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1 Abrupt: "Del ta-Li ke" Doping in Si and Si Ge ﬁifwgyg'5

UkN- CVD Field of the Invention This invention relates to
sem conductor filnms with steep doping profiles and nore particularly to
form ng abrupt "delta- |like" doping in thin layers from 5-20nmthick

suitable for Si or SiGe CM35, nodul atior-doped field-effect transistors
(MODFET' s) devices, and heterojunction bi.polar transistors (HBT's) using
in- situ dopiB&)i na ultra high va uum chem gal vagpor depositjion (UHV-
CVD) reactor. BHEXGr olR@ bEa nbikeent POP1INg 1mpnS3it @BkbsPrdees
doping in epitaxial Si and Si Geffiilms oby | BV s G¥Dng _PH3 has been known
to denpnstrate a very slow incorporation rate of e to the "poisoning
effect” of phosphine on the Si(100) surface. An exanple of such a doping
behavior is shown in Figure 1 by curve 11. Curve portion 13-14 of curve 11
shows the slow "transient" trailing edge observed in the SIMS profile and
corresponds traetfeos|my rAceifiynati on rate of Pinto the silicon film
In Fig. 1 the ordinate represents P concentration in atons/cc and

t he abscissa represents depth in angstrons. ’ :

This invention relates to semiconductor films with steep
doping profiles and more particularly tco forming abrupt "delta-
like" doping in thin layers from 5-20nm thick suitable for Si or
SiGe CMOS, modulation-doped field-effect transistors (MODFET's)
devices, and heterojunction bipolar transistors (HBT's) using in-
situ doping in a ultra high vacuum-chemical vapor deposition (UHV-

CVD) reactor.
Background of the Invention

In-situ phosphorus doping in epitaxial Si and SiGe films or
layers using PH; has been known to demonstrate a very slow
incorporation rate of P due to the "poisoning effect" of phosphinel
on the Si(100) surface. An example of soch a doping behavior is
shown in Fiqure 1 by curve 11l. Curve portion 13-14 of curve 11
shows the slow "transient" trailing edge observed in the SIMS
profile and corresponds to the slow incorporation rate of P into
the silicon film. In Fig. 1 the ordinate répresents P
‘concentration in -atoms/cc and the abscissa represénts depth in

angstroms.
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The incorporation of Pinto a Si layer is increased by the addition of a
Ge containing gas (7% along with phosphine in the reaction zone of a

UHV- CVD reactor and has been described in US Patent 5,316,958 which issued
May 31, 1994 to B.S. Meyerson and assigned to the assignee herein. The
phosphorus dopant was incorporated during UHV-CVD in the proper
substitutional sites in the silicon |atice as fully electrically active
dopant s. The anounts of Ge used were small enough that the primary band
gap reduction nmechanismis the presence of the n-type dopants at

relatively highrieeveksrpedigan o bhen®f fedi abybheidPindrras8a8py EhE. 2
shows phosphorus being Incorporated into a Si layer during "~UHV-CVD with
and wi t houPdfheland@ift pofie otorpuaiodng oFasi ([AfhgairRg wivht phosphdaecdnt &hai ng

gas. .2 deCaleciigl oase L b GAPR LBRLE, UYL DEeLI SRINQNALET1Np250 tO

500[err] into a silrcon r-as or g rate

I ncor por at Paeft BN316X988[ @iidh atsedBd Cayt-®B1,5 1%940t6r 8 |s alvuyeréeni Bn&i 9. 2
of ' 958. ) Anot her wel | known probl em associated with in-situ
phosphor us 2581995} ofP d6Ben@SisAIReE | BBFRID/D | Thet PRORRRRIYE efiPRaRt WaSshown

Cends 1o croarekatan i oivcur b LHF sBBg: b IRRRRAD AReRR MR duc

tends to create an undesir g round due

to its "authdopibirdielamtaes. ashifallyreemucrreéd Bt "activeadspass dentthen t he
SI M5 anal ysis shown in Fig. 1. The "nenory effect” corresponds to a very
‘sl ow fall &POWRET s B9 Paede WepRoSPRbY LRNONGRCEM T Jtheo PRifPEN baBAsIRPOmM a

resi dual b@%ﬁﬂé@i‘ﬂﬁd mechanism is the presence of the n-type dop_ants at
relatively high levels instead of the effect of the Ge. In '958,
Fig. 2 shows phosphorus being incorporated into a 8i layer during
UHV-CVD with and without the addition of 7% Ge containing gas.
With 7% Ge containing gas, a decade increase in P concentration
would be incorporated in 250 to 500A into a silicon layer as shown,
for example, by the rate of incorporation from 7 X 10!® atoms/cc to

5 X 10" atoms/cc in Fig; 2 of '958.

another well known problem associated with in-situ i)hosphorus
or boron doping in silicon CVD is its "memory effect" as shown by
curve portion 15-16 in Fig. 1 for the case of phosphorus herein
which tends to create an undesirable high level of dopant in the
background due to its "autodoping behavior". _ This "memory effect"
is also evident in the SIMS analysis shown in Fig. 1. The "memory '
effect" corresponds to a very slow fall or decrea.lse in the
phosphorus concentiation which stems from a residual background

autodoping effect. Hence, in-situ doping typically generates a
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aut odopi ng effect. Hence, in-situ doping typically generates a

3¢ very undesirable "snearing out" of the dopant profile in silicon filns
formed by CVD. Fig. 2 shows curve 11 which is the sane as shown
Fig. 1 and which illustrates the doping profile of the prior art using
PH3. Curve 20 shows a desired or targeted profile having a width of 100
angstrons. In Fig. 2, the ordinate repredents P concentration in atons/cc
and the abscissa represents depth in angstrons. Curve 11 has a dopant
profile of at least 5 tinmes wider or thicker than the targeted profile of
100 Angstr ons vemywiodésiotabiln depddriag stowvfbyhecdopant2@rofile in sAsidewi ce
di mensi ons shrink and especially for future conplenentary netal oxide

seni conduct or EEERESTO Y §BDFET' s, and HBT's incorporating SiGe |ayers,
very thin layer structures having a width or thickness of 5-20 nm of high
doping P concentrations wll be needed which are inpossible to obtain with
present technol og§iat 2 shewpocutvealsiinghjpelesienthe| same hsgﬁmvacduMLcheﬂh@al
vapor - dep05|t|%11 6 -CVI) or standard silicgn C%f) rocessin

Summary of t h&Pifbehtidifrates the doping.pr e Ohi EHS t9Epr 8g'én\‘s’rrf‘ﬁ/epﬁl€ron

a structure i furve 20 shows a.desired or targeted profile having a width of 100
angstroms. In Fig. 2, the ordinate represents P concentration in
atoms/cc and the abscissa represents depth in angstroms. Curve 11
has a dopant profile of at least 5 times wider or thicker than the
targeted profile of 100 Angstroms in width or in deptﬁ as shown by

curve 20.

As device dimensions ‘shrink and especially for future
complementary metal oxide semiconductor {(CMOS) logic, MODFET's, and
HBT's incorporating SiGe layers, very thin layer structures having
a width or thickness of 5-20 nm of high doping P concentrations
will be needed which are impossible to obtain with present
techno;ogy at this point using present ultra high vacuum-chemical

vapor deposition (UHV-CVD) or standard silicon CVD processing.
Summary of the Invention

In accordance with the present invention, a structure is
~ provided having an increasing or decreasing abrupt doping profile
comprising a substrate such as Si or S8iGe having an upper surface,

a first epitaxial layer of substantially Ge formed over the upper



~,

provi ded having an increasing or decreasing abrupt doping profile
cenprising a substrate such as Si or Si Ge having an upper surface, a first
epi taxial |ayer of substantially Ge formed over the upper

