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Fig. 1.5. Evolution of gate length predicted by the 2005 ITRS for high­
performance (HP), low operating power (LOP), and low standby power (LSTP) 
digital circuits. 

1.4 A Brief History of Multiple-Gate MOSFETs 

In a continuous effort to increase cmTent drive and better control short­
channel effects, silicon-on-insulator MOS transistors have evolved from 
classical, planar, single-gate devices into three-dimensional devices with a 
multi-gate strnclure (double-, triple- or quadruple- gate devices). It is 
worth noting that, in most cases, the term "double gate" refers to a single 
gate ele !rode tbat is pre enl on two opposite sides of the device. 
Similarly, the term "triple gate" is used for a single gate electrode that is 
fo lded over thr e side of the u·allSistor. One remarkable ex eplion is tbe 
MlGFET (Multiple fndepcndent Gate FET) where two .separate gate 
clectr des ca n be bias d with di fferent potentials. lt is also wor th po inting 
out that one device may have severa l diJJerent names in the li te rature 
(Table 1.1 ). 
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Table 1.1. Device names found in the literature. 

Acronym Also known as 
MuGFET (Multiple-Gate FET) Multi-gate FET, Multigate FET 

MIGFET (Multiple Independent Gate FET) Four-tenninal (4T) FinFET 

Triple-gate FET 

Quadruple-gate FET 

FinFET 

FDSOI (Fully Depleted SOI) 

PDSOI (Partially depleted SOI) 

Volume Inversion 

Trigate FET 

Wrapped-Around Gate FET 
Gate-All-Around FET 
Surrounding-Gate FET 

DELTA (folly DEpleted Lean channel 
TrAnsistor) 

Depleted Silicon Substrate 

Non-Fully Depleted SOI 

Bulk Inversion 

DTMOS (Dual Threshold Voltage MOS) VTMOS (Varied Threshold MOS) 
MTCMOS (Multiple Threshold CMOS) 
VCBM (Voltage-Controlled Bipolar MOS) 
Hybrid Bipolar-MOS Device 

1.4.1 Single-gate SOI MOSFETs 

Figure 1.6 shows the "Family Tree" of SOI MOSFETs and shows the 
evolution from partially depleted, single-gate devices to multi-gate, fully 
depleted structures. Partially depleted silicon MOSFETs are the successors 
of earlier SOS (Silicon-On-Sapphire) devices. PDSOI MOSFETs were 
first used for niche applications such as radiation-hardened or high­
temperature electronics. At the tum of the century PDSOI technology 
became mainstream as major semiconductor manufacturers started to use it 
to fabricate high-performance microprocessors. The low-voltage 
performance of PDSOI devices can be enhanced by creating a contact 
between the gate electrode and the floating body of the device. Such a 
contact improves the subthreshold slope, body factor and current drive, but 
limits the device operation to sub-lV supply voltages. [15-23] Fully 
depleted SOI devices have a better electrostatic coupling between the gate 
and the channel. This results in a better linearity, subthreshold slope, body 
coefficient and current drive. FDSOI technology is used in a number of 
applications ranging from low-voltage, low-power to RF integrated 
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1 The SOI MOSFET: from Single Gate to Multigate 11 

1.4.2 Double-gate SOI MOSFETs 

The first article on the double-gate MOS (DGMOS) transistor was 
published by T. Sekigawa and Y. Hayashi 1984.[30] That paper shows that 
one can obtain significant reduction of short-channel effects by 
sandwiching a fully depleted SOI device between two gate electrodes 
connected together. The device was called XMOS because its cross section 
looks like the Greek letter 3 (Xi). Using this configuration, a better control 
of the channel depletion region is obtained than in a "regular" SOI 
MOSFET, and, in particular, the influence of the drain electric field on the 
channel is reduced, which reduces short-channel. [31] A more complete 
modeling that includes Monte-Carlo simulations, was published by Frank, 
Laux and Fischetti in 1992 in a paper that explores the ultimate scaling of 
the silicon MOSFET.[32] According to that article, the ultimate silicon 
device is a double-gate SOI MOSFET with a gate length of 30 nm, an 
oxide thickness of 3 nm, and a silicon film thickness of 5 to 20 nm. Such a 
(simulated) device shows no short-channel effects for gate lengths larger 
than 70 nm, and provides transconductance values up to 2300 mS/mm. 
The first fabricated double-gate SOI MOSFET was the "fully DEpleted 
Lean-channel TrAnsistor (DELTA, 1989)",[33] where the device is made 
in a tall and nanow silicon island called "finger", "leg" or "fin" (Figure 
1. 7). The FinFET structure is similar to DELTA, except for the presence of 
a dielectric layer called the "hard mask" on top of the silicon fin. [34-38] 
The hard mask is used to prevent the formation of parasitic inversion 
channels at the top corners of the device. 

Fig. 1.7. Examples of double-gate MOS structure: A: DELTA MOSFET; B: 
FinFET. 

Other implementations of vertical-channel, double-gate SOI MOSFETs 
include the "Gate-All-Around device" (GAA), which is a planar MOSFET 
with the gate electrode wrapped around the channel region (Figure 
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l.8.A)[39], the Silicon-On-Nothing (SON) MOSFET,[ 40-42] the Multi­
Fin XMOS (MFXMOS) [43], the triangular-wire SOI MOSFET [44] and 
the ~-channel SOI MOSFET.[ 45] It is worth noting that the original GAA 
device was a double-gate device, even though the gate was wrapped 
around all sides of the channel region, because the silicon island was much 
wider than thick. Nowadays, most people use the GAA acronym for 
quadruple-gate or smTounding-gate devices having a width-to-height ratio 
much closer to unity.[ 46-48] 

