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Chapter 1 

Introduction to Multi-Gate Devices and 

Integration Challenges 

Nadine Collaert 
IM£C, K«pcJdrct:/7S, 3001 li(n•<:.rfcc. 8clgi«m 
coUaert@imec.be 

1.1 Introduction 

In May 2011 Intel announced the Introduction of tile trl-gate 

architecture at the 22 nm technology node [1). As such, Intel was 

the first big player in the semiconductor industry to use a 3D device, 

going from a pure 2D structure that had been introduced in 1960 [21 

and that had basically not changed much during almost five decades 

of scaling to a new device architecture that was still a M0SFET but 

with some new comp1exities and advantages: in this architecture the 

gate is wrapped around a thin conducting channel, also called "fin." 

Tri-gate or multi-gate devices (MuGFET) in general have been 

the subject of much research, especially over the last 10 years. Until 

Intel's announcement there was still a big debate at what technology 

node and, if ever; they would be introduced. 

CMOS f\'Oood«tronks: IMQ"l'Ot1vc: ()ev'ict:4 ArdWr«tUt�. ond App,1Jco1kms 

Copyright© 2013 P;'ln Sbnford Publishins Ptc. Ltd. 

ISBN !17$-98)-4364·02-7 JH:irdt(IYtr). 918-981,4)64.()J,4 (e8ook) 
W>Aw.p.1t1�1.1nford.00m 
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41 tnrroduction ro Muhj-Gore Devkes ond rntegrotion Challenges 

The first double-gate device, called XMOS, was proposed by the 
Electrotechnical l-aboratory (ETL) under the Agency for Industrial 
Science and Technology (former AIST) in 1984 [3]. The paper 
demonstrated that significant reduction of short�channel effects 
(SCE) can be achieved by considering a fully depleted channel with 
more than one gate. By the end of tJ1e 1980s more publications had 
appeared Introducing dif

f

erent multi-gate architectures, amongst 
them the Gate-All-Around (GAA) transistor [4] and the DELTA 
FET (SJ. However, although most structures demonstrated superior 
electrostatics as compared to the standard bulk devices. It never 
came to a real breakthrough at that time. 

The renewed intel'cst was t1·iggercd by a publication at the 
International Electron Devices Meeting (IEDM) 1998 (6). Although 
the device architecture, called finFET (Fin Field Effect Transistor), 
was pretty much the same as in [SJ, it came at a time when 
CMOS scaling started to become much more challenging. The era 
of "happy scaling" was over: with the 90 nm technology node, 
leakage reduction started to become extremely challenging. So 
the time was right to put tJlis device architecture in the picture 
again. 

Many different flavors of FinFETs have been proposed over the 
last decade and typically they can be classified in terms of number 
of gates or channels and fin aspect ratio: pl-gate [7J, omega gate [8] 
and tri-gate [9]. 

An overview of the most important nHJlti•gate architectul'CS, 
based on the FinFET concept, is shown and compared in Fig. 1.1. 
The figure shows device architectures fabricated on silicon-on• 
insulator (SOI) substrates; however; as we will see later. standard 
bulk substrates c.an be used as well to realize these devices. In the 
remainder of the chapter, we will also refer to the FinFET,based 
multi-gate devices as MuGFETs. 

Next to FinFETs and vertical transistors (10]. which can be seen 
as GAA, planar double-gate structures have been proposed: the 
silicon-on-nothing (SON) architecture [llj and the use of wafer 
bonding [12J. A quasi double-gate device that has gained a lot of 

interest lately is the ultra-thin buried oxide (UTBOX) fully depleted 
silicon-on-insulator (FDSOJ). The BOX. scaled down to 10 nm and 
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f'igure 1.1. Comparison of different device architectures, the devices are 
schematically pre:;:ented after gat.e patterning: (a) the Qriginally proposed 
FinFf.T 1Na.$ a double-gate device, having a th1ck insulator on the top 
channel, fb) tri•gate device as proposed by Intel with a 1:1 fin aspect ratio, 
(c) a pi-gate device, whe.re tile recess in the buried oxide or STI allows to
create a quasi fourth gate; (d) a horizontal gate-all-around nanowire.

even below, allows back gate biasing with low voltages For runing 

the device performance (13). 

1.2 It Is All in the Lambda ... 

Why are t11ese multi-gate devices so interesting? As already 

mentioned in Section l. 1, until the 90 nm technology node, CMOS 

scaling was pretty stntightfonvard. (t was mostly lithography driven, 

where with every new technology node the dimensions of the 

MOSFET were scaled down with a factor" and the voltages with 

a factor k. This is known as the "constant field" scaling and was 

first proposed by Dennard er al. in 1974 (14). Gate oxide scaling, 

by Far the rnost important way of boostlng the device performance, 

reached its limit at the 90 nm technology node and material 

innovations like high-k/metal gates and mobility enhancement 

techniques were introduced. However, it was clear that it would 

become more and more difficult to keep the SCE lil<c drain .. induced 

barrier lowering (DIBL) and the degradation or the sub-threshold 

swing under control in a standard planar bulk device 
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1.2.1 Where do These Short-Chonnel Effects Come From? 

The ideal MOSFET behavior Is disturbed by the presence of the 
sourc.e and drain areas. For long channel devices, the impact is small 
and the threshold voltage VT, off-state leakage /0r,i, and the sub­
threshold swing S are well defined and independent of the gate 
length and drain bias. As the channel length is scaled down. the 
shorter distance between source and drain will lower the potential 
barrier and make it dependent on the drain bias V05. A large barrier 
is mandatory in order to prevent the carriers from flowing to the 
drain when the transistor is switched off, .i.e., when the gate voltage 
is (in absolute value) lower than (Vrl- This is shown in Fig. 1.2. 

