METHOD OF FABRI CATI NG A SI LI CON TUNNELI NG FI ELD EFFECT TRANSI STOR
(TEET) WTH SI GN DRI VE CURRENT TECHNI CAL FI ELD [ 0001] The present
di sclosure relates generally to devices and nethods of fabrication of
sem conductor devices, and nore particularly to the fabrication of
tunneling field-effect transistors (TFETs) having high. drive
current. BACKGROUND [ 0002] As conventional CMOS transisors are
scal ed down, power dissipation due to off-state |eakage cu increases,
In an. effort to reduce this power consunption, tunneling field
effect transistors (TFET) have been proposed because of the extrenely
| ow of f-state Ieak%ﬁ§ current capablllt Add |onal technical
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[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.



Het erostructure Tunneiing FET (FTET) Wth Record nigh Drive Currents
and <60mv/ dec Subt hreshol d Sl ope,” Krishnamohan, Tejas, et. al., |IEEE
2008; '"Inpact of 501, Sil Ge, A and GeG Substrates On CMOS

Conpati bl e Tunnel FET Performance," Mayer, F., et al., |EEE 2006; and
"Green Transistor - A VIDE, Scaling Path For Future Low Power 1Cs,"
Hu, Chenm nn, et al., |EEE 2008, which are incorporated herein by

ref erence. [ 0003] Referring to FIGURE 1A, there is shown a
conventional TFETInstead of both source and drain regions having the
sanme conduty type(e.g., P--type or Nas done in conventi onal

BACKGROUND

[0002] As conventional CMOS transistors are scaled down, power
dissipation due to off-state leakage current increases. In an
effort to reduce this power consumption, tunneling field effect
transistors (TFET) 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;_4GexOI 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 i1s 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



and. NA- type sourc/drain in a substrate. As will be appreciated, a
C...enventienal. TFET may act as either a p-channel or n -channel
dependi ng on the crate voltage val ue. [ 0004] Referring to FI GURES
113 and IC, in the OFF-state, the gage bias voltage (Vgs) is zero
with insufficient band bending to allow tunneling. In this state, the
| eakage current is extrenmely low and is due to the drift of mnority
carriers (simlar to that of a. reverse biased. P-I-N diode). In the
ON-state (usually with the Pe source grounded and the N-1.- drain at

a fixed positive bias), the gate induces sufficient band. bending
resulting in a reduction of the tunneling barrier width to | ess than
5 nanomBfeNs [YPANJOuri/sinadadsnt ® SWbstEitd-al ABandl t oRharPaArEFPng?
of electrons fromthe val ence band of the P+ source region to the
conducticomebandnet tTH&ET ' madd4acdr akh reeginer. @ P-COBOBELAdVANNacesnoel
conventional TFETs include a sub-60 n¥ subthreshold SLDpGe | ow

of f - st akechdakaggenctineentte comtraje ofalstrort channel effects, and an
intrinsic channel that m nimses any dopant fluctuation issues. In
contrast. ,[obbe]naknedi sagvant agevakscamventd argl . iMTFETs OBFtheateow the
drive current because the current. u ginates from band-to-band

tunnel ijage bRagt hercweedsygt hes dride curdrenindrfaiol cotr beati Bhding to
capabil'ity of conventional TFETs is nuch |ower than conventi onal
MOSFETS 1 1BlL,GIRER2 1 hhUst fAt €81 & - LanpartsSontheded Vg reurves betrefeay
conventional TPET and conventional . MOSFET. [ 0006] To i ncrease
the drijye %HBrggtdubtﬁ8a§hge§Pif%(%¥lmfﬁkﬂfﬁ%ﬂgéﬂfQ%rs (similar to that

si | i ooi mger mani um Get he source regi on near

of a reverse biased P-I-N diode). 1In 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 is 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



tunnel ing region. FI GURES 3A, 33 and 30 illustrate the typical
tunneling width for silicon. and SiGe in the source region. As shown
in FIGURE 33, the increase in the val ence bandgap (Ey) resulting from
a Si Ge source region decreases/narrows the tunneling barrier wdth.
However, because conventional Si Ge processes usually result in a gap
or space between the Si Ge source region and the ca e stack due to an
of fset spacer, the tunneling harrier width is still determ ned by the
val ance bandgar) of silicon the channel), Inclusion of the spacer gap
causes an increase shown as -s 11,9) in the tunnel

barriereffectively negating nost of the _
lower than conventional MOSFETs. FIGURE 2 illustrates a general

comparison of the Id-Vg curves between a conventional TFET and
conventional MOSFET.

