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Due to this valence band offset and a lower hole effective mass, the hole
mobility is increased with a factor of two. In a special embodiment a multiple quantum well
is disclosed comprising three quanturn well structures.

A disadvantage of the known field effect transistor with multiple SiGe

25  quantum wells is that the improvement is limited to PMOS devices. The manufacturing of
multiple SiGe quantum wells is difficult due to relaxation of the strained SiGe layer and
diffusion of Ge from the SiGe quantum well towards the surface.
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30  Silicon can be grown epitaxially on several high-k materials when the lattice constant of the
high-k materiatl is an integer times the lattice constant of silicon or vice versa.
Confinement of charge carriers in silicon occurs when the thickness of the
silicon layer is typically less than 10 nm. The charge carrier density in the inversion channel

Jjust below the gate strongly decreases when the silicon thickness is less than 5 nm. The
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A further object of the invention is to provide a method of manufacturing a

semiconductor device structure of the type mentioned in the opening section, in which device
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t hﬁnggorsc’&ﬁﬁ b?&O I{nhga H‘&nc%'sﬁ éanag%ﬁ%ltjssd%m{nhg the tr s:stor
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t ant t t
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d oniegtian ef chitge darian ditsthoquantpe wely, e depth, of 26 juBspairbeuld bt

S QbHsG: BRChiladds B hdllahdn? Ve ila¥BeRBHaSi ti C capaci tances,
it can be further |gﬁ rtant to reduce the source and

drain jun cliegipnd g ydddg@ﬁgqsgf the-pyesent irgfgrglan will become

apparent from the following detailed description, taken in conjunction with the
accompanying drawings, which illustrate, by way of example, the principles of the invention.
This description is given for the sake of example only, without limiting the scope of the

invention. The reference Fi gures quoted below refer to the attached drawings.

Fig. 1 is a schematic view of the semiconductor device having two quantum
well structures according to the present invention.
Fig. 2 is a schematic cross section of a superlattice comprising two quantum

well structures according to the present invention.
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exanpl e, the principles of theinvention. This
description is given for the sake of exanple only,
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high temperatures ( T > 350 °C ), while the Y,05 (111)//Si (100) is preferred at lower
30 . temperatures. The formation of domains is a direct consequence of the particular hetero-
epitaxial orientation Y503 (110)// 8i(001). At higher temperature around 610 °C a reaction at
- the Si interface results in the formation of an YSi, phase which degrades the overall quality

of the epilayer.
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the semiconductor material, the more energy minibands are possible. The workfunction of a

semiconductor or a high-k material is dependent on the material parameters, such as crystal

~ orientation, siress inside the material or in between the semiconductor material and the high-k
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carriers can be electrons or holes which are usually
injected froma source region connected to the
guantum wel I s. Radi ation such as visible light can

al so generate electron-hole pairs in 20 the

sem conductor. The electrqg-hole pairs can be
separated from each other by an electrical field. In
Fig. 2 a nultilayer structure 3, being a superlattice
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In order to reduce implantation damage it can be advantageous to perform the
threshold voltage (V) implant into the p-well of the semiconductor body before growing

the superlattice.
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15 channel of the transistor, which is the case in
conventional FETs, first the superlattice is grown on
t he sem conductor substrate. A bl anket |ayered
structure (also running in the source region 12 and
the drain region 12') wasg,deposited: an Y2O3 |ayer

W th an equival ent oxide t%lckness EOT of 0.6 nm was
grown alternately with 3 nmSi with a doping | evel of
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In Fig. 5 is shown that the off-current is reduced with about 3 orders of

~ magnitude for the NMOS transistor with 5 quantum wells (filled circles) compared to the

conventional bulk NMOS device (open squares).
In Fig. 6 the electrical performance of the NMOS transistor with 5 quantum

wells (multi-channel MOS) is compared with a conventional (and equivalent in

processing) bulk transistor. Note that the total equivalent oxide thickness is 1.5 nm for the
 bulk transistor, while it is 3 nm for the multi-channel MOS. The 25 nm device in the bulk
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the total |ayer thickness of the superlattice in the
vertical direction of the FET. In the enbodinent the
depth is 35 nm It is a big advantage that there is no
need for ultra-shallow junctions. 15 If a voltage of
1 Vis applied to the gatg, the charge carriers are
injected in the quantumwells. In this exanple the
charge carriers are electrons. But if the polarity is

QRRQASEs b WolMO! ERNdGiBs), whiGneSAIRR Hashe NS 6@k ExchiRat

hol.es. The gate otentlal controls t he char arrier
P T Vet B e e e e Cotfing e f
cmmwd%m@nRMEBMMmﬁmannwﬁmhehmwwmhewgakeVﬁﬂmnwﬁﬂn as a
ORH&.f@r the next 20 quantumwell. In this way the
channel s _act as one conduction channel. A farther gate
(not shoWaTdsbaiRe ofien ffeaedines Brpscareblop 2@t/ m anf then
Sefearidt @ thif=f 10PmIThe sigalireshdld sibpy isshenvizant um wel |
structu Jo ca‘rl'x cox% dérit;'o%u tﬂelesuﬁé tlhig ult:ac\ﬂ elRIOS tlians1s§ O&Lflr ce and

drain Junctlon no S|gn| cant! dinto the
tEelygrofesflepsical H%%Tﬂ@msreépepw&;/ fort{lsyspb- %ﬂmms gafefagion: S¢ s

