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Abstract

Gate-length scaling is still the most effective way to continue Moore’s Law for transistor
density increase.and chip performance enhancement.. Accompanied with complementary
metal-oxide-semiconductor (CMOS) technology advanced to 32-nm node in production,
further scaling down to sub<20 nm and even beyond has been widely noticed encountering
much more challenges at short channel control than previous generations. The worsened
short channel control of nanoseale transistor not only increases standby power dissipation,
but also enlarges electrical characteristic fluctuations, such as the deviation of threshold
voltage, drive current, mismatch, and so on. The fluctuation budget has to be controlled
even tighter due to doubly increased transistor number along with technology node mov-
ing ahead. Moreover, the fluctuation is intrinsically increased with the scaling of transistor
feature size, even not considering worsened short channel control. This thesis describes

the intrinsic parameter fluctuations in vertical-channel devices from planar transistor to



double gate, tri-gate, omega fin-type field effect transistors (FinFETs) and nanowire Fin-
FETs through experimental validated three-dimension device simulation and characteriza-
tion. The implication of device variability in nanoscale transistor circuits are advanced.
The extensive study assesses the fluctuations on device and circuit reliability, which can
in turn be used to optimize nanoscale MOSFET and circuits. Full realization of the bene-
fit of nanoscale transistor therefore requires development and optimization of new device

materials, structures, and technologies to keep transistor performance and reliability.
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Chapter 1

Introduction

This chapter presents-an-introduction of this thesis. It begins with an introduction of
nanoscale transistors, and its structure evolution from planar device to vertical channel,
such as double-gate, triple-gate; and surrounding-gate transistors. The literature review of

current research status and motivation are then introduced:

1.1 Toward Nanoscale Transistor Era

Evolution of complementary metal-oxide-semiconductor (CMOS) technology in the past
40 years has followed the path of device scaling for achieving density, speed and power
improvements. The 2007 International Roadmap for Semiconductors (ITRS) projected

that sub-10-nm-gate length will be launched before 2015[1]. The most critical issues for
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continuing the device scaling will be performance enhancement (short channel effect, leak-
age current, power consumption, and so on) and yield (intrinsic parameter fluctuations). In
the past several decades, planar metal-oxide-semiconductor FETs (MOSFETSs) have been
the core of very-large-scale integration (VLSI) circuits and memories [2,3]; however, as
gate length scales, they started to suffer from undesirable short-channel effects (SCEs) in
scaled dimensions. The significant SCEs not only increases standby power dissipation, but
also enlarges electrical characteristic fluctuations, such.as the deviation of threshold volt-
age, drive current, mismatch; and so on. Various technologies, such as, mobility enhance-
ment [4,5], metal-gate with high-~ dielectrics [6-8], optimal doping profile design [9-11],
lithography [12-14], vertical channel transistor [15-39]; have been proposed to enhance the

transistor performance.

Gate length deviation § Line edge roughness@ Random doping fluctuation

Saurce Gate Drain
1.400,

X Position (jum)

Figure 1.1: The major sources of intrinsic parameter fluctuations: the
gate length deviation, line edge roughness, and random
dopant fluctuation [15].
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Gate lengths of scaled MOSFETSs are now under 30 nm in 45-nm node high-performance
circuits [5,40-43]. Transistor scaling down to sub-20 nm and even beyond has been widely
noticed encountering much more challenges at short channel control than previous gener-
ations. The worsened short channel control enlarges electrical characteristic fluctuations,
such as the deviation of threshold voltage, drive current, mis-match, and so on. Yield
analysis and optimization, which take into account the manufacturing tolerances, model
uncertainties, variations in the process parameters, etc., are known as indispensable com-
ponents of the circuit designmethodology [44-48]. Additionally, the fluctuation is intrin-
sically increased with the scaling of transistor feature size, even not considering worsened
short channel control [15,20-27]). Figure 1.1 shows the major sources of intrinsic parameter
fluctuations, including the gate length deviation [15, 27, 36, 57-61], line edge roughness
[15, 27, 36, 57-61], and random dopant fluctuation [21-27,62-89]. The fluctuation caused
by granularity of the poly=silicon gate [90-93], silicon film thickness variation [94,95], and
random telegraph signal [96,97] are also important factors‘in-device intrinsic fluctuation,
which dependents on the device structure. Figures 1.2 'and 1.3 show the experimental
Vin fluctuation and the on- and off-state currents (/,,,-1,¢f) characteristics of the n-typed
MOSFETs (NMOSFETs) down to 20 nm gates. The gate length L, values in Fig. 1.2 are
estimated from the gate capacitances in analysis data, and we presume the widths of all

samples in Figs. 1.2(a) and 1.2(b) are 200 nm and 20 nm, respectively. As expected, the
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o Vi, roll-off characteristics of 20-nm-wide devices are much more scattered than that of
200 nm-wide devices. Notably, in Fig. 1.2, the maximum V};, difference for 20-nm-gate
length device has approached 150 mV, which is larger than the desired V, 140 mV. The
I,,-1,5¢ characteristic fluctuation becomes even worsened in Fig. 1.3. The maximum V;,
difference for 20-nm-gate length device is over 250 mV; moreover, in some cases, their Vy,

are zero and can not be used in circuits and systems.

1.2 Vertical Channel Transistor Architecture

As the gate lengths of MOSFETs scales below sub-30 nm, the Field effect transistors
(FETs) with multiple-gate structures, such as fin=type FETs (FinFETs) have been of great
interest due to the excellent controlling ability of earriers in the device’s channel, which
suppressed the short-channel effect [15-17]. The succession of device structure from pla-
nar to vertical channel transistors has become the main trend in VLSI technologies. Fig-
ure 1.4 plots an evolution of transistor architecture from planar MOSFETS to ultra-thin-
body silicon-on-insulator (UTB SOI), double-gate, omega gate, and nanowire FinFETs.
The transistors with vertical channel are with large gate-to-channel coverage ratio and have

very thin body to control short-channel-effect.
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Planar Double-Gate
MOSFETs UTB SOl FinFET

G

Nanowire Omega
FInFET FINFET

Figure 1.4: The evolution of transistor architecture from planar
MOSFET:s to ultra-thin-body silicon-on-insulator,
double-gate, omega gate, and nanowire FinFETs.
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1.2.1 FinFET Process Steps

This section presents the manufacturing process of 25-nm-gate FinFETs. The process result
is exhibited. The process simulation is similar to the sub-10-nm-gate nanowire FinFETs in
[15-17,20], which is the state-of-art nanowire FinFETs transistor. The process flow used in

this work is summarized:

1. Si fin and STI patterning, T, trimmed down upon STI etching;
2. Well and threshold voltage implantation;
3. Gate oxide growth (physical thickness 1.4 nm);
4. Gate deposition (in-situ-doped N poly silicon);
5. Poly Si chemical mechanical polishing;
6. Gate hard mask deposited and patterning (Hard mask trimmed down upon etching);
7. Poly gate.etching;
8. Pocket and lightly doped drain (LDD) implantation;
9. Oxide/Nitride combo spacer formation;
10. Source/Drain implant;
11. Low-thermal-budget activation process;
12. Contact formation; and

13. Copper interconnect.

After Si fin patterning and shallow-trench isolation (STI) formation, the device width is

trimmed down upon STI etching. Well and threshold voltage implantation are performed
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to adjust threshold voltage (V) of transistor. Then, to relieve the etch damage, a sacrificial
oxide is removed 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 and lightly doped drain (LDD) implantation techniques are used for the suppres-
sion of the short channel effect and hot carrier effect. Composite spacer of silicon oxide
and nitride is deposited and etched anisotropically. After the gate and spacer formation,
heavily doped N junction are made with Phosphorous.implantation. Low-thermal-budget
activation process is used for'dopant activation and control of doping profile. After inter-
layer-dielectric deposition, wolfram 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 nanoscale FinFET transistor.

1.2.2 Process Simulation Using TCAD

The process simulation of FInFET is presented by using TCAD simulator [134]. Figure 1.5
presents the simulation result. After the Si fin patterning, STI patterning, and trimming, a
silicon fin with substrate are formed, as displayed in Fig. 1.5(a”). The dark brown region in
Fig. 1.5(a) and white region in Fig. 1.5(a’) are SiO,. The doping concentration in this step

is background doping with 1.0x10* c¢cm~3 boron concentration. Figures 1.5(b)- 1.5(b”)
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> After Si fin patterning, STI

. 7 Si0,
Boron Doping Concentration {cm3)

» After Well/V, implantation L
1x10"8 (p-type) 1x10% (p-type)

» After Pocket and LDD Doplng Concentration {cm=)

i ' o
implantation Poly-gate x4 013 {p-type) 3x102 (n-type)

} After spacer formation and source/drainimplantation

Nitride Spacer

Figure 1.5: The process simulation result for FinFETs. ((a)-(a”))The
device structure after Si fin patterning, STI. The doping
concentration in this step is background doping with
1.0x10% cm~2 boron concentration.((b)-(b”))After
Well/Vy;, implantation and annealing, the dopants are
activated after thermal annealing. The fabrication process
then goes to gate formulation, pocket and LDD
implantation. The gate oxide is formulated after the gate
oxide growth ((c)-(c”)). ((d)-(d”))After spacer formation
and source/drain implantation, the final device structure is
shown.
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shows the doping concentration after the well and threshold voltage implantation. The
dopants are activated after thermal annealing. The fabrication process then goes to gate
formulation, pocket and LDD implantation. The gate oxide is formulated after the gate
oxide growth, as shown in Fig. 1.5(c’). The structure of heavily doped poly-silicon gate is
then constructed and displayed in Fig. 1.5(c). The results of spacer and final source/drain

implantation are presented in Fig. 1.5(d)- 1.5(d”).

1.3 Current Research Status and Motivation

This section reviews the current status-of research and problem. Then the motivation of

this thesis is drawn. The problems is first addressed as below.

1. There have been many studies of the intrinsic parameter fluctuations, including the
process variation [15,27,36,57-61], random dopant fluctuation [21-27,62-89], and
poly-silicon gate [90-93] on planar MOSFETs. However, the studies of FinFETs
fluctuation is not enough [15,23,27,55,84]. Moreover, the extensive exploration
of multi-gate channel transistor as well as comparison with planar MOSFETs are

lacked.

2. The use thin gate oxide becomes an important alternative research object [63] to fur-
ther suppress the impact of fluctuation. Figure 1.6 shows the gate length deviation,

line edge roughness, and random dopant fluctuation induced V};, fluctuation versus
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Figure 1.6: The gate length deviation, line edge roughness, and random
dopant fluctuation induced 1}, fluctuation versus equivalent
oxide thickness (EOT).

equivalent oxide thickness (EOT). The EOT reduction can be achieved by the in-
troduction of metal-gate and high-« dielectric for low standby power devices. All
of the comparisons are based on the same off-sate (leakage) current. In principal,
the standard deviation of V}; induced by the three aforementioned sources can all be
reduced with decreased gate dielectric thickness, due to less surface potential per-
turbation under the enhanced gate controllability. This improvement will depend on

implementation of reliable high-« gate dielectrics and well work-function modulated
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metal gate.

