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Abstract

Following Moore’s law, we are currently entering into the technology generation
of 22/20 nm and will keep developing newer and. more efficient devices. We will
encounter many problems in this' long road. Stress engineering is one of the noticeable
candidates due to significant-changes in electrical performance and process issues. By
fitting to the data of leakage current and electron-mobility, some physical mechanisms
can be brought out. On the other-hand,.the gate direct tunneling correlates strongly
with the band structure, such as the subband energy level and barrier height. Thus, the
gate direct tunneling could be a good tool to detect the subband level and hence the
effect of stress. To build a correct computation of n-inversion layer in our simulator,
this work starts with the fitting to gate direct tunneling data, followed by the mobility
calculation brought out in the next step and finally the comprehensive computational

work.

Currently, both the band-structure calculation and the mobility measurement are
used to assess the electron piezo-effective-mass coefficients in strained nMOSFETS.

In this work, we present a new experimental method through a fitting of the



strain-altered electron gate direct tunneling current of (001) n-channel
metal-oxide—semiconductor field effect transistors under <110> uniaxial compressive
stress. The core of this method lies in the sensitivity of the direct tunneling to the
position of the subband level in the presence of the electron piezo-effective-mass
coefficients. Here, a simulator based on triangular potential approximation is utilized.
To make more accurate calculation, we proposed a new algorithm that a
correction-coefficient generating expression is systematically constructed to
compensate for the error in the subband levels due to the use of a triangular potential
approximation. Then, with the known deformation potential constants and uniaxially
compressive stress in the channel as inputs, a strain quantum simulator is carried out.
The resulting gate direct tunneling.current is-used to fit experimental data, thus
leading to the values of the.piezo-effective-mass: coefficients associated with the
twofold and fourfold valleys. The comparison of the extracted piezo-effective-mass

coefficients with those published inthe literature is made.

After we have experimentally extracted.the piezo-effective-mass coefficients of
2-D electrons via the stress-induced gate tunneling current enhancement, the results
pointed to the existence of a piezo-effective-mass coefficient around the fourfold
conduction-band valley in the out-of-plane (quantum confinement) direction. To
strengthen this further, here, we provide extra evidence. First, explicit guidelines are
drawn to distinguish all the piezo-effective-mass coefficients. Then, a self-consistent
strain quantum simulation is executed to fit literature data of both the mobility
enhancement and gate current suppression in the uniaxial tensile stress situation. It is
found that neglecting the fourfold-valley out-of-plane piezo-effective-mass coefficient,

as in existing band structure calculations, only leads to a poor fitting.



As the structure of our simulator is built and valid, our work could extend to
other cases. In addition to (001) case, the subband and mobility calculation in (110)
and (111) planar MOSFETSs can accountable the transport characteristics under strain.
The effect of wave-function penetration is significant as the device is scaled. To
examine the electrical characteristics in 3-D structures device such as FinFETS, the
subband calculation in double-gate structures can be straightforwardly achieved. The
results exhibit the penetration effect especially in thin silicon films. Again, the
stress-induced mobility variations can be estimated for devices with different channel

directions and different surface orientations.
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Chapter 1

Introduction

1.1 Motivation

During the period of increasing device density in silicon integrated circuits,
many problems are encountered and needed to be solved, such as the degradation of
mobility, increasing of the leakage current, enhancement of the DIBL effect, and the
existence of process-induced mechanical stress. Many researchers tried replacement
materials of silicon while other researchers pointed out that the applied stress as well

as non-planar structures can be utilized to improve the electrical properties.

The planar MOSFET with its single gate is the general structure of device. The
control ability of its single gate is designed with the scaling down. Other novel
structures, such as double-gate MOSFET, FinFET, and nanowire, could help increase
the control of the gate and decrease the parasitic capacitance. Those could improve
the annoying short channel effect. As the particle is confined strongly, some physical
effects emerge. The particle penetration into the gate barrier is getting easier. Thus, we
should take more care about the resulting tunneling current across the gate dielectrics.
Furthermore, the particle is easily confined by space barrier instead of interior electric

field, the case of “volume inversion”.

Strain has one main effect in term of the energy band shift and warp is
(especially for hole), which in turn affects the electrical performance such as mobility
[1.1]-[1.3], threshold voltage [1.4], and gate direct tunneling current [1.5]-[1.7]. These

are due to the strain-induced band distortion that changes the energy level, population,

1



effective mass and scattering time in each valley. To take the merits of the strain effect,
many of the processes used in silicon IC fabrication individually and cooperatively

contribute to the development of favorable stress as in the silicon active region.

Some researches also mentioned that the process induced stress has influence on
the gate oxide, such as integrity and growth rate. This can induce more leakage
current across the gate. In the IC industry nowadays, tunneling is a terrible
phenomenon such as standby power consumption, leakage current in C-V
measurement, etc. [1.8]-[1.9]. Thus, a computationally efficient and reasonable
physical model for characterizing the gate direct tunneling current of strained silicon
device is essential. Besides, the more efficient and faster device is needed in each
generation, especially for high mobility. Apphed stress is one of the methods that can
boost mobility. Thus, physical model that-can estimate mobility under stress is

needed.

From the gate direct tunneling current and mobility of the strained nMOSFETS,
two important physical phenomena are brought out and provided. One is the growth
rate of silicon dioxide effects by process stress; another is that effective mass varies
with stress as that can be quantified by piezo-effective-mass coefficients. By fitting to

the experimental data, both of them can be extracted.

To understand the physics of these situations, we have built a sophisticated
calculation tool to simulate the electrical properties of nMOSFET. Although the
existing programs are popular in the field, the code is not available and difficult to
modify. On the other hand, our simulator built on MATLAB is a good tool to provide
enough information for our research. In this thesis, we show the applicability and

validity of our simulator in deal with the gate direct tunneling current and mobility.

2



1.2 Dissertation Organization

In Chapter 2, a simulator based on a triangular potential approximation, named
“TRP”, is introduced. However, a huge error is accompanied with this method. New
algorithm with a corrected coefficient “7;” embedded in original TRP, is proposed to

eliminate this error.

In Chapter 3, the strain and stress are introduced. The band shift caused by strain
is considered in TRP. From the fitting of experimental gate direct tunneling current
data by TRP, the importance and values of the piezo-effective-mass coefficients are
brought out. We also compare those extracted-piezo-effective-mass coefficients with

those published in the literature.

In Chapter 4, a powerful simulator of fully® Schrédinger and Poisson
self-consistent solver for n-channel MOSFETS, named “NEP”, is presented. With the
outputs such as subband energy level, inversion charge density, wave-function, etc.,
we can estimate mobility with key scattering mechanisms included. Gate direct

tunneling can be gotten form NEP. Once again, stress effect is considered inside NEP.

In Chapter 5, from the fitting of experimental gate direct tunneling current and
mobility at the same time, we provide another evidence for the existence and

importance of the piezo-effective-mass coefficients.

In Chapter 6, each of (001), (110), and (111) nMOSFETs are discussed under
longitudinal, transverse, vertical, and biaxial stress conditions. The double-gate

version of the simulator is introduced.



Finally, conclusions of the research work and made in Chapter 7.
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Chapter 2

Triangular Potential based Simulator

2.1 Introduction

A simulator based on a triangular potential approximation, named TRP, is
presented in this chapter. Some electrical properties of nMOSFET are calculated by
TRP. However, when comparing with the self-consistent Schrédinger and Poisson’s
equations solver, Schred [2.1], unacceptable error appears. Thus, a new algorithm is

proposed and incorporated to correct the error.

2.2 Triangular Potential Approximation

2.2.1 Physical Model

The description below is dedicated to the case of (100) nMOSFET. The energy
band diagram of poly-gate MOSFET is given in Fig. 2.1, where Vs, Vo, and Vpay are
the potential drop in the Si substrate, silicon dioxide, and poly gate region,
respectively, Es is the electron Fermi level, and Fs is the surface electric field. This
band diagram is characterized by Fs. As we give a value of Fs, the Vo is calculated via

continuous electric displacement (i.e., no charge) at the interface:

V. =F =it (2.1)

where &; and &y are the permittivity of silicon and silicon dioxide, respectively. Vpoly
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in the poly depletion region can be calculated:

(2.2)

where q is the elementary charge of an electron and Ny is the doping concentration

of poly gate. Vs can be expressed as a function of the gate bias Vg:
Vs :Vg _Vox _Vpoly +Vfb (2.3)

where the flat band voltage Vy, is calculated as:

N 0 NSU
Vfb = _kBT In(%) (2.4)

where Ngyp, is the doping concentration-of substrate, nj is‘the intrinsic carrier density in
substrate, ks is the Boltzmann’s constant, and T is the absolute temperature. The
solving of the Schrédinger equation in the guantum-confined direction normal to the

Si0,/Si surface yields the 4, subband level i.in-the absence of the stress [2.2]:

n? 3 1.2
Epi = 3(=mF, (i-2))3
A2, (ZmZ’M) (Zﬂq s ( 4)) (2.5)
The average depth of the 2DEG is:
Z,,; =2E,,; / 3gF, (2.6)

where m; 4, is the A, quantization effective mass, 7 is the Planck’s constant divided
by 2z. Eq. (2.5) can apply to 4-fold case by replacing 4, with 4,. From Fig. 2.1, the

Fermi level is related to the surface potential:



N
E, =V, ~ E, —kyT In(-2) @.7)

Vv

where Eg is the energy gap of silicon, N, is the effective density of states in valence

band. With Eq. (2.5) and (2.7), we can get the charge density for each subband [2.3]:

md ,A2/4kBT

Ny = e (102258 Ty 100 | g Er— Bnzrary) 28)
A2/4,] A2/4 o kT

where g4 1S the A, /A4 valley degeneracy; and mg 44 IS the 2-D density-of-states

(DOS) effective mass of the A, /A4, valley.

The surface drop due to bulk depletion Ve, and 2D depletion charge density Ngep are

[2.2]:

qunvZ m k T
Vo =V, — " T - Z (2.9)

ngiv e Nsu
Ny = /%b (2.10)

where Ny, is 2D inversion charge density which is equal to the summation of N sy4;,

and Zgnm is the average penetration of the inversion-layer charge from the surface. As

we give a gate voltage Vq as input, initial Fs is guessed until it is consistently equal to

d(N;,, + N, ) / & according to Gauss law. The flow chart is presented in Fig. 2.2.

