METHOD OF FABRICATING A SILICON TUNNELING FIELD EFFECT
TRANSISTOR (TFET) WITH HIGH DRIVE CURRENT TECHNICAL FIELD
[0001] The present disclosure relates generally to devices and methods of
fabrication of semiconductor devices, and more particularly to the fabrication
of tunneling field-effect transistors (TFETS) having high drive current. -1
BACKGROUND [0002] As conventional CMOS transistors are scaled down,
power dissipation due to off-state leakage current increases. In an effort to
reMERHONs PEWEABRTSIATING, AUINTSIHOOe | T ENNEL INGSEXESDTEEFECT
have been PTRANSEITRR aTERT }haVEd Do HEFHORRIVE I AGRBEREY e current
capability. Additional technical background information regarding TFETs may
be found in "Tunneling Field-Effect Transistors (TFETs) With Subthreshold
Swing (SS) Less Than 60 mVEGEENICASI, SN ELDet al., IEEE Electron Device
Letters, Vol. 28, No. 8, August 2007; "Double-Gate Strained-Ge
[ef¥dstilcturr FommalingIRET (FTPET) WithaRecordeighdDrive to devices and

methods of fabrication of semiconductor devices, and more
particularly to the fabrication of +tunneling field-effect

transistors (TFETs) having high drive current.



Currents and <60mV/dec Subthreshold Slope," Krishnamohan, Tejas, et al.,

IEEE 2008; "Impact of SOI, Sil_xGexOl and GeOl Substrates On CMOS

Compatible Tunnel FET Performance,” Mayer, F., et al., IEEE 2008; and

"Green Transistor - A VDD Scaling Path For Future Low Power ICs," Hu,

Chenming, et al., IEEE 2008, which are incorporated herein by reference.

[0003] Referring to FIGURE IA, there is shown a conventional TFET. Instead

of both source and drain regions having the same conductivity type (e.g.,

P-type or N-type) as done in corRROHGRIUNIDSFETS, the TFET is

constructed to include a P+ type drain/source -2 and N+ type source/drain in

[Q@60B3trates Asomiltdetappretiate)a toaventidnal I FEE mayedctdasieither goower

p-channel or n-channel depending on the gate voltage value. [0004]
dissReferfing todRIS URE B amd 4Cs inlthe IGKR-state; the tgagediiasiveltage In an

(Vgs) is zero with insufficient band bending to allow tunneling. In this state,
effothe |¢akagedurentisiextremedy lovwwaadivdaeto thevdvifedfuminofine 1d effect

carriers (similar to that of a reverse biased P-I-N diode). In the ON-state
tran@gggnygthFET) have been proposed because of the extremely low

off-state leakage current capability. Additional technical
background information regarding TFETs may be found in “Tunneling
Field-Effect Transistors (TFETs) With Subthreshold Swing (SS) Less
Than 60 mV/dec,” Choi, W.Y., et al., IEEE Electron Device Letters,
Vol. 28, No. 8, August 2007; “Double-Gate Strained-Ge
Heterostructure Tunneling FET (FTET) With Record High Drive

Currents and <60mV/dec Subthreshold Slope,” Krishnamohan, Tejas, et
al., IEEE 2008; “Impact of SOI, Si;_4GeyOI and GeOI Substrates On
CMOS Compatible Tunnel FET Performance,” Mayer, F., et al., IEEE

2008; and “Green Transistor - A Vpp Scaling Path For Future Low

Power ICs,” Hu, Chenming, et al., IEEE 2008, which are incorporated
herein by reference.

[0003] Referring to FIGURE 1A, there is shown a conventional
TFET. Instead of both source and drain regions having the same
conductivity type (e.g., P-type or N-type) as done in conventional

MOSFETs, the TFET is constructed to include a P+ type drain/source



the P+ source grounded and the N+ drain at a fixed positive bias), the gate
induces sufficient band bending resulting in a reduction of the tunneling
barrier width to less than 5 manometers (nm). This leads to substantial
band-to-band tunneling of electrons from the valence band of the P+ source
region to the conduction band of the N+ drain region. [0005] Advantages of
conventional TFETSs include a sub-60 mV subthreshold slope, low off-state
leakage current, control of short channel effects, and an intrinsic channel
and that mipenizesany Gopant fluctaatiomissueseln contrastl theomaippreciated, a
disadvantage of conventional TFETSs is the low drive current because the
conveurteéninefigirngtes from pard:to-band tunneding. én qthetwords] thedrive-channel
current (drain current 1d) capability of conventional TFETs is much -3 lower
depethdnrcpnyentibral MOS FET St FYBUREL2 dlustrates a general comparison of
the Id-Vg curves between a conventional TFET and conventional MOSFET.
[@008] TBedcreade thetdriveIctvRIng, itlFasdyesen]siopaseditbeutiliZzé-state, the

silicon-germanium (SiGe) in the source region near the
gage bias voltage (Vgs) is zero with insufficient band bending to

allow tunneling. In this state, the leakage current is extremely
low and is due to the drift of minority carriers (similar to that
of a reverse biased P-I-N diode). In the ON-state (usually with
the P+ source grounded and the N+ drain at a fixed positive bias),
the gate induces sufficient band bending resulting in a reduction
of the tunneling barrier width to less than 5 nanometers (nm).
This leads to substantial band-to-band tunneling of electrons from
the valence band of the P+ source region to the conduction band of
the N+ drain region.

