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FI ELD OF THE | NVENTI ON Enbodi nents of the present
invention relate to sem conductor integrated circuits,
wae@sored particularly to field effect transi SPOT/BES20881058446
nmet hods for fabricating the transistors. BACKGROUND
Quantum wel I's are fornmed in sem conductor devices such
as diode lasers, H gh Electron Mbility Transistors
(HEMTs) used in | ow noise electronics and infrared
phot odet ectors used for infrared inmaging.
Particularly, a quantumwell is a potential well that
confines particles, which were originally free to nove
FIELD ORrEREANVEHENTHON, to two di mensions, forcing them
to occupy a planar region The effects of quantum

finenent take ace n the ant.um t. hi ckness
o LoRe TR E PEET ot Folfs S SN Sl iR b
c1rc1ﬁ%r Sl emaialy 6 fRIEEEe fanddics h@ldefﬁéthodise@fil ng to
energy |l evels called "energy subbands", i.e., the

fabricating e dransistossnl y have di screte energy val ues. Quantum
mells are formed in sem conductors by having a
BAqﬁ% Ilke gal | i um ar seni de sandwi ched between two
yers o a material with a wi der bandgap, |ike
al Quantum aeldeat demelliesanisbndictotrdesiceasuchas giodamasbng,
ecul ar beam epitaxy or chem cal vapor deposition

ngmﬁleﬁtr%mofb&rty dransipéors SHEMTshpsed 4 &v-g8ixp clegtronics and
1nfre{1‘@trﬁk & Stord ﬂséﬁri’afefnﬁtapedaiﬁ%gﬁl\ée ﬂﬁhﬁﬂla‘?@b h bh&ﬂfu léfé“lt ftigm

eV|ce structures y elenent rs
a potentiglonéll thet choypians parficles vdseh pexirmginaylytfceettd enoiva i thmeei c
Suc

dimHa P RANE g RGPS P OEP HRFESTOPEy TR suoh
effe@’t@ Qﬁ@ﬁa%turﬂ_ B@nfﬂfé%ﬁi faké Plade 8L thedRREEN WYIEthi&@Bss
becornes clérsn?)aglrble at the de Broglie wavelength of the carriers (generally
electrons and holes); leading to energy levels called "energy subbands”, i.e., the
carriers can only have discrete energy values.

Quantum wells are formed in semiconductors by having a material, like
gallium arsenide sandwiched between two layers of a material with a wider
bandgap, like aluminum arsenide. These structures can be grown by molecular
beam epitaxy or chemical vapor deposition with control of the layer thickness
down to monolayers.

In order to achieve high mobility quantum well device structures, a key
element is the ability to confine dopants in close proximity to the intrinsic quantum
well. Such a requirement is not easily met in many cases due to the uncontrolled
diffusivity of such dopants. The dopants in a delta doped layer can diffuse or “spill
into” the quantum well during the subsequent growth and annealing steps and
hence degrade the device mobility/performance.

A partial solution to the problem of dopant out-diffusion from the delta
doped layer during subsequent dopant activation annealing steps is the use of ultra

fast ramping RTA (rapid thermal annealing). This does not address dopant
diffusion/spread entirely though since dopants can also diffuse during the
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into" the quantumwell during the subsequent growth
and anneal i ng steps and hence degrade the device
woresli2t7yd per f ormance. A partial solution to tPEr/US2008/058446

probl em of dopant out-diffusion fromthe delta doped

| ayer during subsequent dopant activation annealing

steps is the use of ultra fast ranping RTA (rapid

thermal annealing). This does not address dopant

di ff usi on/ spread entirely t hough since dopants can

[ffuse rin , t be
forn iRt 614y e BN Co B h ARG B o
requireﬂlahtl’s%iﬁﬁhlﬁtairﬁﬁg tRideltadopdidaydie del ta doped | ayer .
EF DESCRI PTI ON OF THE DRAW NGS The invention is
BRIIElFl RESCRIBTIQN QEITEE DBANWINGSnd not limitation in