On the other hand, if the device is manufactured by metal gate, the potential drop of

metal gate is equal to zero and the flat band voltage relates to work function.



2.2.2 Outcome of TRP

In Fig. 2.3, the resulting conduction potential profile is shown, along with five
lowest subband levels for (100) NMOSFETSs in terms of three of A, subband and two
of A, subbnad. We show both cases of poly silicon and metal gate. To examine the
validity of the triangular potential approximation, a self-consistent
Poisson-Schrodinger equations solver, Schred [2.1], was used and the resulting
subband levels are shown in Fig. 2.3. In the figure, the drawback of the conventional
triangular potential approximation is clear, especially in the higher energy levels
where the corresponding electric field deviates from the surface field Fs, as shown in

Fig. 2.1.

2.3 Correction Coefficient Generator

To address this issue, different methods have been proposed previously: (i) the
variation approach dedicated to the correction of the lowest subband [2.2], [2.4]; and

(i) the effective field Fet to replace Fs in Eq. (2.5) [2.5]-[2.10]:

_ q(nNinv + Ndep)
&

Fei (2.11)

si

The correction coefficient 7 in Eq. (2.11) is constant with a spanned range from 0.5 to
1.0: n=0.75 for A, and 1.0 for A44[2.5], [2.6]; nn =0.5 for all subbands [2.7]; and
n = 0.75 for all subbands [2.8]-[2.10]. However, the previous improvements that led
to Eq. (2.11) are not enough from the aspect of the direct tunneling: each of the

subbands involved in the tunneling should have its own correction coefficient such as
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to ensure the proper direct tunneling calculation. Obviously, due to different electric
fields encountered from level to level as revealed in Fig. 2.1, different correction
coefficient values should correspond to different subbands. To take this into account,
we suggest the individual correction coefficient 74, for the 4, level i and the

corresponding effective electric field can be written as:

N +N
Py = Wit R @12

si

The same procedure can apply to A4 case: F i corresponds to 744,. Again, to quantify
the correction coefficient values, the solver Schred [2.1] was conducted in a MOS
system on (001) silicon surface. A wide range of the key process parameters was
included: the substrate doping concentration Ng,p= 10", 10*°, 10", and 10*® cm™®; the
gate oxide thickness tox= 1, 3, and 6 -nm; and the different gate stacks in terms of a
polysilicon and a metal electrode. By matching the subband levels produced by
Schred with those from Eq. (2.5) (with F replaced by F 4, ; for 2-fold valley and F 4
for 4-fold valley), the values of the ‘7 and 7.4, result. A scatter plot between the
correction coefficient values and the corresponding subband levels is given in Fig. 2.4,
which is made with the surface field F as a parameter. Strikingly, the figure points to
two relevant relationships. First, under fixed F, all data points fall on or around a
straight line, indicating that the correction coefficient depends linearly on the subband
level. Second, the straight line appears to shift with Fs. This specific behavior can be
modeled by the intercept, designated as 7,, of the extrapolated line at zero subband
level. In the inset of the figure, 7, is plotted against F, clearly showing another linear
relationship, regardless of the Ngyp, tox, Or gate stack material. This is expected from

the aspect of the MOS electrostatics. The combination of these two linear
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relationships therefore leads to a subband-level correction-coefficient generating

expression suitable for both 4, and 4, [2.11]:

Mazia; =—0.003E,,,,; +(1.01+0.308F,) (2.13)

The units of E 4 and Fs in Eq. (2.13) are meV and MV/cm, respectively. Eq. (2.13)
can provide a transparent understanding of the effect of the subband level and surface
field on the calculated correction coefficient. Interestingly, Eq. (2.13) is also
self-consistent: for those of the subband levels close to the reference point (that is, the
classical conduction band edge at the surface), the correction coefficients lie in close
proximity of unity and hence the effective electric field approaches the surface one.
To testify to the validity of Eq. (2.13) in the subband level calculation, the results are
compared with those from Schred [2.1], as given in Fig. 2.5 for two different gate
stacks. Excellent agreements are evident, obtained without adjusting any parameters.
Note that the expression Eq. (2.13) isvalid only for (001) substrate. Further study is
needed concerning the underlying physical origins‘as-well as its applicability to other
substrate orientations. We think that the two linear relationships in Fig. 2.4 may be

helpful in this direction.
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Chapter 3
Strain Altered Electron Gate Direct Tunneling

Current

3.1 Introduction

In this chapter, we discuss about the model of conduction band electron direct
tunneling (EDT) current. For the silicon nMOSFETs formed on (001) substrate, the
quantum confinement effect [3.1] around the inversion layer makes the bulk
conduction band split into two distinctive - components: 2-fold (A;) and 4-fold (Ay)
valleys. The longitudinal effective _mass (m;) and transverse effective mass (my)
associated with those subband valleys essentially remain intact [3.1]. The energetic
difference between A, and A4, levels.can be further changed via the applied mechanical
stress as in the state-of-the-art strain.engineering. The stress induced subband shift has
been thoroughly studied theoretically [3.2] 'in terms of the deformation potential
constants [3.3]-[3.5]. Thus, the change ratio of EDT current under strain can be

estimated.

Comparing with the experimental data of EDT current [3.6], [3.7], one important
physical phenomenon can be brought out: the effective mass of electron varies with
applied stress. Recently, the sophisticated band-structure calculation [3.8]-[3.10] on
(001) silicon surface has pointed out that only with the strain dependence of m; and m
taken into account can the strain induced mobility change be elucidated. The
significance of the strain dependent electron effective masses in (110) case has also

been mentioned [3.11]. Thus, in addition to the deformation potential counterparts, the
20



strain dependence of m; and m; or equivalently the electron piezo-effective-mass

coefficient, 7, should not be absent in the strain altered conduction-band structure.

The mobility measurement method has been constructed to experimentally
determine the 7, of electrons [3.12]. On the other hand, the effect of the mechanical
stress on the electron gate direct tunneling current has been experimentally observed
[3.6], [3.7], [3.13]-[3.17]. In the citations [3.6], [3.7], [3.13]-[3.17], however, the
impact of the 7, on the strained electron gate direct tunneling current has not been
noticed. According to the quantum confinement picture [3.1], a change in the electron
quantization effective mass due to the stress will produce a change in the subband
level and therefore change the transmission probability dramatically. Thus, through
the inverse modeling technique, the electron gate direct tunneling current in strained
device may serve as a sensitive detector of w;,,. However, few studies on this subject

were done to date..

3.2 Strain-Altered Band Structures

In this section, we make a connection between the strain and the stress. Notice
that the temperature-induced strain does not be considered here. Stress is the average
force over the area on which the force acts. Thus, the intensity of stress is expressed
as function of applied force per area. The force applied on an area can be separated
into two directions: out-of-plane direction (normal force) and in-plane direction

(shear force). The stress caused by normal/shear force is called normal/shear stress.

For a force F applied on an infinitesimal area A which is normal to the z direction,

as show as in Fig. 3.1, the projected quantity of the force along x, y, and z are Fy, Fy,
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and F,, respectively. Then the normal stress oz and shear stress zyx and 7y are

defined:

o :|imi
22NN, A (3.1a)

. F

— _X
Ty =1im A (3.1b)

F

— lim_Y
7, =lim y (3.1¢)

The notation oj; refers to the normal stress acting on the plane perpendicular to
i-direction, and z; refers to the shear stress component along j-direction acting on the

plane perpendicular to i-direction.

Furthermore, we consider the case of an infinitesimal cube whose six surfaces
face to £x, *xy, and *z. There should be 18 stress components by Eqg. (3.1).
However, two conditions are observed: (1) Fxand F. are reaction force of each other;
(2) my= 7y 7= Ty, and m= 7, can be derived because of the total applied force

and torque on the cube are zero. Thus, stress tensor is simplified to the only 6 terms

[3.18]:
o
ny
O = GZZ
7, (3.2)
z-ZX
L Dy
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It is notable that the tensile stress is shown as positive value. On the other hand,
the compressive stress is the negative value. With external stress, a deformable body
changes its size and shape. In Fig. 3.2(a), a normal tensile force along x-direction oy«
is applied on deformable body and the length along x-direction is increased. The

normal strain is defined:

ALy

Again, positive € means the length elongates, a situation called tensile strain.

Negative € means that the length is contracted, the case compressive strain.

In Fig. 3.2(b), a shear stress zy is applied on a planar body that causes the change
of its shape. The angle varies from =/2 10 6. Besides, the lengths of four side lines
are unchanged. The shear strain y,y is-defined as the change in the angle between two

neighbor sidelines of the square on y-z surface [3.18]:

ouou

=2¢, =—++—L
7/zy 7y ay o7 (3.4)

where u, and uy mean the displacements along z- and y-direction respectively.
presents the shear strain, and &y is the average shear strain equal to the half of

[3.18]-[3.20].

Similar to stress tensor, the strain tensor is also composed of six independent

components:
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Yy (3.5)

When a stress is applied to a homogeneous and isotropic material, the normal
strain has a linear relationship with normal stress, which is the well-known Hooke’s

Law [3.18]-[3.20]:
o=Ee (3.6)

where the constant of proportionality E is the Young’sr-modulus. Furthermore, while
the normal stress is applied on elastic material, the strain transversal to stress usually
accompanies. The relationship. between normal strain and transverse strain is

[3.18]-[3.20]:
Eiran = _Vglong (3.7)

where the constant of proportionality v is the Poisson’s ratio. Finally, the Hooke’s law

still holds for shear strain [3.18]-[3.20]:
=Gy (38)

where the constant of proportionality G is the shear modulus.

With Eq. (3.6)-(3.8), the relation between strain and stress is:

1
S = E[O-xx - V(ny t0, )] (3.9a)

24



1
£, = E[o-yy —V(o,, +0,)] (3.9b)

1

&p = E[Gzz - V(Jxx + Oy )] (3.9¢)
1

yxy = Ez-xy (3.9d)
1

Vy = Eryz (3.9¢)

= if 3.9f

Y xz G D (3.9f)

For simplicity, we usually transfer the strain and stress relationships to the matrix
form. With Eq. (3.2), (3.5), and (3.9), the elastic relationship between strain and stress

is established [3.18]-[3.22]:

xx Su S Spe O 00 oy
Eyy S, Sy S 0 00 0 foy
2 S S Sp 100000 o,
2¢, |0 0 078, 0 0oz, (3.10)
2¢,, 0 0 0 0°S, 0] 7y
264 |0 0 0 0 0 S, 7]

where S is the compliance coefficient. Sy; is equal to 1/E, Sy, is equal to -v/E, and Sy
is equal to 1/G. For the silicon case, the experimental values are: S;; = 7.68x10™

m?/N, S, = -2.14x10™2 m?/N, and Sas = 12.6x10™* m?/N [3.23]-[3.26].
In deformation potential theory, the total Hamiltonian for each energy valleys of
silicon conduction band is [3.27]:

n (K, —K,)? N n’k?