The MIGFET (Multiple Independent Gate PET) is a double-gate device in 
which the two gate electrodes are not connected together and can, 
therefore, be biased with different potentials. [ 49-52, 160] The main feature 
of the MIGFET is that the threshold voltage of one of the gates can be 
modulated by the bias applied to the other gate. This effect is similar to the 
body effect in FDSOI MOSFETs.[53] An application using MIGFET is 
signal modulation. A simple square law mixer can be formed using a 
single MIGFET by applying a small RF signal to one gate and a large low­
frequency signal to the other gate. This single-device modulation is 
possible because the channel is fully depleted and the gates are perfectly 
symmetrical and aligned. This signal modulation circuit reduces transistor 
counts and rail-to-rail transistor stack, making it possible to design 
compact low-power mixers.[54] 

1.4.3 Triple-gate SOI MOSFETs 

The triple-gate MOSFET is a thin-film, narrow silicon island with a gate 
on three of its sides.[55] Implementations include the quantum-wire SOI 
MOSFET (Figure 1.8.B) [56-57] and the trigate MOSFET.[58-59] 

The Electrostatic Integrity of triple-gate MOSFETs can be improved by 
extending the sidewall portions of the gate electrode to some depth in the 
buried oxide and underneath the channel region (IT-gate device [ 60-61] 
and Q-gate device [62-64]). From an electrostatic point of view, the IT­
gate and Q-gate MOSFETs have an effective number of gates between 
three and four. The use of strained silicon, a metal gate and/or high-k 
dielectric as gate insulator can further enhance the cmTent drive of the 
device. [ 65-68] 
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Fig. 1.8. A: Gate-All-Around (GAA) MOSFET; B: Triple-gate MOSFET. 

1.4.4 Surrounding-gate (quadruple-gate) SOI MOSFETs 

The structure that theoretically offers the best possible control of the 
channel region by the gate, and hence the best possible Electrostatic 
Integrity is the surrounding-gate MOSFET. The first surrounding-gate 
MOSFETs were fabricated by wrapping a gate electrode around a vertical 
silicon pillar. Such devices include the CYNTHIA device ( circular-section 
device) [69-70] and the pillar surrounding-gate MOSFET (square-section 
device). [71] More recently, planar surrounding-gate devices with square or 
circular cross sections have reported.[72-73] Surrounding-gate SOI 
MOSFETs with a gate length as small as 5 nm and a diameter of 3 nm 
have shown to be fully functional. [7 4-7 5] 

To increase the current drive per unit area, multiple surrounding-gate 
channels can be stacked on top of one another, while sharing common 
gate, source and drain. Such devices are called the Multi-Bridge Channel 
MOSFET (MBCFET), [76-77] the Twin-Silicon-Nanowire MOSFET 
(TSNWFET) [78], or the Nano-Beam Stacked Channels (GAA) 
MOSFET.[79] Analytical models for the electrical characteristics of 
cylindrical surrounding-gate MOSFETs can be found in the literature.[80-
83] 

Schematic cross sections corresponding to the different gate structures 
described in the previous sections are shown in Figure 1.9. 
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Fig. 1.9. Different gate structures. 

1.4.5 Other multigate MOSFET structures 

The Inverted T-channel FET (ITFET) combines a thin-film planar SOI 
device with a trigate transistor (Figure 1.1 O.A). [84-85] It comprises planar 
horizontal channels and vertical channels in a single device. The devices 
have multi-gate control around these channels. The Inverted T-gate 
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strncture has several advantages: the large base helps the fins from falling 
over during processing; it also allows for transistor action in the space 
between the fins, which is left unused in other MuGFET configurations. 
These additional channels increase the current drive. Numerical simulation 
of an N-channel ITFET reveals different turn-on mechanisms in different 
parts of the device. The comers of the device tum on first, immediately 
followed by the surface of the planar regions and the vertical channel. 
Since each ITFET has about seven comer elements they constitute a 
significant current to each ITFET device and in a well-designed device can 
yield substantially more current than a planar device of equivalent area. 

The bulk FinFET is a FinFET made on bulk silicon instead of an SOI 
wafer. Fins are etched on a bulk silicon wafer and trimmed using an 
oxidation step. Field oxide is deposited to avoid inversion between the fins 
(Figure 1.10.B). Device with fin width down to 10 nm have shown to have 
good punchthrough immunity down to the sub-20nm gate length 
regime. [86-87] 

The multi-channel Field Effect Transistor (McFET) is a modified bulk 
FinFET where a trench is etched in the center of the fin.[88] The trench is 
filled by the growth of a gate oxide and the deposition of gate material. 
This process produces a device having two very thin "twin" fins running 
from source to drain (Figure 1.10.C). 

A Gate B 
Gate C - -Gate 

- -

- -
-

Si FOX FOX FOX FOX 

BOX Si SI 

Fig. 1.10. Cross section of A: Inverted T channel FET; B: Bulk FinFET; C: Multi­
channel Field Effect Transistor. 

The 4-gate transistor (G4 FET) has two (top and bottom) MOS gates and 
two (lateral) JFET gates. It is operated in accumulation mode and has the 
same structure as an inversion-mode partially depleted SOI MOSFET with 
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two independent body contacts. These lateral contacts play the role of 
source and drain in the G4 FET, while the junctions are used as lateral 
gates. The current in the body of the device is controlled by the front and 
back MOS gates, and by the two lateral junctions. The height and width of 
the conductive path is modulated by a mix of MOS and JFET effects. Each 
gate has the ability of switching the transistor on and off.[89-91] A model 
for the G4 FET has been published In the literature.[92] 

