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Abstract

For nearly forty years, Si-based LSI systems have made a tremendous advance in performance by

miniaturizing the metal-oxide-semiconductor field-effect-transistor (FET) size, following the “scal-

ing rule.” However, as the size of FETs shrinks, one big, physically inevitable problem becomes

prominent than ever: threshold voltage (Vth ) variability. As one LSI consists of a few billions of

FETs, Vth variability results in severe yield degradation. To continue enhancing LSI performance

for another decade, Vth variability problem must be dealt and solved.

To overcome Vth variability problem, the channel dopant concentration should be decreased.

However, a reduction in dopant concentration means a weak immunity to the short channel effect,

which is known as another big problem. Thus, the increase or decrease in dopant concentration,

which has been a key in LSI scaling for many years, cannot solve problems in state-of-the-art FETs.

For further scaling, a silicon-on-insulator (SOI) technology is thought to be one of the most promis-

ing FET structures in near future. SOI-based strictures, including partially-depleted, fully-depleted,

double-gate, Fin-type FET, and gate-all-around structure, enables us to obtain the lower doping con-

centration because of their structural confinement to the channel. However, to suppress the short

channel effectively with non-doped SOI-based structures, the SOI thickness should be one quarter

of the gate length in SOI FETs, and a half of it in double-gate FETs or FinFETs, which means the

SOI thickness is less than 10 nm in near future. In such a thin SOI, the quantum confinement effect

significantly affects the carrier conduction, which is not fully taken into consideration in the design

of FETs.

The purpose of this dissertation is to address the possibility of (110)-oriented CMOS FETs, based

on the experimental investigation on the effects of both the quantum confinement and the strain on

carrier transport in SOI FETs. The results obtained in this dissertation are summarized as follows.

Hole mobility in (110) surface benefits from the quantum confinement effects. Stronger quantum
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confinement, such as higher surface electric field or thinner SOI thickness, reduces the conduction

effective mass especially in <110> direction. Therefore, the advantage of hole mobility in (110)

FETs over that in (100) FETs is prominent especially under strong quantum confinement.

The sensitivity of hole motility to the strain is smaller in (110) surface than that in (100) surface in

both bulk and ultrathin body FETs. The benefits from the strain and the quantum confinement seem

to saturate if they are larger than a certain amount. Despite the smaller sensitivity to the strain,

(110)-oriented ultrathin body pFETs is expected to have higher performance than (100)-oriented

ultrathin body pFETs thanks to originally high hole mobility.

The non-parabolicity in <110> direction leads to the invalidity of the effective mass approximation,

and it is more prominent in ultrathin body FETs. <110>-directed electron mobility is always lower

than <100>-directed electron mobility in bulk nFETs, however, the electron mobility in <110>

direction is higher than that in <100> direction in an ultimately thin SOI. Considering that the

hole mobility in <110> direction is higher than that in <100> direction, higher CMOS circuit

performance can be obtained with both p- and nFETs in <110> direction in ultimately thin SOI

CMOS circuits.

The sensitivity of electron mobility to the strain is comparable to bulk FETs if the SOI is thick

enough, though the sensitivity reduces as SOI thins. This is because the subband energy shift,

which is thought to be the main mobility modulation mechanism, won’t affect the electron mobility

in ultrathin body FETs. However, the strain is still effective to enhance electron mobility in ultrathin

body FETs.

The CMOS performance of (110) ultrathin body FETs is higher if the strain is low enough. As

the strain increases, the performance of (100) CMOS increases, though the (110) CMOS doesn’t

increase much. Therefore, it is concluded that the CMOS FETs utilizing (110)-oriented ultrathin

body FETs is one of the performance boosting technologies for the low-cost devices instead of high

performance devices with high amount of strain.
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Chapter 1

Introduction

1.1 What Limits the CMOS Scaling?

For nearly forty years, Si-based LSI systems have made a tremendous advance in performance

by shrinking the metal-oxide-semiconductor (MOS) field-effect-transistor (FET) size, following the

“scaling rule.” This simple rule has given us a guideline how to obtain smaller die size, lower power

consumption, and higher operation speed [1]. Even though there have been many hard problems

to solve from the fabrication point of view, breakthrough technologies have always been invented to

every tiny problem. For instance; the shallow trench isolation technique was invented, instead of the

local oxidation of silicon (LOCOS) process to obtain dense pattern. The ion-implantation process

was adopted instead of the vapor phase diffusion process to make steep dopant profile. By these

efforts, the size of MOSFETs has been successfully shrunk and now the gate length reaches around

40 nm even in the mass production [2–5].

However, as the size of FETs shrinks, one big, physically-inevitable problem severely degrades

the performance of LSI: threshold voltage Vth variability (Vth variability) [6–9]. As one LSI con-

sists of millions of FETs, Vth variability results in yield degradation. To continue enhancing LSI

performance for another decade, Vth variability problem must be dealt and solved.

Vth variability originates from the dopant number fluctuation under the gate. The dopant distri-

bution is known as a statistical phenomena, following a normal distribution [8]. Thus, its impact on

Vth is exaggerated as the FET size is smaller and the dopant number under the gate is larger.

A reduction in dopant number under the gate can be one of the key techniques to overcome Vth

variability. However, a reduction in dopant concentration means a weak immunity to the short

channel effect, which is known as another performance and yield degradation problem [10]. Thus,
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Vth variability and short channel effect are two competing problems in terms of dopant number,

which makes it difficult to continue scaling by utilizing bulk FET technology.

1.2 Silicon-on-Insulator Technology and its Potential Problem

To overcome Vth variability and short channel effect problems, a silicon-on-insulator (SOI) tech-

nology is thought to be one of the most promising FET’s structures in near future [11]. SOI-based

structures, including partially-depleted (PD), fully-depleted (FD), double-gate, Fin-type FET (Fin-

FET), and gate-all-around structure, enables us to obtain the lower doping concentration at the same

short channel effect because of their structural confinement to the channel. The channel of these

FETs is surrounded by the gate oxide and/or the buried oxide (BOX), thus the short channel effect

is effectively suppressed. By utilizing a SOI structure, lower dopant concentration, or potentially,

non-doped channel can be achieved.

In terms of the short channel effect, the SOI thickness (tSOI ) should be one quarter of the gate

length in FD SOI FETs, and a half of it in double-gate FETs with non-doped channel [12,13]. This

means tSOI must be less than 10 nm in near future. In such a thin SOI, another physics-based

problem emerges: quantum confinement effect. Carriers in the channel is confined by ultimately

thin SOI, which makes the behavior of carriers completely different from that in bulk FETs [14–19].

Thus, the quantum confinement effects, such as the threshold voltage increase [14], mobility modu-

lation [15,16] and finite inversion layer thickness [20], should be taken into consideration in advanced

SOI-based FETs.

1.3 High mobility materials

On the other hand, as the shrinkage of FETs size becomes more difficult, another method to

improve the LSI performance has been sought: high hole mobility materials. Mobility is one of the

important parameters which determine the LSI performance. Higher mobility means higher drive

current, and hence, higher performance. By replacing Si (100)-surface with high mobility material,

high performance can be obtained without shrinkage.

There are many high mobility candidates: III-V or II-VI compound materials for nFETs, and

germanium or Si (110)-surface for pFETs. Even though many studies have been done on high
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mobility materials [21–25] , all of them except Si (110) suffers from engineering problems, such

as poor quality of films and difficulty in making short channel FETs. This is partly because few

engineering experience has been had on compound materials or germanium, while many experiences

have on silicon. Cost is another issue. Almost all the equipments can be utilized for Si (110), while

another equipment is necessary for compound materials or germanium. Since the manufacturability

and integrity is of great importance for LSI, Si (110)-surface is one of the most promising materials.

1.4 Near future LSI and objectives of this work

Considering the state-of-the-art research and development situation, Si-based LSI will be utilized

at least for another decade. Performance boosting technologies, which are 100% compatible with Si

LSI will be introduced in mass production.

In that sense, Si (110) is one of the most promising options. Both high compatibility with Si-based

LSI technology and higher hole mobility than Si (100) are maintained. It should be noted that Si

(110) surface could be utilized in FinFETs, in which the Fin direction is <110>-direction on Si (100)

surface. In this case, the main current paths are side surfaces of FinFETs and their orientation is Si

(110).

In spite of its importance, the physics behind Si (110) surface is not fully understood yet. To

design the future nano-scale FETs, they must be clarified.

In this dissertation, the former part focuses on the physics on carrier transport behind ultra-thin

body SOI FETs on Si (110) surface; After the brief summary of general descriptions on carrier mobil-

ity (chapter 2), the direction dependence of hole mobility (chapter 3) and hole mobility enhancement

by strain (chapter 4) will be shown. Then, the direction dependence of electron mobility (chapter

5) is discussed, followed by electron mobility enhancement by strain (chapter 6). The final aim of

this dissertation, whether Si (110) could defeat the Si (100) surface in terms of a CMOS operation,

is discussed in chapter 7.
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Chapter 2

Physics on Carrier Mobility

2.1 Drive Current and Low-Field Mobility

The drive current ID in a FET is described as follows.

ID

W
= qNinvvd (2.1)

where W , q, Ninv, and vd are the gate width, the unit charge, the surface inversion charge density and

the carrier velocity, respectively. This simple equation means that the current is the multiplication

of the “ number of carriers” by “velocity of carriers.” This equation is always true.

In a long channel FET, vd is proportion to the multiplication of the low-field mobility µ by the

lateral electric field E and it approaches to the saturation velocity (vsat) as E increases.

vd = µE < vsat (2.2)

Here, vsat is defined by state scattering between the lattice and the carriers at the the thermal

equilibrium, which is a constant value in each material. Once the velocity saturation occurs, the

mobility no longer affects the drive current. However, the higher mobility leads to higher velocity at

a certain electric field, which means it takes less time to charge the capacitance of the next nodes in

a CMOS circuit. Thus, the mobility is a direct indicator of a CMOS performance.

In a short channel FET, carriers are less scattered and can acquire larger energy than the thermal

equilibrium state, especially near the drain edge. Velocity of these carriers can easily exceeds the

saturation velocity (velocity overshoot). Since vd is larger than vsat, the drive current is mainly

determined by the velocity which is thermally injected to the channel at the source edge (thermal

injection velocity vinj) (Fig. 2.1). ID is described by the thermal injection velocity as [26]

IDsat = WCoxvinj
1 − rc

1 + rc

(
VGS − Vth

)
(2.3)
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where Cox is the gate capacitance, VGS is the gate voltage, and Vth is the threshold voltage. Here, rc

is the back-scattering coefficient, indicating the fraction of carriers which are back-scattered in the

channel region. rc can be estimated from the mean-free-path near the thermal equilibrium. More

explicitly, Eq. (2.3) can be re-written as [27]

∆IDsat

IDsat
=

∆µ

µ

(
1 − Bsat

)
(2.4)

where ∆IDsat and ∆µ represent the change in IDsat and µ, respectively. Bsat is the change in ratio

of actual current to its ballistic limit.

In the ballistic limit, where no carriers are scattered in the channel region, Bsat is equal to unity.

Thus, ∆IDsat/IDsat is equal to zero, meaning that the drive current is no longer affected by the mo-

bility. However, a FET at room temperature may not reach its ballistic limit: it has experimentally

reported that Bsat of a FET with its gate length of 10 nm is 0.43 [28] and that Bsat with gate length

of 40 nm is 0.5 [27], both of which are far from the ballistic transport. Though the low-field mobility

will less affect the drive current at shorter channel length, the mobility will still be a good indicator

of performance of a FET.

2.2 Scattering Mechanisms and Their Impacts on Mobility

It is well known carriers in the inversion layer of bulk FETs are mainly scattered by three factors

[29]:

coulomb scattering

substrate impurities, interface state densities, charges trapped in gate oxide

phonon scattering

lattice vibrations by finite temperature

surface roughness scattering

spatial nanoscale heterogeneity of Si/SiO2 interface

Each scattering mechanism from the top is dominant at the low-, middle-, and high- surface electric

field. The total mobility curve is schematically shown in Fig. 2.2. Empirically, total mobility is

evaluated by the Matthiessen’s rule as [29]

1
µtotal

=
1

µcoulomb
+

1
µphonon

+
1

µsr
(2.5)
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where µcoulomb is the coulomb scattering-limited mobility, µphonon is the phonon scattering-limited

mobility, and µsr is the surface roughness scattering-limited mobility.

Though there are other scattering mechanisms in inversion layer carriers, such as the remote

coulomb scattering [30], the remote phonon scattering [31], or the δtSOI scattering mechanism [32,33].

Here, only an ultimately thin SOI-related scattering mechanism, the δtSOI scattering mechanism,

will be mentioned here.

A special scattering mechanism which only occurs in a SOI FET is the δtSOI scattering. As

tSOI becomes around less than 3 nm, mobility is dominated by tSOI fluctuation-induced scattering.

tSOI fluctuation locally induces large potential barriers, which scatter the inversion layer carriers as

shown in Fig. 2.3. It is experimentally confirmed that mobility limited by local tSOI fluctuation is

proportional to t6SOI in both (100) ultrathin body (UTB) FETs [17] and (110) UTB FETs [34].