H =
( 2m, 2m,

+E)+ (B Tr(g;) +E8) (3.11)
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where k; and k; are the wavevectors parallel and perpendicular to the axis where the
valleys are located, respectively, =y and = are the hydrostatic and shear deformation
potential constants, respectively, Tr(s;) is the trace of the strain tensor. And = = 1.13
eV and &, = 9.16 eV are given in silicon case [3.26], g is the longitudinal strain
component. Appling Eg. (3.11), the band edge shift for the minima of the six

conduction band valleys along the <100> direction is:

AEc,x = E‘d (gxx + Eyy + gzz) + E‘ugxx (3.12a)
AEc,y = E‘d (8xx TEy T 822) + E“u‘gyy (3.12b)
AEc,z = Ed (8xx + Evy + gzz) T Eugzz (3.12¢)

Actually, the applied stress is-not always along [100], it may be in the direction of
[110], [111], and [112], etc. Fortunately, the stress is-easily transformed between

different coordinates [3.18]. The stresstensors in-some cases are listed in Table 3.1.

3.3 Gate Direct Tunneling'Current Model

Using both quantum mechanical simulator TRP and a modified WKB
[3.28]-[3.30] approximation for transmission probability, the model for calculating the
gate direct tunneling currents across ultra-thin gate oxides of MOS structures is

discuss here.

The correction coefficient generator via Eq. (2.5) and (2.12) were incorporated
into existing strain quantum simulator in our previous works [3.29]-[3.31]. The
resulting subband level in the presence of the uniaxial channel stress o in the <110>

direction can be written with respect to the non-stress conduction-band edge at the
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Si/SiO; interface [3.3]-[3.6]

Eupi = Eni + (Bq + 13“)(311 +25,)0 + (?)(312 -Sp)o (3.13a)
Eagi = Engy +(Eq + “?“)(S11 +2S,,)0 — (1;)(312 -S,,)o (3.13b)

The carrier repopulation under stress can be calculated accordingly:

K T E.—E. ..
d,A2/4"B )|n(1+eXp( F A2/4,I)) (314)

m
NA2/4,i = 9A2/4( Y kBT

Finally, the triangular potential based electron gate direct tunneling current density

can be computed:
Je =2.0f 02N P (E'AZ,i) + 2. 0f 5N sa Pt(E'A4,i) (3.15)
1 1

where f represents the electron impact frequency on the Si/SiO; interface and is equal
t0 (QF 42/a.i/2)(2Mys2iaE sia ) % and Py(E 2 1) is the electron transmission probability
across the SiO; film. In Fig. 3.3, the energy band diagram of the MOS system under
study is schematically shown, where the electron direct tunneling process from the
subband level is highlighted. Throughout the work, only five lowest subbands (3 of 4,

and 2 of 4,) will be adopted to calculate the gate current.

Here, the electron effective mass in the oxide for the parabolic type dispersion
relationship was used with mq, = 0.50 m,, which is equivalent to my = 0.61 m, for the
tunneling electrons in the oxide using the Franz type dispersion relationship [3.32].
The SiO,/Si interface barrier height in the absence of stress is 3.15 eV. Given the
situations that the deformation potential constants are known and the channel stress

can be determined by other means, there are four variables in using (3.15) to quantify
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the gate direct tunneling current: (i) the 2-fold quantization effective mass m; 4; (ii)
the 2-fold 2-D DOS effective mass my ; (iii) the 4-fold quantization effective mass
m, 44; and (iv) the 4-fold 2-D DOS effective mass mg .. The DOS effective mass can
relate to the mentioned m; and m; of the valley: my p» = (mt,Az//mt,Agl)m and mgag =
(M1, Mea) ™, where M a27and My 4o, are the in-plane transverse effective mass of 4,
in the direction parallel and perpendicular to the stress direction, respectively; and
my 44 and mg 44 are the in-plane longitudinal and transverse effective mass of A,
respectively. All the effective masses involved in this work are depicted in Fig. 3.4 in
terms of the conduction-band structure in the Brillouin zone. The corresponding

nominal values (i.e., in the absence of the stress) are listed in Table 3.2.

3.4 Data Fitting

In Fig. 3.5, the gate current density calculated by TRP and that from experiment
[3.6] for different gate voltages are shown. Unlike the results from original TRP, our
modified TRP provides deviating with the experimental one. Even if we tried other
different nominal values for the effective masses in silicon, the deformation potential
constants, the effective mass in the oxide, the doping concentration, the gate oxide

thickness, etc., a poor fitting like that in Fig. 3.5 still remained.

Obviously, for a general effective mass m, the piezo-effective-mass coefficient

7m must be added:

m,(c)=m,(0)+ 7, 0 (3.16a)

my (o) =my(0) + 7, 4o (3.16b)
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Here, a small stress is imposed to make possible the linear approximation that ensures
the validity of (3.16). To assess the underlying 7zm (%n 242, 7 dA2, 7 za4, @NA 7 d14), the
sensitivity analysis was performed during the data fitting. First of all, one of these
four my, factors were alternately selected in applying (3.16), with the remaining three
kept at zero. Strikingly, we found that the 244 iS the primary factor because it can
have a strongest effect on the calculated gate current change, as illustrated in Fig. 3.6
for 7m 244 0f 0.03, 0.05, and 0.07 my/GPa. It can be seen from the figure that the fitting
can be somewhat improved by simply increasing 7 .44. Next, we also found that the
7im.d42 Can serve as the secondary factor in refining the calculated gate current change.
This means that both 7y, ,44and 7z, g42 are enough in producing the reasonable fitting.
Thus, in the subsequent work, we set 7210 and 7, 444 to zero. A set of the 7 44 and
7m.ds2 Values was hence extracted from the best fitting, as displayed in Fig. 3.6: (i)
7im.z24 = 0.03 mo/GPa and 7z g42=-0.03 mo/GP&; (1) 7im 244 = 0.05 my/GPa and 7z g2 =
-0.02 m,/GPa; and (iii) 7m44= 0.07 my/GPa and 7 q0-= -0.017 m,/GPa. Obviously,
the increasing 7m.u IS accompanied with.~the less negative mmgs. The
piezo-effective-mass coefficient values obtained in the data fitting are listed in Table

3.3.

Here, we give plausible explanations for the assessed 7m,. and g4 and
particularly the difference in the polarity between the two. Firstly, a positively
increased 7m 244 Will decrease the A, quantization effective mass (see Eq. (3.16a))
under uniaxial compressive stress, which will in turn increase the A4 level. As a result,
due to the repopulation of the valley, more electrons are transferred down to the 4,
subband and hence the direct tunneling is reduced. Secondly, a less negative 7 g2
will increase the effective DOS in 4, (see Eg. (3.16b)) under uniaxial compressive

stress. Thus, the increased population in A, dictates that the gate direct tunneling is
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reduced. To corroborate this, the additional work was done by decoupling the gate
current change into different components according to Eq. (3.15). The results are
depicted in Fig. 3.7. From Fig. 3.7, the repopulation is the main factor in affecting the
calculated gate current change. Again, here we want to stress that even with only three
lowest subbands (2 of A, and 1 of A;) used in the gate current calculation, little
change in the listed 7, in Table 3.3 can occur. In this sense, the total number of five

lowest subbands remains valid.

3.5 Comparison and Discussion

The published formalisms and/or-graphical ‘data in the citations [3.8]-[3.10],
[3.12] can furnish the quantified 7z, of the-longitudinal effective mass m; and the
transverse effective mass megfor 2--and 4-fold valleys, except the 4-fold quantization
one. Then, it is a straightforward task to compute the corresponding DOS 7y:

1, 7ian T
7[md 2 :_( mt,A2| + mt,AZJ_)
’ 2 m m

My oM a2t (3.17a)
tA2)

1 ZToias Tt aa
”md,M:*( e )\/mI,A4mt,A4 (3.17b)

2 My Mag

t,A2L

The results are added to Table 3.3. Although the strain dependence of the 4-fold
quantization effective mass was not provided in the studies [3.8]-[3.10], [3.12] and
hence it is impossible to directly examine the validity of the extracted 7y, 44 in this
work, some comparisons can be made by means of Table 3.3. Firstly, the published
values of 7,42 and 7zmgae [3.8]-[3.10], [3.12] are very small in magnitude, which
support the use of approximately zero m.42 and zmga4 in the above data fitting.
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Indeed, we found that little change in the assessed 7,44 and 7 442 CAN be observed if
the literature values of 7 .42 and 7m g4 [3.8]-[3.10], [3.12] are instead used. Secondly,
the assessed 7m g4 IS Negative, quite close to that (-0.0095 m/GPa) obtained from the
mobility measurement [3.12]. Finally, Table 3.3 provides the maximum 7, in
magnitude available to date: 0.048 m,/GPa [3.12]. In comparison, the assessed 7m ;44

ranging from 0.03 to 0.07 m,/GPa in this work is quantitatively reasonable.

