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Chapter 1

Introduction

1.1 Roles of Computer Simulations in Semi-
conductor Device Design

In recent years, a VLSI(Very Large Scale Integrated circuit) contains a huge
number, even over millions, of circuit elements and the integration scale
is continuously growing as well as the integrated devices are continuously
shrinking. Now, computer-aided design(CAD) techniques are important and
indispensable skills all over the research, development and fabrication stages
of such integrated circuits.

CAD tools used in VLSI development contains many kinds of simulation,
synthesis and design tools(fig.1.1). In the lower level, there are process sim-
ulator, device simulator and parameter extractor, which mainly concern the
fabrication stages of VLSIs. In the higher level, there are high-level synthe-
sizer, circuit synthesizer, logic simulator, circuit simulator and layout tools,
which concern the VLSI design stages.

This dissertation concentrates on the circuit and the device simulation

techniques, which evaluate performance of circuits and semiconductor de-
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Figure 1.1: Computer-Aided Design techniques in VLSI development

vices.

Relations between the simulation and the fabrication stages of VLSI de-
velopment are illustrated in fig.1.2 on the device simulation case, for example.

In the development flow, the device simulation works as a prediction
tool for device characteristics such as static I-V' characteristics, transient
responses and reliabilities, etc.. Those device characteristics are fed back
and examined to improve the device design for desired performance. Sim-
ulation tools also concern the real fabrication processes or the real device
characteristics, in the calibration processes for the simulation models.

As well as device simulation, circuit simulation predicts the performance
of manually or automatically designed circuits and also the characteristics
are fed back to the design stage.

From the iterations of the design and the simulation stages, optimized
circuit and device designs are obtained and real products of devices and

VLSIs are to be fabricated. This is the computer-aided fabrication flow.
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Figure 1.2: Simulation and fabrication stages on VLSI development

In this dissertation, optimization schemes in VLSI design are discussed
especially in terms of semiconductor device design by optimization of device
parameters. The key techniques in device and circuit evaluation with the
computer simulations is the device modeling. In the following section, a
history of semiconductor device modelings in both analytical and numerical
ways are summarized briefly. Then, the goal of this work is presented with

the outline of this dissertation in the last section of this chapter.

1.2 A Brief History of Analytical and Nu-
merical Modeling of Semiconductor De-
vices

The history of analytical ’compact’ modeling of semiconductor devices has

begun at the same time as the concept of junction field-effect transis-
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Figure 1.3: Early history of analytical and numerical semiconductor modeling

tor(JFET) was proposed by Shockley in 1952[1.1].

An analytical model for bipolar junction transistor(BJT) was presented
by Ebers and Moll in 1954[1.2]. In 1957, the charge control model of BJT
was presented by Beaufy and Sparks[1.3].

Metal-semiconductor field-effect transistor(MESFET) was firstly pro-
posed by Mead in 1966[1.4]. The operation principle of a MESFET was
similar to that of a JFET.

Another idea for field-effect controlled semiconductor devices is metal-
oxide-semiconductor field-effect transistor(MOSFET), which has very old
history down to 1930s. Device characteristics of MOSFETs were studied
by Thantora and Moll[1.5][1.6], Sah[1.7], and Hofstein and Heiman[1.8] in the




early 1960s. Since MOSFETs are suitable for integration in VLSIs, the min-
imum feature length has been shrunk continuously. Then, the short-channel
effects such as the threshold shift or other scaling problems have become the
important matters of modelings[1.9] and a lot of works have been proposed
for the sake of establishing accurate models for device and circuit analysis.

Circuit simulators have also been investigated and developed to analyze
circuit performance with the compact models. The most famous circuit simu-
lation tool is SPICE (Simulation Program with Integrated Circuit Emphasis)
which had been developed in University of California, Berkeley in 1973[1.10].
SPICE was evolved into SPICE2 in 1975[1.11], and currently SPICE3 and
the improved versions of it are widely used among circuit engineers all over
the world.

Numerical methods for semiconductor device modeling have their own
history for about 30 years, which are described with fundamental device
physics but requires a large amount of computer resources.

The numerical semiconductor device simulation based on the partial dif-
ferential formulation of the drift-diffusion model was firstly presented in
1964 by Gummel with one-dimensional static analysis of BJT[1.12]. Mac-
Cumber and Chynoweth analyzed the Gunn oscillation of GaAs device by
one-dimensional transient simulation in 1966 [1.13]. In 1969, Scharfetter
and Gummel pfoposed, in analysis of Read IMPATT diode, a discretization
scheme for the continuity equations with physically based expressions, which
has been widely made use of in numerical simulation programs [1.14].

A two-dimensional numerical simulation of JFET was presented in
1969 by Kennedy and O’Brien with Poisson equation and one conti-
nuity equation[l.15]. BJT was simulated two-dimensionally in 1969 by

Slotboom[1.17] with Poisson and both continuity equations. The transient
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behavior of JFET was investigated by Reiser in 1971 with two-dimensional
simulation[1.16] Also in 1971, two-dimensional simulation of MOSFETwas
demonstrated by Vandorpe[1.18].

A lot of investigations have been attempted especially on two-dimensional
numerical analysis of MOS devices, because the two-dimensional model has
been believed to have enough ability to reproduce the characteristics of those
devices.

Activities on three-dimensional numerical simulation have appeared in
1980s with requirement for analyzing three-dimensional effects in small ge-
ometry devices, such as the narrow channel effects, for example ref.[1.19] and
[1.20]. The dramatic evolution of the computational power was one of the
driving force for those activities.

Nowadays, a lot of commercial products for semiconductor device simu-
lation based on three basic equations have been developed and are widely
used in design, development and research stages of semiconductor devices.

On the opposite side of the partial differential method of the drift-diffusion
model stands the Monte-Carlo method. The Monte-Carlo method has been
known as a general mathematical method for solutions of various natural-
and social-scientific problems based on random numbers and samplings since
the early this century [1.21].

In 1966, Kurosawa has applied the Monte-Carlo method to simulation of
the transport of electrons under high electric field[1.22]. Through 1970s and
1980s, many investigations of semiconductor devices with the Monte-Carlo
methods have been carried out, for example ref.[1.24],[1.24],[1.23] and [1.26].
However, it was not a popular approach to model semiconductor devices with
the Monte-Carlo method because the Monte-Carlo method based simulations

require a large amount of computational time.
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In the late 1980s, as computers had had a great improvement and as the
limits of the drift-diffusion modeling of small geometry semiconductor de-
vices had become frequently mentioned, the Monte-Carlo scheme became an
important and an indispensable technique for semiconductor device simula-

tions.

1.3 Outline of This Thesis

The aim of this dissertation is to present the design methodology of small ge-
ometry integrated semiconductor devices, especially CMOS devices, for high
speed, low power and low energy operation. Analytical and numerical char-
acterization methods are discussed in terms of the optimum design and the
estimation of device parameters. As well as the simulation-based characteri-
zation methods, simulation methods themselves are investigated for efficient
analyses.

In this dissertation, following works are presented and summarized.

In the first part, design methodology of MOSFETS for low power and low
energy optima is discussed based on circuit simulation with compact mod-
els. In chapter 2, an evaluation method of power and energy consumption
of CMOS circuits is presented using circuit simulation of a inverter circuit
with physically based analytical models. In chapter 3, device design param-
eters are optimized to minimize energy consumption during a switching or
to minimize the gate delay under restricted chip power.

In chapter 4, a one-dimensional numerical simulation of SOI MOSFETSs
for modeling the subthreshold characteristics is presented. Using the simu-
lator, real device structural parameters of SOI MOSFETs are estimated by
the curve fitting.




In chapter 5, stable and efficient schemes for two- and three-dimensional
simulation of SOI MOSFETSs are discussed. In the first half, a Quasi-
Transient device simulation formulation is presented for stable and efficient
SOI simulation. The Single-Transistor Latch(STL) phenomena are success-
fully reproduced by the method. In the latter half, matrix calculation prob-
lems of iterative linear solutions in SOI simulation are investigated and effi-
ciency of a data-dependent scaling criterion is reported.

In chapter 6, quantum-mechanical considerations for thin-film SOI de-
vices are introduced to the one-dimensional simulator presented in chapter 4,
with electron mobility models by the relaxation time approximation. The pa-
rameter fitting is also demonstrated and necessity of the quantum-mechanical
considerations in the analysis of thin-film devices is discussed.

Finally, in chapter 7, the studies on computational analyses for VLSI
device design are summarized and discussed for the conclusion of this disser-

tation.
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Chapter 2

Evaluation of Power
Consumption of CMOS
Circuits with Physics-based
Models

2.1 Introduction

In recent years, more and more MOSFETSs and other circuit elements are
integrated in a VLSI. A large number of circuit elements with high density
integration cause large power consumption with thermal problems. They
are especially noticeable in portable equipments with battery operations,
such as PCS(Personal Communication System) terminals or note-book type
PCs(Personal Computers), which have rapidly grown in number in this couple
of years.

Many researches have been reported aiming to reduce power consumption
of VLSIs, proposing new circuit designing methodology, evolving device and
process technologies or optimizing signal/supply voltages.

In this chapter, we take a inverter circuit for an example and give a

13




generalized formulation of power consumption from simulated characteristics
of the circuit with physically based device models.

From the simulation results, the supply voltage optima can be found from
the view points of the switching energy minimization or the speed maximiza-
tion under restricted power. These methods are applicable for device /process

design of CMOS VLSIs considering the circuit characteristics.

2.2 Formulation of Power Consumption in
CMOS Circuits

2.2.1 Power consumption in CMOS circuits

The power consumed in a CMOS circuit is composed of two parts, the dy-
namic power due to the load capacitance’s charging/discharging and the
static power due to the leak current of stand-by devices.

It is often mentioned that especially in a CMOS logic circuit the dominant
part of the consumed power is the dynamic power, because the leak current
of MOSFETs is extremely small when threshold voltages of MOSFETSs are
sufficiently low comparing with the supply voltage of the circuit.

However, in the recent trend of low supply voltage application for power
saving, it is impossible to keep enough margin between the threshold volt-
age and the supply voltage. The decrease of the supply voltage also causes
decrease of the active current, which results increase of the gate delay of a
CMOS circuit. _

As the result, the contribution of the static power to the whole power
consumption is relatively increased in low-voltage circuits and it isn’t always

effective to reduce the supply voltage for saving the circuit power.