. High-x/metal-gate technology has been recently recognized as the key to sub-45 nm

transistor fabrication due to the small gate leakage current with an increased gate
capacitance. Moreover, the sheet resistance is reduced with the use of metal as gate
material. Comparing to the poly-gate technology, the metal-gate material will not
react with high-x material and therefore there existing less interface charge and Vy,
pinning effect. The gate depletion in poly-gate material is no longer existed. Addi-
tionally, the phono scattering effect is significantly reduced due to the less quantum
resonance effect. However, the use of metal as a gate material introduces a new
source of random variation due to the dependency of workfunction on the orientation
of metal grains [121,122]. The grain orientation of metal is uncontrollable during

growth period.

. The use of vertical channel transistor to suppress the intrinsic parameter fluctuation is

crucial. Figure 1.7 reviews the threshold voltage (V) fluctuation versus technology
node [15]. At 32-nm node, the thinner gate dielectric thickness could be achieved
by the introduction of metal gate (for eliminating poly depletion) and high-« (for
thinner equivalent-oxide thickness but not increasing gate leakage) materials. An-
other opportunity is not scaling gate dielectric thickness but enhancing short channel
control with SOI substrate. Special attention will be paid to thin-buried-oxide SOI

[49]. At sub-22 nm node, planar SOI will no more be a good device option, because
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Figure 1.7: The threshold voltage fluctuation versus technology node.

very thin body (less than 10 nm) is necessary for SCE control but meanwhile the
thin body will degrade drive current due to ’quantum confinement” [50]. Then non-
planar transistors such as FInFETs may emerge instead [51-56]. Their V};, fluctuation

characteristics should be addressed as well.

5. So far the most of aforementioned works are focused on the fluctuation of DC char-
acteristics, the investigation of device’s AC as well as circuit’s fluctuations are lacked
[84-91]. Though several works have addressed the importance of device variability

in circuit, the simulation approach uses the compact model, which can not capture



14 Chapter 1 : Introduction

the random-dopant-position induced fluctuation and may underestimate the influence

of fluctuation.

To deal with the aforementioned problems, this work extensively study the FinFET vari-
ability and its fluctuation on circuits by a statistically-sound 3D “atomistic” coupled device-
circuit simulation approach [64-67,115-118]. The impact of individual fluctuation sources,
consisting of gate length deviation, line edge roughness, random-dopant-fluctuation, and
workfunction fluctuation, on the device’s DC/AC and circuit’s timing/power/high-frequency
characteristic fluctuations are explored. The dominant fluctuation source in each charac-
teristics are found. For the device characteristic fluctuations, the atomistic”” simulation
approach is effective to capture not‘only the randomness of doping concentration but also
the random placement of dopants induced device variability. Moreover, a statistic simu-
lation approach is applied to characterize the emerging workfunction fluctuation induced
variability. The physical model of devices has been calibrated with experiential data [15-
17,63]. To accurately describe the device variability in circuits, the circuit characteristics
fluctuation are obtained by solving the both device transport and circuit nodal equations
(so it’s called coupled device-circuit simulation). Unlike the compact model simulation
approach, the coupled device-circuit simulation approach solves the device transport char-

acteristics in circuit simulation and therefore provide the most device physics inside circuit
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fluctuation. The extensive study assesses the fluctuations on circuit performance and relia-

bility, which can in turn be used to optimize nanoscale MOSFET and circuits.

1.4 Outline

This dissertation is organized as follows. Chapter 2 shows the used device model and nu-
merical methods. The quantum-mechanical corrected transport equations and numerical
simulation methods are introduced, where a nanoscale FInFET is used as an example for
simulation and calibration. Chapter 3 introduces the computer characterization technique
for studying the effect of intrinsic parameter fluctuations including process-variation-effect
(PVE), random dopant fluctuation (RDF), and workfunction fluctuation (WKF). The ac-
curacy of characterization has been-confirmed. Chapter 4 presents the random-dopant-
induced characteristics fluctuation in vertical-channel transistors; where the impact of dis-
crete dopant fluctuation on transistor physical and-electrical characteristics are explored.
This chapter also extensively explores the random-dopant-fluctuation in SOI transistors
from single-gate to double-gate, triple-gate, and surrounding-gate transistor architectures.
The effect of surrounding-gate coverage ratio on fluctuation resistivity is also discussed.
Chapter 5 examines the impact of the intrinsic parameter fluctuations, PVE, RDF, WKEF, in
nanoscale FinFETs. The implications of device variability in circuits are explored in Chap-

ter 6, in which the coupled device-circuit simulation approach is used instead of compact



16 Chapter 1 : Introduction

modeling approach for pursuing best accuracy. Finally, conclusions are drawn, suppression

technique are prospected, and future work is suggested.




Chapter 2

Device Model and Numerical Methods

2.1 TheQuantum-Mechanical Corrected Transport Equa-

tions

2.1.1 The Density<-Gradient Equations

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

17
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(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 the past decades. It assumes local isothermal conditions and is still widely
employed in semiconductor device design.

Classical drift-diffusion model consists of at least three coupled partial differential
equations (PDEs) for, such as electrostatic potential and electron-hole densities. When

device channel is specified, a'set of the DD equations in semiconductor device simulation

1s solved:
Aqﬁ:g(n—p—l—D), @2.1)
1
5 v Ja= R(n,p), (2.2)
and
1

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} (x,y,2)— N, (x,y, 2). Ris the net recombination

rate (cm~3s71). The carrier’s currents densities are given by

Jn = —qu,n 7 ¢+ qD,, 7 1, 2.4)
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and

Jp = —quyp~7 ¢ — qD, N/ p, (2.5)

where 1, and y, are the carrier mobility (cm?/V — s). The diffusion coefficients, D,, and

D,, (¢cm?/s), satisfy the Einstein relation.

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 confinement 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) transport models. A set of Schrédinger-
Poisson (SP) equations has been applied to study 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 realistic device characterization. Therefore,
various quantum correction models, density gradient (DG) [99-103], Hansch[104], mod-
ified local density approximation (MLDA)[105], effective potential (EP)[106-108], and
unitfied quantum correction Model[109], have been proposed for classical DD or HD trans-
port models. In this investigation, the density gradient was coupled with the DD model and
solved for the quantum mechanical effects. The density gradient equation can be expressed

as,
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-

Jy = =a1p 7 & = aDyp 7 P+ 4Dty 2.7)
where 7,, and 7, are the quantum potentials for electrons and holes. v, = 2b, V\Z/‘f.

T = 2b, V\Q[*p/ﬁ b, and b, are density-gradient coefficients for electrons and holes. b, =
h?/(12gm;;) and b, = h*/(12gms;).m,, and m are effective' masses for the electrons and
holes. £ is the Planck constant. b,, and b, in Eqs. (2.6) and (2.7) are the density gradient
coefficient which determines the strength of the gradient effect in the electron and hole gas.
The last term in the right hand side of Egs. (2.6) and (2.7) are referred to as “quantum dif-
fusion”, which makes the electron continuity equation has a fourth-order partial differential
equation. Therefore, such:an approach is highly sensitive to noise in the local carrier den-
sity, and the methodology is highly important in cases of strong quantization. To calculate
the numerical solution of the multidimensional density-gradient model, firstly we decou-
ple the coupled partial differential equations (PDEs); approximated with the finite volume
method over nonuniform mesh. The corresponding system of the nonlinear algebraic equa-
tions is then solved with the monotone iteration methods. Iteration will be terminated and

post-processes will be performed when the specified stopping criteria for inner and outer

iteration loops are satisfied, respectively.
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2.1.2 The Mobility Model

According to Mathiessen’s rule [113,114], the mobility model used in the device simulation

can be expressed as:

1 D D 1
== + +—,
H Msurf_aps Msurfrs Mbuik

(2.8)

where D = exp (x/lgy ), # 18 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, where. N; = N4 + Np, 15 = 300 K, E is the transverse electric field normal
to the interface of semiconductor and insulator, 5 and C''are parameters which based on
physically derived quantities, Ny and 7 are fitting parameters, 1" is lattice temperature,

and K is the temperature dependence of the probability of surface phonon scattering; (2)

C(Ni/No)”

the contribution attributed to surface roughness scatt€ring is fisyrf aps = % + BUNT/ T

o (n+p)N, ¢

WhereE:A—i—W

, Erép = 1 V/em is a reference electric field to ensure a unitless
numerator in fsyy s, Nyes =1 cm 3 is a reference doping concentration to cancel the unit
of the term raised to the power v in the denominator of =, J is a constant that depends on
the details of the technology, such as oxide growth conditions, N; = 1 cm 3, A, «, and

7 are fitting parameters; (3) and the bulk mobility iS ppur = ,uL(TZO)*é , where py, is the

mobility due to bulk phonon scattering and £ is a fitting parameter.
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2.2 The Numerical Simulation Methods

In this section, we will introduce the adaptive numerical methods in the following dis-
cussion. The implemented adaptive computing technique for semiconductor device sim-
ulation is mainly based on Gummel’s decoupling method [114, 124, 125], FV approxima-
tion [112,126], Monotone iterative method [135, 136], a posteriori error estimation [112],
and an unstructure meshing scheme [111, 114,124, 125]. This simulation methodology has
recently been developed for different deviee simulation [112,126, 127]. The Gummel’s de-
coupling method controls an iterative loop over two or more coupled equations. It is used
when a fully coupled method would usetoo many resources of a given machine, or when

the problem is not yet solved and a full coupling of the equations would diverge.

2.2.1 The Gummel Decoupling Method

To explore the transport behavior of transistors, the five coupled PDEs are numerically
solved with Gummel’s decoupling method. With-a given initial guess (¢(*), n(©, p(© ~, (0) ~ (0))
and for each Gummel’s iteration index g, g = 0, 1, . . ., we first solve the nonlinear Poisson

equation as well as density-gradient-corrected quantum potential equations.

A = L@ _ p© 4 D(x,y) + BT(¢@+D)). (2.9)

S

2v/n@
7 o)
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) = 2, Y VP @2.11)

The nonlinear Poisson equation is solved for ¢9+1, ~, 9+ "and ~,9+Y given the previous
states 79 and p9). The quantum-corrected current continuity equation of electron is then

solved for n(9*1) with now the known functions @91, p(9), ~, (941 "and ~,9+1),

1
5v . (—q,unn(gH)V(b(g“) + qu(LgH)vn(gH) — qn9ty, 7 %(g+1)> — R(n(g+1),p(9)).
(2.12)

Finally, we solve the:quantum-corrected current continuity equation of hole with known

(9+1) plg+1) ~ (981 ‘and ~:(9+FD)
¢ 9 ,’Yn 9 ,Yp

év (= gy NI T GG OFD L ) e L) —  R(plo+) pfo1))

(2.13)
for plo+1) until all preset stopping criteria are satisfied. Equations (2.9), (2.12), and (2.13)
are associated with proper boundary condition, respectively: Wenote that Egs. (2.9), (2.12),
and (2.13) are now three individual semilinear PDES to be solved for each Gummel’s itera-
tion. An outer iteration in the procedure of device simulation is then defined by Gummel’s
decoupling method. We note that analysis of Gummel’s decoupling method in device simu-
lation have been reported [110,112,114,124-128,130]. Then we can solve each decoupled

PDEs with adaptive computing technique.
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The Gummel’s decoupling method
Begin
While ¢, n, and p in outer loop (Gummel’s loop) are not convergent
If ¢ is convergent
Solve the nonlinear Poisson equation as well as density-gradient-
corrected quantum potential by adaptive computing technique.
End If
If n is convergent
Solve the quantum-corrected current continuity equation of electron
with adaptive computing technique.
End If
If p is convergent
Solve the quantum=corrected current continuity equation of hole
with adaptive computing technique:
End If
End While
Call for next calculation.