1.4.6 Multigate MOSFET memory devices 

SONOS (Silicon-Oxide-Nitride-Oxide-Silicon) devices are non-volatile 
flash memory devices. They are essentially used in mobile applications. 
Flash devices have a small form factor, high storage density and low 
power consumption. For logic applications FinFET type devices are 
known to have good scalability down to 10-nm gate length. The FinFET 
device architecture combined with an ONO trapping layer as gate 
dielectric enables memory cells with feature sizes well below 50-nm. 
SONOS FinFET cells are programmed and erased using Fowler-Nordheim 
tunneling. SONOS FinFET memory devices show excellent functionality 
down to 20 nm channel length. [93-94] As an alternative to the ONO layer, 
nanocrystals embedded within the gate dielectric can be used to trap 
charges and achieve a similar memory effect. FinFET flash memory 
devices with a Vm window larger than 1 volt have been demonstrated 
using silicon nanocrystals embedded in the gate oxide.[95] 

The SOI Zero-capacitor RAM (ZRAM) memory cell consists of a single 
PDSOI transistor in the floating body of which a charge can be stored. 
Such a capacitorless, one-transistor memory cell is, of course much 
smaller than a classical DRAM cell that requires the use of both a 
transistor and a storage capacitor. In the ZRAM memory cell a "l" bina1y 
state is stored by biasing the transistor in saturation and injecting holes in 
the floating body. Applying a negative bias to the bit line ( device source) 
removes the charge from the floating body and, therefore, stores a binary 
"0" in the device. Since the threshold voltage of the FET varies with the 
charge stored in the body the logic state can easily be read by measuring 
the drain current when the device is turned on. Even though the storage of 
a charge requires a floating body, and, therefore, a partially depleted 
device, it is possible to realize ZRAM cells in fully depleted FinFETs of 
trigate devices. By applying a back-gate bias to the device, a floating body 
can be created at the bottom of the otherwise fully depleted fin and ZRAM 
operation can be activated.[96] Retention times of few tens of milliseconds 
are observed at room temperature on FinFETs with 300 nm channel length. 
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These values suit well typical embedded DRAM specification. FinFETs 
provide better retention characteristics than trigate devices which have a 
retention time of approximately 2 ms. Retention time decreases at shorter 
channel length but even 100 nm devices still show retention time of few 
milliseconds. [97] 

When a positive bias is applied to the underlying silicon substrate (back 
gate) and a negative bias is applied to the gate of a MuGFET, it is possible 
to create an inversion layer at the bottom of the device and accumulation at 
the other interfaces. In that case, the so-called "Metastable Dip" (MSD) 
effect can be observed, in which the transconductance as a function of the 
gate voltage increases, then drops, and then increases again. This effect is 
time-dependent and presents an hysteresis effect which depends whether 
the gate voltage is scanned in the forward or reverse mode.[98] The 
hysteretic nature of the phenomenon makes it useful for potential single­
transistor memory applications.[99] 

1.5 Multigate MOSFET Physics 

1.5.1 Classical physics 

1.5.1.1 Natural length and short-channel effects 

The Electrostatic Integrity (EI), which we know to be related to short 
channel effects, was compared between a bulk transistor, a FDSOI 
MOSFET, and a double-gate device in Figure 1.3. It was shown that the EI 
can be improved by reducing the gate oxide thickness and/or by decreasing 
the silicon film thickness (the junction depth in the case of a bulk device). 
We are now going to extend the analysis to all types of multigate 
MOSFETs. 

The potential distribution in the channel of a fully depleted multigate 
MOSFET can be obtained by solving Poisson's equation using the 
depletion approximation: 

(1.7) 

Let us first understand the meaning of this equation. It can be rewritten 
in the form: 
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2 Multigate MOSFET Technology 

Weize (Wade) Xiong 

2.1 Introduction 

Manufacturing a self-aligned double-gate MOSFET has been the holy 
grail of device engineers and researchers ever since it was proposed by 
Sekigawa and Hayashi in 1984.[l] The first modem self-aligned vertical 
multi-gate MOSFET was called DELTA (fully DEpleted 1,ean channel 
IrAnsistor).[2] This device was proposed by D. Hisamoto et al. in 1989. 
Figure 2.1 shows a cross section of the DELTA MOSFET. 

= 
Q.) Q) ...,. 
ro ro 
C) Si ,C) 

•'. ~ '-

Oxide 

Bulk Si Substrate 

Fig. 2.1. DELTA MOSFET [ 1-2]. The oxide under the Si fin was formed through 
LOCOS oxidation while the Si fin was protected by the nitride hard mask and a 
nitride spacer prior to the oxidation process. 

The two key features of the DELTA MOSFET are: 1) front and back 
MOSFET gates are inherently self-aligned and 2) the channels are on the 
sidewall of the silicon body/fin. The compatibility of the DELTA FET 
with existing planar CMOS processing is the main reason why it was 
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adopted as the mainstream multi-gate structure. FinFETs, Tri-gate and 
II/Q gate devices have all evolved from of this original concept [3-8]. 

The critica l fabricati D steps in the front-end proce sing of a multi-gate 
MOSFET include 'equentia lly: 1) un fo[matiou, 2 gate stack fonnation, 
3) source and drain extension implant 4) spa er formation. 5) epitaxial 
raised source/drain formation, and 6) deep sourcc/drai_n implantation and 

activation anneal. 

The fabrication flow of a Tri-gate MOSFET on an SOI substrate is 
shown in Figure 2.2 . The , 01 silicon top layer (T,.1) tbick.ness defines the 
fin height Fin!IE!Gm)- The fin pattern and the critical dimension of fin 
width (Finwwrn) can be defined by optical lithography or by spa er image 
transfer (SIT) [9-10], followed by plasma etching. 

After fin etch, the fin sidewall surfaces are rough. Therefore, oxidation 
and H2 annealing are often used to smooth the s id walls.[U-12] Next the 
gate dielectric is grown r1nd metal gate is deposited. lt is suitable to tune 
the threshold voltage V,1,) of the MOSFET by using a gate material that 
has the appropri aLe effective workfunction rather than by doping tbe 
channe l. Sections 2.3 2.5 and 2.6 will show that it is high ly de.sirable to 
have intrinsic or lightly doped channels. 

