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Abstract (English)

his thesis consists of two research topics: the suppression of 16-nm MOSFET Char-
acteristic fluctuation.and’design optimization'of TFI-LCD amorphous silicon gate
(ASG) driver circuit, Theabstract-of each study is organized as follows.
PART A :

As the minimum feature size of metal-oxide-semiconductor field effect transistor (MOS-
FET) has been rapidly scaled down, characteristic.variability becomes a major challenge to
device technologies and crueial for circuit design. The random dopant fluctuation (RDF)
has shown as the major source of variation. Itis-stringent to examine the device-variability
induced characteristic fluctuations of analog circuit and suppression of RD-induced thresh-
old voltage (V};,) fluctuation is urgent for 16-nm device technologies. In this part, we for
the first time explore the dual materials gate (DMG) and inverse DMG (inDMG) devices
for suppressing RDF-induced DC characteristics fluctuation in 16-nm MOSFET devices.

However, the same phenomenon can not enjoy the advantage in AC characteristics of DMG



device because the capacitance of depletion region is affected by doping distribution of
channel region and effective oxide thickness. Then, we further explore the asymmetric
sketch of random dopants distribution near the source end and the drain end in 16 nm
MOSFETs. Discrete dopants near the source and drain ends of channel region induce
rather different fluctuations in gate capacitance and dynamic characteristics. Based upon
the observed asymmetry properties, a lateral asymmetry channel doping profile engineer-
ing is then proposed to suppress the random-dopant-induced characteristic fluctuations in
the examined devices and circuits. Thearésults of this study indicate the fluctuations of
threshold voltage (V};,), on-current (/,,,); transconductance (g,,), intrinsic output resistance
(r,), gate capacitance (C,), circuit gain,-3dB bandwidth, and unity-gain bandwidth for the
cases with dopants near the'drainyside could be simultaneously reduced by 33.4%, 32.8%,
11.9%, 80.6%, 68.8%, 31.2%, 37.6% and 47%,tespectively. Consequently, such lateral
asymmetry channel doping‘profile could be considered todesign intrinsic parameter fluc-
tuation resistant transistors.
PART B :

Recently, a-Si:H thin film transistor liquid-crystal display (a-Si:H TFT-LCD) has been
widely used in display system of mobile phone. For TFT-LCD panel manufacturing, gate

driver circuit with hydrogenated amorphous silicon thin-film transistor (TFT-ASG circuit)

vi



plays an important role. Unfortunately, to meet specified display performances of prod-
uct, such as low power display system, high dynamic characteristics, and so on, system
designers have to manually and iteratively adjust the designing parameters of the a-Si:H
TFT-ASG driver circuit, which make the design of a-Si:H TFT-ASG driver circuit system
complicated and time-consuming. In this part, we propose two different ASG driver circuit
topologies to improve circuits’ dynamic characteristics. The optimization work is con-
ducted by the adopted simulation-based evolutionary method integrating genetic algorithm
and circuit simulator on the unified optimization framework. The first circuit consisting
of fourteen hydrogenated. amorphous silicon TFTs (a=Si:H TFTs) used in a large panel is
optimized for the specifications-of the rise time < 1.5 us, the fall time < 1.5 ps and the
ripple voltage < 3 Viwith the- minimization of total layout area. The second one with eight
a-Si:H TFTs and twe capacitors used in a display panel of mobile.phone is optimized with
the further condition that power dissipation < 2mW. By optimizing the devices’ width and
passive components, the optimized results of this study sucecessfully meet the desired spec-
ifications, where the sensitivity analysis+is-conducted to verify the characteristic variation
with respect to the optimized parameters. To validate the results, the optimized circuits are
fabricated in standard 4-pm a-Si:H TFT technology and the experimental results confirm

the practicability of achieved design. The ripple voltage of 1.9 V is successfully obtained

Vil



while the rise and fall times satisfying the required specifications for the first circuit’s fab-
ricated sample. A 35% reduction of the optimized total devices width of a-Si:H TFTs is
also achieved. For the second circuit, the 49% improvement of ripple voltage and 36%
reduction of circuit area are obtained from fabricated sample.

In summary, we have studied two important issues for advance semiconductor and
current photonics industries. The results of these studies may benefit 16-nm MOSFET

technologies and TFT-LCD circuit design.

viil
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Chapter 1

Introduction

1.1 Suppression of 16-nm MOSFET Characteristic Fluc-

tuation

In this section, we brief the motivation, literature review and the study of the suppression

of 16-nm MOSFET characteristie fluctuation.

1.1.1 Motivation

The mobile-handset market continues to be a dynamic and growing one, enabled by
technology advances that include increased bandwidth, greater processing performance,

increased power efficiency, and improved display technologies to deliver compelling user
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experiences. As for multi-Gb/s wireless communications which allocated in the unlicensed
spectrum around 60 GHz have been the topic of intense research in the recent past and de-
vices are expected to hit the market shortly. Key aspects behind the increasing interest for
technology deployment are the feasibility of the radio in scaled CMOS and the successful
demonstration of Gb/s transmissions.

Although the scaling of Complementary metal-oxide-semiconductor (CMOS) devices
feature size offer the possibility of operation beyond 100 GHz where new applications are
envisioned in the near future, including imaging and spectroscopy systems for scientific,
medical, space, and industrial applications at low cost, lightiweight and easy assembly
[1]. The physical gate length.of metal-oxide-semiconductor field effect transistors (MOS-
FETs) roll-off follows the International Technology Roadmap for Semiconductors (ITRS),
as shown in Fig. 1.1. However, as the dimension.of CMOS devices shrunk.into sub-65 nm,
double-digit channel dopants make transistor behaviors more complicated to be character-
ized with conventional ’contindum modeling”. Random nature of discrete dopant distribu-
tion results in significantly random fluctuations; such-as the'deviation of threshold voltage
(Vin), drive current mismatch, dynamic characteristic fluctuations, and so on. The mod-
ern scaled-down devices and characteristics mismatches make maintaining an acceptable

dynamic characteristic in analog circuit becomes more challenging.
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Figure 1.1: The continuously scaling of physical gate length with years
from ITRS Roadmap.2007[2]: The physical gate length is
decreased from 32 nm to 16 nm during year 2007 to 2013.
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1.1.2 Literature Review

Silicon-based devices are scaled down continually in order to increase density and speed.
The gate lengths of scaled metal-oxide-semiconductor field effect transistors (MOSFETS)
have been the sub-30 nm for 45 nm node high-performance circuit design [3]. Moreover,
the devices with sub-10-nm-gate lengths have been currently investigated [4-7]. For the
radio-frequency/mixed-signal applications i mobile phone, a cutoff frequency higher than
200 GHz have been also reported. [8;9].-In device point of view, dual.material gate (DMG)
and lateral asymmetric channel (LAC) were recently proposed.to improve device and dy-
namic performance sequentially [10]. ~Yield analysis and optimizationy“which take into
account the manufacturing tolerances, model uncertainties, variations in the process pa-
rameters, etc., are known as‘indispensablé components.ofithe.circuit'design methodology
[11-15]. However, attention is‘seldom drawn to the existence of dynamic characteristic
fluctuations of active device due to fandom dopant placement. With geometries of MOS-
FET shrink, the intrinsic device parameter variations such as line edge roughness [16],
the granularity of the polysilicon gate [17,18], random discrete dopants [19-38] effects
have brought significant impacts on device characteristic fluctuations; and it is imperative
to model and mitigate them in silicon technology. Furthermore, various randomness ef-

fects resulting from the random nature of manufacturing process, such as ion implantation,
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diffusion, and thermal annealing, have induced significant fluctuations of electrical charac-
teristics in nanometer scale (nanoscale) MOSFETs. The number of dopants is of the order
of tens in the depletion region of a nanoscale MOSFET, whose influence on device charac-
teristic is large enough to be distinct [19].

Various random dopant effects have been recently studied in both experimental and the-
oretical approaches [19-38]. Fluctuations of characteristics are caused not only by a varia-
tion in an average doping density, which is associated with a fluctuation in the number of
impurities, but also with a particular random distribution of impurities in the channel re-
gion. Diverse approaches have fecently been reported to study fluctuation-related issues in
semiconductor devices [19-36] and-digital integrated circuit [37-41]. Unfortunately, these
studies are mostly focused on the fluctuations of threshold.voltage and DC characteristics.
However, the investigation of RDF on gate capacitance as well as.dynamic characteristics
due to random dopant placementis still not clear for nanoscale MOSFET circuit. Dynamic
characteristic fluctuations of,the nanoscale transistor circuit induced by random dopants

and the effectiveness of fluctuation:suppression technique are thus intensively explored.

1.1.3 The Study of This Part

In this thesis, an experimental validated three-dimensional (3D) “atomistic” coupled

device-circuit simulation approach will be employed to analyze the discrete-dopant-induced
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gate capacitance dynamic characteristic fluctuations for the tested 16 nm MOSFET and
analog circuits, concurrently capturing ’dopant concentration variation” and “dopant po-
sition fluctuation”. Not only current mirror circuit but also common source amplifier had
been investigated in this work. The statistically generated large-scale doping profiles are
similar to the physical process of ion implantation and thermal annealing [39]. Based on
the statistically (totally randomly) generated large-scale doping profiles, device simulation
is performed by solving a set of 3D drift-diffusion equations with quantum corrections by
the density gradient method, which is cenducted using a parallel computing system [39-
45]. In estimation of the characteristics variations in circuit, for obtaining more physical
insight device and pursuing higher accuracy, a coupled device-circuit simulation with dis-
crete dopant distribution is‘conducted to examine the associated behavior of circuit, which
concurrently considers the discrete-dopant-number- and discrete- dopant-position-induced
fluctuations. Notably, the statistically sound analyzing methodology was quantitatively ver-
ified with the experimentally measured data of 20 nm CMOS for.the best accuracy [27].
We are then proposed the DMG andinverse DMG-deévices for suppressing RDF-induced
DC characteristics fluctuation in 16-nm MOSFET devices. The physical mechanism of
DMG devices to suppress RDF-induced DC characteristics fluctuation are investigated and
discussed. Then based upon the asymmetric sketch of the random dopants distribution near

the source end and the drain end, it is found that discrete dopants near the source and drain



1.1 : Suppression of 16-nm MOSFET Characteristic Fluctuation 7

ends of channel region induce rather different fluctuations in gate capacitance and dynamic
characteristics. This asymmetry property is utilized to design a lateral asymmetry chan-
nel doping profile for the reduction of random-dopant-induced characteristic fluctuations.
Consequently, fluctuations of DC characteristics, average gate capacitance, circuit gain,
3dB bandwidth, and unity-gain bandwidth for the devices with dopants near the drain side
are significantly reduced. The lateral asymmetry channel doping profile could be consid-
ered to design intrinsic parameter fluctuation resistant transistors. The function-dependent
and circuit-topology- dependent eharacteristic fluctuations resulted from random nature of

discrete dopants are thus«for the first time discussed in'this thesis.
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1.2 Design Optimization of TFT-LCD ASG Driver Circuit

In this section, the introduction to this study of design optimization of TFT-LCD ASG

driver circuit is stated briefly.

1.2.1 Motivation

Hydrogenated amorphous silicon thin film transistors (a-Si:H TFT) are famous for their
uniform and low-cost process. Such characteristics have attracted more attention in various
applications such as active-matrix organic light-emitting diode (AMOLED) pixels, sen-
sor amplifier, oscillator and gate driver.~Furthermore, using the technology of integrated
a-Si TFT gate driver on medium.and large size TFI-LCD has becomerthe main stream
to reduce the cost of manufacturing. The reason'is_that the gate IC’s and display panel
are fabricated individually and combined each-other. by bonding process of conventional
design, as shown in Fig. 1.2. However, the bonding process may.fesults in mechanical re-
liability problem. Therefore, the integrated Circuits.using'a-Si:H TFT's have been proposed
to handle reliability and give several advantages such as mature manufacturing technol-
ogy which can be fabricated with the standard 5 or 4 mask processes, low temperature,
low-cost processing, and elimination of the driver ICs. Although the integrated a-Si gate
driver circuit has advantage of lowering fabrication cost, it is important and requested to

achieve superior and stable output waveform of a-Si integrated gate (ASG) driver circuit in



1.2 : Design Optimization of TFT-LCD ASG Driver Circuit 9

modern TFT-LCD panel industry. To meet specified display performances of product, trial-
and-error method is generally adopted by circuit designers to tune circuit parameters of the
a-Si:H TFT-LCD circuit, which make the design of a-Si:H TFT-LCD system complicated
and time-consuming. As a result, reducing time-consuming while maintain the superior

dynamic characteristics is crucial issue and challenging.
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Figure 1.2: (a) Combining display panel and gate IC’s by bonding
process of the convention design (b) Display panel and
integrated gate driver circuit are fabricated simultaneously
of the on going design.
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1.2.2 Literature Review

LCD displays for application of smart phone is being developed rapidly in points of reso-
lution, pixels per inch (PPI), number of color and brightness. Thus, integrating driver circuit
on the TFT backplane is one of the fascinated challenge in QVGA resolution LCD panel
because of its many advantages such as overall cost reduction, compactness, and mechani-
cal reliability [46-50]. Diverse approaches such as low temperature polycrystalline silicon
(LTPS), hydrogenated amorphous silicon (a-Si:H) [50,51], and zinc-oxide (ZnO) [53,54]
are proposed as an active.channel material in n-channel thin-film-transistors (TFTs) as well
as gate driver circuits sequentially.~However, the additional processes which resulted in
increasing cost are/necessary.in LTPS technology: Furthermore;there are several reliable
problems of amorphous silicon gate (ASG) driver circuit should be concerned in ZnO film
[55]. Therefore, a=Si process has been.main.stream-in gate driver circuit of TFT-LCD
for mobile application.because of the cost merits due to.simple process and high yield in
nowadays [56-58]. In general, the ASG.driver-circuit is requested to achieve superior and
stable output waveform. Therefore, dynamic characteristics are usually obtained empiri-
cally to meet the required specifications [59-61] for given ASG circuits. Trial-and-error
method is generally adopted by circuit designers to tune circuit parameters including de-
vice geometry, biasing, etc. This design flow generally is a time-consuming task to meet

all desired specifications in display circuit manufacturing. In addition, the methodology
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of simulation-based evolutionary approach has recently been proposed for optimizing de-
vice’s doping profile [62-64] and equivalent circuit model parameter extraction [65] in our
previous works. Optimization results of these studies computationally have confirmed the
robustness and efficiency of the proposed method. Systematical optimization approach,
based upon simulation-based evolutionary methodology, will be an interesting study for

optimal design of TFT-LCD panel circuits, and thus benefit their manufacturing.