4 surface, the first layer having a thickness in the range from.5 to 2
nm and doped e.g. with phosphorus or arsenic to a |l evel of about 5 X 1019
atons/cc, and a second epitaxial |ayer of, a sem conductor material having
any desired concentration of dopants. The second layer nay be Si or
Si[err]Ge[err]. The concentration profile fromthe edge or upper surface
of the first layer to 40A into the second | ayer may change by greater than
1 X 10[ err] susfaee. &henfAirst layer havipg & huiaknesstin tvher rppge feama S to

met hod conprisin steps of,sel ecti a _substrate having, an upper

sur face. or SuiRRad HaRee Sage (ks PHaRpP=Se *OF vatdbiea e, A LAY i fpeut
less than ktg 46mi atﬁeé/ &I CHPLSS s2REn40SH il RRPEPNGE U ddhnidriRitoRf
about 5 X 1019 atons/cc, grow ng a second epitaxial |ayer selected from

the group madersal gawindSiamndesSited ttwcaemydonpofadopantsy errHe\deepnd
any desired doping profile. The presence of the epitaxial Ge |ayer

accel er at eslaWerimabbeofit 91 $inabexof Thhccquantaation prpiidecfrae the edge

071t u' dopPhgUPBOEI SHSHge oo TR S WBbae RIAMIP Saftsotdaver
PH3/ He "'mi xt hl‘%?eﬁﬂ%&%é 353?;::?1.%?‘{ eltélgﬁphnﬁ Péﬁf%éﬁ‘aﬁlétoﬁﬁ/eem rolled as a

function .of rowh rate e first and second
| ayer. The dopant nay be supplied or carried

The invention further proirides a method comprising the steps
of selecting a substrate h_éving an upper surface, growing a first
epitaxial layer of substantially -Ge thereover less than its
critical thickness and doped with phosphorus to a level of about 5 :
X 1()1-9 atoms/cc, growing a second epita:éial layer selected from the;
group consisting of Si é.nd SiGe, the second epitaxial layer having
any desired doping profile. The presence of the epitaxial Ge layer
accelerates the incorporation rate 'df. the P or As .dpping into the
Ge layer, thereby eliminating the slow transient behavior. The
initial, _in-situ doping level is determined by the dopant flow in
SCCM of the PH,/He mi.;vcture. The final overall doping profile may
be controlled as a function of 1/GR where GR is the growth rate of
the first and second layer. The dopant may be supplied or carried
by phosphine (PH;) or Tertiary Butyl Phosphine (TBP) gas in the
case of P and AsIFI3 or Tertiary Butyl Arsine (TBA) in the case of As

in a UHV-CVD reactor.

To eliminate background "autodoping effect", the structure



by phosphine (PH err]) or Tertiary Butyl Phosphine (TBP) gas in the case
of P and AsH3 or Tertiary Butyl Arsine (TBA) in the case of As in a

UHV- CVD r eact or. To el i m nate background "aut odopi ng effect”, the
structure wi t h phosphorus doping as shown in Fig. 3 is
transferred to a load chanber or |oad | ock, while the gromh chanber is
purged of the background phosphorus. TRis growth/interrupt/growth
process involves hydrogen flushing of the UHV-CVD reactor during
interrupt.. Then, a coating of Si or SiGe is grown on the sidewalls and/or

heat ed surfacegiwf phBepRdING=CEEb 11RAGEOShaWn h i d.eBPES *HhErdred 88| Al1@aq
elimnate or cover the residual phosphorus atons prior to reintroducing

t he structur e FhAmbEF PHelo@pkasiki yhile the wapyk| ghambers és oprgpdoWth the

chanber i.e. - react.or _coupled tq,the | oa C used where
further undope k%egk‘é‘gm%h‘ﬁé’ﬁa?g%-si-t eghl?/vi thQVgH}nIQ%\’%VP\? %ﬁéwgﬁ brocess
phosphor us. involveA 15RG3dn Niulshxhdlof aye tEd Ocvndéadtor &l iy eptdroupal.

| ayer 44 of Si_ or SiGe shown in Fig. 3 may now be grown with a background
dopi ng profil Rt &rPsing dbcfbReSiGe iLesgreWarrS thel GleprllnandrEc

f 300A fj | | | 3.
arter a %a[rﬂte'nds S PY0QVEE 'tﬁXehng%@r xfsetarcltl_gl‘gggb?lgg?Sggr\%bzla'%ugégto

The i nvention er provides a net ormn
isolate, eliminate or cover the residual phosphorus atoms prior to

reintroducing the structure for further deposition. Alternatively,
a second growth chanber i.e. UHV-CVD reactor coupled to the load
chamber may be used where further undoped layers may be deposited

with very low levels of phosphorus.

A second epitaxial layer.40 and/or a third epitaxial layer 44
of Si or siGe shown in Fig. 3 may now be grown with a background
dobing profile that drops or decreases to less than 5 X 10%
atoms/cc after a 300A film is grown over layer 36 of structure 30

shown in Fig. 3.

The invention further provides a method for forming abrupt
doping comprising the steps of forming a layered structure of
semiconductor material, selectively amorphizing a first Ilayer
having a high Ge content greater than 0.5, and crystallizing the
amorphized first layer by solid phase regrowth. The amorphized

.first layer may be formed by ion implantatipn.

The invention further provides a field effect transistor
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dopi ng conprising the steps of formng a | ayered structure of

semi conductor material, selectively anorphizing a first layer having a
hi gh Ge content greater than 0.5, and crystallizing the anorphized first

| ayer by solid phase regrowth. The anorphized first |ayer nmay be fornmed by
Il on inplantation. The invention further provides a field effect

t ransi st or 6 conprising a single
crystal substrate having source and dr ai n® regions with a channel

t herebetween and a gate el ectrode above the channel to control charge in

sai d channel awépaifidstal 8yRF1Of cistaiesublbdtd hfaviingt | dodlrckhistlénesS in
doped with a dopant of phosphorus or arsenic positioned bel ow the channel
and ext endi ng rteﬁFBE'E)Pr”t 2 chamned ERRFBLATeET églohgate electrofigeabene tbieon

further provi %ﬁnﬁe{ & %oﬁ?igtcf Qshﬁan tdhEﬁ’a(ﬁHéls Bﬁﬁ 2 S9! §af {,é( Sc}ta

substrate, a first layer e critical thickness orne

t he substrat e lzsd dopedhei ¢ii t:a:adoqneitncnefss plpedhel tis acdopdine bIECphcssp‘tﬁﬁﬁad

| ayer of undoped SiGe, epitaxially formed on the first layer, a . third | ayer
of strained &fdBHBELT rﬂ°€'bﬁ%ﬁfﬁdo¥’eﬁrﬁ‘t’e"rqeth6‘Fn§r agp %’F"f%’dlé‘gsﬁm?‘é‘tyl% éd€on

and a drain 2400 Wd r%iﬁhPéHl &hst herebet ween and a gate el ectrode above
t he channel to control arge In tﬁe channel . ~ The invention further
provides a field effect tran3|stor -

The invention further provides a field effect transistor
comprising a single crystal substrate, a first layer of Ge less
than the critical thickness formed on the substrate and doped with
a dopani: of phosphorus or arsenic, a second layer of undoped SiGe
epitaxially formed on the first layer, a tﬁird layer of strained
unddped simiconductor maéerial of 8i or SiGe, a source region and
a drain region with a channel the"rebétween and a gate electrode

above the channel to control charge in the channel.