2.3 Quantum Confinement Effects on Carrier Mobility

Even in the bulk FETs, inversion carriers are confined in a triangular-shaped well, which is formed

by the gate dielectric barrier and the conduction band. Therefore, carriers are not induced from the

bottom of the well, but located in discretized subbands [10] as shown in Fig. 2.4 (a). The quantum

confinement effects on inversion carriers cause [10]:

(1) higher threshold voltage at higher surface electric field

(2) finite inversion layer thickness

These effects are well-known, and especially the finite inversion layer thickness is a severe problem

in the equivalent oxide thickness (EOT) scaling.

In UTB FETs, an additional confinement by the SOI layer exists. The carriers in SOI FETs

are much influenced by the quantum confinements effects (Fig. 2.4 (b)). Typically, a FET with

SOI thickness below 20 nm suffers from the quantum confinement effects, such as threshold voltage

increase (Fig. 2.5) or the mobility modulation (Fig. 2.6). Though a mobility enhancement mechanism

has been reported in (100)-oriented UTB nFETs [17] and (110)-oriented UTB pFETs [34] at a certain

SOI thickness, the mobility itself is comparable or less than that in bulk FETs.
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Even though an UTB FET is one of the most promising device structure in near future, the

mobility enhancement techniques are mandatory to compensate the mobility degradation by the

quantum confinements effects.

2.4 Mobility Enhancement Technique

So far, the importance of the low-field mobility is confirmed. Even though the mobility has a

less influence on the drive current at shorter gate length, it is directly related to the drive current.

The mobility will remain one of the most important parameters in a FET. By improving the low-

field mobility, the higher drive current can be obtained. In a UTB FET, which is one of the

best candidates in near future FET structure, the mobility enhancement technique is a mandatory

technology in performance enhancement to compensate the degraded mobility.

In the relaxation time approximation, the mobility can be described as

µ =
q

m∗ < τ > (2.6)

where m∗ is the effective mass, and the <τ> is the relaxation time. <τ> is different in each scattering

mechanism, representing the physics behind. Following Eq. (2.6),

(1) lighter m∗

(2) larger <τ>

are preferable to obtain higher mobility. This is a basic concept to enhance the mobility.

A key technique to improve the mobility is the strain engineering. The strain alters the lattice

constant of Si, and hence, the subband structures. Proper strain enlarges the subband energy

difference (less inter-subband scattering) and/or makes the effective mass smaller.

For qualitative understandings, the piezoresistive coefficients in bulk silicon (Table 2.1) is often

referred [35, 36]. Since the piezoresistive coefficients are measured in bulk silicon, the quantitative

discrepancy between bulk and FETs has been observed and reported [37]. However, at least the

proper strain direction to enhance the mobility is well-described by them.

Physically, the strain mainly alters the effective mass, the density-of-states (DOS), and the subband

energy difference. The latter two are related to the relaxation time. It has been reported that strain

mainly affects the subband energy difference in nFETs, and the effective mass in pFETs [38,39].
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In the state-of-the-art mass production, the tensile- or compressive- etch stop layer (tESL and

cESL, respectively) have been widely used to introduce the strain into the channel. Recently, the

embedded silicon-germanium (SiGe) is epitaxially grown in source and drain region so that the larger

stress (∼1.5 GPa) can be introduced to the channel [4, 40], which is also in mass-production.

2.5 Summary

The physics behind the low-field mobility has been overviewed. Even in a state-of-the-art short

channel FETs, the mobility is still one of the key parameters to evaluate a performance of a FET.

Thus, strain technology to enhance the mobility will be of great importance in the mass production.

source

drain

r

1-

c

rc

Fig.2.1 A schematic of energy band diagram. The potential barrier is the highest near source

edge. Once the carrier gets across the potential barrier, it won’t scattered back to source.
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Fig.2.2 A schematic diagram of mobility determining factors. Each scattering mechanism

is combined by the Matthiessens’ Rule. Note that only phonon scattering is temperature

dependent.
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E
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Fig.2.3 Schematic diagrams showing Si/SiO2 interface fluctuation. Large barriers are locally

induced by tSOI fluctuation in an atomic level, which scatters the conducting carriers.
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E

E

0
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Gate

oxide

Gate
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increased
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Fig.2.4 Subband structures of (a) bulk FETs and (b) SOI FETs. In both cases, subbands are

formed because of the well between the gate dielectric and conduction band. In addition to a

potential well, a SOI layer confinement exists in SOI FETs.

Fig.2.5 Experimental dependence of threshold voltage on SOI thickness in (110) pFETs fab-

ricated in this dissertation. Monotonic threshold voltage increase is observed as previously

reported [34].
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Fig.2.6 Experimental hole mobility behavior as a function of inversion layer charge density for

various SOI thickness in (110) SOI pFETs fabricated in this dissertation. Mobility modulation

by SOI thickness can be confirmed.

Table2.1 Piezoresistance coefficients of bulk silicon [35,36]. Unit: 10−12 Pa−1.

direction strain parallel to the channel strain perpendicular to the channel

n-<110> -31.2 53.4

n-<100> -102.2 53.4

p-<110> 71.8 -1.1

p-<100> -1.1 6.6
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Chapter 3

Direction Dependence of Hole Mobility in Si

(110) pMOSFETs

3.1 Introduction

Si (110) surface is very attractive because of its high hole mobility (µh ) [34,37,40–43]. Especially

in an ultimately scaled device structure, such as a FinFET or an ultra-thin body (UTB) FET, this

superiority becomes more prominent since µh in Si (110) is less degraded by thinning SOI thickness

(tSOI ) than µh in Si (100) [34,44]. Even in a bulk FET, µh in Si(110) has advantages over µh in Si

(100) not only because µh is higher, but also because µh keeps high even at a high inversion layer

density (Ninv ) region. In other words, the superiority of µh in Si (110) becomes greater as Ninv

becomes higher. This µh difference has been explained by the inter-subband scattering suppression

due to large subband energy difference at the strong quantum confinement experimentally [44] and

theoretically [45], originating from the heavy (110) effective mass normal to Si/SiO2 surface (mz).

However, µh in Si (110) has the direction dependence and µh in (110)/<100> shows stronger Ninv

dependence than µh in (110)/<110> (Fig. 3.1). Since the subband energy structure of both <110>

and <100> directions is the same, this peculiar direction dependence cannot be understood only by

the suppression of the inter-subband scattering.

Another whispering experimental result on the peculiarity of µh in (110) is the direction dependent

mobility universality [37, 46, 47]. While the hole mobility universality in (100) surface holds in

different substrate impurities or under different substrate bias, it doesn’t hold in (110) surface.

Note the application of the substrate bias effectively means the increased or decreased substrate

impurities, since the back bias strengthens or weakens the surface electric field. Figure 3.2 shows
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experimentally obtained the substrate dependence of µh at Ninv of 3x1012cm−2 for various tSOI .

As has reported in bulk pFETs [37, 46], slightly increased µh is observed in <110> direction by

increasing the substrate bias, while slightly decreased µh is observed in <100> direction. In most

cases, µh becomes smaller as substrate bias increases, since higher surface electric field, or the larger

quantum confinement effect, makes µh smaller. Though this behavior is peculiar to (110) surface,

the direction dependence of µh on the substrate bias cannot be understood only by the subband

energy structure.

In both cases, the peculiarity of µh in (110) is prominent at higher stronger quantum confinement.

Therefore, in order to clarify the mechanism of superior µh in (110)/<110>, the direction dependence

of µh in (110) under different confinement effects should be investigated.

In this study, we focused on UTB pFETs because of their strong quantum confinement effect.

µh in <110>- and <100>-directed Si (110) UTB pFETs was experimentally compared by utilizing

a new device structure, which shares the same channel in both directions. It is newly found that

the carrier re-population and average conductivity effective mass (mc) change play a key role in the

difference between µh in <110> direction and µh in <100> direction. In addition to the suppression

of the inter-subband scattering, (110)/<110> pFETs enjoys high hole mobility even at high Ninv

since average mc becomes lighter as the confinement increases.

3.2 Device Structure of Common Channel FETs (CC FETs)

In UTB FETs (tSOI smaller than ∼5 nm), the mobility is very sensitive to tSOI , which means the

difficulty of making a fair comparison between different devices even if designed tSOI is the same.

To study the direction dependence of the mobility in UTB FETs, a special treatment is mandatory.

In (110) surface, both <110> and <100> directions are orthogonal. Therefore, to make the fair

comparison between <110>- and <100>-directed UTB pFETs with an extremely thin SOI, a new

device structure was utilized (Fig. 3.3). The new FET structure (common channel; CC) shares

completely the same channel in both directions. The current direction can be controlled by the side

gate (SG) voltage; by controlling the voltage of SG parallel to the current so that the channel under

the SG is depleted, it behaves as a normal FET. Note that without a SG voltage control, the current

flows through lower resistance regions (i.e. source and drain), as shown in Fig. 3.4 (a), resulting in
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current overestimation (Fig. 3.4 (b)).

The fabrication process of CC FETs is quite similar to that of UTB FETs [17,34]. Four processes

are added to the conventional fabrication process of UTB FETs. A detailed process flow is shown in

Appendix A.2. Both gate length and width are 200 µm, and gate oxide thickness is 20 nm so that

µh can be extracted precisely by using the split capacitance-voltage (C-V) method.

Figure 3.5 shows µh comparison between a CC FET (tSOI =31 nm) and a normal SOI FET

(tSOI =31 nm). CC FETs show almost the same µh as µh of normal FETs, confirming the effec-

tiveness of CC FETs. Though some µh degradation in both directions can be seen, this might be

attributed to the series resistance under the side gate or the overlap capacitance between the main

gate and the side gate.

3.3 Direction Dependence of (110) Hole Mobility

Figure 3.6 shows Ninv dependence of µh for various tSOI by utilizing CC FETs. The Ninv de-

pendence of µh in <110> direction is totally different from that in <100> direction. In particular,

µh in <110> direction has weak Ninv dependence and keeps a high value even in a high Ninv re-

gion when tSOI =31 nm. Another difference between two directions is the µh enhancement behavior

when tSOI is extremely small. It is well known that µh enhancement occurs when tSOI is around 3-4

nm [34]. However, large µh enhancement in extremely thin SOI is observed only in <110> direction

as clearly shown in Fig. 3.7. The µh enhancement mechanisms in thin SOI have been thought to

be the suppression of the inter-subband scattering [34], which does not explain the direction de-

pendence. Therefore, the behavior observed in Fig. 3.7 cannot be understood in terms of only the

subband energy structure.

Figure 3.8 shows the ratio of µh in <110> direction to µh in <100> direction. Utilized devices

are the same as those in Fig. 3.6. It is interesting to point out that the µh ratio increases in following

two cases:

(1) higher Ninv

(2) thinner SOI

Both of above conditions mean the stronger quantum confinement effects. It should also be noted
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that as SOI becomes thinner, the dependence of the ratio of µh on Ninv becomes weaker.

3.4 The Ratio of Hole Mobility under Different Temperature

To investigate the direction dependence in more detail, µh degradation ratio of 400K to 300K is

derived. Under the relaxation time approximation, µh can be roughly expressed as

µh =
q

mc
< τ >

where q is the Coulomb constant and <τ> is the relaxation time. Therefore, provided only the lowest

subband is occupied, the component of mc can be eliminated in the ratio of µh under different

temperature. Note this assumption is theoretically valid in a high Ninv region even at the room

temperature [45].

Figure 3.9 shows µh at 400 K. As the inter-subband phonon scattering increases, µh is degraded

compared to that at 300 K. Figure 3.10 shows the µh ratio in the same direction. Negligible difference

between <110> and <100> directions can be seen, indicating the direction dependence originates

from mc, rather than <τ>. Figure 3.11 shows the ratio of µh in <110> direction to µh in <100>

direction at 400 K. As expected, almost the same tendency as that at 300 K is confirmed.

3.5 Physical Understandings of Direction Dependence of Hole Mobility

3.5.1 Quantum confinement dependence of conduction effective mass

To understand mc behavior under different quantum confinement effect, subband structures (sub-

band diagram and population) were calculated by diagonalizing the 6-band k·p Hamiltonian [45,48].