14




2.2.2 Dynamic power consumption

To evaluate the dynamic power consumption, a transient simulation of
switching of a CMOS inverter circuit is carried out(fig.2.1(a)). From the
simulation, the supplyed current of the inverter are obtained as a function of
time, I(t), along with the gate delay time, 7.

The dynamic power, Py, is formulated as eq.(2.1), which is the product

of effective frequency of the circuit switching, f, and switching energy, Esp.
den = f‘Esw (2-1)
For the effective frequency, we assume that the mean time between switch-

Vid ‘ Vdd
l I(t)

Vin Vout Viow _4 \l' Vhigh

aN ey

f CrL _I J,Ileak

T,
Vin s« Vou Vour y
V-

V(1)

v

I(Vin)
/

(1)
> 0 Vai v,
(a) Transient simulation (b) Static simulation

Figure 2.1: Inverter characterization by circuit simulation
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ings is determined with the delay time, 7. Then, supposing Ny is a constant

which represents the gate activity, f is formulated as eq.(2.2).
F= iy 22)

The switching energy is derived from the supplyed voltage, Vi, and the
supplyed current during a switching, I(¢), as eq.(2.3).

T
B = [ 1()Vasdt (2.3)

Here, T' denotes the period when the switching completes.

2.2.3 Static power consumption

To evaluate the static power consumption, a DC static circuit simulation is
carried out and V,,;-Vj, characteristics are obtained. Among the character-
istics, the input voltage, Vj,, whose output voltage, Vo, is equal to Vig-Vip
is looked for. Then the leak current, Ijeq, is given as the supplyed current
at this input voltage.

The static power, P, is formulated iﬁ proportional to the supply voltage

and the leak current as eq.(2.4).
Psot = lieak " Vaa (2.4)

2.2.4 Total power and energy consumption

The total power consumption of a CMOS inverter circuit, Py, is formulated
as the sum of eq.(2.1) and eq.(2.4). '

Ptotal = de'n, + Pstat
= f * Egy + Diear - Vg (2.5)
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As the same way, the total energy per switching is formulated as follows.

P total
Etotal = =

f
= Ea'w + (Nf : T)Ileak : V:id (26>

2.3 Circuit Element Modeling

2.3.1 Requirement of physics-based accurate models

For the accurate device modeling down to sub-threshold gate voltage, we
adopt Dunlop’s model[2.1] for the MOSFET model in this study, which keeps
the continuity of derivatives of the drain current in any region of gate/drain
terminal voltage. The fact that the model is described simply with device
structural parameters and has few fitting parameters is also favorable for our
analysis.

The MOSFET model has a single-drain structure and a uniform channel
doping profile as shown in fig.2.2.

The load capacitance, Cyr, is also modeled with the device structural

parameters with simple assumptions of the gate and drain shape.

? Vs
Lp Vs
: gl
Tox !
I /) N

Na

)

Figure 2.2: Schematic of MOSFET

Vbs
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2.3.2 Drain current modeling of MOSFET
Subthreshold current

The subthreshold drain current is modeled as eq.(2.7) with following equa-

tions.
Igub _ quoWery . n;Lp; . eBO'-1)ér _ 1
Lesr /20 \/ﬁ(¢F-%s)—1
x e Per/2 . (1- e—ﬂVd,> 2.7)
B = b—(1/8¢r) - In(efC-29r 4 1) 28)

bedr = (Vo= Vi) +(F-7)’

‘F’Y\/(Vgs — Vrp) — Vbs +

(F7)?
4

(2.9)
Here, the parameters presented in above equations are given as follows.

kT

gt = . thermal voltage
L, = [;;:h (intrinsic Debey-length)
¢r = —]qu In % (Fermi potential)
vy = —————m'zcé,g“NA (body effect coefficient[2.3])
oz
Coe = ;—Z (gate-oxide capacitance per unit area)

The ﬂat-band voltage, Vg, is formulated as follows, assuming the n-type

polysilicon gates for nMOSFETs.

VFB - —0.56'1-]—‘:3:111 e
g Ny

The short-channel effect, F[2.4], will be described later.

(2.10)
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Linear region

The drain current in the linear region is modeled as follows;

. I/‘Ve CLVSZ
L = 4oy T {(Vyo = Vin)Vas — 55 (2.11)
eff

Here, body-effect coefficiency, a, is assumed 1.0. V,, is defined as eq.(2.12)

and is equivalent to V3, when b’ = 2(b > 2 : strong inversion).

V:m = b/¢F+VFB+'YFVbI¢’F“VI-)s (212)

This formulation is applicable when Vi, < Vg — Vi (= V).

Saturation region

The drain current in the saturation region (Vg > V}) is modeled as follows.

W, aV,?
Isat = :U'Co:c I ff{(vqs - VLn)V} - 219 } (2'13)
eff

Short-channel effects

To model the short channel effects, we consider the charge sharing model[2.4]

in the channel depletion layer(fig,2.3). Then, the short-channel coefficient,

L
: / \IXS Xp| / Xj—
Na Depletion Layer

Figure 2.3: Charge sharing model
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F, is formulated with following equations.

F = 1—%{F(xs)+F(xD)} (2.14)
F(Xs) = —‘% {1+%-25“(2;5]1:7;%0}5}2_1) (2.15)
F(Xp) = 22 {H%—%“(%F&&ﬁmr} —~1) (2.16)

Total current expression

The total drain current, I, is expressed as the sum of the subthreshold cur-

rent and the 'on’-current for the linear or the saturation region. An example

of I4-V,, characteristics of an n-type MOSFET is shown in fig.2.4.

106

108

10-10

Subthreshold Component
<1012
= i
-4l

10 i \Strong Inv. Component

1016}

10718

0 0.5 1.0 1.5 2.0
Ves V]

Figure 2.4: I4-Vy, characteristics of nMOSFET
(LeffZWeff=1.0/.bm, N4=1.6 x 10160111_3, Tpx=50nm, V;zs=0.1V, %5=0.0V)
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2.3.3 Load capacitance model

To model the load capacitance, we take into account the intrinsic gate ca-
pacitance and drain junction capacitance. The gate fringe capacitance and
the metal wire capacitance are neglected simply because these are deeply
dependent on the process technologies.

The intrinsic gate capacitance is formulated as eq.(2.17), assuming F, is

the effective fan-out number.
Oinv = Co:z: : Weff : Leff X 2 X Fo (217)

For the junction capacitance, we estimate difference of the maximum and
the minimum thickness of depletion layer from the supplyed voltage and the

spatial charge in the intermediate region, AQ, with eq.(2.18)(fig.2.5).

AQ = qNAWD [LD(Wma:c - Wmm)
7 W + X3 = (Wi + )7} ] (2.18)
2e5;(20F — %s)] 3

Wmin 2.19
el (2.19)

1

2¢5i(20F — Vis + Vcld):l ?
Wmam = 2.20
eltor T (2.20)

+J Lp

Depletion Layer

Figure 2.5: Junction capacitance modeling
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In eq.(2.18), the first term of right hand is for the plate capacitance below
the drain diffusion and the second term is for the rounded capacitance at the
edge of the drain-channel junction.

Then the junction capacitance is formulated as follows.

_ AQ
Clunc = T (2.21)

2.4 Calculation Results

2.4.1 Basic characteristics of a CMOS inverter circuit

Examples of simulated basic characteristics of a inverter circuit, the switching

energy, Fy,, the delay time, 7, and the static leak current, I..x, are shown

1073 1013
-6 -14
10 10 Iy
2
107 10155
= 108 10°16
[ 4
-9 100
10 ~
8
10-1% 10 T
=
10-11 < s . 1.0
0 0.1 0.2 0.5 1.0 2.0

Vdd [V]

Figure 2.6: Basic characteristics of CMOS inverter circuit (L.;; =
0.7pm,Wess = 1.0um, Ny = 4.0 x 101%cm =3, T,, = 16nm)
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in fig.2.6, for the functions of the supply voltage, Vys. In this analysis, the
junction depth, Xj, is fixed to 0.1[um).

The threshold voltage of the device is estimated to 0.28[V]. The switching
energy, Esy, increases in proportional to the square of the supply voltage,
Vaa- The leak current, e, shows slight increase with V4 increase. The
delay time, 7, increases dramatically with Vg4 decrease. When V3 < 0.5[V],
7 is inversely proportional to the logarithm of V4, while the logarithm of 7

is inversely proportional to the logarithm of Vg when Vg > 0.5[V].

2.4.2 Evaluation of consumed energy per switching

Figure 2.7 shows the characteristics of the total energy consumption per
switching, Ejytq, for three cases of the channel dopant density, N4. FEioa
decreases as Vg decreases for higher supply voltage than 0.5[V], and turns to
increase for lower supply voltage due to the fact that the leak current becomes
dominant compared to the switching energy. The minimum switching energy
is realized at a supply voltage ranging from 0.2[V] to 0.5[V] depending on
Ng4. In this analysis, the constant for the effective frequency, Ny, is set to
1000.

Figure 2.8 shows the characteristics of Eyy,; for three cases of the gate
oxide thickness, Tj,;. Assame as the N4 cases, the minimum switching energy

is also realized at a supply voltage for each device.
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Figure 2.7: Total switching energy of inverter circuit, V4 as parameter
(Less = 0.7pm,Wess = 1.0um)
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Figure 2.8: Total switching energy of inverter circuit, T,, as parameter
(Legy = 0.7um,Wegp = 1.0pm)
24




2.5 Conclusion
In this chapter, following works were presented.

1. Evaluation methods for the energy consumption per switching and the
power consumption of CMOS circuits were presented using circuit sim-

ulation with physically based analytical models.

2. As shown in sample results of a CMOS inverter circuit, existence of
the optimum supply voltage for the energy consumption minima was

proved.

3. From the results of devices with different design parameters, it was
proved that the minimum switching energy and the optimum supply

voltage are determined depending on device parameters
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Chapter 3

Device Parameter
Optimization for Low Power
VLSIs using Circuit Simulation

3.1 Introduction

As described in chapter 2, circuit performance deeply depends on the device
parameters and the supply voltage of the circuit. Namely, optimizing the
device parameters and the supply voltage is one way to realize well designed
circuits.

In this chapter, we demonstrate an optimization scheme of MOSFETS
with the energy and power consumption evaluation method using CMOS
inverter simulation presented in chapter 2.