theputl H&#éﬁ&én f%fﬂlﬁé?r%tc?ﬂc mxﬁ&}&r a[%e 130 ﬁmlﬂa{‘om {fO

li ke references In nent s, and in
figumk o€ the dec@upanyink drhwings,riatwdscholiie: Iefdbﬁﬂtemﬂtca&f si@ilar
net hod of f.abricating a quantum well device; Figures
clemsnig, WFVB§WF§Fe one enbodi nent of various stages in the
fabrication of a quantumwell device; and Figures 7A

angrigiBes §1BARYSNd bhb&lifihi 6T HOREMbE ﬂbfl&éiﬁl'gchrhuantum
DETAI LED DESCRI PTI ON A nmechani sm for form ng a doped

wellglgareeum wel | structure is described. In the foll ow ng
detail ed description of the present invention NuNer ous

S pﬁ% %2 ﬁétlrat%e &{Oe en%:"o Iil?TLt ol% Varn 0195 sg n th? rf%)\#cgﬁo@

hor ers ng o e present “hven
ofah@%&MﬁMdeeﬂMetmube apparent to one skilled in the art
that the present invention may be practiced w thout
t hese s I n ot her instances, well known

i fic detail
st FiRstreY €8 3By pisebs Mhalraingilorih BIBURDdi agr am
form rather than in
DETAILED DESCRIPTION
A mechanism for forming a doped quantum well structure is described. In
the following detailed description of the present invention numerous specific
details are set forth in order to provide a thorough understanding of the present
invention. However, it will be apparent to one skilled in the art that the present
invention may be practiced without these specific details. In other instances, well-

known structures and devices are shown in block diagram form, rather than in

detail, in order to avoid obscuring the present invention.

Reference in the specification to “one embodiment” or “an embodiment”
means that a particular feature, structure, or characteristic described in connection
with the embodiment is included in at least one embodiment of the invention. The
appearances of the phrase “in one embodiment” in various places in the

specification are not necessarily all referring to the same embodiment.

As Complementary Metal-Oxide Semiconductor (CMOS) devices continue
to scale down the gate length, one device parameter that is severely impacted by
the continual increase of dopants in the channel is the carrier mobility. Thus,

remotely doped quantum well structures are increasingly being implemented. The
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detail, in order to avoid obscuring the present

invention. Reference in the specification to "one
wepmedziment " or "an enbodi ment” neans that a pRCT/USWD&058446

feature, structure, or characteristic described in

connection with the enbodinment is included in at |east

one enbodi nent of the invention. The appearances of

the phrase "in one enbodiment” in various places in

the speci fication are not necessarily al | referring to

surfege ro%%lwgss ngogll%)rrent catA%n%gng ntt %0%[)1‘“{?611?111 q%anturn

0O SCa

welly hethgahamkk agd hmcoqﬂ@tﬂ)ﬁ\uf@ealﬁaﬁ qnmtuﬁh vidllaindivaitisarei el y
I npacted by the continual increase of do%%gps in the
stabidizaitfefromdottp a8 cap Betcippmifaria (Epthigycrsy ¥fyadoped

dlSCSSlé LWV Rl Jan St lﬂlﬁ‘f idtois %rnr?autr1 @Sﬁc%ﬁ?efgﬂ)!nﬁroﬁf%qge high

enente esur ace roughness and | npu
concenaﬁticmrofnipp@r&s the delpaaairtpedc’bﬁyepr esent in the quantum

well) i.n the cha and incor ation of  strai
quUATERHHTREP 100G e Baiieng b H ISy Gk ROt OrPRGRTOBY £ om
forrrﬂﬁ‘éjof:@&fﬁ@foﬁ bRer R nfa®et{a®bn @:ﬁﬁ’ér)mde@f%r&lta HONRY Blyer RS

discussed above, dopant out diffusion is a nmain
ordec gnapefine g dpAts o tlosgprokenity @ gententvebt irosucbfan

