FI ELD OF THE | NVENTI ON 5Enbodi nents of the present invention relate to

sem conductor integrated circuits, and nore particularly to field effect
transi stors, and nethods for fabricating the transistors. BAC KGROUND
Quant um wel | sSWa2¥8AY7Hed i n sem conduct or devi ces such XETASYIEOBHEers, 10
H gh El ectron Mbility Transistors (HEMIS) used in | ow noi se el ectronics
and infrared photodetectors used for infrared inmaging. Particularly, a
guantumwel |l is a potential well that confines particles, which were
originally free to nove in three dinensions, to two di nensions, forcing
themto occupy a planar region. The effects of quantum confinenent take

pl ace when the quantum wel | thickness 15becones conparable at the de

Broglie wavefiengt OraHie heveeriorers (generally el ectrons and hol es); | eading
to energy levels called "energy subbands”, i.e., the carriers can only have

di screte 56 nergy F‘?‘r{ Elentb oﬁﬂ ebCV\?anGSntlgIli Pelateoraqgrgl 011 u%or 1nt%grg%#0t ors by
havrng amteria i Um ar seni de san wo | ayers of a

material w tdnrcartsvw@enmaﬁartmarmga@ﬁelﬂreffmahmrrtom,rmcanam&srﬂr&. These structures

can be gro beanrcprtaxy or chem cal vapor deposition with
control Of“?%mx?ggyﬁchmm RRess down to nonol ayers. In order to
achi eve high nobility quantum wel |l device structures, a key elenent is the

ability to IMEKEEAUEMANts in close proximity to the intrinsic quantum

Quantum wells are formed in semiconductor devices such as diode lasers,
10 High Electron Mobility Transistors (HEMTs) used in low-noise electronics and
infrared photodetectors used for infrared imaging. Particularly, a quantum well is
a potential well that confines particles, which were originally free to move in three
dimensions, to two dimensions, forcing them to occupy a planar region. The
effects of quantum confinement take place when the quantum well thickness
I5  becomes comparable at the de Broglic wavelength of the carriers (generally
electrons and holes); leading to energy levels called "energy subbands", i.c., the
carriers can only have discrete energy values.
Quantum wells arc formed in scmiconductors by having a material, like
gallium arsenide sandwiched between two layers of a material with a wider
20 bandgap, like aluminum arsenide. These structures can be grown by molecular
becam cpitaxy 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
clement is the ability to confinc dopants in close proximity to the intrinsic quantum
25  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
30  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



25wel | . Such a requirement is not easily nmet in nmany cases due to the
uncontrolled diffusivity of such dopants. The dopants in a delta doped

| ayer can diffuse or "spill into" the quantumwell during the subsequent
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nobi lity/ performance. A partial solution to the problem of dopant
out-diffusion fromthe delta 30doped | ayer during subsequent dopant
activation annealing steps is the use of ultra fast ranping RTA (rapid
thermal annealing). This does not address dopant diffusion/spread entirely
t hough since g&ﬁants can also diffuse during the formation, etc. nmay not

be conpati bl B hE2ynelbs cpBRgtiblyerihehe %ﬁ%@&tth?r@akhu#@%ems f or

mai nt ai ni ng fef@redRht or dRRANh@he delta2iofl IEfer DESCRI PTI ON OF THE DRAW NGS
The invention is illustrated bﬁwma of exanple and not limtation in the
i Win

figures t RRIEFCRE 5#%195 QF BAWINGShi ch 1i ke references indicate

sim | ar el enent s Thaideitidn Wil@huted by way of exarfiplg bkt mitdtlodst hat es one
enbodi nent Q$ a“n?thod of fabr'catingwﬁ¥qﬂant m 10wel | devi ce;
Fi gures 2-6 T9USf PALCOBREVERIEHT RN VB kP FSesncst ‘Rgisde pitilthe f abri cat i on

of a quant urglistednts, gV GRich:and Figures 7A and 7B are graphs
illustrating dopant diffusion. DETAI LED DESCRI PTI ON

Figures 1 illustrates onc ecmbodiment of a method of fabricating a quantum

10 well device;

Figures 2-6 illustratc onc cmbodiment of various stages in the fabrication

of a quantum well device; and
Figures 7A and 7B arc graphs illustrating dopant diffusion.