1.2.3 The Study of This Part

In this thesis, we will demonstrate two-optimized gate driver circuits on glass substrate
to improve dynamic characteristics.. Then simulation-based evolutionary-algorithm on the
unified optimization framework [66] is successfully advanced on performing optimal de-
sign of these two circuits onithe a-Si:H TFT-LECD panel.. The first proposed circuit consists
of three pull-up control devices; three pull-down control devices, three pull-up output de-
vices and five pull-down output devices; where.all. devices widths are parameters to be
designed for the specifications of the rise time < 1.5 us, the fall time < 1.5 ps and the rip-
ple voltage < 3 V while we simultaneously consider the minimization of total layout area.
The second proposed circuit consists of two pull-up control devices, one pull-down control
device, three pull-up output devices and two pull-down devices, where the eight devices’

widths and two charged capacitances are tuning parameters to be optimized, and the rise
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time < 2 us, the fall time < 2 us, the ripple voltage < 2 V and the power dissipation <
2 mW are adopted as targets to be achieved. As for the optimized solutions achieved by
the method, the sensitivity analysis is simultaneously considered to verify how the varia-
tion in dynamic characteristics of optimized circuits. We analyze a selected and modified
solution for two ASG driver circuits by + 0.5 um of each width and 4+ 0.2 pm of each
length with optimized widths sequentially. The final optimized ASG driver circuits are
further fabricated with 4-pm process a-Si:H TFT technology. The comparison of dynamic

characteristics of measurement and simulation are discussed in detail.
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1.3 Outline

The first part of thesis is organized as follows. The fabrication process, physical mod-
eling and numerical methods, analyzing technique for studying the random dopants ef-
fect in nanoscale device and circuit are given in Chap. 2. In Chap. 3, we examine the
discrete-dopant-induced characteristic fluctuations in the 16-nm MOSFET devices and cir-
cuits. Then, the suppression techniques for discrete-dopant-induced fluctuations are pro-
posed and discussed in Chap. 4.

As for the second part, the genetic algorithm-andthe.implemented simulation-based op-
timization method are introducéd inChap. 5. In Chap: 6, the explored ASG driver circuits
are optimized and discussed:. In Chap. 7;-the fabricated and measured results are shown to
validate our theoretical results. Finally, conclusions and suggested future work of the thesis

are drawn in Chap. 8.
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Chapter 2

Simulation and Fabrication

I n this chapter, alarge-scale statistically.sound,“atomistic” device-circuit coupled sim-

ulation approach 18 proposed to characterize the random-dopant-induced characteris-
tic fluctuations when the gate length-of MOSFET integrated circuits is down to 16 nm
concurrently capturing the discrete-dopant-number- and discrete-dopant-position-induced
fluctuations. We experimentally quantified the random dopant fluctuation (RDF) induced
threshold voltage (V) standard deviation up to 40 mV for sub-20-nm-gate planar metal-
oxide-semiconductor field effect transistors. The accuracy of the simulation technique is

confirmed by the use of experimentally calibrated transistor physical model.

17
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2.1 Manufacturing Process

The standard MOSFET process flow at National Nano Device Laboratories (NDL) could
be summarized as follows:
1. Active area patterning;
2. Shallow trench isolation (STI) formation (chemical-mechanical polishing (CMP));
3. Narrow width device trimmed down upon STI etching;
4. P/N-well implant;
5. Gate oxide and poly gate patterning (I-line ready, deep-UViunder planning);
6. Re-oxidation;
7. N/P halo and lightly doped drain shallow junction;
8. SIN MSW;
9. N+/P+ source/drain;
10. Spike rapid thermal anneal (RTA);
11. Low-temperature annealing NiSi;
12. Strained SiN contact etch stop layer (CESL) and interlayer dielectric (ILD);
13. Contact patterning (I-line ready, deep-UV under planning);
14. Ti/TiN/AlCuSi/TiN deposition;
15. M1 patterning;

16. Interlayer dielectric deposition and chemical-mechanical polishing (CMP);
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17. Via patterning;
18. Ti/TiN/AlCuS1/TiN deposition; and
19. Sintering.

The entire process flow for planar MOSFET contains about 150 steps, which may take 3
to 4 months. Fig. 2.1 illustrates several key process steps for planar MOSFET. The process
is started from active area patterning. After shallow-trench isolation (STI) formation, the
device width is trimmed down upon STI etching. Channel doping is performed to adjust
threshold voltage (V) of transistor, using masked don implantation. To relieve the etch
damage; a sacrificial oxide is-temoved before gate oxidation. Thermal oxide is grown
and in-situ heavily doped N+ poly-silicon is deposited. After the deposition and trimmed
down of gate hard ‘mask, the pocket implantation technique.is used for the suppression of
the short channel effect. Composite spacer of silicon oxide and nitride are deposited and
etched anisotropically. After the gate and spacer formation, heavily doped N+ junction is
made with Arsenic implantation. Low-thermalbudget activation process is used for dopant
activation and control of doping profile:“Afterinter-layer-dielectric deposition, tungsten is
used for metal contact plugging and copper is used for interconnection. Finally, alloying
anneal is performed. We notice that the narrow width device trimmed down upon STI
etching and low-thermal-budget activation process are the critical steps in fabrication of

sub-20 nm transistor [67].



20 Chapter 2 : Simulation and Fabrication

STI Gap Filling STI CMP

l STI STI
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SiN MSW and NiSi

Figure 2.1: Illustrations of planar MOSFET flow in National Nano
Device Laboratories (NDL). The process flow consists of
150 steps for planar devices.
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2.2 Physical Modeling and Numerical Methods

The technology computer-aided design (TCAD) simulations, such as process and device
simulations, are widely used for the analysis of semiconductor devices. The process sim-
ulation can generate the device geometry and doping profile according to the parameters
of the fabrication processes. The output of process simulation is then used in the device
simulation to estimate device characteristics. The drift-diffusion (DD) and hydrodynamic
(HD) models play a crucial role in the development of semiconductor device simulator in
the macroscopic point of view. The DD model.was derived from Maxwell’s equation as
well as charges’ conservation law and has been successfully applied to study device trans-
port behavior, in thepast decades--It-assumes local isothermal conditions and is still widely
employed in semiconductor device design.

Classical drift-diffusion model consists of at least three coupledpartial differential equa-
tions (PDEs), such as electrostatic potential and electron-hole densities. When device chan-

nel is specified, a set of the DD'equations in semiconductor device simulation is solved:

Ad =+ Lm Lpi'D), 2.1)
1
and
1
-/ Jp = —R(n,p), (2.3)
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where ¢ is the electrostatic potential and its unit is volt. n and p are classical electron and
hole concentrations (cm™3). ¢ is the elementary charge and its unit is coulomb. The net
doping concentration is D(z,y, 2) = N} (z,y,2)— N (z,y, 2). Ris the net recombination

rate (cm~2s~1). The carrier’s currents densities are given by

In = —qupun N/ ¢ + qD, 7 1, (2.4)

and

Jp = —qpp /- 0="qDy<pp, (2.5)

where 1, and p,, are the carriermobility-(cm?/V — s). The diffusion coefficients, D,, and
D, (cm?/s), satisfy the Einstein relation.
According to Mathiessen’s rule [29-31], the mobility models used in the device sim-

ulation can be expressed as:

1 D D 1
— = + +

, (2.6)
H Hsur flaps Hesur f_rs Hbulk:

where D = exp (x/l.it), x is the distance from the interface and [...;; is a fitting parameter.
The mobility consists of three parts: (1) the surface contribution due to acoustic phonon
scattering, flsurf_aps = % + %, where N; = N4 + Np, Ty = 300 K, E is the trans-

verse electric field normal to the interface of semiconductor and insulator, B and C are

parameters which based on physically derived quantities, Ny and 7 are fitting parameters,
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T is lattice temperature, and K is the temperature dependence of the probability of sur-
face phonon scattering; (2) the contribution attributed to surface roughness scattering is
Msur frs = (M + %3)’1, where = = A + % , Eey =1 V/cm is a reference
electric field to ensure a unitless numerator in figyy f s, Npey = 1 cm~3 is a reference dop-
ing concentration to cancel the unit of the term raised to the power v in the denominator
of =, ¢ is a constant that depends on the details of the technology, such as oxide growth
conditions, N; = 1 cm™3, A, a, and 7 are fitting parameters; (3) and the bulk mobility is
oulk = [ L(Tlo)*é , where 1, is the mobility due to bulk phonon scattering and € is a fitting
parameter.

The quantum mechanical effects_should be considered in the device simulation when
the dimensions of the devices shrunk into nanometer scale.. Various theoretical approaches
have been presented:to study the quantum coenfinement effects, such as full quantum me-
chanical model (e.g: nonequilibrium Green’s function) and quantum corrections to the clas-
sical drift-diffusion (DD) or-hydrodynamic (HD) transpert/models. A set of Schrodinger-
Poisson (SP) equations have beenrapplied-torstudy-the quantum confinement effect in the
inversion layers as well as the quantum transport between source and drain, but it is a time
consuming task in the TCAD application to realize device characterization. Therefore,

various quantum correction models, density gradient (DG) [42-45], Hansch [68], modified

local density approximation (MLDA) [69], effective potential (EP) [70-72], and unified
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quantum correction Model [73], have been proposed for classical DD or HD transport mod-
els. In this investigation, the density-gradient is coupled with the DD model and solved for

the quantum mechanical effects. The density-gradient equation can be expressed as,

—

In = _QNnnv¢+anvn_annV’7m (2.7
Jy = —=q1tpp 7 ¢ — 4Dy 7 P+ Pl V Yy, (2.8)
where 7, and <, are the quantum potential§ for electrons and holes: v, = 2b, V\Q/‘ﬁ/ﬁ
and v, = 2b, V\Q/ﬁp b,; and b, are density-gradient coefficients for electrons and holes.

by, = B*/(12qm}) and b, = h/(12qm?%).—m;, and m; are effective masses for the elec-
trons and holes. 7 is the Planck constant. b, and b, in Eqs: (2:7) and (2.8) are the density
gradient coefficient which determines the strengthof the gradient effect in the electron and
hole gas. The last term inthe right hand side.of Egs«(2:7)-and (2:8) are referred to as
“quantum diffusion”, which makes the electron continuity equation having a fourth-order
partial differential equation. Therefore, such an.approachis-highly sensitive to noise in the
local carrier density, and the methodology is highly important in cases of strong quantiza-
tion. To calculate the numerical solution of the multidimensional density-gradient model,
firstly we decouple the coupled partial differential equations (PDEs); and approximate each
decoupled PDE with the finite volume method over nonuniform mesh. The corresponding

system of the nonlinear algebraic equations is then solved with the monotone iteration
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method. Iteration will be terminated and post-processes will be performed when the speci-

fied stopping criteria for inner and outer iteration loops are satisfied, respectively.
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2.3 Simulation Technique

Threshold voltage is one of the key device parameters in the characteristics of nanoscale
metal-oxide-semiconductor field effect transistors. This section presents the characteriza-
tion technique for intrinsic parameter fluctuations consisting of line edge roughness (LER),
oxide thickness fluctuation (OTF), random-dopant-fluctuation (RDF), and an emerging
fluctuation source: work-function fluctuation (WKF). The characterization approaches are
examined with experiment data. Base upon the independent of random variables, the total

threshold voltage fluctuation, oV, 4o 18 €xpressed as follows [74]:

2 2 2 2 2
0" Vihtotal = 0 Vih&pr + 0 Ve rer + 6 Vinonr w0 Vinw i r, (2.9)

where oV, rpr, 0Vin LER, OVin orr, and aViy, i are the threshold voltage fluctuations
caused by the random-dopant-fluctuationsline edge roughnessyoxide thickness fluctuation,
and the workfunction fluctuatioen, respectively. The statistical addition of individual fluc-
tuation sources herein, as shown in' Equation«(2.9),.simplifies the variability analysis of
nano-devices and circuits, significantly [74]. In addition, the methodology of LER, OTF
and WKF has been proposed and LER- ,OTF- and WKF-induced V};, fluctuations are ex-
amined in our previous work [74]. However, the result shows that the RDF dominates the
Vi fluctuation in NMOSFETs, as disclosed in Fig. 2.2.