End The Gummel’s decoupling algorithm
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2.2.2 The Adaptive Finite Volume Method

The discretization of semiconductor is performed based on adaptive 1-irregular mesh, tri-
angular mesh, and finite volume (FV) approximation. The finite volume method is a nu-
merical method for solving PDEs. It calculates the values of the conserved variables across
the volume. Before using adaptive finite volume method to solve Poisson equation, we
must understand the follow steps:

(1) Weak Formulation transforms into-weak problem;

(2) Discretize the simulation area by one-irregular mesh;

(3) Form equation “Ax=B’’ by using FV method; and

(4) Error estimation and mesh refinement.

The discretized step divides into structured mesh and unstructured mesh. If according to
geometry, it divides into rectangle mesh and triangle mesh. ' But the rectangle mesh is
easier to build than the triangle mesh. The one-irregular'method is shown in Fig. 2.1.
Figures 2.2(a) and 2.2(b) are the discretization scheme by finite volume method and finite
element method, respectively. The initial mesh contains 25 nodes and then refined based
on the estimation of solution error element by element. Notably, the process of mesh re-
finement is guided by the result of error estimation automatically. As shown in plots, at the
refinest level most of refined meshes are intensively located near the surface of channel and

the junction of the drain side due to large variation of the solution gradient.
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Figure 2.1: The plot of FV method. (a) One-Irregular mesh, and (b) the
difference between finite element mesh and finite volume
mesh.



2.2 : The Numerical Simulation Methods

27

IV

SIS
i

(b)

Figure 2.2: The mesh used for the solution process. Illustrations of
MOSFET source/drain junction discretization. The p/n
junction is discretized by (a) adaptive finite volume method
and (b) adaptive finite element method.
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2.2.3 The Monotone Iterative Method

In previous subsection, we apply a finite volume method with nonuniform mesh technique
to discretize the above PDEs in each directions. Using the divergence theorem on a finite
hexahedral volume and considering the tensor-product meshes for the hexahedral volume,

the discretized Poisson equation can be written as

§ir1,jkPit1 gk T Eim1jkPiet ik T G kPig+1.k + &ij—1,kPij—1,k

& w 1 i1 T i k—1 Pih—1 ¥ +Ei ik Piik

. g » (N N7 ) .
= Tijk [? (exp (—gb{/;k) — exp (—_QS{/;]C)) \ L \ A)%k] ,  (214)

where the arranged coefficients & . and 7;; . for all 2, y, and £ are direct results from the in-

tegral approximations with the quadrature rule. After employing the boundary conditions,
the above set of equationsfor the approximations ¢; ;5 at the nodes X ;= (x;, y;, 2) can

be written together as the compact matrix form,
Ad=-B(P). (2.15)

® is the unknown vector formed by ¢; ;. in the natural ordering, B is the vector of non-
linear functions corresponding to the finite volume discretization of equations. The matrix
A is a seven-banded block-tridiagonal form. We note all coefficients in Eq. (2.14) are

nonnegative and the following relation:

Sik = Siv1gk T &1k T ik T i1k + &1 T ijk—1
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which holds for all X;; ; ;. Based on these observations, it can be shown A is an irreducible
M-matrix. The right-hand side of Eq. (2.14) is continuously differentiable function with
respect to ¢, and the derivative of this nonlinear function is nonnegative. Then we can write
A =D — L — U and proceed to the description of the iterative method for solving the Eq.
(2.15) arising from the finite volume discretization of semiconductor nonlinear Poisson
equation. D, L, and U are diagonal, lower triangular, and upper triangular matrices of
A, respectively. This method for solving the multi-dimensional semiconductor nonlinear

Poisson equation consists of only single iteration loop as follows:

(D 4 \I) @ — (L 4 U).0™-BO™ {10 (2.16)

where the superscript index m is the iteration index; I is an identity matrix and Al is a
diagonal matrix determined by the function B. The Eq. (2.16) can be regarded as a Jacobi
type iterative scheme. This result demonstrates the solution sequence generating from iter-
ative formula, Eq. (2.16), will.converge monotonically to the solution of Eq. (2.15) for all
choices of the initial guess. The proof has been validated in reference [135, 136]. Together
with a Gummel’s decoupling method, the monotone iterative method for the numerical so-
lution of the nonlinear Poisson equation can be applied to solve various semiconductor de-
vice models. Compared with the Newton’s iterative method, the monotone iterative method
is easy implementing, relatively robust and fast with much less computation time, and its

algorithm is inherently parallel in large-scale computing. The algorithm of the monotone
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iterative method is summarized as follows:

(1) Take an initial guess for em);,

(2) Let m =1 and set (¢,7,k)=(1,1,1);

(3) Determine the parameter of monotone iterative approach AI instantaneously;
(4) Compute the @ ™+1) with Eq. (2.16), and

(5) Perform convergence test. If it converges, then break, else m = m + 1 and return to (3).

2.3 A 25-nm FinFET Simulation and Calibration

In this section, electrical characteristics of 25-nm-gate round-top-gate fin-typed field ef-
fect transistors (FinFETSs) on silicon wafers are calibrated and explored.. Furthermore, by
considering different short-channel effects, dependence of the device performance on the
non-ideal fin angle and fin height is investigated. Optimal structure configuration for the
round-top-gate bulk FinFETs is thus drawn to show the strategy of fabrication in sub-25
nm metal oxide semiconductor field effect transistors devices. The physical models have
been calibrated with experimentally measured data.

Field effect transistors with multiple-gate structures, such as fin-type FETs (FinFETs)
have been of great interest due to the excellent controlling ability of carriers in the de-

vice’s channel, which suppressed the short-channel effect. Channel doping for adjusting
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(a) An illustration of the simulated fin-type field effect
transistors. The top of the fin is formed to a round shape
naturally and the fin bottom is not actually rectangular for
the lithography and silicon etching processes. (b) The
Ip-Vg curves for the FinFETSs. The red and black lines are
the simulated and measured data, respectively.
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0601225_N92720#6-20eb5a

Round-top and slant fin

Figure 2.4: SEM pictures of bulk FinFETs with atound-top and slant
fin.

the threshold voltage is still necessary in nowadays manufacturing process. Various stud-
ies have been reported to simulate the multiple-gate device by using 3D quantum/classical
models, and device models coupled with process models. We herein use the 3D quantum-
corrected drift-diffusion models to simulated the characteristics of bulk FinFETs. The em-
ployed device models have been calibrated. Figure 2.3(a) shows the geometry and parame-
ters of the simulated FinFET with 4.71 eV workfunction, 37.5 nm fin height (H¢;,,), 25 nm
fin width (W¢;,,), 25 nm gate length (L,) and 1.6 nm oxide thickness. The device is with

a round-shape top due to the limit of manufacturing ability. In fabricating the nanoscale



2.3 : A 25-nm FinFET Simulation and Calibration

33

N+ Metal Gate Unit (nm)
WorkFunction=4.28 eV
Fin Height (H.) 37.5
Fin Width (W, ) 25
Gate Length (L) 25
Spacer 25
Oxide Thickness 1.6
Oxide Thickness 1.6
S/D 1x1020
Well 1x107¢
Channel 6x1018
a
10+ ( )
10° |
106
0 O e e ——
10‘2
— 10
< g0
i ::81; N Y V=1V, Simulated
10:13 — — = VM =0.05V; Simulated
1014 Vp = 1.V, Measured
::81: i  ———_ V=005V, Measured
0.0 0.2 04 0.6 0.8 1.0
Vs (V)
(b)
Figure 2.5: (a) The device dimension and parameter setting of the

simulated fin-type field effect transistors, in which the
device workfunction is 4.28 eV. (b) The characteristics of
the Ip-V curves for the FinFETSs. The red and black lines
are the simulated and measured data, respectively. The
simulation shows a good agreement with measurement data,
which represents the accuracy of the calibrated 3D device
simulation.
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FinFETs, the minimum dimension of the device has transferred from the gate length to the
fin thickness. Top of the fin is formed to a round shape naturally and the fin bottom is not
actually rectangular for the lithography and silicon etching processes, as shown in Fig. 2.4.
These non-ideal processes will result in a wider fin bottom with respect to the fin top; thus
it leads to a slanted edge of the channel fin [51-56]. Such geometric derivation degrades
device performance and raises serious SCEs, such as a large subthreshold swing, low ratio
of the on- and off-state currents, and large drain induced barrier lowering. The measure-
ment and simulated results are presented in Fig. 2.3(b), where.the red and black lines are
the simulated and measured data, respectively.. The simulation shows a good agreement
with measurement data.  Similarly, we change the device workfunction and parameters as
shown in Fig. 2.5(a). The simulated data in Fig: 2.5(b) also exhibit a good accuracy with
measurement data, which represents the accuracy of the calibrated 3D device simulation.

The properties of the material are summarized in Tab. 2.1.

Then we change the device geometry setting to explore the electrical characteristics of
25-nm-gate round-top-gate FInFETSs on silicon wafers, as shown in Fig. 2.6. The oxide
thickness, the fin width, and the fin height are fixed at 1.2 nm, 20 nm and 50 nm, respec-
tively. Figures 2.7(a) shows a 3D doping profile and the corresponding refined mesh of the
device, where the color of the mesh indicates the assigned doping concentration at mesh-

ing lines. The fin height = 50 nm and the fin angle = 70°. Plots of the 3D simulated on-
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Figure 2.6: Three-dimensional schematic plots for the (a) bulk FinFETs
and (b) SOI FinFETs. O is the fin angle and the inset shows
a 2D cutting-plane extracting from the center of channel.
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Figure 2.7: (a) A plot of the 3D doping profile of the round-top-gate
bulk FinFET. The left plot is the contour of doping profile
and the right one is the corresponding mesh. (b) The left
plot is the on-state potential of the round-top bulk FinFET
and the right one is the off-state potential.
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Figure 2.8: Plots of the 2D cutting plane of the simulated on-state (V) =
1.0 Vand Vi = 1.0 V) (a) potential and (b) electron density
at the center of channel of the 30 nm-height bulk FinFET.
The fin angles are the 90°, 80° , and 70°, respectively.
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Figure 2.9: Plots of the 2D cutting plane of the on-state (a) potential
and (b) electron density at the center of channel of the 40
nm-height bulk FinFET. The fin angles are the 90°, 80° ,
and 70°, respectively.
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Figure 2.10: Plots of the 2D cutting plane of the on-state ((a) potential
and (b) electron density at the center of channel of the 50
nm-height bulk FinFET. The fin angles are the 90°, 80° ,
and 70°, respectively.
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Table 2.1: Material parameters setting for silicon, poly-silicon, SiO,
and SisNy. The epsilon is the ratio of the permittivities of
material and vacuum.