The invention -further provides a field eff;'_-ct transistor
comprising a single crystal substrate, an oxide layer formed on the
substrate having an opening, a gate dielectric and a gate electrode
‘formed in the opening over the substrate, a source and drain region
formed in the substrate aligned with respect to the gate electrode,
a dielectric sidewall spacer formed on either side of the gate
electrode and above a portion of the source and drain regions, a
~first layer of Ge less than the critical thickness. doped with a
dopant of phosphorus or arsenic selectivel position over exposed

portions of the source and drain regions, a second layer of

e
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conprising a single crystal substrate, an oxide |layer formed on the
substrate having an opening, a gate dielectric and a gate el ectrode forned
in the opening over the substrate, a source and drain region fornmed in the
substrate aligned with respect to the gate.electrode, a dielectric
sidewal | spacer fornmed on either side of the gate electrode and above a
portion of the source and drain regions, a. first |layer of- Ge less than the
critical thickness doped with a dopant #f phosphorus or arsenic selectivel
position over exposed portions of the source and drain regions, a second
| ayer of sem conductor material selected fromthe group
consi st i ngsehignduntorSmatetbpbdealiected fiopatheofroipswnsistiog af hiand -
epi taxi al | f'ormed _.over _the first Igger to formrai sed soyrce and drai_n

r

regi ons. $ice “doped’ with a BIPRANDCCE [ PEPFBRCHYS t AT BFARPAG ePitaxipddye
and other fgahdge bj, Ses t ages the, e%ﬁﬂ#:- Y i il
becone appareﬁ%&u%gﬁgcdﬁg%dg%g€€o§g¥ggtﬁg> ?é%?oaﬁﬁagéetal é%pdggérggfﬁ%h,
of the inveagiomswhen read in conjunction-with the drawing in which:

Fig. 1 is a graph of P concentration versus depth in a SiGe substrate
showi ng an actual concentration profile of the prior art. Fig. 2is

a graph of P concentration_versus depth.in a Si Ge .
Brief Description of the Drawin

These and other feéatures, objects, and advantages of the
present invention will become apparent upon consideration of the
following detailed description of the invention when read in

conjunction with the drawing in which:

Fig. 1 is a graph of P concentration versus depth in a SiGe

substrate showing an actual concentration profile of the prior art.
Fig. 2 is a graph of P concentration versus depth in a SiGe
substrate showing an actual concentration profile to a desired

profile. .

-Fig. 3 is a cross section view of a first embodiment of the

invention.

Fig. 4 is a'qraph of P dopant concentration versus depth and

of Ge in S8i,.,Ge, versus depth-illustrating the invention.

Fig. 5 is a graph of P ‘concentration. versus PH,/He mixture
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substrate show ng an actual concentration profile to a desired profile.
Fig. 3 1s a cross section view of a first enbodi nent of the invention.
Fig. 4 is a graph of P dopant concentration versus depth and of Ge in

Si[err]Ge[err] versus depth illustrating the invention. Fig. 5is a
graph of P concentration.versus PHerr]/He m xture flowrate
I n SCCM ' Fig. 6 is a graph of neasured conductance versus depth as

| ayers are renoved and the projected P c®ncentration versus depth in the

| ayer. Fig. 7 is a cross section view of a |layered structure.
Fig. 8 is a cross section view of a layered structure having an anorphized
| ayer. flow ppfe §njSC@Mcross section view of a second enbodi ment of the

i nventi on.

Fig. 6 is a graph of measured conductance versus depth as
layers are removed and the projected R.concentration versus depth

in the layer.
Fig. 7 is a cross section view of a layered structure.

Fig. 8 is a cross section view of a layered structure having

an amorphized layer.

Fig. 9 is a cross section view of a second embodiment of the

invention.

Fig. 10 is a cross section view showing an ihtermediqte step

in forming the embodiment of Fig. 1l.

4

Fig. 11 is a cross section view showing a third embodiment of

the invention.

Fig. 12 is a cross section view showing a fourth embodiment of

the invention.

Description of the Preferred Embodiments

Referring to the drawing and in particular to‘Fig; 3, a cross
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Fig. 10 is a cross section viéM/shomAng an internediate step in formng

t hes enbodi nent of Fig. 11. Fig. 11 is a cross section view show ng
a third enbodi nent of the invention. Fig. 12 is a cross section
view showi ng a fourth enbodi nent of the invention.

Description of the Preferred Enbodi nents Referring to the draw ng

and in particular to Fig. 3, a cross
9 section view of structure 30 having ar®? abrupt phosphorus or arsenic
profile or abrupt |ayer doping (ALD) is shown. A substrate 32 having an

upper surface 3Sedtynbeidwbs axatiek8rsil0ohsrigbYsi abrt phossiideis oA arskfilc
| ayer 36 of 100 % or substantially Ge is epitaxially formed on upper

surface 33 haviBRPfdlehPEKAREEPY ckayerhdarire (AP) t ieafhevit-ck fessukbftdanay3de,
for example, . i d ' I . f f.ect_ of
ﬁﬁﬂna %qug{;%rr %\é{jﬁ%% 3%‘%3?%5 £ éﬁamplﬁes:a%gp:ﬁengwgtael S?l Er

t he thickness of first I'S no I Nncrease t
concentration odide.orA Airsbutagdrelefdferoo issot Gubstaitdaley ddids episeixiadbge,
which is the 90 i ng" concentration . . :
ormed™ on upper surface 33 having a thickness less than the
critical thickness and may be, for example, .5 to 2 nm and is doped

with P or As.

The effect of the thickness of first layer 36 is not to
increase the doping concentration of P or As, but the effect is to
increase the sheet'. dose, which is the doping concentration
multiplied by the doped layer thickness. The doping concentration
is controlled by the flow rate of the dopant source gas and by the
growth raﬁe of first layer 36, which in turn, is controlled by the

flow rate of the Ge source gas which may be, for example, GeH,.

The criticai thickness of a laver is the thickness after which the
layer felaxes to relieve strain due to lattice mismatch which for
a Ge - layer is about 1.04 the lattice spacing of a 8Si layer.
Normally, the mechanism for relievilng strain is the generation of
crystal lattice defects e.g. misfit dislocations which may
propagate to the surface in the form of threading dis]r_ocations. A

. relaxed laver is no longer lattice matched to the layer below.

First layer 36 is substantially Ge and may be 100% Ge. A
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mul tiplied by the doped | ayer thickness. The doping concentration 1is
controlled by the flowrate of the dopant source gas and by the growth
rate of first layer 36, which in turn, is controlled by the flowrate of
the Ge source gas which may be, for exanple, GeH4. The critical

t hi ckness of a layer is the thickness after which the |ayer relaxes to
relieve strain due to lattice m smatch which for a Ge layer is about 1.04
the lattice spacing of a Si layer. Normally, the nechanismfor relieving
strain is the generation of «crystal lattice defects e.g. msfit

di sl ocati ons whiS€ROMAYAYEF ifhgamerisdne i ourdidecdered ke Fur Aedvirehiedel g
di sl ocations. A | nge t Y.

bel ow. EIO %@%éﬁgeljr ‘%2&}: sfas‘{}% % gnt i a 5 40%%Ggga%%@ﬁ.;§\% ge£§05€/§&é‘£ JJLEHAaL
10 second | ay@mAGmmbtef g thi a dopBnEesdlapedgd sany ateeH; £d A siebource
formed over first Second | ayer 40 may be formed in a UHV-CVD
reactor with a HBﬁaﬁ%’lcrécﬂfr SdHgRr Sieth 304 pFe RO TS GRFCBUCH RS Gt TRY 19U
or Si2H6 and a GRedOUNLendas 1%%? @ﬁc@s%m &?ped@?qmd%p%ﬁ'ég Axa\é%e%ay
conpri sing doped or undoped Si S Ge formed 1n a UHV-CVD reactor
over second | ayéde f0rmed in a mw-@vummbrrm secend tlagke 40r use in
depositing first layer 36, second |layer 40 and third |layer 44 is avail able
from Leybol d- :

A UHV-CVD reactor suitable for use in depositing first layer
36, second layer 40 and third layer 44 is available from Leybold-
Heraeus Co., Germany and is described in US Patent 5,181,964 which
issued Jan. 26, 1993 to B.S. Meyerson and in US Pétent 5.607,511
which issued Mar. 4, 1997 to B.S. Meyerson which are incorporated
herein by reference. The operation of the reactor and suitable
methods for depositing Si and SiGe films is described in US patent
5,298,452 which issued Mar. 29, 1994 to B.S. Meyerson and which is

incorporated herein by reference.

Referring to Fig. 4, secondary ion mass spectroscopy {SIMS)
data was obtained from a multilayered structure of Si, Ge, doped
with phosphorus. In Fig. 4, the ordihate on the right side
represents Ge relative intensity with respect to curve 50 and the
abscissa represents approximate depth in microns below the surface

. of the multilayered structure. The structure at a depth of 1.17 um
is 100% Si with the amount of Ge, X equal to zero. As shown by

level curve portions 51-57 on curve 50, the amount X of Ge is 0.05
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Heraeus Co., Germany and is described in US Patent 5,181,964 which issued
Jan. 26, 1993 to B.S. Meyerson and in US Patent 5,607,511 which issued
Mar. 4, 1997 to B.S. Meyerson which are incorporated herein by reference.
The operation of the reactor and suitable nethods for depositing Si and
SiGe films is described in US patent 15,298,452 which issued Mar. 29, 1994
to B.S. Meyerson and which is incorporated herein by reference.