As a consequence VT shows a typical roll-off behavior and DIBL 
increases. The latter is a measure for the Vos dependency of the V;•

and is defined as DIBL = (VT(V02)-Vr(V01))/(V02-V0 1) with V01 < 
V02. The latter is the case for an nMOS. Ideally the DIBL should be as 
low as possible. because any reduction in v,. leads to increasing loi:F 

and S (Fig. 1.3). 
Multi-gate devices in general have more than one gate and 

a11ow increasing the gate control and thus the vertical electric: field, 
thereby reducing the lateral field and the off-state leakage. In orde1· 
to explain this, we will use the characteri�1:ic length lambda ). as a 

long 

, ' short 

\II 
�---·-1 V06

Figure 1.2. Schematic presentation of the impact of the drain bias on 
the potentiaJ bariier of a long channel device and a shorH:hannel device; 
the potential is taken at the interface between the channel and the gate 
dielectric. S = source and O = drain, 
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Ir IS All fn the L.ombdo . . 1, 

lo11 t +­
+...;...-,...---� 

Figure 1.3. los-Vc,s characteristics showing the impact of (a) le scaling 
and {b) the Vos Impact on the characteristics or short•channcl devices (red 
curves), See also Color lnsc,·t. 

figure of merit to compare different device architectures. The :�D 
Poisson equatlon is the fundamental electrostatic equation that can 
be used to derive the channel potential in semiconductor devices. It 
is usually simplified to its 2D form (Eq. 1.1). 

azi/1 azi/1 -p
-+-=- (l.l) Jxl JyZ t 

where W represents the 2D electric.ii potential in the channel, p the 
total charge ands the dielectric constant of the semiconductor used 
in the channel. 

Many quasi 20 expressions of \J.I can be found in literature, 
amongst them the equation that can be found below (f.q. 1.2): 

sinh (f)
t (x,y) = 1/1, (y) + (V,;+Vos - 1/1, (y)) . h (k)sm >. 

sinh(¥} 
+ (Vh; - \Vo (y)) . I (k)

(1.2) 
Slnl ;. 

where \J.1
0 is the long channel surface potential, Vbi the built-in 

potential, Vos the drain bias, x is the position along the channel and 
le the gate length. 

An important parameter in this equation is the characteristic 
length A which represents the steepness or f:lll·off of the potential 
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soun;e 

i 

._=;,, •: dr,lin 
i' 

. . :, 

\.··-··· /i 
.. ... ' i 

••••················ .. ········
·�-

position alor,g the cham,el 

Figure 1,4. Surracc potential as a function of a position x along tlle 
channel; the characteristic or natural length I. Is indicated. See also Color 
Insert. 

as shown in Fig. 1.4. A smaller). will give rise to a steeper potential 

and thus lower SCE, As a rule of mumb l » 2), Is needed to keep 
SCE under control, 

Parameter A results from the boundary conditions and is 
different for different device architectures (Table 1.1), 

Table L1 clearly shows mat SCE in planar devices can be reduced 

by either increasing the channel doping Nsu• (through Xdcp) or 
reducing the gate dielectric thickness. Introduction of higher k 

·rahle 1. 1. Comparison of the characteristic length for various
architet:ture-s; �x = gate dielectric thickness, F.ox = permittivity
of the gate diclectrit, ,,.Si = permittivity of lhe semitondm:tor (in
this case Si), Xeff<JI = maximum depletion depth and ts1 = Si tilm
thickness.

()(wkie ar<hltccturo 

l'lanarbulk 

F'OSOJ 

Gate•;al\•;nound ar q�drupli: g;ue 
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SOI MuGFET Versus Sulk MuGFET I g

Figure 1.S. The chara.cterlstic or oatural length I. Is shown as functJoo of 
the gate oxide thickness; in this case SiOi (tr = 3.9) has been assumed; (a} 
planar devices with different channel doping N506, (b) FOSOI 1Atith different 
Si film thickness I&;, (c) double-gate and GAA devices are comp:;1.red. See also 
Color Insert. 

materials like Hf02 as gate dielectric will also be beneficial since 

by increasing the dielectric permittivity,,. ). will be decreased. The 

depletion depth in fully depleted devices like FDSOI, double-gate, 

Cate,All•Around (CAA) is defined by the Si film thickness '5; or fin 

width w.,., as such, the natural length can be reduced significantly 

as is shown in Fig. 1.5. 

It Is clear from Fig. 1.5 that 11;, and to, are Interchangeable: going 

to thin·film devices will relax the scaling requirement for the gate 

dieleca·ic and vice versa. The additional benefit of going from double 

gate devices to Tri-gate and GAA might seem small, but one needs to 

realize that these device architectures will be finally considered for 

the sub 22 nm technology nodes where every nm counts. 

Apart from the natural length other figures of merit like the 

electrostatic integrity El [15] have been proposed to compare 

architectures and provide guidelines for device design. As a rule of 

thumb, typically the minimum gate length for a FinFET device needs 

to fulfill Lgmi n 
::'.: 1.5 Wr,1N in order to have a good electrostatic control

and reduce the SCE. 

1.3 SOI MuGFET Versus Bulk MuGFET 

A typical single fin SOI MuGF£T is shown in Fig. 1.6. All relevant 

device dimensions are indkated. Increase of the total transistor 

width is usually done by patterning several fins in parallel. 
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FinFET-based multi-gate devices can be fabricated on SOI 

subsn·ates but also on standard bulk substrates. This architectui·e 

was first proposed in 2003 [16]. Bulk FinFET uses a fabrication 
scheme very close to standard bulk processing. A�er the Shallow• 

Trench-Isolation (STI), the STI oxide is recessed in order to define 

the fin height Hr,1N as is shown in fig. 1.7. During active area 

patterning, hard mask (HM) and resist trimming are typically used 

f'igure 1.6. Schematic pre..sent-dtitm or a single fin SOI MuGFE'T; the fin 

width WnN, nn height Hri,1, rin pitch and gate length L<,1,Te havt been 
indicated. 

fins 

' 

-■111111■11

200 nm 

Figure 1. 7. Cross sec.ti on TEM showing a bulk FinFET device with six fins 
in paraJlel; the recessed STI in between the fins is visible thereby defining 
the fin height H,.. (17]. 
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f'igure 1,8, Schematic presentatfo_n of a bulk finFET device indicating the 
fin/channel implantation profile; the implantation profile was obtained by 
iCAD process simulations [20]; in the cross section, the gate �tack has heen 
omitted, See also Color Insert 

to define the narrow fins. Well and ground plane (GP) implantations 

are used to reduce tJ1e leakage between transistors and between fins 

(Fig. 1.8). A�er gate stack deposition, the gate is 1>atterncd in such a 

way that it is wrapped around the top part of the active area. 

The overall advantage of bulk FinFET 

is the lower cost of the 

substrate and the easy co-integration with standard planar bulk 

CMOS. The multi-gate architecture that will be used in Intel's 22 nm 

technology node is a bulk tri-gate device. Many other companies 

[18, 19) are actively looking into bulk FinFET for future technology 

nodes. 

Finally, one needs to polnt out that. Hlsamoto's DELTA FET 15] was 

fabricated on a standard bulk substrate. However; local oxidation 

was used to finally isolate the channel from the underlying substrate. 

1.4 A Typical MuGFET Process Flow 

Figure L9 shows a schematic presentation of a MuGFET flow. For 

completeness, both the SOI and bulk MuGFET flows al'c shown. 