Therefore, in this thesis, we focus on the characteristic fluctuations induced by random



2.3 : Simulation Technique 27

dopant and propose suppression technique to mitigate RDF. The nominal channel dop-

3

ing concentration of the control devices is 1.5x10'® cm™3. They have a 16-nm gate, a

TiN/HfSiON gate stack of 0.8-nm EOT, and a workfunction of 4.52 eV. Outside the chan-

3 and

nel, the doping concentrations in the source/drain and background are 1.0x10%° cm™
1.0x10% cm™3, respectively. For the channel region, to consider the effect of random fluc-
tuation of the number and location of discrete channel dopants, 1327 dopants are firstly
randomly generated in a large cube (96 nm)?, in which the equivalent doping concentration
is 1.5x 10 cm™3, as shown in Fig! 2.3(a). The (96 nm)?> cube is then partitioned into 216
sub cubes of 16 nm?. The number of dopants may varyfrom zero to 14, and the average
number is six, as shown in Figs.=2.3(b) and 2.3(c), respectively:. In principle, 3D device
simulation with the 216 channel structures almostcoyvers cases, shown in Fig. 2.4, and thus
will be fairly meaningful to reflect statistical fandomness of dopant number. We have no-
ticed that in this simulation only dopant within the channel region is treated discretely. The
doping concentrations<dremain continuous in the source/drain region because the volume
of source/drain region is two-order.magnitude greater than that of channel region. These
sub-cubes are equivalently mapped into the device channel for the 3D “atomistic” device
simulation with discrete dopants, as shown in Fig. 2.5(a). In “atomistic” device simulation,

the resolution of individual charges within a classical drift-diffusion simulation using a fine

mesh creates problems associated with singularities in the Coulomb potential [75-77]. The
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potential becomes too steep with fine mesh, and therefore, the majority carriers are un-
physically trapped by ionized impurities, and the mobile carrier density is reduced [75-77].
Thus, the density-gradient approximation is used to handle discrete charges by properly in-
troducing related quantum-mechanical effects, and coupled with Poisson equation as well
as electron-hole current continuity equations [42-44,78-82].

Without loss of generality, the dual material gate (DMG) and inverse dual material gate
(inDMG) are with 16-nm-gate and 1.5x10'® cm™ equivalent channel doping concentra-
tion. The estimated device with dual material gate has two types, DMG and inverse DMG,
as shown in Figs. 2.5(b) and 2.5(¢). ForDMG device, the workfunction (WK) at the source
and drain sides are WK1 and WK?2, respectively, and WK1 > WK2. The inverse DMG
device are designed accordingly,;and WK1 < WK2. The gate materials could be MoN,
TiN, and Ta, whose distributions of grain orientation and work-function are summarized in
Fig. 2.5(d) [10].

As for the generation of latefal asymmetry doping, the adapted'néar-drain-end and near-
source-end channel doping profile are shown in"Figs:2.6(a) and 2.6(b). Only half of the
channel is doped and 1327 dopants are randomly generated in a large rectangular solid
(gate width, source-drain direction, channel depth: 48 nm x 96 nm x 96 nm). Therefore,
effective channel doping concentration is still 1.5x10'® cm™3. Then the large cube is par-

titioned into 216 sub-cubes ((8 nm) x (16 nm) x (16 nm)) and mapped into drain-end of
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channel region for discrete dopant simulation. Similarly, the dopants in sub-cubes may vary
from zero to 14 (the average number is six) within its sub-cubes, as shown in Figs. 2.7 and
2.8. To estimate the device characteristics on the same basis, the threshold voltage for all
devices are calibrated to 250 mV according to ITRS roadmap 2007 [2] for low-operating-
power application.

In estimating current mismatch of current mirror circuit, dynamic characteristics of
common source amplifier, ultra-small nanoscale devices, and for capturing the discrete-
dopant-position-induced fluctuations, a device-circuit coupled simulation approach [33] is
employed. The nodal veltage and loop current in the:citcuit can be calculated. The for-
mulation of circuit equations is-mainly base upon the Kirchhoff’s current law. The circuit

nodal equation of currentymirror; as illustrated i Fig..2.9,.is.shown in below:

Nodel : V1= Vpp, (2.10)
Node2: Vo= Vpp—IrerRraf, (2.11)
Node3 : Vi3= 0, (2.12)

Node4 : V4= Vpp—IourRe, (2.13)

and

Nodel : V5: VDD' (214)
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The current mismatch of current mirror circuit and dynamic characteristics of common
source amplifier is then estimated. Similarly, the circuit nodal equation of common source

amplifier, as displayed in Fig. 2.10(b), is shown in below:

Nodel : V= Vi, (2.15)
Node2 : Vo= Vpp, (2.16)
Node3 : Vg—_— VDD_IDRl’ (217)

V4 dVy
Noded —+C—=1 2.18
ode R, +C ; D, ( )

and

Noded : V5=A0. (2.19)

The operation bias of commonssouree cireuit i1s V;y = 0.5V with sinusoid input wave, as
shown in Fig. 2.10(a), which is used<as a tested-circuittoexplore the fluctuation of dynamic
characteristics. The time-domain simulation results are simultaneously used for the calcula-
tion of the property of the frequency response, where the frequency is swept from 1x 108 Hz
to 1x10*® Hz. The common-source amplifier circuit with control devices is first explored
to illustrate the details of random-dopant-fluctuation in high-frequency integrated circuits.

Thus, all device and circuit characteristics are obtained without any devices’ equivalent
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circuit models. The flowchart for mix-mode simulation method is shown in Fig. 2.11. The
characteristics of devices of tested circuit are first estimated by solving the device trans-
port equations and using as initial guesses in the device-circuit coupled simulation. The
circuit nodal equations of the test circuit are formulated and then directly coupled to the
device transport equations (in the form of a large matrix containing the circuit and device
equations), which are solved simultaneously to obtain the circuit characteristics [33]. The
flowchart of decoupled PDE is shown in Fig. 2.12. First we solve the nonlinear Poisson
equation until it is convergence,and then the currént continuity equations of electron and
hole are following solved. If the error is less than the toletance, the program stops and out-
put the initial solution of‘device’s-potential and perform the mixed-mode simulation. We
solve the device’s equations coupled with circuit'nodal equations until it is convergence.
Figure 2.13 shows.the flow for solving decoupled PDE. First, the simulation domain has to
be discretized. Applying the finite element approximation to the decoupled PDE, we ob-
tained the nonlinear algebraic equations corresponding to'the discretized grid. The Newton
linearization method is then used to linearize the nonlinear equations. Finally, the linear

algebraic equations can be solved using either direct or iterative method.
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0 I

RDF LER WKF OTF Total

Figure 2.2: The RDF+, LER-, WKF-, OTF-induced V;;fluctuation for
NMOS devices, where the total oV}, is«€alculated with Eq.
2.9.
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1.5x10'8 cm-3
1327 dopants in (96 nm?3) cube

(b) i " (c)li

16nm

Figure 2.3: (a) Discrete dopants randomly distributed in the (96 nm)?
cube with the average concentration of 1.5x 10 cm™3.
There will be 1327 dopants within the cube, but dopants
may vary from O to 14 ( the average number is 6 ) within its

216 sub cubes of 16 nm x 16 nm x 16 nm ((b) and (c)).
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Figure 2.4: The histogram of the dopants in 216 sub cubes for 16 nm
devices. The.dopants.number can be describe by Gaussian
Distribution with/a mean of siX.
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WK=4.52eV

Material | Orientation| P |WK (eV)
<110> |60%| 5.0
MON "I <112> [40% 4.4
TiN <200> |60%| 4.6
<111> |40%| 4.4
Ta - - 4.2

(d)

Figure 2.5: The sub-cubes are equivalently mapped into channel region

for discrete dopant simulation as shown in MOSFET (a)

control, (b) DMG, and (c) inverse DMG devices,
respectively. (d) The properties of metal material used in

this study.
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WK=4.52eV

WK=4.,52eV

y i~
source | (Y orain

) Drain

(b)

Figure 2.6: The sub-cubes are equivalently mapped into channel region
for discrete dopant simulation as shown in MOSFET (b)
conventional lateral asymmetric channel (LAC) and (b)
inverse LAC devices, respectively.
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Histogram (number)

0. 2-4..6..8 10 12 14
Dopants in (16x16x8)nm° cube

Figure 2.7: The histogram of the. dopants in 216 sub cubes (16 nm x 16
nm X 8 nm) fornear-source-end channel doping profile of
conventional LAC device. The dopants number can be
describe by Gaussian Distribution with a mean of six.
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Mean =6
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Dopants in (16x16x8)nm° cube

Figure 2.8: The histogram of the dopants.in:216 sub cubes (16 nm x 16
nm X 8 nm) for near-drain-end channel doping profile of
inverse LAC device. The dopants number can be describe
by Gaussian Distribution with a mean of six.
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I

Figure 2.9: The current mirror of analog circuit consisted of NMOS for
exploring the variation sources induced current
([REF/[OUT) mismatch.
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Figure 2.10: (a) The common-source circuit is used-as a tested circuit to
explore the fluctuation of high-frequency characteristics.
(b) The input signal is a sinusoid input wave with 0.5 V
offset. The frequencyris.swept from1x10% Hz to 1 x10'3
Hz [33].
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Solving a set of 3D
semiconductor transport
equations

Jl

Device characterization

Jl

Circuit nodal equations
formulation

Time (t) = 0 ]
Nodal Voltage (V) =.0

Solve coupled device and circuit ’k

equations

t Sttt
V < V2 V)

t (or V) meet final value?

Output device and circuit
characteristics

Figure 2.11: The flowchart for the mixed-mode device circuit coupling
simulation. The devices simulation is performed first and
get the initial solution of the devices potential. The
mixed-mode simulation is then executed until the final
step [83].
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( Start )
v

» Solve Poisson Equation |«

No

Converge?

NMOS PMOS
O]
Tg Solve Continuity Solve Continuity
- Equation (Electron) Equation (Hole)

Yes Yes
v

Solve Density Gradient Equation . [«

No

No

Error < Tol ?

C Stop )

Figure 2.12: A flowchart of the decoupling algorithm. First we solve
the nonlinear Poisson equation until it is convergence, and
then the current continuity equation of electron and hole is
following solved. If the error is less than the tolerance, the

program stops.
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( Start )
Y
Domain Discretization

;

Finite Element Method
Approximation

)

Obtained AX=F(X)

.

Newton Linearization

v

Obtained AX=B

Y

Solve AX=B
(Direct / Iterative Method)

;
( Stop )

Figure 2.13: A flowchart for solving decoupled PDE. First the
simulation domain have to be discretized. Applying the
finite element method approximation to the decoupled
PDE, we obtained the nonlinear algebraic equations
corresponding to the discretized grid. The Newton
linearization method is then used to linearized the
nonlinear equations. Finally, the linear algebraic
equationscan be solved using either direct or iterative
method [84].
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2.4 Summary of this Chapter

In this chapter, we have presented a standard MOSFET fabrication process and physical
model of device simulation. The characterization approach for random dopants fluctua-
tion which dominates the V};, fluctuation in NMOSFETSs was then introduced. Based on
the large-scale statistical approach, the fluctuation of explored transistors, such as control,
LAC, inLAC, DMG and inDMG devices could be calculated by solving the device transport
equations. The accuracy of control device has been confirmed by experimentally measured

data for ensuring the best accuracy.
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RDF Effectsin Planar MOSFET and

Analog Circuits

I n this chapter, the.DC characteristics, AC characteristics; and analog circuit charac-

teristics induced by RDF are investigatedssuch.as the electrostatic potential, /p — Vi
characteristics, C'¢ — V{; characteristics, current mismatch of current mirror circuit, and dy-
namic characteristics of common source amplifier. The random-dopant-induced Vi3, I,,,
Iotf 5 Gm, 7o are further discussed in 16-nm-gate planar MOSFETS, respectively. The cur-
rent mismatch, circuit gain, 3dB bandwidth, and unity-gain bandwidth of analog circuits

(current mirror and common source amplifier) are also discussed.