The device parameters are optimized in terms of the absolute minimum
switching energy or the minimal delay time under a constraint of the maxi-
mum circuit power. Those criteria are useful in design of portable equipments
which require less speed but longer operation time.

The parameters to be optimized are the channel dopant demnsity, N,
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and the gate oxide thickness, T,,, along with the optimization of the supply
voltage, Vyq4.

3.2 Circuit Optimization Criteria

3.2.1 Switching energy optimization

The evaluation factor firstly introduced is the total energy per switching,
Eiotal, described as eq.(2.6).

This criterion will be useful for absolute reduction of the operating power
where battery lifetime is of the first importance.

With recent VLSI technologies, the requirement for high-speed operation
of VLSIs is not as the matter as the requirement for long term operation,
especially in portable machineries. Further more, low-speed circuits can be
accelerated by the parallel operations. Then, it can be concluded that the
most concerning factor for the low power operation of VLSIs is the total

energy consumption per switching of each circuit element.

3.2.2 Power consumption and circuit speed optimiza-
tion

The other evaluation factor is the power consumption which is formulated as
eq.(2.5).
This evaluation is important in such case that chip power is a key factor
to determine the package cost.
When the maximally acceptable power consumption per chip, Pepip, 1s
given from thermal problems or battery limits, there is a maximally sup-
opt

plyable voltage, V,;;" and in most case it gives the minimum delay time of
the circuit, T, (fig.3.1).
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This restriction for the power consumption of a inverter circuit, Pitqs, iS

described as:

Pc )
Pt < Nih;f (3.1)

Here, Ny, is the effective number of CMOS logic gates in a chip, assuming

all gates are inverters.

Power limitation
Pchip
5
z
&
o =)
| N
&) &
Tmin
\
Vdd Vddo Pt

Figure 3.1: Circuit speed limitation with power restriction
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3.3 Restrictions for Device Parameter Ranges

Device parameters have the maximum and the minimum limitations of values
determined by several physical factors[3.1].

In this study, we take into consideration the limitations from the bulk
punch-through phenomena and the drain-induced barrier lowering and the
avalanche breakdown at the drain junction. The device parameters and the

supply voltage are ranged in the accepted region.

3.3.1 Limitations from bulk punch-through phenom-
ena

In short-channel MOSFETS, the depleted region of the drain junction and
the source junction are grown by the drain and the substrate bias and often
touch each other in the substrate and current flows through the depleted
region, even if the channel does not induced at the oxide interface. This is
the bulk punch-through phenomena.

The device parameter limitations from the bulk punch-through is formu-

lated as follows with a model shown in fig.3.2[3.2].

1
2

L o> [ +Ws)—We]? + [(X; + Wo) - W]

=

—2X;  (3.2)

Figure 3.2: Bulk punch-through
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Here, W¢ is the depth where the punch-through occurs and it is obtained
from the solutions of eq.(3.3). Ws and Wp are equivalent to Wiy, and Wi,
(eq.2.19 and 2.20) in chapter 2, respectively.

2€5i(2¢s — Vs)

1
2

we = |

(3.3)
Ves = Vpp+¢s+

3.3.2 Limitations from drain-induced barrier lower-
ing

In short-channel MOSFETs, electric field by the drain potential reduces the

channel potential and this causes various subthreshold characteristics degen-

erations. The parameter limitations from this drain-induced barrier lower-
ing(DIBL) effect is modeled as follows in ref.[3.3].

1
L > 041[X;Tou(Ws+Wp)® (3.4)

3.3.3 Limitations from avalanche break down

The avalanche break down at the drain junction has two critical regions, the
first one is the junction corner and the second is the oxide surface.
The first limitation for the supply voltage from the corner break down is

expressed as follows[3.4].

Eg 3/2 Ny —3/4
= i 3 X 5
Vep 60 (1.1) (tenslG) Tep (3 )
Yo = (214057 — (P 4+ 3¢/ - (36)
X
= = 3.7
¢ = 3 (37)

Here, E; is the bandgap energy of bulk silicon and -, represents the the

spherical curvature effect at the drain junction corner.
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Figure 3.3: Surface avalanche breakdown concerning effective field

The second limitation by the surface break down is expressed as:
Eda: S EAV,crz't (38)

where Ey, is the surface field parallel to the Si-SiO; interface at zero gate
bias and Eav et (=1.4[MV/cm)) is the critical field for the surface avalanche
breakdown[3.5]. Eg4, is formulated as follows with Egq and Ej;p,, which rep-
resent the vertical field at the drain-gate overlap region and the maximum

lateral field at the drain-substrate junction, respectively[3.6](fig. 3.3).

2
Ey = ;I'- gd+Ejm (39)
2 _ 1/2
By = [(QNDTO:::> +2qND(VBD VFB)] _ 4NpToe (3.10)
Eox Esi €ox
: B 1/2
Ejm = [QQND(V’ZD VFB)] (3.11)
81
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3.4 Device Parameter Optimization

3.4.1 Switching energy optimization

By the first optimization criterion(sec.3.2.1), the devices parameters and the
supply voltage are optimized for the minimum total energy per switching,
FEiotar-

In Fig.3.4, the minimum value of the total switching energy Eipq iS
plotted with contours on the parameter space of (N4, Tp;). Though the
parameter space is limited by DIBL effect[3.1], the absolute minimum en-
ergy of a device with L;r=0.25{um] and W,sr=1.0[pm)] is about 0.048[fJ] at
N4 = 1.65 x 10%[cm ™3], T,, = 19.4[nm] and the delay time of 0.33[ns] for

DIBL-limit

Figure 3.4: Minimum value of total switching energy [£J]
(Leps = 0.25pum, Weps = 1.0um)
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the supply voltage of V34=0.13[V]. In this analysis, Ny=100 is assumed.

Figure 3.5 shows the channel length, L.;s, dependent optimum device
parameters for the minimum energy consumption. As the channel length is
scaled down, the optimum gate oxide thickness decreases and the channel
dopant density increases. The oxide thickness and the dopant density show
the linear relationship in the logarithmic plot.

Figure 3.6 shows the minimum energy, F,,;,, the optimum supply voltage,
VP, and the delay time, 7%, for various channel length. As the channel
length is scaled down, 7°* decreases with a linear relation in the log-scale,
but Enin and %?t show slight relationships with the channel length. This

is because the optimum device with long channel has relatively thick gate

100
~..‘b\l,ejj“—:)0;6um

—_ Now Y
g >0 w04
i) Ho 8
w
£
g 20
O
B
o 10t .
2
2]
D

5

0.2 05 1.0 20 50 10 20
Impurity Concentration [10'6cm™]

Figure 3.5: Channel length dependent optimum device parameters (N4, Tys)
for the minimum energy consumption
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Figure 3.6: Dependence of the minimum energy, Fy,;,, the optimum supply
voltage, V¥, and the optimum gate delay, 7" on the channel length

oxide and has small gate capacitance per area, then, the total capacitance is
almost at the same order in each device.

The energy minimizing optimum device parameters are shown in fig.3.7
for the fan-out(F.0.)=1,2 and 3. The optimum parameters are almost inde-
pendent of the fan-out number.

Figure 3.8 shows the fan-out dependence of the minimum energy, E,,,
the optimum supply voltage, V¥, and the delay time,7°?*. V" character-
istics are also independent of the fan-out number. Thus, all of the device
design parameters are optimized uniquely independent of the fan-out. The
increase of 7% and E,,;, are simply explained by the increase of the load

capacitance which are caused by increase of the gate capacitance.
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Figure 3.7: Channel length dependent optimum device parameters (N 4,7,z)
for fan-out(F.0)=1,2, and 3
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Figure 3.8: Fan-out dependent minimum energy, Ey,i,, optimum supply volt-
age, VI, and optimum gate delay, 7%
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Figure 3.9: Channel length dependent optimum load capacitance, Cy, and
junction capacitance, Cy, for the minimum energy (F.0.=1,2,3)

The optimized load capacitance, Cr, are shown in fig.3.9 for F.0.=1,2
and 3, along with the junction capacitance component, C;, which is also
included in the load capacitance. The optimum junction capacitance is inde-
pendent of both the channel length and the fan-out number. The optimum
load capacitance increases as the channel length decreases, because even the
gate area decreases as the channel length shrinks, the optimum gate oxide
thickness, T,,, also decreases and the gate capacitance which is determined

by the gate area and the oxide thickness increases consequently.
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3.4.2 Delay time minimization under restricted chip
power

By the second optimization criterion(sec. 3.2.2), the device parameters and
the supply voltage are optimized for the minimum delay time under a re-
stricted chip power.

In fig.3.10, the minimum delay time, 7., is plotted with contours on
the parameter space of (N4, T,;). The optimum supply voltage is shown in
fig.3.11 for the parameters. The absolute minimum delay of a device with
Less=0.25um and W,ss=1.0[um)] is about 4.4[ps] at N4=5.0x 10'¢[cm %] and
Toe=T7.8[nm] for the supply voltage of Vz=1.1[V]. In this analysis, N;=100,
Pepip=10.0[W] and Njy,=10°8 are assumed.

In fig.3.12, the channel length, L.ss, dependent optimum device parame-
ters for the minimum delay time are shown. The conditions for the analysis
are as same as those described above. Similar to the energy optimum results,
as Leysy is scaled down, the optimum gate oxide thickness decreases and the
channel dopant density increases. The oxide thickness and the dopant density
also show the linear relationship in the logarithmic plot.

Figure 3.13 shows the characteristics of the minimum delay time, Tin,
and the optimum supply voltage, V7', on the channel length. 7" and vrt

decrease as the channel length is scaled down.
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Figure 3.10: The minimum delay time ([ps]) under restricted chip power
(Leff=0.25ym, Wefle.(),um, Pchipzlo-oliw)
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Figure 3.11: The optimum supply voltage for the minimum delay time under
restricted chip power (Less=0.25pum, Wepp=1.0um, Pep;p=10.04W)
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Figure 3.12: Channel length dependent optimum device parameters (N4, T,s)
for the minimum delay time under restricted chip power

10

T

Minimum Delay

Tmin [ps]
(A ,q0PPA

T
1

o

(]

1.0
Optimum Vad

0.1 02 03 040.50.6
Gate Length [um]

Figure 3.13: Dependence of minimum delay time, 7y, and optimum supply
voltage, V,’;’j’t, under restricted chip power on the channel length
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3.5 Conclusion

Following works were presented in this chapter.

