor
such that the selected peak concentrabion prevents
screening region pinch off for the predetermined range of
body bkias  veoltages. Typically the peak  dopant
concentration of the shallow APT region dwmplant {(i.e.

dopant profiles for APT regions 1105 and 1158) is
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selected to be lower than the peak screening region
dopant concentration.

One of the advantages of usging dual APT regions is
that the lower peak dopant concentration in the dual APT
region structure as compared to that of a single APT
region helps to  reduce Jjunction leakage that wmay
otherwige be present in a DDC device. Further, when dual
APT regions are used, the device can wmore readily be
desioned with a reduced peak concentration screening
region, either as a single screening region or dual
screening regions, which provides advantages of reduced
‘unction leakage. Having two implanted APT regions more
readily allows for a continuum of doping extending from
the gcoreening region down through the device to the well.
In contrast, a single implanted APT region generally has
a tighter Gaussian distribution. The tighter Gaussian
distribution makes for a potential pocket of wvery low-
doped area between the screening vegion and the single
APT vegilon, Such a pocket that is very low in dopants
esgentially separates the screening region £rom the APT
region, rendering the APT reglon less effective. The
dual APT regions can also be combined with diffusion
mitigation techniques, for instance Ge preamorphization
implants (PAI} with carbon implants. with diffusion
mitigation technigues, & selected target APT region
dopant profile can be achieved using lower implant doses
to form wider implanted region dopant profiles ag a

gtarting point, because the implanted APT vegion dopantsg

o

re less apt to diffuse and spread during subseguent
thermal steps.
FIGUREs 12A-12C illustrate threshold voltage as a

function of gate length for DDC transistors having single
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and dual APT rvegions formed using different dimplant
conditions. FIQURE 122 illustrates the changes in
thresheld voltage as a function of drawn channel length

for a transistor having a drawn width of 1 pm at a body

(31

bias wvoltage of 0.3 wvolts. FIGURE 12B illustrates the

difference between the thresheld voltage at a body bias

voltage of 0 volts and at a body bias voltage of 0.3

volts as a functicon of drawn channel length for a DDC

transistor having a drawn channel width of 1 pm., FIGURE

10 12¢ is an expanded version of a portion of the curves

illustrated in FIGURE 128. FIGUREs 128 and 12C provide a

measure of the changes in the body coefficient as a

function o©f the drawn channel length. The threshald

voltages corresponding to four different APT region

15 implant conditiong are illustrated in these figures - (i)

single dimplant APT region formed by implanting Sbh at 180

keV using a dose of 0.9 x 107 atoms/owm®, (i1) single

implant APT region formed by implanting Sk at 130 keV

using a dose of 0.9 x 10" atoms./ow’, (iii) single

20 implant APT region formed by implanting Sb at 130 keV

using a dose of 1.2 x 10V atoms/cn®, and {iv) dual APT

regions formed by a first implant of Sk at 130 keV using

a doge of 0.6 x 10" atoms/om® and a second implant of Sb

at 80 keV using a dose of 1.2 xz 10Y atoms/om®. T is

25 noted from FIGUREs 12A-12C that the lowest Vt roll-off is

obtained for the dual APT regiong., FIGUREs 12A-12C ghow

that dual APT regions can yesult in lower threshold
voltage roll-off (VE roll off).

FIGURE 13 illustrates the body ceoefficient for PMOS

30 LVt transistors having single and dual Sb APT regions.

It is noted that the PMOS transistors having dual AFT

regiong have a higher body ccefficient at a body bias



(921

10

|38
%3]

WO 2014/004606 PCT/US2013/047767

voltage of -0.3 V {labeled Body Factor) as compared to
the PMOS transistors having a gingle implant APT region.

FIGURE 14 illustrates the body coefficient for NMOS
LVt transistors having single and dual koron (B} APT
regions. It is noted that the KNMOS transistors having
dual APT regions have a higher body coefficient at a body
biag voltage of 0.3 V {labeled Body Factor} as compared
to  the NMOS trangistors having a single implant APT
reglion.

FIGUREs 154 and 158 illustrate that dual APT regions
have an effect on body coefficient for NMOS DDC
trangistor devices for given screening region conditions.
FIGUREs 152 and 15B illustrate the median threshold
voltage for NMOS transistors of various widths as a
function of four different applied body bias voltages - 0
volts, 0.3 volts, 0.6 volts, and 0.9 volts. It is noted
that for all channel widths, the NMOS transistors having
dual APT vegions have & higher beody coefficient compared
to NMOS transistors with single APT regions as indicated
by the threshold voltage response for varying applied
body bias voeltage. In addition, the threshold voltage of
dual APT NMOS transistors varies less in response to the
appiied body bias voltage for smaller channel widths,
indicating an iwproved narrvow-2 effect in the DDC devices
having the dual APT regions.