Model Silicon Poly-Si | SiOy | SigNy
Epsilon 11.7 11.7 39 7.5
Heat Capacity (J/(kg-K)) 705 705 733 | 710.6
Bandgap (eV) 1.17 1.17 9 4.7
Thermal conductivity (W/(K-cm)) 1/(0.03+1.56e-3*T+ 1.5 0.014 | 0.185
1.65e-6%T?)
Constant Mobility (cm?/(V-s)) | electron: 200*(T/300)~2
hole: 70%(T/300) %2

(the drain voltage Vp =.1.0 V. and V7 =1.0 V) and off-state (V/, = 0.05V and V; = 1.0
V) electrostatic potentials are shown in Fig. 2.7(b) for reference.’ For Vp = Vs =1.0V,
contour plots of the potential and electron density (the 2D cutting planes along the center
of channel) are shown in Figs. 2.8(a) and. 2.8(b).. The plots are device with three different
angles of fin-taper: 70°, 80°, and 90° (from the left plot to the right one). Nonuniform dis-
tributions of the potential and current density along the longitudinal direction are observed.
This a direct result of donor’s and bias’ impacts on the channel along the direction of the fin
top to bottom. The potential attains the minimum value at the fin bottom, which increases
rapidly toward the fin top. For the same distance, the larger potential associated with the
larger fin taper angle is perceived from the fin bottom. The current density is reduced when

the distance (from the top fin) is broadened; similarly, it has the minimum value at the fin
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bottom. For the device with the fin height = 30 nm, we find that the case of 90°, shown
in Fig. 2.8, exhibits the most uniform distribution of the potential in the center of channel.
The potential decreases more quick with a more slanted fin angle, which leads to a stronger
longitudinal electric field and may degrade the device performance. Similar results can be

observed for the cases of fin height = 40 nm and 50 nm, as shown in Figs. 2.9 and 2.10.

For Vp = Vi = 1.0 V, the distributions. of ‘potential and electron density for device
with the fin height =30 nm (see Fig. 2.11(a)) and 50.nm (see Fig. 2.11(b)) are extracted
according to the 1D cutting line, as shown in the inset of Fig. 2.4(b). The plots are device
with three different angles of fin-taper: 70°, 80° and 90°. Non=uniform distributions of
the potential and electron density along the longitudinal direction are observed. This is a
direct result of donor’s and bias’ impacts on the channel along the direction of the fin top to
bottom. The potential attains the minimum value at the fin bottom, which increases rapidly
toward the fin top. For the same distance, the larger potential associated with the larger
fin taper angle is perceived from the fin bottom. The electron density is reduced when
the distance (from the top fin) is broadened; similarly, it has the minimum value at the fin
bottom. For the device with the fin height = 30 nm, shown in the left plot of Fig. 2.11(a), the
case of 90° (i.e., the solid lines) exhibits the most uniform distribution of the potential in the
center of channel. The potential decreases more quick with a more slanted fin angle, which

leads to a stronger longitudinal electric field and may degrade the device performance.
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Figure 2.11: Plots of 1D cutting lines of the potential and electron
density at the center of channel. The device is with the fin
height of (a) 30 nm, and (b) 50 nm, where the solid line is
the result of 90°, the dotted line is for the 80°, and the
dashed line is for the 70°. The circled windows indicate
the regimes where nearly constant potential and electron
density are occurred in device channel.
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Similar results can be observed for the cases of fin height 50 nm. Moreover, it is found
that the variation of potential almost keeps constant within the longest distance inside the
channel region. The potential variation is significant when the fin angle is decreased, and
the case of 70° (the dashed lines) possesses the largest potential variation among three
angles. The variation is even more appreciable when the fin height is increased. For the
different fin angles and fin heights, the right plots of Figs. 2.11(a) and 2.11(b) disclose the
variation of the electron density versus the distance from the fin bottom. The variation of
this physical quantity predicts the same trend as depicted above. It is found that the device
with an approximately ideal fin-angle (i.e, the fin angle approaches to 90°) behaves the most

uniform distribution of the examined physical quantities within the device channel.

Plots of the drain current versus-the gate voltage for the three fin angles and two fin
heights are shown'in Fig. 2.12(a). The case for the fin height of 30 nm, as shown in the
left plot of Fig. 2.12(a); allows.a larger variation of the fin angle, compared with the result
of the fin height = 50 nm. It means that the fin height of 30 nm maintains a highest ratio
of the on- and off-state currents and implies better performance. The parameters of short-
channel effect versus the fin angle are calculated accordingly, as shown in Fig. 2.12(b). A
larger taper angle is necessary for fabrication of nanoscale bulk FinFETSs to obtain robust
electrical characteristics. Besides, Fig. 2.12(b) implies that a smaller fin height is essential

for the device of 25 nm gate length. The calculated SS suggests that an increase of the fin
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angle will result in better subthreshold swing; in particular, for those silicon fins with higher
fin height, which improve the short-channel effect remarkably. Similarly, we also find the
evidence for the drain induced barrier lowering. Consequently, for the cases with a small
fin angle, the device may not have an acceptable performance. In addition, for the bulk
FinFET with a high fin height, the situation is getting worse simultaneously. The fin height
and the fin angle are the two critical limiting factors when the dimension of the bulk FinFET
is continuously scaled down. The critical angles for the case of SS < 75 mV/dec and DIBL
< 75 mV/V are then‘estimated. It’ found that the critical angles when fin height / top fin
width = 1.5, 2 and 2.5; and the critical angles are 71.9°, 79.3°, and 87.4°, respectively. For
device with a large ratio-between the fin height-and the top fin width, the controllability
of manufacturing the fin taper angle is exceptionally important and much more efforts on
processing should be made. A nearly rectangular shaped fin is only crucial for the device
with a higher fin height. The following discussion of characteristics of FinFETs is based

on an assumption that FInFET has a fin aspect ratio'equal to one.

2.4 Summary

Nanoscale bulk FinFETs demonstrate potential application for sub-32 nm CMOS devices

era, such as SRAM fabrication. This chapter described the quantum-mechanical corrected
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transport equations and numerical methods in device simulation, in which the density gra-
dient was coupled with the drift-diffusion model for including the quantum mechanical ef-
fects. The coupled partial differential equations were approximated with the finite volume
method over nonuniform mesh and then solved with the monotone iteration methods. The
mobility model including bulk mobility, acoustic phonon scattering, and surface roughness
scattering effects were calibrated and used for device simulation. Electrical characteristics
of 25-nm-gate round-top-gate fin-typed field effect transistors (FinFETSs) on silicon wafers
are then calibrated with experimentally measured data and explored. Result shows that the
importance of fin height and the fin angle.in FinFETS scaling. To have a transistor with SS
<75 mV/dec and DIBL < 75 mV/V, the critical angles for fin height / top fin width = 1.5, 2
and 2.5 are 71.9°, 79.3°, and 87.4°, respectively. Examinations into the effects of the top fin
width and wider variation of ratio (e.g.,fatio < 1) on electrical characteristics will benefit
the device design. Characteristic fluctuation of bulk FinFETs should also be controlled for
high performance design. The intrinsie. parameter induced characteristics fluctuation for

the nanoscale FinFETs are presented in following chapters.



Chapter 3

Simulation of Intrinsic Parameter

Fluctuation

This chapter presents the characterization technique for intrinsic parameter fluctuations
consisting of process-variation-effect (PVE), random-dopant-fluctuation (RDF), and an
emerging fluctuation source: workfunction fluctuation (WKF). The characterization ap-
proaches are examined with experiment data. Base upon the independent of random vari-

ables, the total threshold voltage fluctuation, o Vi, sotq1, 15 €xpressed as follows [137]:
0 Vin total = 0°Vinror + 0 Vinpve + 0 Vinwkr, 3.1

where oVi, rpr, 0Vin, pvE, and oViy, w i are the threshold voltage fluctuations caused by

the process-variation-effect, random-dopant-fluctuation, and the workfunction fluctuation,

47
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respectively. The statistical addition of individual fluctuation sources herein, Equation (1),

simplifies the variability analysis of nano-devices and circuits, significantly [137].

3.1 Process Variation Effect

Technology
node (nm)

Lg;8c (hm) | 1.9 | 0.7
LER, 3 (hm)|. 2.4 | 0.8

30 40
Lg (nm)

(a) (b)

45 16

Figure 3.1: (a) An illustrates for the result of generated profile. The
process-variation-effect induce gate length variation,
oL, py g, are obtained. The inset shows the equation for the
estimation of oV}, py . (b)A look-up table of the threshold
voltage versus gate length. Using the V};, roll-off relation,
the o'V}, pyE can be obtained.

During the manufacturing process, the inevitable variations of processing condition
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cause variations on device geometry, such as non-uniform gate oxide and material inter-
face facial layer thickness, gate length deviation, line edge roughness, and so on [95]. All
these fluctuations are getting worse with gate-length scaling. Among these process vari-
ation induced fluctuations, the gate-length deviation and the line edge roughness are the
dominating factors; therefore, the fluctuations induced by these two effects are focused.
Line edge roughness is arising not only from the resolution limit of lithography but also
from the grainy nature of photo resist and gate. ' The effect of line width roughness is
random and cannot be corrected by optical proximity.correction. Therefore, a statistical

approach is applied herein to-evaluate the effect of process-variation-induced oV}y,.

Figure 3.1(a) illustrates an example for the result of generated profile. The generation
is similar to extraction of piecewise device gate length from SEM picture. The statistically
generated profile 1§ then averaged to obtain the effective gate length of a transistor. Then
the process-variation-effect induce gate length variation, oL, py g, are obtained. The mag-
nitude of the o L, py g follows the roadmap of ITRS that 30 L, =09 nm and 3c LER =1.2
nm for the 22 nm node and 30 L, = 0.7 nm and 30 LE'R = 0.8 nm for the 16 nm technol-
ogy node, as the inset table of Fig. 3.1(b). Fig. 3.1(b) is a look-up table of the threshold
voltage versus the gate length is established. It enables us to evaluate the threshold voltage
with respect to the gate length variation. Since the AL, and AV}, are known parame-

ters for the roll-off characteristics, the oV}, pyr can be obtained for a given oL, py g,
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oVinpve = 0LgpvE X <%). Notably, 0L, pyr can be obtained from SEM critical
g

dimension measurements.

3.2 Random-Dopant-Induced Characteristics Fluctuation

The random dopants come from the manufacturing process, such as ion implantation, ther-
mal annealing. The random nature of discrete dopant distribution results in significant
random fluctuations, such as:the deviation of threshold voltage, drive current mismatch,
and so on. The fluctuation budget has to be controlled even tighter due to the doubly in-
creased transistor number along with technology node moving ahead. Unfortunately, the
fluctuation is intrinsically increased with the scaling of transistor feature size, not even
considering the worsened short channel control.

Figure 3.2 shows the equivalent number of dopants and channelling probability versus
the size of channel. Under the same equivalent channel doping concentration, the equiv-
alent number of dopants within the channel decreases significant from 78 to 17 as the
channel size scales from (25 nm)? to (15 nm)3. The dopant distributions are illustrated in
the inset of Fig. 3.2. For larger device dimension, the surface potential is controlled by
a cloud of remote charges. However, as device size scales, the surface potential is domi-
nated by only a few dopants nearby. Impact of each discrete dopant is large enough to be

distinct. A channeling probability is defined by the probability of existence of a channel
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Figure 3.2: The equivalent number of dopants and channelling
probability versus the size of channel.

with (7 nm)? cross-section between the source (S) and the drain (D) within the channel sur-
face. The high carrier channeling probability indicates the increasing importance of dopant
in scaled channel. Carriers transport in the (7 nm)? cross-section behaves as they are in
an undoped channel. As the planar CMOS devices advance to sub-20-nm-gate lengths,
double-digit channel dopants make transistor behaviours more complicated to be charac-
terized with conventional ’continuum modelling” because every “discrete” dopant has its

significant weight impacting the resulting transistor performance. The “discrete-dopant
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model” is especially validated for quantifying carrier channeling effects between the source
and the drain, which can not be done by conventional continuum modeling. The next two

subsections illustrate the generation approaches for discrete dopant cases.