@ itiae Been WiaSly %@Mﬂeﬁd&lﬁcﬁ)b@xﬁﬂl@fm Shevetsudi pathfdncesfith@chge | S

shol d. val t ff
eSOy S T B helelts P b P B 5 °
qualn‘MthNehﬂh@lQlfSﬁlnln%d circles) conpared to a

convent Impﬁeaﬁ&uﬁﬂdvuuy@in%aﬁsed ﬁl)t 6}[13919 REAISRIPMOSHrdasiIVES

ranS|stor éﬁ e%ﬁ % F‘) he gate is taned of f,
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f-current "i S reduce about 3 orders of
ﬁ‘B‘é’l’i’?’i Elﬂ‘éhefcﬁa"i“ertt‘ﬂ’égpmeld?"écﬁ3| stor with 5 quantum wel |s
(filled circles) conpared to the conventional bulk
NMOS devi ce (open squares). In Fig. 6 the electrica
performance of the NMOS transistor with 5 quantum
wells (multi-channel MOS) is conpared with a
conventional (and equivalent in 35 processing) bul k
transistor. Note that the total equival ent oxide
thickness is 1.5 amfor the bulk transistor, while it
is 3 nmfor the nulti-channel MOS. The 25 nm device in
the bulk 6 11 case does not work at all (dashed
lines), while the nulti-channel MOS shows an excel | ent
drai n-source current versus gate-source voltage

- (lds-Vgs) curve (solid lines). The drain to source

current Ids is shown for two different drain-source
vol tages: Vds=1.0 V and WVds=0.1 V. 5 The Ids, being
often referred to as the on current, lon is 520 Al m

.and the
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off current is loff=7 nAAgm The sub-threshold sl ope
is 83 nv/dec. One can conclude fromthe results that
mul ti-channel MOS transistors has an extrenely good
el ectrical performance, especially for the sub-35nm
CMCS generation. So far, it has been w dely regarded
as inpossibility to achieve such performance with a
single 10 gate Si MOSFETy; The only viable sol ution was
believed to a be a double-gate device with an
ube¥¥St hin Si channel (1.5-5 nm). Miltiple quantum
wells can be used not only in NMOS or PMOS
transistors, but in any sem conductor device |ike

bi pol ar transistors, HBTs, diodes, nenory devices,
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characterized in that there is

5. Semiconductor device as claimed in any of the preceding claims,
characterized in that the further layers comprising the electrical insulating material

have an equivalent silicon oxide thickness of less than 1 nm.

6. Semiconductor device as claimed in any of the preceding claims,

characterized in that the semiconductor layer comprises silicon.
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epi taxy between a further |ayer conprising the high-k
mat eri al and the sem conductor material of the

sem conductor | ayer on top of the further |ayer. 25 5.
Sem conductor device as clainmed in any of the
preceding clains, charagierized in that the further

| ayers conprising the electrical insulating materi al
have an equival ent silicon oxide thickness of |ess

than 1Semnd%90&ew§%m1&amHeLﬁrs QN ESddPmi k@l Med in
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‘Hﬁﬂgﬁﬁ?ﬁﬁ %Wnconprlses silicon. 13 7.
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l ess t Vice as claimed in
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effect transistor having source and drain regions
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channéfietiod g raptagidiog ieprcPdReie dﬁ“‘é’&‘ﬁé £ field efestransitior hi n
tHaengshatead driie Sions benfdertnb e chahﬂe&ﬁ@d)rﬁah@i gaft aBdit the | ayer

t ng 4 substrate ng a
éb%#&t%’OE ax1d m’gp Si % Lt%%tr %n VWII Cﬁh ﬁanne?regg f?he
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Eh 4 e ectrlc
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ﬁerla tice, el ng positioned substantially

qur,é;flaretcﬁnfeﬂ & tkﬁ!] ggﬂlﬁﬁqlm wel(I:’ layer and the further quantum well

er

layer are positioned on a distance from each other whereby the quantum well layer

functions as a gate for the further quantum well Iayer.,

_1_2. Method as claimed in claim 11, characterized in that the quantum well
structure is formed on the substrate using the steps of:
forming a layer of electrical insulating material on top of the substrate,
forming a layer of semiconductor material on top of the layer of electrical

insulating material, wherein the layer of semiconductor material is grown epitaxially
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wel | |ayer, characterized in that the quantum well
| ayer and the further quantumwel|l [|ayer are
positioned on a distance from each ot her whereby the
quantum wel | layer functions as a gate for the
further quantumwell layer. 30 12. Method as clained
in claim1l1, characterlzeé in that the quantum wel |
structure is formed on the substrate using the steps
Obisi tof SHKE 14Y8r Relb@W S insRhting kel lsf@dteph mlpa{vdnﬁa aRiseri al
on ng of the substrate, formng a |ayer of

Stiduct or material on top of the |ayer of
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