Apart from the fin patterning and channel implantations, both 

Hows are identical from the gate patterning steps on. '
f

he figure 
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• 5;i 11. P Pl t " ii 

Gate sl:a<k p.tltem.lng 

Ex.tensions 

Sp.acer fotmatlon 

L 

Sele<tJve epil.axial growth (SEC) 

Junctionsand.tnne;a.l 

NiP'ISi 

CuBEOL 

Figure 1.9. Schematic present.ltion of a MuGFtT Row. Comparison 
be™1een the SOI and bulk MuGFET flow has been made. 

shows that the MuGFET fabrication follows a quite conventional 

Si processing. However, some specific process steps or modules 

will require additional restrictions and optimization, e.g., fin critical 

dimension (CD) control and fin height control. Next to that, process 

modules such as selective epitaxial growtlt of Si 01· SiGe (SEG), 

optional in planar bulk processing (as stressor), will be mandatory 
in MuG�ET fabrication. 

In the following sections, some of the technological challenges 

like fin patterning, workfunction enginee1ing and strain engineering 

will be brieOy addressed. In pa11: I, some selected topics will be 

discussed in detail. 

1.4.1 Challenges 

1.4.1.1 Fin width patterning 

One of the most import.ant challenges in MuGFf:."'"r integration is the 

formation of sub410 nm wide fins. As we have seen in Section 1.2, 

narrow fins are required to fully benefit from the increased short-
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channel cona-ol in multi·gate devices. A standard way of defining the 

fins is by optical litl1og1·aphy and dry etch. The MuGFET device layout 

can be very diverse depending on the application, for example, 

standalone single fins are used in the case of SRAMs while multiple 

fin devices with large source and drain pads are more suitable for 

ring-oscillators etc. Each of these different device layouts: requires 

optimization or the lithography setUngs In order to control the 

fin width [21]. As such the development of a model-based Optical 

Proximity Correction (OPC) is needed. 

The requirement at lit ho level is very stringent: assuming a target 

fin width of 10 nm and allowing a maximum variation in fin width 

of 10% in order to keep the maximum Vr shift at lr.Am = 20 nm 

smaller than 70 mY, this would mean that at litho level only a litho 
CD variation of 1.5% can be allowed taking into account a specific 

and constant etch bias (which ls in this case 60 nm). However, 

this assumes that Wf'u� variation is the main <:.ause of V-r variability. 

Other important sources of variability are LG/\TE and fin height 

He," variations. The latter ls especially important for bulk MuGFET. 

Figure 1.10 shows the VT.Un dependency on fin width and lcATii• In 

d1is case, the results arc for SOI MuGFETs. For short ( < 70 nm) gates, 

the WnN dependency on V.rJllt is found to be surprisingly weak, 

v1.1hilc for longer gate lengths, a strong VT.1in increase is obse1vcd, 
especially for narrow fins. This increase can be attributed to fin 

width fluctuations, as is confirmed by Monte Carlo simulations 

accounting for the quantum confinement. The large.st impact on 

variability is seen for long gates and narrow fins. In Chapter 2, 

d1e trade-offs that need to be considered for fin patterning in high 

density circuits will be further detailed out. 

An alternative fin fabrication technique is the spa<:er defined 

patterning technique. This technique can provide double and even 

quadruple fin densiiy with less stringent lithography requirements 
[23]. in this case, a dummy pattern (typically SiGe or oxide) is 

defined and tJ1cn spacers arc formed next to the dummy pattern, 
which will eventually define the fin spacing. The dummy areas 

are removed selectively towards the spacers and the spacers are 

used as a hard mask during the formation of the fins. This can 
finally also be done in combination with optical lithography if, for 

example, large source/drain pads need to be pattemed. A schematic 
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Figure 1.10. pMOS VT.litl vs. WnN for various lr.1,n:• 'fhe dashed line
c.:orres-ponds to the simulation of a device with lr.ATE = 110 nm inc;luding 
"'"'N nuc.'tuations (22].

view of the process now Is shown In Fig. 1.11. Although the 
processing is somewhat more complex and only allows patterning 
even number of fins, it has quite some advantages: it provides a mo.-e 
uniform pattern size, thereby reducing the fin width variability, and 
much higher device density than the current optical lithography. 
Devices and circuits with a fin pitch as small as 50 nm have been 
demonstrated in (23]. 

Apart from the ability to fabricate these narrow fins, metrology 
tools have to guarantee a high enough accuracy to measure features 
far below 10 nm. For example, a 5 nm accuracy error would 
correspond to a 30% change in CD when dealing with a 15 nm 
feature, which is unacceptable. Next to that, Line Width Roughness 
(LWR) and sidewall roughness have a direct impact on device 
performance. A robust metrology to characterize these elements in 
both development and production is required (24]. 
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Figure 1.11. ,'\ schematic presentation of the sp�cer defined MuGFET 

process Row. 

1.4.1.2 Work function engineering 

Work function engineering relates to the Vr setting and tuning 
and will be discussed in more details in chapter three. The 

threshold voltage setting and tuning in planar devices is usually 
achieved by increasing or decreasing the channel implant, using halo 

implantations for the short gate lengths, scaling the gate dielectric or 

using a metal gate to tune the work function (Eqs. 1.3 and 1.4 ):
V 2 + V + 

J2qss,Nsub 12\PF + Vos I
r= �1: FB 

c., 

,p,,=-ln _._ 
kT ( N,ub)
q 111 

(1.3)

{1.4)
with <i'f the fermi voltage, V,a the flatband voltage, C.,. the
gate capacitance per unit area, k the Boltzmann constant, T the 

temperature, q the electron charge, V"' the substrate bias and N,u•
the channel doping.

In the case of Mu(;FET devices, the full depiction of the fin makes
threshold voltage setting and tuning with implantation very difficult 

(25): the depiction width of the transisto1· is determined by the Si
film thickness and cannot be changed by mere channel implantation. 

One needs to note that this is also the case in narrow bulk finfE1' 
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devices. The well and GP implants, in this case, are only used to 

J>revent a large subsu,'face leakage current from flowing.

Therefore work function tuning with metal gate is the most

efficient way of setting the VT in MuGFE'l" devices. Integration of 

a single metal gate is the preferred solution when considering 
process complexity. A single mid-gap metal like TiN or TaN on 

planar bulk devices typically results in either high threshold voltages 

or poor short-channel control. In MuGFET, the mid-gap work 
function leads to almost symmetric threshold voltages for nMOS 

and pMOS, which are able to fulfill the LSTP requirements 1261. 
Howeve1� different flavors of VT are needed: low, medium, high l/.r. 