[0006] To increase the drive current, it has been proposed to
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 valance bandgap of silicon (in the
channel). Inclusion of the spacer gap causes an increase (shown as
Ly) 1in the tunnel barrier width - effectively negating most of the
benefits gained by utilizing SiGe in the source region.

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

current capabilities.



benefits gained by utilizing SiGe in the source reg.on. [ 0007]
Accordingly, there is a need an inproved TFET structure and net hod of
fabricating) having increased drive current. capabilities, SUMVARY
[ 0008] In accordance with one enbodi ment, there is provided a nethod
ef formng a tunneling field. effect (TFET) sem conductor device, The
met hod includes providing a substrate conprising a first: substrate
material and. providing a gate structure on the substrate, the gate
structure conprising a. gate and a gate dielectric, A drain region of
a first type is fornmed adjacent the gate structure and a souxce
region ot a second type is fornmed adl acent the gate structure,
wherein at |east a. portion. uf t he> 888 Te region is positioned
underneath the gate dielectric such that the gate dielectric overlaps
the sour cd0P881 oA accorgpnof MWhtAcedfdaneediwneht anbbhe? EFmBEPHENTY 2
there is provided a tunneling field-effect transistor (TFET) having a
substratehod @dt & sstmrivet i et ome hensubsetat effepe gaAFETst pEREgPRIUCTOT
conprising a gate and a. gate dielectric, a drain region of a first
type adjcacent tHegatetistd uctauleleamevisburces r eghohr ofe acgeeohding a
type adjacent the gate structure, wherein at. |east a portion of the
sour ce friegitorsudss rpasi tnonred aindetdeat bvitengate oditel ectmia-uwsechon hate
the gate dielectric: overlaps the source region, (0010) In yet
anot hersuerbedicaent tidergtdes previdedea dmidodsiofg f abriggati nhda a gate
tunneling field-effect. transistor (TFET) device, The

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

gate structure and a source region of a second type 1is 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
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 formng a crate structure thereon, the gat_ structure
conprising a gate and a gate dielectric. Adrain region of a: 9

type is forned adj acent the gate structure and an internedi ate source
region is formed adjacent the gate structure. At |east a portion of
the source region ositioned underneath the gate dielectric such that
the gate dielectric overlaps the source region. The nethod incl udes
sel ectively renoving substantially all of the intenedxcsource region
and formng a cavity positioned beneath the gate dielectric and

di sposed between the substrate and the gate dielectric and exposing a
portion of the substrate. first source region is fornmed_on the
exposedepbPEi it afidere BibEtGdt% %nauQSEEgBﬁdhégﬁPEeE?eﬁﬁEﬁFi§u?§$¥ﬁﬁf
above the first source region, with the second region of a second
type dirpterént froOnfereiRgra 99te shifereint ahgreégdy &N6ngabf gtructure

portion of the
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 gate dielectric and disposed between the substrate and
the gate dielectric and exposing a portion of the substrate. A
first source region is formed on the exposed portion of the
substrate and a second source region 1is 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.



first source region and a portion of the second source region is

di sposed within the cavity. (0011] O her technical features may
be readily apparent to one skilled in the art fromthe foll ow ng
figures, descriptions, and clainms. BRI EF DESCRI PTI ON OF THE DRAW NGS
[0012] For a nore conpl ete understanding of the present scl osure,
and the advantages thereof, reference is now made to the fbil ow ng
descriptions taken in conjunction with the acconpanyi ng draw . ngs,
whr,rein |ike nunbers designate |ike objects, and in which: [0013]

FI GURES 11A., 15 and 1C illustrate a conventional tunneling cot

transi stor (TFET) and representations of the OFT and ON states of the

TEES, respectively;  BRIBHIRFSGRIZIION QF T PRAFINGSgener al

conparison of the Id-Vg curves between a conventional TFET and
convent i ofi@P1RMOSEET; 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 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 ©5A-5J are cross—sectional views illustrating
various steps of a method or process in accordance with the present

disclosure.