In this study, quantum confinement effects by

(1) the surface electric field (via triangular well approximation)

(2) the SOI thickness (via infinite potential at the Si/SiO2 interface)

were taken into calculation. The detailed procedure of the numerical calculation are described in

Appendix B. Figure 3.12 (a)-(d) shows the E-k diagram under the surface electric field Fs of 0.1

MV/cm (corresponding to weak inversion) for various tSOI , and Fig. 3.12 (e)-(h) under Fs of 1

MV/cm (corresponding to strong inversion). Figure 3.13 shows the population of each subband

(only the lowest two subbands are shown). The key to understand the
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mc in <110> direction

As shown in Fig. 3.12 (a), the energy dispersion of the second lowest subband in <110>

direction is relatively large with tSOI of 20 nm under low Fs, while it is much smaller as tSOI

decreases (Fig. 3.12 (b)-(d)). On the contrary, energy dispersion is almost the same under

high Fs (Fig. 3.12 (e)-(h)). This means that the mc of the second lowest subband in <110>

direction decreases as the quantum confinement effects increases.

mc in <100> direction

As shown in Fig. 3.12, the energy dispersion of the two lowest subbands in <100> direction

is less dependent on tSOI and Fs than that in <110> direction. This means that mcin <100>

direction is not so much dependent on tSOI and Fs.

population in each subband

As shown in Fig. 3.13, the population of the lowest subband with tSOI of 20 nm decreases

with increasing Fs, while that with tSOI of 3 nm keeps the same regardless of Fs.

These theoretical understandings of mc and population can be summarized as follows. In <110>

direction, the average mc decreases as quantum confinement effects (i.e. thinner tSOI or higher Fs)

due to the carrier re-population to the lowest subband, which has smaller mc. However, in <100>

direction, the lowest and the second lowest subband have almost the same mc. Therefore, the carrier

re-population has almost no impacts on the average mc, regardless of the quantum confinement

effects.

This is the reason why the mobility universality doesn’t hold in (110)/<110> pFETs, while it

holds in (110)/<100> pFETs [37, 46, 47]. Since possible physics behind the mobility universality is

based on the constant mc [29], conditions precedent on the mobility universality doesn’t satisfied in

(110) pFETs.

3.5.2 Physical explanation of direction dependence

The experimental results and theoretical explanations are summarized in Fig. 3.14. As quantum

confinement becomes larger (i.e. thin SOI or high Fs), two mechanisms play important roles:

(A) average mc in <110> direction becomes lighter while that in <100> direction doesn’t change
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much.

(B) inter-subband scattering is suppressed due to larger subband energy difference.

The behavior of the µh ratio (Fig. 3.8) of <110> direction to <100> direction for various tSOI

can be understood by (A). When SOI is thick, average mc in <110> direction becomes lighter

with increasing Ninv , while average mc in <100> direction keeps almost constant, resulting

in the larger ratio in a larger Ninv region. When SOI is thin, average mc of both directions

keeps constant, resulting in almost the same ratio regardless of Ninv .

The direction dependence of µh in thick SOI (Fig. 3.1) (and bulk FET)

is also understood by (A) in addition to (B) (Fig. 3.15). Average mc becomes lighter as Ninv

increases in <110> direction, leading to less dependence on Ninv than µh in <100> direction.

The direction dependence of µh enhancement in thin SOI (Fig. 3.7)

can be also explained by (A), in addition to (B). Though µh enhancement itself is explained

by (B), average mc of thin SOI is lighter than that of thick SOI only in <110> direction. As

a result, µh enhancement is more prominent in <110> direction as schematically shown in

Fig. 3.16.

3.6 Summary

The direction dependence of hole mobility behavior in (110) UTB pFETs has been investigated

experimentally and theoretically utilizing a new device structure. The direction dependent behavior

of Si (110) hole mobility can be understood in terms of average conductivity mass change by the

quantum confinement, which is more prominent in <110> direction. Therefore, Si (110)/<110>

hole mobility keeps higher mobility than (110)/<100> even in a high surface electric field region.
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Fig.3.1 The Ninv dependence of µh in (110)/<110>, (110)/<100> and (100)/<110> pFETs.

Superior µh in (110)/<110> to µh in (100)/<110> is confirmed. This superiority has been

explained by the large subband energy difference [37], however, the Ninv dependence of µh in

(110) surface is also dependent on directions. Since both (110)/<100> and (100)/<110> have

the same subbands, the subband energy difference cannot explain this peculiar dependence.

(a) (b)

Fig.3.2 The dependence of µh on substrate bias for various tSOI . In <110> direction, µh

slightly increases as substrate bias increases as previously reported [37, 46]. On the contrary,

µh monotonically decreases in <100> direction. Again, these results cannot be explained only

by the suppression of inter-subband scattering.
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Fig.3.3 Schematics of (a) cross-section and (b) top view of a fabricated device structure (a

common channel FET). The key of this structure is that both <110> and <100> directions

share completely the same channel. The difference is only the current direction. This structure

enables one to compare mobility of UTB FETs in two directions with exactly identical thickness

in an atomistic order. By controlling the side gate voltage, current flows like a normal FET

(see also Fig. 3.4).

leak current

leak current

(a) (b)

Fig.3.4 (a) A schematic of leakage current flow. Since the resistance of source and drain region

is smaller than that of channel under the gate, current flows are no longer limited under the

gate without side gate control. As a result, current (and mobility) is overestimated. (b) ID-VG

characteristics of a common channel FET with and without side gate voltage control, and of a

normal FET. Without side gate voltage control, current is overestimated.
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(a) (b)

Fig.3.5 A comparison of extracted µh between normal FETs and common channel FETs with

thick tSOI of 31 nm in (a) <110> direction (b) <100> direction. In both directions, almost

the same µh is obtained, strongly indicating the effectiveness of a common channel structure.

Though some µh degradation is observed, this degradation might be attributed to the series

resistance under the side gate or the overlap capacitance between main gate and side gate.

(a) (b)

Fig.3.6 The Ninv dependence of µh for various tSOI in (a) <110> direction (b) <100> direc-

tion. As has already reported in a previous work [34], clear µh enhancement with tSOI of 3.2

nm is observed in <110> direction. On the contrary, µh enhancement is relatively small in

<100> direction (see also Fig. 3.7). Though physical mechanism of µh enhancement in Si (110)

UTB FETs has been thought to be the suppression of the inter-subband scattering because of

its large subband energy difference [37], this direction dependence cannot be understood only

by that, strongly indicating the existence of another physical mechanism.
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Fig.3.7 The tSOI dependence of µh at Ninv of 3.0x1012cm−2. Clear µh enhancement is

observed in <110> direction, while negligible µh enhancement in <100> direction. This result

implies µh enhancement mechanism in thin SOI isn’t explained only by the suppression of the

inter-subband scattering.

Fig.3.8 The µh ratio of <110> direction to <100> direction as a function of Ninv . As Ninv

enlarges, the ratio also increases. Moreover, the ratio becomes larger as tSOI becomes smaller.

These results mean that the superiority of <110> direction over <100> direction becomes

greater as the quantum confinement effect becomes more prominent.
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Fig.3.9 The Ninv dependence of µh for various tSOI at 400 K. As temperature increases, the

phonon scattering increases. As a result, degraded µh is observed. Especially µh with tSOI of

3.2 nm pFET is severely degraded, because it benefits from the suppression of the inter-subband

scattering at 300 K [34].

Fig.3.10 The ratio of µh at 300 K to µh at 400 K in the same direction. As µh can be

described as q<τ>/mc, the ratio between different temperature eliminates mc term in µh .

Negligible difference between the ratio in <110> direction and the ratio in <100> direction

can be seen, strongly suggesting that direction dependent behavior of µh is attributable to mc,

rather than <τ>.



Chapter 3 Direction Dependence of Hole Mobility in Si (110) pMOSFETs 23

Fig.3.11 The µh ratio of <110> direction to <100> direction as a function of Ninv at 400 K.

Comparing to the ratio at 300 K (Fig. 3.8), almost the same tendencies are found, indicating

that the dependence of µh on Ninv and tSOI is independent on temperature.
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Fig.3.13 Calculated population of each subband with tSOI of 20 nm and 3 nm for various Fs.

While the population in the lowest subband increases as Fs increases in 20-nm case, it keeps

almost constant in 3-nm case.
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Fig.3.14 A schematic of dependence of mc on Fs and tSOI . Though average mc in <100>

direction is almost the same for all four conditions, average mc in <110> direction is dependent

on the strength of quantum confinement. i.e., average mc in <110> direction becomes lighter

as quantum confinement increases. The inter-subband scattering is also suppressed due to

larger subband energy difference at high Fs and thin SOI.
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Fig.3.15 A schematic showing direction dependence of µh in thick SOI (or bulk). Average mc

in <110> direction decreases as Ninv becomes higher, while average mc in <100> direction is

almost independent of Ninv . Thus, µh in <110> direction keeps a high value even in a high

Ninv region. Note that suppression of inter-subband occurs in both directions, resulting in less

dependence of µh on Ninv than µh in Si (100).
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Fig.3.16 A schematic showing direction dependence of µh enhancement in (110) UTB pFETs.

Both suppression of inter-subband and average mc reduction contribute higher µh in <110>

direction, while mainly the former mechanism does in <100> direction. As a result, µh en-

hancement in <110> direction is more prominent than µh in <100> direction (Figs. 3.6,

3.7).
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Chapter 4

Hole Mobility Enhancement by Uniaxial

Strain

4.1 Introduction

In chapter 3, the superiority of Si (110) pFETs has been confirmed. This superiority originates

from the average mc reduction by the quantum confinement effects caused by the surface electric

field (Fs) and SOI thickness (tSOI ). Hole mobility (µh ) in (110)/<110> is four times as high as

that in (100)-oriented pFETs [37]. Even more, it is comparable to or higher than Ge µh in UTB

structure [34].

However, the strain technology to boost up the mobility is widely utilized in state-of-the-art mass

production, and a recent study shows hole mobility enhancement (∆µ/µ) in (110) pFETs is smaller

than that in (100) pFETs [37–39, 48]. Therefore, the superiority of (110) pFETs is expected to be

diminish with the strain technology. One paper experimentally shows that µh in (110) pFETs is

comparable to that in (100) pFETs under a large amount of strain [49].

On the other hand, it is still unclear whether µh in (110) ultrathin body (UTB) pFETs with strain

is higher than that in (100) UTB pFETs with strain or not. The strain effects on UTB pFETs which

have strong quantum confinement effect are practically very important. So far, no experimental

results on strained (110) UTB pFETs have been published, and the physical origin of the strain

effects and the optimum strain direction are still unclear.

In this chapter, the effect of <110>- and <111>-directed uniaxial compressive strain (σ<110>

and σ<111>, respectively) on (110) UTB pFETs has been investigated. The origins of mobility

enhancement by strain and its decrease in <110>-directed UTB pFETs are clarified. Moreover,
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it is newly found that σ<111> shows larger mobility enhancement than σ<110> because of smaller

density-of-state (DOS) change and larger conduction effective mass (mc) change even in UTB pFETs

with tSOI of as thin as 3 nm, indicating that uniaxially strained <111>-directed UTB pFETs are

promising device structures.

4.2 Experiments

The measured devices are (110)-oriented UTB pFETs with recessed channel. Both gate length

and width are 200 µm, and the source and drain region were kept thick to minimize the parasitic

resistance. A schematic of a fabricated UTB FET and its process flow can be found in Appendix

A.1. Figure 4.1 shows measured inversion layer density (Ninv ) dependence of µh for various tSOI .

The uniaxial compressive strain was applied mechanically by a 4-point bending apparatus

(Fig. 4.2). The strength of the strain is estimated as follows;

σ =
ty

2a(L/2 − 2a/3)

where t, y, a, and L are the thickness of the wafer, the displacement, the distance between inner

ridges, and the distance between outer ridges, respectively. Figure 4.2 schematically illustrates each

parameter.

Considered are uniaxial strain configurations which enhance µh on (110) surface. σ<110> is ap-

plied to <110>- and <100>-directed pFETs, and σ<111> is applied to <111>-directed devices as

schematically shown in Fig. 4.3.

The observed ∆µ/µ is as small as a few %, which calls for careful measurement. To perform an

accurate measurement, the full Kelvin proves were equipped to measure ∆µ/µ. The full Kelvin

proves allow one to evaluate the electrical characteristics without the contact resistance variation

between a prove and a pad.

Applied strain is at least one-decade smaller compared to the state-of-the-art strain degree in mass

production. However, investigating the ∆µ/µ behavior at lower strain possibly gives us information

on

• insights on physics behind carrier transport

• upper limit of ∆µ/µ under large amount of strain
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It should be noted here that ∆µ/µ under large amount strain saturates. Therefore, by linear-

extrapolating ∆µ/µ under small amount of strain, one obtains the upper limit of ∆µ/µ.

4.3 <110> Uniaxial Compressive Strain Effects on (110) pFETs

4.3.1 <110> uniaxial compressive strain effects

It has been reported that σ<110> enhances µh in both <110>- and <100>-directed bulk pFETs

[37, 41]. However, one remaining problem in strained (110) bulk pFETs is that ∆µ/µ by strain is

highly dependent on Ninv , which is not observed in strained (100) bulk pFETs [37]. It has been

reported that ∆µ/µ in <110> direction becomes smaller at larger Ninv , while ∆µ/µ in <100>

direction is almost independent of Ninv .