Referring to Fig. 4, secondary ion nass spectroscopy (SIMS) data was
obtained froma _nultilayered structure of Si[err]Ge[err] doped wth
phosphorus. 2% A*PRg 14, t@ He 08r im0 A R - §Rtt s P’ WhepReSedbstxsm
relative intanssl xons 14y LASPECIy 2ofU M 20 AL WS 0.985ELaR D LCRECSERY S

approxi mate depth in mcrons bel ow the surface of the multilayered
structure. Thatst¥{ctiinom dt.18 deptth 18f vi, 1&nflePr3im £¥am 100% Sio Wi £3h irhe

amount of Ge, al to zero. . As_shown b |Level. curve portions 51-57 on
CUrve 50, therRRBanEvaly “ G Qeyegs were "dhiaitfliy? YnbinPOvas °F s s

[err]m 0.10 @dysha®Bubs@at® by 99riiBig thHe £8bw Gat dff @8k, 0. 83rv® 60. Sows
[err]m 0.20 fromO0.52 to 0.24 [err]m 0.25 fromO0.2 to 0.17 J[err]m 1.0

from0.17 to ‘Be13nf &k mhogplrmis2Sopirgnio. the muloilayersr pma fuaspier okl y.
The layers WS GPLERK B Yol RNaQYAl: 3o8L00'8, ChY$h81 2URALT BLE: Yo

varying the flowra oWs e 1n-situ’ phosphorus

dopi ng i n t heommthtilexyes Faanseprddtitsi ®koptentdapidn Uatods Md) ewigh asspéex
dopant source gas. In Fig. 4, the ordinate on the left side represents P
concent r at i ontq SUBMR/60cynithe akagissp represents depth. The 100% seed layer

of 0.5-2nm at the depth of 0.17 pm allows for a very abrupt
phoshorus doping profile ﬂto occur as shown by .curve 60 and
particularly at curve portion 62-63, in Fig. 4 and at the same time
allows for high doping P concentrations to be achievé controllably

as shown by curve 70 in Fig. 5.

Fig. 5 is a graph of the phosphorus concentration (atoms/cc)
versus 100 PPM PH,/He mixture flow (SCCM) . In Fig. 5, the ordinate
represents phosphorus concentration. (atoms/cc) and the abscissa

represents flow (SCCM).

Due to the limitation of the SIMS technique to resolve very
thin layers, the SIMS result shown in Fig. 4 gives a dopant profile
width of about 150-200 A at full width half maximum (FWHM). To
better resolve the dopant profile, Hall measurements were used to
heasure and profilé the active carriers throughout the doped sample

by stepwise etchind through the entire doped structure coupled with



to curve 60 and the abscissa represents depth. The 100% seed | ayer of
0:5-2nm at the depth of 0.17 [err]mallows for a very abrupt phoshorus
doping profile to occur as shown by curve 60 and particularly at curve
portion 62-63, in Fig. 4 and at the same tine allows for high doping P
concentrations to be achieve controllably as shown by curve 70 in Fig. 5.
Fig. 5is a graph of the phosphorus contzntration (atons/cc) versus 100
PPM PH3/ He m xture flow (SCCM. In Fig. 5, the ordinate represents
phosphorus concentration (atons/cc) and the abscissa represents flow
.(scem . dirediueialln hésuderbhatd erotadi@cShiy seepni que to resol ve very
thin layers, the SIMS result shown in Fig. 4 gives a dopant profile wdth
of about 150-200 A at full width half maxi mum (FWHM. To better resolve
the dopant p | lee, I a t a ile the
active carri gir')&s taﬁrl Stgglh%rt#% t %ﬁgﬁopeéﬁe nlﬁugéggl:es?eelbévq\%sg eﬁ%ﬁgg%ﬁlgg h
the entire doped dospbone conpérecrapioh versus depth in a multllayered

12 di rect’ I—% maasureman%&after each et chi ng ]ﬁ‘e % %rap
- showi ng t he BoRYURYENEEINR I EFEHMH TRASLHTRP Fb‘i"msﬁp BFu%rdlna
concentrati opnVehEUSerdeREBe kBpRedBilt| |c@ﬂ&&@&£nc§t H§f UsRa Ushddaslidach Hal |
nmeasurenents. In Fig. 6 the ordinate on the left side represents

conduct ance teBjesantst hdeptipschelow the surface of a multilayered Si,.Gey

structure having a layer of 1-2 nm Ge at a depth of 115 nm. Curve
80 shows the conductance as measured versus depth. The conductance
increases from 0 at 120 nm to 0.21 at 110 nm. The dopant profile
as measured by the electrical measurement is shown by curve 88.
Curve 80 and/or its data points were used to generate curve 88
shown in Fig. 6 which shows the actual phosphorus doping profile.
Curve 88 was generated by dividing the carrier densitir as
determined from the conductance shown by curve 80 at the respective
etched depth by the etch layer thickness. In Fig. 6, the ordinate
on the right side represents P concentration (atoms/cc). Curve 86
shows the projected concentration based on curve 88 which shows the
peak concentration rising abruptly from less than 1 X 10! at 121
nm to 5 X 10 at 115 nm corresponding to a 13A per decade rise in
P concentration. The FWHM based on curve 86 which itself is
projected from curve 88 is 8 nm at a peak concentration of 2 X 10
atoms/cc. The doping concentration as shown by curve 86 decreases
from S X 10 atonis_/cc at 115 nm to about 8 X 10'" atoms/cc at 109
nm and 1 X 10V aioms/cc at 64.9 nm. The decrease in P

concentration from 115 nm to 64.9 nm corresponds to a 20 nm per
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represents depth below the surface of a nultilayered Si[err]CGe[err]
sfructure having a layer of 1-2 nm Ge at a depth of 115 nm Curve 80
shows the conductance as neasured versus depth. The conductance increases
fromO at 120 nmto 0.21 at 110 nm The dopant profile as nmeasured by the
el ectrical measurenment is shown by curve 88. Curve 80 and/or its data
points were used to generate curve 838 shown in Fig. 6 which shows the
actual phosphorus doping profile. Cur¥d 88 was generated by dividing the
carrier density as determined fromthe conductance shown by curve 80 at

t he respecti ve deghdhethldeprhidnrebbe Bt ehcbmymtratiakness. In Fig. 6, the
ordinate on the right side represents P concentration (atons/cc). Curve 86
shows the projected concentration based on curve 88 which shows the peak

concentration risingr@bfdipideed’ @gt! 88s HaBal LeXckPgelcobrficilbat snetq .9 X
10[err] at 115 nmcorresponding to a 13A per decade rise in P '

concentrati on. whiTReSiF\AMsasetiaking goeff8eianti 81rf £s€|10Y §0 HEoi@dt edhlr om

curve 88 is 8 at _a copcentration aof 2 er ons/ cc. The
dopi ng concent ;He;]oﬁlgﬂ %Igoefglﬁ&/\ﬁ b "csura\/gu%%tlﬁ’@c?%e(ali@g w%'%%emq%z g’(E‘ 16’[‘%r?ﬁ°wm
atons/cc at 1llrape 6P @eoyti®. X 10[err] atons/cc at 109 nmand 1 X

10[err] atons/cc at 64.9 nm The decrease in P concentration from 115
nmto 64.9 nm corresponds to. a 20 nm per

Ly pecade o o BEENRIEE 0 OGTLAR ing ppconcpipk e T AR
coefficient S afedicKid®[Hd rghel ® todcddifratidn i&lesired, a growth interrupt
method is provided. The substrates or wafers are removed from the

growth chamber or UHV-CVD to another vacuum chamber such as a load

- lock or transfer chamber or another UHV-CVD reactor or furnace

where no PH; has been flown prior to 16ading. Then, SiH, and Ge¥,

gases are flown in the growth chamber to coat the walls or heated

surfaces of the growth chamber to bury or to isolate the P on tﬁe

sidewalls. Then, the substrates or wafers are introduced or movéd

back into the main or growth chamber and the growth of Si or Si, ,Gey

is continued. Alternatively, another UHV-CVD reactor or furnace

coupléd to the transfer chamber may be used to continue the growth

of Si or SiGe with reduced or no P or As doping.