PICUREs 16A and 188 illustrate that dual APT regions
can provide an enhanced body ceefficient for PMOS
transistor devices for given screening rvegion conditions.
FIGUREs 16A and 18R illustrate the wmedian threshcld
voltage for PMOS transistors of wvarious widths as a
function of four different applied body bias veltages - 0

volte, 0.3 volts, 0.8 volts, and .9 volts. It is noted
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that for all channel widthes the PMOS transistors having
dual APT regions have a higher body coefficient compared
to PMOS transistors with single APT vegions as indicated
by the threshold voltage response for wvarying applied
boedy bias voltage. In addition, the threshold voltage of
dual APRT PMOS transistors varies less in response to the
applied body bias voltage £for smaller channel widths,
indicating an improved narrow-2 effect in the DDC devices
having the dual APT regions.

in one embodiment, & tavget LVt transistor device
type having a tarvget threshoeld voltage of 0.38 V can be
achieved using screening regicn implant dose of 5 =z 10°%°
atoms/om” for a transistor using dual APT regions {(where
the dual APT regions are formed with a first 8k implant
at 80 keV using a dose of 1.2 =z 10% atoms/owm® and a
second Sk implant at 130 keV using a dose of 1.2 X 10
atoms/om®) as compared toe a higher scoreening region dose
of 8 x 10 stoms/ow’® for a transistor using a single APT
region (where the single APT rvegion is formed with an Sb
implant at 130 keV using a dose of 1.2 x 10" atoms/om®}.
In addition, the body factor of the dual APT LVt
transistor iz higher compared teo that of the single AFT
LVt transistor, &85 az comparvred o 60 vespectively, where
the body factor is measured at a body bias voltage of -
6.3 V. In an alternative embodiment, & Larget SVt
transistor device type having a target threshold voltage
of 0.46 V can be achiesved using a screening region
implant dose of 1.2 x 10% atoms/cw® for & transistor
using dual APT regions (where the dual APT regions are
formed with a first Sk implant at 80 keV using a dose of
1.2 x 10 atoms/om? and a second Sb implant at 130 keV

using a dose of 1.2 x 10 atoma/ow®} as cowparsd to a
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higher screening region dose of 1.4 % 10% atoms/cm® for a
transisteor using a single APT region {where the single
APT region is formed with an Sb implant at 130 keV using
a dose of 1.2 x 10Y atoms/em®). The body factor of the
dual APT SVt transistor is alsc higher compared to that
of the single APT 8Vt transistor, %6 as compared to 85
respectively, where the body factor is measured at a body
bias voltage of -0.3 V.

Trangistors coreated according to the foregoing
embodiments, structures, and processes can be formed on
the die alone or in combination with other transistor
types. Transistors formed according to the disclosed
structures and processes can have a ryeduced mismatch
arising from scattered or random dopant variations asg
comparsad to conventional MOS8 analog oY digital
transistors. This ig particulariy important  for
transistor circuits that rely on closely matched
transistors for optimal operation, including differential
matching circuits, analog amplifying circuits, and many
digital civcuits in widespread use such as SRAM cells.
Variation can be even further reduced by adoption of
structures such as a screening region, an undoped
channel, or a threshold voltage set region as degoribed
herein to further effectively increase headroom which the
devices have o operate. Thigs allows high-bandwidth
electronic devices with improved gsensitivity and

performance.

in SUMMAry, & dual-screen noc transistor 18
dizclosed. There is provided a transistor device having

a gate, a doped source and drain region on either side of
the gate and embedded in the substrate, for which the

substrate comprises a substantially undoped epitaxial
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laver (prior to the formation of the socurce and drain

regiong), & first heavily doped region doped with dopants

of opposite peolarity as the source and drain dopants, the

first heavily doped region recessed a vertical distance

5 down from the bottom of the gate at a depth of 1/1.% to

1/5 times the gate length, and a second heavily doped

region adjacent to the first heavily doped region,

wherein the second heavily doped region is alsc of the

opposite polarity as the source and drain dopants, the

10 second heavily doped region which may have a higher ov

lower concentration of dopants than the first heavily

doped region and may abut the first heavily doped region,

In addition, there may be one or more separvately doped

ragions alsgo of the opposite polarity as the source and

15 drain dopanteg to serve as anti-punch through. Variations

in  the location, numbexr  of regions, and dopant

concentrations allow for a substrate to include multiple
trangistors with differing threshold voltages.