Since th gate stack i • over the frn topography a planarization tep is 
desirable to Jlatten the gat surface which reduces the burden on 
photolilbography and gate etch. Significant overetcb of the gate material is 
required to clear the bottom of the fins . As a result, the gal etch must 
have a high s lecti ity to the gate dielectric on top of the fin, if one wants 
to avoid damage to the frn during gate etch. ource and drain S/D) 
extension: arc formed after gate patterning using low-energy and large-till 
angled irnplants.[13-14] Next, S/D offset spacers are formed along the 
sidewalls of the gate and fin. The idewall spacers on the fins are 
subsequentJy removed to expose the fin to grow raised source and drain 
using selective epitaxy.[! -15] The ra ised source and drain structure helps 
to reduce tJ1e parasitic resistance associated witb thin Cins. [ 13] 

The re. l of this chapter is divided into sections according to mulli-gate 
device fabrication sequence . Section 2.2 covers fin formation Section 
2.3 describes gate tack tru hires, Section 2.4 describe sow·ce and drain 
formation and ection 2.5 highlights mobility and strain engineering. 
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a) b) 
Starting SOI Material; fin patterning and etch. Define FinwwrH; the fin 
height is the thickness of the silicon top SOI layer. 

c) d) 
Gate Stack deposition and planarization 

Gate length 

e) f) 
Gate etch and source and drain extension implant 

g) h) 
Spacer formation and selective epitaxal growth. Removing the spacer on the 

sidewall of the fin while keeping the gate spacer is a critical step. 

Fig. 2.2. General Fabrication Sequence ofa Tri-gate MOSFET. 
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2.2 Active Area: Fins 

2.2.1 Fin Width 

As the MOSFET gate length, Lg, continues to shrink, year after year, the 
drain starts to compete with the gate electrode for control of the channel 
potential. The resulting "short-channel effects" (SCE) are: 1) higher sub­
threshold leakage, 2) a threshold voltage ( Vt1,) roll-off, and 3) a form of 
punch-through between the drain and source when Vos is equal to the 
supply voltage. [ 16] 

To reduce the drain influence in the channel, scaled planar bulk 
MOSFETs and PDSOI MOSFETs rely on: 1) gate oxide thickness 
reduction and 2) higher channel doping. The use of a thinner gate oxide 
increases the gate-to-channel capacitance. A higher channel doping 
concentration reduces charge sharing between the gate and drain in the 
channel, and it creates a large potential barrier between source and drain. 

However, in modem MOSFETs, direct tunneling current through the 
gate dielectric prevents further scaling of the gate oxide thickness. The use 
of high channel doping concentrations reduces carrier mobility and 
increases Gate Induced Drain Leakage (GIDL).[ 17-18] 

Another way to control SCEs is to use two or more gate electrodes and a 
thin, fully depleted semiconductor body. The idea is to create a large 
potential curvature in the source and drain direction by introducing a large 
electrical field gradient in the direction vertical to the gate. The key 
parameter in this approach is the thickness of the thin, fully depleted 
semiconductor body. In the case of the multi-gate technologies, the fin 
width is the thickness of the thin, fully depleted semiconductor body. 

Chapter 1 introduced a powerful concept called natural length, ,1,, with: 

1 5 si 
/l, = -

2
-ts/ox for a double-gate MOSFET 
5 ax 

(2.1) 

,1, is a measure of the short-channel effect. It represents the distance of 
penetration of the drain electric field in the channel. A small value ,1, is 
desirable to minimize the SCE. 
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,1, is proportiona l to the square root of the product of the device body 
thickness /rn (or FinwwrH in multi-gate techno logy) and gate oxide 
thickness fox• Thus, one can trade off tox sca ling with FinwwTH reduction. 
This approach is not possible for bulk or PD SOI MOSFETs. [ 17] 

In a double-gate MOSFET, the center of the fin is the furthest away 
from the gate electrodes. Therefore, gate control is the weakest at this 
p int. Should punchth:rough occur it would be iD the center of the fin.[20] 
This implies using a lightly different boundary condition than Equation 
2. I, , hich a ·umes the punch through is along the channel surfaces. 

In this section, we will derive a new value for ,1, based on the 
assumption that punchthrough occurs in the center of the channel. The 
new ,,l has the same physical meaning as Equation 2.1, but it can better 
explain some of the experimental results shows later in this section. We 
will use the same coordinate system as in Figure 1.11. Starting with 
Poisson's equation, we can write: 

d
2
ct>(x J Z + d

2
c:I>(x z) + d 2<D(x,y,x) = qNsub 

dx
2 

dy2 dz 2 
&si 

(2.2) 

For single-gate or double-gate devices d¢ = 0, such that Equation 2.2 is 
dz 

reduced to: 

d
2
<l>(x,y) d 2<l>(x,y) qNsub 

---2--+ 2 =--
c/x dy &,; 

(2.3) 

Assuming a parabolic potential distribution in the y-direction [21] we can 
write: 

d<!>(x,y) 
We now apply the boundary condition ----1 

dy 

which yields: 
y=O 

t . = 0 at y = ...E... 
2' 

(2.4) 
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where <I> s (x) 1s the front- and back-surface potential and 

<I> gs = vgs - VFBF is the front gate voltage Vgs minus the flat-band voltage, 

VFB· Since the potential at the center of the fin, <I> c ( x) , is the most relevant 

to SCE, we extract a relationship between <Dc(x)and <Ds(x)from 2.5 by 

substituting y =~as follows: 
2 

(2.6) 

Expressing <l>(x,y) as a function of <I> c(x) we obtain: 

(2.7) 

Substituting 2.7 back in 2.3 we get: 

d2<Dc(x) + <Dgs -<l>Jx) = qNA 
dx 2 ,f & . 