[0005] Advantages of conventional TFETs include a sub-60 mV
subthreshold slope, low off-state leakage current, control of short
channel effects, and an intrinsic channel that minimizes any dopant
fluctuation issues. In contrast, the main disadvantage of
conventional TFETs 1is the low drive current because the current
originates from band-to-band tunneling. In other words, the drive

current (drain current Id) capability of conventional TFETs is much



tunneling region. FIGURES 3A, 3B and 3C illustrate the typical tunneling
width for silicon and SiGe in the source region. As shown in FIGURE 3B, the
increase in the valence bandgap (Ev) resulting from a SiGe source region
decreases/narrows the tunneling barrier width. However, because
conventional SiGe processes usually result in a gap or space between the
SiGe source region and the gate stack due to an offset spacer, the tunneling
barrier width is still determined by the valance bandgap of silicon (in the
lowecharinet). nctusion obthelspacer gap causescaRincleasel(showatass LE) reneral
the tunnel barrier width - effectively negating most of the benefits gained by
compatilizegnSiGe it e ol regionv §600%¢ Aecermdinglyctheve isca oeed fOredil and
improved TFET structure (and method of fabricating) having increased drive
conveurtentrcapabiilities. -4 SUMMARY [0008] In accordance with one
embodiment, there is provided a method of forming a tunneling field effect
[OGF61]) seicomdisctere detice IThHe enethiod ficiudestprovidingeesubisiepesed to
comprising a
utilize silicon-germanium (SiGe) in the source region near the

tunneling region. FIGURES 3A, 3B and 3C illustrate the typical
tunneling width for silicon and SiGe in the source region. As
shown in FIGURE 3B, the increase in the wvalence bandgap (Ev)
resulting from a SiGe source region decreases/narrows the tunneling
barrier width. However, because conventional SiGe processes
usually result in a gap or space between the SiGe source region and
the gate stack due to an offset spacer, the tunneling barrier width
is still determined by the wvalance bandgap of silicon (in the
channel). 1Inclusion of the spacer gap causes an increase (shown as
Lyg) in the tunnel barrier width - effectively negating most of the
benefits gained by utilizing SiGe in the source region.

[0007] Accordingly, there 1is a need for an improved TFET
structure (and method of fabricating) having increased drive

current capabilities.



first substrate material and providing a gate structure on the substrate, the
gate structure comprising a gate and a gate dielectric. A drain region of a
first type is formed adjacent the gate structure and a source region of a
second type is formed adjacent the gate structure, wherein at least a portion
of the source region is positioned underneath the gate dielectric such that
the gate dielectric overlaps the source region. [0009] In accordance with
another embodiment, there is provided a tunneling field-effect transistor
(TFET) having a substrate, a gateSSIMMAR®E on the substrate, the gate
structure comprising a gate and a gate dielectric, a drain region of a first type
[ada8ant! thesgatestiuctige waridha soarcemregibimeira: sedonertype adpcentided a
the gate structure, wherein at least a portion of the source region is
me t hpgsitiohed andengeath thergeaté diafectne sdcrethae the gatéEdielestiviconductor
overlaps the source region. [0010] In yet another embodiment there is
devipgrvidedzemathod ot fabrdatitesa tnpeling fieldaeffecbpansistor CREEPE)Lsing a

device. The -5 method includes providing a substrate having a first substrate
first substrate material and providing a gate structure on the

substrate, the gate structure comprising a gate and a gate
dielectric. A drain region of a first type is formed adjacent the
gate structure and a source region of a second type is formed
adjacent the gate structure, wherein at least a portion of the
source region 1is positioned underneath the gate dielectric such
that the gate dielectric overlaps the source region.

[0009] In accordance with another embodiment, there is provided
a tunneling field-effect transistor (TFET) having a substrate, a
gate structure on the substrate, the gate structure comprising a
gate and a gate dielectric, a drain region of a first type adjacent
the gate structure, and a source region of a second type adjacent
the gate structure, wherein at least a portion of the source region
is positioned underneath the gate dielectric such that the gate
dielectric overlaps the source region.

[0010] In yet another embodiment there is provided a method of

fabricating a tunneling field-effect transistor (TFET) device. The



material and forming a gate structure thereon, the gate structure comprising

a gate and a gate dielectric. A drain region of a first type is formed adjacent

the gate structure and an intermediate source region is formed adjacent the

gate structure. At least a portion of the source region is positioned

underneath the gate dielectric such that the gate dielectric overlaps the

source region. The method includes selectively removing substantially all of

the intermediate source region and forming a cavity positioned beneath the
methgate tietéctrie and disposed dhetweenithe sabstrateand dhe gatédiglecitibstrate

and exposing a portion of the substrate. A first source region is formed on
mat etheadxposed portromgf theg stibstrate anduar seddreksaurce tégiogas forateducture

above the first source region, with the second region of a second type
compdiffererst fropethe fasttypeyatherdircdideastia onefofarportioncafithe filsta first

source region and a portion of the second source region is disposed within
typethe savityr JGOL 1 pOikeraatchnide fentires afaydsd realilpagparent toopemediate

skilled in the art from the following figures, descriptions, and claims.
source region is formed adjacent the gate structure. At least a
portion of the source region 1is positioned underneath the gate
dielectric such that the gate dielectric overlaps the source
region. The method includes selectively removing substantially all
of the intermediate source region and forming a cavity positioned
beneath the gate dielectric and disposed between the substrate and
the gate dielectric and exposing a portion of the substrate. A
first source region 1is formed on the exposed portion of the
substrate and a second source region is formed above the first
source region, with the second region of a second type different
from the first type, wherein at least a one of a portion of the
first source region and a portion of the second source region is
disposed within the cavity.

[0011] Other technical features may be readily apparent to one

skilled in the art from the following figures, descriptions, and

claims.