DETAILED DESCRIPTION

15 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-

20 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

25  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,

30  remotely doped quantum well structures are increasingly being implemented. The

2



15A mechani smfor form ng a doped quantumwel | structure is described. In
the followi ng detail ed description of the present invention nunerous
specific details are set forth in order to provide a thorough understandi ng
of the presenVOPdaon. However, it will be apparent tF6TOR¥YFPHeed in
the art that the present invention may be practiced wthout these specific

details. In other instances, well- 20known structures and devices are shown
in block diagramform rather than in detail, in order to avoid obscuring
t he present invention. Reference in the specification to "one

enbodi ment” or_"an enbodi pent” nmeans that a particular feature, structure,
or char act er{"SP§TOURLES PHEIPUHLY SEHEERE ©&n IR hiot RSBl HEMEMi s i ncl uded

in at |east 9§ ilﬁigibgl(iﬂnﬁéi%dchoipbﬁttibzﬂ&f%ﬂlﬁihﬁmquaf[ﬂﬂﬁl ﬁhél aa@p@t_a][s@me_s of the
phrase "in one.enmbodiment” in various places |n the specification are not
necessarily %t ‘hzrdté‘?fbgfqn?“ E‘ﬁtofr’oanfj (58P e BHIERE My ers. Howevepds conpl enent ary
Met al - Oxi de Gefibse®msbe tdopant SV usidE W LB Sin EHAEH BEENLBIISE Ble@iglown the gate
| engt h, one device.pargnete[ %hﬁt is severely inpacted by the continual
i ncrease of WOPFHHEUON;oh Ipn3Bs Shilin Adfe dPRedBE carrier nobility. Thus, 30
renmot el y doped quabdriing wedne eﬁlbwﬁlbmree@aamwdmtm@%mgia%ﬁcbﬁh Bg i npl ement ed.
The surface roughness and inpurity scatterin .g., dopant not present in
the quant um \REFP 0'%£%Wﬁ“b Hifmapten ﬁﬂeﬁﬁ%6Wﬁ8€%%§6ﬁmﬂﬁg@W?g}n in quantum
wel | andioM tdidstd @infindthit ad}ahts zZadlbe Prdximim b attammndl capukieier o- epi t axi al
wever, as d ssed abo dopant out diffusion is a main

Concern of  CBHEREITY AGe ERET MR SBHECHEL SEFBR ‘Do a0 pAHELH t he del ta doped
| ayer. mobility, narrow band gap, channel layer that is sandwiched between two wider

bandgap layers. The electronic band structure at the hetero-junction interface

confines either electron or hole carriers using conduction band offset or valence

15  band offset, respectively.

During the growth of the wide band gap layers, heavily doped delta doping
layers are grown sufficiently close to the quantum well layer as a carrier reservoir.
Prior and after growth of the heavily doped delta layer, thin dopant diffusion
barrier layers are grown above and below the heavily doped delta doping layer.

20 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).

25 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

30 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



According to one enbodi ment, a quantumwell structure is fabricated by
formng of a diffusion barrier material on either side of a delta doping

| ayer in 10order to confine the dopants in close proximty to a quantum
wel | . In suchW&t*8I64 ment, a hetero-epitaxial quant umqﬂéquz@ﬁ/l)%if‘t‘“ure is
grown with a high nobility, narrow band gap, channel |ayer that is

sandw ched between two wi der bandgap | ayers. The el ectronic band structure
at the hetero-junction interface confines either electron or hole carriers
usi ng conduction band offset or val ence 15band of fset, respectively.

During the gg. f the w.de band g | ayers, heavily doped delta doping

| ayers are g$@$%£§§W??@P@ﬁf?@b%a%gg'?%upﬁglHﬂﬁﬁ?ﬂﬁ?ﬂﬂ%ﬁ“%ﬁ&@?mhs a carrier
reservoir. Pfimaed Gnglaafimereligiam Refafing bkeklfte!gﬁgh&em, ﬁlsnﬁiﬁilidﬂ/alaetvﬁyl ﬁyer" I t hidn g
dopant diffusio arrier. |ayers are grown above an el ow the heavily dope
Gl ta. dopt no Py Cs i GpENEthds ApBS e s Bita ABr rod, s ono
enbodi nent , myukﬁMﬂﬂdmdﬁOgFguhﬂyﬂnqm&keme@%ﬁdhﬁ%ﬁﬁmﬂﬁnt diffusiviLy (sgch
as Si in a uant um wel |l . structure), or adding inmpuri in the wde
band gap | aySret g LR SUS e PGk s e b Sy Bt M bor (G i
Si or SiCe to effReGiiingdayk ®Ufigres sinBotrpiafdd)d @vIdS Brosphgidtsen P) giffusion).
25Figure 1 illustrates .one enbodi o) i catian processes of one
enbodi ment of"; e%@gataE%Hf{}%l\%wa"&ﬁgo%hes{‘ﬁ%&gplﬁgﬁgéiﬁmﬁ cg]etf‘)? i’oﬁ%pi ng | ayer. At
processi iy Hubcktc]fi0cesdngvlackt 150 Bedhl pr&kssingtintlieles. SFigweFadusbytegr adi ng i’;l )
transitional Si .ayer .and a thi rel axed fjlmEpi |ayer, (e.g., Sil-xGex
to reduce diosnfsg%qg (!1%1 1%85? %‘(‘:afl%g\‘w?lﬁ{ev hﬁvdr&{nat‘{]m%ﬁﬁyef e Pr.ldeéi gure 2