[ 0015] FI GURES 3A, 38 and 3C. are diaarans Illustrating the
difference in tunneling widths for silicon and SiGe in the source
regi on of a TEST; [0016] FIGURE 4 is a orosssectional view of
TFET in accordance with the present disclosure; and [ 0017]
FI GURES 5A-5J are cross-sectional views illustrating various steps of
a nethod or process in accordance with the present disclosure,
DETAI LED DESCRI PTI ON [ 0018] Reducing the tunneling barrier width
and increases drivE currente.drive current Id).Increasing band.
o-band tunneling (BIBT) also increases drive current It has been
determ ned that various structures and clev:L.ce nodif ications can
be i npl enented to increase dPFF@IEEPrEﬁ§CRfHSIq%Ier|aI havi ng a | ower
Eg (bandgap voltage) in the tunneling region, an abrupt junction. at
t he tunneKPHQSIe@?@%c{ﬁ%ruy%ﬁéﬁﬁﬁﬁﬁggabﬁréh%¥ Eldflela it rreresbdhtve
bendi ng), (3) hlgh dopi ng concentration in the source region and
posi ti onkagnthe (So@r ce degion @losert t ddthe chamegkasfiool9parheto-band
present:cl osure provides a TFET device (and

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 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 Dbe 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



met hods of fabrication) with increased dr e c'urrent and ot her

per f ormance enhancenents. Though these w || be described hereinafter,
sone of the advantages of the present disclosure are directed to the
use of silicon. channel instead of SiGe (increased rellabil] the use
of SiGe in the source region (not in drain region) controlling SiGe
profile to achieve higher drive current in-situ doped Pf Si Ge source
provi di ng an abrupt junction and hi gh source ping concentration, and
Si Ge source with high Ge conte to achieve 'nigh drive current. As

will be apprecinot all structures or nethods described herein are
required to formthe TFET of the present disclosure in order to

obt ai nSFHEFERERE AFi V& LEGFFefESCraRy dot ke 1advidmt agel déseridherrm the
her ei n). [0020] Referring. to FIGURE 4, there is depicted a .
cross- $EETi oharhei euesont adi TESB W iide osdarcttor @01e0nf dRCrdapad ofr bYe
a substrate 110 in accordance with ch.e present disclosure. The TEST
MDO i nchudestt hersahgt oalter 1d40;arst aymtse dstsaok bB20 hegedource regi on 130
and a drain region 140. The gate stack 120 includes a gate 122 and a
gate di el goveot Rayerri2d. tthefFgavBEstéack th2@emaysf urddiertdccludeross-—
si dewal | spacers (not shown) and the gate 122 may be forned of As will
be appeectabgd] vhewsbrruct urres angd ifcegisans:csiewn o therkdCURES aren a
not drawn to scale or actual. formare for illusurat.ive purposes.

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



[ 0021] In one enbodi nent, the substrate 110 is sllcon, and in other
enbodi nents, it may include, for exanple, silicon-germani um
silicon-or insulator (SOT), or oth?r suitable sem conductor substrate
materials, now known or | ater devel oped. The substrate 110 may

include silicon (e.g., p-type, or no provided in a single well or

twi n-well process, and may further include an epitaxial |ayer. [0022]
In the enbodi nent shown, the source region 130 is forned of
silicon-germanium (.F.iGe) with p--type dopants or inpurities.) and
drain region 140 is forned of silicon (but could be SiGe) with a-type
dopants, Further, the source region 130 includes a first source

regi oncf3aidtcantoetaniyme (Fadea Yekbri S6fr COPRBEF 01 IV 14 186¢ 0B
type. In one en-hoe:l:Pont, the first source region 134 is andoped

Si Ge amdet Heasecondigource redicomet32fi siperepedo s @ould be[ §083) Theh
source region 130 extends to a point that is substantially underneath
t he. gateéydeebectnie.| ayerta22, theomeuembodiegent, 1BAeinegidds 120first
extends to the edge of the dielectric |ayer 122 (aligned), In another
enbodi gentcet hegi @gi 031 df3@ extendsybpeyond 4 keceddgesoanck trea.onpdBAt of
beneath the | ayer 122 (overlapped). 1In the overlapped configuration,
t he gatesdiehactype.| ayerod@2emvedimps: OrtHes faver] appirag trbeisaurge is
region 130. Referring. to FIGURE 4, although the second source region
134 i syshewrsasibei BEai fht he- ovel | appead canfigunabl ar, pwhidbgetingice.
first source region. 132 is shown as being aligned with the edge of

the gate qihghagt k}ec lé’cyﬂ?él-z%egti%ins hsof arxdddustrati gn onl. Gnher is

configurations may be inplenented, for exanple, in which a portion.