Another method for achieving abrupt P doping, is to grow a
first epitaxial layer 80 in the range from 1 to 10 nm thick of si,.
xGey on a substrate 82 as shown in Fig. 7. The higher the value of
X the better for converting layer 80 to amorphous material by ion

implantation by ions 83 shown in Fig. 8; X may be, for example,
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doping profile of Pis a function of 1/GR where GRis the growh rate of
the film Further, to elim nate background aut odopi ng when an
abrupt reduction in the P concentration is desired, a growh interrupt

met hod i s provided. The substrates or vvaffé_‘rs are renoved fromthe growh
chanmber or UHV-CVD to anot her vacuum chanber such as a |load |ock or
transfer chanber or another UHV-CVD reactor or furnace where no PH3 has
been flown prior to |oading. Then, SiHerr] and GeH err] gases are flown
in the growh chanber to coat the walls or_heated surfaces of the growth
chanber to FIFFEEF %M ot at E1Ffe PLeAxite 1280 &0aPd% PeThRFETaERRARMD St 1 at es

or wafers arRrbfhe@AUGRE Ale "BY G+ PAE Knilshh Pt hatﬁakasgéc@rtg%bbmer and

the gromh of Si or Si[err]Ge[err] is continued. Alternatively, another
UHV- CVD r eadZor drsefogndaemitazdadllacer 084 mey thaansden oo'hanbenstnaylb@cmed to

continue th Si_ar, Si h redu edo no P or i ng. .

Anot her net ﬁg efm%gachiﬁ}(/‘?’ﬁga B\aﬁpPeP%Jdo"pﬁ %d S g0d Jnay R§ &S F?’s‘?eigﬁrt axi al
llayer 80 in ghainaédge theMididg 140 inprahtsticdf sibielinl rigl @, k€[ #irde on a
substrate 82 as shown in Fig. 7. The higher the value of X the better for

converting |ea>yiéﬁ><8@1 tléyaﬁﬁ%n@usqu?b%@veby ararphizesd &6t fumbAapgr i&is 83

shown in Fi NRY. b fo.r X gl

14 gre% er t%‘é 3 %epl ta%Pafeﬁpaefé t%olaﬁ(gr Y aﬁlr?s Pgls%léa Sr a

strai ned | aywar adug ao@el ﬂitﬁtﬁerﬂﬁME&h abocul 1E3pecabdut S.Ubsiﬁcﬁisa’cmz or
higher; layer 84 and any other Si or 8iGe layers will not be
amorphized. The Ge content of layer 84 and the other layers should

be less than the content X in layer 80.

The critical dose for amorphization depends on ﬁhe implanted
species as well as on the host lattice. For exampld, boron does
not amorphize Si at any dose, but amorphizes Ge at a dose higher
than 1 X 10" atoms/cm?. Asenic amorphizes Si at a dose of about 5
X 10" atoms/cm?®, while Arsenic amorphizes Ge at a dose of 1 X 10%
atoms/cm?. Thus if an implant dose below the amorphization
threshold in Si but above that in SiGe or Ge is used, then only the
SiGe or Ge will be amofphized. The dossage peak should be adjusted

to occur at the depth of the layer to be amorphized, layer 80.

Substrate 82 and first epitaxial layer 80 is then heated to
a temperature in the range from 400°C to 500° for a period of time

such as from 1 to 5 hours which results in so0lid phase
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82. A second epitaxial |ayer 84 may be grown over first epitaxial |[|ayer
80, Layer 84 may be Si or SiGe and may be unstrained or strained. Then
using ion inplantation shown in Fig. 8, the first epitaxial |ayer 80 may
be sel ectively anorphized to formlayer 80" shown in Fig. 8 by ions 83
Wi th respect to layer 84 and substrate 82 at a dose in the range from
about 10[err] to about 10[err] atoms/cn{erjd or higher; layer 84 and any
other Si or SiGe layers will not be am)rle Zzed. The Ge content of |ayer 84
and the other layers should be |ess than the content X in |ayer 80.

The critical dosEFRS2AkFPHCRRT She FapERBEzathlay¥Rr Fenfioxm: T4 «Cepdayes 844"
wel | as on the {osi Iiﬂtﬂ%g.gfor exanpl e, boron does not anorphize Si at
any dose, but anorphizes at a dose higher than 1 X 10[err]
atoms/cnferr]. Asenic anorphizes Si .at a dose of about 5 X 10[err]
atons/cnferr], while Arsenic anorphizes Ge at a dos X 10[ err

. h of, 1
St/ cnterr]| ThAESEPRLaR IARE] G oF FREPBRN AAFRE 08 oI AFRERISGH bron the
threshol d in Sipdudriahovest hale | ay e or houslSed theR rhYitbe 8 Gg

or Ge will be anorphized. The dossage peak should be adjusted to occur at
t he depth of theenperature Begueatrgrhithed, 3605@r WBOle Si recry®iajdtiraseaBla

and first epitaxial |ayer 80 is th h gd t ate rature in _the range
from 400C o SOPTEFeRuEeT gregien Fheh S00ck othe PoMFI o8 415 ararib 1o
results in solighfd¥®8a dose and recrystallization temperature differencébetween

Si and Ge is key to provide recxyétallized layers.

The alloy SiGe recrystallization temperature will be somewhere
in between Si and Ge, depending on the Ge content. If thicker
doped layers are sought, which are above the critical thickness of
Ge '-on Si, then SiGe with the highest possible Ge content (that will
stay strained) should be used. "o maximize the sharpness of the
doping profile, the layers surrounding' the doped layer should have

the lowest possible Ge content {depending on the design).

Dopant activation occurs only in 1layer 80''. Thus the doped
layer thickness 80'' is determined by the original epitaxial layer
thickness 80. Diffusion of P dopants at the recrystallization

temperature is negligible.

The above method applies to any species and not just to P. In
fact getting sharp p-type implants is very much needed in the

channel - implant of 0.25um PMOS and will be needed more when the
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recrystallization of the anorphized |layer to formSi[err]Ge[err] |ayer 80
shown in Fig. 9. Recrystal lization of anorphous |ayer 80" is
dependent upon the material of the |ayer. Anor phous GCe
recrystallizes at a tenperature T greater than 350[err]C, while S
recrystallizes at a tenperature T greater than 500[err]C. The conbi nation
of anorphization threshold dose and rec gstallization t enperat ure
difference between Si and Ge is key to provide recrystallized |ayers.

The alloy SiGe recrystallization tenperature will be sonewhere in between
Si and Ge, dep ' t nt en f | Cke e

sought, which g?géa S%ht sg Cr ﬁ?ba? {:?1?% tnkéégl'so%lfa Ec@gggﬂgsld,p%%h%%t%{g%gdﬁm th
t he hi ghest popsoblesCecandriamie Hédrale havdé resdepedsteo dicass) ichoshdh s used.
To maxi m ze the sharpness of the doping profile, the |ayers, surrqundin

t he doped | ayeF‘°‘§‘F\‘6"U£d e SeoratatiRie s ;559%?% B LLBht Eht PYUEFedd r"rBagn

the design). case, ad®PRHY ALY t9On OSE€ WS a@Nh¥vdiz ha¥REr 8Gan sTRUSeb he

doped Ilayer thickness 80'" is determined by the original epitaxial |ayer
t hi ckness 80. abBPh${mw’ ohs FHlmesyopepussiblet he recrystallization tenperature
I's negligible. The above nethod applies to any species and not just

to P. In fact getting sharp p-type inplants is very nuch needed in the
channel inplant of £h n28pmp RiMRnaNcivhhl effeche@dadisese snhes dnldbm in fig.