Figure 4.4 shows ∆µ/µ at low Ninv of 1x1012 cm−2 and high Ninv of 1x1013 cm−2 as a function

of σ<110>. In <110> direction, σ<110> at low Ninv is larger than that at high Ninv , while ∆µ/µ is

almost independent of Ninv in <100> direction. Figure 4.5 shows ∆µ/µ as a function of Ninv under

0.05 % σ<110>. ∆µ/µ in <110> direction becomes smaller as Ninv becomes larger (i.e. stronger

quantum confinement). Thus, it is speculated that the quantum confinement effect plays a significant

role in ∆µ/µ by strain.

4.3.2 Quantum confinement effects on <110> strain

To study the quantum confinement effects on ∆µ/µ in detail, the dependence of ∆µ/µ by strain

on substrate bias (Vbs) with tSOI of 24 nm is shown in Fig. 4.6. Note that reverse Vbs strengthens Fs

(and hence the quantum confinement) even at the same Ninv . It is interesting to point out here that

Vbs dependence is different between <110>- and <100>-directed pFETs. ∆µ/µ slightly decreases

in <110> direction (Fig. 4.6 (a)), while ∆µ/µ increases in <100> direction (Fig. 4.6 (b)).

Another method to strengthen quantum confinement effect is utilizing an UTB structure. The

same trend can be seen in ∆µ/µ with tSOI of 7.1 nm (Fig. 4.7 (a)). However, under much stronger

confinement (tSOI of 4.5 nm), ∆µ/µ is independent of a device direction and the dependence of Ninv

is smaller (Fig. 7(b)). Under weak quantum confinement, ∆µ/µ in <110> direction is significantly

different from that in <100> direction, while negligible ∆µ/µ difference is observed under strong

quantum confinement.
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4.3.3 Subband structure under <110> compressive strain

Physically, the following three parameters are modulated by strain:

(1) mc

(2) subband energy difference (∆E)

(3) carrier population in each subband

These are important parameters that determine mobility. Considering that ∆E and the carrier pop-

ulation are common in both directions, above experimental results strongly suggest the discrepancy

in ∆µ/µ by σ<110> between <110> and <100> direction originates from the difference in mc change

(∆mc).

To investigate physics behind the effect of strain on (110) pFETs in detail, subband structures

were calculated by the six-band k·p framework with a triangular well approximation [45, 48]. The

detailed calculation procedures can be found in Appendix B. Figure 4.9 shows equienergy lines with

and without σ<110> under low Fs of 0.1 MV/cm and high Fs of 1.0 MV/cm. Under low Fs, mc in

<110> direction is modulated by such a small σ<110>, while mc in σ<110> direction at high Fs and

mc in <100> direction are not much modulated. These results are well-consistent with experimental

results, in which higher ∆µ/µ in <110> direction at low Fs and smaller ∆µ/µ in other conditions

are observed. Therefore, ∆µ/µ by σ<110> is thought to be direction-dependent.

Figure 4.10 shows the population of the lowest two subbands and Fig. 4.11 shows the ∆E between

the lowest two subbands with and without 100 MPa σ<110>. Slight difference in carrier population

and increase in ∆E between the third lowest subband and the lowest subband can be seen. Note

that the changes in the population and ∆E are common in both <110> and <100> directions and

these changes enhance µh in both directions. On the other hand, the difference in ∆µ/µ between

<110> and <100> directions is attributable to the difference in ∆mc, instead of population and

∆E.

Even though ∆µ/µ by σ<110> in <110> direction is high under weak quantum confinement, it is

expected to be smaller as device size shrinks (i.e. higher Fs or thinner SOI, which leads to stronger

quantum confinement). Therefore, it is strongly required to investigate the higher ∆µ/µ in (110)
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pFETs.

4.4 <111> Uniaxial Compressive Strain Effects on (110) pFETs

4.4.1 <111> uniaxial compressive strain effects

It has been reported that in bulk pFETs, ∆µ/µ by σ<111> in <111> direction is larger than

∆µ/µ by σ<110> in <110> direction [37]. A recent theoretical study pointed out µh in <111>

direction is comparable to µh in <110> direction under as large strain as 2 GPa in (110)-oriented

bulk pFETs [48]. Thus, there is a possibility that in UTB structures, µh in <111> direction can

surpass µh in <110> direction under large strain, even though µh in <111> direction without strain

is inferior to µh in <110> direction.

Figure 4.12 shows ∆µ/µ in <111>-directed pFET with tSOI of 24 nm as a function of σ<111>.

Clearly, ∆µ/µ by σ<111> is larger than ∆µ/µ by σ<110>, as previously reported in bulk pFETs [37].

Figure 4.13 shows ∆µ/µ with tSOI of 4.5 nm. It is experimentally confirmed that ∆µ/µ in <111>

direction is still larger than ∆µ/µ in <110> direction. It is interesting to point out here that ∆µ/µ

in <111> direction becomes smaller at higher Ninv or thinner SOI. This tendency of ∆µ/µ by strain

is similar to ∆µ/µ in <110> direction, suggesting that ∆mc is also the key in mobility enhancement

by σ<111>.

4.4.2 Subband structure under <111> compressive strain

To investigate σ<111> effects, subband structures were calculated by the six-band k·p framework

under a triangular well approximation. Figure 4.14 shows equienergy lines with and without 100

MPa σ<111> under low Fs of 0.1 MV/cm and high Fs of 1.0 MV/cm. Similar to equienergy lines

with 100 MPa σ<110> (Fig. 4.9), ∆mc is larger at lower Fs. This behavior is quite consistent with

the experimental results, and therefore, larger ∆µ/µ by σ<111> at lower Fs is also attributable to

∆mc.

4.5 Physical Understandings of Uniaxial Compressive Strain

Above experimental results can be summarized as shown in Fig. 4.15. In <110>- and <111>-

directed bulk pFETs, ∆mc plays a role in ∆µ/µ. The degree of ∆mc by strain depends on the
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present amount of the quantum confinement, since the quantum confinement by Fs also contributes

to ∆mc in (110) pFETs. ∆mc by strain under weak quantum confinement (low Fs) is larger than

∆mc under strong quantum confinement (high Fs). Thus, ∆µ/µ of <110>- and <111>-directed

bulk pFETs decreases as the quantum confinement effects increase (higher Ninv ).

In <100>-directed bulk pFETs, on the other hand, ∆mc is small and almost independent of the

quantum confinement. Therefore, ∆µ/µ keeps constant regardless of Ninv . Similarly, the quantum

confinement by the extremely thin SOI limits the ∆mc in UTB pFETs. As a result, ∆µ/µ in UTB

pFETs is less dependent on Ninv than ∆µ/µ in bulk pFETs even in <110> or <111> directions.

4.6 Performance Estimation in UTB pFETs by Uniaxial Strain

So far, the strain effects under weak strain are discussed by measurements and calculations. In

this section, to estimate ∆µ/µ under the state-of-the-art strain technology, subband structures (∆E,

population in each subband and ∆mc) under a high amount of strain have also been calculated

by six-band k·p framework. Assumed are SOI thickness of as thin as 3 nm under 1 GPa σ<110>

and σ<111>. Note that tSOI of as thin as 3 nm corresponds to the physical gate length of 12 nm,

which is scheduled for the high performance logic transistor in 2017 [50]. Fs effect is also taken into

calculation with a triangular well approximation.

4.6.1 <110> compressive strain effects on <110> UTB pFETs

reduction, which is a key in large ∆µ/µ, is relatively small under σ<110> (Fig. 4.16 (a), (b)). Even

though ∆E becomes large by strain (Fig. 4.17 (a)), it is very close to the optical phonon energy at

room temperature and is expected to exhibit negligible difference with and without strain in terms of

the suppression of inter-subband phonon scattering. The population modulation is negligibly small

(Fig. 4.18 (a)). All of them leads to smaller ∆µ/µ in UTB pFETs than that in bulk pFETs. Thus, it

is expected that strain will have a limited contribution to mobility enhancement in <110>-directed

UTB pFETs.
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4.6.2 <111> compressive strain effects on <111> UTB pFETs

In contrast to σ<110>, ∆µ/µ is expected to be larger in σ<111>. Relatively large ∆mc (Fig. 4.16 (c),

(d)) is observed, though the ∆E (Fig. 4.17 (b)) and population (Fig. 4.18 (b)) are almost the same

as those in σ<110>. Thus, strained <111>-directed UTB pFETs have an advantage over strained

<110>-directed UTB pFETs, and will obtain larger ∆µ/µ by strain.

4.7 Summary

<110> and <111> uniaxial compressive strain effects on (110) ultrathin body pFETs have been

systematically investigated. It is clarified by measurements and calculations that the strain effect in

<111>-directed ultra-thin body pFETs is larger than <110>-directed ultra-thin body pFETs due

to larger conduction effective mass change.



Chapter 4 Hole Mobility Enhancement by Uniaxial Strain 34

Fig.4.1 The Ninv dependence of µh for various tSOI . µh enhancement with tSOI of 4.5 nm is

observed, as previously reported [34].

L

a
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y

Fig.4.2 A schematics of a four-points mechanical bending apparatus utilized in this work. The

amount of applied strain is estimated theoretically [51].
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Fig.4.3 Schematics of considered strain configuration. Yellow arrows indicate the applied

strain. Note that µh in both <110> and <100> directions is enhanced by <110>-directed

uniaxial compressive strain.

(a) (b)

Fig.4.4 ∆µ/µ of (a) <110>-directed pFETs and (b) <100>-directed pFETs as a function of

σ<110>. ∆µ/µ becomes small at Ninv of 1x1013 cm−2 in <110> direction, while it is almost

the same in <100> direction, as previously reported [37]. These results strongly suggest that

quantum confinement is a key in ∆µ/µ by strain.
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Fig.4.5 ∆µ/µ by σ<110> as a function of Ninv . In <110> direction, ∆µ/µ becomes smaller

as Ninv becomes larger, while ∆µ/µ is almost independent of Ninv in <100> direction.
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(a)

(b)

Fig.4.6 ∆µ/µ by σ<110> of (a) <110>-directed pFETs and (b) <100>-directed pFETs under

reverse substrate bias as a function of σ<110>. In <110>-directed pFETs, ∆µ/µ decreases

as reverse substrate bias increases, while ∆µ/µ enlarges at Ninv of 2x1012 cm−2 in <100>

direction. Considering that larger reverse substrate bias corresponds to higher surface electric

field (or higher Ninv ), these results are well-consistent with Fig. 4.5.
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(a) (b)

Fig.4.7 ∆µ/µ of pFETs with tSOI of 7.1 nm in (a) <110> direction and (b) <100> direction

as a function of σ<110>. In (b), ∆µ/µ is larger than ∆µ/µ with tSOI of 24 nm (Fig. 4.4 (b))

in <100> direction at Ninv of 2x1012 cm−2, while ∆µ/µ is smaller in (a) than ∆µ/µ with tSOI

of 24 nm in Fig. 4.4 (a).

(a) (b)

Fig.4.8 ∆µ/µ of pFETs with tSOI of 4.5 nm in (a) <110> direction and (b) <100> direction

as a function of σ<110>. ∆µ/µ is smaller than 7.1 nm or 24 nm (Fig. 4.4) cases, as well

as direction differences are small. This tendency is well consistent with experimental results

in Fig. 4.5, namely the “moderate” quantum confinement enhances ∆µ/µ in <100>-directed

pFETs.
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(a) (b)

Fig.4.9 Equienergy lines of the lowest subbands with (red line) and without (dotted black line)

100 MPa uniaxial [011] stress under a triangular well of (a) Fs=0.1 MV/cm and (b) Fs=1.0

MV/cm. ∆mc can be seen in <110> direction at low Fs, while ∆mc is small at high Fs in

both <110> direction and in <100> direction. Thus, larger ∆µ/µ in <110> pFETs at low

Ninv (or low Fs) is attributable to larger ∆mc.

Fig.4.10 Subband population of the lowest and second lowest subband. Slightly increased pop-

ulation in the lowest subbands is also the origin of µh enhancement. Note that this mechanism

is common in both <110> and <100> directions.
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Fig.4.11 Subband energy splitting with (open) and without (solid) 100 MPa σ<110>. Small

difference between lowest and 2nd lowest subband can be seen, suggesting less effect of ∆E on

∆µ/µ.

Fig.4.12 ∆µ/µ of <111>-directed pFETs with tSOI of 24 nm. Similar to σ<110>, higher Ninv

results in smaller ∆µ/µ (Fig. 4.4). As previously reported [37, 41], ∆µ/µ of <111>-directed

pFETs is larger than ∆µ/µ of <110>-directed pFETs.
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Fig.4.13 ∆µ/µ of <111>-directed pFETs with tSOI of 4.5 nm. Similar to σ<110>, thinner

tSOI results in smaller ∆µ/µ. It is interesting to point out here that ∆µ/µ of <111>-directed

pFETs is larger than ∆µ/µ of <110>-directed pFETs even in thin SOI case.