45
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3.1 DC Characteristic Fluctuations

Both the randomness of dopants in the channel and source/drain (S/D) regions may in-
duce the V};, fluctuation in a control device. In order to verify the importance of the RDF
in the channel region, the RDF in source and drain regions is also investigated. An exam-
ple of a 16-nm-gate control device with atomistic doping profiles both in the channel and
source/drain regions is shown in Fig. 3.1. The actual location of random discrete dopants
and the electrostatic potential are illustrated in Fig. 3.1(a). Note:that the atomistic doping
in the source/drain of device will'not only-introduce the electrostatic potential fluctuation
but also the variations in the.effective length of the channel as'shown in'Fig. 3.1(b). Fig-
ure 3.2 shows the comparison of RDF effect in channel versus source/drain region. The
Vi fluctuations are 42.8 mV and 20 mV in channel.and.source/drain RDF only devices,
respectively. Moreover, the flugtuation is'only 47.1 mV for both channel and source/drain
RDF devices. It can be seen that thedinfluence of channel RDF on V};, fluctuation is around
90%, which means the V};, fluctuation in our control device is dominated by the random-
ness of dopants in the channel rather than the source/drain region. Therefore, RDF in the
source/drain region can be neglected and won’t be considered in the following study.

Figure 3.3 shows the Ip — Vi; characteristic fluctuations of the discrete-dopant fluctu-

ated control devices, where the solid line shows the nominal device, whose channel doping
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profile is continuously doped with 1.5x 10 cm ™3, and the dashed lines are random-dopant-
fluctuated devices. From the random-dopant-number point of view, the equivalent channel
doping concentration is increased when the dopant number increases, which substantially
alters the Ip — Vi characteristic, threshold voltage (V;;,), on-state currents (/,,,), off-state
currents (/,¢r) and transconductance (g,,) as shown in Figs. 3.4. The threshold voltage is
determined from a current criterion that the drain current larger than 10~7 (W/L) ampere,
as marked in Fig 3.3. As the number of dopants in channel is increased, the device’s Vy, is
increased and thus decreases theon- and off-state current, as disclosed in Figs. 3.4(a)-(c).
The transconductance (g;,) is the change in the drain=source current (/,,) divided by the
change in the gate-source voltage (Vgg) with a constant drain-source voltage (Vpg), which

is defined by

0L
v,

I = x Vas = Vip. (3.1)
When the dopant number ds increased, according tosthe'definition of g,,, V;; will increase
and so let g,, decrease, as shown'in Fig. 3.4(d).” The fluctuation of V}; is 42.8 mV in
our control devices. Compared V;;, fluctuation of 31 mV which calculated by analytical

formula shown in [15].

VEeriWers'

oVinrpr = 3.19 x 107° (3.2)
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where the ¢, is the thickness of gate oxide; W and L are the width and length of the
transistor. However, the analytical formula can only consider the random dopant concen-
tration but the random dopant position. The position of random dopants induced different
fluctuation of characteristics in spite of the same number of dopants. The physical mecha-
nism can be briefly described by band profile. Figures 3.5(a) and 3.5(c) show the extracted
band profile for the same discrete dopants with different discrete-dopant-location devices
from Fig. 3.5(b), respectively. In Fig 3.5(a), the band profile is smooth due to the discrete
dopants located below surface. Howevergthere are several potential barriers in the discrete
dopant located in surface, as shown in Fig. 3.5(c). These potential barriers are induced by
the corresponding dopants in.device’s channel and therefore change the threshold voltage.
Finally, the normalized V., 1, I5ffsand g;; variations (the standard deviation divided by
the mean value of DC charaeteristics) in the control device are 16.4%, 10.7%, 73.8%, and

2.6%, respectively.
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Channel

Red: Acceptor atoms
Blue: Donor atoms

(a) Electrostatic Potential

0.795 0.121 -0.553
mEE = e

(6)

Figure 3.1: Example of a.16-nm.planar MOSEET with atomistic doping
profiles both in the channel and'S/D regions. (a) The actual
locations of random discrete dopants and (b) the fluctuation
in electrostatic potential are illustrated. There are 7 and 358
dopants located in channel region and S/D region,
respectively.



50 Chapter 3 : RDF Effects in Planar MOSFET and Analog Circuits

Both RDF 47 .1
Channel
RDF Only 42.3
S/D RDF 20
Only
2 2 2
O-I/th,both = O-I/th,channel + O-I/th,S /D

0 10 20 30" <40 50 60
Theshold Voltage Fluctuation (mV)

Figure 3.2: Comparison of RDF effect in channel versus S/D region of
a planar MOSFET. The V};, fluctuations are 42.8 mV and 20
mV for channel and.S/D RDF only cases, réspectively. The
V45, fluctuation‘is 47.1-mV for-both channel and S/D RDF
cases. Note that the channel RDF introduced around 90% of
V}s, fluctuation.



3.1 : DC Characteristic Fluctuations

51

1e-4
1e-5
1e-6
< Tle-7
2 1e-8
1e-9

1e-10

1e-11

0.0 0.2 0.4 0.6 0.8

Figure 3.3t

Control Fluctuated Devices
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DC characteristic fluctuations of 7, — V5 characteristics,
where the solid line shows the nominal device, whose
channel doping profile is continuously doped with 1.5x10'®
cm™°; and'the dashed lines are random-dopant-fluctuated
devices. The thresholdwvoltage is determined from a current
criterion that the drain current larger than 10~7A. Ton is
determined at Vi; =0.8 V and /¢ is determined at Vi =0
V.
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Figure 3.4: DC characteristic fluctuations of (a) V47, (b) I,p¢,(€) Lon,

and (d) gy, characteristics. As;the.number of dopants in
channel iS increased, the devices V};, is increased and thus
decreases the'on-wand. off-state current.and
transconductance. The magnitude of the spread
characteristics increases as the number of dopants increase.
Furthermore, the position of random dopants induced
different fluctuation of characteristics in spite of the same

number of dopants.
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Figure 3.5: Extracted band profile for (a) discrete dopant-located below
surface and (c) discrete-dopant-located in the surface
devices. Several potential barriers in the
discrete-dopant-located in the surface device are induced by
the corresponding dopants in devices channel and therefore
change the threshold voltage. (b) Discrete dopants
randomly distributed in the (96 nm)? cube with the average
concentration of 1.5x10*® cm™3.
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3.2 AC Characteristic Fluctuations

Figure 3.7(a) shows the spreading ranges of C-V characteristics for the 216 discrete-
dopant-fluctuated control devices with zero and 0.8 V drain bias voltage. The shift and
fluctuation of C-V curves are observed. The total gate capacitance (C, ;o) Tesults from
the shunt of the gate-drain capacitance (Cyq), the gate-source capacitance (Cy,), and the
gate-bulk capacitance (Cy), as disclosed in Fig. 3.6. Then corresponding fluctuation of
Cy.total (0C totar) is shown in Fig. 3.7(b). As the drain voltage is increased, the maximum
Cy totar 18 reduced and shift the position of the-maximum. C, ;4,+ To properly explain this
phenomenon, the fluctuations of Cyi, C,s, and Cgp (@Cy45 0Cys, andioCyy,) with different
drain bias are further explored. Figures 3:8-3.10 show the components of €'y, Cys and Cyp,
where the symbol and error bar denote the characteristics of normal device and fluctuation,
respectively; as the Vp changes from 0 Vi(cireles)to 0.8 V (squares), the Gy and the 0Cyy
are decreased due to the wider of depletion layer near-the drain junction and the effect of
channel pinch-off, as displayed in Fig. 3.8. Then, the C; anditsfluctuation are increased,
as shown in Fig. 3.9. It’s because of the'channel length modulation at drain voltage of 0.8
V, the charges are accumulated near the source junction. As for the Cy, the fluctuation is
small due relatively larger distance between gate and substrate and could be neglected, as
shown in Fig. 3.10. The drain bias induced different variations in C,4 and Cy are observed

in this section.
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Source Drain

Substrate

Figure 3.6: The'total'gate capacitance (C, ;otq1) ¥€Sults from the shunt of
the gate-drain-eapacitance (C); the gate-source
capacitance (Cy,), and-the gate-bulk capacitance (Cy).
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Figure 3.7: (a) The C¢ — V; characteristics of the 216
discrete-dopant-fluctuated control devices. The red solid
lines indicate the devices with 0.8 drain bias voltage and
gray dash lines are the devices with zero drain bias voltage.
(b) Fluctuation of total gate capacitance (Cl ;otq1) Of the 216
discrete dopant fluctuated 16-nm-gate control devices with
zero and 0.8 drain bias voltage. The total gate capacitance
(Cy totar) results from the shunt of the gate-drain
capacitance (C,q), the gate-source capacitance (Cy;), and
the gate-bulk capacitance (C).
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Figure 3.8: Fluctuation of gate-drainicapacitance(C,;) for the 216
discrete dopant fluctuated 16-nm-gate planar MOSFETs.
The symbeol'and error bar denote the characteristics of
nominal device-and fluctuation, respectively. As the V)
changes from 0V (circles) to 0.8 V (squares), the wider of
depletion layer at the drain junction decreases the C,; and
thus exhibits less fluctuation.
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Figure 3.9: Fluctuation of gate-source capacitance (Cy ) for the 216
discrete dopant fluctuated 16-nm-gate control device. The
symbol and error bar dénote.the characteéristics of nominal
device and fluctuation, respectively. The C'y, is increased
because of the channel length modulation at drain voltage
of 0.8 V.
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Figure 3.10: Fluctuation of gate-body capacitance(Cy,) of the 216
discrete dopant fluctuated 16-nm-gate control device. The
symbol and error.bar.denote the characteristics of nominal
device and fluctuation, respectively. Cy, is insignificant
due to the relatively larger distance between gate and
substrate.
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3.3 Characteristic Fluctuations of Analog Circuits

In this section, the RDF impacts on driving current of current mirror circuits are studied.

The implication of device variability in a common source amplifier is presented as follow.

3.3.1 Current Mirror

The analytical formula of current mismatch for the current mirror circuit which induced

by random dopants is expressed as below:

Inpr <t 1 G0z 111 ‘ﬁﬁ Vast — (Vinwi))?

lovr  aginihr:Camrzy 2 Vass — Vimar2))?

; (3.3)

where the 117, 311, Cr vr1> Wanins Lavias Vasas Vinarar-and piyos Co gy W, Lo, Vasa,
Vin m2 are the parameters of transistors M1 and M2.If M1 and M2 is matched, the cor-
responding values are the same, the current ratio.is-l..However, these parameters will be

different for each device if considering fandom dopants fluctuation of devices. Here we

assume ., C!

ox?

W, L, and Vg are‘constant'with.respect to RDF, the only term which af-
fects the current mismatch is the threshold voltage fluctuation. To depict the phenomenon
clearly, the Irppr corresponding to /oy for each RDF-induced fluctuated circuits are ex-
plored in Fig. 3.11. The solid symbols indicated the fluctuated devices and open symbol is
nominal device. The /oy mean (i) and fluctuation (o) of NMOSFET-current mirror cir-

cuit are 6.19 pA and 0.58 1A, as displayed in inset table of Fig. 3.11. The driving current
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mismatch of NMOSFET-current mirror circuit (normalized /oy fluctuation) induced by

RDF is calculated by following formula:

1 — 1,
Normalized Ioyr Fluctuation(%) = oUrer — lour) x 100%, (3.4)

IREF

where the Iz and oy are the currents, as shown in Fig. 2.9. The RDF-induced current
mismatches are 8.43% for NMOSFET current mirror circuits. This is due to the Ipzr and

Ioyr depend on Vy;, of transistors.