Different from planar bulk devices, MuGFETs need less shifting from 

the mid-gap work function in order to reach the low Vr targets 

[27]. Different techniques have been considered for V.r tuning: 

implantation into the metal gate [28], TIN thickness variation (29] 

and the use of dielectric capping layers (30]. Recently also the 
use of buried channel architectures has been considered. Especially 

S1/SIGe burled channels for pMOS allow reducing the Vt by more 

than 300 mV (for Si;;Ge.1s) [31] while using a metal gate with a work 
function closer to the n•type band edge. 

These are all "gate first" fabrication schemes, where the final gate 

stack (electl'ode and gate dielectric) is fabricated quite early in the 

process now. Over the last years, there has also been a shift from 

"gate fil'sl" to "gate last" processing [32]. In the latter fabrication 
scheme, a dummy gate is patterned. The dummy gate is removed 

after source/drain silicidation and replaced by the final gate stack. 
Several combinations are possible: either both electrode and gate 

dielectric are replaced or only the gate electrode is replaced. One of 
the advantage.s of the "gate last" process is that the final metal gate 

is not exposed to the high activation anneal for the junctions. As a 

result, a better controlled work function for nMOS and pMOS can be 
achieved. 

All these techniques, typically used in planal' bulk devices, 
need to be compatible with the higher topography in MuGFETs. 

This requires highly conformal deposition techniques for the gate 

electrode and dielectric, and in the "gate last" process this also 
requires a careful optimization of the dummy gate processing and 
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subsequent Chemical Mechanical Polishing (CMP) of this dummy 

gate in order to be able to remove it efficiently afrer silicidation. 

1.4.1.3 Access resistance 

For the 22 nm technology node and beyond, fin widths smaller than 
10 nm will be needed to maintain good short-channel behavior as 

was discussed in Section 1.2. Just like in fully depleted SOI (FD SOI) 
where ultra-thin Si films are needed to obtain good electrostatic 

control, the access resistance is very high in narrow fin devices 
[33]. Many publications [34) have addressed the issue and it will 

be briefly discussed in this section. Chapter 4 will give a more 
detailed overview of the challenges and solutions to reduce the 
access resistance. 

Overall the parasitic source/drain resistance Rs,o, which be­
comes more dominant when the gate length is scaled down, consists 
of the following connibutions [3S): 

Rs10 = Rco• + RsH + Rs,+ R,cc (1.5) 

where RcoN represents the contact resistance, Rstt the sheet 

resistance of the deep source/drain areas with uniform current 

flow, Rsp the spreading resistance and RAcC the accumulation 

resistance under the gate overlap. Especially the early MuGFET 
devices suffered from very high Roo•• One way to reduce the contact 
resistance is increasing the contact area. This can be achieved by 
the implementation of selective epitaxial growtJ1 of Si or Si Ge (SEG) 

on the source and drain areas. At the same time, SEG reduces the 
over·silicidation that occurs in aggressive)y scaled fins. This problem 

is more severe for nMOS than for pMOS since p-type dopants like 

boron typically retard the Ni-silicidation. As a consequence, the NiSi 
thickness on n·type areas is overall much thicker than on p·type 

areas. Next to that, the multi-directional consumption of Si during 
the siliddation and the limited amount of available Si can lead to a 

full silicidation of the fin. In the worst case, the silicide can overrun 
the source and drain areas since the Ni is the diffusing species and 
it will look for available Si to form NiSi. This silicide encroachment 

will not only lead to an increase in source/drain resistance but also 
an increase in gate-induced drain leakage (GIDL) (36). A typical 
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0.01 

• SiSEC
no SEC

Figure 1.12. lo� - loft' characteristics compa,1;ng nt-10S devices with and 
without Si S/0 SEC; the fin width of L11c devices is 25 nm and the SEG 
chlckncss Is 30 nm (36). 

Schottky barrier FIT behavior is seen and this leads to an increased 

off-state leakage. Also here, the use of SEG can reduce the GIDL 

significantly (Fig.1.12). 
In order to meet the ITRS requirements for the 22 nm technology 

node and beyond (26], other con1.ribucors like the s1>reading and 
sheet resistance will need to be addressed. In (38] it was shown 
d1at one of the root causes for the high access resistance in 

aggressively scaled fins is related to the full amorphizatlon of the fins 
during source/drain implant and its problematic recrystallization 

during the high temperature anneal. In sub-20 nm wide fins, 

surface proximity suppresses crystal regrowth and promotes the 
formation of twin boundary defects in the implanted region. ff soHd­

l>hase epitaxy (SPE) is significantly retarded, random nucleation 

and growth (RNG) may take place and part of the fin transforms 
into polysilicon. Therefore, altcrnativt? implantation techniques like 

plasma doping and vapor phase doping can bring some extra 
benefits in forming conformal junctions with limited amorphization 
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of the fins. The latter techniques might also solve the problem of 

implant tilt limitation in high density circuits like SRAMs. The close 
proximity of the implant masks and the small fin·tO·fin spacing do 

not allow high implantation angles. Consequently, the implantation 

profile is largely non-conformal (the implantation of the top Is 
different from the sidewalls). Device simulations have shown that 

this reduces the on-state current of the devices significantly. Some 
groups have proposed the use of one.•sided implants to partially 

overcome this issue (39]. 

1.4.1.4 Strain engineering 

Since the 90 nm technology node,strain engineering techniques like 

SiGe S/D stressors and strained contact etch stop layers (sCESL) 
have been very efficient in boosting the performance of planar 

bulk devices. MuGFET devices in general do not req11ire channel 

implants and intrinsically the mobility can be higher than the 
standard planar devices. However, the different crystal orientation 

of the sidewalls as compared to the top, can either improve the 

mobility or decrease it [40]. The former situation is valid for pMOS 

when the sidewall orientation/current direction is (110)/<110> 
while this combination of crystal plane and current direction is 

more detrimental for nMOS devices. Next to that, the fin patteming 

reactive ion etch (RIE) leads to increased sidewall roughness 
thereby reducing the channel mobility. Surface smoothening by 

H, anneal (4:L] has been demonstrated to increase the mobility. 