of theslbial 29uife LRdkaRe13R iRealse dicRased hengan thogatern one
di el ectric layer 2. e anmount of overlap suitable“for providing
be”ef'%%ggéi%%%%i'?ﬁg EreLn Y3py 4eREAdi PY QN dEYULEeRPALATRLELSectric
sucn a 1'ng
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 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 amount of overlap suitable for providing benefits as described

herein vary depending on device parameters, such as doping

_10_



concentration, oxide thickness, gate length. In one enbodi nent, the
source region 130 overlaps the dielectric layer 122. in another

enbodi nent, the distance of overlap ranges fromabout 1 nmto about 4
urn. in yet another enbodi nent, the over Lap is about 2 [0024] The
positionina of the source region 130 at | east i1 lunderneath
the gate dielectric layer 122 reduces the tunneling barrier w dth,
thereby | eading to a higher drive current. Also shown in FIGURE 4 is
a dotted circle representing, general |" the tunneling region of the
" PEET 100. [0025] As 11 be understood, the TFET 100 nmay be forned
usi ng conventional processes. Mreover, nore than one TYET may be
f abri c&P8@eBATERECBubSEE@tetRiCcknepd2ey2 NOW PRFER ri NGt B %%e@%lmentr
5A-5J, there are shown cross-sectional iews ci a nrocess in.

accor daheeswirpet heglidi stBdsevrer fars fubrti daxe ng edecterim hgvehel FFET In
100. Wth specific reference to FIGURE 2A, there rs provided the

subst r ahetht0. efhed gatet sttack di2@ ansef of npedr | ap acvwragadcemwigbhut 1 nm
wel | - known sem conduct or fabrication techni ques. the enbodi nent

shown, tbhebgateddnel ectiii get ayrestH2?2 amypdienesitl,i cor oxedéapndst hleout 2
gaLe. 124 may be silicon nitride; As noted previously sidewall

spacer sm(not shown) nmay optionally be constructed,

[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-



[0027] Referring to FIGURE 5E, a next step in the process includes
doping certain regions of the substrate (these will eventually be the
source/drain regions 130, 140 and are shown by dotted lines). M.
dopants are ..electively introduced into the substrate 110 to form an
i nternedi ate source region 502 and the drain region. 140, In one
enbnHi Jrent, the N + dopants are introduced using inplantation;
however, alternative doping processes known to those skilled in the

art may be utilized. It will be understood. additional ternal
processing may be performed to diffuse the Na dopant material within
the substrate 110, as desired. In one enbodinent, inplantation. is

per f or Bednphed substantlival Isyoeepti capaeh reciioon SAPYR) respettticgathy Pe
substrate 110 (i,e,, perpendicular to the substrate). In another
enbodi renstrunpkdntation is perforned at. an angle (i.e,, tilted), as
shown in. FIGURE 5B, causing N+, dopants to disperse in a manner that
forns at Ifeagtr]arpoeti ongofctct heIlGmier FBdi at enNx4. -stsgur ¢e rteg oprocess
underneath the gate dielectric layer 122, Any suitable angle and

power fiecliuaBkani@tiron ey tbenutiddizeds t ofgener asebtheadesi ftégse will
di stance of source/channel overlap. In various enbodi nents, the angle

i s about,-5+dg¢Nees0khegkBaler/d10i Hegegesnor 1gnpat 0, 206 By beoed by
degrees or greater. In another enbodi nent, a conbination. of vertical

and ti IgB%Qedi nplantati ogs PRy ResUsed selecdiQR28] Ref&fdidi tOnto the
FI GURES SC and 50, a nmask. layer 510 is formed over the drain.

regi on. o e sk y. sidd b d€nd the
| ayer. Slf%'ég\qrrrﬁg% ﬁtaiyg&%l%eﬁl S typ%%%ﬁ@é%%ﬁn%ds%%%eo%d{%??i%% %zcilde
over the substrate f ol | owed efini tJ,0 t (sysi
conventrgﬁglFeg%g%e%éQS)?h%fﬁgreﬁﬁggggs'91é%%?%%1§O?§g¥%r%%%fgﬁﬁ§guced
substrate surface | s, selectively etched to.renpve. the |nternedi

sour ce Ydr&tn 1Fe PBh?tﬁﬁﬁ’( ?W%ﬁé%’e éﬁeg?agﬁ%ng%?}%ﬁ %ﬁﬁ%ﬁ%ﬁ?ﬁJﬁﬁﬁﬁP ko
This results in_a cavit¥ underneat h _t he 9 te gielﬁ trlﬁ Igéer é22 L3884
shown. HRSEI GBRELS0. 1Pn tHENEF TwbPds Pet Hé 3&?8 di eft&cttitd Pay8pdts5te°
over hangs an enpty vol une positioned. between the substrate 110 agd
the gatedditéPaetritberager PIPCPSSIng(BeT9PeREFEr PIRGIt 6° FPEURESS 5ECaN*
| ayer of material is formed on the exposed portion of the substrate
110 (whicphnwi Itha teviitlual} yhfor fheheuscareéer egion a30EeSASeRi || be one
appreci ated, this layer of material is the first source region 134
shown iembECGUREt4. ilnleneaembodi sreperfotreed iista solrsdantdgildy gertical
| ayer 134 is an epitaxial layer of SiGe formed In-situ. The nmain