-6 BRIEF DESCRIPTION OF THE DRAWINGS [0012] For a more complete

understanding of the present disclosure, and the advantages thereof,

reference is now made to the following descriptions taken in conjunction with

the accompanying drawings, wherein like numbers designate like objects,

and in which: [0013] FIGURES IA, IB and 1C illustrate a conventional

tunneling field effect transistor (TFET) and representations of the OFF and

ON states of the TFET, respectively; [0014] FIGURE 2 illustrates a general

comparison of theRIBERy DESGRIPATREN O cOEE: MRAWINEET and

conventional MOSFET; [0015] FIGURES 3A, 3B and 3C are diagrams

[D0gdtirigothe difference in tunneliag avidtiisder sitieornland SiGe in thesogrcesent

region of a TFET; [0016] FIGURE 4 is a cross-sectional view of TFET in
discaccordanceawithtthe paesent disttosurécarbO017EFE3WRES 54-50@we made to

cross-sectional views illustrating various steps of a method or process in
the accotdancenwith thegsreseitions taken in  conjunction with the
accompanying drawings, wherein like numbers designate like objects,
and in which:

[0013] FIGURES 1A, 1B and 1C illustrate a conventional tunneling
field effect transistor (TFET) and representations of the OFF and
ON states of the TFET, respectively;

[0014] FIGURE 2 illustrates a general comparison of the Id-Vg
curves between a conventional TFET and conventional MOSFET;

[0015] FIGURES 3A, 3B and 3C are diagrams illustrating the
difference in tunneling widths for silicon and SiGe in the source
region of a TFET;

[0016] FIGURE 4 is a cross—-sectional view of TFET in accordance
with the present disclosure; and

[0017] FIGURES b5A-5J are cross-sectional views 1llustrating

various steps of a method or process in accordance with the present

disclosure.



disclosure. -7 DETAILED DESCRIPTION [0018] Reducing the tunneling

barrier width and increases drive current (i.e., drive current Id). Increasing

band-to-band tunneling (BTBT) also increases drive current. It has been

determined that various structures and device modifications can be

implemented to increase drive current: (1) material having a lower Eg

(bandgap voltage) in the tunneling region, (2) an abrupt junction at the

tunneling region (for generating a higher E-field with more band bending), (3)

high doping concentratiorPETAZLEDURBIERDRATAON (4) positioning the

source region closer to the channel. [0019] The present disclosure provides

[A0HEIT éevioe {avd trhethodsrof falbcaton vath mecrsasedrdfivencureeritesndirive

other performance enhancements. Though these will be described
currkereinafter ssome @f theeadvantages of theé)presentldiscleswerare tirectet doband

the use of silicon channel instead of SiGe (increased reliability), the use of
tunngiGenin théddlite reyioh (otdmeesins drive current. It has been

determined that various structures and device modifications can be
implemented to increase drive current: (1) material having a lower
Eg (bandgap voltage) 1n the tunneling region, (2) an abrupt
junction at the tunneling region (for generating a higher E-field
with more band bending), (3) high doping concentration in the
source region, and (4) positioning the source region closer to the
channel.

[0019] The present disclosure provides a TFET device (and
methods of fabrication) with increased drive current and other
performance enhancements. Though these will be described
hereinafter, some of the advantages of the present disclosure are
directed to the use of silicon channel instead of SiGe (increased
reliability), the use of SiGe in the source region (not in drain
region), controlling SiGe profile to achieve higher drive current,
in-situ doped P+ SiGe source providing an abrupt junction and high
source doping concentration, and SiGe source with high Ge content

to achieve high drive current. As will be appreciated, not all



region), controlling SiGe profile to achieve higher drive current, in-situ doped
P+ SiGe source providing an abrupt junction and high source doping
concentration, and SiGe source with high Ge content to achieve high drive
current. As will be appreciated, not all -8 structures or methods described
herein are required to form the TFET of the present disclosure in order to
obtain increased drive current (or any other advantages described herein).
[0020] Referring to FIGURE 4, there is depicted a cross- sectional view of a
strutEETaevice stractusd 400 dermedidoriosra isubstraterid@uinaedordanc®rm the
with the present disclosure. The TFET 100 includes the substrate 110, a
TFETgate stack p2@,sesourdesegionutd0 andeardrain tegion140nThe gatestadkdrive
120 includes a gate 122 and a gate dielectric layer 124. The gate stack 120
currmay furherinclydersidendit spacerss(nde skhaowbrand theegate .122 may be
formed of polysilicon. As will be appreciated, the structures and regions
[RR0] iRthesFIGURE S are RtCdAWN to scalbwractdal forppandede for cross-—

illustrative purposes. [0021] In one embodiment, the substrate 110 is silicon,
sectagiiinl view of a TFET device structure 100 formed in or on a

substrate 110 in accordance with the present disclosure. The TFET
100 includes the substrate 110, a gate stack 120, a source region
130 and a drain region 140. The gate stack 120 includes a gate 122
and a gate dielectric layer 124. The gate stack 120 may further
include sidewall spacers (not shown) and the gate 122 may be formed
of polysilicon. As will be appreciated, the structures and regions
shown in the FIGURES are not drawn to scale or actual form, and are
for illustrative purposes.

[0021] In one embodiment, the substrate 110 is silicon, and in
other embodiments, it may include, for example, silicon-germanium,
silicon-on-insulator (SOI), or other suitable semiconductor
substrate materials, now known or later developed. The substrate
110 may include silicon (e.g., n-type, p-type, or no type) provided
in a single well or twin-well process, and may further include an
epitaxial layer.