However. the impa(,'t of the H2 anneal is quite layout dependent 

and careful optimization of the process conditions is needed. One 

of the most straightforward and efficient ways of introducing strain 
into both planar and multi·gate device.s is the use of intrinsically 

strained SiN layers or sCESL Publications (43] have shown that 

the nMOS performance can be Improved significantly by the use of 
tensile sCESL (Fig. 1.13). With the help of TCAD (43] it has been 
demonstrated that downscaling of the fin width and increase of 

tl1e fin height will lead to higher top-down and longitudinal stress 
components. Both are beneficial for nMOS mobility. Furthermore 

it has been demonstrated that tensile sCESL can also be used on 
pMOS without degradation of the current. This allows a more simple 
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figure 1.13. /0N-/oFF of nMOS devices with W"" 

65 nm; the impact or tensile sCESL is shown [46]. 
20 nm and H11n 

process scheme where a single tens lie sCESL can be used to Improve 
nMOS without negative impact on the pMOS. sCESL can also be 

combined with substrate level stressor like strained SOI (SSOIJ for 
nMOS (44] or strained SiGe (SGOI) for pMOS (45]. 

However, it is important to point out that the efficiency of 

sCESL is reduced or altered when the fin and poly pitch are scaled 
down and the device layout is different, e.g .. single vs. multiple 

fins. 

The use of embedded SiGe S/D for pMOS (46) and Si:C for 
nMOS has also been demonstrated in MuGf�7- devices (48]. In SOI 

MuCFETs, typically the impact on the mobility is small as the recess 

depth is limited due to the Si film thickness. This stressor has shown 

to be more efficient in planar bulk devices (49). 

Finally, all strain need to be compatible with ·gate last" 
processing which is considered the most fe.asible way of introducing 

metal gates. Only a small amount of publications have appeared 

on the latter topic but it can be noticed that the overall trends in 

MuGFET devices are the same as compared to planar bulk. Strcssors 

like sCESL give higher improvement when combined with a "gate 
last" process (50). 
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1.5 From MuGFET to Nanowires 

Nanowire.s are devices with a diameter of 10 nm and less, even 
down to a few nanometers. These devices demonstrate unique 
propertjes because, at this scale, quantum mechanical effects cannot 
be neglected anymore [51). A wide variety of nanowires have been 
studied and processed, some are non-Si like carbon nanotubes 

(CNTs) (52) and they can have a wide variety of applications. but 
most Si nanowire transistors are t-inFE:t-based. 'fypically, the fins 

are scaled down by sacrificial oxidation and HF wet etch (53] or 
rounded by H2 anneal [54], and the gate is completely wrapped 

around the wire. The gate all-around structure allows for the 
most optimal electrostatic control and these devices have shown 
excellent scalability [55, 56). Publications have also demonstrated 
that the gate length can be reduced to the extent that quasi-ballistic 
transport occurs [57, 58]. However, the quantum confinement, 

which is a result of the aggressive scaling of the channel diameter, 
leads to an unwanted increase in threshold voltage [59]. The carriers 
in the channel start to occupy discrete energy levels where the 
lowest energy level is located at a higher level than the bottom of the 
conduction band. This is different from the traditional continuum of 
energy levels or bands found in bulk materials. As such, more band 

bending Is required to form the Inversion layer in the channel. 
Different groups have also described the observation of oscilla· 

tions in the drain current versus gate voltage at low temperatures, 
but even at room temperature when the drain bias is low enough 
[60, 61]. These oscillati.ons can be attributed to the filling of the 
consecutive 1-0 energy sub-bands by electrons as the gate voltage 
is increased. Next to ho1iz.ontal devices, vertical nanowire FE:1's (62] 

and multi-stacked nanowires, based on the SON technology, have 

been demonstrated [63]. 
Apart from their use in standard CMOS applications, there 

are many possible applicafions that can benefit from the specific 
properties of nanowire devices: optics, mechanics1 sensors etc. Due 
to the high surfacc•to•volume ratio, they can be used as highly 

sensitive blosensors (641. Solar cell applications benefit from the 
reduced reflection, extreme light trapping. improved band gap 
tuning. easy strain relaxation and increased defect tolerance [65). 
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1.6 Conclusions 

In this introducto1y chapter, v,1e have briefly reviewed the history 

of multi-gate devices, starting with the very first demonstrations in 
the early 1980s up to Intel's announcement to introduce the tri-gate 

architecture, fabricated on a standai'd bulk substrate, at the 22 nm 

technology node. 

The advantages of these devices lie in their excellent electrostatic 

control and SCE robusmess. The significant reduction of the off­

state leakage as compared to the standard planar bulk MOSPETs 

make ,hem inro excellent candidates for low voltage-low power 

applic.ations. 

For more than a decade, FinFE'l-..based multi•gatc devices have 

been studied by many research groups and although the Integration 

of these devices is very similar to their planar counterparts, the 

challenges lie in the process control of specific steps like fin and 

gate patterning. Similar to the thin film in FOSOI, the scaled fin 
gives rise to an increased external resistance which has typically 

been seen as one of the possible showsroppers. Introduction ofSEG 

and novel doping techniques has provided a solution to the afore­

mentioned problem. Next to that, strain engineering techniques 

will be required to enhance the mobility, similar to planar b1,lk 

technology. 

The ultimate MOSFET architecture will be a gate all-around 
device where the gate stack is wrapped around a nanowire of only 

a few nanometers. These devices demonstrate unique features like 

quantum confinement and possible ballistic transport when the gate 
length is scaled down. Apart from the standard CMOS applications, 

there is a growing interest of using nanowires in, for· example, bio­

appHcations and solar cells. 

Acknowledgments 

I would like to thank the former EMERALD (Emerging Alternative 

Devices IIAP program) team and the many assignees of imec's 

core partners involved in this program for the inspiring and very 

successful collaboration over the years. 

TSMC Exhibit 1008



References I 23 

References 

1. www.intcl.com

2. Dawon K., "Electric field controlled semiconductor device," U.S. Patent

No. 3,102,230 (nled May 31, 1960. lssued August 27. 1963).

3. Sekiga¾ia T. and Ha}�ashi Y., "Calculated threshold-voltage ch;,uatte1is•

tics of an XMOS transistor having an addWona.l bottom gate,"' Solid State

Elcct,·011, 27, 8 2 7 -828, 1984.

4. Colinge J. P., Gao M. H ., Romano A., Maes H. and Claeys C ., .. Silicon-on•

insulator 'gate•all-around' MOS device," lf;.DM 1'ech Digest, 595, 1990.

5. Hlsa.moto D., Ka.ga. T . .  , Kawamoto Y. and Takeda E._, "A fully dcplctcd l<.'an­

channel tnmsistor (DELTA) - A novel vertical ultra thin SOI MOSFET,'·

IEOM Tech. Dige.<4 833-836, 1989.