3.2.1 Discrete Dopant Generation Method

Various random dopant effects have been recently studied in both experimental and theoret-
ical approaches [21-27,62-89]. These studies have shown that the fluctuation of electrical
characteristics are not purely a result of a variation in average doping density associated
with a fluctuation in the.number of dopants, but also the particular randem distribution of
dopants in the channel region. To characterize random dopant induced standard oV}, devi-
ation, oViy, rpr, first the doping profile is analytical approximated to the device measured.
Then, a statistical-sound “atomistic” simulation approach is described below, as shown in
Fig. 3.3, to generate discrete dopants in the channel region:” Figure 3.3 briefly illustrates
how to generate discrete-dopant channel for aforementioned simulation, concurrently cap-
turing randomness of dopant number and dopant position. Figure 3.3 (a) shows the discrete
dopants randomly distributed in the cube of volume (100 nm)?® with an average concentra-
tion of 5x10'® cm~2 which is the same as the fabricated device. There will be 5000 dopants
within the (100 nm)?3 cube, but dopants vary from 24 to 56 (the average number is 40 and

the standard deviation is 6.3) within its 125 sub-cubes of (20 nm)?, as shown in Figs. 3.3(b),



3.2 : Random-Dopant-Induced Characteristics Fluctuation

24 dopants
in a 20nm cube _~——"20nm

5 o -

- & °
ol 8 ® % |a %
. -
L J 0
Ve
05 E )
595
50.0 q el
X z
56 dopants (b)

in a 20nm cube

Channel
doping
= 5310 cm®

(d)

02030 40 . 50 60
(e) Dopants in (20nm})® cube

Figure 3.3: (a) Discrete dopants randomly distributed in (100 nm)?
cube with an average concentration of 5x10'® cm~3. 5000
dopants are in the (100 nm)? cube, but dopants vary from 24
to 56 (the average number is 40 and the standard deviation
is 6.3) within its sub-cubes of (20 nm)?, (the (b), (c), and
(e)). These sub-cubes are then equivalently mapped into
channel region for RDF simulation, as shown in the (d).
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3.3(c), and 3.3(e), respectively. These 125 sub-cubes are then equivalently mapped into
channel region for the discrete dopant simulation, as shown in Fig. 3.3(d). In principle,
3D device simulation with the 125 channel structures almost covers cases, shown in Figure
3.3(e), and thus will be fairly meaningful to reflect statistical randomness of dopant number
and dopant position in channel region. Similarly, we can generate the discrete dopant cases
for the study of nanoscale bulk FinFETs with channel size of (16 nm)3, (22 nm)? and (30
nm)3. With the same channel doping concentration.. We consider three different channel
dimensions, (16 nm)?, (22 nm)?, and (30 nm)3. Take a device with (30 nm)? channel size
as an example. For the channel region,-to consider. the effect of a randem fluctuation in
the number and location of discrete channel dopants, 5000 dopants are first generated in
a large cube with (150 nm)?, in which the equivalent doping concentration is 1.48x10'8
cm~3, as shown in Fig. 3.4(a). The (150 nm)® cube is then partitioned into 125 sub-cubes
of (30 nm)?. The number of dopants may vary from 26 to 55, and the average number is
40, as displayed in Figs. 3.4(b) and. 3.4(d), respectively.-These 125 sub-cubes are then
equivalently mapped into the channel region of the device for the 3D discrete dopant simu-
lation, as shown in Figs. 3.4(b), and 3.4(c). The distributions of discrete dopant fluctuated
cases for 22 nm and 16 nm gate lengths can be generated by a similar approach, as show in

Figs. 3.4(e) and 3.4(f). All statistically generated discrete dopants are incorporated into
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Figure 3.4: (a) Discrete dopants randomly distributed in (150 nm)?
cube with average concentration of 1.48 x10'® cm™=3. 5000
dopants are within the cube, but dopants may vary from 26
to 55 (average number is 40) within each of the sub-cubes
of (30 nm)?, [(b) and (d)]. The sub are then used for RDF
simulation (c). The statistically generated discrete-dopant
distributions for (€)22- and (f)16-nm-gate length.
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the large-scale 3D device simulation, which is conducted using a parallel computing sys-
tem. According to this analyzing scenario, only channel dopants are treated discretely. The
doping concentrations remain continuous in the source/drain region because the volume
of source/drain dopants is about 5 times greater than that of channel dopants. Neverthe-
less, this approach allows us to focus on the study of characteristic fluctuations induced
by the randomness in the number and position of dopants in the channel simultaneously.
The statistically sound 3D “atomistic’” device simulation technique is also computationally

cost-effective.

3.2.2 Kinetic Monte Carlo Simulation

The accuracy of above large-scale statistic dopant generation has been calibrated with ex-
perimentally measured data, which will be discussed in following section. To present
a more practical dopant distribution inside device channel; we further integrate the Ki-
netic Monte Carlo (KMC) atomistic process simulation with atomistic device simulation
[131-133]. Due to the shrinking of thermal budget, the diffusion, activation, and deac-
tivation are shrink form millisecond to nanosecond. The accuracy of continuous process
simulation to model the behavior of dopants during manufacturing is questionable. The
Kinetic Monte Carlo simulation is therefore used to mimic the dopant distribution inside

silicon channel. Based on the given thermal budget, the dopant distribution is simulated in
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(b)

Figure 3.5: Integration of kinetic Monte Carlo (KMC) atomistic
process simulation with atomistic device simulation. (a)
The KMC simulation generated dopant distribution. The
Kinetic Monte Carlo simulation is therefore used to mimic
the dopant distribution inside silicon channel. (b) The
generated dopant distribution is then mapped into device
channel for simulation.
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Figure 3.6: (a) The distribution of KMC simulated profile. The solid
line is the dopant distribution, which can be replaced by
SIMS profile. The dash line is the fitted distribution, which
is similar to the original dopant distribution. (b) The
generated 5000 dopants, whose distribution along the
Si/Si0s interface is similar to the original profile, the solid
line in (a).
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Fig. 3.5(a). The simulation domain of KMC simulation is flexible. The generated positions
of dopants are then mapped in to device channel region for atomistic device simulation,
as plotted in Fig. 3.5(b). Figure 3.6(a) shows the distribution of KMC simulated profile.
The simulated distribution can be replaced by measured secondary ion mass spectrometry
(SIMS) doping profile. The solid line is the dopant distribution, which can be replaced
by SIMS profile. The dash line is the fitted distribution, which is similar to the original
dopant distribution. As the distribution of dopants is:obtained, we can fit the distribution
function of the profile then generate the associated dopantdistribution for random dopant
simulation, as presented in Fig..3.6(b). There are 5000 generated dopants, whose distribu-
tion along the Si/S10,.interface is similar to the original profile, the solid line in Fig. 3.6(a).
Consequently, our dopant generation approach is flexible to capture any distribution of

dopants with adequate the accuracy.

3.3 Workfunction fluctuation

High-x/metal-gate technology has been recently recognized as the key to sub-45 nm tran-
sistor fabrication due to the small gate leakage current with an increased gate capacitance.
Moreover, the sheet resistance is reduced with the use of metal as gate material. Comparing
to the poly-gate technology, the metal-gate material will not react with high-~ material and

therefore there existing less interface charge and V};, pinning effect. The gate depletion in



60 Chapter 3 : Simulation of Intrinsic Parameter Fluctuation

NaCl Structure

Surface Density

Figure 3.7: (a) The SEM pictures and illustration of TiN surface, which
containing numbers.of grain with various grain orientation.
(b) An illustration of erystal structure of copper with
<200>, and <111> orientation. Each grain orientation has
its own strength of dipoles and therefore different
workfunction. Therefore, the combination of device
workfunction will become a probabilistic distribution rather
than a deterministic value.
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poly-gate material is no longer existed. Additionally, the phono scattering effect is signif-
icantly reduced due to the less quantum resonance effect. However, the grain orientation
of metal is uncontrollable during growth period. The use of metal as a gate material in-
troduces a new source of random variation due to the dependency of workfunction on the
orientation of metal grains [121-123]. Figure 3.7(a) shows the SEM pictures of Titanium
nitride (TiN) [123]. TiN is a rocksalt-structure (NaCl structure) compound consisting of Ti
atoms filled in FCC-based lattice with all octahedral sites filled with nitrogen atoms. As
shown in the plot, the surface is composed by numbers of grain and each grain may have
different orientation, as illustrated-in Fig. 3.7(b). Since the different grain orientation has
its own strength of dipoles, the workfunction-in each grain orientation is different. The

device V;;, will become a probabilistic distribution rather than a deterministic value.

To characterize the metal-gate induced workfunction fluctuation, a statistically sound
Monte-Carlo approach is advanced here for examining such distribution. The simulation
flow is expressed in Fig. 3.8. At first, the gate area is partitioned into several parts according
to the average grain size, as shown in Fig. 3.8(a). Then the grain orientation of each parts
and total gate workfunction are randomly generated based on properties of metal as shown
in Fig. 3.8(b) [122]. The workfunction of each partitioned area (W ;) is a random value.

The summation of W Kj is then averaged to obtain the effective workfunction of transistor
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Figure 3.8: The gate area is partitioned into several pieces according to
the average grain size. The workfunction of each
partitioned area (W K;) is a random value, whose
probability follows (b). The obtained probability
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4, and (e) 9, grains on the gate area. (f) Dependence of TiN
metal-gate induced o'V, w ik  versus the average grain size.
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and then used for WKF-induced threshold voltage fluctaution estimation. Figures 3.8(c)-
3.8(e) show the probability distributions of workfunction for devices with one, four, and
nine grains on the gate area. The distribution is similar to the normal distribution as the
numbers of grain increases. In other words, in nanoscale transistor with scaled gate area,
the distribution is not a normal distribution and therefore the WKF-induced oV}, may not
be a normal distribution as the gate area scales. Figure 3.8(f) examines the dependence
of WKF-induced oV}, versus the average grain size-on a 16 x 16 nm? gate area. The
material is TiN. The‘WKE-induced oV}, increases significantly as the average grain size
increases, which.imply the importance of controlling metal-gate grain size in reducing
WKEF effect. The oViywrp saturates after 16 nm average grain size because the average
grain size becomes larger than gate area. The average grain size of this study is four nm
[122]. Notably, the different process of gate formulation, gate first or replacement gate,

may change the thermal budget and changes the grain size of metal material.