9 utilizing layer 80''. A dielectric layer 85 may be formed on the
upper surface of layer 84 to form a gate dielectric such as silicon
dioxide. A gate 86 may be blanket deposited and patterned above
dielectric 85 which may be polysilicon. Self aligned shallow souce
and drain regions 87 and 88 may be formed in layer 84 by ion
impl'antation usihg gate 86 as a mask. Sidewall spacers 89 and 90
may be formed ?n the sidewalls of gate 86. Source and d4rain
regions 87' and 98' may be formed in layers 80 and 84 and substrate
82 using sidewall spacers 89 and 90 as a mask. Source 87 and 87"
and drain 88 and 88' may be of one type material (n or p) and layer
80'' may be of the opposite type material. Layer 80'' functioms to
adjust the threshold voltage of the field effect transistor 91,

prevent short channnel effects and prevent punch through between

source and drain.

Referring to Fig. 10, an intermediate step in forming a field
.- affect trahsistor_ is shown. A substrate 95 may be rélaxed undoped
SiGe. A phosphorous-doped Ge layer 96 is formed thereover as

described with reference to Figs. 3 of 9. An undoped SiGe layer 97
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16 gate length is shrunk. B cannot be used for such super retrograde
profiles, and hence people have resorted to heavy ions such as In.

However, the -degradation in channel nmobility is higher in that case, and
the incorporation of In at levels higher than 5 X 10[err] atons/cnferr] is
al nost i npossi bl e. An n or p channel field effect transistor 91 is
shown in fig. 9 utilizing layer 80'"'. 1% dielectric |layer 85 may be forned
on the upper surface of layer 84 to forma gate dielectric such as silicon
di oxide. A gate 86 mmy be bl anket deposited and patterned above dielectric
85 whi ch may bésp&exrsd oven. 18 9éL|ghestnﬂ:abﬂovm@nmgdeslahdveneﬂ&1nmagbens

87 and 88 may oy med_in Y, 84 b ion us ate 86._.as a
mask. Sidewal | ngg%{efns’eﬁdaé’ﬁﬁ %{I *@ifx'bgg *Sr ﬁlén}(:])t g’ St ?fld% o?rg’:?
86. Sour ce agds WRAIB bé aetedREt SndedNPréser WBYtdRe boasHdy icdnkayedss .80 and

84 and substrate 82 using sidewall spacers 89 and 90 as a mask. Source 87
and 87' -and drain 88 and 88" may be of one type material (n or p) and

layer 80'" may be xéclrff\cla F?né)%gxfi% eliy%‘ ??laé‘é traf¥fledt®i0 %“8&&9&'51

adj ust the threshol tage he fi ect transistor preven
short channnel £i&§f ects, anlikpr e\teﬁérq:nd:léchnhhlbémgh dret-waead SﬁtblfCEfl&Rd:Jd)lhal n.
Referring to Fi 10, an internediate step in formng a field ef f ect
transi st or E%B’Gﬁ?pmﬂl%‘élb‘iﬂ the ARprragys Fdar el Ax e FOURSR AR draimcregigns

phosphor OUS do@@ﬁi Qﬁl ll?)ieér@ @o’rﬁ\a% B%L%E%dt r‘éoi{ﬁfo 1af65C 06068 Yhd Nnco

reference to Figs. An un - ayer
substrate 95. A gate dielectric 105 may be formed over layer 98 in

the region betweeri source 103 and drain 104. A gate electrode 106
of polysilicon or metal mé,y be blanket deposited and patterned.
Alternately,. gate dielectric 105 may be deleted and a gate

':electrqde of metal may form a Schottky barrier with laver 98.

Referring to Fig. 12, ‘a cross section view of field effect
transistor 110 is shown with raised source 40" and drain 40''. 1In
Fig. 12 like references are used for functions corresponding to the
apparatus of Figs. 3 and 9. Substrate 82' has a layer of field
oxide 112 thereover with an opening 113 formed therein. In opening
113, a gate dielectric 85 is formed on substrate 82°'. A gate
electrode 86 is formed such as from polysilicon and a shallow
source 87 and drain 88 are formed by, for example, ion implantation
self aligned with respect to gate electrode 86. Next, sidewalls 89
' and 90 are formed on either side of. gate electrode 86. Next, a
layer 36' is seléctively formed epitaxially on shallow source 87

and drain 88 on substrate 82'which is phosphorous or arsenic doped.

———
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17 is formed over layer 96. A strained undoped Si |ayer 98 may be forned
over layer 97. Layer 98 is suitable for an electron or hole gas 99 to be
present under proper voltage biasing conditions. Referring to Fig.
11, field effect transistor 102 is shown. In fig. 11, |Ilike reference
nunbers are used for functions corresponding to the apparatus Fig. 10.
Source and drain regions 103 and 104 arqqef ornmed spaced apart through

| ayers 96-98 and into substrate 95. A gate dielectric 105 nay be forned
over layer 98 in the region between source 103 and drain 104. A gate

el ectrode 106 If¥egoP9siis Sercnmsubstantivdyyiie bhdnicairedppads ttodlaver 36 in
patterned. Al tiarnately at die tric 105 may_be del.eted and . a te
el ectrode of rrelﬁglr] Tran:fly ?%(rgvn? gla§gﬁo% ﬁ'y ]‘Sgtrafiée%f Vrc\r)?t ﬁll%ﬁlggrlgﬁ&ls sgfjecnvg?y
Referring to Fifhrmkd, epictéxiniyewhicn v eiospnbdidisd cof hesbnid r disdss iiidd 0
is shown with raised source 40' and drain 40''. In Fig. 12 like
references are 1ROFCRBIOR uNndEYERSL@OriTTHoFRNTIGG L47 t IOVea 5hal koW SWrCE| 8%,
3 and 9. Sub t ' : e f i,el 0%l 112 th er_mi.th.an
opening 113 fors‘atr?{edéi1 ﬁxglr%eié?asllnﬁ Jblgegni{%éé'fe 1%%#?92%%5& ég'ect ﬁlgeg:%g'S Sll\gl%:g‘ri%ed
on substrate 82Zontadtgalmot aheeh) oty 86 ma=iel eoneshreechlasardar arapolysi.l i con
and a shallow source 87 and drain 88 are fornmed by, for exanple, ion
inmplantation self aligned with respect to gate el ectrode 86. Next,
sidewalls 89 and 90 are fornmed on either side of gate el ectrode 86. Next,
a layer 36' is selectively formed epitaxially on shall ow source 87 and
drain 88 on substrate 82' which is phosphorous or arsenic doped.

While there has been described and illustrated a structure
having an abrupt doping profile and methods for forming an abrupt

' profile, it will be apparent to those skilled in the art that
modifications and variations are possible without deviating from
the broad scope of the invention which shall be limited solely by

the scope of the claims appended hereto.



18 Layer 36' is Ge or substantially Ge and corresponds to |layer 36 in
Fig. 3. Above layer 36', layer 40" of Si or SiGe is selectively forned
epitaxially which is phosphorous or arsenic doped during fabrication.

Layer 40" forns source 117 above shall ow source 87 and forns drain 118

above shal i tal silicide contacts (not shown) may be made |
to source H“ﬂlﬂmmlﬂmuw .. Wiile there has been described and
il lustrated*a Struct'ur& thaving an abr&%t dopi ng profile and nethods for

form ng an abrupt profile, it will be appaggpt to those skilled in the art
that nodifications and variations are poSsible w thout deviating from the
broad scope of the invention which shall be limted solely by the scope of
t he cl ai ns appended
CLAI M5

hﬁg4§58'thus described ouflgnvention, what we claim as new and

desire to secure by Letters Patent is:
1. A structure having an abrupt doping profile comprising:

a single crystal semiconductor substrate having an upper

surface,
a first epitaxial layer of Ge over said upper surface,

said first epitaxial layer having a thickness less than the

critical thickness,
said first epitaxial layer having a concentration of dopant
greater than 5 X 10* atoms/cc, said dopant selected from the group

consisting of phosphorus and arsenic, and

a second epitaxial layer of a semiconductor material over said

first epitaxial layer.

2. The structure of claim 1 wherein said second layver comprises

a2 material selected from the group consisting of Si and SiGe.