1. Two optimization criteria for VLSI device parameters were presented
based on the energy and power evaluation method with circuit simula-

tion presented in chapter 2.

2. Device parameter optimization for the minimum switching energy was

demonstrated with scaling of the channel length.

e The minimum energy per switching was not scaled while the delay
time was scaled down as the channel length decreases, in case the

device width is not scaled down.

e The optimized device parameters and the supply voltage are in-

dependent of the fan-out number of the logic gates.

o The optimized load capacitance increases as the channel length

shrinks.

e It can be concluded that the essential merits of the channel length
scaling of MOSFET are for the speed and the area advantages,

not for the energy and the power advantages.

3. Device parameter optimization for the minimum delay under a given

maximum power par chip was demonstrated.

e The trends of the optimum device parameters and the supply volt-

age with the scaling of the channel length were shown.

e The optimum supply voltage is scaled down as the channel length

shrinks for the optimized minimum delay.
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Chapter 4

Device Parameter Estimation
of SOI MOSFETSs using

One-Dimensional Numerical
Simulation for Subthreshold
Characteristics

4.1 Introduction

Semiconductor devices with SOI(Silicon-On-Insulator) structures were firstly
introduced about 30 years ago. On their primitive stage, SOI devices were
taken notice of for their capabilities for three-dimensional integrated circuits,
their applicabilities for high voltage devices, and their performance of radi-
ation hadness[4.1]. SOI devices were made on relatively thick silicon layers
on their ﬁrst stage.

SOI MOSFETs at that time have been developed in respect to the im-
proved short-channel effects comparing with bulk MOSFETSs, by suppressing
the bulk-punch through and by reducing the parasitic capacitance and the
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junction leak. In contrast, SOI devices with thick silicon layers suffered from
the particular problems such as the kink-effects with the floating body fea-
tures of SOI devices.

Fully-depleted SOI MOSFETs, firstly proposed by Malhi[4.2], have very
thin silicon layers(thin-film SOI layers) of 10~100[nm] and are almost free
from the kink effects. They also show the small parasitic capacitance, which
enable fast and low-power circuit operations. But, as for other SOI features,
they still have a lot of problems to be solved.

On the other hand, in thin-film SOI devices, the substrate bias has a
great influence on the subthreshold characteristics of MOSFETSs such as the
threshold voltage, Vi, and the subthreshold swing, S. Those characteristics
are also affected by the structural device parameters of the SOI multi-layer
structure[4.3][4.4][4.5].

In this chapter, we present a one-dimensional Poisson equation based
device simulation method for the subthreshold characteristics of SOI MOS-
FETs. Since only one-dimensional numerical calculations are needed in this
simulator, extremely fast and efficient analyses can be realized.

Using the simulator, estimation of the device parameters of real SOI
multi-layer structure is demonstrated by fitting the simulated characteris-
tics with measured data. For the subthreshold characteristics to be fitted,
substrate bias, V},S‘, dependent threshold voltage, Vi, characteristics are mea-
sured on real devices and are also evaluated with the one-dimensional simu-

lator.
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4.2 One-Dimensional Numerical Simulation
of SOI MOSFETSs

4.2.1 Basic equations for One-dimensional Poisson
equation based device simulation

In this section, a one-dimensional(1-D) device simulation method for SOI
MOSFET is formulated basing on only the Poisson equation. While con-
ventional two- or three-dimensional device simulators are composed of three
basic equations of the Poisson equation and the continuity equations for
electrons and holes, our one-dimensional subthreshold simulation needs only
Poisson equation in one-dimensional form(eq.4.1) to be solved. The continu-
ity equations of carriers are absent from the numerical model, by assuming

the thermal-equilibrium conditions for electrons and holes(eq.4.2).

E{emr@) = oW+ o) (@)
’ n(z) = mn;exp [kisz(x)J : in SOI layer

{ n(z) = niexp [qu{¢(“)"%s}] : in substrate (4.2)
(@) = n/n@)

Here, N4 is the ionized impurity density in the SOI layer or in the sub-
strate, and n; is the intrinsic carrier density in bulk silicon.

The SOI multi-layer structure is modeled as fig.4.2, as the vertical cross
section of an SOI MOSFET (A—B in fig.4.1). The finite differential
method[4.6] is applied to solving the Poisson equation to obtain potential
distribution, ¥ (z). The carrier density, n(z) and p(z), are calculated by

eq.(4.2). The Poisson equation and the carrier equations are solved alterna-
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Figure 4.1: Schematic cross section of SOI MOSFET
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Figure 4.2: 1-D device simulation of SOI MOSFET with front/back bias
conditions (cross-section A—B in fig.4.1)
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tively until revisions of the potential distribution are sufficiently small, and
then, the self-consistent solution is obtained.

Boundary conditions for the simulation are given as bias voltages for the
gate(front-gate), Vs, and for the substrate(back-gate), V;s, as follows.

wg = V;]s - ¢gate
"w[)b %S - ¢sub

Here, ¢gate is the work-function difference of silicon and n-type-doped poly-

(4.3)

I

silicon. ¢gyp is shift of the Fermi level in the substrate by the ionized impurity,

which is formulated as:

kT Ny,
¢sub - —a’log < sz)

assuming N, is the ionized impurity density in the substrate.

(4.4)

4.2.2 Drain current modeling

From the potential and the carrier distributions in the SOI layer, the drain
current, Iy, is calculated as eq.(4.5), which is composed of only the diffu-
sion current term. The drift current term is not taken into account because
the major conduction mechanism is the carrier diffusion in the subthreshold
region of MOSFET operations|[3.4].

I =2 [ D@)nu(a) - nala)}da (45)
Here, D(z) is the electron diffusibility and n(z) and ng(z) are electron den- .k
sities at depth of z from the front surface of SOI layer near source and drain,
respectively.

In this analysis, ns(z) is calculated from the one-dimensional analysis
based on the Poisson equation described above. On the other hand, n,(z)

is assumed to be 0, because the carrier density near the drain is sufficiently
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small comparing with that near the source, when the diffusion current is
dominant.
The electron diffusibility, D, is proportional to the electron mobility, L,

by the Einstein’s relationship as:

D(z) = == =) (4.6)

Consequently, the drain current is summarized as following form, where
ns(z) is replaced with n(z).

_gW kT (Tsor

I
d L g Jo

wa)n(z)dz (4.7)

We took into account the scattering effects by the lattice temperature, the
ionized impurity[4.7] and the surface roughness[4.8] for the mobility model
in this analysis.

Finally, we introduce the effective mobility for describing the relation-
ship between the total carrier number and the drain current. The effective

mobility, peyy, is defined as:

1 rsor
pers = 5[ w@)n()de (48)
where
sorI
N = / n(z)dz (4.9)

Here, Ny represents the sheet density of the electrons in the SOI layer.
Then, the drain current can be simply described as eq.(4.10) with the

effective mobility and the sheet density of electrons.

W kT
Iy = gz* Ty Hett Ny (4.10)
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4.3 Evaluation of One-Dimensional Device
Simulator and Device Parameter Esti-
mation

4.3.1 Accuracy of one-dimensional device simulator

One-dimensional simulation results of 4V, characteristics of n-type SOI
MOSFETs with several channel length are shown in fig.4.3, along with the
results by two-dimensional device simulation with the same model parame-
ters.

For rather long-channel devices (1.0 and 2.0[um]), the one-dimensional
results show good agreement with the two-dimensional results in the sub-
threshold region. They show different results on the 0.3[um] device because
of the short-channel effects. In high gate voltage region where the drift cur-
rent term is the major conduction mechanism, the one- and two-dimensional
results show much differences, because of the absence of the drift term from
the one-dimensional model.

Figure 4.4 shows substrate bias dependence of the subthreshold char-
acteristics by the one- and the two-dimensional simulation for a device of
L=1.0[um]. They also show good agreement in the subthreshold region.

Calculation time of each curve is about 1 hour for two-dimensional sim-

ulations and less than 1 second for one-dimensional simulations.
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Figure 4.5: Vi,-Vi, characteristics of n-type SOI MOSFET; points: measured,
line: 1-D simulation with ’designed’ parameters (L=W=100 pm)

4.3.2 Threshold voltage characteristics with substrate
bias condition

Vin-Vis characteristics were measured for n-type SOI MOSFETs fabricated
by SIMOX technology[4.9]. Here, the threshold voltage is defined as the gate
voltage where J;=10[nA] for the device of L=W=100[um]

Figure 4.5 shows the measured Vj;-V;s characteristics with the simulated
characteristics by the one-dimensional subthreshold simulator. In this sim-
ulation, the device parameters were given as described in ’designed’ column
of table 6.4. In these results, the measured and the simulated characteristics

show much differences over the whole substrate bias region.
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4.3.3 Device parameter estimation

The simulated Vj,-Vjs characteristics curve was fitted with the measured
data by tuning device parameters in the SOI multi-layer structure. The
parameters fitted here were the channel dopant density, N4, the thickness of
gate oxide, Toz, the thickness of SOI layer, Tsor, and the thickness of buried
oxide, Thoz-

The curve fitting was carried out by the steepest descent method in the

four-dimensional parameter space evaluating a mean-square error function;

A = Y{VR=E(V) - VAR (Go)Y (411)

0.6 . . , .

0.4} ]

Vin [v]

o
o~

Figure 4.6: Vj;,-Vi, characteristics of n-type SOl MOSFET; points: measured,
line: 1-D simulation with *fitted’ parameters (L=W=100 pum)
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Table 4.1: Designed and estimated device parameters of SO MOSFET

designed | fitted
Ny 10Yem 3] — | 2.36
Tiop |nm 71 6.43
Tso 7 (nm 30 41.3
Thow  |[nm] 80 | 70.7

Here, i denotes data index, V;* and V3™ are the measured and the simulated
threshold voltage at substrate bias, V., respectively.
Figure 4.6 shows the fitted Vi-Vi, curve with the measured data. In table

4.1, designed and fitted device parameters are described.

4.4 Property of parameter fitting results

Here, we examine the property of the parameter fitting results with the
steepest descent method.

In fig.4.7, the mean-square errors are plotted with contours by two-
dimensional cross sections of the four dimensional parameter space around
the fitted parameter set. They show hyper-ellipsoid like distributions in the
four-dimensional space.