Although the present disclosure has been described

20 in detail with reference to a particular embodiment, i1t

should be understood that wvarious other <hanges,

substitubions, and alterationg may be made hereto without

departing from the spirit and scope of the structures and

methods digcelosed herein. Numercus other changes,

8]
Ut

substitutions, variations, alterations, and modifications
may be ascertained by those skilled in the art and it is
intended that the present disclosure encompass all such
changes, subgtitutions, variations, alterations, and
modifications as falling within the spirit and scope of
30 the structures and methods discloged herein, Moreover,
the present disclosure is not intended to be limited in

any way by any statement in the specification.
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WHAT I8 CLAIMED I3:

1. A sgemiconductor integrated circult having a
plurality of transistor devices fabricated on a substrate
surface to support a plurality of threshold voltages, the
transistor devices each having a gate with a scurce and a
drain on either side of the gate, comprising:

a first transistor device region having a first
screening region with a first preselected doping
concentration and first thickness and set to be a first
praedefined depth below the aubstrate surface;

a second transistor device region having a second
screening region with a second doping concentration and
second thickness and second depth, wherein the second
thickness and second depth are substantially similar to
the first screening region but the second doping
concentration is higher than the first doping
concentration; and

a third transistor device regilon having a third
gereening region with a third doping concentration and
third thickness and third depth, wherein the third
thickness and third depth ave substantially similar to
the second screening vrvegion but the third doping
concentyration is higher than the second doping
concentration;

wherein each of the first, gecond, and third
transistor device regions are covered by a substantially
undoped layer to form a channel;

wherein each of the first, second, and third
trangistor device regions extend laterally across the
length of the channel and abut the socurce and drain;

wherein each of the Ffirst, sacond, and thixd

transistor device regions are located to be below the
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surface of the substrate at a distance of at least 1/1.5
times a length of the gate and above the bottom of the
source and drain to which each of the transistor device
regionsg abuts.

2. The semiconductoer structure of Claim 1, wherein
the second transistor device region further inciudes a
fourth screening region adijacent to the second screening

region to form a dual screening structure.

3. The semiconductor gtructure of Claim 1, wherein
the third transistor device regilon further dncludes a
fifth screening rvegion adijacent to the third screening

region to form a dual screening structure.

4. The semiconductor structure of Claim 1, wherein
sach of the first, sgecond, and third transistor device
regiong each include a first antipunchthrough region

underlying each respective screening region.

5. The semiconductor structure of Claim 4, wherein
at least one of the first, second, and thiyxd transistor
device regions includes a second antipunchthrough region

underlying the first antipunchthrough regiomn.

&. The semiconductor structure of Claim %, wherein
the first antipunchthrough region is in contact with the

second antipunchthrough region.
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7. The semiconductor structure of Claim 5, wherein
the first antipunchthrough region is in contact with the
first screening region of at least one of the £irst,

second, and third transistor device regions.

g. The semiconductor structure of Claim 2, wherein
the second screening region is in contact with the fourth

gscreening reagion.

g, The semiconductoy structurese of Claim 1, wherein
the substantially undoped laver comprises a blanket

apitaxial laver.

10. The semiconductor structure of Claim 9, wherein
at least one of the first, second, and third transistox
device regiona includes a channel that includes stress in

the channel crystalline structure.

13, A methed of fabricating & semiconductor
gtructure, comprising:

concurrently implanting in a substrate a first
screening rvegion for each of f£irsgt, second, and thirxd
transistor elements;

implanting in the substrate a second screenin
region for each o©f the sgecond and third transistor
elements, the second screening region in the second
transistor element having a different characteristic than
the second sgcreening region in the third transistor

element.

i2. The method of Claim 11, wherein the first

goereening rvegion 1is in contact with the second screening
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region of at least one of the second and third transistor

elements.

13, The method of Claim 11, wherein the second
screening region d1s implanted with a higher dopant
concentration in the third transistor element than in the
gecond transistor element to provide the differvent

characteristic.

14, The method of Claim 11, whereiln the gecond
screening region is implanted at a lesser depth in the
third transistor element than in the second transistor

element to provide the different charvacteristic.

15. The method of Claim 11, wherein the different
characteristic is provided by implanting in the substrate
an additional dopant into the second screening region of

the third transistor elsment.

18, The method of Claim 15, wherein the second
screening region ig  concurrently implanted in  the
substrate for each of the second and third transistor

elements.

17. The method of Claim 11, further comprising:
forming a channel layer on the substrate for each of
the first, second, and third transistor elements by a

blanket epiltaxial growth.
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18, The method of Claim 11, further comprising:

concurrently implanting a first antipunchthrough
region for each of the firasg, gsacond, and third
trangistor elements;

concurrently dmplanting a sescond antipunchthrough
rvegion for each of the first, gacond, and third
transistor eleamentse;

wherein the first and second antipunchithrough
regions underlie the respective screening regiong of the

firast, second, and third tranzistor elements.

19. The method of Claim 18, wherein the first
antipunchthrough area 1is formed in contact with the

second antipunchthrough area.

20, The method of Claim 18, wherein the second
antipunchthrough region is formed in c<contact with the

first screening region.
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