pur poseliekcthenundapetesGidae td ayer siB2tistd o léngar. e .t heetpamblduigr to
Legion is formed of SiGe. As will. be appreciated, the higher the Ge
concentdhat isems tt-he el owernt heot vanebmingd et erind dirdt.a tlimnotiBeperformed
enbodi nents, the layer 134 may be fOMt3.3 Ins. different manner,

and mayf ut hgpqi acliude di fifiarent) t ypesspbwiatar irlGUrRSUCHB asc&es ke SN+
or Si GeSn" %00301 Referring to FIGURE 53, after the first source
region Jayer 134 is fored,; anothern d-ayen cofmakesicah cbs < f ar pedrabaver
t he exposed portion of the layer 134 (which together will eventually
form squrce r.eaqi . gl e inent., y 1 .S 4 Qf 0%
on the B TASE LAY Aer Tar e AT e aron arsd R o sasond
| ayer of materjal is the .secand source reqi 1 S i - ,
In oneqéﬁﬁﬁdi t, A ea%ﬂ§;§$ e%éﬁ%@@ %gﬁf ﬁQ%%~%éfeg%%gfhﬁggggyRﬁa§ pe
epitaxial, l.ayer of SiGe forned.in-situ with 3+ species. It is

desir aMté]tl&y vgoa. IR gh ber ﬂﬁ}ﬁ ur?#e(séé)edcoﬁ%%?g%?i G or° EERCAS et
within the second source region 132. In one en‘oodimar}%),r t.h g@
concentVAti 6w -at [hive I SHRREMBRIPFBRESs FR° abitiit® 30% OWES% 95§, °F
Sio:-/Ceo,3). Oher concentrations of Ca ney be used,

_12_



such as about. 20% or higher, or about 15% or higher. However, in the
formation of Si Ge using a conventional. selective epitaxial growh
(SEG process, a concentration higher than. about 30% may result in
undesi rabl e di sl ocati ons, (00311 As will be appreciated, the
steps shown in FIGURES 52 and 53 relating to the formation of the

Si Ge |ayers 132, 134 (or reform,,tion of the source region 130) may

i ncl ude additional processing, such as etching to provide the proper
profile and thickness to the |ayers 132, 134. In various erbodinents,
the thickness of |layer 134 is about 5 nmor |ess, ranges from about 1
rimto about 4 nm and in yet another enbodinent, is about 2 nm

[0032] IFEaREE) BE dREEFSE0BA. JERAESE heOF of it PBN26f JEAESEBUPEIFRYFBh:
130 into the first source region. 134 (undoped SiCe) different from

t he sedondasotitee resgicohimed? /(32 ST ipriovirdesfanvabriptl iagdct Féhted
in the tunneling region, The dopant adient should he relatively

st eep. implafp0@83pnReheyribpaguaei t o FI GURES 53. and. 5H, an anorphous
germani um | ayer 520 is formed over at |east the source region 130 on
the Pt. Si[Ge2Bayeefd32indftrer FloFURI ORC andariegala' mpebcésyeirs 510 is
performed that drives additibnal germanluminto the 3+ Si Ge second
sour ce fbegancdd2 te idesieasedtihe Geoconcedwat.i ohe (€agk , Lgreeaten may
t han 30% when Si 0, 7Ge0, 3 is used). in one enbodi nent, the anneal
processe s RenferAedxUstNgal@ser iwd agiat ilend-asan arnegbiing linpdacesed
surface nelting. of both. anorphous Ge filmand the File |aver 132
under neat hyfg, sidicon csubst raber Widde NOtLEEBlELte @ 1ict Sfollowed 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
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melting point is higher than Ge and Si Ge). This process causes
inter-diffusion liquid Ge and silicon and results in a nelt having a
hi gher Ge concentration- The nelt. then re crystallizes epitaxialy
with the SiGe |ayeras a tenplate. The | aser anneal process can he
controlled to selectively. nelt the |ayer 132, hut not the |layer 134
not much) or Si substrate. This may he achi eved because the nelting
point of Ge is low et than that of the layer 132 and the substrate.