[0022] In the embodiment shown, the source region 130 is formed



other embodiments, it may include, for example, silicon-germanium,
silicon-on-insulator (SOI), or other suitable semiconductor substrate
materials, now known or later developed. The substrate 110 may include
silicon (e.g., n-type, p-type, or no type) provided in a single well or twin-well
process, and may further include an epitaxial layer. [0022] In the
embodiment shown, the source region 130 is formed -9 of silicon-germanium
(SiGe) with p-type dopants (or impurities) and the drain region 140 is formed
of sofisiicon(autrcanidibe SiGeS withi rhtypetdapaniskurther( the sowrceiregian and
130 includes a first source region 134 of a first type and a second source
the rbgiom 132 of canseddnd typeoimende @mizadiment, thieirstsourde regibnd8y with
is undoped SiGe and the second source region 132 is P+ doped SiGe.
n-tyvje928pFhe seurcefegionst30 extendstora pointthatis kubstantialhes a first
underneath the gate dielectric layer 122. In one embodiment, the region 130
sourggtends tothd edge of #thd dicléctricriayend22 (aligieed). #ivanctheregion 132 of
embodiment, the region 130 extends beyond the edge, and to a point
a se@gmﬁnhym§Eweigzgqgvgmﬁﬁﬁgwent, the first source region 134 is

undoped SiGe and the second source region 132 is P+ doped SiGe.
[0023] The source region 130 extends to a point that 1is
substantially underneath the gate dielectric layer 122. In one
embodiment, the region 130 extends to the edge of the dielectric
layer 122 (aligned). In another embodiment, the region 130 extends
beyond the edge, and to a point beneath the layer 122 (overlapped).
In the overlapped configuration, the gate dielectric layer 122
overlaps or 1s overlapping the source region 130. Referring to
FIGURE 4, although the second source region 134 is shown as being
in the overlapped configuration, while the first source region 132
is shown as being aligned with the edge of the gate dielectric
layer 122, this is for illustration only. Other configurations may
be implemented, for example, in which a portion of the first source
region 132 is also disposed beneath the gate dielectric layer 122.
The amount of overlap suitable for providing benefits as described

herein vary depending on device parameters, such as doping

~10-



In the overlapped configuration, the gate dielectric layer 122 overlaps or is

overlapping the source region 130. Referring to FIGURE 4, although the

second source region 134 is shown as being in the overlapped configuration,

while the first source region 132 is shown as being aligned with the edge of
the gate dielectric layer 122, this is for illustration only. Other configurations
may be implemented, for example, in which a portion of the first source
region 132 is also disposed beneath the gate dielectric layer 122. The
concamouatdboveriapisiitableifok providing berefits mgtdescriied teeecirvandiment,
depending on device parameters, such as doping -10 concentration, oxide
the thickness rgatédendthOlnoore émbodimennt, tthe sourCecregionr136G peerldps..  In
with the dielectric layer 122. In another embodiment, the distance of overlap

anotiamgesiflor aheut 1 nmetocabout doemo n petanctherempodinmientptlkdoout 1 nm
overlap is about 2 nm. [0024] The positioning of the source region 130 at

to aleast partiatly undervedthahe gasr dieldendc layer 122 rediwcestthertunpefiiput 2
barrier width, thereby leading to a higher drive current.

nm.

[0024] The positioning of the source region 130 at least
partially underneath the gate dielectric layer 122 reduces the
tunneling barrier width, thereby leading to a higher drive current.

Also shown in FIGURE 4 is a dotted circle representing, generally,
the tunneling region of the TFET 100.

[0025] As will be understood, the TFET 100 may be formed using
conventional processes. Moreover, more than one TFET may be
fabricated on the substrate.

[0026] Now referring to FIGURES 5A-5J, there are shown cross-
sectional views of a process in accordance with this disclosure for
fabricating or forming the TFET 100. With specific reference to
FIGURE 2A, there is provided the substrate 110. The gate stack 120
is formed in accordance with well-known semiconductor fabrication
techniques. In the embodiment shown, the gate dielectric layer 122

may be silicon oxide and the gate 124 may be silicon nitride;

however, other material(s) may be utilized for these structures.

-11-



Also shown in FIGURE 4 is a dotted circle representing, generally, the
tunneling region of the TFET 100. [0025] As will be understood, the TFET
100 may be formed using conventional processes. Moreover, more than one
TFET may be fabricated on the substrate. [0026] Now referring to FIGURES
5A-5J, there are shown cross- sectional views of a process in accordance
with this disclosure for fabricating or forming the TFET 100. With specific
reference to FIGURE 2A, there is provided the substrate 110. The gate stack
As nd2edsgorvedirnsagcorsdanceanith weldemowwn(semiconducionfabricatidcronally be
techniques. In the embodiment shown, the gate dielectric layer 122 may be
consgilicart exide and the gate 124 may be silicon nitride; however, other
material(s) may be utilized for these structures. -11 As noted previously,
[S88WhlI Bpaeersingt showm)IAERBptiohallycbeneoristrgdted. [0027Fhe process
Referring to FIGURE 5B, a next step in the process includes doping certain
incliegions @b thesubsteate(these &illl eventudlly béthe Sobede/drain régionse will
130, 140 and are shown by