SI 

(2.8) 

where natural length ,1. is now written: 

&.( & t. ) ,1, = _ si_ l +_Q,!___!./__ t .t 
2 4 SI OX 

6 ox 6 si fox 

(2.9) 

Numerical simulations in [17] show that for reasonable short-channel 
effect control, the gate length needs to be 5-10 times greater than l 

We have established a theoretical relationship between Lg and J. For a 
device designer it would be more relevant to establish a guideline for the 
L i; to t51 ratio to control short-channel effects . Equation 2.9 does not 
separate the effects of ts; and 11;.,, To walk around the problem, let us 
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assume a good SCE control can be achieved with Lg = nA, where n is some 
arbitrary number. We now have: 

Lg &.( & t.J - = ;i = _si_ I + _2£._ __E_ t t 
2 4 SI OX 

n &ox &si tax 

(2.10) 

In the limiting case when Lg= 0, we can write: 

&.( & t.J _ SI_ 1 + _2£._ __E_ t .t =0 
2 4 SI OX 

&ox &si tax 

(2.1 lA) 

which implies: 

&. 
t. = _4_s_i t 

SI OX 

(2.1 lB) 

&ox 

The right-hand term of Equation 2.1 lB represents the intercept point of the 
Lg vs. Fin WIDTH plot for Lg= 0. Thus, one can define an effective fin width, 
Fin W~rr, as: 

(2.12) 

Equation 2.12 shows that the impact of gate oxide can be considered 
equivalent to a constant offset of physical fin width. The validity of 
Equation 2.12 was demonstrated in reference [22]. Fig 2.3 shows contours 
of subthreshold swing on a Lg vs. FinWIDTH plot with 48 devices having 6 
different Fin WIDTH values and 8 different gate lengths. Each line represents 
a fixed short channel effect control. Since all devices have the same gate 
oxide (1.6nm oxynitride), they all intercept Lg =Oat the same point. This 

point is approximately equal to- 4 &s; t
0
x. 

&ox 

Figure 2.4 shows the experimental double-gate FinFET results of 
Lg!Fin Weff vs. subthreshold swing ( or Subthreshold Slope, SS).[22] If we 
assume that a SS value of 90mV/dec is acceptable, then LglFinWeff is -
1.5. A triple-gate MOSFET with enhanced gate electrostatic control of the 
channel provides a lower Lg!FinwimH ratio than a double-gate FinFET for a 
same SCE control.[23] Lg!FinwwTH as low as 1.0 was reported for Q-Gate 
devices in [8]. It is worthwhile noting that the minimum feature size in 
multi-gate technology is the fin width (FinwIDTH), and not the gate length. 
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Physical Gate Length, L9 (nm) 
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Fig. 2.3. Subthreshold swing contours for NMOS FinFET devices, V rO, IV. 
FinwwrH varies from 20nm to 82.5nm in steps of 12.5nm, physical gate length; Lg 
varies from 70nm to 157 .5nm in steps of 12.5nm. Contours are extrapolated with 
dotted lines to a common origin.[22] Copyright© 2001 IEEE. 
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2.2.2 Fin Height and Fin Pitch 

Having understood the requirements on Finw1mH for SCE control, let us 
look at how fin pitch and fin height affect the drive current. For a double­
gate FinFET, the channels are on the sidewalls of the fins. The effective 
channel width is thus equal to: [24] 

we.ff = 2 n Fin HEIGHT (2.13) 

Where n is an integer number that is equal to the number of fins in a 
device. We.ff of multi-gate devices can only be increased or decreased by a 
discrete amount equal to 2 xFinHEJGHT .[25] 

The fin pitch, PFIN, is the spacing between the fins plus the fin width. 
Pm is limited by the lithography pattern capability. Exactly one fin can be 
placed in one PFIN· Therefore, the effective channel width per pitch is 
2 xFinHEJGHT· Figure 2.5 shows the layout comparison between a planar 
device and a FinFET. For the planar MOSFET, the effective device 
channel width, W~tf• is equal to the footprint on the substrate, Wr001 • For 
FinFET, Wetfis related to Wr001 through: 

W 2F
• w/oo/ (2.14) 

elf= lnHEJGHT _._ 

PFJN 

Jfwe want the FinFET layout to be "competitive", we need We.ff?. Wraat, or: 

2FinHEJGHT :C:: PFIN (2.15) 
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Fig. 2.5. Layout comparison between a planar MOSFET and a typical FinFET. 
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The analysis of the tri-gate channel width is further complicated by the 
"volume inversion" or "bulk inversion" effect reported in [26]. For thin 
fins, the inversion charge is not limited to the device surfaces. A large 
portion of the inversion charge is in the bulk of the fins, even at high gate 
voltages. Thus, without activating the top gate, multi-gate devices already 
have a significant charge at the top surface of the fins. Figure 2.6 shows 
the two-dimensional numerical simulation of can-ier density on the top 
surface of 1) a tri-gate, 2) a double-gate and 3) a FinFET with a hard mask 
on top of the fin. 

1020 
e.------t;. DGFinFET 
a- - -8 DG FinFET w/o top gate stack 
o----------0 TG FinFET 

Vc;s = YDs = l .OY 

I 01s '--~--'-~-.__~--'-~-.__....__._~__.____. 
0 2 4 6 8 10 12 

z [nm] 

Fig. 2.6. Davinci prediction of on-state electron density along the top fin surface 
at the center of the channel (x =1/2 L00). DG stands for double gate. TG stands for 
tri-gate. Due to bulk inversion, the electron density on the top fin surface for DG 
FinFET is comparable to that in the TG device [26]. Copyright© 2005 IEEE. 

Due to this "bulk inversion", the effective width, L1 We/1, of the top gate in 
a tri-gate MOSFET is only a fraction of the physical top gate width. 
Numerical simulation in [26] shows L1 Weu-is a function of fin height and fin 
width. 