dopa t he. del.ta er. According to. pne
embRRBRA deterdAP AT B rolb T Gtire Aerpenpdih Biafed by
mobilay) Mia@vOband b f dhdfih Q@ MayRatat BlsafidliehéBbet@Bereiwioneidesi de
of a delta doping |ayer in order to confine the

bandggp éemess i Theelestrenigrbund airgcgure @t thedwtene-innciten interfagesuch
conf]l s& er%llerz?rna or ﬁol@ %lm&?,{ g us'?riﬁt caq)jﬂld étbog]]l’b%ga %ﬁ‘se’ﬁor valepce
Pdcture s gr own Wi narr ow band

bamg@mmteaqﬂaﬁhb}ayer that is sandmnched betmeen t wo
wi der. bandgap | ayers. The electronlc band structure at
t hOURBE Pt ed 1B wigk e gan laysay hervdlysioperbrelia dopingon

layef%ra]rg'g s%? élgl‘;tgl Hééen[? élge (ggtﬂﬁlviiﬁeﬁzgll @%Q 29f Eﬁ—ﬁgr @%e{ml
Priopénd a’f&:r \g/rcdzﬁhta)éﬁd: lgapily dmmdslelt!ﬂ h@m Ithyin doprmﬂ dtfﬁlsicm
bam%? Palygr% are grown above and below the heavily doped delta doping layer.
The dopant diffusion barrier is formed, in one embodiment, by introducing a layer
which has low dopant diffusivity (such as Si in a Ge quantum well structure), or by
adding impurity in the wide band gap layers to suppress dopant diffusion (e.g. by
adding carbon (C) in Si or SiGe to effectively suppress Boron (B) and Phosphorus
(P) diffusion).

Figure 1 illustrates one embodiment of fabrication processes of one
embodiment of a Ge quantum well and a sharp boundary delta doping layer. At
processing block 110, a quantum well structure is formed by grading a transitional
SiGe layer and a thick relaxed film Epi layer (e.g., Sil-xGex) to reduce dislocation
defect of the Ge quantum well layer. Figure 2 illustrates one embodiment of the
graded SiGe and Sil-xGex layers formed on the Si substrate.

Referring back to Figure 1, a Sil-yGey layer is formed with the Ge
composition tailored to have a desired valence band offset with the Ge quantum

well valence band, processing block 120. Figure 3 illustrates one embodiment of
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| ayers are grown sufficiently close to the quantum
well layer as a carrier reservoir. Prior and after

w@e@stiti7of t he heavily doped delta | ayer, thi nP@dDps2uws/ 058446

di ffusion barrier layers are grown above and bel ow t he
heavily doped delta doping |ayer. The dopant diffusion
barrier is fornmed, in one enbodi nent, by introducing a
| ayer which has | ow dopant diffusivity (such as Si in

a Ge quantumwel | structure), or by adding inpurity in

Sil-%éei%é Hygry? ptgo%gé,jsri{% lr aYﬁ)r SFd%ﬁ)reSép @erst?gtgssorkegentlrgodgl L ftuo‘? Nk

fornRHf@equavieiny wall pgpice, s&efBﬁirfgrbabB}o Bivahr & 06 PHisdtis/HeRYily
di ffusion Figure 1 illustrates one enbodi nent of

dopqdail y& iy 8 harsics susisach trerew terrséan tericltadopante

pro A B, B e A b PP & e

barrfedhem}diylnippgi &i(ii-y(@ey&ﬂithaﬁﬂﬂlfbﬂnmdaiveﬁﬂﬁeﬁd queatunandlldayer.