(a) (b)

Fig.4.14 Equienergy surface of the lowest subbands with (red line) and without (dotted black

line) 100 MPa uniaxial [111] stress under a triangular well of (a) Fs=0.1 MV/cm and (b) Fs=1.0

MV/cm. Large ∆mc at low Fs can be seen, while ∆mcis small at high Fs. This difference is

the origin of larger ∆µ/µ at low Fs than ∆µ/µ at high Fs.
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Fig.4.15 Schematics of different ∆µ/µ behavior by strain. In <110> or <111> directions,

∆mc decreases as Ninv increases while ∆mc is almost the same in <100> direction and in

UTB pFETs. The difference in ∆mc results in different Ninv dependence.
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(a) (b)

(c) (d)

Fig.4.16 Equienergy surface of the lowest subbands with (red line) and without (dotted black

line) 1 GPa uniaxial stress with tSOI of 3 nm under a triangular well (a) Fs=0.1 MV/cm, [011]

stress (b) Fs=1.0 MV/cm, [011] stress (c) Fs=0.1 MV/cm, [111] stress (d) Fs=1.0 MV/cm,

[111] stress . In (a) and (b), ∆mc in both <110> and <100> directions is relatively small

because of strong confinement by thin SOI. In contrast, larger ∆mc can be observed in <111>

direction, which is an advantage of σ<111> over σ<110>.
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(a) (b)

Fig.4.17 Calculated subband energy splitting (a) under 1 GPa σ<110> and (b) under 1 GPa

σ<111>. ∆E becomes larger by stress, but it is close to or larger than optical phonon energy,

indicating less effect of ∆E on ∆µ/µ regardless of stress.

(a) (b)

Fig.4.18 Calculated each subband population (a) under 1 GPa σ<110> and (b) under 1 GPa

σ<111>. Slightly decreased population at the lowest subband is observed in <110> direction,

while increased population in <111> direction. These differences are caused by the ∆E and

DOS modulation.
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Chapter 5

Direction Dependence of Electron Mobility

in (110) nMOSFETs

5.1 Introduction

In chapters 3 and 4, the superiority of (110) ultrathin body (UTB) pFETs has been confirmed.

Even though the mobility enhancement by strain is smaller than those in (100) UTB pFETs, higher

unstrained hole mobility (µh ) can compensates that.

In terms of a CMOS integration, electron mobility (µe ) in (110)-oriented UTB nFETs should

be clarified. However, the physics behind (110) µe in UTB nFETs is not fully understood. One

such problem is the direction dependence of µe in (110) surface. Even in bulk nFETs, it has been

reported that the quantum confinement effect by the surface electric field (Fs) changes the effective

mass perpendicular to Si/SiO2 surface (mz) [52]. The mobility anisotropy, which means µe is

different from one direction to another direction, is suppressed in a high inversion charge density

(Ninv ) region, while the anisotropy is significant in a low Ninv region.

Therefore, it is speculated that an ultimately thin SOI must affect µe in UTB nFETs. However, no

paper has focused on the direction dependence of µe in (110) surface. In this chapter, µe anisotropy

in (110) UTB nFETs will be demonstrated. It is experimentally observed that µe in <110> direction

is higher than µe in <100> direction in an ultimately thin SOI nFETs, though µe in <110> direction

is smaller than µe in <100> direction in bulk or relatively thick SOI. The physical origin can be

attributed to the non-parabolicity of the 2-fold valleys in <110> direction.
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5.2 Device Structure and Experiments

To investigate µe anisotropy in (110) nFETs, a common channel structure was utilized. This

structure shares completely the same channel in both <110> and <100> directions, which allows

one to evaluate direction dependence of µe . The detailed process flow can be found in Appendix

A.2, and the operation procedure can be found in chapter 3.

Figure 5.1 shows the comparison between µe by utilizing a normal FET structure and that by uti-

lizing the common channel structure with relatively thick SOI. Almost identical µe in both directions

means the validity of a common channel structure.

5.3 Direction Dependence of Electron Mobility

Figure 5.2 shows Ninv dependence of µe for various SOI thickness (tSOI ). As tSOI becomes

thinner, monotonic µe degradation is observed as previously reported [19,53]. In (110) bulk nFETs,

it is well known that µe in <100> direction is higher than µe in <110> direction. This tendency is

applicable when tSOI is larger than 4.3 nm. However, when tSOI is 3.2 nm, µe in <100> direction

is smaller than µe in <110> direction.

To investigate in more detail, the ratio of µe in <100> direction to µe in <110> is derived and

shown in Fig. 5.3. Though the ratio becomes larger as tSOI decreases with tSOI of larger than 4.3

nm, it sharply becomes smaller than unity with tSOI of 3.2 nm. Obviously, the transport mechanism

changes with tSOI of 3.2 nm.

Figure 5.3 shows the µe ratio at Ninv of 8x1012 cm−2, confirming that the µe ratio drops at tSOI

of 3.2 nm. Note that several data points can be seen at the same tSOI because several devices were

measured and plotted.

5.4 Physical Understandings of Direction Dependence of Electron

Mobility

5.4.1 Effective mass approximation and its limitation in (110) nMOSFETs

Basic carrier transport can be understood by the effective mass theory. There are two types

of energy ellipsoids; the 2-fold valley and the 4-fold valley. These two valleys have the opposite
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characteristics (Fig. 5.5): In terms of mz, the 2-fold valley has a lighter mz than the 4-fold valley.

In terms of in-plane effective mass (mc), the 2-fold valley has a lighter mc in the <110> direction

than the 4-fold valley, while the 4-fold valley has a lighter mc in the <100> direction. In terms of

the density-of-states mass, the 2-fold valley has a larger value than the 4-fold valley. The heavier

mz of the 4-fold valley leads to higher carrier population in the 4-fold valley. mc of the 4-fold

valley in <100> direction is lighter than that in <110> direction, leading to higher µe in <100>

direction [52].

However, the effective mass approximation is not valid in a high Ninv region (and hence, higher

surface electric field, Fs) even in bulk nFETs [52]. The effective mass approximation is based on

the assumption that the band structure is parabolic near the band minima. In (110) surface, the

conduction band structure in the <110> direction is not parabolic, especially with the energy larger

than 0.1 eV above the conduction band minima [52, 54, 55]. It has been reported that a subband

with such a energy is occupied with Ninv of larger than 2x1012 cm−2. Therefore, in a higher Ninv

region, mz of the 2-fold valley becomes heavier because of the “non-parabolicity”, which means the

invalidity of the effective mass approximation. As a result, the subband energy difference between

the 4-fold valley and the 2-fold valley becomes closer, resulting in weaker µe anisotropy [52].

5.4.2 Physical origin of higher electron mobility in <110> direction in UTB nMOSFETs

The keys to understand experimental results are the non-parabolicity in the 2-fold valley and the

modulation of mz of the 2-fold valley by quantum confinement effect.

SOI thickness dependence of electron mobility ratio

At thick SOI case (tSOI = 31 nm) or thin SOI case (tSOI > 4.3 nm), µe behavior is close to bulk

nFETs results. Superior µe in <100> direction to µe in <110> direction originates from the lighter

mc in <100> direction of the 4-fold valley. Subband energy increase by SOI layer confinement results

in larger µe ratio, since the population in the 4-fold valley becomes larger as SOI becomes thinner.

At ultimately thin SOI case (tSOI = 3.2 nm), non-parabolicity dominates µe . Because of the

heavier mz of the 2-fold valley, the subband energy difference between the 2-fold valley the 4-fold

valley becomes very close. A larger occupation in the 2-fold valley is expected to be observed because

of both heavier mz and the larger density-of-states mass of the 2-fold valley.
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Above explanation is summarized in Fig. 5.6. A recent theoretical calculation result shows that

the effective mass approximation is invalid with tSOI of less than 4 nm [56], supporting the physical

explanation above.

Inversion layer density dependence of electron mobility ratio

At thick SOI case (tSOI = 31 nm) or thin SOI case (tSOI > 4.3 nm), the behavior of µe ratio can

be understood by the same framework as bulk nFETs. Gradually reduced µe ratio as increasing

Ninv in Fig. 5.3 is attributable to increased carrier population in the 2-fold valley, originating from

the non-parabolicity in the 2-fold valley.

At ultimately thin SOI case (tSOI = 3.2 nm), subband energy is rarely affected by surface electric

field because of strong structural confinement by SOI layer. On the other hand, higher Ninv means

more carriers in the channel. Hence, not only the ground state (2-fold valley), but also the excited

state (4-fold valley) is occupied by increasing Ninv . This leads to weaker anisotropy of µe or µe

ratio closer to unity as increasing Ninv (Fig. 5.3).

5.5 Summary

It is experimentally demonstrated that electron mobility in <110> direction is higher than that in

<100> direction in an ultimately thin SOI nFETs. Therefore, without any performance degradation,

a CMOS operation is realized by utilizing both <110>-directed ultrathin body n- and pFETs.
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(a) (b)

Fig.5.1 A comparison of extracted µe between normal FETs and common channel FETs with

thick tSOI (=31 nm). In both directions, almost the same µe is obtained, strongly indicating

the validity of a common channel structure. Though some µe degradation is observed, this

degradation might be attributed to the series resistance under the side-gate.

Fig.5.2 The Ninv dependence of µe for various tSOI . As has already reported in previous

works [19, 53], monotonic µe degradation is observed as tSOI becomes thinner. It is well

known that µe in <100> direction is higher than µe in <110> direction in (110) bulk nFETs.

However, µe in <110> direction is larger than µe in <100> with tSOI of 3.2 nm.
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Fig.5.3 µe ratio of <100> direction to <110> as a function of Ninv . As tSOI becomes thinner,

the ratio becomes larger. However, the ratio sharply becomes smaller with tSOI of 3.2 nm. It is

interesting to point out here that µe in <100> direction is smaller than µe in <110> direction

with tSOI of 3.2 nm, though µe in <100> direction is larger than µe in <110> direction in

other conditions.

Fig.5.4 The tSOI dependence of µe at Ninv of 8x1012 cm−2. Clear µe ratio degradation is

confirmed. Note that several devices were measured and corresponding data points are plotted.
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Fig.5.6 Schematic diagrams of subband energy modulation as a function of tSOI . At relatively

weak confinement region (thick SOI and thin SOI case), non-parabolicity is not prominent;

Subband energy difference between the 4-fold and the 2-fold valley becomes larger, resulting in

larger ratio of µe in <100> direction to µe in <110> direction. However, at strong confine-

ment region (ultimately thin SOI), mz of the 2-fold valley becomes heavier, resulting in larger

occupation in the 2-fold valley, and hence, smaller ratio of µe in <100> direction to µe in

<110> direction than unity.
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Chapter 6

Electron Mobility Enhancement by Strain

6.1 Introduction

In chapter 5, it has shown that the electron mobility (µe ) in <110> direction surpass µe in <100>

direction in ultlathin body (UTB) nFETs, suggesting the possibility of a high performance CMOS

operation with both n- and pFETs in the same direction (<110> direction) on (110) surface.

On the other hand, µe in (110) is well known to have lower mobility than µe in (100), which would

limit the CMOS performance in Si (110) surface. However, it has been reported that the strained µe

in (110) nFETs can surpass universal mobility, namely µe in (100) nFETs [52]. In addition, δtSOI

scattering degrades µe in UTB nFETs. Therefore, the strain technology in (110) UTB nFETs is a

key, which has been discussed only by theory so far [57].

In this chapter, mobility enhancement (∆µ/µ) in (110)-oriented UTB nFETs under uniaxial stress

has been experimentally investigated. It is newly found that stress engineering is still effective in

UTB nFETs even if SOI thickness (tSOI ) is less than 4 nm.

6.2 Device Fabrication and Experimental Setup

The devices were fabricated on a (110) oriented SOI wafer. Selective SOI thinning was performed

followed by a conventional SOI mesa process. Both gate length and width are 200 µm. The detailed

process flow can be found in Appendix A.1. Figure 6.1 shows unstrained µe as a function of the

inversion layer density (Ninv ) in UTB nFETs. Monotonic µe degradation with decreasing tSOI

in both <110> and <100> directions was observed. These results are consistent with previous

reports [19,53].

µe in both <110> and <100> directions was extracted using the split capacitance-voltage (C-V)
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measurement. Uniaxial tensile strain was applied mechanically using a 4-point bending apparatus as

shown in Fig. 4.2 (chapter 4). Considered are the tensile strain of longitudinal to and transverse to

the channel as shown in Fig. 6.2. The detailed strain application procedure can be found in chapter

4.2. The strength of the strain was carefully measured and calibrated by referring to a previous

report on ∆µ/µ in (110) bulk nFETs [37].

Although the corresponding strain is relatively small, experimental ∆µ/µ gives the information on

physics behind strain, and allows us the rough estimation of mobility under large amount of strain.

6.3 Longitudinal Uniaxial Tensile Strain on (110) nFETs

It has been reported that the longitudinal uniaxial tensile strain enhances µe in (110) surface in

both <110> and <100> directions [37]. Figure 6.3 shows ∆µ/µ as a function of applied uniaxial

tensile strain in UTB nFETs with thick tSOI of 21 nm. Here, σ⊥ and σ// denote the strain perpen-

dicular to the channel direction, and strain parallel to the channel direction, respectively. For both

directions, σ// enhances mobility while σ⊥ degrades. These tendencies are consistent with the bulk

piezo-resistance coefficients [36] and those in bulk nFETs [52].