For tri-gate devices, Equation 2.12 becomes: 2FinHEIGHT + fiWe/l' ~ PFIN 

Fins can be defined by conventional photolithography and reactive ion 
etch. Fins with width less than 20nm have been reported with 193nm dry 
photolithography processing.[27-28] Figure 2.7 shows the TEM cross 
section of some of these fins. [27-31] Continuing advances in lithography 
pitch and line dimension, including emerging 193nm photolithography and 
Extreme UV (EUV) lithography pave the way for further FinwwTH and PFJN 

reduction. 
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Fig. 2. 7. Cross-sectional TEM of fins under gates. a) [27] Copyright© 2006 IEEE, 
b) [28] Copyright© 2002 IEEE, c) [29] Copyrigl1t© 2004 IEEE, d) [30] 
Copyri 1ht© 2005 IEEE, e) [31] Copyright© 2006 LEEE. 

To i11crease tb current dr ive per unit lif'J0 11 ,, we can inc rea e Fin11f:lc;11 r, or 
reduce Pn,v. Both opt ions bave practical limitations. Increasing F i nHE/Gtrr 

undermine.s the fin stabili ty and increases the difficulty of gate patterning. 
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Pnv is limited by the optical lithography capability. In order to improve 
P1-m beyond optical lithography capability, spacer-defined fin patterning 
has been proposcd.[32] Figure 2.8 shows the general concept. First a 
sacrificial pattern is defined with conventional optical lithography. Then 
spacers are formed on the sidevvalls of the sacrificial pattern through thin 
film deposition and anisotropic reactive ion etch (RIE). The sacrificial 
pattern is subsequently selectively removed leaving the remaining spacers 
to serve as hard mask for fin etch. 

Sacrificial 
Patterns 

t 

Silicon 

Spacers Fins Spacers 

l 

Fig. 2.8. [llustration o I' a spacer-clcfinccl fin formation process. 

Fig. 2.9. SEM pictures of three progressive spacer-<lcfLued fin formation 
proocs, es. a) initial optical li thography of sacrifici al pattern. b) after Ci.rst pitcer 
imaging· c after second spacer imaging: and d) after third spacer imaging. The 
final pattern pitch is 6 times smaller than the optical lithography pitch. REPRINTED 

WITH PERMISSION l'ROM [33J. 'QPYKlGRT 2003 A.ivt:Elll AN lNSTITUTE OF PHY ICS. 
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There are two advantages to spacer-defined fin formation. First, it 
doubles the number of fins for a given lithography pitch, i.e.: it reduces the 
fin pitch to half of the lithography pitch. In fact, when the spacer process is 
used twice, the pitch can be reduced by a factor of four. Figure 2.9 shows 
the SEM images of spacer imaging technique progressively being used 
three times.[33] Second, the fin width is defined by the thickness of 
deposited film, which has the potential to 1) be narrower than a 
lithography-defined fin, 2) have better CD control and 3) have reduced 
line-edge roughness.[32] The disadvantage of spacer-defined fin is that a 
clean-up mask is required to remove the fins where designers do not want 
them.[25] CMOS FinFET devices have been successfully fabricated using 
this imaging technique. Successful conversion of a planar microprocessor 
design into a spacer-defined FinFET microprocessor was also 
demonstrated in [25]. 

2.2.3 Fin Surface Crystal Orientation 

Electrons and holes mobility depends on the orientation of the silicon 
surface as well as on the current flow direction.[34-36] Figure 2.10 shows 
the measured surface mobility of electrons and holes as a function of the 
i 11\ ersion layer charge density.[37] For electrons, the highest mobility 
surfocc is (100) and the lowest mobility surface is (110). For holes, the 
( 110) surface has the highest mobility and the (100) surface has the lowest 
mobility. Electrons and holes at a (111) surface have mobilities laying 
somewhere between those at ( 100) and ( 110) surfaces. The origins of the 
~1bo\'c differences are due to the anisotropy of effective mass and surface 
scattering. [3 5,36] 

:g 200 
2 
C 

e 
~ 100 
w 

0.0 

,, 
I ', (100)1'4-110> 

I ' 

_. • • • • • •-'.])I<1 12> ' 

i -~ ....... _····· .. . 
' •... ' .. 

-I.I) 
-> 150 
NE 

::'., 

~ :g 100 

2 
Q) 

0 
I 

I 
50 I 

1 5x10" O O 

(100)/<110> -

5 0x10
12 

1 0x101
J 1 5x10n 

N,,, (cm·') 

Fig. 2.10. Effective surface mobility of electrons and holes as a function of 
inversion layer charge density, for different surface orientations. [3 7] Copyright© 
2003 IEEE. 
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Multi-gate MOSFETs have been fabricated on all 3 major Si surfaces 
[27,32, 19]. The directions of the current flow for the respective surfaces 
are <100> for (100), <1 JO> for (I IO) and <112> for (11 !). (110) Fin 
sidewall surfaces are made by patterning fins at 0 or 90 degrees with 
respect to the < I IO> notch on silicon wafers with a (001) surface 
orientation. This layout style is the same as for conventional planar 
devices. ( 100) fin surfaces are made by rotating the fin layout by a 45 
degree angle with respect to the < 11 0> notch direction. Figure 2.11 shows 
the layout directions of (100) fin surfaces and (110) fin surfaces.[38] 
Alternately, the Si top layer of the SOI wafers can be rotated by a 45 
degree angle with respect to the substrate during bonding, to have the 
( 100) surface fin layout at 0 and 90 degrees and the (110) surface at a 45 
degree rotation. [39] 

(110) Notch 

Fig. 2.11. Fins with (110)/<110> and (100)/<100> surfaces/directions can be 
readily made using standard Si substrate by rotating the fin layout by 45 degrees. 