3.3.2 Common Source Amplifier

Figure 3.12 is the. intrinsic output resistance of transistor () versus dopant number,
where defined as change in the drain-source current divided by the change in the drain-

source voltage, and:the relationship with V4, €an be written.as

OV i

o< . (3.5)
olp — (Vag — Vi)®

To

According to Eq. (3.5), since the. threshold.veltage is increased with increasing channel
doping concentration and thus 7, is increased. The position of random dopants induced
different fluctuation of r, in spite of the same number of dopants. Furthermore, the magni-
tude of the spread characteristics increases as the number of dopants increases. Therefore,
the discrete dopant fluctuation not only impacts r,, but also the operation points of circuits

and thus influences the magnitude of output signal.
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Figure 3.13 shows the circuit gain versus operation frequency for all fluctuated devices,
where the solid line shows the nominal device. The circuit gain, 3dB bandwidth, and unity-
gain bandwidth of the nominal case are 11.02 dB, 64 GHz, and 432 GHz, respectively. The
corresponding dynamic characteristic fluctuations for the explore circuit are explored, as
shown in Figs. 3.13(b)-3.13(d), where the insets show the trend of circuit gain, 3dB band-
width, and unity-gain bandwidth as a function of device characteristic and circuit element.
The gain of the studied circuit is proportional to transconductance multiplied by output

resistance of circuit. The circuit output resistance, R, 1s given by

1 1
Rou — (5 ) _17 3.6
t (Rl + To) (3.6)

where R, is constant valueg:500kS2. of the studied circuit: As the number of dopants in
device channel is increased, the output resistance of transistor, r,, is increased. Therefore,
the circuit output resistance; R, 1s increased-as-rgis.increased. We notice that although
the dependence of R,,; and g,; on threshold voltage is opposed, the trend of circuit gain
fluctuation is dominated the R,,; due to the Square dependence of r, on Vg — V};,. There-
fore, the trend of circuit gain fluctuation is also dominated by the R,,; and increased as
number of dopant is increased, as shown in Fig. 3.13(b). Figures 3.13(c) and 3.13(d) show
the fluctuation of 3dB bandwidth and the unity-gain bandwidth of the nano-MOSFET cir-
cuit, which indicate the variations of switching speed nano-MOSFET circuit resulted from

random discrete dopants. The insets of Figs. 3.13(c) and 3.13(d) show the main sources
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of variations contributed from device characteristics fluctuations, g, 7, and C,. As the
number of dopant in device channel is increased, the depletion width is decreased, and then
increases the gate capacitance. The fluctuation of C; accompanied with increasing r, and
decreasing ¢,, result in a decrement of 3dB bandwidth and the unity-gain bandwidth on
increasing dopant number. Similar to the DC characteristic of device, the dynamic char-
acteristic fluctuation of the nanoscale MOSFET circuit is much more scattered as number
of dopants is increased. The normalized dynamic characteristic fluctuations are 4.04%,
9.37%, and 4.05% for circuit gain; 3dB bandwidth, and unity-gain bandwidth, respectively,

which are summarized in Table3.1.
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Figure 3.11: The scatter plot.of current mirror currentfor
discrete-dopant-indueed fluctuated deviees. The filled-in
blue symbols indicates the fluctuated devices and open
symbol is nominal devices, respectively.
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3.4 Summary of this Chapter

In this chapter, the random dopants- induced DC and AC characteristics of control de-
vices have been investigated. The result shows that the V};, fluctuation induced by random
dopants is extremely high (about 43 mV fluctuation for device with V;;,=250 mV) which
may result in large current mismatch of current mirror. The random dopants induced gate
capacitance as well as dynamic characteristics of common source amplifier circuit have

been further explored.




Chapter 4

RDF Suppression Approaches

I n this chapter, the physical mechanism of DMG devices to suppress RDF-induced DC
characteristic fluctuations are investigated and discussed. Then, a lateral asymmetry
channel doping profile engineering is proposed to suppress the random-dopant-induced

characteristic fluctuations for the examined devices and circuits.

69
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4.1 Characteristic Fluctuations of Dual Material Gate De-

vice

In this section, we explore the dual materials gate (DMG) and inverse DMG (inDMG)
devices for suppressing RDF-induced characteristics fluctuation in 16-nm MOSFET de-
vices. For the higher workfunction (WK) near the source side or the drain side, it may
induce higher intrinsic electrostatic potential barrier for both on- and off-state, as shown
in Fig. 4.1. The random dopants induce rather different potential profiles due to WK
difference in spite of the same number andposition of dopants, as disclosed in Figs. 4.2(a)-
4.2(c). Therefore, the I =V fluctuations induced by random dopants for inverse DMG
and DMG devices are further presented in Fig. 4:3. The inset tables of Figs. 4.3(a) and
4.3(b) list their nominal value and normalized variations.- The DMG device shows smaller
DC characteristic fluctuations,the V;;, are 51.9 mV and 30.8 mV for inverse DMG and
DMG devices, respectively. The normalized fyy,.and.{;7; variations of DMG device are
14% and 80%, and they are smaller than those of inverse DMG device, 18% and 87%. To
examine the physical insights, the same dopants number and position induced potential en-
ergies are shown in Fig. 4.4. The dopants will induce potential deviation @gopent, and the
high, low, and control WK-induced potential barriers are ¢y, ¢ and ¢,,, respectively, as

shown in Fig. 4.4. In Figs. 4.4(b)-4.4(d), the dopant will induce relatively smaller potential
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deviation in DMG due to a larger initial potential barrier existed (@gopant/@r, compared
with @gopant/@ 1, and @aepant/@ar) in the cross-sectional view of potential energies for dopant
near the source side. Therefore, the DC characteristic fluctuations in DMG are dramatically
reduced. However, the same phenomenon for dopant near the drain side can not enjoy the
advantage in the inverse DMG structure because the carrier controllability is totally decided
at the source edge, as shown in Figs. 4.5(a)-4.5(d). The comparison of I, — Vi, potential,
electron velocity, and lateral electric field for DMG and control devices are further exam-
ined, as shown in Fig. 4.6. ForFig. 4.6(a), the DMG device shows an abrupt potential
step in the middle of the:channel. This abrupt potential step mainly comes from the WK
difference of different gate materials and. this potential profile of the DMG device results
in locally enhancedlateral electric field inside the channel.. For Fig. 4.6(b), the control
device attains its maximal electric field peak near the drain'according to a classical electric
field profile. However, the studied DMG device has electric/field peak inside the channel
as well as near the drain. Locally generated electric field{inside the channel results in a
relatively higher carrier velocity, where Fige4.6(c)shows velocity profiles along the chan-
nel direction. Therefore, DMG device has larger I, in the similar I,;; compared with the
control device, as shown in Fig. 4.6(d). The trend of the dopant number and position ef-
fect in DC characteristics of DMG and control device could be confirmed according to the

discussion in Chap. 3, as display in Figs. 4.7(a)-4.7(d). For the dopant number increases
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as equivalent channel doping concentration increases, this substantially alters the V;;,, the
I,, and I,s;. Additionally, the position of random dopants induces different fluctuations of
characteristics in spite of the same number of dopants, as marked in inset of Fig. 4.7(d).
The improvement of DMG for suppressing the RDF-induced V;y,, I,,, and 1,7, fluctuation
are 28%, 12.3%, and 59%, respectively. However, the same suppression of AC character-
istic fluctuations can not enjoy the advantage of DMG device because the capacitance of
depletion region is affected by doping distribution of channel region and effective oxide
thickness, as shown in Fig. 4.8. Therefore, the suppression,considering DMG technique
will not be discussed for the interested of analog circuit. We now ¢ontinuously examine the

lateral asymmetric channel (LAC) device-and circuit.
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Figure 4.1: The energy band diagram of (a) off-state and (b) on-state
for control, DMG and inverse DMG nominal device,
respectively. For the higher WK near the source side or the
drain side, it may induce higher intrinsic electrostatic
potential barrier for both off- and on-state.
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Figure 4.2: The 14 random dopants induce rather different potential
profiles due to WK difference in spite of the same number
and position of dopants which are extracted from (b)
between on-state and off-state for (a) DMG and (c) inverse
DMG device.
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Figure 4.5: " (a) The surface potential energy induced by 14 random
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respectively. The phenomenon for dopant near the drain
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Figure 4.8: The C¢ — Vs characteristics of the 216
discrete-dopant-fluctuated control and DMG devices with
(a) zero volt drain bias and (b) 0.8 volt drain bias voltage.
The gray solid lines indicate the control devices and red
dash lines are the DMG devices.
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4.2 Characteristic Fluctuations of Lateral Asymmetric Chan-

nel Device

In this section, to further suppress the discrete-dopant-induced Vi, Cy, as well as dy-
namic characteristic fluctuations, the discrete-dopant fluctuated transistors are classified
into the lateral asymmetric channel (LAC) and inverse LAC (inLAC) devices for the study-
ing of the asymmetry sketch of characteristics fluctuations. Then, a lateral asymmetry

doping profile is implemented to€xamine the associated fluctuation suppression technique.

4.2.1 Characteristic Fluctuations in Asymmetric Device

The dependence of €, on different Vs explored in Chap. 2 and motivates the design
of lateral asymmetry doping profile along.the.source-drain direction. In this subsection,
we examined the fluctuations of gate capacitance induced:by random dopants for LAC and
inLAC devices. At first, we'generate 432 discrete-dopant-fluctuated transistors exploiting
similar approach, as shown in Fig. 2.3, and classify them into two groups according to
the random distribution of discrete dopants: the cases of dopants near the source-end and
the drain-end , as shown in Fig. 4.9, where the inset describes the selection criteria. To
strengthen and make the phenomenon clearly, the difference of dopant numbers near the

source-end and the drain-end must be larger than two. There are 216 LAC device and 216
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inLAC devices. For the LAC device, the selection criterion is that device has more than
three dopants in the near-source-end channel but with zero or one dopant locating near the
other end. The inLAC devices are then selected accordingly. The effect of LAC and in-
LAC on fluctuations of gate capacitances is then examined. For the devices with Vp =0
V, Fig. 4.10(a) presents the average total gate capacitance versus the gate bias for the LAC
and inLAC, respectively. Both the cases of dopants near the source-end and the drain-end
exhibit a quite similar C-V characteristics under Vp =0V and Vp = 0.8 V, as shown in Fig.
4.10(b). Though the total C-V characteristics of the two groups are very similar, the fluc-
tuation of the total C-V curves iscoutright different, as shown in Figs: 4.11(a) and 4.11(b).
For devices are with Vp = 0,V, as shown-in-Fig. 4.11(a), both devices of LAC and inLAC
exhibit resembling characteristic fluctuation. However, for devices.are at bias of Vp = 0.8
V, as shown in Fig. 4.11(b); the C ;o fluctuation (6C 4,¢,:) of the LAC devices show
a significantly large fluctuation, compared with the inLAC devices. /Therefore, the corre-
sponding C,q fluctuation (0Cyg) and\C'ys fluctuation (oCy,) of devices'with Vp =0V and
0.8 V are further calculated. The 0Cyq andeCy;of deviceswith V), =0V, as shown in Fig.
4.12, indicate that the 0C, is more pronounced and becomes major source of fluctuation
for the LAC devices. Similarly, the 0Cyq dominates the fluctuation of gate capacitance for
the inLAC device. The random dopants located near the source-end or the drain-end in the

devices’ channel exhibits different C'yq and Cy, characteristics in spite of the same Cy otq;



4.2 : Characteristic Fluctuations of Lateral Asymmetric Channel Device 83

and 0C ;,1q. Notably, since the drain bias will induce different characteristics in C,yq and
Cys, as discussed in chapter 3. The fluctuations of Cy; and Cy, for devices with Vp = 0.8
V are calculated, as shown in Fig. 4.13; for device under strong drain bias, the fluctuation
of C,q is significantly reduced, as shown in Fig. 4.13(a), compared with the result of Fig.
4.12(a). On the contrary, the fluctuation of C,, as shown in Fig. 4.13(b), is increased, in
contrast with the result of Fig. 4.12(b). We observe that the fluctuation of Cj4 is below
0.1 aF, as shown in Fig. 4.13(a). Therefore, for inLAC devices, since the major source of
fluctuation is contributed by C 45 the 0Cl to10; 15 Well controlled. However, for the LAC
devices, the major source.of fluctuation, that is the fluctuationof Cy,, could not be reduced.