To strengthen the applicability of the assessed 7y, we further cite the previous
work [3.7] in terms of the measured electron gate direct tunneling current change due
to the process induced uniaxial compressive channel stress as shown in Fig. 3.8. In
addition, Fig. 3.8 depicted the calculated results using the assessed 7, exhibiting a
large deviation from the data points. This condition is expected, because in the
manufacturing process with-the build-in -stressors, -the devices may encounter
additional effects such as stress-induced dopant redistribution [3.33] and the thermal
oxidation change [3.31], which essentially are not present in case of the external stress
[3.6]. Here, we attribute this significant.difference to the decrease in the gate oxide
thickness of the device undergoing the process-induced uniaxial compressive stress.
The physical interpretations are that the oxide growth rate will be retarded under the
influence of the compressive stress in the manufacturing process. In this sense, one

can define a piezo-oxide-thickness coefficient my:
to (0) =t (0) + 70 (3.18)

The data were again fitted, leading to 7z of 0.012 nm/GPa. The quality of the fitting,
as demonstrated in Fig. 3.9, is fairly good. In addition, the extracted value is
reasonable compared to that (~0.02 nm/GPa) of the p-channel counterparts on the

same test wafer [3.31].
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Therefore, it is claimed that owing to the presence of the strong evidence in
terms of the literature 7z, values [3.8]-[3.10], [3.12] and the oxide thickness
retardation [3.31], the electron gate direct tunneling current in uniaxially compressive
strained device is judged to be the sensitive detector of 7. Finally, we want to stress
that the fit to process-induced data [3.7] works well [see Fig. 3.9], whereas there is
quite a large discrepancy in the fit to external stress data [3.6] (Fig. 3.6), particularly
at lower gate voltage. To address this issue, we suggest that the stress distribution in
the quoted device under the external stress [3.6] is nonuniform. This argument can be
drawn from the calculated results in Fig. 3.6, which clearly point out that the stress
effect of the gate current change is enhanced with decreasing gate voltage. Oppositely,
this effect becomes weak for larger gate voltage: Thus, the gate current change due to
a local stress variation may be.amplified if the gate voltage applied is as low as 0.5 V.
Relatively, for higher gate .voltage at 1 V, the local stress variation accordingly
produces little change in gate current. Fairly good agreement over the stress in Fig.
3.6 for gate voltage of 1 V supports. this approach. In-a sense, the gate voltage factor
in the proposed gate current method can be helpful in clarifying the responsible

mechanisms.

3.6 Conclusion

A new correction-coefficient generator has systematically been created to
compensate for the subband levels for the use of the triangular potential
approximation. Then, with the known deformation potential constants and uniaxial
compressive channel stress as inputs, the strain quantum simulation dedicated to the

gate direct tunneling current has rigorously been performed. Reasonable reproduction
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of the measured gate direct tunneling current has been achieved, leading to the
underlying electron piezo-effective-mass coefficients. The confirmative evidence has
been presented in terms of the published piezo-effective-mass coefficient and oxide
thickness retardation values. The ability of the electron gate direct tunneling current in
uniaxially compressive strained device as a sensitive detector of the electron

piezo-effective-mass has been verified.
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Table 3.1 The stress tensor for uniaxial stress along [110], [1-10], [001], [111], and

[11-2] direction.

[110] [1-10] [001] [111] [11-2]
Stress 1] (1]
ra a7 3 6
1 1
tensor? - - o 1 1
X ; 0 3 5
b 1 1
) 2 2 0 1 2
0 0 1 3 3
N E
0 0 0
0 1 1
1 _1 - 3 3
_2_ L 2_ E 1
| 3 L 6 |

a: The form of stress tensor is defined by Eq. (3.2).

b: o indicates the stress applied along-each direction.
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Table 3.2 The nominal values of the electron effective masses in the absence of the

mechanical stress in [3.8]-[3.10], [3.12].

[3.8] | [3.9] |[3.10] |[3.12] | This work
m_ 42 0.918 | 0.916 0.916
M2, 0.2 |0.196 | 0.194 0.19
m.4>,|] 0.2 |0.196 | 0.194 0.19
My | 0.2 |0.196 | 0.194 0.19
M;44 0.19
m;44 | 0.89 0.916
My | 0.2 0.19
My 44 | 0.42 0.417

Units: my/GPa.

Deleted grid: No mentioned.
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Table 3.3 Comparison of the electron piezo-effective-mass coefficients from the

band-structure calculation and mobility measurement [3.8]-[3.10], [3.12]

with those obtained in this work. The mechanical stress is applied along

the <110> direction on (001) silicon surface.

[3.8] [3.8] [3.9] | [3.10] | [3.12] This Work
[compressive] | [tensile] | [tensile] | [tensile] | [tensile] | [compressive]
Ton.42 -0.014" -0.012" | -0.016 | -0.012* | -0.048
o142 0.013* 0.014* | 0.029 | 0.013" | 0.029
Tin.242 0.0071* | 0.002" ~0
T a2 0.0005 0.001:*|-0.0065"} .0.0005 | -0.0095 | -0.03 ~-0.017
T, 44 0.0026 0.0024
T, a4 0.001 0.001
T 244 0.03 ~0.07
T, ad4 0.0017 0.0016 ~0

#: Linear approximation over a range of <110> uniaxial stress ¢ on (001) substrate

from 0 to 300 or -300 MPa.

Units: my/GPa.
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Fig. 3.1 Schematic of an arbitrary force F acting on a surface, along with the resolved
components: Fyx and Fy, which are the source of shear stress, and F,, which is

the source of normal stress.
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(b)

Fig. 3.2 (a) Schematic of deformation of a body applied to normal stress along x-axis;

(b) Schematic of deformation of a body applied to pure shear stress along

X-axis.
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Fig. 3.3 The schematic energy-band diagram of the n+ polysilicon/SiO,/p-Si MOS
system under uniaxial compressive stress along <110> on (001) substrate.
The black-solid lines represent the conduction and valence band edge
without the stress. The blue- and green-solid lines represent the stress
induced conduction band splits. The electron direct tunneling current (EDT)

from the subband levels is also shown.

43



Mz a2

2-fold valley

4-fold valley
M; a4
- -
4-fold valley 4-fold valley

4 T T T s )
xe>" /
7 4&0\5"

“ /
y /
/

Fig. 3.4 The schematic silicon conduction-band structure in terms of six
constant-energy surfaces in the Brillouin zone. The electron effective

masses in the presence of a uniaxial compressive stress are also labeled.
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Fig. 3.5 Comparisons of the measured (symbols) gate current change due to the

external uniaxially compressive stress [3.6] with the calculated (lines) ones
obtained using the nominal values in Table 3.2 for the electron effective
masses. The process parameters used are Ny, = 10" cm™, tox = 1.3 nm, and
Npioy = 10%° cm®. Poor fitting is encountered if the piezo-effective-mass
coefficients are not included.
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Fig. 3.6 Comparison of the data (symbols) [3.6] with the calculated results (lines) for

(@) 7mza4 = 0.03 Me/GPa (dash lines); and 7m ;44 = 0.03 mo/GPa and 7m g2 =
-0.03 my/GPa (solid lines); (b) 7zm,44= 0.05 mo/GPa (dash lines); and 7 g4 =
0.05 my/GPa and 7mg42 = -0.02 mo/GPa (solid lines); and (C) 7mzu4 = 0.07
mo/GPa (dash lines); and 7z g4 = 0.07 mo/GPa and 7m 442 = -0.017 mo/GPa

(solid lines). 7, 242 and 7 q44bo0th are zero.

47



| | |
= - O =-240MPa closed: A2 7
e\-/zo — VG;/E\L open - M -
O ol Af/f —\
-'C—G‘ 10 L —Q——O—:APt /Pt _
Y . AN/N
O - Al -
c | o N v -
: N/ __——4"’__
O-10} ¥ , -

0 & S
""«\1& @w?&ﬁ"@é&

Fig. 3.7 The calculated gate current change ratio and its decoupling into different
components: the impact frequency f 4, the transmission probability P; /4,
and the electron density N4 One can see that the repopulation of the

valley is the main factor responsible for the gate current change.
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Fig. 3.8 Comparisons of the measured (symbols) [3.7] and calculated (lines) gate
current change due to the process induced compressive stress in the <110>
direction. Except the piezo-effective-mass coefficients used correspond to
Fig. 3.6(C): Zmzaa = 0.07 mo/GPa, 7m g4 = -0.017 mo/GPa, 7.4 = 0, and

Tmdag = 0.
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Fig. 3.9 Comparisons of the measured (symbols) [3.7] and calculated (lines) gate
current change due to the process induced compressive stress in the <110>
direction. Except the piezo-effective-mass coefficients used correspond to
Fig. 3.6(C): Zmza4 = 0.07 mo/GPa, 7m g4 = -0.017 mo/GPa, 7.4 = 0, and

Zimdas = 0. mox=0.012 nm/GPa is used here.
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Chapter 4
Electron Mobility Model

4.1 Introduction

As mentioned before, the valley shift in energy [4.1]-[4.4] in terms of the
deformation potential can change gate direct tunneling current. Mobility is other
device parameter which is sensitive to strain. Furthermore, the change in effective
mass in band structure warping under strain can alter the mobility. To address the
mobility mechanisms, a mobility is needed. To make it possible, a fully self-consistent
Schrédinger and Poisson equations solver for n-channel MOSFETS, named “NEP” is
presented. With the aid of NEP, the 2-D electron mability can straightforwardly be

calculated [4.5]-[4.6].

4.2 Introduction of NEP

The structure of fully Schrédinger and Poisson self-consistent solver, named
NEP, is introduced in this section. The energy band diagram is shown in Fig. 4.1. We
separated the band diagram of silicon substrate along out-of-plane z direction into two
parts: one is the width of the surface quantum confinement region Wqyanwm and another

is the width of the classical region Wejassicar:

1 /ZESiVS
unantum :E qN—sub (4.1a)
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2V
Wclassical =
gN

(4.1b)

sub

In the quantum region, the carriers are confined in this thin region, 300 meshes are

used to ensure simulation accuracy.