Figure 6.4 shows ∆µ/µ as a function of applied uniaxial tensile strain in UTB nFETs with tSOI

of 7.1 nm. The tendencies of ∆µ/µ are the same as thick devices in Fig. 6.3; the longitudinal strain

enhances µe , while the transverse strain degrades µe in both directions. Compared to ∆µ/µ in

bulk-like nFETs, ∆µ/µ is slightly smaller.

It should be noted here that the absolute value of ∆µ/µ by the uniaxial tensile strain in <110>

direction is smaller than that by the uniaxial tensile strain in <100> direction. This is because the

subband energy difference between the 2-fold and the 4-fold valleys is enlarged by the <100> strain,

while it is reduced by the <110> strain, as previously discussed in bulk nFETs [52].

Figure 6.5 shows ∆µ/µ as a function of applied uniaxial tensile strain in UTB nFETs with as thin

tSOI as 3.6 nm. Even in such a thin SOI, µe enhancement by uniaxial tensile strain is confirmed; the

longitudinal uniaxial tensile strain enhances µe in (110)-oriented UTB nFETs. ∆µ/µ by uniaxial

tensile strain is almost the same as that in UTB nFETs with tSOI of 7.1 nm.

The noteworthy difference between 7.1 nm nFETs and 3.6 nm nFETs are the direction dependence

of ∆µ/µ by strain. In 7.1 nm nFETs, ∆µ/µ by the <100>-directed uniaxial tensile strain is larger
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than that by the <110>-directed uniaxial tensile strain, while ∆µ/µ by the <100>-directed strain

and that by the <110>-directed strain are almost the same in 3.6 nm nFETs.

6.4 Physical Understandings of Uniaxial Tensile Strain

The above experimental results can be summarized as follows;

(1) ∆µ/µ by strain slightly decreases as tSOI decreases.

(2) direction dependence of ∆µ/µ by strain weakens as tSOI decreases.

The keys to understand physics behind above results are:

(1) enlargement of subband energy difference (∆E) by the SOI layer.

(2) opposite trend of the strain-induced ∆E (<100>-directed tensile strain enlarges ∆E, while

<110>-directed tensile strain reduces ∆E.)

Figure 6.6 shows the schematic of ∆E by strain in bulk FETs and UTB FETs. In UTB FETs,

an extremely thin SOI enlarges ∆E, meaning less inter-subband scattering. Even if ∆E by strain is

supposed to be the same in bulk and UTB FETs, ∆E by strain will less contribute to the suppression

of inter-subband scattering in UTB FETs. As a result, ∆µ/µ by strain in UTB nFETs is slightly

degraded as tSOI decreases.

The weaker direction dependent ∆µ/µ by strain can also be understood by above theory. Direction

dependent ∆µ/µ by strain has been explained by the sign of ∆E [52]; tensile strain in <100> direction

enlarges ∆E while that in <110> direction reduces. However, as tSOI decreases, ∆E by strain is

thought to lose its impact on suppression of the inter-subband scattering. Therefore, the weaker

direction dependence of ∆µ/µ is observed.

Both of above experimental results imply that the mc change contributes more to µe enhancement,

rather than the enlargement of ∆E, since ∆E by strain is thought to have less effects on mobility

enhancement/degradation in nFETs with thin tSOI .

A recent theoretical study based on the subband structure analysis by empirical pseudo potential

method shows that the mobility enhancement by strain in (110)-oriented UTB nFETs is understood

by ∆E only, and therefore, it is smaller than that in bulk nFETs [57]. However, these experimental
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results clearly shows the important role of mc in ∆µ/µ by strain, strongly suggesting that the mc

change by strain should be taken into consideration to model µe in (110)-oriented UTB nFETs.

6.5 Summary

Mobility enhancement in (110)-oriented ultrathin body nFETs was experimentally demonstrated.

It is found that stress engineering is still effective in such thin UTB nFETs and that the mobility

enhancement not only by the enlargement of subband energy difference, but also by the effective

mass change, should be considered for accurate electron mobility modeling in (110)-oriented UTB

nFETs.
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(a) (b)

Fig.6.1 The Ninv dependence of µe (a) in <110> direction and (b) in <100> direction for

various tSOI . Monotonic mobility degradation as decreasing tSOI is observed. This result is

consistent with previous reports [19,53], indicating the successful device fabrication.
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Fig.6.2 Schematics of considered strain configuration. Arrows indicate the applied strain. In

both <110>- and <100>-directed bulk nFETs, µe is enhanced by the longitudinal tensile

strain, while it is degraded by transverse tensile strain.
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(a) (b)

Fig.6.3 ∆µ/µ of (a) <110>-directed nFETs and (b) <100>-directed nFETs with thick SOI

(tSOI of 21 nm) as a function of applied uniaxial tensile strain. Here, σ⊥ and σ// denote the

strain perpendicular to and parallel to the channel, respectively. These results are consistent

with a previous report on bulk nFETs [37].

(a) (b)

Fig.6.4 ∆µ/µ of (a) <110>-directed nFETs and (b) <100>-directed nFETs with tSOI of 7.1

nm as a function of applied uniaxial tensile strain. Smaller ∆µ/µ than that with tSOI of 21

nm is observed. It is interesting to point out that absolute value of ∆µ/µ is larger under

<100>-directed strain.
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(a) (b)

Fig.6.5 ∆µ/µ of (a) <110>-directed nFETs and (b) <100>-directed nFETs with tSOI of

3.6 nm as a function of applied uniaxial tensile strain. Smaller ∆µ/µ than bulk-like FETs is

observed, though it is very close to ∆µ/µ with tSOI of 7.1 nm pFETs.
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Fig.6.6 Schematics describing the subband energy enlargement effects on mobility. Even if the

enlargement of the subband energy differences is the same, the practical effects are dependent

on the unstrained subband energy difference. Therefore, the tensile strain is thought to have

less contributions to ∆µ/µ in UTB nFETs.
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Chapter 7

Performance Estimation of Si (110)

Ultrathin Body CMOS FETs

7.1 Introduction

The physics behind mobility behavior in ultrathin body (UTB) pFETs (in chapters 3 and 4) and

UTB nFETs (in chapters 5 and 6) under stain has been investigated and discussed in this dissertation.

Even though the mobility behavior and its enhancement technique are understood, there is still one

remaining and crucial problem; “which surface orientation has a higher performance in a CMOS

operation, (100) or (110)? ”

Obvious drawbacks of Si (110)-oriented CMOS technology are;

(1) smaller electron mobility

(2) smaller sensitivity to the strain

Recently, many papers focus on the CMOS performance in (110) bulk FETs [42, 44, 49, 58, 59]. All

of those papers concluded that the performance of Si (110) CMOS is comparable or higher even in

advanced technology nodes, regardless of some drawbacks.

In this chapter, the CMOS performance comparison between (100)- and (110)-oriented UTB FETs

is made. Utilizing the experimental results, the mobility under large amount of strain is estimated.

The propagation gate delay is also estimated based on the extracted mobility.
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7.2 Performance Estimation Method and Assumptions

7.2.1 Gate propagation delay

The state-of-the-art CMOS performance is estimated with the sum of the gate propagation delay

as
τ =

∑ CV

I
=

CV

In
+

CV

Ip

where C, V , I, In and Ip represents the gate capacitance, the source voltage, the drive current,

the drive current of nFETs, and the drive current of pFETs, respectively. In this study, all the

parameter except In and Ip are assumed to be the same, and I is assumed to be proportional to the

square root of mobility µ (
√

µ) [60,61].

7.2.2 Applied strain and mobility enhancement

The appropriate uniaxial strain is assumed to be applied to each FETs; <110>-directed uniaxial

compressive strain to (110) pFETs and (100) pFETs, the longitudinal uniaxial tensile strain to

nFETs. Considered amount of strain is up to 1%. Compared to the state-of-the-art bulk CMOS

technology, they are small. However, it has been reported that the introduction of strain to the UTB

FETs are difficult because of their ultimately thin SOI, and the total amount of applied strain has

been reported as large as 500 MPa (around 0.3-0.4%) [62].

The mobility enhancement is estimated by the linear-extraporation of experimental results. This

approximation is too optimistic, as it is also well known experimental and theoretically that the

mobility enhancement by strain is saturated under a high amount of strain [39]. Therefore, the

results shown in this study gives an upper limit of the CMOS performance.

7.2.3 Other miscellaneous assumptions

For higher performance in (110) surface, <110>-directed pFETs and <100>-directed nFETs

should be utilized (Fig. 7.1 (c)). Practically, this configuration is not realistic especially for dig-

ital circuit designers. In terms of the circuit design, both nFETs and pFETs should be directed to

the same direction. Therefore, <110>-directed (110)-oriented CMOS FETs, <100>-directed (110)-

oriented CMOS FETs, and <110>-directed (100)-oriented CMOS FETs (as a reference) are mainly
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investigated as shown in Fig. 7.1 (a) and (b).

Assumed SOI thickness (tSOI ) is 4 nm, which corresponds to the gate length of 15 nm. A gate

length of 15 nm is scheduled to be in mass production in around 2015 [50].

7.3 Estimated Performance of (110) Ultrathin Body CMOS FETs

7.3.1 Estimated mobility

Figure 7.2 shows the electron mobility (µe ) at inversion layer density (Ninv ) of 8x1012 cm−2 as a

function of applied strain. µe of (100) UTB nFETs and its enhancement by strain are cited from

previous papers [33,63]. Clearly, µe difference between (100) nFETs and (110) nFETs enlarges.

In constrast to µe , hole mobility (µh ) shows the opposite results. Figure 7.3 shows µh at Ninv

of 8x1012 cm−2 as a function of applied strain. µh of (100) UTB pFETs and its enhancement by

strain are cited from previous papers [17, 64]. Even though the strain sensitivity is lower in (110)

UTB pFETs, high µh at unstrained condition can compensate it.

7.3.2 Estimated gate propagation delay

Next, the gate propagation delay is estimated based on the assumptions described in the previ-

ous chapter. Figure 7.4 shows the propagation delay (τpd) as a function of applied strain. τpd is

normalized so that the τpd in (100) CMOS UTB FETs without strain equals to unity.

As has already pointed out in the previous literature [53], (110)-oriented CMOS UTB FETs show

higher performance than (100)-oriented CMOS UTB FETs. However, as the applied strain increases,

the performance advantage of (110)-oriented CMOS UTB FETs reduces not only in (110)/<100>,

but also in (110)/<110> CMOS UTB FETs. τpd of the optimised (110)-oriented CMOS UTB FETs

(the combination of <110>-directed pFETs and <100>-directed nFETs) is also calculated as a

reference, but even τpd of the optimised (110) CMOS UTB FETs shows lower performance under

strain larger than 0.5%.

Above discussion is based on the same gate width of nFETs and pFETs. However, wider gate is

utilized for pFETs in a CMOS circuit. Therefore, it’s possible that τpd is over- or under-estimated

in above results. To solve this problem, the optimised gate width is also calculated by keeping the

total gate width constant, and τpd is re-calculated. By changing the ratio of nFETs and pFETs, the
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minimum τpd is evaluated. Explicitly, τpd is defined by the minimum value of the following equation:

τ =
∑ CV

I
=

CV

In
+

CV

Ip

=
CV

x
√

µn
+

CV

(1 − x)√µp

where µn, µp, and x are the electron mobility, the hole mobility, and the ratio of nFETs to the

total gate width (0<x<1). Figure 7.5 shows optimised τpd in each structure. The tendency is quite

similar to that in Fig. 7.4, meaning that the performance of (110)-oriented CMOS UTB FETs is

higher under small amount of strain.

Therefore, (110)-oriented CMOS UTB FETs won’t or shouldn’t be utilized under highly strained

CMOS UTB FETs, such as high-performance devices. Considering that the introduction of high

amount of strain is a challenging problem due to the extremely thin SOI, (110) CMOS UTB FETs

will be one of the most promising device structure in near future.

7.4 Summary

The gate propagation delay is estimated based on the experimental results and some simple as-

sumptions. As a first-order estimation result, the performance advantage of (110) ultrathin body

CMOS FETs over (100) ultrathin body CMOS FETs reduces as applied strain enhances. Thus,

CMOS FETs based on (110) ultrathin body FETs could be one of the performance booster technol-

ogy for low-cost LSIs in which high-cost strain technology cannot be utilized.
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Fig.7.1 Schematics of the inverter layout in (110) surface. As hole mobility is higher in

<110> direction and electron mobility is higher in <100> direction, the highest performance

is expected in (c). However, it is not realistic in terms of circuit design. Therefore, only (a)

and (b) is investigated.
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Fig.7.2 Calculated electron mobility as a function of applied strain at Ninv of 8x1012 cm−2.

Thanks to both initially high electron mobility and high sensitivity to strain, (100) nFETs

shows the highest electron mobility.