Notably, the results of statistical generation approach is similar to previous literature
[122]. However, the previous literature used a probability density function to estimate
the population of workfunction. The estimation approach is fast, but can not consider the
residual blocks during the discretization procedure, as illustrated in inset of Fig. 3.9. Thus,
we use a monte carlo random generator to estimate the random gate workfunction fluctua-

tion. Figure 3.9 presents the MoN induced V/};, fluctuation for device with 16-nm-gate area.
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Figure 3.10: WKFinduced V};, fluctuation in various technology node
with and without taking residual gate area into
consideration. The WKF effect saturates after 32 nm,
which is similar to the results of previous literature [122].
However, for the newly developed Monte Carlo simulation
approach, the WKF effect saturates after 22 nm. Since the
average grain size is 22 nm, having the same V},
fluctuation after 22 nm is reasonable.
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The dash and symbol line shows the Monte Carlo results with considering the discreteized
residual area. As the average grain size decreases, the gate area contains a large number
of grain and therefore the difference of averaged workfunction is averaged. The solid line
is the control group without considering residual area. The trend of V}; fluctuation is the
same as the other; however, there are several flat area existing in the solid line, which may
mislead the impact of WKEF. For example, Fig. 3.10 shows the WKF induced V};, fluctua-
tion for 90 nm to 16 nm technology node with and without taking residual gate area into
consideration. In previous literature; the WKF effect saturates after 32 nm, which is similar
to the results without residual gate area..However, for the newly developed Monte Carlo
simulation approach, the WKE effect saturates after 22 nm. Since the average grain size is
22 nm, having the same V;;, fluctuation after 22 nm.is reasonable. The obtained distribu-
tion of workfunction is_then mapped. to the device gate area for workfunction fluctuation
simulation. We have to notice that though the current computation methodology can pro-
vide a fast estimation of WKF-induced fluctuation, the obtained WKF is an averaged result
containing no crystallized grain in simulation. Therefore, the impact of WKF may be un-
derestimated. More complicated WKF simulation including the nucleation and growth of

metal and grain boundary effect has been taken into our future work.
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3.4 Calibration and Verification

The device is simulated by solving a set of 3D Poisson equation and electron-hole current
continuity equations with quantum corrections [99-103]. A step function, N4, is used to

define the concentration and positions of dopants.

i H(x—$l,y—yl,2—zl)
Na=) Ngret. : (3.2)
=Q -H (x—xu,y—yu,z—zu)

where

L,Lx=>0,9>0,2>0
H (z,y,2z)= (3.3)

0, otherwise

(x1,y1, z1) and (&, Y., 2, ) are the lower and upper coordinates of a discrete dopant; k
is the number of dopants in'the device channel; N9“™ is the associated doping concen-
tration for a dopant within a box. Then, N4 is substituted into the source of the Pois-
son equation and solved with:the electron-hole current continuity equations and density-
gradient quantum correction equations simultaneously for device characteristics. Notably,
in “atomistic” device simulation, the resolution of individual charges within a conventional
drift-diffusion simulation using a fine mesh creates problems associated with singularities
in the Coulomb potential [81-83]. The potential becomes too steep with fine mesh and
therefore the majority carriers are unphysically trapped by ionized impurities and the mo-

bile carrier density is reduced [81-83]. Thus, the density gradient approximation is used
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to handle discrete charges by properly introducing the related quantum mechanical effects
[99-103]. All statistically generated discrete dopants are advanced and incorporated into
the 3D device simulation under our parallel computing system [109-112]. Such large-scale
simulation approach allows us to explore the electrical characteristic fluctuations induced

by randomness of dopant number and position in the channel region concurrently. Fig-
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Figure 3.11: Potential profiles for (a) classical (b) and quantum
potential with different mesh size.

ures 3.11(a) and 3.11(b) illustrate the mesh size dependence of the classical and quantum
mechanical potentials for a single discrete dopant within the silicon channel. In the ”atom-
istic” simulation, the key point to study random impurities induced fluctuation relies on

how to introduce the microscopic non-uniformity of localized impurity distributions inside
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Figure 3.12: Meshing and dopant distribution for (a) long channel and
(b) nanoscale transistors. The fine mesh in nanoscale
transistor creates problems of singularities.in the Coulomb
potential and un-physically trap majority carriers.

the device. In conventional drift-diffusion approach for a large device size, the number
of impurities included in each mesh exceeds one and the equivalent doping concentration
does not change abruptly at every mesh node. Also, the dopant density at each mesh node
changes gradually and the non-uniformity of impurity arrangement is averaged, as shown
in Fig. 3.12(a). However, for the nanoscale transistor, the corresponding number of im-
purities is significantly reduced. Most meshes contain no dopant or, at most, one dopant.

The dopant density at each mesh node changes its order of magnitude and behaves like a
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-function, as shown in Fig. 3.12(b). The resolution of individual impurities for the con-
ventional drift-diffusion simulation using a fine mesh creates problems of singularities in
the Coulomb potential, as shown in Fig. 3.11(a). The sharp Coulomb potential wells may
un-physically trap majority carriers, reduce the mobile electron concentration, modify the
depletion region, and alter the threshold voltage. Therefore, the density gradient quantum
correction [99-103] is used to handle the discrete dopant effect by properly introducing the
related quantum mechanical effects; as plotted in Fig. 3.11(b). The quantum mechanical
potential show less sensitivity to the mesh size and is quite similar for mesh spacing below
0.5 nm. We notice that the potential-barrier of the Coulomb well is about 45 mV, which

roughly corresponds to'the ground state of a hydrogenic model of an impurity in silicon.

To extract the experimental data of oV, zpr, the oVip, 1010 and aVip, py i are first di-
rectly measured from experimental data: Since the mean gate length deviation, line edge
roughness and random dopant distribution are the major variation sources of threshold volt-
age. The oV}, rpr thus can be extracted from the approximated equation of Eq. 3.1. No-
tably, the equation implies two important insights: oV}, 01, reduction more relies on dom-
inant factor improvement and the 2"? order factors will not impact the derived value of
oVin,rpr. For example, assuming the oV, rpr and oV, py g are 40 and 30 mV, respec-
tively, the oV totar 18 50 mV. The 16% reduction of oV}, rpr achieves 16% reduction of

0 Vin totar; however, it requires the 31% reduction of o'Vy, py g to obtain the same oViy, 1otal-
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Moreover, even with an addition fluctuation sources, 20 mV, is introduced. The oV}, total

is around 52 mV, which indicates the 2"¢ order factors will not impact the derived value of
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Figure 3.13: (a) Extracted non-strain mobility versus doping
concentration.at 0.3-and 1. MV/cm vertical field, and (b)
scaling of average channel dopant numbers versus channel
size.

The employed physical model is first calibrated with experiment data. The mobility
model is quantified with device measurements for the best accuracy. The used mobil-
ity model can generate mobility that is in good agreement with the extracted mobility, as
shown in Fig. 3.13(a). The low-field electron mobility at 0.3 MV/cm is greatly reduced with

increasing doping concentration. That is why we limit our channel doping concentration
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Figure 3.14: (a) Experimentally extracted oV, rpp, and
discrete-dopant simulation (*, L, = W.= 20 nm, EOT = 1.2
nm) for various devices with nominal L, from55nm
down to 20 nm. The width is fixed and the length is
varying to give'the range of values of (WL)~ %, The
sample size for each data point-of 1 1s around 100 points.
(b) The extracted o'V}, py g for ¢ and d conditions. The
value was normalized against the oV}, py g of nominal L,

case in d condition.
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Table 3.1: The trend of V}, for technology scaling. The nominal L,
cases in table are nominal gate lengths for each technology
node respectively.

EOT (nm) | Channel Doping (cm™3) | Nominal Ly (nm) | Width (nm)
a 2.4 1.0x10'8 55 1000
b 1.8 3.0x 10 35 1000
c 1.2 5.0x10% 20 200
d 1.2 5.0x10% 20 20

Table 3.2: _Summary of experimental and simulation results of discrete
dopant fluctuated 20-nm-gate planar CMOS transistors.

Ly (nm) | Width (nm) | Data Source | Channel Doping (cm™?) | EOT(nm) Vin.rpr (mV)
20 200 experimental 5.0x10'8 1.2 17
20 200 simulation 5.0x10% 1.2 17.7
20 20 experimental 5.0x10'8 1.2 40
20 20 simulation 5.0x10'® 1.2 39
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around 1x10' cm™3. Less channel doping concentration may reduce oVjy, gp, but chan-
nel dopants will quickly approach to single-digit number, as shown in Fig. 3.13(b). The
random-dopant-induced Vy;, fluctuation, o'V, rpr, has then been experimentally extracted,
as shown in Fig. 3.14(a). Discrete-dopant simulation for L, = width (W) = 20 nm (data rep-
resented with symbol *, as shown in Fig. 3.14(a)) in good agreement with the experimental
data, which confirms the channel doping is randomly distributed as statistically modeled.
As shown in Fig. 3.3, more than 100 cases are required for a:set of L, and width; we no-
tice that each 3D simulation‘case may take about 3 to 7 days for final convergent result.
Without loss of generality, due to the-heavy computing resource, we select the most critical
case (i.e., length = width'= 20.nm) for comparison between simulation and measurement.
Figure 3.14(b) shows the extracted V4, py e of ¢ and d conditions. The oV}, pvr con-
tains the contribution from the mean gate length deviation and the line edge roughness. In
our experimental data, the' o'V}, py g increases as the (WL)~ %3 increased, and it has similar
trend, compared with oV}, rpp. Table 3.1 summaries the corresponding parameters for all
cases in Fig. 3.13. Figure 3.13(a) shows the extracted mobility versus the doping concen-
tration from samples of the cases a and b, as shown in Fig. 3.14(a). Table 3.2 summaries
the experimental and simulation results of discrete dopant fluctuated 20-nm-gate planar
CMOS transistors. The summary corresponds to Fig. 1.2 in previous section. The experi-

mentally extracted oV}, rpr for devices with 200-nm- and 20-nm-width are about 17 and
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40 mV. The result of developed simulation metrology is similar to the experimental data,
which confirms the reliability of this approach. The mathematical device simulation accu-
racy is calibrated with full quantum mechanical simulation and energy level of impurities.
The accuracy of large-scale statistical methodology is verified by experimental data. The

proposed simulation approach is convincing in study of nanoscale transistor variabilities.

3.5 Summary

For PVE, the o L, py g can be obtained from extracted the line-edge shape of a device gate
from SEM pictures or through the statistically generated line-edge profile. The process-
variation-effect includes the gate length variation and line edge roughness, whose magni-
tude follows the I'TRS roadmap. Thelook-up table of the threshold voltage versus the gate
length from threshold voltage roll-off slope is provided to estimate the effect of 0L, py g in
o Vin, pvE. The simulation of random dopant effect relies on the generation and assignment
of discrete impurities in transistors. The large-scale generation approach is similar to the
manufacturing process. Then the generation approach has been extended by using “atom-
istic” process simulation and SIMS profile. After the dopant generation, the dopants are
assigned into device channel region by using step function for discrete dopant simulation.
The simulation result has been verified with experimentally measured data. The workfunc-

tion fluctuation is an emerging source of fluctuation accompanied by the high-x/metal-gate
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technology. In this thesis, an statistical generation approaches has been applied and used
for device and circuit fluctuation analysis. However, we have to notice the simulation ap-
proach can be further improved by incorporating the nucleation and growth of metal and
grain boundary effect. Based on the large-scale statistic approaches, the fluctuation of de-

vice characteristics can be obtained then used for evaluation of circuit reliability.