Fig. 4.2 illustrates the flow chart in NEP. At the beginning, we give a Vs as the
input, an initial potential profile seen by electron V(z) evolves from Poisson equation
with two boundary condition: V =gy = -Vs and V @=puiy =0. Within the quantum region,
energy levels E and corresponding wave-function i are carried out by 1D

Schrédinger equation along with V(z). The corresponding formula is written as

2

Hy (2) = —f—mvzw(z) LV @y (1) =Eu(2) “2)

According to Eq. (4.2), the Schrodinger equation can be rewritten as a general

differential equation by the finite element method:

- Wz 2";(5)+‘”(2'+1’]+qV(z)w(z) Ev(z) w3

H can be transferred to a square matrix with Eq. (4.3). Three hundreds of eigenvalues
(E in EqQ. (4.2)) and eigenvectors (y in Eq. (4.2)) are solved. With Eq. (2.8), carrier
repopulation for each subband can be calculated. Now the distribution of
three-dimensional carriers (both electrons and holes) density is also known:

Er—Ej;

m 2
p T iniee = )< (4.49)

n(z) = Zg 7
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p(2)= 29 (=27 n(re T )iy,
kii

2
‘ (4.4b)
where j includes each of 2-fold valley and 4-fold valley, k is including heavy hole,
light hole and spilt-off hole, and E;; and Ey; are the i electron and hole energy levels

respectively. The corresponding wave-functions i and yx are all normalized. In the

classical region, the carrier density is given by:

n(Z) — no exp(_q(v (bUIk) -V (Z)))

KT (4.5a)
B

eXp(Q(\/(bUllk) —V(Z)))

p(Z) =Py kBT

(4.5b)

where pp and np are the carrier—concentration under the thermal equilibrium.
Substituting the above concentration into the 1D Poisson equations, the formula is

given by:

d*V(z) _ —a[=N, —n(z) + p(z)]

dz &

(4.6)

si

where N, (z)is the ionized accepter density. Eventually, we can obtain a new
potential V(z) to satisfy Eq. (4.6) by Newton’s method. Now, Eq. (4.2) and Eq. (4.6)

are used iteratively until the new potential changes little.

Total 2-D charge density in inversion layer N, the average inversion layer
thickness Zay, the flat band voltage Vs, the poly/metal gate voltage Vyory / Vineta, OXide

voltage Vo can all be produced out:

Nip = z N i (4.7)
I
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N bulk )
Zy =20 | 2@ d 48)
i inv 0
N 0 NSU
Vi, =—kKgT In(%) (4.9)
s.F?
Vooy =53 — (4.10a)
P 2quon
Vmetal =0 (4.10b)
t e.F
VOX — OX™~SlI~ S (4'11)

where N;; is the 2-D density of carrier at i¥ subband of j-valley. Eventually, the total

gate voltage can be expressed as:

V, =V

g poly/metal +V0x +Vs +Vfb (4-12)

The subband level in two cases calculated by NEP and Schred [4.7] are put to together

in Fig. 4.3. The satisfying result is presented by the NEP.

4.3 Electron Mobility Model

4.3.1 Introduction

In this section, mobility calculation is introduced by three components:
scattering by phonons (ph), scattering by surface roughness (sr), and scattering by

ionized doping impurity (imp). Using the subband energy and the wave-function
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provided by NEP, the mobility is calculated under the momentum relaxation time
approximation.  The  total mobility  including  phonon-limited  and
surface-roughness-limited ones are a universal mobility versus with the effective

electric field Eef [4.8]-[4.10]:

[E@)n(2)dz
= 4.13
@ (4.132)
which can be fortunately simplified to:
Q(Uva + N e )
Ey = = (4.13b)

Esi

where 7 is taken to 0.5 for electron [4.11]. Fig: 4.4 shows the comparison between

Eq. (4.13a) and (4.13Db).

4.3.2 Phonon-Limited Mobility

It is well known that the thermal vibrations would deform the crystal potential,
perturbing the dipole moment between atoms, and resulting in the degradation of
inversion layer mobility. There are two types of phonons (acoustic phonons and
optical phonons), and two types of scattering mechanisms, intravalley scattering and
intervalley scattering [4.12]-[4.15]. The schematic diagram of each scattering process

and its transition path between the valleys is showed in Fig. 4.5.

Intravalley phonon scattering is allowed for acoustic phonons but forbidden for
optical phonons by the selection rules for the electron-phonon interaction in bulk Si

[4.13], [4.15]. The momentum-relaxation rate from the u™ subband to the v*" subband,
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W is expressed:

1 D KT 1
M, B (4.14a)
|ntra(A2/4)(E) h PS| Wu,v(A2/4)
W, w20y = (W rarayo (D ey (2)02) (4.14b)
u,v(Aa2/4) (A2/4),u (A2/4)v :

where D, denotes the deformation potential due to acoustic phonons, pis the crystal
density, s, is the sound velocity. Considering the possible energy in quantum region,

the total scattering rate of an electron with its energy E and occupied in ug subband is

determined by summing up Tii}vra within all the subbands where the electron can

jump into [4.13], [4.15]:

1 :ZU(E_EAZMV)

ST — (4.15)
z-intra(A2/4) (E) v ac(A2/4)(E)

where U (X) is a step function.

On the other side, intervalley phonon-scattering is allowed for optical phonon but
forbidden for acoustic phonon. Four situations of intervalley transference are from
2-fold valley to 2-fold one, from 2-fold valley to 4-fold one, from 4-fold valley to
2-fold one, and from 4-fold valley to 4-fold one. The scattering rate for each situation

is [4.13], [4.15]:

f My a2 RN
N, +=+
z-mterAZ >2(E) k hPE Wl 2 2 ( )
4.16a
- f(EFE,) YU(EFE, —E,, )
1- f(E) :
W,, = ([, (22, (2)d2)! (4.16b)
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3 4m
Z d,A4 : ( ) +l 1)
z-mterAZ >4(E) k 2 W 2 2
(4.17a)
1 ”E+E ) U(ETE, ~E..,)
- f(E)
W, = (|2, (22, (2)d2)! (4.17b)
{f} m
Z d,A2 — ( ) +l 1)
z-mter Ad— >2(E) k ZhPE W 2 2 ( )
4.18a
1 ”E+Ek) U(EFE, ~E,,,)
- K(E) !
W, = ([ 2o (22, (2)d2) ! (4.18b)
g 2md A4 +1+1)
TlnterA4 >4(E) k Zh E W4 k 2_2
J-T(EFE) «U(EFE, —E,,,)
1- f(E) '
+Zﬂ 14 (Nk‘i‘iii) ( a)
— 2hpE, W, 272
1- f(EFE,) CU(ETE —E..)
1- f(E) '
Wy, = ([ 2o, (@22, (2)d2)! (4.19b)

where E, and D, are the deformation energy and potential with respect to the ki
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intervalley phonon. Besides, the signs in (Nk+li1j indicate that “+” means
272

phonon emission and “—" means phonon absorption, and N, the occupation number

of the k™ intervalley phonon:

_ 1
[exp( ) 1]

N (4.20)

4.3.3 Surface-Roughness-Limited Mobility

The roughness scattering at the Si/SiO, interface dominates as an important role
of a MOSFET at high effective field. That results in the mobility degradation in the
inversion layer. Two kinds of assumptions to describe the roughness are well known,
one of the Gaussian autocovariance function and the other of the exponential
autocovariance function. In this work; we prefer to use the Gaussian autocovariance
function, because the calculation of surface roughness scattering rate by exponential
model needs larger values of the root mean square amplitude A to fit experimentally
assessed mobility data than the Gaussian model. Besides, we make an important
assumption that the single subband approximation is quite accurate. Since surface
roughness is anisotropic scattering, we only consider the intrasubband scattering.
Under Yamakawa’s surface roughness model [4.12], [4.15], the scattering rate for a

Gaussian function is given as

1 md A2/4q2E:f’str2A2ﬁ’2 T 7@
———=U(E-E,,;,)— ’ e 4 (1-cos@)de (4.21)
r2'(E) 2h° !

where A is the correlation length of the roughness, k is the difference between the
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momentum before and after scattering, 0 is the angle between the momentum before

and after scattering. The elastic collisions without energy transition are assumed:

4md A2/4 ( E- EA2/4,V)

k* = - (1-cosé) (4.22)
Eq o Is defined as [4.12], [4.15]:
uv dV(z
EY, = I Vs @y 0, (2 @.23)

4.3.4 Impurity-Coulomb-Limited Mobility

Carriers are scattered when they encounter ‘the electric field of an ionized
impurity atom. The Coulomb scattering due to-ionized impurity atoms in the substrate
region causes the degradation of mobility at lower effective field. The perturbing

potential is the screened Coulomb potential [4.15],[4.16]:

qz _r
U, = e 4.24
S daeyr (4.24)
where r is the distance from the scattering center and Lp is Debye length:
.k, T
L = [ZsilB 4.25
o=\ g (4.25)

where n is the 3-D density of the mobile carrier. Through the Fermi’s Golden Rule, the
scattering rate by ionized impurity is [4.15]:
1 B N q4 2 _g

roo(E)  16v2mus’ 7 (7)1 +y 715
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)2 o 8MEL?
hz

(4.26b)

where N, is the 3-D density of the impurity, that is about equal to Ng,,. However, Eq.
(4.26a) is derived with electron free, not the 2-D electron gas inside the MOSFET.
The scattering rate of 2-D carriers from u™ subband to v subband can be derived

from Eq. (4.26a) [4.17]:

1 22] 2 gzo(E)

Tinp.a21a(E) 16\/_%‘3, (inL+77%) - ) J.'//u (2)y. (2)dz (4.27)

where g2p/3p IS the density of states for 2-D/3-D electrons. In Eq. (4.25), we let
n=Nin/Za, in EQ. (4.25) for the conyenience of simplicity [4.16]. It should be noticed

that only the intrasubband scattering-is-considered in this work.

4.3.5 Total Mobility

For an electron occupying on A2 (A4) valley with the energy E, that encounters
phonon scattering, surface roughness scattering, and impurity scattering, with the
different probabilities. Considering all the possible final states, the scattering

probability of the electron is expressed:

=25 S SU— L) @28a)
TAZ(E) v |ntraA2(E) Z-ln’ter,AZAZ(E) z-in'ter,A2»4(E) 2-lmpAZ(E)

D New —— L) @as)
TA4(E) \ mtra A4(E) Tlnyter,A4—>2 (E) Tin'ter,A4—>4(E) Tlmp A4 ( E)

Because the electron is following the Fermi distribution, the average mobility is:
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[ of
E-E)r,(-_-)dE
qf (E-E)m(- 1)

E

u

7 of
M. | (E-E)(=—_-)dE
Azé[ OE

Har = (4.29a)

R o, Of
Q] (E-E)ziy(- )dE

E

u

K of
M, [ (E—E,)(~ 2 )dE

Has = (4.29b)

where m; is the electron effective conductivity mass. The total mobility is the

averaged through to weighting of occupation on all subbands:

ZﬂZz NAZ,u +Z :UZ4NA4,u

u u

N.

nv

Mot = (4.30)

Fig. 4.6 shows the simulated mobility and the experimental one [4.11] of (001)/<110>

NMOSFET with different Ny, The parameters we used are listed in Table 4.1.