6. Hisamoto D .. ec. al., "A folded-channel MOSFET for decµ;•SUb•tenth

micron era,"' IEDM Tech. Digesc, 1032-1034, 1998.

7. ParkJ.:r.. Collngc J.·P. and DlazC. H .. "Pl-gate SOL MOSFET;' /lifli Electron.

Device Lett, 22(8), 405-406, 2001.

8. Fu-Liang Yang et al., ··zsnm CMOS omega FETs," JEDM Tech, D{!Jest, 255-
258, 2002. 

9. Do}'le 8. $., Datta $., Ooczy M., Hareland $., Jin B., Kavalieros J., Linton
T., Murthy A., Rios R. and Chau R., .. High performance fullydepleted
tri-gate CMOS tronsistors," IEEE Electron. Device lett? 24(4J. 2 6 3 -265,

2003.

10. Schulz T., RosnerW., Risch L.., Korbel A.and Lang.mann U., .. Short-channel

vertical sidewall MOSFETs,• /EEE n-ans. Electron. Devices, 48(8), 1783-
1788, 2001.

l l. Jurciak M., Skotnic;ki r .. Paoli M., 1"ormen 8., Martins J., Regolini J. L..,
Dutartre o., Ribot I�, Lenoble O .. Pantel R. and Monfray S., "Silicon· 
o n -nothing (SON) - An innovative process for advanced CMOS," IEEE

Trans. Elcctr'OII, Device,47(11), 2179-2185, 2000.

12. Vinet M., 11oiroux'I:, l.idtra C.. .. Widiez J., Bhandari J ., Previt:ali 8., Vi1,io1, C.,

Lafond D., Arvet C, Besson P., Baud L .• Morand Y., Rivoire M., Nemouchi
F., Carron V, and Oeleonibus S., "Self-aligned planar doublegate MOSFETs

by bonding for 22·nm node, with metal gates, high K dielectrics, and
met.lllic source/drain," IEEE Electron. Device lett, 30(7), 748-750,

2009.

13, Liu Q .. ct al., "Impact of back bias on ultrathin body and BOX (UTBB) 

devices;· VI.SI Tech. Symp, 160-161, 2011. 

TSMC Exhibit 1008



241 tnrroduction ro Muhj-Gore Devkes ond rntegrotion Challenges 

14. Dennard R .• et ul .. '"Design of ion-Implanted MOSFETs: with very small
physic;al dimensions,'" IF.ER}. Solid Stnte CircuU:s, SC-9(5), 256-268,
1974.

15. Skotnicki T., "Materials and structures for sub•32nm CMOS nodes,''
Micrr>ele<tron F:ng, 84, (9-10), 1845•1852, 2007.

16, Park 1'., Choi S .. Lee D. H., Yoo J, R .. Lee B. C .. Kim J. Y .. Lee C, G .. Chi
K. K., Hong S. H., Hyun S, J .. Shin Y. G., Han J. N., Park I. S., Chung U. I ..
Mooo J. T .. Yoon E. and Lee J. H., "Fabrication of bod)•ticd FinFETs (Omega
MOSFETs) using bulk Si wafers;· VLSI Tech. Symp, 135-136, 2003.

17. Redolfi f\,, Sleeckx E., De\•riendt K,, Shamiryan 0,, Vandeweyer T., 

Horiguchi N .. Togo M .. Wouter J.M. D .. Jul'czak M., Hoffmann T., Cockburn 
A., Cravey V. and Diehl D. L .. "Bulk FinFET fabl'icat:ion with new 
approaches for oxide topography control using dry removal techniques," 
12th International Conference on Ultimate Integration on Silicon (UUS), 

1-3, 20U.
18. Okano K.., fzurnida T ... Kawasaki M .. Kaneko A., Yagishita A.. Kanernura T.,

Kondo M., Ito$., Aoki N., Miyano K., Ono T., Yahashi K., lwade K., Kubota
·1:. Matsu.shit.a 1:, Mizushima I., Inaba$., lshimaru K.. Suguro K., Eguchi
K.. Tsunashima Y. and lshiuchi H., '"'Process integration technology and 
device characteristics of CMOS FinFET on bulk silicon substrate with
sub· lOnm tin width and 20nm gate length," IEDM Tccl1. Df.qest, 725-728,
2005.

19. Yeh C.·C,, et al., "A low operating power FinFET transistor module
featuring scaled gate stack and strain engineering for 32/28nm SoC
technology." /EDM Tech. Digest, 772-775, 2010.

20. Sent(wrus Process and Device Reference Manu<JI, D-2010.03 ed., 2010.
21. En:kcn M., Oelvaux C.., Bacrts C .• Locorotondo S., Dc-groote 8 .. Wlaux V._.

Nackaerts A., Rooyackers R., Verhaegen S. and PoUenlier L, "'Challenses
in patterning 45nm node multiple-gate devices and $RAM cells,"
Proceedings of the 41st Interface Symposium.

22. Collacrt N., De Kecrsglctcr A, Dlxlt A .. Feraln I., Lal L, Lcnoblc 0.,
Mercha A.., Nackaerts A., Pawlak B., Rooyackers R., Schulz 1'., San K.,
Son N., Va.n Oal M., Verheyen P., von Arnim K., Witters L .. Oe Meyer
K., Biesemans S. and Jurczak M., "Multi-gate devices for the 32 nm
technology node and beyond,- Solid Stare Electron, 52(9), 1291-1296,
2008.

23. Rooyac:kers R., et al., ''Doubling or quadrupling MuCF-'ET fin integ�tion
sc-heme with higher pattern fidelity, lower CD variation and higher
layout efficiency; IEDM Tech, Digest, 993-996, 2006,

TSMC Exhibit 1008



References I is 

24. Lorusso G. F., er al., "Comprehcnsh•e apptoac::h to MuGFET metro logy " in
Metmlogy, Inspection, and Process Ct.mt.rr;I for Microlitlw9ruphy XX., Proc. 

SPle,6152, 615219, 2006.

25. CollaClt N. ,  Demand M., Ferafn I., Lfsonl J., Slngar)amalla R., Zimmel'man
P., Yim Y. S. , Schram T., Mannaert G .• Goodwin M., Hooker J. C., Neuilly

F., Kim M. C., Oe Meyer K., De Gendt $., Buullart W., Jur<.7.ak M. and

Biesemans $., "Tall triplegate devices with TiN/Hf02 g.'lte stack;" VLSI

Tech.Symp, 108-109, 2005.