3. The structure of claim 1 wherein said first. layer has a



Havi-ng thus described our invention, what we claimas new and desire to

secure Letters Patent is: 1. A structure having an abrupt doping

profile conprising: a single crystal sem conductor substrate having

an upper a first epitaxial layer of Ge over said upper
surface, ”m"r"ﬂﬂ]""q""”“"} epitaxi al | ayer having a thickness |less than the
critical t'hiknksst s s said first eggtaxial |ayer having a
concentration of dopant greater than 5 X 10[err] atons/cc, said dopant

sel ected fromthe group consisting of phosphorus and arsenic, and

a second epit &RiEfNesgyép Yie Faneniomdlet oo Aak®ri al over said first

epi taxial |ayer. 2. The structure of claim1l wherein said second | ayer
conprises a material selected fromthe group consisting of Si and Si Ge.

3.  The structure Dfe ctauoriraher e¢Inisaild Whefrein | sy8Y dwond layer has 20

concentration change from said first layer into 40A of said second

layer of greater than 1 X 10 atoms/cc.

5. The structure of claim 1 further including a third epitaxial
layer of semiconductor material having a doping profile with a

dopant concentration less than 5 X 10 atoms/cc.

6. The structure of claim 1 wherein said second epitaxial laver
having a thickness of at least 300 A and having a doping of P less
than 5 X 10 atoms/cc for a predetermined thickness after its

initial 300 A thickness.

7. A method for forming an abrupt doping profile comprising the

steps of:

selecting a single crystal semiconductor substrate having a

major upper surface,

first forming a first epitaxial layer of Ge over said upper

surface,

said first epitaxial .layer having a thickness less than the

critical thickness,



thlckness in the range from0.5 to 2 nm 4. The structure of claim1l
wher ei n Said Second Tayer has a concentration change fromsaid first |ayer
i nto 40A yer of greater than 1 X 10[err] atons/cc. 5.
The st rucal“lmlﬂulmﬂ“m“ rther including a third epitaxial |ayer of

sem conduct*or ¢natertals having a doping profile with a dopant concentration
|l ess than 5 X 10[err] atons/cc. 6. The structure of claim1l wherein
said second epitaxial layer having a t Rlckness of at |east 300 A and
having a doping of P less than 5 X 10[err] atoms/cc for a predeternined
thickness after itsaidmitepadt 800sAfohEkhéssluding7the ateRPRONIBPOF Y HiNg
an abr upt doplng rofile comp te 19 I n

single crystal %cenﬁaﬁ'a%’r Oﬁubi%pga% 3?8/11 r?lt\[;)%é{‘%B x 10 at%ﬁ%ﬁr# ac%ai’ad

first formng &ﬁdn&stseeuyctaal Fromayde QfroGp mlsmr@ uqmpephosxsxmmceand

said first epitaxial layer having a thickness | ess than the critical
t hi Ckness arsenic, and ) .

second forming a second epitaxial layer of a semiconductor

material over said first epitaxial layer.

8. The method of claim 7 wherein said step of selecting includes
the step of selecting a plurality of substrates, each substrate
having a nﬁjor upper surface, and wherein said steps of first
forming and seéond forming are performed with respect to said

plurality of substrates.

9. The method of claim 7 wherein said step of first forming
further includes the steps of placing said substrate in a first CVD.
reactor and flowing a germanium containing gas and a dopant

containing gas.

10. The method of clahn 7 wherein said step of first forming
further includes the step of adjusting the growth rate of said

first epitaxial layer as a function of time.

11. The method of claim 10 wherein said step of adjusting the

growth rate further includes the step of changing the flow rate of



&

21 . said step of first formng including the step of incorporating a

concentration of dopant greater than 5 x 10[err] atons/cc, said dopant

sel ect edm sting of phosphorus and arsenic, and

second for mm epitaxial |ayer of a sem conductor nmaterial over
said first lmlmmﬂﬁ"ﬂ’ﬂ 8. The rTE hod of claim7 wherein said step
of selecting ifclw sunelistep of selectfng a plurality of substrates,
each substrate having a major upper surface, and wherein said steps of
first formng and second formng are performed with respect to said
plurality of gﬁb%ﬁ"a?@é‘?ammg g28- The method of claim 7 wherein said step
of first formng further includes the steps of placing said substrate in a
first CVD reactor and flowi ng a germani um cont ai ni ng gas and a dopant
contai ning gag2. The).methhd mit leddinf7ciheérein \Weddeistepapfl” ivgt of ofmimgt
formng further .includes the step of adjustin he gromth rate of said
first epitaxi &P FiFer TASUEF NN ofF B ?‘f né?ml%a%flg ‘Fﬁ\é\ﬁ mEEABd PEFOEI &°m 10

wherein said sb&ghilg @8k UsEidiGal heni Kn@vt ot akeaf siddteepi flivdesatée. st ep
of changing the flow rate of

13. The method of claim 7 wherein said step of second forming said
second epitaxial layer further includes the steps of placing said
substrate inha first CVD reactor and flowing a silicon containing
gas and a dopant containing gas, said dopant selected from the

group consisting of phosphorus and arsenic.

14. The method of claim 13 wherein said step of second forming
further includes the step of adjusting the flow rate of said dopant

containing gas as a function of time.

15. The method of claim 7 wherein said step of forming said second
epitaxial layer includes after the step of first forming said first
epitaxial layer, the steps of removing said substrate from said
first CVD reactor to a load lock having a controlled atmosphere to

prevent oxidation of the surface of said second layer, and

transferring said substrate to a second CVD reactor having

internally exposed surfaces initially free of phosphorus.

16. The method of claim 7 wherein said step of second forming said

THIS SHEET HAS BEEN |
This Sheet Has Been Re; | REPLACED-
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22 samgas - 12. The nethod of claim7 wherein said step
of fir includes the step of terminating said step prior
to rea "mn "lum‘”m[m@j t hi ckness of said first epitaxial |ayer. 13.
The net Hodcof tclai m erein said step of second form ng said second
epitaxial layer further includes the steps of placing said substrate in a
first CVD reactor and flowing a silicon 2bntaining gas and a dopant

cont ai ni ng gas, said dopant selected fromthe group consisting of
phosphorus and arsenic. 14. The method of claim 13 wherein said step
of second for msrgohdr 1dpenr iincludkes tmbESSém) aff raulpwstg n@lﬁheub#mtreatfeomf
sai d dopant conta nlfngqs as_as a function of he net hod of

claim9 wherei §23%i p OP TFARtRg <8 daséeb‘ﬁd 186K+ a%vatlgl iye?m?trﬁﬂ}&&g

after said steptRbsphdrd tbopravagr SekihatibsloeRhbairdhckayer, the steps of
renovi ng said substrate fromsaid first C/D reactor to a |load | ock having a
control | ed atnmosphere to prevent oxidation of the surface of said first

| ayer, and transfer ng said substrate rom sai a ck.to a
second CVD react or, T X2V F9s8c8H CG%DC?%%? FIREA A T nter naﬁj sgeg‘b%gied'mg
surfaces initi akhyedagratephaspbat Usaid heatedlﬁurﬂ-ahﬁésnﬁiﬂi)fh @¢hied adini%on
wherein said step of second form ng said second epitaxial |ayer includes

the steps of r&RBYRHYING|IQYSTDLER reqvert sadd shgayefi paxfaced thakt BrY t¥PntEaisad
| ock having a e € t one h r
surface of sai %ﬂg%ﬂ% epr‘?%xr aﬁg]ﬁ% 155?31@ et I“%X iy ae Sl |cgn%(‘:%g'? [ rﬁhre\g

gas into said ffbmhtiaéDd“feasid)rflliawémda&aiedasuff aces to coat said heated
surfaces with a third silicon containing |ayer to cover said heated
surfaces that may contain phosphorus containing |layers that nay have forned
during the formatiop ofs 3Lyt ids5k %Mﬁh@lidt@ygéld £irst CURIRRELLE NSRRI d
substrate into said fjrst react or ormng said second
epitaxial |ayer on said upper surface of said-first epitaxial |ayer.