Having fins with both (110) and ( 100) surface orientation on the same 
chip allows one to optimize electron (NMOS) and hole (PMOS) mobility 
simultaneously. The price to pay for such devices is an increased layout 
area [ 41] and a higher photo lithography process complexity. Optimizing 
optical lithography lines at 0, 90 and 45 degree angles is challenging. 
Figure 2.12 shows the comparison of a 6-transistor SRAM cell layout 
containing both (110) and (100) fins directions (mixed layout) with a 
standard layout with only one fin orientation. The mixed layout results in 
a 16.6% larger cell area. [ 41] 
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Fig. 2. 12. 6-transistor SRAM cell layout comparison: standard layout (right) and 
layout wi Lh N MOS pull-down traJJSistors rotated by 45 degrees (left). [ 41] 
Copyright© 2005 IBEE. 

Si-Fin 

tox= 2.2-nm 

30-nm 

Fig. 2.13. Cross-sectional TEM of a ( l 11 )-surface sidewall fin. The smooth 
rectangular shaped fins were formed using surfai.:e-orientation dependent wet etch 
chemistry.[197 Copyxight© 2003 IEEE. 

The formation of ( 11 1) surface fi11s on ( I I 0) surface SOI substrates has 
been demonstrated.[19,42] lo this experiment, fin patterns were aligned 
parallel to the < 112> direction. The advantage of the ( I 11) surface fins is 
that very smooth and straight fins can be formed by a wet etch process. 
The ( l l 1) surface si licon has an extremely low etch rate in 
tetntmethylammonium hydroxide (TMAH) solution, compared witb other 
crystal lo graph ic planes. The etch rate ration al 50°C for ( 110) planes 
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versus ( 111) planes is 20: 1. Thus, after initial plasma fin etch, an 
additional wet etch in TMAH can ensure very straight and smooth (111 )­
surface fins. Figure 2.13 shows the TEM of a smooth and vertical ( 111 )­
sidewall surface fin. One can appreciate the nearly perfect rectangular 
shape of the fin. The smoothness of the ( 111) surface fin using surface 
orientation dependent wet etch chemistry is very attractive. However, the 
drawback of this technique is that ( 111) surface carriers mobility is rather 
low. Furthermore, the mobility enhancement with strain engineering is not 
currently as well characterized on ( 111) as on the other two surfaces. 
Strain engineering will be further discussed in Section 2.5. 

2.2.4 Fin Surface Preparation 

The fin surfaces exhibit significant roughness right after plasma etch. In 
addition, the fin corners are sharp. Gate oxide grown on these surfaces is 
prone to defects and localized thinning. Without proper treatments, silicon 
crystal defects such as twin formation in the fin corners could happen.[ 40] 
Sharp corners also result in a kink in the subthreshold region if the fin 
doping level is high.[43] Such kinks are caused by parasitic corner devices, 
which have a lower threshold voltage than the sidewalls due to the higher 
electrical field in the corners. The fin corner problem is similar to the 
parasitic STI edge device effect that can be found in planar CMOS 
technologies. 

Carrier mobility along the fin sidewalls without treatment is rather 
poor. [ 44] The simplest way to repair surface roughness and damage from 
the plasma etch is through oxidation. Tµe requirement for fin sidewall 
smoothing oxidation is similar to STI liner oxidation. It is desirable to 
have conformal oxidation with a growth rate that is insensitive to the fin 
surface orientation. In-Situ-Steam-Generated (ISSG) rapid thermal 
oxidation has such desired properties. [ 45-46]. ISSG typically uses pressure 
above 5 Torr. Hydrogen and oxygen are introduced simultaneously into 
the chamber. The reactants remain as free species (02 and H2) until they 
reach the wafer surface, where heat induces a local reaction. 0 2 and H2 

react to form steam and oxygen radicals. The unstable oxygen radicals 
promote further oxidation. As a result, the oxidation is conformal and has 
no surface orientation preference. In addition, ISSG has the advantage of 
being insensitive to the doping level in the silicon and it provides better 
corner rounding than conventional oxidation. 

The sacrificial smoothing oxide is typically removed using a hydro­
fluoride (HF)-based isotropic wet etch step. [ 40] Some of the buried oxide 
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in the SOI substrate is etched at the same time as the sacrificial oxide. As 
a result, buried oxide recesses below the bottom fin surface and creates the 
IT/.0-shaped gate (See Fig. 2.8a). TI/n-Gate MOSFETs take advantage of 
such buried oxide recess to improve the gate electro-static control of the 
channel.[7-8] However, such a recess can undermine the fin stability if the 
fin width is scaled below 10nm. 

H2 annealing is another way to smooth the fin surfaces and round the 
comers. H2 annealing has been shown to: 1) improve electron mobility, 2) 
reduce gate leakage and 3) lower 1/f noise.[11,12,47] The H2 annealing 
process conditions have a great impact on the final shape of the fins. If the 
temperature is too high and/or the pressure is too low, the Si fins can 
agglomerate and break. The narrower the fins, the more sensitive they are 
to the H2 annealing conditions. 

2.2.5 Fins on Bulk Silicon 

The fins we described so far are fabricated on SOI wafers. MuGFETs 
can also be made on bulk silicon wafers.[48-53] In some references they 
are called body-tied FinFETs or bulk FinFETs. The main advantages of 
using bulk silicon over SOI substrates are 1) lower wafer cost and 2) better 
substrate heat transfer rate. However, bulk multi-gate MOSFET require 
additional isolation steps, which increase the cycle time and cost. 
Furthermore, the fin height of bulk-based multi-gate devices are entirely 
determined by the fin etch step. This puts more pressure on etch variation 
control, since any fin height variation translates into transistor width 
variation. 