Chapter 4

Random-Dopant-Induced
Characteristics Fluctuation in

Vertical-Channel Devices

ITRS roadmap [1] has forecasted the transition from planar MOSFETs structure to ver-
tical channel device structure and bulk silicon substrate to insulator substrate for perfor-
mance enhancement and leakage current reduction. Though the un-doped SOI devices
can prevent the random-dopant-induced fluctuation, they may suffer from more signifi-

cant SCEs. Thus, the channel doping must be employed to alter the threshold voltage

77
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and provide the promising electrical characteristics in today’s semiconductor manufactur-
ing processes. Consequently, characteristic fluctuation that is induced by discrete dopants
is important in these nanoscale MOSFETs, which with fascinating structures. Since the
random dopant fluctuation is the dominating factor in device variability, this chapter in-
vestigates the discrete-dopant-induced device fluctuation in bulk FinFETs and SOI devices
from single-gate to surrounding-gate nanowire transistors by using 3D atomistic device
simulation with density-gradient quantum correction on our parallel computing systems.
An insight into the intrinsic fluctuation and the mechanism of immunity against fluctuation

in multiple-gate devices has been provided.

4.1 Bulk Fin-Type Field Effect Transistors

The bulk FInFET has shown its promising characteristics in-nanoscale transistor era. This
section explores the characteristic fluctuations of bulk FinEETs from (30 nm)? to (22 nm)?
and (16 nm)? by 3D statistically full-scale “atomistic” device simulation technique. The
fluctuation resistance of bulk FinFETs are compared with planar MOSFET with high-x
material, whose equivalent oxide thicknesses ranging from 1.2 nm to 0.2 nm (e.g., SiO,
for the 1.2 and 0.8 nm EOTs, Al;O3 for the 0.4 nm EOT and HfO, for the 0.2 nm EOT).
Finally, the discrete-dopant-fluctuated V;, roll-off characteristics are explored. The relation

between device geometry and fluctuation are established for future fluctuation estimation.
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Table 4.1: The the threshold voltage fluctuation induced by S/D
dopants only, channel dopants only, and fully discrete
schemes and the simulation time for one transistor.

RDF Scheme oVin, (mV) | Computation time (HR)
Source/Drain dopants only 10.5 ~24
Channel dopants only 28.3 ~6
Source/Drain + Channel dopants 29.3 ~42

4.1.1 Roll-Off Characteristics

As MOSFETs shrink in size, unlike the electrostatic potential in large MOSFETSs, which
is controlled by a cloud of remote charges, the electrostatic potential of small MOSFET's
is dominated by only a few nearby charges whose contributions are large enough to be
distinct. Many approaches have been reported for the investigation of the dependence of
device scaling on-discrete-dopant-induced fluctuation. The fluctuation of V};, in planar
MOSFETs is inversely proportional to square root of the device area. However, for bulk
FinFET device, because of the variety of device structures, the dependence of V;;, fluctu-
ation on the channel area of the device is not clear yet. Therefore, we thus explore the
fluctuations of V;roll-off in nanoscale bulk FinFETSs by a 3D statistically full-scale atom-

istic” device simulation technique.

The explored devices are of three different dimensions: (16 nm)?, (22 nm)® and (30

nm)3. The nominal channel doping concentration of these devices is 1.48x10'® cm=3.
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(b)

Figure 4.1: (a) The dopant distributions for the fully discrete scheme in
16-nm-gate transistor. Both source/drain and channel
dopants are placed randomly in device. (b) The associated
potential distribution, in which the effective device gate
length was disturbed.
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They have a workfunction of 4.4 eV and a gate oxide thickness of 1.2 nm. Outside the
channel, the doping concentrations in the source/drain and the background are 3x10%°
cm and 1x10' cm™3, respectively. The generation approaches are shown in Fig. 3.4.
At first, to clarify the importance of source/drain dopants and channel dopants in device
variability, the RDF simulation is separated as S/D dopants only, channel dopants only,
and fully discrete schemes. Figures 4.1(a) show the dopant distributions for the fully dis-
crete scheme in 16-nm-gate transistor, in which both source/drain and channel dopants are
placed randomly in device.” The associated potential distribution is shown in Fig. 4.1(b).
The source/drain.dopants will.influence the resistance of source/drain of device and disturb
the device effective gate length. The simulation result is summarized in Tab. 4.1, where
the threshold voltage fluctuation induced by correspondent fluctuation sources and the sim-
ulation time for one transistor ate presented. Comparing to the fully discretized scheme,
the channel dopant 1s in charge of 95% of totally discrete impurities induced oV;. Since
the volume and the average number of dopants in‘the source/drain region (4608 dopants
in 16x8x 120 nm?) are several times larger than that of the channel region (6 dopants in
16 x 16 x 16 nm?), the impact of source/drain dopants is averaged and therefore bring less
impact on device threshold voltage fluctuation. Additionally, the computation time con-
sidering channel dopants only is 7 times reduced. Therefore, in the following work, we

focus on the channel dopant induced fluctuation to compromise the simulation accuracy
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Table 4.2: Threshold voltage of the studied devices with nominal
continuous channel doping
Technology node (nm) | Nominal V;, (V) | Maximum Vy, (V) | Minimum V;;, (V)
30 0.226 0.268 0.211
22 0.192 0.225 0.168
16 0.139 0.195 0.125

and speed. Notably, since theeffect of source/drain and. channel dopants are indepen-
dent, according to the statistic theory the overall aV/;, induced by source/drain and channel
dopants are about 30.2 mV (=~ (10.5)%> +(28.3)%3), 'which is similar to the result of fully

discrete scheme. Therefore, the simulation approach is mathematically verified.

The maximum differences in V;; induced by the discrete-dopant-position effect for 30-
, 22-, and 16-nm-gate-lengths are then normalized with respect to their nominal V};,, as
plotted in Fig. 4.2. The result shows a significant increase of discrete-dopant-induced Vy,
fluctuation in nanoscale transistors. The results for the studied devices with the same dop-
ing concentration of 1.48x10'® cm™ are summarized in Table 4.2. Figure 4.3 shows the
fluctuations of V};, for the 30-, 22- , and 16-nm-gate bulk FinFETs. All V};’s of the studied
devices are normalized by their corresponding nominal V;;,. As bulk FinFETs shrink in
size, the V};, scales with an increasing fluctuation of V};,. In addition to the fluctuation of

Vin, the fluctuation of current is significant. Figure 4.4 shows the I,,-1,¢; characteristic
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Figure 4.2: For cases-with 1.48 x 10'® cm =3 average channel doping
concentration, the maximum differences in threshold
voltage induced by discrete-dopant-position effect for 30-,
22-, and 16-nm-gate-lengths, which are normalized by the
corresponding nominal threshold voltage.

fluctuations. For cases with similar /,,, the maximum fluctuation of I, increases signif-
icantly as the gate length is scaled down. The plot of Vj; roll-off and fluctuation of V},
against the gate length of bulk-FinFETs is shown in Fig. 4.5. The V};, fluctuation of the
22- and 16-nm-gate bulk FinFETs are 1.28 and 1.61 times larger than that of the 30-nm-
gate device. Fluctuation of Vy;, for bulk FinFETs and planar MOSFETs are presented in

Fig. 4.6. For the gate length of 16 nm, the V};, fluctuation of FinFETs is only half that of
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Figure 4.3: Fluctuations of threshold voltage for the 30-, 22-, and
16-nm-gate bulk FinFETs. The threshold voltages of the
studied devices are normalized by the corresponding
nominal threshold voltage.

planar MOSFETs. Moreover, as gate length is reduced from 30 nm to 16 nm, the fluctu-
ation of Vj, is increased by 11°'mV, which is better than the increase in the case of planar

MOSFETs, 27.3 mV. With varying variations of W and L, the fluctuation of V;;, follows

o, ~ (WL)7 4.1)

where 7y is 0.5 for the planar MOSFETs [21-22,76]. The dependence factor of threshold
voltage, (W L), is then plotted as a function of -, as shown in Fig. 4.7(a). As 7 decreases,

the difference between 60 nm and 16 nm decreases. The difference is greater than one
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Figure4.4: On-off state current characteristics of the 30=;22- , and
16-nm-gate bulk FinFET devices.

order for v = 1 and less than one order for o= 0.5. The dependence on device dimension
is eliminated at v = 0, which.means that the V};, fluctuation will be constant regardless
of the size of the device. Assume the fluctuation of V}; for the 60-nm-gate device to be
1 mV. Figure 4.7(b) shows the increase in V;;, fluctuation as the device becomes smaller.
The fluctuation of V};, decreases as  decreases. According to this relationship and the
aforementioned results, the v factor of the bulk FinFETs on device dimension is then fitted
to be 0.25. For the device with 16 nm gate length, the fluctuation of device with v = 0.5, as

shown in Fig. 4.7(b), is about two times larger than that of v = 0.25, which is similar to the
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Figure 4.5: Plot.of threshold voltage roll-off for the 30-, 22-, and
16-nm-gate bulk FinFETSs, where the bars indicate the

fluctuation of threshold voltage.

results in Fig. 4.6.

Figure 4.8(a) shows the large-scale statistically computed results of I as a function

of Vi for the bulk FinFET device with L, of 16 nm, where the red solid line presents the

nominal case (continuous doping profile: 1.48x10*® cm™3) and the dotted lines show the

discrete dopant fluctuated cases. The spread of the -V curves indicates the magnitude

of the effect of discrete dopants. The characteristics of fluctuation are further explored with

respect to the I,,, 1,57, and V}y,, as shown in Figs. 4.8(b), 4.8c), and 4.8(d), respectively.
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Figure4.6: Fluctuations of threshold voltage roll-off (i.€:;'versus the
L) of bulk FinFETs and planar MOSFETs.

From the random-dopant-number point of view, the ‘equivalent channel doping concentra-
tion increases as the dopant number increases; this substantially alters the V}y,, 1,, and I,.
Moreover, it is observed that even for devices with the same numbers of dopants inside
the channel, the effect of random dopant position induces different fluctuations of charac-
teristics in spite of there being the same number of dopants. Furthermore, the magnitude
of the spread characteristics increases as the number of dopants increases. To explore the

random-dopant-position-induced V;, fluctuation, the on-state potential distributions of the
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(average concentration: 1.48x10'® cm~3), and the nominal
case. The potential distributions are 2 nm below the top and
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16-nm-gate bulk FinFETs with six discrete dopants inside the channel (average concen-
tration: 1.48x10'® cm~?), as shown by the rectangle in Fig. 4.8(d), and the nominal case
(continuous doping profile: 1.48x 10 cm™3) are investigated and shown in Fig. 4.9, where
the potential distributions are 2 nm below the top and lateral gates. We note that the V};, is
determined from the current criterion that Ip = 1.0x10~7(W/L) A. Because of the lack of
discrete dopants located near the channel surface, the device with minimal V};, as shown in
Fig. 4.9(a), exhibits a larger potential distribution than that in the nominal case, as shown
in Fig. 4.9(b). On the other hand, in a device with maximal V};, as shown in Fig. 4.9(c),
there are four dopantslocated-near the surface of the channel. The corresponding potential
distributions near these dopants-are significant decreased, which significantly changes the
electron conducting path. The random dopant position induces rather different fluctuations

of characteristics-in spite of there being the same number of dopants.