17. The method of claim 16 wherein said step of flowing a silicon
containing gas i ncFORNS RefSEl JAVEF R ﬁ@l?h‘ép‘teﬁnﬁ}‘ga‘t“feoﬁfoﬁam second
Herr]/Si H[err]épgelal[(ggi]la e 18. Afield effect transistor conprising;
a single crystal substrate ﬁaw ng a source region and a drajn region-with a
channel there between and a gate el ectrode above said channel to control
charge in said_ _chapnel and rst Ja¥er of

ess
critical thickrdss 48R RPErCH cABan® §B‘F’§6Peﬁalq‘ Bﬁ?tcffe%g?‘b’tﬂ? 8o ifgqqnng
of phosphorus aRehcRAASAL CaROSidh0AS BRl Wepabd ¢haMIR @3RJ cof¥ifNHdM of
t hrough sai d source and drain regions.
23 19. - ThéLfsdidGelif.ect transistor of claim 18 wherein said | ayer of
Ge isinthe range from.5 to 2nmthi ck. 20. The field effect
transi stor of claim 18 wherein said channel is in a second epitaxial |ayer
sel ected from the grQUReGRIASIESL BONRIngSlab2itt A NG OLIBRL O VLT séicenbhésdr
| ayer . 21. A field effect transistor conprising: a single
crystal substratayered structuregedniprdsingyide sfep@eofess than the critical
t hi ckness doped with a dopant sel ected fromthe group consisting of
phosphorus and arsenic formed on said substrate, a second | ayer .
of undoped Si Ge epi ts@XedtiVe1lOinBIbhePi kAR ifrisk SiayedyiRiving a high Ge c3ntéiht d
| ayer of strained undoped semni conductor material selected from the group
consi sting of .Freat®rStimn 0aSsodpte region and a drain region with a
channel there between, and -

crystallizing said amorphized first layer by solid phase

—_—_—
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a gate él ectrode above said channel to control charge in said channel.
22. The fiel dLMlmm“‘“ ‘H r of claim2l wherein said layer of Geis in
t he range 23. Afield effect transistor

conpri si ng: a si ngl e crystal substrate, an oxi de

| ayer fornmed on said substrate having an opening, a gate
dielectric and gate electrode forned in said ope ng over said substrate,
a source and drain region fornmed in said substrdte aligned with respect to

said gate el ectrodeegrowth. a dielectric sidewall spacer forned on
either side of said gate el ectrode and above a portion of said source and
drai n regions, a first Iayer of Ge less than the critical

t hi ckness doped withga d 1a1fnoght N ePL QY Ps 8{15&%& W Ogelefctlvely

phosphorus and arsenic se ctlv(ei'{y p05| i Oned over éexpose t1ons

sai d source and dr aiamopBi®i¥8y includes the stdb DECHHH :Jm@yeﬁtaﬁm&em conduct or
materi al selected fromthe group consisting of Si and Si Ge doped with a
dopant sel ected fromthe group consi sting of pho’sphorus and "~ arsenic

epitaxially formed | aye d r and. dr

r egi ons. 24. he f'lﬁcka%jd&‘ée ectoaft r‘%kr?é‘?lstor of %fﬁ? asl%g %;I\ﬁe reofifn sseg]ieé:twely -
layer of Ge is in theorphgeing fineNued fiTrsRnFbiingk second and third layers about“.
24 regrow h. 19. The nethod of claim 18 wherein said step of : :
sel ectively anor phlsﬂlﬁgfilfﬁ:q dagsr Raidt eerasd ped thipd daygrsomving agee cmg

met hod of cl aim 18 d-1 step of selectively anorphizing includes

first form ng secon and ayers about said first layer, said second-

and third | ayers having a Ge content |ess than 0.5. 21. The nethod of

claim 18 wherein said step of selectively anorphizing includes the step of

first forming said fAl-st Thgerethnd/iofy cladm déntwbereim esaiel st ©f Sselectively

22. Afield effect %&%@%ﬂ%&ﬁg 1néqﬁﬁég Eﬁk step of first forming said first layep
having a Ge content greater than 0.5. . '

i

22. A field effect transistor comprising:

a single crystal substrate having a source region and a draih
region with a channel therebetween and a gate e;ectrbde above said

channel to control charge is said channel and

a first layer of Ge less than the critical thickness dbped
with a dopant selected from the group consisting of phosphorus and
arsenic positioned below said channel and extending through said

- source and drain regions.

23. The field effect transistor of claim 22 wherein said layer
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a singl | _substrate having a source region and a drain region with
a ¢thannel therebetween a gate el ectrode above said channel to control

char ge isl ”mm' a first layer of Ge less than the
critical H, wi th a dopant selected fromthe group consisting

of phosphorusc arfd Mar SentC positioned bel ow sai d channel and extending

t hrough said source and drain regions25 23. The field effect transistor
of claim 22 wherein said | ayer 25

Ge is in the range from.5 to 2 nmthick. 24. The field effect

transi stor of C8 &§F MM EPhERRIT £58Rd- T @AM thickn a second epitaxial |ayer
sel ected fromthe group consisting of Si and Si Ge formed over said first

| ayer. 25. Afield effect transistor conprising: a single
crystal substR#e, The fieldoefffiecst ttansdistof diecllets A2hahetdin (ailli cBdnnel

t hi ckness doped .with a dgpan_t selected fromthe group consi st ng of .
phosphor us and® 1R @ second epitaxial layer selected from the group consisting

of Si and SiGe formed over sgid first layer.
25. A field effect transistor comprising:

a single crystal substrte, 

a first layer of Ge 1less than'the critical thickness doped
with a dopant selected from the group cqnsisting of phosphorus and

arsenic formed on said substrate,

a second'léyer of undoped SiGe epitaxially formed on said

first laver,

a third laver of strained undoped semiconductor material

selected from the group consisting of Si and SiGe,

a source region and a drain region with a channel

therebetween, and

a gate electrode above said channel to control charge in said

channel.

26. The field effect transistor of claim 25 wherein said layer of
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arsenic formed on said substrate, a second | ayer of undoped Si Ge

ep?tamaU mmluﬂ”ﬁm first |ayer, a third | ayer of strained
undoped erial selected fromthe group consisting of Si

and Si Ge "a &oufce region and a drain region with a channel

t her ebet ween, and a gate el ectrode above said channel to control
charge in said channel. 26. The f¢@| d effect transistor of claim 25
wherein said | ayer of ' 26 CGe is in
the range fromO0.5 to 2 nmthick. 27. Afield effect transistor

conpri sing: Ge is in gheinagoe Ergmitals S@bsmmathick. an oxide | ayer
formed on said substrate having an opening, a gate dielectric and

gate electrode forned in said opening over said substrate,
27. A field effect transistor comprising:

a single crystal substrate,
an oxide layer formed on said substrate having an opening,

a gate dielectric and gate electrode formed in said opening

over said substrate,

a source and drain region formed in said substra;e aligned

with respect to said gate electrode,

a dielectric sidewall spacer formed on either side of said
gate electrode and above a portion of said source and drain

regions,

a first layer of Ge less than the critical thickness doped
with a dopant selected from the group consisting of phosphorus and

arsenic selectively positioned over exposed portions of said source

and drain regions,

a second layer of semiconductor material selectéd from the
group consisting of Si and SiGe doped with a dopant selected from

the group consisting of phosphorus and arsenic epitaxially formed
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in_region formed in said substrate aligned wth respect to

el ect r ode, a dielectric sidewall spacer forned on either-
s1 de ofmmnm'ﬂ;m&"ﬁlﬁﬂ,,r ode and above a portion of said source and drain
regi ons layer of Ge l'ess than the critical thickness doped
with a dopant sel'ect®ed*from t he group consi sting of phosphorus and arsenic
sel ectively positioned over exposed pdriions of said source and drain
regi ons, a second | ayer of sem conductor material selected fromthe
group consisting of Si and Si Ge doped with a dopant selected from the
group consi sting of phosphorus and arsenic epitaxially forned
27 ‘over said first layer to formraised source and drain regions.

28. The field effect transistor of claim27 wherein said layer of Ge is in

t he range fromO0.5 to 2 nmthick.
over said first layer to form raised source and drain regions.

28. The field effect transistor of claim 27 wherein said layer of

Ge is in the range from 0.5 to 2 nm thick.

— REPLAGED

THIS SHEET HAS BEEF]

This Sheet H

i