eventually be the source/drain regions 130, 140 and are shown by
dotted lines). N+ dopants are selectively introduced into the
substrate 110 to form an intermediate source region 502 and the
drain region 140. In one embodiment, the N+ dopants are introduced
using implantation; however, alternative doping processes known to
those skilled in the art may be utilized. It will be understood
additional thermal processing may be performed to diffuse the N+
dopant material within the substrate 110, as desired. In one
embodiment, implantation is performed in a substantially vertical
direction with respect to the substrate 110 (i.e., perpendicular to
the substrate). 1In another embodiment, implantation is performed
at an angle (i.e., tilted), as shown in FIGURE 5B, causing N+
dopants to disperse in a manner that forms at least a portion of
the intermediate N+ source region underneath the gate dielectric
layer 122. Any suitable angle and power for implantation may be
utilized to generate the desired distance of source/channel

overlap. In various embodiments, the angle is about 5 degrees or

-12-



dotted lines). N+ dopants are selectively introduced into the substrate 110 to
form an intermediate source region 502 and the drain region 140. In one
embodiment, the N+ dopants are introduced using implantation; however,
alternative doping processes known to those skilled in the art may be
utilized. It will be understood additional thermal processing may be
performed to diffuse the N+ dopant material within the substrate 110, as
desired. In one embodiment, implantation is performed in a substantially
greaverticall directipnewith respecttotthe substrateyl 10=(i.2( pesperehculartogtheater .
substrate). In another embodiment, implantation is performed at an angle
In @renftited), asishowndn FGURESB ) causingoN+ dbpantsrtoidispersenid a tilted
manner that forms at least a portion of the intermediate N+ source region
imp landerhéathstheagatbdielectrc layer 122. Any suitable angle and power for
implantation may be utilized to generate the desired distance of
[8048&/chahael duerlape INREFIORE mbodigehtsy the angleasiabdgsr 510 is
degrees or -12 greater, 10 degrees or greater, or may be 20 degrees or
formgreapeicrintdrotierémbodirent, Bdcombinationot verfidsl amistiitepyer 510 may

be a silicon oxide layer. The mask layer 510 is typically formed
by depositing oxide over the substrate 110 followed by mask
definition and etch (using conventional processes). After the mask
layer 510 is formed, the substrate surface is selectively etched to
remove the intermediate source drain region 502 (or at least a
substantial portion of it). This results in a cavity underneath
the gate dielectric layer 122, as shown in FIGURE 5D. In other
words, the gate dielectric layer 122 overhangs an empty volume
positioned between the substrate 110 and the gate dielectric layer
122.

[0029] Referring to FIGURES 5E, a layer of material is formed on
the exposed portion of the substrate 110 (which will eventually
form the source region 130). As will be appreciated, this layer of
material is the first source region 134 shown in FIGURE 4. 1In one
embodiment, the first source region or layer 134 is an epitaxial

layer of SiGe formed in-situ. The main purpose of the undoped SiGe

~13-



implantations may be used. [0028] Referring to FIGURES 5C and 5D, a mask
layer 510 is formed over the drain region 140, as shown. The mask layer 510
may be a silicon oxide layer. The mask layer 510 is typically formed by
depositing oxide over the substrate 110 followed by mask definition and etch
(using conventional processes). After the mask layer 510 is formed, the
substrate surface is selectively etched to remove the intermediate source
drain region 502 (or at least a substantial portion of it). This results in a
layecavityunderneathnthergatetdielectricdayierdl 22 asshowsn iNdHGMREHD51Ge . As
other words, the gate dielectric layer 122 overhangs an empty volume
willpositieped betveeen the babstiatbel] O-ard @ee gatecdietecttic tayerth22 lower the
[0029] Referring to FIGURES 5E, a layer of material is formed on the
tunneXposedysortios of thedsubstraie 100 {whicknwitl veatuatly fomm theseurde34 may
region 130). As will be appreciated, this layer of material is the first source
be fragimdl34 shoWhliARISUREaN T bneaemhbodimént; thefirst sodrederegigiferent
or layer 134 is an epitaxial layer of SiGe formed in-situ. The main purpose of
typetheQindopeeSiGe such as Ge, GeSn or SiGeSn.

[0030] Referring to FIGURE 5F, after the first source region
layer 134 is formed, another layer of material is formed above the
exposed portion of the layer 134 (which together will eventually
form source region 130). In one embodiment, the layer 132 1is
formed on the surface of the layer 134. As will be appreciated,
this second layer of material is the second source region 132 shown
in FIGURE 4. 1In one embodiment, the second source region or layer
132 is an epitaxial layer of SiGe formed in-situ with P+ species.
It is desirable to have a high germanium (Ge) concentration or
content within the second source region 132. In one embodiment,
the Ge concentration at this formation process is about 30% or
higher (e.g., Sig.7Gep.3). Other concentrations of Ge may be used,
such as about 20% or higher, or about 15% or higher. However, in
the formation of SiGe using a conventional selective epitaxial
growth (SEG) process, a concentration higher than about 30% may

result in undesirable dislocations.

—-14-



-13 layer 132 is to ensure the tunneling region is formed of SiGe. As will be
appreciated, the higher the Ge concentration, the lower the tunneling barrier
width. In other embodiments, the layer 134 may be formed in a different
manner, and may further include different types of material, such as Ge,
GeSn or SiGeSn. [0030] Referring to FIGURE 5F, after the first source region
layer 134 is formed, another layer of material is formed above the exposed
portion of the layer 134 (which together will eventually form source region
[033)1 In aneenbodimentpthedayeed3?2 ihdommen onthevwsurfacerdfdtisRayerr and
134. As will be appreciated, this second layer of material is the second
5F rsdurce megivr 18RshbwmatEIGURE 4: e ofié @nbodiment, thesedoitl (or re-
source region or layer 132 is an epitaxial layer of SiGe formed in-situ with P+
formgpecies. {tis debkabledtotave a highagermiatium (Ge) concentrdtion @fdditional
content within the second source region 132. In one embodiment, the Ge
procegrfcentraticniatthis $ormatibn process isaboutl800-dre highepf:g.profile and
Sio.7Geo0.3). Other concentrations of Ge may be used, such as about 20%
thicgnkighert or about 18¥earhighér. Howéver, iin various embodiments, the

thickness of layer 134 is about 5 nm or less, ranges from about 1
nm to about 4 nm, and in yet another embodiment, is about 2 nm.