The control of the electrical potential by the gate in bulk fins is as good 
as in their SOI counterparts. But underneath the fin, in bulk devices, the 
source and drain have to be separated by heavy channel stop implants to 
prevent sub-surface punchthrough. As a result, multi-gate devices made on 
bulk silicon suffer from higher source and drain diode leakage and higher 
junction capacitance than devices made in SOL 

The bulk silicon under the fin can be accessed by a body contact. But 
the body factor of a bulk FinFET is very low, since the electrostatic 
potential inside the fins is dominated by the gate, not by the body. 
Therefore, body bias is not effective in changing the threshold voltage of a 
bulk multi-gate MOSFET. Figure 2.14 illustrates the general fabrication 
process of a bulk MuGFET. 
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2.2.6 Nano-wires and Self-Assembled Wires 

The ultimate MOSFET structure is a cylindrical wire-like gate all­
around device, as show in Figure 2.15. This structure provides the best 
electrostatic control of the channel by the gate [ 54]. The natural length, ,1,, 

for such a device is given by Equation 2.16. 
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where (5 ; is the diameter of the wire. To keep short-channel effects under 
control, f5 ; shrinks with gate length. When f5 ; is below 10nm, the device 
structure is typically called a "nanowire MOSFET". 

Nano wire 

Fig. 2.15. Illustration of a silicon nanowire transistor. The gate stack is wrapped 
around the semiconductor nanowire. a is the radius of the nanowire. 

Because the nanowire transistor has a cylindrical cross section, its 
capacitance can no longer be calculated using a simple parallel-plate 
model. Considering Figure 2.15, the inversion charge in the nanowire can 
be approximated by a charge sheet on the outer surface of the wire. The 
charge on the gate is on the inner wall of the gate electrode. The 
capacitance can be obtained by calculating the voltage drop across the gate 
oxide. Applying Gauss's law to an infinitely long cylinder one can find the 
electrical field outside the cylindrical wire: 

(2.17) 

Where Q is the charge per unit length at the surface of the wire, and r is 
the radius of the wire. The voltage drop across the gate oxide can be found 
by integrating the electrical field along a radial line: 

~v = __iL_ ! _!_dr = Q ln(k) 
27r&or r 2Jr&oxr a 

(2.18) 

where a is the nanowire radius, and b =a+tax• The capacitance per unit 
gate length is: 
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Converting Equation 2.19 to a capacitance per unit area of the nanowire 
surface, we obtain: 
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(2.20) 

Equation 2.20 indicates the effective gate capacitance of the nanowire 
transistor is a function of the nanowire radius as well as the gate oxide 
thicknes . This relationship can be exploited to reduce tile ffective gate 
oxide Lhickne. s without using higher k dielectric. As an example, a 
nanowire MOSFET with a=4nm, tm = 2nm, the effective gate oxide 
thickness is l .62nm. The above calculation does not take bulk inversion or 
quantum-induced volume inversion effects into account. In those cases, 
the effective nanowire radius is decreased, since the charges are not 
limited to the nanowire surface. 

Silicon nanowircs can be made with conventional patterning described 
in section 2.2.2. A circular cross section can be made by first removing 
the buried oxide below the silicon, and then rounding of the wires to an 
approximately circular cross section can be achieved using H2 

annealing.[29] 

Si Island 

BOX 

Stress-limited 
oxidation 

._____> 

Fig. 2.16: Twin Si nanowircs formed through stress-limited oxidation. A hard 
mask is needed to keep the Si island region from oxidizing. The presence of Si 
island at the end of the wires is needed to anchor the wires. 
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A twin-wire strncture has been made using stress-limited oxidation of 
tall fins. The stress-limited oxidation oxidizes the wire slower than planar 
silicon, which produces a final structure comprising two Si wires, one on 
the top of the fin, and the one other at the bottom of the fin (Figure 2.16). 
It is important to protect the source and drain region during the oxidation. 
After removing the oxide, two silicon wires are formed.[55] Twin 
nanowires can also be formed by oxidation using doping-dependent 
oxidation rate effects.[ 126] 

The formation of high-density, self-assembled nanowires has been 
demonstrated using cylindrical-phase diblock copolymers.[56] The 
polymer has the ability to divide a lithographic pattern (W) into integer 
number of sub-unit with a distance, /, between cylinders. I is intrinsic 
length of the polymer which determine the number of sub-units (n) fits in 
W. The relationship between n and / is defined by Equation 2.21. 

PS template 

J 
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PMMA PS 

J J 

□ □ □ D 

Fig. 2.17: Self-assembled nanowire formation. The initial lithothography-defined 
pattern on an SOI wafer (a,b) is divided into self-aligned patterns by cylindrical­
phase diblock copolymers (c). d) PS template fonnation for plasma etching (e). 
The remaining PS features are used as mask to etch the silicon nanowires (f). 

The self-assembly process is illustrated in Figure 2.17. The sidewalls of 
the lithography-defined trench initiate the assembly of the polymer 
domain. In Reference 56, diblock copolymers composed of 70% 
polystyrene (PS) and 30% poly (methyl-methacrylate) (PMMA) (70:30 
PS:PMMA) with total molecular weight Mn=64 kg/mol are shown to form 
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hexagonal lattices of 20 nm diameter cylindrical PMMA domains (/ =35 
nm) in a matrix of PS. After film assembly, PMMA is removed from the 
half-cylinder domains by immersing the substrate in acetic acid. Plasma 
etch is then used to define the Si nanowires. 

2.3 Gate Stack 

2.3.1 Gate Patterning 

This section presents the process steps used in the gate formation of a 
multi-gate MOSFET. The topography created by the fins presents many 
challenges. One of these challenges is illustrated in Figure 2.18: 
photoresist has a surface planarization effect when deposited on a non­
planar topography. The wavy gate material stepping over the fins results in 
different photoresist thickness along the width of the transistor. The 
photoresist critical dimension (CD) after exposure is a function of the 
resist thickness. This effect is known as "swing curves". Without gate 
planarization, gate CD will vary periodically through the entire width of 
the device, with a period equal to the fin pitch (Figure 2.18). Therefore, 
the use of a planarized gate is highly desirable. 
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Fig. 2.18. Patterning gate on an irregular topography results in wavy gate CD due 
to the variation in resist thickness. A planarization step is required. 