26. ITRS Roadmap, Semiconductor lndu.stry As:sotiation., San Jose, CA, 2009.

27. Kranti A. and 1\rmstrong G. A. "Device de.sign considerations for
nanosrale double and trlple gate FlnFETs; IEEE SOI Co11{. 96-98, 2005.

28. Witters I...., Son N. J., Fera in I., San T., Singanama1b R., Kerner C.., Collaert 

N., De Meyer K. and Jurczok M,.. "Threshold voltage modulation in FinFET 
devices through orsenic ion implantation into TiN/HfSiON gate stack," 
IEEE SOI Con{. 31-32, 2007. 

29. Ferain I., Collaert N., O'Sullivan 8., Conard 1:. Popovici M., Van Elshocht s.,

Swert.s J., Jurczak M. and De Meyer K. "Metal gate thickness optimization
for MuGFET performance improvement," Eut Solid-State D,wice Res.

Con{ (ESSDERCJ, 202-205. 2008.

30. KubicekS.,etol., '"'Low V1 CMOS usin.gdoped Hf-based oxides, ToC-based

metals and laser-only anneal." IEDM Tech, Dig, 49-52, 2007.

31. Witters L., et al., "8A 'T;,w gate-first dual channel technology achieving

low-V, high performance CMOS; VLSI Tech. Symp, 181-182, 2010.

32. Veloso A., et al., "Gate-Ja�-t vs. gate-first technology for aggre.$$ively
s<-aled EOT!ogk/RF CMOS,• VI.SI Tech. Symp, 34-35, 201 I.

33. Kedzierski I. lcong M .. Nowak E. , Kanarsky T. S., Zhang Y., Roy R., Boyd

0., Fried 0. and Wong H.-S. P .. , �Extcmsion and source/drnin design for
high-performance finF'ET devices," /£ff; rrons. flectron. l)evice, 50(4),
952-958, 2003.

34. Otxit A., KottantharayU A., Collacrt N., Goodwin M .. Jurcz.ak M. aod De

Meyer K .• ''Analysis: of the parasitic source/drdin resistance in multiple
gate field effect transistors," IEEE 'lh:ms. Elear0n. Device, 52(6), 1132-

ll40, 2005.

35. Ng K. and Lynch W. T., "Analysis of the gatc•voltagc dcpcnd('nt series
resistance of MOS�ET5,"' IF.EE 1'rons. Electron. DeviceJ� 33, 96S-972,
1986.

36. Hoffmann T., ec al., "S/D engineering In advanced HfO,/TIN FlnFET

dcvicc.-s: A view on GIDL (gate-induced drain leakage} and Schottky
barriers S/D leakages," IEDM Tech. Digest, 743-746, 2005.

TSMC Exhibit 1008



261 tnrroduction ro Muhj-Gore Devkes ond rntegrotion Challenges 

37. Collacrt N .• RooyackerS R.. Hikavyy A .. Dixit A., Leys F., Verheyen P.,
L..oo R., Jurczak M. and Biesemans $., "Multi-gate devices for the 32 nm 
te<:hnology node and beyond: challenges for selective epita.xial gn:n,\tth,"
Thill Solid Films, 517(1), 101-104. 2008.

38. Duffy R., van Dal M. r. H., Pawlak 0. J., Kaiser M., Weemaes R. G., Degroote
8., Kunnen f.., and Altamirdno f.., "Solid phase epitaxy ven;us random
m1cleation and growth in sub-20 nm wide fin field-effect tr�msistors,"
Appl. Phys. Len, 90, 241912, June 2007. 

39. Kawasaki H., eta!., "Demonstration c>fhighly scaled finFIIT SRAM cells
with high K /metal gate and investigation of charat1eristic variability for
the 32 am node and beyond.• 11:'0M Tech. Digest, 237-240, 2008.

40. lycngarV. V., Kottantharayil A., Tranjan F. M .. Jurczak M. and De Meyer K, 
.. Extraction of the mp and sidewall nu>hility in FinFETs and the impact 
of finpatterning processes and gate dielectrics on mobility," Jtff. ·irons 

E'lectron Devices. 54(5), 1'I 77-1184, 2007. 
41. Xiong W, Gebara G., Zaman J., Gostkowskl M., Nguyen B., Smith G.,

Lewis 0., Cleavelin C. R., Wise R.., Yu S., Pas M., King 'f:.$. and Colinge 
J. P., .. Improvement of �·inff::T elec;trical characteristics by hydrogen
annealing." /EE'/; Electron. Device Lett, 25(8), 511-543. 2004. 

42. Suthram S., Hussain M. M., Harris: H. R., Smith C., Cheng HAI., Jammy
R. and Thompson S. E., "Comparison of uniaxial wafer bending and
c;ontact•etch-stop·liner stress induced pe1formance enhancement on
double-gate F inFETs;' lcEE Electron. Device Lett, 29(5), •180-482, 2008.

43. Collaert N., De Keersgicter A., Ani1 K. C., Rooyacker.s R., Ent'.:man G.,
Goodwin M., f.yckens 8., $1eeckx It, de Marneffe f.-F., De Meyer i<.,
A.bsil P., Jurczak M. and Biesemans S .. �Performance improvement of �II 
triple gate devices with strained SiN layers, .. IEEE;" Electron. Device l,.ctt,

26(11), 820-822, 2005. 
44. Collaert N., Rooyackers R., Clemente i::., Zimmerman P., Cayrefourcq 

I., Ghyselen B., San K. 1:, 6yckens 8., Jurczak M. and Biesemans S., 
"'Performance enhancement of MUGFET devices using super critical 
strained-SOI (SC·SSOI) and CESI: VLSI Teclt, Symp, 52-53, 2006. 

45. lrisawa 1:, Numata T .. Te:cuka ·t, Usuda K., Nakahara_i $., Hirashita N.,
Sugiyam.'I N., Toyoda E. and Takagi S., "'High performance multi·gate
pMOSF6T using uniaxiall}•·strained SGOI channels," IEDM Tech, Digest,

709-712, zoos.
46. Collaert N., Rooyackers R., De Keersgieter A., Verheyen P., Clemente

F., Kottantharayil A, Jurczak M . .ind Biesemans S., ·•strain engineering
in multi-gate devices," SEMI Technology Symposium, Japan, December
2006.

TSMC Exhibit 1008



References I 21 

47. Verheyen P.. Collacrt N .. Rooyackers R.. , Loo R .. Shamiryan D .. De 

Keersgieter A, Eneman G., l.eys P., OixitA., Goodwin M., Yim Y.S., Caymax

M. ,  De Meyer K., Absil P., Jurczak M. and 8iesemans $., "25% drive

c,nTent improvement for p •type multiple gate FET (MuGFET) devices by 
the inn·oduction or recessed Sio,tJGeo 2 in the source and drain regions,"
VLSI Tech. Symp, 194-195, 2005.