Besides the fluctuation of various components of gate capacitance, we further compare
the discrete-dopant-induced /, = Vi characteristic fluctuations of LAC device which has
high channel concentration near the source-end [85] and the inlLAC device which has high
channel concentration near the drain<end; as shown in'Fig. 4.14. The calculation of thresh-
old voltage here is as same as aforementioned in Chap. 2; determined from a current crite-
rion for the drain current larger than 10=7-(W/L2) ampere, as marked in Fig. 4.14. Then the
inset tables of Figs. 4.14(a) and 4.14(b) list their nominal value and normalized variations.
Notably, the V};, of the proposed inLAC device is 1.78 times smaller than the LAC device
because of the smaller fluctuation of injection velocity and thus a smaller current varia-

tion for dopants located near the drain-end of the channel. The normalized I,,, I,fs, and
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gm variations of inLAC device are 6.9%, 66%, and 2.3% and they are smaller than those
of inLAC device, 13%, 88.3%, and 3.2%. Therefore, the comparison of DC characteris-
tic fluctuations between the inLAC and control device are further examined, as displayed
in Fig. 4.15. The “x” and “0” indicate the distribution of DC characteristics versus the
dopant number for the inLAC and control devices, where the doping profiles of the inLAC
devices have been illustrated in Figs. 2.7 and 2.8. The inset tables of Figs. 4.15(b)-(d)
indicate the DC characteristic fluctuations (oVy,, 0l,,, and 0l,¢¢) for inLAC and control
devices. The cVy,, and 01, 0¢,, significantly reduced from42.8 mV, 0.61 A, and 0.421
uS to 28.5 mV, 0.41 pA, and 0.371 1S, respectively. However, the fluctuation of I, is
still large, as shown in Fig. 4.15(b), due-to-the weakened channel controllability, compared
with the control device with original doping profile: Therefore, analog circuits, as shown
in Fig. 2.9 and 2.10, using,the proposed inLAC dévice is implemented and.compared with
planar MOSFETs (where the MOSFETSs are with symmetric channel doping) to estimate

the current mismatch and dynamic characteristic fluctuations, respectively.
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Figure 4.9:"The discrete dopant fluctuated devices are then classified
into two groups: (a) LLAC devices with dopants near source
end and (b) inLAC devices with dopants near.drain end. For
the LAC device; the selectionseriterion is that device has
more than three dopants in the near-source-end channel but
with zero of one dopant locating near the other end. The
inCAC devices are then selected-accordingly.
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Figure 4.10: The Averaged of total gate capacitance (C tq) for LAC
and inLAC devices at (a) Vp =0V and (b) V), =0.8
V.Both LAC and inLAC devices exhibit a quite similar
C-V characteristics under Vp =0V and Vp =0.8 V.
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Figure 4.11: Fluctuations of total gate capacitance for LAC and inLAC
devices at (a) Vp =0V (b) Vp = 0.8 V. The 0C 414 Of the
LAC devices show a significantly large fluctuation as
compared to the inLAC devices at Vp =0.8 V.
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Figure 4.12: Fluctuations/of (a).C,4 and (b) Cys atVp=0V. The 0C,
is more pronouncedand becomes major source of
fluctuation for the LAC devices. Similarly, the 0Cyq

dominates the fluctuation of gate capacitance for the
inLAC device.
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Figure 4.13: Fluctuations of (a) C,yq and (b) Cygat'Vip = 0.8 V. For
inLAC devices, since the majorsource of fluctuation is
contributed by Cyas.the.aCy 4400 1s Well controlled. For the
LAC devices, the major source of fluctuation, that is the
0Cys, could not be reduced.
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smaller than LAC device because of the;smaller fluctuation
of injection velocity and thus a smaller current variation
for dopants located near the drain-end of the ¢hannel.
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4.2.2 Characteristic Fluctuations in Analog Circuits

This subsection presents the implication of device variability in analog circuits. At first,
we compared current mismatch between control and inLAC device in current mirror cir-
cuit. Based upon the V};, is significantly suppressed form 43.3 mV and 28.5 mV for NMOS
devices, the normalized /oy fluctuation of the studied circuits caused by random dopants
is reduced to 4.66%, as shown in Fig. 4.16. To disclose the suppression more clearly, the
Irpr corresponding to oy for each discrete-dopant-induced fluctuated device of control
and inLAC devices are explored in Fig 4:17, respectively. The.solid symbols indicated the
control device and open symbols are inLAC devices. The oy of inLAC devices is 1.74
times smaller than the current mirror with control devices. Comparing:dynamic charac-
teristic fluctuations between the inLAC and LAC devices are then examined in Fig. 4.18.
The inLAC device exhibitssbetter immunity-against-RDE.The fluctuations of calculated
quantities are summarized in inset of Fig: 4.18, where the horizontal ratio is calculated by
Ratio = fluctuation of LAC devices/ fluctuations.of.inlzAC-devices. The inset shows the
fluctuation ratio of circuit gain, 3dB bandwidth, and unity-gain bandwidth for LAC device
which dopants located near the source-end are 1.59, 1.21, and 2.16 times larger than those
of inLAC device with dopants near the drain-end. Therefore, the intrinsic output resistance
(r,), transconductance (g,,), gate capacitance, and dynamic characteristic fluctuations of

the inLAC device and control device are further explored. Figure 4.19 shows the smaller
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gm and 7, fluctuation of inLAC device as compared with control device which meant less
impact on magnitude of output signal and thus exhibits less the influence on circuit gain.
Figure 4.20 explores the C — Vi; characteristics of the discrete-dopant fluctuated inLAC
(dashed lines) and the original (solid lines) devices, respectively. The spreading range of
the lateral asymmetry doping profile is reduced, which implies the suppression of C, and
dynamic characteristic fluctuations, as marked in Fig. 4.20. The high-frequency response
of the nano-MOSFET circuit is then studied in Fig. 4.21(a), where the solid lines are control
devices and the dashed lines show the inLAC deyices. The spreading range of the inLAC
devices is reduced significantly due to the suppression of %, g,,, and C,. As shown in
Figs. 4.21(b)-4.21(d), the high frequency characteristic fluctuations of the circuit gain, the
3dB bandwidth, and'the unity-gain-bandwidthrare reduced. by 31:2%, 37.6% and 47% for
inLAC device, respectively. Notably, since the g,, and C; are factors of circuit gain, 3dB
bandwidth and unity-gain bandwidth; the dynamic characteristics have similar fluctuation

suppression.
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Figure 4.20: Comparison_of gate capacitance fluctuations of the
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from the proposed inLAC devices (dashed line) and
control device (solid line).



4.2 : Characteristic Fluctuations of Lateral Asymmetric Channel Device

16 ——— 9e+10
12' cuit Gain Control Fluctauted Devices — X x X 5
12, ——— inLAC Fluctuated Devices N oge+10 | - i i I I ¥ X 8 X x
_ 3dB Bandwidth | = ' I
%10‘21:!!!!!§::§i T— |, B 7e+10} °e
S "y : S I NENE
3 ol N § Ger10 oof o0, °
®
i % 5e+10 |- @ Control Devices ®e
2t Unity-Gain Bandwidth ¥ _ X InLAC Devices
0 1 1 1 f\ - d 4e+10 1 1 1 1 1 1 1 1
@) 1e+8 1e+t9 1e+10 1e+11 1 12(0) 0 2 4 6 8 10 12 14
13.0 Frequency (Hz) 5 1e+11 Dopant Number
. ® Control Devices i :
a 125 x inLAC Devices = 48e+11F s R l I ' |
o B/ g o 8 3 '
° ° |
£120¢ N A §4.5e+11 :! §
2 sl -“!33'.' @ 42e+11f 0 % 8!
= : ° 0 ® = x
3] g 8 i : * el ® o x
S 1101 O 3.9e+11 ¢ _ 8
. e ' l ’ i - = ° _Cclzztcr:o::)Deylces
= x
10 5 T I 1 ] : X ¥ 5 36e+11 [ 1 I? 1 ewcelS 1 1 1 1
. 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
(b) Dopant Number (d) Dopant Number
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respectively.
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4.3 Summary of this Chapter

In this chapter, we have presented two techniques to suppress RDF-induced character-
istics fluctuation. For the DMG device, the dopant will induce relatively small potential
deviation in DMG due to a large initial potential barrier existed (¢gopant/@r, compared
With @iopant/ @1, and Gaopant/@ar) in the cross-sectional view of potential energies for dopant
near the source side. However, the same suppression of AC characteristic fluctuations can
not enjoy the advantage of DMG device because the capacitance of depletion region is af-
fected by doping distribution of channel region-and-effective oxide thickness. Therefore,
the inLAC device was proposed.to suppress AC characteristics sequentially. The inLAC
device has exhibited less characteristic fluctuations due to the well controlled of major fluc-
tuation source of Cj;. Moreover, in contrast to the control device, the fluctuations of V,,
Ions Gms 7o, Cy, circuit gaing3dB bandwidth,andunity-gain were simultaneously reduced

by 33.4%, 32.8%, 11.9%, 80.6%, 68.8%, 31.2%, 37.6% and 47%, respectively.
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Chapter 5

Optimization Technique

I n this chapter, the evolutionary-algorithm, genetic algorithm and implemented simulation-
based optimization method is introduced. At first, we.give a brief introduction of the

evolutionary algorithm, genetic algorithm (GA), in this work. Then.we show the algorithm

scheme of the solver to optimize the tested amorphous silicon gate (ASG) driver circuits in

Chap. 6.

5.1 Genetic Algorithm

GA is a kind of evolutionary algorithms which are based on simple concepts inspired
by the evolutionary biology theory such as selection, crossover, mutation, and so on [62-

65,86,87]. GA works with a population of individuals which evolve from one generation

103
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to next one. This evolution is able to search all the possible solutions by totally exploring
the searching space and lead us to find the global solution of the optimization problem.
Generally, GA includes the following parts as shown in Fig. 5.1; each of the components

must be specified in order to define a particular GA.

1. Representation;

2. Evaluation;

3. Population;

4. Parent Selection mechanism;

5. Variation Operator;

6. Survivor selection mechanism;and

7. Initialization Procedure.and Terminal. Condition

As for the representation,<it is the method to link the “real” world” to “GA world”.
The possible solution of real world will be “encoded’ to the'specified form which is called
chromosome and usually represents a candidate solution. Evaluation forms the basis for
selection. Usually, specific fitness function depending on the problems of the candidates
will be calculated and provide the information to the selection mechanism. Parent selec-

tion mechanism is to choose better candidates which will be sent in the mating pool and



5.1 : Genetic Algorithm 105

thus variation operators are applied on them. There are two critical variation operators in
GA: recombination and mutation. The basic idea of recombination is inheriting informa-
tion from two parents, and mutation is supposed to cause a random, unbiased change. The
offspring will be created after applied variation operators on the candidates in the mating
pool. After that, the survivor selection mechanism which is similar to parent selection but
used in the different stage of GA is enabled. Age factor is also usually considered in this
selection. If no survivor achieves the desired targets, the process repeats until a specified

number of generations.
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5.2 Variation of Operator in the Genetic Algorithm

After selection step, the crossover operator is used to generate the next generation so-
lution. According to crossover probability and crossover strategy, the crossover operator
generates the offspring from two parent individuals chosen from the population by selec-
tion. The offspring will substitute their parents in the next populations and may result
better fitness score based upon an appropriate crossover strategy. Generally, the crossover
methods include one-point crossover [88,89], two-point crossover [88,89], and uniform
crossover [64,88-90]. In.this thesis, one-point crossoveris used to optimize the proposed
ASG driver circuit. The one-point-crossover is randomly detérmine one crossover point,
and the gene of the offspring from beginning to_crossover point'will be inherited by one
parent individual, and the rest will be inherited by the other parent, as disclosed in Fig.
5.2(a).

After crossover operator, the mutation operator enables to randomly choose two gene in
one individual and exchange them with.mutation'rate; as shown in Fig. 5.2(b). In addition,
mutation operator is necessary to maintain genetic diversity to evaluate all the searching
space and therefore avoid local optimal solution. The mutation rate is the probability of
applying certain randomized change to an individual. Notably, the mutation rate is must
be carefully determined. If the mutation rate is too high, it may interrupt the process and

imply the loss of optimal solution. If the mutation rate is too low, the genetic diversity may
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not be increased and then sticks in the local optimal. More detail setting is discussed in the

next subsection.
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Figure 5.2: The variationeperators, (a).erossover and (b) mutation,
used in this' work:*For the'crossover, we randomly choose
one point and splittwo parents at the point, then we
exchange the tails of them to create two offspring. After
that, the mutation enable to randomly choose two gene in
one individual and exchange them with mutation rate.
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5.3 The Simulation-Based Optimization Methodology

5.3.1 The Optimization Flow

The unified optimization framework (UOF) [66] enables us to implement the optimiza-
tion method to design ASG driver circuit with the most suitable parameters. The UOF can
evolve the parameter configuration of circuit by genefic ralgorithm [64,86,87,91-93] and
achieve particular performance of the circuit with the parameter configuration as fitness
value by executing external circuit simulator [94-97]. The flow is shown in Fig. 5.3; for a
script file of netlist depending on the ASG driver circuit topology, we define the parameters
of ASG driver circuit to be optimized. Then, the nitial population of these parameters is
generated by engineering design or random selection.. The.evaluation mechanism is putting
the parameters into script file toobtain the complete circuit netlist file, and then send the file
into circuit simulator to acquire the ¢ircuit characteristics automatically. If the characteris-
tics meet the requirement prescribed by the circuit designer, we output the final optimized
solution. If the error between the specifications and characteristics does not meet the con-
vergence criterion, the UOF performs GA to assess the designed parameters. The process

will be iterated until the specifications are matched.



5.3 : The Simulation-Based Optimization Methodology 111

5.3.2 The Performance of Developed Optimization Methodology

The parameters setting of GA in circuit design optimization is summarized in Table 5.1.
By considering the experiment, Figs. 5.4(a) and 5.4(b) show a comparison of the score
convergence behavior among population sizes, where the crossover and mutation rate is
fixed at 0.6. The fitness score versus the number of generation suggests that the score
convergence behavior does not have a satisfied result if the population size is too small.
According to our experience, the population size = 100 is good for the optimal design of
ASG driver circuit. In addition; Figs.*5.5(a).and 5.5(b) show the fitness score convergence
behavior for the circuitoptimization with different. mutation rate, where the population size
= 100. The results suggest that the mutation = 0:6 keeps the population diversity and finally

has better evolutionary results.
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Figure 5.3: The algorithm scheme.of the solver toroptimize the
proposed ASG driver citeuits in-this thesis. The replacement
is age-based but with 10% elitist and 30% regenerate
random individual. After replacement complete, we check
whether the solution meets requirements or the max
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Figure 5.4: (a) and (b) The comparison of the score convergence
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population sizes are 50, 100, and 150, where the crossover
and mutation rate is fixed at 0.6, respectively.
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Figure 5.5: (a) and (b) The comparison of the score convergence
behavior of the algorithm in two ASG driver circuits among
mutation rates are 0.4, 0.6, and 0.8, where the crossover a is
fixed at 0.6 and population size is fixed at 100, respectively.
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5.4 Summary of this Chapter

The genetic algorithm was introduced briefly in this chapter. Then, detail implemen-
tation of optimization flow by UOF was also shown in this chapter. By considering the
experiment, the parameters setting of GA, such as population sizes and mutation rate in

circuit design optimization were then investigated.