[0032] It will be understood that the formation of the source
region 130 into the first source region 134 (undoped SiGe)
different from the second source region 132 (P+ SiGe) provides an
abrupt Jjunction in the tunneling region. The dopant gradient
should be relatively steep.

[0033] Referring now to FIGURES 5G and b5H, an amorphous
germanium layer 520 is formed over at least the source region 130
on the P+ SiGe layer 132. After formation, an anneal process 1is
performed that drives additional germanium into the P+ SiGe second

source region 132 to increase the Ge concentration (e.g., greater
than 30% when Sig 7Geg.3 is used). In one embodiment, the anneal

process 1is performed using laser irradiation. Laser annealing
induces surface melting of both amorphous Ge film and the SiGe

layer 132 underneath (a silicon substrate will not melt as its
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the formation of SiGe using a conventional selective epitaxial growth (SEG)
process, a concentration higher than about 30-06 may result in undesirable
dislocations. -14 [0031] As will be appreciated, the steps shown in FIGURES
5E and 5F relating to the formation of the SiGe layers 132, 134 (or re-
formation of the source region 130) may include additional processing, such
as etching to provide the proper profile and thickness to the layers 132, 134.
In various embodiments, the thickness of layer 134 is about 5 nm or less,
me 1 tranges fromt abeutiigheto alicuwt 4Gen,aand i8 et anotheéhembedimsnt,sis causes
about 2 nm. [0032] It will be understood that the formation of the source
interegiorf £88 into thetfirdtisourde regionntB4qunhdoped SiBe) rdifferens from the melt
second source region 132 (P+ SiGe) provides an abrupt junction in the
haviwpnelinyiggion. Ghedopast gradientn shold bemrelatival steeps {00333 tallizes
Referring now to FIGURES 5G and 5H, an amorphous germanium layer 520
epitigformed overat |6ast the Sourcevegionsl30 batke P4eSiGelagerl B3R AfRpneal

formation, an anneal process is
process can be controlled to selectively melt the layer 132, but

not the layer 134 (or not much) or Si substrate. This may be
achieved because the melting point of Ge is lower than that of the
layer 132 and the substrate. As a result, the second source region

132 is a P+ SiGe region with a Ge concentration greater than 30%.

[0034] Now turning to FIGURES 5I and 5J, the unreacted Ge
layer 520 is removed, and the silicon oxide mask layer 510 is
removed. The resulting device is the TFET structure 100 shown in
FIGURE 4. It will be understood that the gate stack 120 may be a
dummy gate stack which can be removed and a replaced with another
gate stack.

[0035] The order of steps or processing can be changed or wvaried
form that described above. Though not shown, additional devices
and structures are typically formed on/in the substrate along with
the TFET. It will be understood that well known process have not

been described 1in detail and have been omitted for brevity.
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performed that drives additional germanium into the P+ SiGe second source
region 132 to increase the Ge concentration (e.g., greater than 300 when
Sio.7Geo.3 is used). In one embodiment, the anneal process is performed
using laser irradiation. Laser annealing induces surface melting of both
amorphous Ge film and the SiGe layer 132 underneath (a silicon substrate
will not melt as its -15 melting point is higher than Ge and SiGe) This
process causes inter-diffusion of liquid Ge and silicon and results in a melt
Althbhavhg sokighél Gescapcentration] Ihermettdhen terteystakizes cepitaxialyterials
with the SiGe layer as a template. The laser anneal process can be
and epmtroleduecseléctivele predtitherlgyenti32 touti not tHeclayemd84{orphet may have
much) or Si substrate. This may be achieved because the melting point of
beenGdés lowidrd¢han thiat ofthes tayer 132 ahd she substraterAs d kesuitetheto these
second source region 132 is a P+ SiGe region with a Ge concentration
specgreater thamn80% L [0884] New trhingtotRIGURES 51 and'8d, lthelnfrattegpd by
Ge layer 520 is removed, and the silicon oxide mask layer 510 is removed.
thosthekddultish davied s tHetTFFET structure 100 shown in

[0036] It may be advantageous to set forth definitions of
certain words and phrases used throughout this patent document.

The terms “include” and “comprise,” as well as derivatives thereof,

rz 44

mean inclusion without limitation. The term “or” is inclusive,
meaning and/or. The phrases *associated with” and “associated
therewith,” as well as derivatives thereof, mean to include, be
included within, interconnect with, contain, be contained within,
connect to or with, couple to or with, be communicable with,
cooperate with, interleave, juxtapose, be proximate to, be bound to
or with, have, have a property of, or the like.