4.3.6 Matthiessen’s Rule and its Accompanied Error

Matthiessen’s rule is a well-known formula usually used for mobility calculation.
Considering those scattering mechanisms we just described, the reciprocal of final
mobility should be the summation of the reciprocal of the separate mobility

components:

_(1+1+1+1)_1
ﬂtOth < :uint ra > < /uinter > < /usr > < :ui mp > (4'31)

The error and the validity of Matthiessen’s rule have been discussed for a long time
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[4.6], [4.11], [4.18]-[4.22]. It has been pointed out that the errors due to the use of
Matthiessen’s rule will be more than 15% for temperatures over 40K [4.18]. The error
comes from two origins: (1) the relative strength of individual mobility components
[4.18], and (2) the subband population [4.21]. NEP provides an error-free version of

mobility. It can help us to ensure the applicability of this rule.

In Fig. 4.7, the total mobility z4,: and its components are shown. The total
mobility calculated by Matthiessen’s rule g40tm is also shown. Fig. 4.7 shows many
interesting results. First, the 40 M IS always larger then z4r, meaning that the mobility
extraction by using Matthiessen’s rule will overestimate the actual value [4.22]. The
second one is that the maximum relative error occurs near a critical condition where
two individual mobility components intercept. It is the first source of error we just
mentioned. Third, the error due to impurity-part is larger than phonon part that has
been mentioned in [4.22]. The last one Is the maximum errors due to phonon part are
smaller for high doping concentrations than low one. It'is related to the second source
of error. In Fig. 4.7, the arrow indicates.the Eeffwhere phonon and surface roughness
limited mobilities have the same value. The inset shows corresponding population of
two lowest subbands. Because the separation of subband is strongly with high doping
concentration, more inversion layer carriers occupy on the lowest subband. Therefore,
the maximum error is reduced. In a sense, care must be taken when apply the

Matthiessen’s rule.

4.4 Conclusion
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Mobility is a parameter which is sensitive to strain. To address the mobility
mechanisms, the 2-D electron mobility including impurity, phonon, and surface
roughness scattering can be calculated by a fully self-consistent Schrédinger and
Poisson equations solver. With the accurate calculation on scattering rate, we

estimated the errors due to the use of Matthiessen’s rule.
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Table 4.1 The value of parameters that are used in mobility calculation.

Dac 13 eV

D 11.5x10° ev/cm

P 2.329x10° kg/cm®
S| 9.037x10° cm/s
Ex of f type scattering 0.059 eV/cm

Ex of g type scattering 0.063 eV/icm

A 1.49 nm

A 0.29 nm
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Fig. 4.1 The energy band diagram in a poly gate/SiO,/p-substrate system.
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Fig. 4.2 The flow chart of the calculation process in NEP.
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Fig. 4.4 Comparison between Eq. (4.13a) and (4.13b) which by NEP (Solid line). The

dashed line is the line with a slope of 1 and through the origin.
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Fig. 4.5 All the phonon scattering mechanisms. Intravalley scattering involves
acoustic phonon; and long range intervalley scattering and short range
intervalley scattering involve g-type optical phonon and f-type one,

respectively.
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Fig. 4.6 Comparison of the mohility calculated by this work (lines) and the
experimental mobility data (dots). The calculated mobility includes impurity

scattering, phonon scattering, and surface roughness scattering.
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Fig. 4.7 The total mobility (lines) obtained by Matthiessen’s rule, and the simulated
total mobility, phonon and surface roughness limited mobilities (lines with
symbols) versus Ee for (a) New = 5x10* cm™®,and (b) Ngp = 10" cm™ at
300K. The arrow indicates the critical Eeff where phonon and surface
roughness limited mobilities have the same value. The inset shows
corresponding population of two lowest subbands.
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Chapter 5
Strain Altered Mobility

5.1 Introduction

We have already extracted the piezo-effective-mass coefficients of
two-dimensional electrons through the gate tunneling current measured from <110>
uniaxial compressive strained (001) nMOSFETs. On the other hand, mobility-based
assessment of 7z, was also performed [5.1]. In these methods [5.1]-[5.5], however, the
role of the 4-fold valley A4 out-of-plane z;, was overlooked. This led to an argument

that the A4 out-of-plane 7, should not be absent.

In this chapter we provide extra evidence for the existence of the fourfold
out-of-plane piezo-effective-mass coefficient. Explicit. guidelines are first drawn,
followed by use of NEP to fit existing data of both-the mobility enhancement and gate
current suppression in the presence of <110> uniaxial tensile stress. Fitting results
point out that the fourfold out-of-plane piezo-effective-mass coefficient is existent in
the warping band structure under <110> tensile stress, which can significantly affect
the mobility enhancement and gate current suppression. Underlying physical

mechanisms are presented.

5.2 Guidelines and Simulators

The aforementioned study [5.6] on 2-D electrons revealed that for twofold A,

valleys, the confinement 7y, .42 ~ 0 and 2-D density-of-states (DOS)  7m a2 ~ -0.017
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to -0.03 mo/GPa; and for A4 valleys, 7m a4 = 0.03 to 0.07 my/GPa and 2-D DOS 7 gag
~ 0. Apparently, a zero valleys, 7m a4 ~ 0.03 to 0.07 my/GPa and 2-D DOS 7y gas = 0.
Apparently, a zero 7, g4 dictates that the longitudinal 7z a4 = 0 and transverse 7m g =
0; and a negative 7y 412 means that at least one of 7zm a2 and 7zm 21 IS negative and its
magnitude is larger than another having a positive value. These coefficients 7m 2 and
Zinta2. correspond to the in-plane longitudinal effective mass myaz and transverse
effective mass m; 2, Of Ay, respectively, as shown in Fig. 5.1. Considering the nature
of the warping band under <110> uniaxial stress [5.7], [5.8], we have 7z < 0 and
7mwe2.> 0 but the corresponding magnitudes must be constrained by satisfying the

resulting 7m qa2 that lies between -0.017 to -0.03 my/GPa.

Thus, explicit guidelines can becreated as follows: for A4 valleys, 7zmdas =
0, Zimiaa = 0, Zmiag = 0, and- zm a4 ranges -from.0.03-to 0.07 my/GPa; and for A;
valleys, zmz2 = 0, 7wz <=0, Zmwmor > 0, and 7mda: 0f -0.017 to -0.03 my/GPa.
Obviously, only three coefficients, 7mzaa, -Zinaz), @Nd 721, are needed in the

subsequent simulation, along with.other.z,’s keptat zero.

To quantify the strain-altered electron mobility and gate tunneling current, the
numerical solvers NEP is readily available in this work. By combining the gate
electron tunneling current simulation which is introduced in Chapter 3, an electron
mobility simulator [5.9] which is introduced in Chapter 4, and the strain Hamiltonian
[5.10] which is introduced in Chapter 3, we reach a sophisticated self-consistent strain
quantum simulator. Note that relative to the triangular potential approach in TRP, the
presented self-consistent version in this work can provide accurate wave-functions

that are needed in the mobility calculation.
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5.3 Results and Discussion

Mobility enhancement data [5.2] are plotted in Figure. 5.2 versus vertical
effective field. The detailed information [5.2] is that the channel length direction is
along <110> direction on (001) nMOSFETS; two in-plane uniaxial tensile stresses, oy
and o, are externally applied in <110> and <-110> direction, respectively; and
phonon-scattering-limited mobility enhancement is simulated with zero 7y, as
together plotted. Simulated mobility enhancement in this work with zero 7, is shown
for validation. The non-stress effective mass values (i.e., m(0) in Eq. (3.16)) used in
simulation were the same as the work in Chapter 3 (see Table 3.2 therein). Good
agreement with that of [5.2] is evident, valid for a wide range of substrate doping
concentrations. Additional simulation results. by warying mm.a4 reveal that an

increase in 7, 204 Will degrade mobility:

Interestingly, for the case of znz44 =0, 6 and o, mobility data can be fitted well
by separately adjusting 7m 2| and 721 to -0.02.and 0.02 me/GPa, which are close to
those of the citation [5.2]. Such a fitting process is again repeated for other values of
7im.za4- The results are plotted in Fig. 5.3. The corresponding 7, values are given in Fig.
5.1 in terms of four different conditions. Clearly, both 7tz and 7zm w2, are coupled
with the 7m sl 7miaz) inCreases negatively with 7mzas, Whereas 72 exhibits a
decreasing trend. The extracted values of , are further used to calculate the gate
tunneling current change under uniaxial tensile stress. The results are shown in Fig.
5.4, along with the literature data [5.11], [5.12] for comparison. It can be seen that the
higher the 7 a4, the less the deviation it will produce. Meanwhile, good agreement
with mobility data holds, as in Fig. 5.3.

Therefore, the coefficient 7,4 plays a vital role. To highlight this, we show in
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Fig. 5.1 that an increase in a4 iNCreases the A4 quantization effective mass under
tensile stress, which will in turn render the A4 level lowered. As a result of the valley
repopulation, more electrons jump from A to A, This reflects a decrease in the 4,
valley occupancy. Thus, there are two effects caused solely by varying 7 ;a4: The gate
tunneling current is increased and the mobility is degraded. The detailed
interpretations, as already presented in the opposite case (compressive) in Chapter 3,

can be applied to the former. As to the latter, the following formula may be useful:

= 7.2 v+ Q744 (1-7) (5.1)
mc,AZ c,Ad

where 52 and T4 represent the mean scattering time of A, and A4 valley, respectively;

y represents the A, valley occupancy. Here, mc a2 =Mgay for <110> stress or myaz, for

<-110> stress; and Mg = 2(Mg a4 My ag)/(Meas+My a1) [5.13]. A decrease of y favors the

second term of Eq. (5.1) featuring a higher mc 4, which will in turn degrade the

overall mobility.

Further simulation was done at higher tensile stress. The comparison of
simulated mobility enhancement with the published ones [5.2] is inserted to Fig. 5.3,
plotted versus tensile strain of up to 1.0 %. Fairly good agreement is reached for
Condition 1 whose 7,’s are close to [5.2] (also see Table 3.3). This validates the
presented self-consistent strain quantum simulator. For other conditions, mobility
enhancement strongly increases, particularly in the higher tensile strain region.
However, there is one of the fundamental limits that must be kept in mind: 7, in Eq.
(3.16) essentially works in low stress situations. Indeed, such a low tensile strain
region can be located (< 0.2 %), where the simulated mobility enhancement coincides

with that of [5.2], regardless of the simulation conditions used. Straightforwardly, we
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want to stress that the current band structure calculation methods [5.1]-[5.5] did not
explicitly address the significance of the 4, out-of-plane 7. Thus, in the area of band

structure calculations a further investigation is needed in this direction.