48. l,iow ·i:-v., Tan K.·M., Lee R. T .  P. ,  Ou A., Tung C.·H., Samudra G .  S., Yoo
\V.-.J., Balasubramanian N. and Yeo Y.·C., .. Strained N·ch.i.nnel FinFETs
with 25 nm gate length and silicon-carbon source/drain regions for
pel'formance enhancement," VLSI Tech. Symp. 56-57, 2006.

49. Eneman G .• Verheyen P., Rooyackers R., Nouri F., Washington L.,
Schreutelkamp R., Moroz V.., Smith I..., De Keersgieter A .. Jurczak M. and
De Meyer K., "ScaJability of the Si1_ .. Ge, source/drain technology for

the 45-nm technology node and beyond,"' IEEE Trans. Electron Devices

53(7), 1647-1656, 2006.

SO. Auth c .. et ol., "45 nm high·k + metal gate strain-enhanced transistors," 
VLSI Tech. Symp, 128-129, 2008. 

51. Afaalian A., Chi-Woo Lee, Akhavan N. 0., Ran Yan, Ferain, I. and Colinge

J .. "Quantum confinement effects in capaciuance behavior of multigate

silicon nanowire MOSFETs," /£££ Trans. Na11oteclmol, 10(2). 300-309,
2011.

52. Chen z ., �·armer o., Xu $. ,  Gordon It., Avouris I'. and Appenzeller

J., .. Externally assembled gate-all-around carbon nanorube field-effect
tronsi,5tor·· IEEE Electron. Device Left, 29(2), 183-185, 2008.

53. Singh N .. Lim P. Y., fang W. \V, Rustagi $. C., Rera L. K., Agan•'l'al A., iung

C .  H., Hoe K. M .. Omampuliyur $. R., Tripathi ll, Adeyeye A .  O., Lo G. Q.
Balasubramanian N. and Kwong O. L... "Ultra-narrow silicon nanowire
gate·all·around CMOS devices: Impact of diameter, channel-orientation

and low temperature on device performance,"' IEDM Tech. Digest� 1-4,
2006.

54. Has he mi P., Teherani J. T. and Hoyt. J.1..., "Investigation of hole mobility in
gate-all-around Si nanowire p·MOSFETs with high K /metal-gate; Effects

of hydrogen thermal annealing and nanowire shape," /EDM Tech. Digest,

788-791, 2010. 

55. Lee H .. Yu L.·E., Ryu S.·W, Hon J,·W., Jeon K .. Jang D.·Y., Kim K.·H., Lee J ..
Kim J.·H., Jeon S. C., Lee G. S . .  Oh J. S .. Pork Y. C., Bae W. H. and Lee H.

M .. Yang J. M., Yoo J. J .. Kim S. I. and Choi Y.·K. Sub·5 nm alloround gate
FlnFET for ultimate scaling,• VLSI Tech. Symp, 58-59, 2006.

56. Singh N .. Agarwal A., Bera L. K., Liow T. Y .. Yang R., Rustagi S. C., Tung
C. H,, Kumar R., Lo G. Q,, Balasubramanian N. and Kwong 0.-L., '"High·

TSMC Exhibit 1008



281 tncroduction ro Mufti-Gare DevkE>s ond lntegrotlon Cholfenges 

performance fully depicted silicon nanowirc (diameter :5 5 run) gate 
all around CMOS devices," IF.EE f."lec:tron. Device l.eu, 27(5), 383-386, 

2006. 

57. Wang R .. Zhuge J .. Liu C., Huang R .. Kim D.-\1\, Park D. and Wang Y.,

"'Experimental study on quaSi•balli.sUc transport in silicon nanowirc

transi�'tc>rs and the impact of self.heating effects," IF.OM Tech. Digest, 1-

4, 2008.

58. Cho K. H .. Suk S. D., Yeoh Y. Y., LIM., Yeo K. H .. Kim D.-IV.. Hwang S. W .. Park

D., and Ryu 8.wl., "Observation ()f single electron tunneling and ballistic:

tram;port in t1Nin silicon nanowire M0$ff.1's (TSNWff.1's) fabricated by 

top-down CMOS process;· /£OM Tech. Digest, 290-293, 2006.

59. Tam· Y. aod Ning, T. H. Fu11dame11UJ/s of Modern VLSI Devices. Cambridge.

U.K., Cambridge University Press, 1998.

60. Kobayashi M. and Hiram.oto T., MExperimental study on quantum

sn·ucturc of silicon nano w1re and its Impact on nano wll'e MOSFET and

single electron transistor." IEDM Tech. Digesr. 855-857, 2006.

61. AkJ1avan N. D .. Afzalian A .. Chi-Woo Lee, Ran Yan, Ferain I., Razavi P.,
Fagas G. and Colinge, kP., '"Simulation of quantum current oscillations in

trlgatc SOI MOSFETs;' /fEE Trans. Electron. Devices. 57(5).1102-1109,

2010.

62. Mabeshwaram S., Manhas S. K., Kaushal G., Anand B. and Singh N.,

"Vertical silicon nanowlre gate-all-around field effect o·ansistor based

nanoscale CMOS," IEEE Electron. Device Letl, 32(8). 1011-1013. 201 I.

63. Tachi K., Cas.se M., Barr.iud S., Ou pre C., Hubert A., Vulliet N., Faivre M.E.,

Vizioz C., Carabasse C., Oelaye V., Hartmann f.M,, lwai H., Cristoloveanu
s .. raynot 0. and Ernst T., .. Experimental study on can·ier transport

limiting phenomena In 10 nm wldlh nanowtrc CMOS transistors," IEDM

Tech. Digest, 784-787. 2010.

64. Guo-Jun Zhang, Luo Z.. H. H .. Min Joon Huang. Tay G. K. I., Lim E..j. ,\. and

Yu Chen, "Highly sensitive and selective label-free detection of cardiac

blomarkerS in blood scrum \Vith silicoo nanowire biosensors;· IEDM

Tech. Diges� 1-4, 2009.

65. Garnett E. C., Brongersma M. L .. Cui Yi and McGehee M. 0., "Nanowire

solar cells,'' Amt Rev. Marer: Res.41, 269 ... 295, 2011.

TSMC Exhibit 1008


	Ex1008-1
	Ex1008-2
	Ex1008-3
	Ex1008-4
	Ex1008-5
	Ex1008-6