To evaluate the efficiency and the property of the fitting results, the Lapla-
cian matrix of mean-square errors around the optimum point is calculated
numerically. In this analysis, the square roots of eigenvalues of the matrixk
represént length of axes of the hyper-ellipsoid. Then, the ratio of the longest
axes and the shortest axes represents the sufficiency and the robustness of
the steepest descent method.

From the matrix analysis, we had the ratio of 2.9 and it can be concluded

that the fitting was carried out successfully.
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4.5 Conclusions

Following works were presented in this chapter.

1. A one-dimensional numerical simulation method for the subthreshold
characteristics of SOI MOSFETs was presented basing on the Poisson

equation assuming the thermal-equilibrium conditions.

2. One-dimensionally simulated drain current characteristics show good
agreement with conventional two-dimensional results in the subthresh-

old region for long channel devices.

3. Efficiency of the one-dimensional simulation was proved by comparing

calculation time with the two-dimensional simulation.

4. Device parameters of the SOI multi-layer structure were estimated us-
ing the one-dimensional simulation by fitting V;5-V4s characteristics

with the measured data.

5. Property of the curve fitting results by the steepest descent method was
proved by eigenvalue analysis of the error function in the parameter

space.
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Chapter 5

Numerical Methods for
Robust and Efficient Two- and

Three-Dimensional Device
Simulation of SOI MOSFET

5.1 Introduction

Device simulation of SOI MOSFETSs has several difficulties originating from
their floating body features.

One of the problems is numerical unstability of solutions of carrier den-
sities in the channel region due to the floating body effects, which is unlike
conventional MOSFETs. Another problem is physical possibility of multi-
ple solutions even at the same bias condition, which results in the hysteresis
characteristics such as Single-Transistor Latch(STL) phenomena[5.8]. For
the last of them, we have found that in SOI device simulation the iterative
linear solutions show less efficiency than conventional bulk-MOS devices.

In this chapter, robust and efficient device simulation methods for SOI

MOSFETSs are studied from the numerical points of view.
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To improve robustness of SOI simulation, we have developed a Quasi-
Transient(QT) method for static(DC) mode analyses, and showed that fast
and stable DC analyses are realized in device simulation of SOI MOSFETs.
The QT method is suitable for analizing the floating body and the parasitic
bipolar effects of thin-film SOI devices, and the STL phenomena of SOI
MOSFETSs are successfully simulated with the QT method.

In the latter half of this chapter, convergence efficiency of the iterative
linear solution, especially ILU-CGS method, are investigated, along with
evaluation of the formed matrices of the semiconductor equations in device
simulation of SOI MOSFET. Eigenvalue analysis of the Jacobi matrices are
carried out to clarify the differences of matrix characteristics for both SOI
and bulk MOSFETs. And then, a data-dependent scaling scheme for efficient

solutions of iterative linear solutions are presented and evaluated.

5.2 Robust simulation for the hysteresis phe-
nomena of SOI MOSFET’s by Quasi-
Transient Method

5.2.1 Qusi-Transient device simulation

In conventional semiconductor device simulators three basic semiconduc-
tor equations, the Poisson equation(eq.5.1) and the continuity equations for

carriers(eq.5.2 and 5.3) are applied.

div(e - grady) = —¢(Np = Na+p—n) (5.1)
%—Z + div(uy, - n - grady) — D, - gradn) = GR (5.2)
%Z—;- — div(uy - p - grady + Dy, - gradp) = GR (5.3)
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Solve Linear Problem
with Transient Mode

|
Increase At

[ DC Solution |

Figure 5.1: Flow-chart of Quasi-Transient method

Here, 1 is the electron potential and ¢ is the permittivity and N4 and Np are
the density of ionized acceptors and donors. m and p are electron and hole
density. u, and p, are the carrier mobilities and D, and D, are the carrier
diffusivity of electrons and holes, respectively. GR is the carrier generation
and recombination rate.

To improve robustness and efficiency of the Newton’s iterative calcula-
tion in SOI MOSFET device simulation for DC analysis with a numerical
approach, we take a notice of the time-concerning ‘transient’ terms in the
continuity equations, which are used only in transient analyses in the con-
ventional formulation in device simulation.

Figure 5.1 shows a generalized flow-chart of the Quasi-Transient device
simulation. In the QT simulation, the solution of the former bias condition

is used as the initial guess for new bias condition, as is in the conventional
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method. The Newton’s iterative calculation is carried out with the formula-
tion for transient analyses. At this point, the initial guess is also assumed
to be the former bias condition of qusi-time step, At, before. Then, At is
gradually increased as the iterative loops are processed, and finally, the DC
formulae with the condition of At — oo are calculated, so that we can obtain
the same solution as a DC simulation gives.

The advantages of this QT simulation are as follows.

1. The matrix becomes diagonally dominant as desired with the transient

formulation using small At.
2. A stable simulation is realized even for an abrupt bias change.

3. The multiple solution problems like hysteresis phenomena are naturally

avoided.

5.2.2 Efficiency of QT device simulation

Figure 5.2 compares convergence efficiency of the QT simulation with the
conventional static simulation. Here, the simulations were carried out to
solve the status of Vj,=1.0[V] with the solution of V4,=0.5[V] and V,=0.5[V]
as the initial guess. Details of simulated device are summerized in table 5.1.

The QT result shows shorter calculation time in each iteration of linear
solution than the conventional method. The QT results also show a sta-
ble solution of carrier densities, while the conventional method obtains non-

realistic solution with negative carrier densities, or even can not converge
with MEDICI[5.8].
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Figure 5.2: Comparison of convergence efficiency; solid-line: QT, dashed-
line: conventional, (Vg3s=0.5V, V45:0.5—1.0V)

Table 5.1: Device parameters used in evaluating QT method

Parameter Value
type n-type
gate length 0.6[pm]
gate oxide thickness 8[nm)]
SOI layer thickness 50[nm]
buried oxide thickness 50[nm]

channel impurity density
drain impurity density
drain structure

grid size
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1.0 x 107 [cm~?]
single drain

54x 27 = 1428[grid?]



5.2.3 Device Simulation of Single-Transistor Latch
Phenomena

Figure 5.3 shows simulated I4-V, characteristics of SOI MOSFET comparing
simulation results including and excluding the impact-ionization mechanism
of carrier generation. The gate length is 0.6[um]| and the thickness of the
SOI layer is 50[nm].

In low drain voltage of V4,=0.1[V], the including and the excluding results
show no difference because the electric field at the drain junction is too small
to generate electron-hole pairs by impact ionization.

At higher drain voltage, V4,=1.0[V], the including and the excluding re-

sults show quantitative difference in both the threshold voltage and the sub-
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Figure 5.3: I;-V,, characteristics of n-type SOI MOSFET (Vj, as parameter,
including/excluding I.I. model) (1) ~ (4) are corresponding these in fig.5.5
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threshold swing, and the STL phenomena is observed in the impact-ionization
model. In the positive sweep ( Vs is increased from 0.1[V] to 1.5[V] ), drain
current, /4, increases steeply in the subthreshold region and MOSFET turns
on about Vy,=0.0[V]. In the negative sweep ( V, is decreased from 1.5[V] to
—1.0[V] ), I decreases on the same curve as positive sweep in 'ON’ region
until Vi, is about 0.0[V]. The curve splits, however, below V;=0.0[V] by the
floating body effects. In lower V, region (below —0.1[V]), holes accumu-
lated in the body(base) region turn on the parasitic bipolar transistor and
I; increases as Vj, decreases.

Figure 5.4 shows simulated I;-V,, characteristics at several drain biases.
When Vy;=0.7[V], the STL phenomena was not observed, while the FET is
always in latch-up at Vz=2.0[V].
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Figure 5.4: I;-V,, characteristics of n-type SOI MOSFET (Vs as parameter)
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Figure 5.5 shows the generation and recombination rates in SOI layer at
Vis=1.0[V], increasing Vj, from —0.1[V] to 0.5[V] and then decreasing 0.5[V]

to —0.5[V]. The QT simulation shows robustness in the hysteresis of device

status at the same bias where the multiple solutions are present.
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5.3 Device Structure Dependent Conver-
gence Ability of Matrix Solutions

5.3.1 Problems in iterative linear solutions in device
simulation of SOI MOSFETSs

As mentioned before, device simulation of SOl MOSFET has several hardness
in solutions. One of the problems well-known is that partially-depleted(PD)
SOI devices show less convergence efficiency in the iterative solutions of the
non-linear semiconductor equations by the Newton’s iterative method than
fully-depleted(FD) devices.

Furthermore, we found that PD devices show less convergence efficiency

even in the iterative method of linear solutions( like SOR, CG or CGS

1010
| IO T Y S VY < y SOI(PD; . 110 3
P 2
5
— =
3 e
L1010} 10% ~|7
-~ +
- S|®
g:: =
<
10-20 i 10-10
....... _18x-8x'
20 18x 1-18x’}
10" L . .

0 10 20 30 40 50 60 70 80
Iteration

Figure 5.6: Convergence efficiency of iterative linear solutions by CGS

method (solid line: norm of revision vector of right hand side vector, dashed
line: mazimum quantity of revised data in solution)
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method[5.9] ) than FD devices(fig.5.6).

In this section, we investigate the convergence efficiency of the iterative
linear solutions concerning with device structures, especially with thickness
of SOI layer which determines the device mode, PD or FD.

The iterative method we concentrate in this analysis is the Conjugate-
Gradient Squared(CGS) method. The matrixes and the vectors solved by
iterative solutions are pre-conditioned by the Incomplete Lower and Upper
decomposition(ILU) method, as is often done, Thus, the iterative method

used in this analysis is used to be called the ILU-CGS method.

5.3.2 Convergence efficiency iterative linear solutions
with SOI layer thickness

To evaluate the convergence efficiency of iterative linear solutions, we prepare
several device structure data of SOI MOSFETs which have same gate length
and front- and buried-oxide thickness but have different SOI layer thickness
each other, as illustrated in fig.5.7 and table 5.2.

Then, the convergence efficiency of the iterative linear solutions are eval-
uated for each device by the numbers of the iterations for convergence. The
simulations are carried out for three gate bias conditions of V,,=0.0, 0.1,
—0.1[V]. The drain bias is Vg=0.0[V]. Thus, no drain current flows in the
MOSFET and the Newton’s iterative method requires only 1 iteration for
each of the solutions.