5.4 Conclusion

Explicit guidelines have been drawn for all the piezo-effective-mass coefficients:
1) for Agvalleys, 7mdgasa=0, Zmias =0, Zmiaa = 0, and 7, 244 0f 0.03 to 0.07 mo/GPa;
and 2) for A; valleys, 7mza2 = 0, itz < 0, Znw21> 0, and zmga2 Of -0.017 to -0.03
mo/GPa. The self-consistent strain quantum simulator has been carried out while
fitting both the enhanced mobility and suppressed gate current data under <110>
uniaxial tensile stress. The results have corroborated the fourfold-valley out-of-plane
7m.aa @and have suggested the required re-examination of the current band structure

calculations.
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7, (my/GPa) | Condition 1 | Condition 2 | Condition 3 | Condition 4
T 244 0 0.03 0.05 0.07
k}i T 102 -0.02 -0.04 -0.05 -0.055
Al 7z 0.02 0.02 0.01 0
Other r,, 0 0 0 0

Fig. 5.1 Schematic diagram of one A, valley and two A, valleys in ky-ky plane. The
channel length direction is along <110> uniaxial tensile stress direction on (001)
substrate. Dashed line around the A, valley in terms of the longitudinal and
transverse piezo-effective-mass coefficients, as well as the A, out-of-plane
piezo-effective-mass coefficient, shows the effect of stress. The two insets are
added: one for the listed values of the piezo-effective-mass coefficients used for
simulation in Figs. 5.3 and 5.4; and the other for the effect of A, out-of-plane

piezo-effective-mass coefficient.
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Simu. (This work with N, =10"" cm®)
z . ,~0.03m/GPa B 170 MPa<110>[5.2]
— _=005m/GPa ® 170 MPa<110>[5.2]

7,007 m}/ GPa

=>&= Simulation [5.2] (7 =0)

Simu. (This work with Tozm™ 0)
| ,=10° cm®=——N, . =10" cm”®

Onon scattering only)

0.0 0.4 0.8
Eer (MVICM)

Fig 5.2 Comparison of simulated mobility enhancement (cross symbols) due to <110>
170MPa with all 7z,=0 [5.2] and those (lines) obtained in this work under
different conditions (substrate doping concentration Ny, of 10*° and 10" cm’;
and Ngyp of 10'" cm™ without surface roughness scattering). The simulated
mobility enhancement values (lines) are comparable of each other, indicating
that phonon scattering dominates. Other simulation lines are produced to
highlight the impact of the A4 out-of-plane piezo-effective-mass coefficient
alone. Experimental data (squares and circles) [5.2] are together plotted for

comparison.
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m 1/0 MPa<110>
® 1/0 MPa <-110>
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Fig. 5.3 Comparison of mobility enhancement data (symbols) [5.2] under <110> and
<-110> 170 MPa tensile stress with the simulated ones (lines) for four
different conditions in Fig. 1, plotted versus vertical effective field. The
substrate doping concentration of 10*" cm™ is used in this work. The inset
shows the comparison of simulated mobility enhancement versus tensile strain

with the published simulation values [5.2].
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Fig. 5.4 Comparison of gate current change data (symbols) [5.12], [5.14] atVg=1V
with those (lines) simulated under four different conditions in Fig. 5.1, plotted
versus <110> tensile stress magnitude. The gate oxide thickness and substrate

doping concentration used in simulation are 1.3 nm and 5x10* cm?, as in

[5.12].
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Chapter 6
3-D Mobility Calculation

6.1 Mobility for Other Surface Orientations

6.1.1 Mobility in (110)/<1-10> and (111)/<1-10> MOSFETs

3-D structure with multi-gates and different surface orientations has been
increasing important [6.1]. Fig. 6.1, for example, shows such a structure in terms of
FIinFET on (001) substrate. The inversion layer carriers not only exist under the top
surface, but also near the side wall surface.-Although all of them have the same
transport direction <1-10>, quantum-confinements.occur along the different directions:
(001) for top surface and (110) for side wall surface. Thus, the total mobility can be
seen as the average contribution of those carriers under different orientated surfaces.

For that reason, our work is extended from (001) to other orientations.

With the simulation tool, NEP, we can calculate the electrical properties of (110)
and (111) nMOSFET, as described in Chapter 4. But the effective mass should be
different from (001) case. The corresponding nominal values are listed in Table 6.1
[6.2], [6.3]. Generally, the six energy valleys are degenerate under <111>
confinement. However, as channel is designed along <1-10>, those six valleys are
sorted to 42 and A4 according to their conductivity effective mass. The calculated
results are again compared with Schred [6.4] as shown in Fig. 6.2 for (111)
NMOSFET. In (111) case, the subband levels of 2-fold and 4-fold are the same

because their quantization effective masses are equivalent. With these results as inputs,
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simulated mobility versus effective field is presented in Fig. 6.3. n is equal to 0.5 in
using Eq. (4.13b). The same parameters in Table 4.1 are used here except A=0.2nm

for (111). Fig. 6.3 also shows the experimental data for comparison [6.5].

6.1.2 Stress Applied along Arbitrary Directions

With the aid of NEP, we can do more simulation work in any case. In Chapter 5,
we discussed the mobility enhancement only in (001) NMOSFET under <110> tensile
stress. In reality, stress comes from muilt-directions. Thus, the work in Chapter 5 is
quite inadequate. In Table 3.1, we have already discussed some directions along
which the stress is applied. Thus, we consider four strain conditions for each
orientation: longitudinal, transverse, vertical, and. biaxial. The calculation result is
show in Fig. 6.4. We let all of 7, equal to zero at this time. In Fig. 5.2 and 5.3, a little
difference between the mobility enhancement with and-without piezo-effective-mass
coefficients is observed. That iS the-reason-the 7, could be neglected here. For
(001)/<110> case, the mobility ratios under longitudinal stress and transverse one are
the same because of the symmetry of both the directions [6.6]. In the same way, the
mobility ratios under longitudinal stress and vertical one are the same for
(110)/<1-10> case. Fig. 6.4(a) and (b) also show the simulated result as in [6.7]. We
can observe a large ratio when vertical stress is applied on (001)/<110> nMOSFET or
the transverse stress is applied on (110)/<1-10> nMOSFET. The applied stress of both
cases is coincident along the same direction <100>. From Table 3.1 and Eq. (3.11), we
know that the stress along <100> changes subband separation significantly. The
mobility changes due to two factors: (a) the charge re-occupation, and (b) the

interaction between each subband which is dependent on subband separation. As can
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be observed in Fig. 6.4, the first factor is stronger factor than another; otherwise, the
mobility ratio in both tensile and compressive stress should be positive for (111) case.
In the same way, the mobility ratio saturation occurs in Fig. 6.4(a) and (b) because the
charge almost centralizes on one subband. In Table 6.2, the occupation ratio on the
lowest A, and A4 subband in (001) nMOSFET under vertical stress are listed. That can

explain why the mobility ratio is to saturate over £1.5GPa.

6.2 NEP for Double-Gate MOSFET

It is well known that the scaling of the traditional bulk MOSFETs would
encounter several challenging issues like suppressing the short channel effects (SCE).
In order to face these challenges, increasing channel-doping is one of the methods as
has been adopted in conventional planar devices. But high channel doping would
induce poor carrier mobility [6.8]. To overcome the problem, new device architectures,
such as multiple gate structures have been proposed. Thus, it is needed to improve
NEP to incorporate a double-gate “structure.. The double-gate structure is a thin Si
body sandwiched between two oxide layers, with a metal or polysilicon film formed
on each oxide. So, the control of the gates on the channel in a double-gate structure is
stronger than in a traditional bulk MOSFET as the gate voltage is applied to front and
back gates. In this work, we develop a simulator DG-NEP to investigate physical

properties of double-gate structure.

6.2.1 DG-NEP Simulator

DG-NEP considers a symmetric structure, as shown in Fig. 6.5, where t; is the
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film thickness, Eg and Eqn are the Fermi energy levels of p-substrate and metal
respectively, and ¢, is the work function of metal. To solve the electrical property of
the device, DG-NEP basically uses the same procedure as NEP, which has been
described in Chapter 4. However, it has been well recognized that quantum
mechanical (QM) effects become more important in determining the properties of
such small devices. In Chapter 4, the boundary conditions of Schrédinger’s equation
are often making the wave-function go to zero at the silicon/gate-oxide interface. That
is to say, an infinite potential barrier height at silicon/gate-oxide interface is assumed.
Nevertheless, the actual barrier height is finite and is equal to a few electron-volts.
Therefore, wave-function actually can penetrate into the gate oxide. To deal with this
issue, some changes are needed to 'do to. make a double-gate version of NEP:
DG-NEP. In NEP, only the potential of substrate region is calculated, as shown in Fig.
4.1, while the potential of the whole region including oxide is needed to calculate now
in DG-NEP. Therefore, the ‘permittivity ‘and the effective mass of oxide should be
considered while Schrodinger and Poisson's equation. To realize the wave-function

penetration, Eq. (4.2) is rewritten as:

—%v{ﬁv w(Z)}“ qV (2)w(2) = Ey(2) (6.1)

The simulated results for different substrate thicknesses are shown in Fig. 6.6 and 6.7.
In this work, the effective mass in oxide is 0.5mq [6.9], [6.10] and the barrier height is
3.15eV at 300K. It is found that that our DG-NEP simulations without penetration
effect match Schred's [6.4] ones. This validates our double-gate structure without
considering wave-function penetration. The subband energies with wave-function
penetration are lower than without penetration. Besides, for device with thick ts;, each

subband can find another one with the same energy level. It is due to the upper and
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lower inversion layers sufficiently separated as two bulk inversion layers stand back
to back. In this situation, each subband is confined by the potential drop of Si film. As
tsi decreases, the barrier between two inversion regions becomes lower making the
subband energies emerge and split [6.11]. In this case, subband is confined by the
space well of oxide. These phenomena can be seen in Fig. 6.8 and 6.9. In Fig. 6.9, we
can observe that the subbands with the same energy level become different gradually
as tsj decreases. Furthermore, the stress effect is embedded successfully in DG-NEP,

as shown in Fig. 6.10.