r olicieaticg BicBda Hgedomdurhotiandi? @é@%a]fﬂca%ﬁf?@tﬁ fhen

carrleé)()ﬁf to fEl‘)IQdéEeethg rdrhdiH&dr ro?ﬁfesG@QW PRGOS H@@E‘é oﬂ){he a‘B@ve
graded Si Ge and Sil-xGex layers formed on

subsgrates proatssingRédar kS0n gublaproctsirg igdudesl ,Flgu1$| 5 Lllyaszeeyes
| ayer. is, formed, with, the co 'tio t ai | ored
one YRty B oM BALESTar R e R Pt R Bt um
delt\@dging/ @£ N6 StHA BEbo MHRARS e MU ACKardiéddelfai dBPng 18yer
il lustrates one enmbodi nent of Sil -yCGey | ayer,
Stacbﬁﬁb%%bm@lamddéwﬂl@@ qumtgmrecld || ustrat es one

o SR A e 7B Ao BB Ridon B v

blankétl Wa{ﬁe)ﬂ)ﬁhe bayeraf ﬁ[gh&ﬁﬂlﬁh&y@eﬂn&n@fr@ VBe)tquas@nt weln lalybﬁ

del ta dopants, processi ngﬂ bl ock 150. Figure 5
The figpies show swspenscaomeiay NS orofilgef gPO%’HPWSé‘P RNt y

layeggﬁ%l@ﬂl] o d sﬁﬂ%y ({S@rsuBﬁth EA tlfu‘r.lrS'(ﬁ%deb\f &@'s Ah@)"/Gglﬁé" B.E}Elulg]

ayer ack to ure
embsd@ddmﬁé a@MﬁBpmt@hfémmmkgyers Chmpanmg tthe édA(ﬁ]lbatrmr in

Flgl{l’% EA;%@:;E ggg 69%6‘6%%5‘1‘1& of FﬁhgurGelBQ‘cll\lle %RS Si eef elcgselgl) n
blocked the P diffusion in the top n-Ge from diffusing into the undoped i-Ge
bottom layer.

Although described above with respect to a GE quantum well structure and,
the above-described method may be implemented in other embodiments using any
kind of high mobility quantum well structure. In further embodiments, any kind of
diffusion barrier may be implemented; including a C doped Si or SiGe.

Figure 8 illustrates that quantum well devices 800, according to various
embodiments of the invention, may be used in an integrated circuit 810 (or another
chip, monolith device, semiconductor device, or microelectronic device, as they
are generally understood in the field) and incorporated into a computer system 850
(or other electrical system). The computer system, which may be a portable,
laptop, desktop, server, mainframe, or other computer system, may also include
other conventional computer system components, such as a bus to communicate

data, a memory to store data (¢.g., main memory, read only memory, and/or a mass
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substrate, processing block 150. Such processing
includes. Figure 5 illustrates one enbodi nent of a

wa@e@stizamiael | devi ce having a diffusion | ayer PCT/US2008/058446

surrounded delta doping area. In other enbodi nents,

the diffusion barrier/delta doping | ayer stack can

al so be placed under the quantumwell. Figures 7A and

7B illustrate exanples of dopant diffusion barrier

| ayers on bl anket wafers for the case of high nmobility

rmani um (Ge) quantumwel | [ayers. The figures show

ehcﬁgggggﬁﬁgtronetry (SIMS) profile of Phosphorus in a Ge

Epiw oy im Gy Qildradidn arsd thbdidivat{cdis of sHelmtdeat @verionill

50A Si or a 50CA 69% Si Ge | ayer i s enbedded in Ge as a
no dgefEorae APRAETG 0 # BYEPN oliHiarY Higll e srhatter hayang read