[0037] While this disclosure has described certain embodiments
and generally associated methods, alterations and permutations of
these embodiments and methods will be apparent to those skilled in
the art. Accordingly, the above description of example embodiments

does not define or constrain this disclosure. Other changes,

substitutions, and alterations are also possible without departing
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FIGURE 4. It will be understood that the gate stack 120 may be a dummy
gate stack which can be removed and a replaced with another gate stack.
[0035] The order of steps or processing can be changed or varied form that
described above. Though not shown, additional devices and structures are
typically formed on/in the substrate along with the TFET. It will be
understood that well known process have not been described in detail and
have been omitted for brevity. -16 Although specific steps, insulating

frommateriaksy condudciivé naterials cdnd-appardtuses derndeposHing @ntlietehingy the
these materials may have been described, the present disclosure may not

follimited tecfleses specifics, and others may substituted as is well understood
by those skilled in the art. [0036] It may be advantageous to set forth
definitions of certain words and phrases used throughout this patent
document. The terms "include" and "comprise," as well as derivatives
thereof, mean inclusion without limitation. The term "or" is inclusive,
meaning and/or. The phrases "associated with" and "associated
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therewith," as well as derivatives thereof, mean to include, be included
within, interconnect with, contain, be contained within, connect to or with,
couple to or with, be communicable with, cooperate with, interleave,
juxtapose, be proximate to, be bound to or with, have, have a property of, or
the like. [0037] While this disclosure has described certain embodiments and
generally associated methods, alterations and permutations of these
embodiments and methods will be apparent to those skilled in the art.
WHATAZSOrdLAIMERe ZBove description of example embodiments does not define
or constrain this disclosure. Other changes, substitutions, and alterations are
also possible without departing -17 from the spirit and scope of this
disclosufe, &stEfted by tHeFBlioWingicldimRnelg WHAT IS SLAMED1S: {TFET)
A method of forming a tunneling field effect (TFET) semiconductor device,
senigenABHorcSHiprsifRg: Providitty & abstratecompiising a first substrate

material; o . .
providing a substrate comprising a first substrate material;

providing a gate structure on the substrate, the gate
structure comprising a gate and a gate dielectric;

forming a drain region of a first type adjacent the gate
structure; and

forming a source region of a second type adjacent the gate
structure, wherein at least a portion of the source region is
positioned underneath the gate dielectric such that the gate

dielectric overlaps the source region.

2. The method in accordance with Claim 1 wherein the

substrate and drain region are formed of silicon and the source

region comprises silicon germanium (SiGe).
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providing a gate structure on the substrate, the gate structure comprising a

gate and a gate dielectric; forming a drain region of a first type adjacent the

gate structure; and forming a source region of a second type adjacent the

gate structure, wherein at least a portion of the source region is positioned

underneath the gate dielectric such that the gate dielectric overlaps the

source region. 2. The method in accordance with Claim 1 wherein the

substrate and drain region are formed of silicon and the source region

campriges sitieah gérmanium (SiGe)c€l 93t Fhe heethod ivhecerdante mwithng the

Claim 1 wherein forming the source region further comprises: forming a first
sourseurce gegionhavirtgea layenef urdoeped silicon germanium (SiGe); and

forming above the first source region a second source region having a layer

offdopedSiGe. 4 Thetmetlsod ireacceance witly Otaim 8 wheyein fopmingndoped

the
silicon germanium (SiGe); and

forming above the first source region a second source region

having a layer of doped SiGe.

4. The method in accordance with Claim 3 wherein forming the
second source region comprises epitaxially growing the undoped SiGe
layer and forming the first source region comprises epitaxially

growing the doped SiGe layer.

5. The method in accordance with Claim 4 wherein the

germanium concentration within the doped SiGe layer is greater than

about 20%.
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second source region comprises epitaxially growing the undoped SiGe layer
and forming the first source region comprises epitaxially growing the doped
SiGe layer. 5. The method in accordance with Claim 4 wherein the
germanium concentration within the doped SiGe layer is greater than about
20%. -20 6. The method in accordance with Claim 1 wherein forming the
source region further comprises: doping the source region with dopants of a
first type; selectively removing substantially all of the doped source region
and forming metavity positionedtoeneath the patel dietectricrtendebetweemtheg the
substrate and the gate dielectric; and epitaxially re-forming the source region
sourgsing & ieast Onetlayer obsilicorsgermanium (SiGe). 7. The method in
accordance with Claim 6 wherein epitaxially re-forming the source region
futthier comprises:formimgra first sourcelregmrehddng a layeriofundoped ;
silicon germanium (SiGe); and
selectively removing substantially all of the doped source

region and forming a cavity positioned beneath the gate dielectric
and between the substrate and the gate dielectric; and
epitaxially re-forming the source region using at least one

layer of silicon germanium (SiGe).

7. The method in accordance with Claim 6 wherein epitaxially
re-forming the source region further comprises:

forming a first source region having a layer of undoped
silicon germanium (SiGe); and

forming above the first source region a second source region

having a layer of doped SiGe.
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forming above the first source region a second source region having a layer

of doped SiGe. 21 8. The method in accordance with Claim 7 wherein

forming the source region further comprises: forming amorphous germanium

on a surface of the SiGe layer; and annealing the amorphous germanium to

drive germanium into the SiGe layer thereby increasing germanium content

of the SiGe layer. 9. The method in accordance with Claim 6 wherein doping

the source region further comprises: implanting the dopants at an angle such

that at [Bast semecaf the implantéardepants ar€ pasitiofiedibeneath thergateg the

dielectric. 10. The method in accordance with Claim 1 wherein forming the
sourseurce yegion furthérsgcomprises: sarming a layer of silicon germanium (SiGe);

forming amorphous germanium on a surface of the SiGe layer; and

afirealingdtheamarphogs germamamtoarive gevmaniten imfo tHee SiGe layer;
and

annealing the amorphous germanium to drive germanium into the

SiGe layer thereby increasing germanium content of the SiGe layer.

9. The method in accordance with Claim 6 wherein doping the
source region further comprises:
implanting the dopants at an angle such that at least some of

the implanted dopants are positioned beneath the gate dielectric.