Figure 5.8 shows the convergence efficiency for Vys=0.0[V]. The fastest
convergence was realized in the bulk device. As for SOI devices, the devices
with Tgor=20~40[nm| show similar convergence efficiency, 45 and 50[nm)|
devices show slower convergence and the device with 55[nm| SOI layer never

converge.
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Figure 5.7: Simulated structures of SOI MOSFETs with different SOI layer
thickness

Table 5.2: Device structure data for evaluating the convergence efficiency of
iterative linear solution

Parameter Value

type n-type

gate length 0.3[pm)]
gate oxide thickness 8[nm]
SOI layer thickness 20~70[nm]|
buried oxide thickness 50[nm]
channel impurity density 2.0 x 10Y[cm™?]
drain impurity density 5.0 x 10'7[cm 3]
drain structure single drain

grid size 45x 34 = 1530[grid?]

The convergence efficiency for the gate bias conditions of V,=0.1[V] and
—0.1[V] are shown in fig.5.9 and fig.5.10, respectively. They show similar
dependency of the convergence efficiency on the thickness but critical SOI
layer thickness is different for each bias condition.

Then, it can be claimed that the convergence efficiency depends not on
the device structure nor the matrix features, but on the device status or

feature of the data they contain.
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In fig.5.11, distributions of eigenvalues of preconditioned matrixes by the
ILU method, which are believed fo rule the convergence efficiency of lin-
ear solutions[5.9], for the fast case of Tgp;=25nm and the worse case of
Tsor=50nm. No obvious difference can be seen between two results, but,
as mentioned above, two matrixes showed quite different convergence effi-
ciency in the linear solutions by the CGS method. This also supports the

independence of the efficiency of the matrix features.
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Figure 5.8: Convergence efficiency of linear solutions by CGS method
(V4s=0.0V, Vg,=0.0V)
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Figure 5.9: Convergence efficiency of linear solutions by CGS method
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5.3.3 Data dependent scaling scheme

As proved in the former section, the convergence efficiency of the iterative
linear solutions are deeply dependent on the device status like the potential
and the carrier densities. Here, we propose a scaling scheme for device simu-
lation with data-dependent scaling factors and evaluate the efficiency of the
method.

The data-dependent scaling scheme has a simple strategy of scaling carrier
densities in the basic semiconductor equations (eq.5.1~5.3), by dividing the
concerning elements in the formed matrix by the present carrier density ny
or po(fig.5.12) so that elements in the solution vector are in the same order.
Thus, it can be called 'normalized carrier scaling method’ .

The convergence efficiency was evaluated comparing the normalized car-
rier method with the conventional formulation, for devices of Tsor=60[nm]
and 25[nm|(fig.5.13 and 5.14). For the 60[nm] device, the conventional for-

B . devided by Mo

Figure 5.12: Normalized carrier scaling method
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mulation could not converge the iterative solution, but by the normalized
carrier formulation, the solution was obtained after about 360 iterations. On
the other hand, for the 25[nm] device, both the conventional formulation
and the normalized carrier formulation converged after about 65 iterations
and no difference on convergence efficiency was seen between two formulation
schemes. Then, it can be concluded that the normalized carrier scaling can

realize robustness of linear solutions but can not contribute to efficiencies of

them.
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5.4 Conclusions
Following works were presented in this chapter.

1. A Quasi-Transient formulation for robust and efficient DC analysis
technique for device simulation of thin-film SOI MOSFET was pre-

sented

e Robustness and efficiency of the QT method was proved compar-

ing with conventional formulation of device simulation

e With the QT method, Single-Transistor Latch phenomena with
hysteresis I3-V,s characteristics were successfully simulated in DC

analysis.

e It is expected that simulations of multiple status for the same
bias such as thyristor operations are also simulated using the QT
method.

2. Convergence efficiency of the iterative linear solutions were evaluated

with SOI layer thickness dependency
o Data dependent convergence efficiency was concluded from simu-
lation results and eigenvalue analyses

e A data-dependent scaling scheme for formulation of semiconductor

equations was proposed and demonstrated

e The data-dependent scaling showed robustness in convergence of
thick SOI devices
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Chapter 6

One-Dimensional Analysis of
Subthreshold Characteristics

of SOI-MOSFET Considering
Quantum Mechanical Effects

6.1 Introduction

In chapter 4, we have presented a one-dimensional Poisson equation based
device simulator for subthreshold analysis of SOI MOSFETs. It was revealed
that the one-dimensional simulation is an efficient method for extracting
the structural device parameters of SOI MOSFETs by fitting the simulated
results with measured data.

On the other hand, it is often mentioned that quantum mechanical con-
siderations are necessary for calculating accurate electron distribution in thin
electron inversion layers or in thin SOI layers [6.1].

In this chapter, a self-consistent solver of the Poisson and the Schrédinger
equations are implemented in the one-dimensional SOI MOSFET subthresh-

old device simulator. Mobility models are also modified so that the two-
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dimensionally quantized transport phenomena are described in the quantized

subband structures.

6.2 Quantum Mechanical Formulations

6.2.1 Two-dimensional electron calculation with self-
consistent Schrodinger and Poisson equations

For the quantum-mechanical modeling of the two-dimensionally quantized
electron inversion layer, we adopt a self-consistent method of Stern[6.2]’s

with the Poisson equation(eq.6.1) and the Schrodinger equation(eq.6.2).

c% {ed—dg; (x)} = —g{Na - n(z)} (6.1)
h2 d2 k k 1k
(-t + 0(0) | #1(0) = B 6.2

Here, N, is the ionized impurity density in the SOI layer and n; is the
intrinsic carrier density in bulk silicon.

In the Schrédinger equation, k denotes either lower(l) or higher(h) sub-
band valleys in the inversion layer on a [100] surface of silicon(fig.6.1), and
i denotes the subband index. ¢¥(z) is the electron wave function and Ef is
the energy level of ith subband of valley k, where ¢¥(z) is the eigenfunction
which concerns with the eigenvalue Ef of the equation. The lower valley, [,
has the longitudinal electron mass, m!, and the degeneracy of nl=2, and the
higher valley, h, has the transversal electron mass, m” and the degeneracy of
nP=4(fig.6.1). These physical parameters are summarized in table 6.1.

In the Stern’s method, the Poisson and the Schrddinger equations are
solved alternatively, giving the inputs for the other in each calculation. The

inputs for the Schrédinger equation are potential distributions, ¢(z), which
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Figure 6.1: Schematic valley structure for 3-D and 2-D electron valleys

are the solutions of the Poisson equation. The inputs for the Poisson equation
are the carrier distributions, which are calculated by eq.(6.3) and (6.4) with
the subband structure, ¢¥(z) and EF, given by the Schrédinger equation.

n(@) = 3 2 NF-1gi @) (6.3)
k=lh i
k., ook k
v Tyomg - kT Er — E;
N} = — log [l—i—exp (—————kT (6.4)

Here, mk is the density-of-state mass for valley k. Ep is the Fermi energy in
the SOI layer.

Figure 6.2 shows an example of the quantum mechanical result of subban.d
diagfams in an SOI layer with the electron distribution functions, |¢¥(z)|?,
for the lowest three subband levels of each valley.

In fig.6.3, shown are distributions of the electric potential and the electron
density in the SOI layer for both classical and quantum-mechanical simula-
tions, for a bias condition of Vpg=0.0[V] and V,,=0.2[V]. In this case, the
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Table 6.1: Physical parameters used in Schrédinger equation

Parameter Description Value
k Boltzmann constant 1.38 x 1072 [J/K]
h Plank constant/(2) 1.05 x 10734 [Jg]
q unit charge of electron 1.6 x 1071 [C]
mo free-electron mass 9.11 x 1073 [kg]
m! longitudinal electron mass 0.98 mg
mh transversal electron mass 0.19 mq
mh DOS mass for lower valley 0.98 mg (=my)
mh DOS mass for higher valley 0.417 myg (=y/mumy)
ml, conduction mass for lower valley  0.19 mq (=my)
mh conduction mass for lower valley  0.315 mq (=mymy/(mq + mp))
nk valley degeneracy of lower valley 2
nh valley degeneracy of higher valley 4

structural device parameters which are used in the simulations are follow-
ing; channel doping density, N4=1.5x10"[cm ™3], thickness of gate oxide,
Ttox=T[nm], SOI layer, Tsor=30[nm], and buried oxide, Tpo;=80[nm|, which
are ’designed’ parameters of our real devices.

It is notable that the classical simulation gives the maximum of the elec-
tron density at the front gate-oxide interface, while the quantum-mechanical
result shows zero at the interface. Figure 6.3 also shows a slight difference in

the electric potential distributions.

82




250

200t
%
£ 150}
.g .
5 VA L E"
8 HAAe T
g 100
E/!
h
50 | I Ey
": X 'l \ “\\ Eol
0 ‘\ / \~ \\

<—— SOI-Layer——>

Front Interface Back Interface

Figure 6.2: 2-D subband diagrams and electron wave functions in SOI layer
by quantum mechanical simulation

10

0.25
- 80 b 7 oo
hg ll "/
—‘a "l I’,,
= 6.0 | .’ 4 0.35
g2 A 3
\ s =
g ‘\ l" .E
ﬁ 40 1040 3
(=] ‘\ l’ (=)
g ' -
) - --- Classical
2 50 lF A 1045
g 20 . — Quantum
0® > 0.50
<——— SOI-Layer——>
Front Interface Back Interface

Figure 6.3: Simulated potential and electron distribution in SOI layer
(Vos=0.0V, V,;s=0.2V; solid-line: quantum mechanical, dotted-line: classical)
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6.2.2 Quantum mechanical mobility modeling in two-
dimensionally quantized electron layer

Quantum-mechanical considerations are also required for modeling of the
electron mobility. To calculate the electron mobility from the quantum-
mechanically obtained subband structures, two kind of approaches have been
studied generally. One is the Monte Carlo simulation method[6.3][6.4], and
the other is the relaxation time approximation[6.5] [6.6][6.7][6.8][6.9][6.10].

The Monte Carlo method needs much computational time to simulate
each transport and scattering events for a lot of carriers under consideration.
Carrier statistics are calculated after some time steps of simulations and
current or other device conditions are obtained. The Monte Carlo simulation
is suitable, for example, for the high energy carrier transport phenomena,
where the thermal-equiliblium considerations are no more applicable.

In the relaxation time approximation, the mobility is derived directly
from the subband structures and less computational time is required.