. . ‘ -t e p : .
the oDl e Sk e A REH B BB Ropdd e,
showihend dxscribd@ebyf wanofdilfifteasiongs inntoowdshatandebpdet donGdered
. .bottom | ayer.. Although described apoye with respect to
limitgngee lzﬁa%fﬁ%/qa FRfenfesde 3@&3&? VaziQHS eli“ﬁ e s
to nﬁﬁttﬂ@gbog@xf 08 b SUEBE fRhbRsQL QGECRTRAN TR Fa k&l Ng
any kind of high nmobility quantumwell structure. In
regafdedtal essceiid daiheantaitioany ki nd of diffusion barrier may
be inplenmented; including a C doped Si or SiCGe. Figure
8 illustrates that quantum wel |l devices 800, according
to various enbodi nents of the invention, nay be used
in an integrated circuit 810 (or another chip,
nonol i th device, sem conductor device, or
m croel ectroni c device, as they are generally
understood in the field) and incorporated into a
conmput er system 850 (or other electrical system. The
conputer system which may be a portable, |aptop
deskt op, server, mainframe, or other conputer system
may al so i nclude other conventional conputer system
conmponents, such as a bus to communi cate
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data, a nenory to store data (e.g., nmain nenory, read
only nenory, and/or a nasselectrical systens. \Wereas

woresvg/1zd71€r at i ons and nodi ficati ons of the preRenUS2008/058446

invention will no doubt beconme apparent to a person of
ordinary skill in the art after having read the
foregoing description, it is to be understood that any
parti cul ar enbodi rent shown and descri bed by way of
illustration is in no way intended to be consi dered
Whatiisyleimed is:Theref ore, references to details of various
emyodi : t, 1 ta. .l L . f the
L oA eBERr Rk Faite AORRS SRR L P boIF SEARRRE, )
diffusegaiatiéd casiks o€atdeldd layer dffaquanteniveld o dndine idepaitaiomed
is: 1. A nethod of fabricating a quantum wel| device
the quap wethg forming a diffusion barrier on sides of a
delta layer of a quantumwell to confine dopants to
2. UhehduRiddBM®lih 1 RrthdNGniBsiRFoRhing!tRd flahufnd Well&¥ith a
conprising formng the quantumwell "with a high
highrmodhilityt garrevabamgdpaahdngdpeychannel | ayer. 3. The met hod
of claim1l wherein an electronic band structure at a
heter o] unct .interface of the. quaptumwel |l confines
5 o ot AsEarRind S et nAl R R aF 8- "The
juncii®i heeHRE of trl (Radtunh@EIebonfaRds elceGdr edttibrseMd cBhdudtibhr
at _a heterojunction interface of the quantum wel |
bandefffct-nes hol e carriers using val ence band of fset. 5.
The method of claim1 further conprising: formng a
4. 9rage %e‘iﬁo%l@ddi&ﬁl%h%r@ﬁﬁ% P&on ]%H9§ﬁ‘ﬁ&ﬁl%;at Qﬁgtero-
formng a relaxed fiImepitaxia ayer over the
junctiommgérfacométhel yatum Gell Thrdime hbledaonferchsngyBenwhdard n
the formng of the transitional |ayer and the

offset.
5. The method of claim 1 further comprising:
forming a graded transitional layer over a substrate; and

forming a relaxed film epitaxial layer over the transitional layer.

6. The method of claim 5 wherein the forming of the transitional layer and the

relaxed film epitaxial layer reduce a dislocation defect of the quantum well layer.

7. The method of claim 5 further comprising forming a first Sil-yGey layer

over the relaxed film epitaxial layer.

8. The method of claim 7 further comprising forming the quantum well over

the first Sil-yGey layer.

9. The method of claim 8 further comprising:
forming a first diffusion barrier over the quantum well;
forming a second Sil-yGey layer over the first diffusion barrier; and

forming a second diffusion barrier over the second Sil-yGey layer.
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rel axed filmepitaxial |ayer reduce a dislocation
defect of the quantumwell layer. 7. The nethod of

web@smeB14 urt her conprising formng a first SiPEHEE008/058446

| ayer over the relaxed filmepitaxial |layer. 8. The
met hod of claim7 further conprising formng the
guantum wel | over the first Sil-yCGey layer. 9. The
nmet hod of claim8 further conprising: formng a first
di ffusion barrier over the quantumwell; formng a

10. sedbpmediad-fckym) Tafjutheioresforming Gomplemgnepy it Oxide
Sernf ¥t BorcAS) oLy SERARIL ol sl lh HARE bl S!