As a result, the second source region 132 is a Pt SiGe region with a
Ge concentration greater than 303, [0034] Now turning to FI GURES 51
and hJ, the unreacted Ge layer. 520 I 3 renoved, and the silicon

oxi de Paskr| ayeri5100jsnsenpvigt THealesd triayg cdeviscéoirsethel TEEGe . As
structure 100 shown in FIGURE 4- It will be understood that the gate
stack ¥201lnmay bepeedirmmd,gahe biabkr wHiclecawnbent eabved daig dower the
repl aced with another gate stack. [ 0035] The order of steps or

pr ocessiuAgetangbeachangedi orh varired frarmentatdindeser i bed abpwe. 134 may
Though not shown, additional devices and structures are typically

f or redpenkbpmthei subhsdiater altorgnnetrh the MEEMudthed lindiedender st ool
that well known process have not been described in detail and have
been o btegdof_c%a{%@yuy,sucwa@%%h shecidd giskeps, insulating
materials, conductive materials and aura ratuses for depositing and

etching thgggofekerlal sy haveykeenrdesgrided,nd hei presehlirce region
di sclosure may not limted to these specifics, and others may

subst i huted a5l s, wellonderstiond by,phose skiliedh i theddll coove te

[ 0036] be advant ageous to set fort initions of certain

wor ds and phr,ases, used throughout thi n )

el ugaPoBRa PER S URRTJE LRUTTANL (L D53 RALEER, RESUEROL. L11¢, REEBuaLLy
without iir."itation. The worn i s inclusi,ve, neaning.and/or....Th
phr ase§O§§‘o SON&ES Vﬁetq'll%digég]SOCiIg)t efc emgodlmént, t1'1eg layer 132 1es

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.
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therewithas well as derivatives thereof, nean to include, be included
Wi thin, interconnect with, contain, be rined within, connect to or
with, couple to or with, be conmunicable with, cooperate wth,

i nterl eave, juxtapose, be proxinate to, be bound to or with, have,

have a property of, or the _LiKke. [0037] Wile this disclosure
has descri bed certai enbodi nents and generally associ a ed net hods,
alterations and pernutations of these enbodi nents and nethods will be

apparent to those skilled in the art. Accordingly, the above
description of exanpl e enbodi mrents does not define or constrain this
di scl osure. Ot her changes, substitutions, and alterations are al so
possi bl e WPPRBUt Adephlt ity aPPEe6eimtehe Wpi r9teranehosn opi fIBREShPs and
di scl osure, as defined by the followng clainms. WHAT IS CLAIMED I S.
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 wvarious 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 ©5H, 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 is

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 1s 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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| . A nethod of forming a tunneling field effect (TFET) sem conductor

device the method conprising: providing a substrate conprising a

first substrate materi al; providing a gate structure on the

substrate, the gate structure conprising a gate and a gate

dielectric; formng a drain region of a first conductivity type

adj acent the gate structure; form ng a source regi on adjacent

the gate structure, wherein at |east a portion of the source region

i s positioned underneath the gate dielectric such that the gate

dielectric overlaps the source region, and wherein formng the source

region further conprises, formng a first source region having a

| ayer ®fluadepedistt| iicon igderarinem (B G)d &HE f or nthys aBbvecthecauses

first source region a second source region having a |ayer of doped

Si Ge ofingesedohfucdaducti Viltapityges amd ahéiepn Pofninegutlhe sourkzemelt

regi on further conprises:
having a higher Ge concentration. The melt then re-crystallizes
epitaxially with the SiGe layer as a template. The laser anneal
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 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.
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form ng anor phous gernmanium on a surface of the doped Si Ge | ayer, and
anneal i ng the anorphous germaniumto drive germaniuminto the doped

Si Ge | ayer thereby increasing germani um content of the doped Si Ge

| ayer. The nethod in accordance with Claiml wherein the
substrate and drain region are forned of silicon. 3. The

met hod in accordance with aiml wherein form ng the second source
regi on conprises epitaxially growi ng the doped SW:., |ayer and
formng the first source region conprises epitaxially growi ng the
undoped Si Ge | ayer. 4. The method in accordance with Claim3
wherein the germani um concentration within the doped SIGe |ayer is

gr eat eRlthanghbspec2086 steps, iBsuTheimptivodriinlaeccorddnce W Materaphs
| wherein form ng the source region further conprises: doping the

sour ce ahegbppawns t is €dopaot Sepositingehettdtwgliyigr éhewe nga sarbistlantrieal hyve
all of the doped source region and formng a cavity positioned

beneat hethe cgate idical, eatnd G rangetovesyl ddieresubst rade andi tdie gat ehese

dielectric; and
specifics, and others may substituted as 1is 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
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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epitaxially re-formng the source region using at |east the |ayer of
undoped Si Ge and the |ayer of doped SiCle The nmethod in accordance
with Caim5 wherein doping the source region further conprises:

i npl anting the dopants at an angle such that at |east sone of the

i npl anted d. opants are positioned beneath the gate dielectric.