i Il ustrates dehedgnipodianbnithed Embdiem30q rradethsBh Gerriaridt tSidbpingGayer] ayer s f or ned
on the Si sup ring back to Figure 1, a Sil-yCey layer is

bsirate. .. Refe ]
formed with ‘sﬁ%}éc‘tn;edeﬁ%’é’r@rﬁggﬂ‘fngﬁrt@%ﬁng‘?"g’dx’ 'o have a desired val ence band

of fset with the GEugesain anh7Belldstretakengdesoddepantalihicasdangr backn 120. Fi gure
3 illust { Sat Q3an® & erg)%(rj i[hrer%erllste o?fligh mobility Germanium (Ge) quantum well layers.

The figures show mass spectrometry (SIMS) profile of Phosphorus in a Ge Epi

layer grown on a silicon (Si) substrate. A thin 50A Sior a 50A 69% SiGe layer is

embedded in Ge as a dopant diffusion layer. Comparing the 50A Si barrier in

Figure 7A and the 50A 69% SiGe barrier of Figure 7B, the 50A Si effectively

20 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

25  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

30 (or other clectrical 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 (c.g., main memory, read only memory, and/or a mass



Sil-yGey |ayer, processing block 130. Figure 4 illustrates one enbodi nent
of the formed Ge quantumwel |l layer. Referring back to Figure 1, a S
barrier/heavilx 5doped Sil-yGey/Si barrier sandwich is grown to contain the
del t a dopant sWOpBP8dELYi ng bl ock 150. Figure 5 iIIustratg§w6ﬁ€mﬁﬁﬁﬂﬂinent of
the Si barrier/heavily doped Sil-yGey/Si barrier fornmed over the Ge quantum
wel | | ayer. Referring back to Figure 1, industry standard CMOS
processing is then carried out to fabricate the remai nder of the Ge QW PMOS
device on the above 10 substrate, processing bl ock 150. Such processing
includes. Figure 5 illustrates one enbodi nent of a quantum wel| device
having a di ffFEBHYPSY&r surrounded delta doping area. In ot her

elrrbodijment s, the \ﬂief’d‘a!;lﬁlhﬁgﬂalilélﬁﬁb%%ﬂ dﬁhﬁﬁgapt\fdﬁmmge ﬂ)raslséfatrm&ha&kwman a: SO bfe

pl aced under the quantumwel|l. Figures 7A and . i strate exanples o
dopant di fd&%ﬁb@ameeaﬂmfﬁaw KPR PEC IR “U\E‘Fé%%{?rdﬁa‘”%éeaéase of high
nobi lity Gertnafglr%gang @as)c?glmamt %malg E}@lﬁddﬁﬂg@ﬁ@ﬂ@t anﬂi%éif:dé@?bhfb&diﬁﬁw nmass
spectrometry Iy e of Phosphorus in a, i .layer, growmn on a
silicon (Si )Shé\%gﬁdg?%%%e%bxWynofﬁé}&tf PR G g0 BER BSOS P e f&yiéﬁ%di s enbedded
in Ge as a dopand. Thefefais,irerarch@y & detalld BParibisEnibb@inkadinobiatehdedr i n Fi gure
7A and the 50A 69% Si Ce harrier of Figure 7B the SO0A S effectively 20

bl ocked t he PUFHREPREPLT CEaHBS’th'ﬁhr‘l@ %Em?erlvc?hfeﬂit? S IAY P48 t he undoped

i - Ge bot toomkg@y®d as essential to Aletil@bgdn. descri bed above with respect to a GE
guantum wel | structure and, the above-described nethod may be inpl enent ed

i n other enbodi nents using any kind of high nmobility quantum wel |
structure. In further enbodiments, any kind of 25diffusion barrier nay be