wellfdgwicher perform ng Conpl enmentary Metal - Oxi de
Serri conductor (CMOS) processing to conplete the
rication f t he uant m wel | device. 11. A quantum
11- agamE b oenEen VEGBIPEPAG: a quant um wel | ;
a dae(!lgaﬁtdn@y,@ﬂ, and a first diffusion barrier forned
bel ow the delta | ayer; and a second diffusion barrier
f ornnlella kiyovend he delta |l ayer. 12. The device of claim

11 further .conpr.i Sing: subst r, :a graded

tr A PRbE g BBV AthdnGdif ate; and a

r e ax@dldifrgi@Pbdrad lméomeive oy dd 19xer the _

transitional layer. 13. The device of claim 12 wherein

the transitional |ayer and the relaxed fil m epitaxial

| ayer are formed to reduce a dislocation defect of the
12. QUBRLHRNEL b BY P rughfr coliiqi] ce of claim s further

conprising a first Sil-y er forned

a substrate;

a graded transitional layer formed over the substrate; and

a relaxed film epitaxial layer formed over the transitional layer.

13. The device of claim 12 wherein the transitional layer and the relaxed film

epitaxial layer are formed to reduce a dislocation defect of the quantum well layer.

14. The device of claim 5 further comprising a first Sil-yGey layer formed

over the relaxed film epitaxial layer and below the quantum well.

15. The device of claim 11 wherein an electronic band structure at a hetero-
junction interface of the quantum well confines electron carriers using conduction

band offset.

16. The device of claim 11 wherein an electronic band structure at a hetero-
junction interface of the quantum well confines hole carriers using valence band

offset.
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guantum wel | . 15. The devi ce of claim llwherein an

we@b@stiziomd ¢ band structure at a heteroj uncti onPCT/US2008/058446

interface of the quantumwell confines el ectron
carriers using conduction band offset. 16. The device
of claim llwherein an el ectronic band structure at a
het erojunction interface of the quantumwell confines
hoIe carriers using valence band offset.forning a
axe filim ayer qv nS| i onal
fomn %rerlﬁ1 Xne E%E}r plt%mag %e-ryoégglﬁlle éllale}?ltlél\l/aer %Te rel axed
f i Ecsmﬁﬁg b fixdt Shl - ayeraycf ®rcrtiegclahed ﬁuﬂeplwnawiyer over
the first Sil-yGey |ayer formng a first diffusion
bafeeng axff‘élﬂlalﬂtﬁ@ \q@}bﬁm ihenBIst Silfypevi la¥era second
Si r barrier; and
o?ﬁ%hd¥ak§§?£ﬁgﬁgﬂ%%ﬂ§r%%f ﬂgkngﬁggp the second
S| fforybey a lsemed Silt8Geyl agemnmiteh dat fakt dnffasmm Mmfeu rantier
perfor.mn mentary Met al Ckld m_conduct or
cifk%)‘%? g@@&@ﬁﬁﬁﬂt% R ER e SEPoRaIST | BT Bt t he
quantun1me|| sem conduct or device. 19. The net hod of

claim 17 wherein an electronic band structure at a
18. heflbe memhmitdfataimrﬂﬂdnfth@qaedbnnmg (Crunagr] o om taeyl Metabﬁ)lixiwes

ele tron ers u3| con and of f set
SerfpBSHURTICAT0R) Eiobrshiiedd sEPErha tborai Shihe St
“@ﬂ%bhﬂﬁhgﬁﬁoﬁﬁgw&eheterOJunCtlon interface of the gquantum

wel | confines hole carriers using val ence band of f set.

19. The method of claim 17 wherein an electronic band structure at a hetero-

junction interface of the quantum well confines electron carriers using conduction

band offset.

20. The method of claim 17 wherein an electronic band structure at a hetero-
junction interface of the quantum well confines hole carriers using valence band

offset.