7. A tunneling field-effect transistor 'WET) conprising: a substrate;
a gate structure on the substrate, the gate structure conprising a
gate and a gate dielectric; a drain region of a First conductivity
type adjacent the gate structure; and

from the spirit and scope of this disclosure, as defined by the

following claims.
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a. source region adjacent the gate structure, wherein at |east a
portion of the source region is positioned underneath the gate
dielectric such that the gate dielectric overlaps the source region,
and wherein the source region conprises, a first source region having
a |layer of undoped silicon germanium (Si Ge), and a second source
region having a | ayer of doped Stai of a second conductivity type and
di sposed above the undoped Si Ge | ayer. 8. The TFET in
accordance with Claim7 wherein the substrate and drain region are
formed of silicon. 9, The TFET in accordance with Caim?7 wherein the
geti nani um concentration within the doped Si Ge |layer is greater than
about 3IVEATIS.(IVEIMIFIETS: n accordance with Caim 7 wherein the undoped
Si Ge | ayer conprises =doped epitaxial SiGe and the doped Si Ge | ayer
conprises epitaxial SiGe having P-type dopants.

1. A method of forming a tunneling field effect (TFET) semiconductor device, the
method comprising:
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 conductivity type adjacent the gate structure;
forming a 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, and wherein 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 of a second conductivity type; and
wherein forming the source region further comprises:
forming amorphous germanium on a surface of the doped SiGe layer, and
annealing the amorphous germanium to drive germanium into the doped SiGe

layer thereby increasing germanium content of the doped SiGe layer.

2. The method in accordance with Claim 1 wherein the substrate and drain region

are formed of silicon.
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11. A nethod of fabricating a tunneling field-effect transistor (TFET)
device, the nethod conprising: providing a substrate conprising a
first substrate materi al; formng a gate structure on the
substrate, the gate structure conprising a gate and a gate
dielectric; formng a drain region of a first conductivity type
adj acent the gate structure; and form ng an internedi ate source
regi on adjacent the gate structure, wherein at |east a portion of the
source region is positioned underneath the gate dielectric such that
the gate dielectric overlaps the source region: sel ectively
renmovi ng subBst anThalmephal In adcotdaecd miithr Gldinat evhemin dernrieg)ithm semoud source
formng a cavity positioned beneath the gate dielectric and di sposed
bet weeregidiecanirits apiexalg drbveingahe dopedl SiGeriagr and fexpos ihedfirat ordei rogion
of the substrate;

comprises epitaxially growing the undoped SiGe layer.

4. The method in accordance with Claim 3 wherein the germanium concentration

within the doped SiGe layer is greater than about 20%.

o\ The method in accordance with Claim 1 wherein forming the source region
further comprises:

doping the source region with dopants;

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 the layer of undoped SiGe and the

layer of doped SiGe.
6. The method in accordance with Claim 5 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.
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form ng on the exposed portion of the substrate a first source
regi on: form ng above the first source region a second source
region of a second conductivity type different fromthe first
conductivity type; wherein at | east a one of a portion of the
first source region and a portion of the second source region is
di sposed within the cavity; wherein the first substrate
material is silicon, the drain region is silicon, and the first
source region and the second source region conprise silicon gernmani um
NCGO, wherein formng the first source region further conprises
epi t axi al | y 7f or mArignrzehing fidiolpe Gc@insistay €FE Tagvdnpstsangei n f ormi ng t he
second source region further conprises epitaxially form ng a. doped
| ayer of si hisgisrager mani um (SR-30i, form ng anor phous germani um on a
surface of the doped Si Ge |ayer; and -22-

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

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

a 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, and wherein the source region comprises,
a first source region having a layer of undoped silicon germanium (SiGe), and
a second source region having a layer of doped SiGe of a second conductivity type and

disposed above the undoped SiGe layer.

8. The TFET in accordance with Claim 7 wherein the substrate and drain region are

formed of silicon.

9. The TFET in accordance with Claim 7 wherein the germanium concentration

within the doped SiGe layer is greater than about 30%.