In this analysis, the relaxation time approximation is adopted and fol-
lowing intravalley phonon scattering, intervalley phonon scattering, ionized
impurity scattering and surface roughness scattering are taken into consid-

eration for the relaxation time calculation.

Relaxation time approximation

In the relaxation time approximation, the electron mobility of ith subband
of valley k is calculated with the expectation of the' momentum relaxation

time over electron energy, F, as following formula[6.9].

ukb = -n% [/M(E - Ef)fg(E)Q{é%f—)dE] + [/w(E - Ef)%%)-dE (6.5)

E; i
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Here, 77(E) is the momentum relaxation time for electrons with energy F in

ith subband of valley k. m! is the conductivity mass for valley k(tbl. 6.2).
f(E) is the Fermi-Dirac distribution function.

The momentum relaxation time, 7(E), is formulated as:
S S S S
THE)  Tach(B)  mop(B)  Tik(E)  Thpu(E)

Tack(E), T p(E), 734 (E) and 7ip ((E) are the momentum relaxation time

(6.6)

for the intravalley phonon scattering, the intervalley phonon scattering, the
ionized impurity scattering and the surface roughness scattering, respectively.

Those scattering models are described in following sections.

Intravalley phonon scattering

The intravalley phonon scattering rate for electrons in ith subband of valley

k to jth subband of the same valley is modeled as eq.(6.7).

1 kmb (DEPRT 1
T (E) B p-sd WE (6.7)
-1
Wi = U {#(2)}*{¢}(2)}dz (6.8)

Here, n*_ is the valley degeneracy(nl =2 and nl',=4), D, is the deformation
potential of acoustic phonon, p is the mass density of crystalline silicon and
sy is the longit.udinal sound velocity in crystalline silicon. Wz’“j represents the
subband interaction between ith and jth subbands. Then, W, is interpretéd
as the effective electron layer thickness of ith subband of valley .
The total intravalley phonon scattering rate for electrons in sth subband
of valley k is calculated with following summation.
1 . u(E — E;)
Tgc,k(E) - J T;cj,k(E)

(6.9)
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Here, u(z) is the step function as:
_ ] 1 (z>=0)
u(z) = { 0 (z<0) (6.10)

Intervalley phonon scattering

As shown in fig.6.4, the intervalley phonon scattering processes have two
types of f and g, and different degeneracies for each valley and each type.

For the electrons in a lower valley, I, only f-type intervalley phonon scat-
terings to higher valleys are allowed and the degeneracy is nlf_ﬁh=4. The
scattering rate for the electrons in th subband of a lower valley to jth sub-
band of higher valleys is modeled as eq.(6.11)[6.9].

1 onlamb (DR 1 (s 11
TE T heE T VE 73
1 - f(EFEL) Pk
e u(E F EJ, — ET) (6.11)
-1
Vi = | [1@P (@) ) (612
<>/ higher valley —_____
lower valley
g"é\ \ “\g-type
o OO
( o f-tk /

from lower valley from higher valley

Figure 6.4: Inter valley scattering processes
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Here, szn is the deformation potential and E{; is the energy of f-type inter-
valley phonon, respectively. X/ifj represents the subband interaction between
ith subband of a lower valley and jth subband of a higher valley. N(E) is
the Bose-Einstein distribution function. + and — correspond to the phonon
emission and absorption.

Finally, the total intervalley phonon scattering rate for electrons in ith
subband of a lower valley is calculated with following summation.

1 1

T'iin,l(E) B ;Tz'i;i{l—ah(E)

(6.13)

For electrons in a higher valley, f-type scattering to higher and lower val-
leys and g-type scattering to a higher valley are allowed and the degeneracies
are n}_,=2, n}_,=2 and ny_,=1. The scattering rate for electrons in ith
subband of a higher valley to jth subband of other higher valleys is modeled
as eq.(6.14), considering both f- and g-type intervalley phonons.

f f
T T e (Ve +3)
! _1f_(Ef(¢E§%) x u(E ¥ Ef, — E})
+ ”’g‘—*’%'.’:% Eng ) M}i’}j : <N (E}) + % + %)
1- ffi&‘;ﬁ") x u(E ¥ BY, — ) (6.14)
Wy = [[ieereayra (6,19

Here, D{, is the deformation potential and Ej, is the energy of g-type inter-
valley phonon, respectively. Wil,j represents the subband interaction between

1th subband of a higher valley and jth subband of a higher valley.
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Table 6.2: Physical parameters used in intra- and inter-valley phonon scat-
tering models

Parameter Description Value
2 crystal density of Si 2329 [kg/m3]
8y sound velocity in Si 9037 [m/s]
D, deformation potential of acoustic phonon 9.0 [eV]

Di, def. pot. of f-type intervalley phonon 8.0 [x10%eV /cm]
Di, def. pot. of g-type intervalley phonon 8.0 [x10%eV /cm]
Ef energy of f-type intervalley phonon 59.0 [meV]
E}. energy of g-type intervalley phonon 63.0 [meV]

The scattering rate for electrons in ith subband of a higher valley to jth

subband of lower valleys is modeled as eq.(6.16).

1 homh (DL L (g 4L
- = = n._ . ___ . (N Ei’n + -4 _)
Timhst(E) h-p- E{; VZZ (Bn) 272
1-f(E T E}) PR
~ 1 (E) x w(E F Ej, — EY) (6.16)
-1
Wy = [[@re) el (6.17
Here, V. represents the subband interaction between sth subband of a higher

valley and jth subband of a lower valley.

The physical parameters for the intervalley scattering are described in
table 6.2 following Yamada’s work[6.11].

Then, the total intervalley phonon scattering rate for electrons in sth

subband of a higher valley is calculated with following summation.

1 1 1
Ta(E) Z(W‘ (E)J“Tz',a' (E)) (6.18)

g in,h—h in,h—1
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Ionized impurity scattering

The scattering rate by the ionized impurity is modeled as eq.(6.19), being
independent to the valley, the subband level and the electron energy|6.5].

11 G-¢*7’N,

y(E) 1 22h-kT

(6.19)

G is the multiplication factor for accounting the screening effects and IV, is
the ionized impurity density in the channel region.
Surface roughness scattering

The rate of surface roughness scattering is modeled as follows[6.5].

]. L262h . m’g . 36 . —k2L2/2
T.%‘R,k 16 . (mk>2 . WJG

Wi = [ [ty (6:21)

Here, 6 is the mean-square height of the deviation of the surface and L is

x [I(k?L%.2) = (k2 L2.2)] (6.20)

the lateral scale length of the fluctuation. k is the wave number of electron
calculated as k = \/ omki(E — E¥)/R%. Iy and I are the Oth and 1st order
Bessel functions of the first kind. WF is the effective electron layer thickness
of 7th subband of valley k.

The physical parameters for the surface roughness scattering are chosen
following Fischetti’s work[6.4](tbl.6.3).

Table 6.3: Physical parameters used in surface roughness scattering model

Parameter Description Value
6 mean-square height of the deviation  0.48 [nm]
L lateral scale length of the fluctuation 1.3nm [nm]
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6.2.3 Drain current modeling in quantum mechanical
analysis

As the same way as the classical analysis, the drain current, Iy, is calculated
with the diffusion current component. The current is calculated for each
subband level, 4, of each valley, k, as:

e WV KT e
I = I g M N; (6.22)

Then, the total drain current is calculated with the summation of them as:
L= Y1If (6.23)
k=lh i
In the quantum-mechanical model, the electron mobility is determined for
each subband of each valley as described above. Here, we define the effective
mobility for the quantum-mechanical model to evaluate the relation between
the total sheet density of electrons and the drain current.
The effective mobility, peyy, is formulated as the average of each subband’s

mobility weighted with the subband’s electron population as:

1
Hets = 77 2 2 NEu (6.24)
I k=t,h i
where
Ny = Y 3 N (6.25)
k=il,h 1

Here, N represents the total sheet density of electrons in the SOI layer.

Then, the drain current can be summarized as eq.(6.26) with the effective
mobility and the sheet density of electrons, which is the same form as the
classical modeling of eq.(4.10).

qW kT '
=2 . s N 6.26
Iy I g Heff = INT (6.26)
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6.3 Mobility Evaluation of Quantum Me-
chanical Model

6.3.1 Back-bias dependent mobility characteristics

In fig.6.5, calculated back-bias(V;s) dependent effective mobility character-
istics are shown for the inversion electron density of N;=10cm™2, by the
quantum-mechanical modeling( Quantum), the classical modeling(Classical)

and the classical mobility model with the quantum-mechanical electron dis-

tribution(Q+C).

500 Y y . r
Q+C —_—""—-_~~~“
450 F
NE Quantum .
5 400 .
= | - .
O
- -(-Jlassical
350 f
300 1 L L L
-6 -4 -2 2 4 6

0
VBs [V]

Figure 6.5: pess-Vas characteristics of SOl MOSFET (N;=10%cm™2); solid
line: quantum-mechanical, dotted-line: classical, dashed-line: classical with
QM electron dist. (L=W=100 pm)
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In low Vj, region, low p.y; values are obtained by the vertical field effects
or by the two-dimensionally quantized effects for electrons, with high electric
field in the SOI layer because the electric potential at the back interface
of the SOI layer and the buried oxide layer is lowered by the back-bias.
In contrast, in high Vi, region, u.rs characteristics are also lowered as the
bias increases. This is because the current conduction occurs near the back
interace of the SOI layer with high Vj, bias. Then, as Vj; gets higher, the
vertical field effects in the SOI layer is also enhanced and results in the low
conductivity. At about V;,,=2.5V, the effect from vertical electric field on the
electron mobility is smallest and simultaneously, the conduction stage moves
to the back interface from the front interface.

Comparing the @Q+C results with others, the vertical field effects are not
so obviously seen in @+C simulation models, because as shown in fig.6.3 the
electron distributions show quite different aspects especially at the interface
where the vertical electric field affects most significantly to the mobility in
the classical model. The classical results show very similar cha,racteristicsk
with the complete quantum-mechanical results. The quantitative difference
between the quantum-mechanical and the classical mobilities are not dis-
cussed deeply here, because the difference of drain current by 20%~30% is
easily resulted from the difference of V}; of only about 10mV in subthreshold

analysis.

6.3.2 Mobility calculation for SOI and bulk MOSFET

In fig.6.6, mobility characteristics with sheet electron density, Ny, are shown
comparing SOI and bulk results. The SOI results show higher mobilities by
about 50 [cm?/V/s] than bulk results over the whole density range.