i npl emented; including a C doped Si or SiCe. Figure 8 illustrates

t hat quantum wel | devi ces 800, according to various enbodi nents of the

i nvention, may be used in an integrated circuit 810 (or another chip,

nonol ith device, sem conductor device, or mcroel ectronic device, as they
are generally understood in the field) and incorporated into a conputer
system 850 30(or other electrical system). The conputer system which may
be a portable, |aptop, desktop, server, nmainframe, or other conputer
system may al so include other conventional conputer system conponents,
such as a bus to communi cate data, a nenory to store data (e.g., nmain
menory, read only nenory, and/or a nmass



el ectrical systens. Wiereas many alterations and nodifications of the
present invention will 5no doubt becone apparent to a person of ordinary
skill in the art after having read the foregoing description, it is to be
understood that any particul ar enbodi mrent shown and descri bed by way of
illustration is in no way intended to be considered limting. Therefore,
referencesvmﬂnﬁgﬂghkai.f various enbodi ments are not intended to limt the
scope of the c ich in thenmselves recite only those features
10regarded as essential to the invention. Wat is clained is: 1. A nethod

of fabricatin uant u I.I device conprising formn i rst dgpant
di f f usi Ion ar?i gr’%ﬁ&l Q‘rép'%ég“%?f“ng adamurggwlﬁ F‘gﬁ%ﬁoﬁﬁﬁgﬁgtf&%@ﬁgt% Yoped

del ta | ayegonnddffdiA R W d sid@Bfla Ubpdd@ita0@yBR ahd 'b@ﬁveefl%érﬁ&%d%eﬁﬁaded
transitional |ayer over a substrate; and formng a relaxed fil'mepitaxial

| ayer overbwﬁamﬁﬁan@nnmbﬂaﬂzmdybnhmZmnmh@ngethod of claim1 further
conprising for r.the relaxed film epitaxial

afirst. Sii.yCGey |la
layer. 3. The M&? %graﬁ?%r?ﬂsgy%%@ﬂ OVSIE)?Tf)‘f SEMNu™%r mi ng the quantum wel |
over the first RirininpGepeldxdy Elm epitaxial layer over the transitional layer.

2. The method of claim 1 further comprising forming a first Si;yGey layer over

the relaxed film epitaxial layer.

3. The method of claim 2 further comprising forming the quantum well over the

first Siy.,Gey layer.

4. The method of claim 3 further comprising:

forming a second dopant diffusion barrier over the doped delta layer.

5. The method of claim 2 further comprising fabricating a transistor

incorporating the quantum well device.

6. A method of fabricating a quantum well semiconductor device comprising:
forming a graded transitional layer over a substrate;
forming a relaxed film epitaxial layer over the transitional layer;
forming a first Si;.,Ge, layer over the relaxed film epitaxial layer;
forming a quantum well over the first Si;.,Ge, layer;
forming a first dopant diffusion barrier over the quantum well;
forming a doped layer on the first dopant diffusion barrier; and

forming a second dopant diffusion hater over the doped layer.

7. The method of claim 6 further comprising fabricating a transistor

incorporating the quantum well semiconductor device.



4. The method of claim3 further conprising: formng a second dopant

di ffusion barrier over the doped delta layer. 5. The nethod of claim?2
further conprising fabricating a transistor incorporating the guantum wel |
device. 6. A nethod of fabricating a quantum well sem conductor device
conprising: formng a graded transitional |ayer over a substrate; formng a
relaxed filmepitaxial |ayer over the transitional layer; formng a first
Sii_yGey |layer over the relaxed filmepitaxial layer; formng a quantum

wel I over 8he filhgtm&hed phaaimapewhertior at elpctroticr kanddepehire dit f4 betieom

barrier over. lhe. ntu I'l: form ng a.dope ayer on the first dopant

Gt £ ust on BaeBOE MR TR IR, ool Bl iR Rleclify Rl bife sphdiesbRE e
doped | ayeband offsefthe met hod of claim6 further conprising fabricating a
transi stor incorporating the quantumwell sem conductor devi ce. 8. The
met hod of claim6 wherein an el ectronic band structure at a heterojunction
interface gf th . C L ne: cal i i uction
band offse?l Q?hgﬁgghgyhﬁgh% gp&?ﬂ?@~%%§%%ﬁ§&§n e é%ﬁ?gﬁ?é@%hﬁ§£§¥ructure
at a het er pinotiat indsrfacavéthkamentam wélecaifmes bobewetrlercasiig vedench baad 6ffkdti er s
usi ng val ence band of fset.