10.  The TFET in accordance with Claim 7 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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anneal i ng the anorphous germaniumto drive germaniuminto the doped
Si Ge | ayer thereby increasing germani um content of the doped SiGe

| ayer. 12. The nmethod in accordance with Caim11l wherein the
germani um concentration within the doped SiGe |layer is |l ess than
about 30% prior to annealing and is greater than about 30% after
anneal i ng. 13. A method of formng a tunneling field effect
(HET) sem conductor device, the nethod conprising; providing a
substrate cohpri 4i mgthad fafrfgbricsiting tar tineclingt leelilgffect tranSiStOﬁr(Eng Hgvige, the
gate structure on the substrate, the gate stnicture conprising a gate
and a getleddomipasingi c; formng a drain region of a first conductivity
type adj acent the gate structure; formng a. source region

adj acent t hprogatigy $iubseitt ceémpidigs £fifst albstret@siataiapor ti on of the source
region is positioned unde eadi the gate dielectric such that the gate

di el ectric eyupfid@Psatt Beudemané 8tsRite, RBYathALAUR dopiprisihg o fife SR ERe
region further conprises, formng a first source region having a

| ayer qf.dipgloped silicon gernmanium (SiGe), and form ng above the

first source’region a second source region having a | ayer of doped

SiGe of as ?o%%?rgg z? 8rgf:r11ur%éilor\{ 'o% X ﬁ%sY Q(()ariductivity 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 conductivity
type different from the first conductivity 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;

wherein the first substrate material is silicon, the drain region is silicon, and the first
source region and the second source region comprise silicon germanium (SiGe);

wherein forming the first source region further comprises epitaxially forming an undoped
SiGe layer, and wherein forming the second source region further comprises epitaxially forming
a doped layer of silicon germanium (SiGe);.

forming amorphous germanium on a surface of the doped SiGe layer; and
0.



wherein funning the source region further conprises: doping the
source region with &pants, sel ectively renoving
substantially all of the doped source region and formng a cavity
positioned beneath the gate dielectric and between the substrate and
the gate dielectric, and epitaxially re-formng the
source region using at |east the |layer of undoped Si Ge and the | aver
of doped Si Ge; and wherein form ng the source region further .
conpri ses: hotealing thenpmpipboss gempaii il drige esrmunymdatothet daped opee layer
Si Ge | ayer, and anneal i ng the anorphous gernmaniumto drive
ger nanithembyrnhaeishe ghapeduBicGetehiagfehe ddped Sy lager easi ng ger mani um
content of the doped Si Ge | ayer.
12.  The method in accordance with Claim 11 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.

13. A method of forming a tunneling field effect (TFET) semiconductor device, the
method comprising:

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 conductivity type adjacent the gate structure;

forming a 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, and wherein 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 of a second conductivity type;

wherein forming the source region further comprises:

doping the source region with dopants,
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14. The method in accordance with Claim.13 wherein the gernmani um
concentration within the doped Si Ge |ayer is iess than about 30%
prior to annealing and is greater than about 30% after annealing,
15. The method in accordance with Claim| wherein the geuiani unh
concentration within the doped Si Ge |ayer is | ess than about 30%
prior to annealing and is greater than about 30% after annealing.
16. A tunneling field-effect transistor (TFET) conprising: a silicon
substrate; a gat eclsativant igmeving suhearsishs tatlaefethe dapedyspuecesiegigatagd dorming a
conprising a gate and a gate dielectric; a drain region of a first
conductcavityt positygred ddpaatietite gde dghteicsandustween. thamabstrate and the gate dielectric,
and
epitaxially re-forming the source region using at least the layer of undoped SiGe
and the layer of doped SiGe; and
wherein forming the source region further comprises:
forming amorphous germanium on a surface of the doped SiGe layer, and

annealing the amorphous germanium to drive germanium into the doped SiGe layer

thereby increasing germanium content of the doped SiGe layer.

14.  The method in accordance with Claim 13 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.

15.  The method in accordance with Claim 1 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.

16. A tunneling field-effect transistor (TFET) comprising:
a silicon substrate;
a gate structure on the substrate, the gate structure comprising a gate and a gate dielectric;

a drain region of a first conductivity type adjacent the gate structure; and
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a source region adjacent the gate structure, wherein at |east a
portion. of the source region is positioned underneath the gate
dielectric such that the gate dielectric overlaps the source region,
and wherein the source, region conprises, a first source region
having a | ayer of undoped silicon germanium (Si Ge), at least a a
portion of the first source region positioned underneath the gate
dielectric, and a second source region having a | ayer of doped Si G e
of a secondaédneriegionadiacenfple gatestaicie T 8l sast RPotHMY dbe Suess region
| ayer,

d is positioned underneath the gate dielectric such that the gate dielectric overlaps the source

region, and wherein the source region comprises,
a first source region having a layer of undoped silicon germanium (SiGe), at least a a
portion of the first source region positioned underneath the gate dielectric, and
a second source region having a layer of doped SiGe of a second conductivity type and

disposed above the undoped SiGe layer.
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