Figure 6.7 compares electron distribution in the channel of SOI and bulk
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Figure 6.6: pz¢-N; characteristics of SOI and bulk MOSFET solid line: SOI
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Figure 6.7: Electron distribution in channel(SOI) layer; Ny=>5.0 x 10* [cm 2]
solid line: SOI MOSFET, dashed-line: bulk MOSFET
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MOSFET for N;=5.0x10"{cm™2]. It shows significant difference of gradients
of the electron distribution between SOI and bulk. The electron distribution
represents the potential distribution, thus, higher electric field presents in
the channel region of bulk MOSFET and results in the lower mobilities.

6.4 Device Parameter Estimation by Quan-
tum Mechanical Models

6.4.1 Parameter fitting results

0.6 T T Ll Ly

04}
0.2 | w\

Quantum ——
Classical = ««were-
06r Measured o

VBs [v]

Figure 6.8: V;,-Vjs characteristics of n-type SOI MOSFET; solid line: quan-
tum mechanical, dashed-line: classical, points: measured (L=W =100 pm)
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Table 6.4: Estimated device parameters of SOl MOSFET

designed | quantum | classical
Ny 10Yecm 3] — 2.24 2.36
Tioy [nm 7 5.80 6.43
Tgo_r nm 30 43.3 41.3
Thoe [nm 80 69.3 70.7

Device parameter estimation was demonstrated using the one-dimensional
simulation with the quantum-mechanical model. With as same way as pre-
sented in sec.4.3.3, the simulated V;,-Vjs characteristics curve was fitted with
the measured data by tuning the device parameters. The fitted parameters
were also the channel dopant density, N4, the thickness of gate oxide, Tyoq,
the thickness of SOI layer, Tsor, and the thickness of buried oxide, Ty
Figure 6.8 shows the V;,-Vjs curve fitted with the quantum-mechanical
In table

6.4, designed and fitted device parameters are described, along also with the

model, along with the classical results and the measured data.

classical results and the designed values.

Comparing the quantum-mechanical results with the classical results,
the thickness of silicon layer, Tsor, is estimated thicker by the quantum-
mechanical analysis while the thickness of oxide, Ty, and Ther, are estimated
thinner by the quantum-mechanical analysis.

These results can be explained as follows; the electron distribution ob-
tained from the classical analysis gives the maximum at the oxide interface
but the real electron distribution shows the maximum at a little deep from the
interface. Then, it can be said that so-called effective thickness[6.13][6.14]
of the thinner silicon layer and the thicker oxide layers from the classical

analysis, as illustrated in fig.6.9.
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Figure 6.9: Difference of estimated device parameters from quantum-
mechanical and classical analysis by the electron distribution aspects

The total sheet densities of the ionized impurity in the SOI layer, which
are calculated as Ny xTsor, are 9.69x 10* [cm~2] for the quantum-mechanical
model and 9.73 x 10" [cm~?] for the classical model. This results also support

the effectively reduced thickness of the SOI layer by the classical analysis.

6.4.2 Effects of parameter fluctuation

For the four device parameters estimated above, the effects of the fluctua-

tion of each parameter on the threshold characteristics are evaluated. Figure
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6.10~6.13 show the simulated results of Vi,-Vjs characteristics using the de-
vice parameters one of which is modified by +10% from the estimated value
by the curve fitting.

In fig.6.10, relusts by the fluctuation of the gate oxide are shown. When
Vis is lower than about 2[V], Vi, changes as described in basic MOS texts.
When Vjs is higher than 2[V], this is the back-channel conduction case, the
change of V4, is very small, because the gate bias acts as the substrate bias
in the normal conduction.

In fig.6.11, relusts by the fluctuation of the SOI layer thickness are shown.
In the middle of the Vj, range, Vi, gets higher as the SOI layer gets thicker.
This can be explained as follows; the series capacitance of the gate oxide,
the SOI layer and the buried oxide gets bigger as the SOI layer gets thicker,
then the ratio of the series capacitance and the gate capacitance gets bigger,
resulting in the higher V3. When Vj, is lower than about —3[V], the curves
cross each other. This is because the back interface is almost accumulated
with such deep back biases, so that the potential of the back interface is‘
almost fixed, and then, the influence of the back bias is cancelled with the
weak coupling of the front and back interface of thicker SOI devices.

Figure 6.12 shows relusts by the fluctuation of the buried oxide. In con-
trast to the front gate fluctuation results, the changes of V};, are significant in
higher back bias conditions. This can also explained by basic MOS theories
assuming the back-channel conduction with the buried oxide as the control
géLte oxide and the roles of Vj;, and Vj, are exchanged.

In fig.6.13, relusts by the fluctuation of the accepter density are shown.

With denser accepter, higher Vj; characteristics are obtained.
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Figure 6.10: Fluctuation of Vj-Vps characteristics by T, modulation
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Figure 6.11: Fluctuation of V4-V;, characteristics by T'so; modulation
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Figure 6.12: Fluctuation of Vi-Vjs characteristics by Thor modulation
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6.4.3 Device-dimensional scaling and quantum me-
chanical effects

In fig.6.14, device parameters of the quantum mechanical model are compared
with the classical model for scaled devices. The analyses were carried out in
the following procedure.

Firstly, the scaled-down device parameters were assumed obeying the
general scaling law([6.15], so that V-V, characteristics were calculated by
the quantum mechanical model. In the next, the device parameter estimation
was performed with the classical model, by fitting the classically calculated
characteristics with the quantum mechanical results. From the fitting results,

the differences can be evaluated between the quantum-mechanically and the

100

10

1.0

Classical parameter [nm]

0.1 1.0 10 100

Quantum parameter [nm]

Figure 6.14: Comparing the scaled parameters given to the quantum me-
chanical simulation with the classically estimated device parameters
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classically estimated device parameters for the same Vj,-Vjs characteristics
as shown in fig.6.14.

When Tso; is less than about 5 nm or T, is less than about 1 nm, the
classically estimated device parameters show much differences from those
of the quantum mechanical simulations. Then, the necessity of quantum
mechanical considerations are concluded especially in analysis of thin film
devices like short-channel SOI MOSFETs.
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6.5 Conclusion
Following works were presented in this chapter.

1. A one-dimensional numerical method for analysis of subthreshold
characteristics of SOI MOSFETs was presented considering the two-
dimensional quantization effects for electrons by a self-consistent

scheme of the Poisson and the Schrédinger equations.

2. The electron transport is also modeled quantum-mechanically with the
relaxation time approximation for the electron mobility model in the

two-dimensionally quantized electron inversion layers.

3. Using the simulator, the device parameters of the SOI multi-layer struc-
ture of real SOI MOSFETs were estimated by fitting the simulated

Vin-Vhs characteristics with the measured data.

4. Device parameter estimation was also performed with scaling down
the device in-depth dimensions, proving the necessity of quantum me-
chanical considerations especially in analysis of devices with thin film

regions.
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Chapter 7

Conclusion

In this dissertation, evaluation and design methodologies for integrated semi-
conductor devices were discussed by means of both analytical and numerical
simulation. Also, numerical simulation methods themselves were investigated
for realizing efficient analyses.

Activities which had been studied in this dissertation is summarized as

follows;

Chapter 1 and 2. An evaluation method of power and energy consumption
of CMOS circuits was presented using circuit simulation of a inverter

circuit with physics-based analytical models.

Device parameter optimization of MOSFETSs was demonstrated for low
power and low energy optima with the evaluation method, to minimize
energy consumption during a switching or to minimize the gate delay

time under restricted chip power.

The trends of the optimum device parameters and the optimum supply
voltage with the scaling of the channel length were shown for these

optimization criteria. It was concluded that the essential scaling mer-
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its of the channel length of MOSFETs were the speed and the area

advantages, not the energy and power advantages.

Chapter 3 and 4. A one-dimensional numerical simulation method of SOI

MOSFETSs for modeling the subthreshold characteristics was presented.

Device structural parameters of SOI MOSFETs were estimated by
curve fitting of the measured and the simulated V;;-Vis characteristics

using the subthreshold simulator.

The property of the curve fitting results with the steepest descent
method was also proved by eigenvalue analysis of the Jacobian ma-

trixes of the error function in the device parameter space.

Chapter 5. A stable and efficient scheme for two- and three-dimensional
numerical simulation for SOI MOSFETs was presented with a Quasi-
Transient formulation of device formulae for static simulation. The
Single-Transistor Latch phenomena were successfully reproduced with
the QT method.

Solution problems of iterative methods in linear matrix calculations
in SOI simulation were investigated, with the device structural depen-
dence. A data-dependent scaling criterion was presented and demon-

strated as a efficient formulation scheme for linear matrix construction.

Chapter 6. Quantum-mechanical considerations for thin-film SOI devices
" were introduced to the one-dimensional simulator presented above. The
electron mobility was also modeled quantum-mechanically by the re-

laxation time approximation.

The parameter fitting was also demonstrated and showed different fit-

ting results than the classical results.
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Device parameter estimation was also performed with scaling down
the device in-depth dimensions, proving the necessity of quantum me-
chanical considerations especially in analysis of devices with thin film

regions.

In fig.7.1, the positions of the studies which were discussed in this dis-
sertation are illustrated as the components of computer-aided device design
technologies, for the complete view of this dissertation.

As the conclusion of this dissertation, it can be concluded that following

subjects had been made clear through this dissertation.

e Effectiveness of optimum design of device parameters of integrated

Computer-Aided
Device Design
: - . Evaluation
Optimum device design Extraction
1\ Optimization
Simulation I. Circuit-based analysis

Techniques | ;1 pevice-based analysis <— 1-D SOI simulation

7\
T——w- Efficient analysis scheme

III. QT method / MTX efficiency

—— Small-geometry / future device

IV. Quantum-mechanical modeling

Figure 7.1: Complete view of this work
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semiconductor devices for low-power VLSIs

The trend and the essential merits on scaling of device feature size and

device parameters

Efficient numerical schemes for simulation-based evaluation and design

of semiconductor devices

Effectiveness of one-dimensional numerical analysis in extracting device

parameters from measured characteristics

Numerical schemes for stability and efficiency of two- and three-

dimensional SOI device simulation

Necessity of the quantum-mechanical considerations of electron inver-

sion layers in analysis of thin-film SOI devices
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