Fig.7.3 Calculated hole mobility as a function of applied strain at Ninv of 8x1012 cm−2. Even

though the sensitivity to strain is smaller in (110) pFETs, (110)/<110> pFETs shows the

highest performance thanks to initially high hole mobility.
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Fig.7.4 Calculated gate propagation delay as a function of applied strain. τpd is normalized

by τpd of the (100)-oriented CMOS FETs without strain. Under no strain, (110) CMOS FETs

show higher performance than (100), however, (110) CMOS FETs show lower performance at

the strain as small as 0.2%.

Fig.7.5 Calculated gate propagation delay as a function of applied strain. τpd is normalized

by τpd of the (100)-oriented CMOS FETs without strain. Note that the gate width ratio is

optimised to achieve minimum τpd in each CMOS FETs. The performance tendency is almost

the same as that in Fig. 7.4 regardless of gate width ratio. Under no strain, (110) CMOS FETs

show higher performance than (100), however, (110) CMOS FETs show lower performance at

the strain as small as 0.2%.
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Chapter 8

Conclusions

In this dissertation, the mobility in (110)-oriented ultrathin body pFETs and nFETs has been

investigated experimentally and theoretically. The ultrathin body FETs show high-level of immunity

not only to the short channel effect but also to the threshold voltage variability, and hence, is

thought to be one practical option for near-future device structure. It is revealed that in (110)-

oriented ultrathin body FETs, the quantum confinement effects play more significant role in carrier

transport than in (100) FETs. The results obtained in this dissertation are summarized as follows;

Hole mobility in (110) surface benefits from the quantum confinement effects. Stronger quantum

confinement, such as higher surface electric field or thinner SOI thickness, reduces the conduction

effective mass especially in <110> direction. Therefore, the advantage of hole mobility in (110) bulk

FETs over that in (100) bulk FETs, where no such effective mass reduction occurs, is prominent

especially under strong quantum confinement. The same phenomenon happens in ultrathin body

FETs. The thinner the SOI thickness is, the lighter the conduction effective mass is, which doesn’t

occur in (100) ultrathin body FETs.

The sensitivity of hole motility to the strain is smaller in (110) surface than that in (100) surface.

This is because both the strain and the quantum confinement have the same effect on hole mobility,

such as reduction in conduction effective mass and the enlargement of subband energy difference.

The benefits from the strain and the quantum confinement seem to saturate if they are larger than

a certain amount.

Despite the smaller sensitivity to the strain, (110)-oriented ultrathin body pFETs is expected

to have higher performance than (100)-oriented ultrathin body pFETs, based on the experimental

results. Therefore, (110) pFETs is one of the best performance boosting technologies in near future.
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In electron mobility in (110) surface, the quantum confinement affects the direction dependence

of electron mobility in ultrathin body nFETs. The non-parabolicity in <110> direction leads to

the invalidity of the effective mass approximation. Though this phenomenon occurs in both bulk

FETs and ultrathin body FETs, it is more prominent in ultrathin body FETs. <110>-directed

electron mobility is always lower than <100>-directed electron mobility in bulk nFETs, however,

the electron mobility in <110> direction is higher than that in <100> direction in an ultimately thin

SOI. Considering that the hole mobility in <110> direction is higher than that in <100> direction,

higher CMOS circuit performance can be obtained with both p- and nFETs in <110> direction in

ultimately thin SOI CMOS circuits.

The sensitivity of electron mobility to the strain is comparable to bulk FETs if the SOI is thick

enough, though the sensitivity reduces as SOI thins. This is because the subband energy shift,

which is thought to be the main mobility modulation mechanism, won’t affect the electron mobility

in ultrathin body FETs. However, the strain is still effective to enhance electron mobility in ultrathin

body FETs. The sensitivity of (110)-oriented ultrathin body FETs to the strain is comparable to

(100)-oriented ultrathin body FETs, therefore, the difference of electron mobility enlarges as strain

increases.

The CMOS performance of (110) ultrathin body FETs is higher if the strain is low enough. As

the strain increases, the performance of (100) CMOS increases, though the (110) CMOS doesn’t

increase much. Therefore, it is concluded that the CMOS FETs utilizing (110)-oriented ultrathin

body FETs is one of the performance boosting technologies for the low-cost devices, in which high

amount of strain isn’t applied to the channel.



68

Appendix A

Fabrication Process

A.1 Device Fabrication of Ultrathin Body SOI MOSFETs

The devices used in this study were fabricated on an UNIBOND SOI wafer through the conven-

tional SOI mesa process. A briefly summarized mesa process is as follows;

(1) active areas are patterned (Fig. A.1 (a)).

(2) the gate oxidation and the poly-silicon deposition are performed sequentially (Fig. A.1 (b)).

(3) the gate pattern is formed (Fig. A.1 (c)).

(4) the self-aligned ion implantation is performed (Fig. A.1 (d)).

After the formation of FETs, the back-end process to make metal contacts (such as the passivation,

contact patterning, metal wiring) is performed. Note that the FETs are isolated each other without

the local oxidation of silicon (LOCOS) or the shallow trench isolation (STI) process.

A problem to investigate an ultlathin body SOI FET is the parasitic resistance of source and

drain region. A thin SOI layer cannot be fully doped by the ion implantation process, resulting

in severely large resistance. To avoid this problem, the LOCOS process was utilized to recess the

channel region [17,34,65]. Key processes in the recess are as follows;

(1) A silicon nitride film was deposited and patterned. (Fig. A.2 (a))

(2) An SOI film was locally oxidized. (Fig. A.2 (b))

(3) A recessed structure was formed, followed by the removal of the silicon nitride and silicon-

dioxide. (Fig. A.2 (c))

(4) An SOI MOSFET with a recessed channel was formed after the conventional MOSFET
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process. (Fig. A.2 (d))

The recess process is performed before the active area formation (Fig. A.1), or between the active

area formation (Fig. A.1 (a)) and the gate oxidation (Fig. A.1 (b)) The detailed procedure can be

found in Table A.1.

The size of each device is large enough to exclude parasitic components (such as the overlap

capacitance, and the difference between patterned size and fabricated one), which affect the accuracy

of the measurement. The typical gate length and width in this study are both 200 µm, and the gate

oxide thickness is around 20 nm.

A.2 Device Fabrication of Common Channel MOSFETs

The fabrication process of common channel FETs, which shares completely the same channel in

both <110> and <100> directions in (110) orientation, needs additional processes to the SOI mesa

process as previously described in section A.1.

Additional processes are illustrated in Fig. A.3. In Fig. A.3, the first poly-silicon is colored as

orange, and the second poly-silicon is colored as red. The procedure is summarized as follows;

(1) After the gate oxidation and the poly-silicon deposition, the ion implantation is performed.

Note the source and the drain region is not doped at this time (Fig. A.3 (a)).

(2) the gate is patterned and formed (Fig. A.3 (b)).

(3) the high-temperature oxide (HTO) and the second poly-silicon are deposited sequentially

to form the side gate (Fig. A.3 (c)).

(4) the side gate is formed, followed by the self-aligned ion implantation (Fig. A.3 (d)).

The side gate formation process is right after the gate oxidation and the poly-silicon deposition in

the SOI mesa process. The detailed procedure can be found in Table A.2.
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Fig.A.1 Schematics of key processes in the SOI mesa process. (a) initial SOI wafer (b) gate

oxidation and poly-silicon deposition (c) gate patterning (d) self-aligned ion implantation.

SiN

(a) (b)
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SiO2

Poly-Si

BOX

Si substrate

S D

SOI

Fig.A.2 Schematics of a recess process to keep the source and drain region thick. (a) silicon-

nitride deposition and patterning (b) local oxidation of silicon (LOCOS) (c) silicon-nitride and

silicon-dioxide removal (d) final device structure.
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Fig.A.3 Schematics of a common channel MOSFETs fabrication. The left hand side figures

show the top view, and the right hand side figures show the cross section view. (a)/(a‘) the

first ion implantation (b)/(b’) the gate patterning (c)(c‘) the high temperature oxide and the

second poly-silicon deposition for the side gate (d)/(d‘) the side gate formation and the second

ion implantation.
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TableA.1 A process flow of (100)/(110) oriented UTB FD SOI FETs. The oxidation temper-

ature is usually lower in (110) surface because of the higher oxidation rates of Si (110) surface

than those of Si (100) surface. The inequality sign represents the laser drawing process.

# Process Conditions

1 Dicing chip size 20 mm x 15 mm or 22 mm x 20 mm

2 Cleaning1

SPM: H2SO4+H2O2=3:1, 120-130 deg., 10 min.

BHF: 1min.

SC1: H2O2:NH4OH:H2O=1:0.25:5, 80-85 deg., 10 min.

3 Cleaning2
numbering

SC1: H2O2:NH4OH:H2O=1:0.25:5, 75-80 deg., 10 min.

4 Pre-cleaning
SPM: H2SO4+H2O2=3:1, 120-125 deg., 10 min.

HF: 1%, 1 min.

5 SOI thinning
Samco #4, (100): Dry oxidation O2 1.0 l/min., 1100 deg., 150 min.

Samco #4, (110): No thinning

6 Oxide removal BHF: 5 min.

7 Pre-cleaning
SPM: H2SO4+H2O2=3:1, 120-125deg., 10min.

HF: 1%, 1 min.

8 Pad oxidation
Samco #4, (100): Dry Oxidation O2=1.0 l/min., 1000deg., 9min.

Samco #4, (110): Dry Oxidation O2=1.0 l/min., 900deg., 5.5min.

9 elllipsometry Measure SOI thickness

10 <Markarea>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10min.

AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec. prebake 100 deg., 10min.

Laser Exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.

11 SOI etching Helicon Ethcher (step2: 80 sec., step3: 20 sec., step4: 0 sec., Recipe: Poly-Gate)

12 BOX removal BHF: 4 min.

13 Resist removal
Acetone: 5-10 min.

SPM: H2SO4+H2O2=3:1, 120-125deg., 10min.

14 <Mark>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

Laser Exposure.

NMD-3 1 min.

Postbake 110 deg., 10 min.

15 Mark Etching Helicon Etcher (step2: 0 sec., step3: 405 sec., step4: 0 sec., Recipe: MarkHarata)

16 Resist removal
Acetone: 5-10 min.

SPM: H2SO4+H2O2=3:1, 120-125 deg., 10 min.

17 Pre-cleaning SPM: H2SO4+H2O2=3:1 120-125 deg., 10 min.

18 Nitride deposition Vertical CVD #1 (SiH2Cl2 20 sccm, NH3 80sccm, 33 Pa, 780deg., 25 min.)

19 <Recess>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

AZ1500 20CP 500rpm 5sec., 6000rpm 60sec., pre bake 100deg., 10min.

Laser Exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.

20 SiN-Etching DFR etcher (step2: 30 sec.)

21 Resist removal
Acetone: 5-10 min.

SPM: H2SO4+H2O2=3:1, 120-125 deg., 10 min.

22 elllipsometry Measure SOI thickness (target: aimed SOI thickness + 6 nm)

23 Pre-cleaning
SPM: H2SO4+H2O2=3:1, 120-125 deg., 10 min.

HF: 1%, 4 min.

24 LOCOS
Samco #5, (100): Dry oxidation O2=1.0 l/min., 1100 deg.

Samco #5, (110): Dry oxidation O2=1.0 l/min., 1000 deg.
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25 SiN removal H3PO4: 180 deg., 7 min.

26 elllipsometry Measure SOI thickness.

27 <Mesa>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

Laser Exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.

28 Mesa etching Helicon etcher (step2: 40 sec., step3: 25 sec., step4: 0 sec., Recipe: Poly-Gate)

29 Resist removal
Acetone: 10 min.

SPM: H2SO4+H2O2=3:1, 120-125 deg., 10 min.

30 RCA cleaning

HF: 1%, 7min.

SPM: H2SO4+H2O2=3:1, 125-130 deg., 10 min.

HF: 1%, 1.5 min.

SC1: H2O2:NH4OH:H2O=1:0.25:5 75-77 deg., 10 min.

HF: 1%, 1 min.

SC2: HCl:H2O2:H2O=1:1:6, 75-77 deg., 10 min.

HF: 1%, 1.5 min.

31 Gate oxidation
Pyro furnace, (100): Dry oxidation O2=1.0 l/min., 1000 deg., 7 min.

Pyro furnace, (110): Dry oxidation O2=1.0 l/min., 950 deg., 9 min.

32 Poly-Si deposition Vertical CVD #1 (SiH4 250 sccm, 33 Pa, 580 deg., 45 min.)

33 <Gate>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

Laser exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.

34 Gate etching Helicon etcher (step2: 15 sec., step3: 70 sec., step4: 10 sec., Recipe: Poly-gate)

35 Resist removal
Acetone: 5-10 min.

SPM: H2SO4+H2O2=3:1, 120-125 deg., 10 min.

36 ellipsometry Measure SOI thickness

37 <N>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

Laser exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.