Chapter 6

The ASG-Driver Circuit and Simulation

Results

I n this chapter, the original and optimization simulation results of proposed amorphous

silicon gate (ASG) driver circuits are discussed. At first, we brief the operation of
explored ASG driver circuits. Then the numerical experiments for the proposed explored
ASG driver circuits are realized and discussed. Finally, the sensitivity analysis verifies the

characteristic variations of optimized circuits.
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6.1 Operation of ASG Driver Circuit

The proposed ASG driver circuits are used for different products as compared with
conventional one [94]. A schematic of active matrix liquid crystal display (LCD) panel
controlled by ASG driver circuit in product is shown in Fig. 6.1(a); each stage ASG driver
circuit consists of pull-up and pull-down control circuits, pull-up and pull-down output cir-
cuits, as show in Fig. 6.1(b). The output state, VGH, and rise time of output waveform
are influenced by designed pull-up output circuit. The steady state, VGL, and fall time of
output waveform are affected by.designed pull-down output eircuit, respectively. Figures.
6.2(a) and 6.3(a) show one stage circuit-of the proposed ASG driver circuits used in differ-
ent products and its timing diagram.. The different betweenFig. 6.2(a) and Fig. 6.3(a) is the
Pull-up control circuit, Pull-down control circuit and Pull-down output circuit. The reason
is that the ASG driver circuit'with 14-TETs used.inlarge loading products'such as monitor
and screen of TV, whereas the ASG drivet circuit with 8-TFTs used.in display panel of cell
phone, as disclosed in Figs. 6.2(b) and 6:3(b).=Thus, theCircuit of Fig. 6.2(a) needs more
transistors than that of Fig. 6.3(a) to accelerate charge and discharge time. However, the
function of two ASG driver circuits is almost the same. Then in these circuits’ topologies,
the CLK and CLKB denote the clock signal and clock bar signal; VGL is the steady state
voltage, and STV/V,,_; is inputted pulse signal. The V,, and V}y are the output signal which

supply for the panel and next stage, respectively. Fig. 6.4 shows timing diagram of ASG
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driver circuit with 14-TFTs and the operation of 14-TFTs-ASG driver circuit is as follows.
When the input signal is high, the (); node is charged by the input signal (STV/V,,_,);
then, as CLK is changed from low to high, the (); node voltage is boosted up due to the
gate-drain capacitive coupling of M10. Therefore, the output driving ability (V,, and Vi)
is achieved through M7 and M10. At this time, the high voltage of the (), node is applied
to the gates of M4 simultaneously. Therefore, M11 is turned off, and the high voltage is
kept at the (); node. After generating an output voltage, the (); node voltage is discharged
when the output signal of next stage (V) is. applied to the gate of M12. After that, the (),

node is alternately discharged through M13 by using the CLKKB signal.
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Figure 6.2: The first ASG driver circuit (a) has fourteen a-Si:H TFTs
which consisted of 3 pull-up control devices, 3 pull-down
control devices, 3 pull-up output devices and 5 pull-down
output devices and (b) used in large loading products such

as monitor and screen of TV (17 inch).
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Figure 6.3: The second one has (a) eight a-Si:H TFTs and two
capacitors which consisted of 2 pull-up control devices, 2
pull-down control devices, 4 pull-up output devices and 2
pull-down output devices and (b) used in small loading
products such as display panel of cell phone (3.3 inch).
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signal and STV/V,,_; is inputted pulse signal. The V,, and
Vi are the output signal which supply for the panel and
next stage, respectively.
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6.2 Simulation Results of 14-TF'Ts-ASG Driver Circuit

The designed parameters of 14-TFTs-ASG driver circuit are widths of a-Si:H TFT de-
vices, as shown in Fig. 6.2(a). The original (dashed line) and optimized (solid line) results
of the output signal which contains the fall time, the rise time and the ripple voltage in
the ASG driver circuit are shown in Fig. 6.5, respectively. The rise time is defined by the
interval of time required for leading edge of a pulse raised from 10% to 90% in the peak
pulse amplitude and the definition of fall time is contrary to rise time. The ripple voltage is
defined by maximum peak to peak veltage afterthe pulse. Thesethree electrical character-
istics are the required specificationsin the ASG driver circuit design generally. The inset
table of Fig. 6.5 indicates the specifications; originalvand optimized results. The original
result shows that the fall time and the rise time are lower than the given specifications;
however, the ripple voltage.compared with our setting criteria is extremely high. There-
fore, the established optimization kernel in the unified-optimization framework is activated
to find the feasible configuration of'device widths based on<the netlist file of the initial
circuit. Finally, the ripple voltage after optimization decreases significantly from 5.419 V
to 1.904 V while we keep the rise time and fall time satisfied the required specifications.
Fig. 6.6 shows the initial device widths of this circuit by expert experience and our opti-
mized results. There is 35% reduction of the optimized total devices width of a-Si:H TFTs

compared with the initial one in this explored ASG driver circuit.
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Figure 6.5: The original/optimized simulation results of 14-TFTs-ASG

driver circuit. The inset table indicates specifications,
original and optimized results of electrical characteristics.
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Original device width

Optimized device width

(um) (um)
M1 | 500 | M8 | 160 M1 | 430 | M8 160
M2 | 500 | M9 80 M2 | 330 | M9 50
M3 | 10 | M10 | 8000 M3 10 M10 | 4730
M4 | 500 | M11 800 M4/ {4110 [ M11 600
M5 | 160 | M12 | 1000 M5 | 3300 |-M12 | 610
M6 | 80 | M13 (‘000 M6 | 80 M13 860
M7 | 160 | M14 1" 160 M7 | 130, ‘M14 | 140
35%

Total Devices’ Width = - Total Devices’ Width =

13110

8570
Reduction

Figure 6.6: The comparison.of TFT widths in original/eptimized results

of 14-TFTs-ASG driver circuit. From our optimized results,
there is 35% reduction of the'total devices width as
compared to the original one.
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6.3 Simulation Results of 8-TFTs-ASG Driver Circuit

Similarly, eight widths of the a-Si:H TFT devices and two charged capacitors are needed
to be optimized, as shown in Fig. 6.3(a). Figure 6.7 shows the information of simulation
result of the output signal and power dissipation in the second tested circuit before/after
optimization. The definition of rise time, fall time and ripple are the same as aforemen-
tioned. Then the optimized rise time, fall time and ripple voltage are significantly reduced
from 2.9827 s, 2.6435 s and 1.9166 V to 1.9828 s, 1.435 s and 1.571 V, which are summa-
rized in inset table of Fig. 6.7, respectively:“Under theseelectrical characteristic, although
we release a little power dissipation, we still'maintain it.about 1.64 mW which satisfied
its specification. The Fig. 6.8-shows the devices’ width comparison of original and op-
timized results. There is almost same of total devices width. For the given targets and
specifications, it shews that this methodelogy provides an automatic mechanic to design

the parameters of the explored ASG driver cireuit.
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Figure 6.7: The original/optimized simulation results of 8-TFTs-ASG
driver circuit. The inset table indicates specifications,
original and optimized results of electrical characteristics.
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Original device width Optimized device width
(um) (um)
M1 | 100 M6 1000 M1 | 120 M6 1330
M2 | 160 M7 300 M2 | 60 M7 280
M3 | 80 M8 200 M3 | 80 M8 640
M4 | 100 Ct 550 M4 30 C1 860
M5 | 160 C2 550 M5 1,.°80 C2 1930
Total Devices” Width = Total Devices’ Width =
2100 2620

Almost Same

Figure 6.8:"The comparison of TFT widthsin original/optimized results
of 8-TFTs-ASG driver circuit. Comparing with initial total
device width, the optimized result is almost same.
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6.4 Sensitivity Analysis

Sensitivity analysis is a technique which considers how small changes in decision vari-
ables affecting the function outputs. For designed parameters which fulfill aforementioned
specifications, We analyze a selected and modified solution for two ASG driver circuits by
4 0.5 pm of each width and £ 0.2 um of each length with optimized widths sequentially.
In the mathematical statement, if fj(z*) represents the function value in the analysis point,
then we can observe the variation of the function with small perturbation of z*, then the

sensitivity of f in ™ respect to z; can be expressedas-[99]:

7= @f;ﬁﬁ x 100%, (6.1)

where z; is each decision variable. Figures 6.9 and 6.10 show the sensitivity of 14-TFTs-
ASG and 8-TFTs-ASG driver circuits which may result from process variation effects in
the circuit, respectively. In Fig. 6.9(a), the sensitivity-of 14.parameters 18 almost lower than
10%. However, the electrical ¢haracteristics are rather susceptible to'the parameter W10
which controlled the charge ability of the TFT.array.devices of display panel. Therefore,
the parameter W10 induces larger sensitivity. Similarly, Fig. 6.10(a) shows small sensitiv-
ity of 8-TFTs-ASG driver circuit and the parameter W6 induces lager sensitivity due to the
same reason which is aforementioned. We further examine the sensitivity of length varia-
tion with optimized widths, as explored in Figs. 6.9(b) and 6.10(b). The same phenomena

are observed in these ASG driver circuits. The sensitivity of electrical characteristics is
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also dominated by W10 of 14-TFT-ASG driver circuit and W6 of 8-TFT-ASG driver cir-
cuit, respectively. Moreover, due to parameter L12 and L13 of 14-TFTs-ASG driver circuit
and L7 of 8-TFTs-ASG driver circuit are component of pull-down output circuit, the sen-
sitivity of fall time is quite large. Finally, the result can guarantee the robustness of our
optimized design and confirm promising characteristics of these ASG driver circuits which

have benefits to manufacturing of TFT-LCD panel.
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Figure 6.9: The sensitivity analysis of thel4-=TFTs-ASG driver circuit.
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6.5 Summary of this Chapter

In this chapter, we were briefed the operation of explored 14-TFTs-ASG driver circuits
as an example. Then, comprehensive simulation analysis of ASG driver circuits was con-
ducted by genetic algorithm and sensitivity analysis. The optimized ASG driver circuits
with excellent performance and stability were achieved. Moreover, the total device width
of the14-TFTs-ASG driver circuit has 35% reduction which implies the reduction of circuit

area.




Chapter 7

Design, Fabrication and Measurement

I n this chapter, the standard-process flow of thin film transistors is considered for the
sample fabrication of optimized amorphous silicon gate (ASG) driver circuits. The
measurement results:of rise time, fall time, and ripple voltage of samples are discussed in

detail.

7.1 Process Flow of‘a-Si:H Thin Film Transistors

The inverted-staggered back-channel etched (BCE) type of a-Si:H TFTs fabricated on
glass substrate was used for gate driver circuit. First, the gate electrode of 300-nm-thick
Mo/AINd (GE) alloy is deposited by physical vapor deposition method on the glass sub-

strate and patterned. Thereafter, the 380-nm-thick silicon-nitride (SN, ), 150-nm-thick
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undoped a-Si:H layer, 50-nm-thick n+ a-Si:H are deposited by chemical vapor deposition
method and the a-Si:H layers are patterned. The silicon-nitride layer is served as the gate
insulator and deposition temperature is about 300-350 °C. The undoped a-Si:H layer is
served as the active layer and deposition temperature is about 220-350 °C. The n+ a-Si:H
layer is used to form the ohmic contacts at source/drain (S/D) electrodes, which are de-
posited by physical vapor deposition method and then patterned. The n+ a-Si:H layer in
TFT channel region was etched off by dry etching method and then overetched until the
undoped a-Si:H layer. The back channelpassivation layer (Si3/N,) of 200-nm-thick is de-
posited by chemical vapor deposition method and patterned. Finally; the contact hole was
deposited with 50-nm ITO layer by physical-vapor deposition method, as.a pixel electrode
(connected with source or ‘drain):All the process is depicted in the Fig. 7.1. The cross-
section view of SEM picture of fabricated TFT sample is shown in the Fig. 7.2(a). The
device is with 18 pum channel width, 4 um<channel, and 150 nm channel thickness. In
addition, the process variation of lengths of ASG driver circuits which make agree with the

assumptions of sensitivity analysis 1S shown.in Figs:=7.2(b)=(e).
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Figure 7.1: The process flow of inverted=staggered back-channel etched
(BCE) type of a-Si:H TFET.
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Figure 7.2: (a) The cross-section view of SEM picture of fabricated
TFT sample. The process variation of (b) LS5 and (c) L11 of
14-TFTs-ASG driver circuit and (d) L3 and (e) L6 of
8-TFTs-ASG driver circuit, respectively.
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7.2 Experimental Results of 14-TFTs-ASG Driver Circuit