6.2.2 Surface-Roughness-Limited. Mobility

The mobility model of double-gate MOSEET is basically equivalent to planar
one as described in Chapter 4. However, the double-gate structure has one more
SiO,/Si interface. Therefore,-we need to consider the-surface roughness scattering
affected by both interfaces. In the usual model for surface roughness scattering, an
assumption was made that the surface potential could be expanded to first order [6.13],

[6.14]:

aV(z)
0z

Viz+A) =V(z)+ A (6.2)

where V(z) is the nonperturbed surface potential and A the roughness measured from
the oxide/silicon interface. The perturbation Hamiltonian is given by:
V(z+A)-V(z)]

Hsr(z) = A (6.3)

Combing Eq. (6.3) and Eq. (6.2), the perturbation Hamiltonian can be approximated

90


http://tw.wrs.yahoo.com/_ylt=A3eg.83WLVxQux0AU2PhbB4J/SIG=12ua1bbf5/EXP=1348247126/**http%3a/tw.dictionary.yahoo.com/dictionary%3fp=phenomena%252C%2bphenomenons

oV (2)

Hsr(z) - = E(Z) (6.4)

which is used in Eq. (4.23). However, Eg. (6.4) does not work in the device with thin
film. In Fig. 6.11, we compare the perturbation Hamiltonian using Eq. (6.3) and (6.4)
for 5nm film. The inset of the figure is the surface potential before and after
perturbation. As can be observed, significant difference between these two models is
evident. In summary, the model of surface roughness scattering in double-gate
MOSFET should consider the perturbation comes from both sides, in a sense the

approximation used in Eq. (6.4) is over-simplified.

6.2.3 Simulating Results

In Fig. 6.12, the DG-NEP simulated mobility ratio (dots) due to stress is shown.
The simulation condition is the same as Fig. 6.4. One thing we want to stress is that

Ecx here is not calculated by Eq. (4.13b) but by

Lsi

Fn(z)E(z)dz
B == (6.5)
joz n(z)dz

Fig. 6.13, again, compares the calculation from Eq. (4.13b) and (6.5). Comparing the
result in Fig. 6.4 and Fig. 6.12, the mobility ratio is large in double-gate MOSFET
than planar one. Besides, the position where the mobility ratio begins to saturate is
almost the same. Therefore, the charge redistribution also is the major factor to

determine the mobility enhancement. In Table 6.3, to make comparison with planar
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MOSFET, the occupation ratio on the lowest A, and A, subband in (001) dougle-gate
MOSFET under vertical stress are listed. The subband level is not only confined by
the potential drop but also space wall of two dielectrics in double-gate structure. Thus,
the subband separation is smaller and the charges occupy more at high subbands. That

gives rise to different explanations of mobility ratio in double-gate MOSFET.

6.3 Conclusion

The mobility in (001), (110), and (111) nMOSFET is successfully simulated.
With this ability, the stress-induced mobility enhancement can be estimated. The
change of the mobility is strongly dependent on the charge redistribution. Although
the mobility of (110) MOSFET is smaller than (001)’s, the mobility enhancement of
(110) MOSFET is higher than (001)’s. However, the merit for (110) MOSFET is valid
only for the device is applied stress >1.5GPa or <-1.5GPa. This result may provide a
path for the device designer.” Moreaver, the most efficient way to boost mobility is to

apply stress along <100> direction.

The stress engineering is more important in double-gate MOSFET, because the
mobility enhancement in double-gate MOSFET is more noticeable than planar one. It
is due to the space confinement occurs in double-gate structure. The charge

redistribution prevails in strained double-gate MOSFET.
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Table 6.1 The nominal values of the electron effective masses in silicon as electron is

confined along three different directions.

Effective mass

(001)/<110> (110)/<1-10> (111)/(1-10)
(Mo)
Degeneracy 2 4 2 4 2 4
Longitudinal 0.19 0.315 0.19 0.283 0.19 0.553
Transverse 0.19 0.552 0.916 0.37 0.675 0.232
Quantized 0.916 0.19 0.19 0.315 0.258 0.258

Density-of-state 0.19 0.417 0.417 0.324 0.358 0.358
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Table 6.2 The occupation ratio of the lowest A, and A4 subband in (001) nMOSFET
under vertical stress. All results are simulated at E+ = 1MV/ecm and

Nsub:1017cm_3

Occupation c c c c c

(%) -3GPa -1.5GPa 0 1.5GPa 3GPa

Ay ~0 ~0 23 85 98
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Table 6.3 The occupation ratio of the lowest A, and A, subband in (001) double-gate
MOSFET under vertical stress. All results are simulated at Ec+ = IMV/cm

and Ng,p,=10""cm™,

Occupation c c c c c

(%) -3GPa -1.5GPa 0 1.5GPa 3GPa
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Fig. 6.1 The schematic of the triple-gate FIinFET with the different crystal

orientations.
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Fig. 6.2 Subband levels calculated by the Schred [6.4] (lines) and by NEP (dots) for

two cases: (a) (110) nMOSFET; and (b) (111) nMOSFET. Both of them are

with the same process parameters.
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Fig. 6.3 Repeating the same work as in Fig. 4.5 on (110) and (111) nMOSFET. The
parameters we used are listed in Table 4.1 except A = 0.2nm is used in (111)

case.

100



Simulation of [6.7] on (001)/<110> nMOSFET
Long. Vert. s Trag

2

Q9
o
ad
P
=
@)
=

Simulation of NEP @ E_=1MV/cm
B long./Tran. W Vert. W Biax.

0
-3000  -1500 0 1500 3000

Stress.(MPa)
()

Simulatton of [6.7] on (110)/<1-10> nMOSFET
| ONQ. VEIT, T3

Mobility Ratio

Simulation of NEP at Eeflel\/IV/cm
B Long./Vert. Tran. W Biax.

300015000 1500 3000
Stress (MPa)

(b)

101



(111)/<1-10> nMOSFET
Simulation of NEP at E_=1MV/cm
®m lLong. W Tran.

2 - m Biax. m Vert. g
u u
u u
u u

m m
1 IIIIIIII=IEIIIIIIII

Mobility Ratio

3000 000 1500 3000
Stress (MPa)

(©)

Fig. 6.4 The NEP simulated mobility ratio (dots) due to stress. Three orientations are
involved: (a) (001)/<110>, (b) (110)/<1-10>, and (c) (111)/<1-10>.
Longitudinal, transverse, vertical, and biaxial stresses are considered for
each orientation. All are simulated with Ny = 10*"cm™ and Eer = IMV/cm.
In (@ and (b), the simulated work by [6.7] is together shown for

comparison.
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Chapter 7

Conclusions and Suggestions for Future Work

7.1 Conclusions

In Chapter 2, we have proposed a new correction-coefficient 7, that has been
incorporated into original TRP. This improvement can ensure the validity of TRP in
(001) NMOSFET case. The same procedure can be conducted for (110) and (111)
cases. In Chapter 3, we have introduced the definition of stress and strain. The matrix
form connecting strain to stress has also been presented. Thus, the energy level shift
of each valley can be estimated through the deformation potential. Combining the
TRP and strain effect, the ‘strain-induced gate direct” tunneling current has been
analyzed. Reasonable reproduction of measured gate direct tunneling current has been
achieved, leading to the underlying electron piezo-effective-mass coefficients. From
the experimental date under external stress and process-induced stress [7.1], [7.2], the
silicon dioxide growth rate retarded under the compressive stress has been proved

[7.3].

In Chapter 4, a new simulator named NEP has been developed for n-channel
MOSFETs. The corresponding fully Schrédinger and Poisson equation solver has
been successfully established. With the outcomes of the wave-function and subband
energy, the total mobility due to phonon scattering, surface roughness scattering, and
impurity scattering, has been calculated. In Chapter 5, the piezo-effective-mass
coefficients have been extracted from experimental mobility data [7.4]. In these
methods, the role of the 4-fold valley A, out-of-plane , has been overlooked. We
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have provided extra evidence for the existence of the fourfold out-of-plane
piezo-effective-mass coefficient. In Chapter 6, we have extended our work to other
surface orientations. NEP for (110) and (111) nMOSFET has straightly been built. The
mobility and its stress-induced mobility for each oriented substrate can be estimated

and compared with those in the literatures [7.5], [7.6].

To deal with the 3-D structure, NEP has been modified. The resulting
double-gate version has successfully predicted 3-D stress depend of mobility, as well

as the effect of decreasing the film thickness.

7.2 Future Work

The down scaling of the traditional bulk-MOSFETs would encounter several
challenging issues. In order to face these issues like short channel effects and mobility
degradation, the stress and material aspects should be involved. To keep pace with

the technologic generation afterwards, some suggestions are proposed here.

First, the band warp due to stress along <110> on (001) nMOSFET, as quantified
by 7m, has been extracted in this work. To confirm this, a systematic experimental task
on the mobility and gate direct tunneling under strain applied along the multiples
directions are required. It should be more convenient that the advance full-band
calculation techniques such as pseudopotential [7.7] and kep [7.8] methods are

supported.

Second, the WKB approximation is used to calculate the tunneling probability of
direct tunneling current. However, this approximation is derived under some

simplifying assumptions [7.9]: the barrier is very high and/or wide and the effective
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mass is the same through the gate dielectric. It seems to be inadequate for the
next-generation of device whose dielectric is only few nanometers thick. Thus,

advance technology like the first-principle calls one of relevance.

Third, to overcome the mobility degradation in the scaling dielectric, the 111-V
compound and Ge are popular candidates for the channel material due to high
mobility. Even the graphite material has been expected recently. Lots of works
dedicated to the manufacturing processes of these novel materials [7.10]-[7.12] and
the corresponding band calculations has been published [7.13]. A further study on
modified NEP to be adapted to accommodate of these next-generation materials is

needed.

Finally, owing to the mobility degradation in highly scaled devices, additional
scattering mechanisms exist.” Those extra scatterings can be generalized in terms of
Coulomb scattering due to ‘halo implant and the defects near S/D, remote surface
roughness, fixed oxide charge, and remote phonons[7.14]-[7.16]. The corresponding

physical models should be established and-incorporated into NEP.
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