10. The method in accordance with Claim 1 wherein forming the
source region further comprises:

forming a layer of silicon germanium (SiGe);

forming amorphous germanium on a surface of the SiGe layer;
and

annealing the amorphous germanium to drive germanium into the

SiGe layer thereby increasing germanium content of the SiGe layer.
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SiGe layer thereby increasing germanium content of the SiGe layer. -22 11.
A tunneling field-effect transistor (TFET) comprising: a substrate; a gate
structure on the substrate, the gate structure comprising a gate and a gate
dielectric; a drain region of a first type adjacent the gate structure; and a
source region of a second type adjacent the gate structure, wherein at least
a portion of the source region is positioned underneath the gate dielectric
such that the gate dielectric overlaps the source region. 12. The TFET in
adcordancewith«Claimy 11 hehietemfthecsulisteate andadrainiegion arerformedng :
of silicon and the source region comprises silicon germanium (SiGe). 13.
The FEEStmeaceprdance with Claim 11 wherein the source region further
comprises: a first source region having a layer of undoped silicon germanium
(SiGeYyadmd structure on the substrate, the gate structure
comprising a gate and a gate dielectric;
a drain region of a first type adjacent the gate structure;
and
a source region of a second type adjacent the gate structure,
wherein at least a portion of the source region is positioned

underneath the gate dielectric such that the gate dielectric

overlaps the source region.

12. The TFET 1in accordance with Claim 11 wherein the
substrate and drain region are formed of silicon and the source

region comprises silicon germanium (SiGe).

13. The TFET in accordance with Claim 11 wherein the source
region further comprises:

a first source region having a layer of undoped silicon
germanium (SiGe); and

a second source region having a layer of doped SiGe and

disposed above the undoped SiGe layer.
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a second source region having a layer of doped SiGe and disposed above

the undoped SiGe layer. -23 14. The TFET in accordance with Claim 13

wherein the germanium concentration within the doped SiGe layer is greater

than about 30%. 15. The TFET in accordance with Claim 13 wherein the

undoped SiGe layer comprises undoped epitaxial SiGe and the doped SiGe

layer comprises epitaxial SiGe having P-type dopants. -24 16. A method of

fabricating a tunneling field-effect transistor (TFET) device, the method

comprising:. providing & substratescamprising @ firstcsubsfratenmaterialierein the

forming a gate structure on the substrate, the gate structure comprising a
germgatevancagate dieléctoic; fornhng atdrainiregion 9f @dirdttype adjaceridher than

gate structure; and forming an intermediate source region adjacent the gate
aboustrudttire, wherein at least a portion of the source region is

15. The TFET in accordance with Claim 13 wherein the undoped

SiGe layer comprises undoped epitaxial SiGe and the doped SiGe

layer comprises epitaxial SiGe having P-type dopants.
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positioned underneath the gate dielectric such that the gate dielectric
overlaps the source region; selectively removing substantially all of the
intermediate source region and forming a cavity positioned beneath the gate
dielectric and disposed between the substrate and the gate dielectric and
exposing a portion of the substrate; forming on the exposed portion of the
substrate a first source region; forming above the first source region a
second source region of a second type different from the first type; and
wherein at least a one of a portion of the first source region -25 and a portion
of the second source region is disposed within the cavity. 17. The method in
adcordancé witteClaim 16owhefeibthe fikst nsubsirate wnatefialnig silicop) theeffect
drain region is silicon, and the source region comprises silicon germanium
tran(Siced.r18( THelhethodiineaccordante it Claimet 2 wiheesin forming the

first source region further comprises epitaxially forming a
providing a substrate comprising a first substrate material;

forming a gate structure on the substrate, the gate structure
comprising a gate and a gate dielectric;

forming a drain region of a first type adjacent the gate
structure; and

forming an intermediate source region adjacent the gate
structure, wherein at least a portion of the source region is
positioned underneath the gate dielectric such that the gate
dielectric overlaps the source region;

selectively removing substantially all of the intermediate
source region and forming a cavity positioned beneath the gate
dielectric and disposed between the substrate and the gate
dielectric and exposing a portion of the substrate;

forming on the exposed portion of the substrate a first source
region;

forming above the first source region a second source region
of a second type different from the first type; and

wherein at least a one of a portion of the first source region
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doped SiGe layer, and wherein forming the second source region further
comprises epitaxially forming a doped layer of silicon germanium (SiGe). 19.
The method in accordance with Claim 17 further comprising: forming
amorphous germanium on a surface of the undoped SiGe layer; and
annealing the amorphous germanium to drive germanium into the SiGe layer
thereby increasing germanium content of the SiGe layer. -26 20. The method
in accordance with Claim 19 wherein the germanium concentration within the

and doped-SiGelayér isHesssthanndbeut30% priegicmannealingandsis@redtehin the
than about 30% after annealing. -27

cavity.

17. The method in accordance with Claim 16 wherein the first
substrate material is silicon, the drain region is silicon, and the

source region comprises silicon germanium (SiGe).

18. The method in accordance with Claim 17 wherein forming
the first source region further comprises epitaxially forming a
doped SiGe layer, and wherein forming the second source region
further comprises epitaxially forming a doped layer of silicon

germanium (SiGe).

19. The method in accordance with Claim 17 further
comprising:

forming amorphous germanium on a surface of the undoped SiGe
layer; and

annealing the amorphous germanium to drive germanium into the

SiGe layer thereby increasing germanium content of the SiGe layer.
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20. The method in accordance with Claim 19 wherein the
germanium concentration within the doped SiGe layer is less than
about 30% prior to annealing and is greater than about 30% after

annealing.
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