Test chips of the optimized 14-TFTs-ASG driver circuit are fabricated in the standard
4-pm a-Si:H TFT technology. We examine and depict the tested layout which consisted of
six stages gate driver circuit and occupies the area of 1.386 mm?, as shown in Fig. 7.3. Fig.
7.4 displays a Chroma 58162-E signal generator and a Tektronix DP04054 oscilloscope
which were used to carry out the aforementioned input signal. As for the measurements
more precisely, the input signal, STV (SP), CLK, CLKb, and VSS are set as same as the
simulation, as disclosed in Fig. . 7.5.Thenthe. measured dynamic characteristics of the
chip are illustrated in Fig. 7.6, where|the rise time, fall time and ripple voltage is 1.23
us, 1.18 ps and 1.9.V, respectively. Comprehensive' comparison among the fabrication
data of the original/optimized setting and the specifications are disclosed in Fig. 7.7(a).
The improvement of ripple voltage is71% for 14-TFTs-ASG driver circuit while we also
successfully maintain the rise time and the fall time within/the required specifications. In
additional, the experimental characterization results areclose to the simulation results or
even better than the theoretically estimated data, as listed in Fig. 7.7(b). Figure 7.8 shows
the optical image of our optimized one stage ASG driver circuit with 14-TFTs by using
SEM and occupied the area of 0.231 mm? (1050 zm x 220 ym). Comparing with original
circuit area (302 ym x 780 pm = 0.236 mm?), there is only 2% reduction of our layout

technique which should be improved in our future work.
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Figure 7.3: The tested chip layout of six stages gate driver circuit which
is 1320 pm wide and 1050 pm high and occupied the area
of 1.386 mm?.
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Figure 7.4: The equipments of (a) a Chroma 58162-E signal generator
and (b) a Tektronix DP04054 oscilloscope which we used
to carry out the measurement results.
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Figure 7.5: The detail setting of input'signal of 14-TFTs-ASG driver
circuit by using a Chroma 58162-E signal generator.
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Figure 7.6: The experimental results of rise time, fall time and ripple
voltage for 14-TFTs-ASG driver circuit are measured by
using a Tektronix DP04054 oscilloscope.
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Figure 7.7: (a) Comprehensive comparison among the fabrication data
of the original/optimized setting and the specifications. (b)
The comparison of simulation and characterization results
of 14-TFTs-ASG driver circuit.
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Figure 7.8: (a) The optical image of tt bricated 14-TFTs-ASG driver
circuit which occupied the area of 0.231 mm? (1050 pm x

220 pm) . (b) The comparison of a single-stage circuits area
for 14-TFTs-ASG driver circuit.
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7.3 Experimental Results of 8-TFTs-ASG Driver Circuit

As same as previous subsection, test chips of the optimized ASG driver circuit which
consisted of eight TFTs and two charged capacitances were also fabricated. The test layout
which consisted of eleven stages gate driver circuit and occupies the area of 1.795 mm?,
as shown in Fig. 7.9. The input signals of 8-TFTs-ASG driver circuit which is different
from 14-TFTs-ASG driver circuit are set, as displayed in Fig. 7.10. Then the measured
dynamic characteristic of the rise time, fall time and ripple voltage is 1.464 us, 1.362 us
and 2.1 V, respectively, as disclosedan Fig: 7:11-"Aeccording to.our complete comparison
in Fig. 7.12(a), the optimized ripple voltage has 49% improvement while we also success-
fully maintain the same rise time and fall-time as compared with original fabrication results.
However, there have almost 30% errors between simulation and fabrication results which
should be improved, as listed in Fig. 7.12(b). In‘addition, the optical image of our opti-
mized one stage ASG driver circuit with 8-TFTs by using-scanning €lectron microscope is
shown in Fig. 7.13. Notably, Comparison with original chip-aréa (252 pym x 939 ym =
0.237 mm?), there is 36% reduction of our layout technique and occupied the area of 0.152

mm? (304 m x 500 pm).
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Figure 7.9: The tested chip layout of eleven stages gate driver circuit
which is 500 pm wide and 3218 ;sm high and occupied the
area of 1.795 mm?.
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Figure 7.10: The detail setting of input signal of 8-TFTs-ASG driver
circuit by using a Chroma 58162-E signal generator.
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Figure 7.11: The experimental results of fise time, fall time and ripple
voltage for 8-TFTs-ASG driver circuit are measured by
using a Tektronix DP04054 oscilloscope.
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of the original/optimized setting and the specifications. (b)
The comparison of simulation and characterization results

of 8-TFTs-ASG

driver circuit.
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7.4 Summary of this Chapter

After optimization of Chap. 6, the optimized circuits were fabricated using the standard
4-pm a-Si:H TFT technology. For the 14-TFTs-ASG driver circuit, the optimized ripple
voltage was improved which is 71% reduction as compared with original fabricated result.
Also, the improvement of ripple voltage of optimized 8-TFTs-ASG driver circuit is 49%.
Additionally, there are 2% and 36% reduction of chip area for 14-TFTs-ASG and 8-TFTs-

ASG driver circuits, respectively.




Chapter 8

I n this chapter, we have drawn the conclusion. In the Sec. 8.1, we summarize the
work and suggested future work of the suppressing 16-nm MOSFET characteristic
fluctuation. Then in Sec. 8.2 the work and suggested future work of TFT-LCD ASG driver

circuit design optimization are summarized.
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8.1 Suppression of 16-nm MOSFET Characteristic Fluc-

tuation

8.1.1 Summary

In this thesis, an experimentally validated three-dimensional ”atomistic” coupled device
circuit simulation approach has been advanced to investigate the dependence of random
dopants fluctuation in nano-MOSFET analog circuit, coneurrently capturing the random
discrete-dopant-number- and random diScrete-dopant-position-induced fluctuations. The
results have shown that the discrete-dopant fluctuated current mirror circuit exhibits 8.43%
variation of current mismateh. Additionally, there are 4.04%, 9.37%, and4.05% variation
for circuit gain, 3dB bandwidth, and unity-gain bandwidth of common source amplifier,
respectively. Result has also'€onfirmed the impeortance.of diserete-dopant-position induced
characteristic fluctuations in nanoscale transistors, which may be underestimated in analyt-
ical or compact modeling approach: To further.suppress the characteristic fluctuations of
devices as well as dynamic characteristic fluctuations of circuits, we have estimated DMG
and inverse DMG techniques for suppressing RD-induced characteristics fluctuations for
16-nm MOSFET devices. The device with DMG exhibits the most effective way to reduce
DC characteristic fluctuations, compared with the inverse DMG and control devices. the

improvement of DMG for suppressing the RDF-induced V;y,, 1,,, and I,;; fluctuation are
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28%, 12.3%, and 59%, respectively, which is a enthralling method compared with other
suppression techniques. However, the AC characteristics doesn’t suppressed due to the
capacitance of depletion region is affected by doping distribution of channel region and ef-
fective oxide thickness. Hence, the asymmetric scenario of LAC and inLAC devices in 16
nm MOSFET are future explored in its capacitance and dynamic characteristic fluctuations.
The inLAC device exhibits less characteristic fluctuations due to the well controlled of ma-
jor fluctuation source of Cyq. The fluctuations of average gate capacitance, circuit gain,
3dB bandwidth, and unity-gain bandwidth of the LAC device are substantially larger than
those of inLAC device. Moreover, in contrast to the control device, the fluctuations of V},
Ions Gms» 7o, Cy, circuit gain, 3dB-bandwidth, and unity-gain are simultaneously reduced by
33.4%, 32.8%, 11.9%, 80:6%y 68:8%, 31.2%537.6% and 47 %, respectively, as summarized
in Fig. 8.1. Moreover, the current mismatch of proposed suppression technique is also sig-
nificantly reduced to only 4.66%: Finally; the:comparison of suppression techniques such
as, EOT is reduced to 0.4 [69] and increase WK [26], isdisted in Table 8.1. According to
comparative examinations and/diseussions-throughout this thesis, the proposed inLAC de-
vice demonstrates very different fluctuation behaviors of DC and dynamic characteristics,
compared with LAC and control device, which may used for the design of novel sub-20-nm
MOSFETs. This study provides an insight into the design of doping profile to suppress the

random-dopant-induced characteristic fluctuations and show the design trade-off between
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performance and fluctuation.
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Table 8.1: The comparison of suppression techniques.

Improvement
Vi, fluctuation
1,,, fluctuatio

0.4 [106] | incease WK [27]

r, fluctuatio
C, fluctuatic
Circuit Gai
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Figure 8.1: The effectiveness of the fluctuation suppression in both the
inLAC-device and commonssource amplifier, compared
with the results of control-device and circuit.
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8.1.2 Future Work

We have discussed the random-dopant-effect induced characteristics fluctuation of 16-
nm-gate length planar MOSFET and analog circuits in this thesis. Although the LAC
device is a superior approach to suppress RDF-induced characteristic fluctuations of device
and circuit, the gate leakage is extremely important for analog circuits of mobile phone
application and the fluctuation of gate leakage should be examined. Moreover, we believe
that the mismatch of threshold voltage in the larger circuit such as differential amplifier
and LNA circuits will significantly impact the performance in the future. Additionally, the
high-~ metal gate is emerging technology-in the manufacturing of devices and brings two
kinds of new random variation sources: (1) work-function dependency due to the metal
grain orientation and (2) traps in Si/high-# interface [100-105];»which should be taken

consideration in nanoscale device and circuit.
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8.2 Design Optimization of TFT-LCD ASG Driver Circuit

8.2.1 Summary

In this thesis, we have demonstrated two optimized amorphous silicon gate (ASG) driver
circuits for manufacturing using the simulation-based evolutionary approach. This ap-
proach combines genetic algorithm (GA) with circuit simulator on the unified optimiza-
tion framework to execute the optimization flow automatically. It successfully extracts the
designed parameters in these circuits. Figure 8.2 shows the'summery of this study. The
ripple voltage of 14-TFTs-ASG driver cireuit 1s significantly decreased from 5.419 V to
1.904 V while we simultaneously. maintain its dynamic characteristics within the required
specifications. As for the 8-TFTs-ASG driver, therise time and fall time are also reduced
from 2.9827 ps and 2.6435us to 1.9166 is-and-1.9828,us-while maintaining the power
dissipation within its specification. ‘Sensitivity analysis has further'shown promising and
stable electrical characteristics of optimized parameters=The optimized ASG driver circuits
were fabricated using standard process of 4-um a-Si TFTs technology. The experimental
results of 14-TFTs-ASG driver circuit is close to simulation results and the improvement
of ripple voltage is 71% as compared with original fabrication. As for the 8-TFTs-ASG
driver circuit, the improvement of ripple voltage is 49% while maintain the same dynamic

characteristics as compared with original fabrication. Additionally, there are 2% and 36%
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reduction of 14-TFTs-ASG and 8-TFTs-ASG driver circuit area. Consequently, this ap-

proach is highly extensible to design different functional block of display panel circuits.
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14-TFTs-ASG Driver Circuit
Application Monitor and screen of TV
State Spec. | Origi. Sim. | Opt. Sim. | Origi. Fab. | Opt. Fab.
Rise Time (us) <15 0.818 1.234 0.75 1.22
Fall Time (us) <15 0.814 1.188 0.76 1.17
Ripple (V) <3 5.419 1.904 6.9 1.9
RMS Power (mW) <60 56.166 42.634 - -
Total Device Width (um) | - 13110 8570 - -
Circuit Area (mm?) - - = 0.236 0.231
8-TFTs-ASG Driver Circuit
Application Display panel of cell phone
State Spec. | Origi. Sim. | Opt. Sim. | Origi. Fab. | Opt. Sim.
Rise Time (us) <2 2.98 1.98 1.4 1.46
Fall Time (us) <2 2.64 143 1.35 1.36
Ripple (V) <2 1.92 1.51 3.9 2.1
RMS Power (mW) <2 1.58 1.64 y -
Total Device Width (um)q \ "= 2100 2620 - -
Circuit Area (mm?) - - - 0.237 0.152

Figure 8.2: The dynamic characteristics and circuit area of ASG driver
circuits are compared among specification, original
simulation, optimized simulation, original fabrication, and
optimized fabrication.
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8.2.2 Future Work

We have successfully implemented the design optimization of ASG driver circuit by UOF
in this thesis. However, the reliabilities such as temperature and bias-stress in ASG driver
circuits are currently examined. Notably, layout technique of 14-TFTs-ASG driver circuit
could be improved empirically for approaching to the theoretical estimation of 35% re-
duction of total layout. Additionally, more ASG driver circuits can be optimized by this
approach and further examine the characteristics not only simulation but also measurement.
Finally, we can improve the optimization kernel with hybrid approaches such as integrating
the evolutionary algorithm; numerical optimizationimethods, and the empirical knowledge

in our future work.
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