38 Ion implantation P+ 35 keV, 3.0x1015 cm−2

39 Resist removal
Acetone: 60 min.

SPM: H2SO4+H2O2=3:1, 150-160 deg., 10 min. (three times)

40 O3 ashing Ozone asher: O2=0.5 l/min., 300 deg., 30 min.

41 <P>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

Laser exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.

42 Ion implantation BF2+ 35 keV, 3.0x1015 cm−2

43 Resist removal
Acetone: 60 min.

SPM: H2SO4+H2O2=3:1, 150-160 deg., 10 min. (three times)

44 O3 ashing Ozone asher: O2=0.5 l/min., 300 deg., 30 min.

45 Pre-cleaning SPM: H2SO4+H2O2=3:1, 120-125 deg., 10 min.

46 Ion activation Samco #5: N2=0.5 l/min., 950 deg., 5 min.

47 Pre-cleaning SPM: H2SO4+H2O2=3:1, 120-125 deg., 10 min.

48 SiO2 Passivation Vertical CVD #2 (SiH4 15 sccm, O2 60 sccm, 33 Pa, 400 deg., 150 min.)

49 H2 anneal Samco #2: H2 100 sccm, 400 deg., 120 min.

50 <Contact>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.
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AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

Laser exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.

51 Contact etching BHF: 4 min.

52 Resist removal
Acetone: 5-10 min.

SPM: H2SO4+H2O2=3:1 120-125 deg., 10 min.

53 Native oxide removal HF: 1%, 2 min.

54 Al evaporation

55 <Al>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

Laser exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.

56 Al-Etch Al etchant: 45 deg., 45 sec.

57 Resist removal Acetone: 5-10 min.
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TableA.2 A process flow of a common channel FET, which shares completely the same SOI

between (110)/<110> and (110)/<100> pFETs. Several processes were added to the process

of UTB FD SOI FETs to form the side gate.

# Process Conditions

1 Dicing chip size 22 mm x 20 mm

2 Cleaning1

SPM: H2SO4+H2O2=3:1, 120-130 deg., 10 min.

BHF: 1 min.

SC1: H2O2:NH4OH:H2O=1:0.25:5, 80-85 deg., 10 min.

3 Cleaning2
numbering

SC1: H2O2:NH4OH:H2O=1:0.25:5, 75-80 deg., 10 min.

4 Pre-cleaning
SPM: H2SO4+H2O2=3:1, 120-125 deg., 10 min.

HF: 1%, 1 min.

5 SOI thinning Samco #4: Dry oxidation O2=1.0 l/min., 1000 deg., 20 min.

6 Oxide removal BHF: 5 min.

7 Pre-cleaning
SPM: H2SO4+H2O2=3:1, 120-125deg., 10min.

HF: 1%, 1 min.

8 Pad oxidation Samco #4: Dry oxidation O2=1.0 l/min., 900deg., 5 min.

9 elllipsometry Measure SOI thickness

10 <Markarea>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10min.

AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec. prebake 100 deg., 10min.

Laser Exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.

11 SOI etching Helicon Ethcher (step2: 80 sec., step3: 20 sec., step4: 0 sec., Recipe: Gate-Poly)

12 BOX removal BHF: 4 min.

13 Resist removal
Acetone: 5-10 min.

SPM: H2SO4+H2O2=3:1, 120-125deg., 10min.

14 <Mark>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

Laser Exposure.

NMD-3 1 min.

Postbake 110 deg., 10 min.

15 Mark Etching Helicon Etcher (step2: 0 sec., step3: 405 sec., step4: 0 sec., Recipe: MarkHarata)

16 Resist removal
Acetone: 5-10 min.

SPM: H2SO4+H2O2=3:1, 120-125 deg., 10 min.

17 Pre-cleaning SPM: H2SO4+H2O2=3:1 120-125 deg., 10 min.

18 Nitride deposition Vertical CVD #1 (SiH2Cl2 20 sccm, NH3 80sccm, 33 Pa, 780deg., 25 min.)

19 <Recess>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

AZ1500 20CP 500rpm 5sec., 6000rpm 60sec., pre bake 100deg., 10min.

Laser Exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.

20 SiN-Etching DFR etcher (step2: 30 sec.)

21 Resist removal
Acetone: 5-10 min.

SPM: H2SO4+H2O2=3:1, 120-125 deg., 10 min.

22 elllipsometry Measure SOI thickness (target: aimed SOI thickness + 6 nm)

23 Pre-cleaning
SPM: H2SO4+H2O2=3:1, 120-125 deg., 10 min.

HF: 1% 4 min.

24 LOCOS Samco #5: Dry oxidation O2=1.0 l/min., 1000 deg.

25 SiN removal H3PO4: 180 deg., 7 min.

26 elllipsometry Measure SOI thickness.

27 <Mesa>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.
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AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

Laser Exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.

28 Mesa etching Helicon etcher (step2: 40 sec., step3: 25 sec., step4: 0 sec., Recipe: Poly-Gate)

29 Resist removal
Acetone: 10 min.

SPM: H2SO4+H2O2=3:1, 120-125 deg., 10 min.

30 RCA cleaning

HF: 1%, 7min.

SPM: H2SO4+H2O2=3:1, 125-130 deg., 10 min.

HF: 1%, 1.5 min.

SC1: H2O2:NH4OH:H2O=1:0.25:5 75-77 deg., 10 min.

HF: 1%, 1 min.

SC2: HCl:H2O2:H2O=1:1:6, 75-77 deg., 10 min.

HF: 1%, 1.5 min.

31 Gate oxidation Pyro furnace: Dry oxidation O2=1.0 l/min., 950 deg., 9 min.

32
Poly-Si deposition

Vertical CVD #1 (SiH4 250 sccm, 33 Pa, 580 deg., 45 min.)
(main-gate)

33 <Pre-N>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

Laser exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.

34 Ion implantation P+ 35 keV, 3.0x1015 cm−2

35 Resist removal
Acetone: 60 min.

SPM: H2SO4+H2O2=3:1, 150-160 deg., 10 min. (three times)

36 O3 ashing Ozone asher: O2=0.5 l/min., 300 deg., 30 min.

37 <Pre-P>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

Laser exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.

38 Ion implantation BF2+ 35 keV, 3.0x1015 cm−2

39 Resist removal
Acetone: 60 min.

SPM: H2SO4+H2O2=3:1, 150-160 deg., 10 min. (three times)

40 O3 ashing Ozone asher: O2=0.5 l/min., 300 deg., 30 min.

41 <Gate>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

Laser exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.

42 Gate etching Helicon etcher (step2: 15 sec., step3: 70 sec., step4: 10 sec., Recipe: Poly-gate)

43 Resist removal
Acetone: 5-10 min.

SPM: H2SO4+H2O2=3:1, 120-125 deg., 10 min.

44 ellipsometry Measure SOI thickness

45 Pre-cleaning SPM: H2SO4+H2O2=3:1, 120-125 deg., 10 min.

46 SiO2 deposition Vertical CVD #2 (SiH2Cl2 20 sccm, N2O 50 sccm, 80 Pa, 840 deg., 45 min.)

47
poly-Si deposition

Vertical CVD #1 (SiH4 250 sccm, 33 Pa, 580 deg., 45 min.)
(side-gate)

48 <SideGate>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

Laser exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.
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49 Side-gate etching Helicon etcher (step2: 15 sec., step3: 70 sec., step4: 10 sec., Recipe: Poly-gate)

50 Resist removal
Acetone 5-10 min.

SPM: H2SO4+H2O2=3:1, 125-130 deg., 10 min.

51 <N>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

Laser exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.

52 Ion implantation P+ 35 keV, 3.0x1015 cm−2

53 Resist removal
Acetone: 60 min.

SPM: H2SO4+H2O2=3:1, 150-160 deg., 10 min. (three times)

54 O3 ashing Ozone asher: O2=0.5 l/min, 300 deg., 30 min.

55 <P>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

Laser exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.

56 Ion implantation BF2+ 35 keV, 3.0x1015 cm−2

57 Resist removal
Acetone: 60 min.

SPM: H2SO4+H2O2=3:1, 150-160 deg., 10 min. (three times)

58 O3 ashing Ozone asher: O2=0.5 l/min, 300 deg., 30 min.

59 Pre-cleaning SPM: H2SO4+H2O2=3:1, 120-125 deg., 10 min.

60 Ion activation Samco #5: N2=1.0 l/min., 950 deg., 5 min.

61 Pre-cleaning SPM: H2SO4+H2O2=3:1, 120-125 deg., 10 min.

62 SiO2 Passivation Vertical CVD #2 (SiH4 15 sccm, O2 60 sccm, 33 Pa, 400 deg., 150 min.)

63 H2 anneal Samco #2: H2 100 sccm, 400 deg., 120 min.

64 <Contact>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

Laser exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.

65 Contact etching BHF: 4 min.

66 Resist removal
Acetone: 5-10 min.

SPM: H2SO4+H2O2=3:1 120-125 deg., 10 min.

67 Native oxide removal HF: 1%, 2 min.

68 Al evaporation

69 <Al>

HMDS 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

AZ1500 20CP 500 rpm 5 sec., 6000 rpm 60 sec., prebake 100 deg., 10 min.

Laser exposure

NMD-3 1 min.

Postbake 120 deg., 10 min.

70 Al-Etch Al etchant: 45 deg., 45 sec.

71 Resist removal Acetone: 5-10 min.
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Appendix B

Six-Band k·p Hamiltonian and Its

Application to MOS Structure

It is well-known that the valence band structures of silicon can be extracted via the k·p perturbation

method, and the most famous implementation is the six-band k·p Hamiltonian [45].

　H =
[

Hkp + Hstrain 0
0 Hkp + Hstrain

]
+ Hso (B.1)

where

Hkp =

 Lk2
1 + M(k2

2 + k2
3) Nk1k2 Nk1k3

Nk1k2 Lk2
2 + M(k2

1 + k2
3) Nk2k3

Nk1k3 Nk2k3 Lk2
3 + M(k2

1 + k2
2)

 (B.2)

,

Hkp =

 lexx + m(eyy + ezz) nexy nexz

nexy leyy + m(exx + ezz) neyz

nexz nyz lezz + m(exx + eyy)

 (B.3)

and

Hso =
∆so

3


0 −i 0 0 0 1
i 0 0 0 0 −i
0 0 0 −1 i 0
0 0 −1 0 i 0
0 0 −i −i 0 0
1 i 0 0 0 0

 (B.4)

∆so is the spin-orbit coupling, L, M , N are related to the Luttinger parameters, and l, m, n are

related to the deformation potential. The parameters utilized in this study are described in Table.

B.1. k1, k2, and k3 are the coordinate system in k-space. exx, eyy, ezz, exy, eyz, and exz are the

strain tensors. Each subband energy at the point of k can be extracted by diagonalizing Eq. (B.1).

It should be noted here that the Hstrain is associated with strain in (100) surface, which requires

the tensor rotation to deal with strain in (110) surface.

In this method, two-dimensionally confined subband structure can also extracted by discretizing

in confinement direction, or, by replacing kz with −id/dz [45]. Numerically, Eq. (B.1) can be solved
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on a z-mesh of Nz points in the SOI thickness interval with a variation method. It looks like

. . . . . . . . . 0 0 0 0
0 D− Dl−1 D+ 0 0 0
0 0 D− Dl D+ 0 0
0 0 0 D− Dl+1 D+ 0

0 0 0 0
. . . . . . . . .





...
Ψl−1

Ψl

Ψl+1

...

 = E(k)



...
Ψl−1

Ψl

Ψl+1

...

 (B.5)

where each Ψ is a vector with six components, and Dl, D−, and D+ are matrices with six by six

components. The diagonal element, Dl, contains Hso, Hstrain, and V (z)I, where V (z) is the electro-

static potential and I is the unit matrix. D− and D+ come from the finite difference terms, i.e.,

df(z)/dz → (f(l + 1) − f(l − 1))/2∆z.

Therefore, the subband structure calculation is based on the diagonalization of a matrix with

6Nz×6Nz components. The diagonalization of such a huge size matrix is known as a time-consuming

computational problem. In this dissertation, the following two libraries are utilized.

BLAS/LAPACK

The BLAS/LAPACK is one famous library which allows one easy to program, but to obtain

almost the highest performance in famous numerical problems.

Parallelazation

Parallelization is another powerful tool to solve the numerically hard problem in a symmetric

multiple processor (SMP) or multiple processor (MP) systems. OpenMP or MPI are famous

and convinient middlewares.

It is noted that the conduction band structures of silicon cannot be analyzed, because the six-band

k·p Hamiltonian is based on the perturbation around Γ point. Another method, such as the empirical

pseudo potential method must be utilized.
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TableB.1 Parameters utilized in the subband structure calculation by the six-band k·p Hamil-

tonian. All the parameters are cited from Ref. [66].

parameter value unit

L -5.53 a.u.

M -3.64 a.u.

N -8.32 a.u.

∆so 0.044 eV

l -1.74 eV

m 4.56 eV

n -8.31 eV
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