Figure 4.10(a) shows the characteristics of [,,=1,¢¢. For cases with similar I,,, the
maximum fluctuation of I,¢; 1s within 5 times. For a 16-nm-gate conventional planar
MOSFETS, our calculation finds that the fluctuation of /¢ is 10 times larger than that
of bulk FinFET. Figures 4.10(b)- 4.10(d), 4.10(b’)- 4.10(d’) and 4.10(b”)- 4.10(d”) dis-
close three different discrete-dopant channels, having very similar values of I, or I,s¢
but with various dopant positions. The cross-sectional (both the top- and lateral-view) on-

state current density and off-state electrostatic potential at 1 nm and 5 nm below the gate
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oxide are examined. Figures 4.10(b)- 4.10(d) and 4.10(b’)- 4.10(d’) show the top and
lateral views of the distribution of the on-state current. For the top-gate, the three differ-
ent cases of the dopant, shown in Figs. 4.10(b)- 4.10(d), imply that bulk FinFET has very
similar conducting-current paths. However, the lateral-view plots, shown in Figs. 4.10(b’)-
4.10(d’), exhibit different current distribution due to an impurity appearing on the surface
of the lateral-gate, as shown in Fig. 4.10(c’). The different conducting paths that locate
at the lateral-gate result in different on-state currents.even we have very similar off-state
currents, shown in Fig. 4.10(a). For the device having very similar on-state (or off-state)
current with different off-state-(or-on-state) situations, Figs. 4.10(b")- 4.10(d”) are plots of
the off-state potential distribution at the 5 nm below gate oxide. As shown in Fig. 4.10(a),
the device possesses very similar on-state current (the vertical ellipse circled), but with dif-
ferent off-state current (> 3 times) resulting from the different randomness of the dopant
number and position, shown in Figs. 4.10(b”) and 4.10(d”). Furthermore, the magnitude

of the spread characteristics.increases as the number of dopants increases.

4.1.2 Comparison with Planar MOSFETs with High-« Dielectrics

Gate oxide scaling has become as the key in scaling silicon CMOS technology. The metal
gate and high-x dielectric are very attractive to maintain low gate leakage and control

short channel effects [27,63]. This subsection discusses and compares the dependency of
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process-variation-effect and random-dopant-induced V};, fluctuation on 16-nm-gate planar
MOSFETs and bulk FinFETs. The threshold voltage fluctuation for the planar MOSFETSs
with equivalent oxide thicknesses from 1.2 nm to 0.2 nm (e.g., SiO; for the 1.2 and 0.8 nm
EOTs, Al;O3 for the 0.4 nm EOT and HfO, for the 0.2 nm EOT) are compared with the

results of bulk FinFETs.

0.05

0.04 L 16nmPlanar MOSFET
with*various EOT

—o0s | / 16nm Bulk FinFET

= with EOT=1.2nm

0.01

000 1 1 1 | 1 1
0.2 0.4 0.6 08 1.0 1.2

EOT (nm)

Figure 4.11: The gate capacitance as a function of the EOT, where the
solid line shows the planar MOSFETs with various EOT
and the square symbol indicates the bulk FinFET device
with 1.2 nm EOT.

Gate capacitance is one of the most important indexes for channel controllability. Fig-

ure 4.11 plots the gate capacitance as a function of the EOT, where the solid line shows
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Figure4.12: The process-variation-induced threshold voltage
fluctuation for the studied devices.

the planar MOSFETS with various EOT and the square symbol indicates the bulk FinFET
device with 1.2-nm EOT. The planar MOSFET with'0.4-nm EOT, where Al;Oj5 is used for
gate dielectric, exhibits a similar gate capacitance with the bulk FinFET device with 1.2-
nm EOT because the gate size of the explore bulk FinFETs is about three times larger than
the planar MOSFETs. Since the process variation is resulted from the enhancement of the
short channel effect, the bulk FinFETs with 1.2-nm EOT is expected to have similar immu-
nity against process-variation induced fluctuation with the planar MOSFETs with 0.4-nm

EOT. The oVij, 1g/1Er Of the planar MOSFETSs and bulk FinFETs presented in Fig. 4.12
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Figure 4.13: The threshold voltage roll-off of the studied devices,
where the variation follows the projection of ITRS 2005
roadmap. These results are used to estimate the V},
fluctuation resulting from the gate-length deviation and the
line-edge roughness:

confirmed this viewpoint, in which‘the V4, roll-off characteristics in Figure 4.13 are used
for the oVyy, 1y/1£r estimation. The bulk FinFET device with 1.2 nm EOT exhibits a sim-
ilar immunity against process-variation-induced fluctuation with the planar MOSFET with

0.4-nm EOT. However, the trend still is not valid in the random-dopant-induced fluctuation.

Figure 4.14 shows the random-dopant-induced V;;, fluctuation, oV}, rp, of the studied

devices. The oV}, rp decreases significantly as the EOT is scaled down. However, the
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Figure 4.14: "The random-dopant-induced threshold voltage fluctuation
for the studied devices.

expectation between gate capacitance and oV, gp isinvalid. The oV}, rp of bulk FinFETs
approximates the planar MOSFETs with 0.2-nm_EOT. To further investigate the mecha-
nism of bulk FinFETs in flucttuation suppression, the potential distributions (Vo =1V Vp =
0 V) extracted 1 nm below the top gate of channel are examined. Figure 4.15(a) shows the
dopant distribution and Figs. 4.15(b) - 4.15(f) are the explored devices with various EOT.
The potential barriers are induced by the corresponding dopants at positions: A, B, and
C, respectively, as shown in Fig. 4.15(a). The potential barrier is largest at C because two

discrete dopants are located close to each other there. For planar MOSFETSs with various
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Figure 4.15: Top-gate potential contours of the planar MOSFETSs with
various EOT ((b) EOT = 1.2 nm, (¢) EOT = 0.8 nm, (d)
EOT = 0.4 nm, (¢) EOT = 0.2 nm) and (f) bulk FinFETs
with 1.2 nm EOT. The distributions of potential barriers
are induced by the corresponding dopants location (i.e., A,
B and C). The corresponding distribution of discrete
dopants is shown in (a) and all the plots are extracted 1 nm
below the gate oxide.
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Figure 4.16: Lateral-gate off-state potential contours for the studied
planar MOSFET and bulk FinFET devices, where (b) and
(c) show the nominal (continuously doped) and discrete
dopant fluctuated cases of bulk FinFETs. The nominal and
discrete dopant fluctuated cases of planar MOSFETSs with
different EOT's are shown in (d)-(h).
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EOTs, the sizes of the potential barriers are suppressed as the equivalent gate oxide thick-
ness is reduced. The results for planar MOSFETs, as displayed in Figs. 4.15(b) - 4.15(e)
are then compared with that of a bulk FinFET device, as shown in Fig. 4.15(f), indicat-
ing that the potential barriers of bulk FinFET are smaller than those of planar MOSFETs,
especially at position A. The potential barrier induced by corresponding dopant in A is
significantly reduced in bulk FinFET device because of the strong electric field around the
corner to suppress the potential barrier induced by dopants. The strengthen electric field
is owing to the changed gate structure, which causes the different suppression mechanisms
between the planar MOSEETSs and bulk FinFETSs. Figure 4.16 shows the lateral side poten-
tial distributions of the studied devices, in which Fig. 4.16(a) plots the dopant distribution.
Figures 4.16(b) and 4.16(c) show the potential contours of the nominal (continuous chan-
nel doping concentration: 1.48 x 10 cm?)) and discrete dopant fluctuated cases of bulk
FinFETSs with 1.2 nm EOT. Figures 78(d)-78(h) show the nominal and discrete dopant fluc-
tuated cases of planar MOSFETSs with EOT scaling. The potential fluctuation is mitigated
as the equivalent gate oxide thickness 1s scaled down, as'shown in Figs. 4.16(f) - 4.16(h).
For the discrete-dopant-fluctuated bulk FinFET device in Fig. 4.16(c), although the poten-
tial distribution is disturbed by a dopant that is located on lateral side of the channel, the

overall potential distribution in the case of fluctuation is still quite similar to that in the
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nominal case. However, for MOSFETs in Fig. 4.16(e), due to the lack of lateral gate struc-
ture, the potential fluctuation is still significant. This result reconfirms the effect of the

lateral gate in bulk FinFET devices in suppressing potential fluctuations.

Figure 4.17 plots the top and lateral views of the on-state current density (Vg = 1V;
Vp = 1V) of planar and bulk FInFET devices with 1.2 nm EOT. All cross-sectional plots
are from 1 nm below the top and lateral side of channel surface. The top views of the
channel, as presentedin Figs. 4.17(b) and 4.17(e), reveal that bulk FinFET device provides
a larger and more uniform current distribution than the planar MOSFET due to the smaller
fluctuation of petential. The lateral views of channel, Figs. 4.17(¢)and 4.17(d), show that
the current conducting paths of planar MOSEETs are easily disturbed by discrete dopants.
However, in the bulk FinFETs, Figs. 4.17(f) and 4.17(g), even current conducting paths are
retarded in parts of channel surface; the tri-gate structure of bulk FinFETs provides more
alternative conducting paths that prevent a significant fluctuation of conduction current.
Thus, benefiting from the superiority of the vertical channel structure, the bulk FinFET
device suppresses potential fluctuations and maintains a more stable conduction current
than the planar MOSFET. Figure 4.18 plots the on-/off- state current characteristics of the
studied devices. For devices with similar on-state current, the maximum difference of off-
state current is declined from approximately 2000 nA/um to 800 nA/um as the EOT is

scaled from 1.2 nm to 0.2 nm. Comparing the results for planar MOSFETSs with those of
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Figure 4.17: Cross-sectional views of on-state current density
distribution in channel of device, where (b), (¢), and (d)
show the planar MOSFET device and (e), (f), and (g) show
the bulk FinFET device. The corresponding distribution of
discrete dopants is shown in (a) and all the cross-section
plots are extracted 1 nm below the channel surface.
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Figure4.18: I,,-1,7s current characteristics of the studied 16-nm-gate
planar MOSFET and bulk FinFET devices.

bulk FinFETs, even though the planar device with 0.4<nm and 0.2-nm EOTs has a better on-
off state characteristic, the bulk FinFET device exhibitsa smaller current fluctuation (about
600 nA/um). The bulk FinFET /device can provide a more uniform potential distribution
and a more stable current flow than that of the planar MOSFET. The additional structural
improvement of bulk FinFET devices enhances the immunity of device against random-
dopant-induced fluctuation, which cannot be evaluated from the trend of gate capacitance.
The process-variation-effect and random-dopant-fluctuation induced V};, fluctuations are

summarized in Table 4.3 and Figs. 4.19. The random dopant effect is the dominating factor
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Figure 4.19: Total threshold voltage fluctuation for the studied devices.

in this scenario. The planar MOSFETSs with 0.2-nm EOT and the bulk FinFETs possess the
best fluctuation immunity. The V};, fluctuations are suppressed with the gate oxide thickness
scaling. However, the immunity of the planar MOSFETs suffers from nature of structural

limitations and the use of vertical channel transistors can alleviate this problem.
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Table 4.3: Summary of the threshold voltage fluctuation of the explored

planar MOSFETs and bulk FinFETs.

Planar Planar Planar Planar Bulk
MOSFETs | MOSFETs | MOSFETs | MOSFETs | FinFETs
EOT (nm) 1.2 0.8 0.4 0.2 1.2
Vin,L,/LER 18.1 16.7 12.2 8.18 12.6
VinrD 58.5 46.6 37.9 29.9 28.3
Vi total 61.2 49.5 39.8 31.0 30.7

4.2 Silicon-on-Insulator Transistors

This subsection initially discusses the physical fluctuations that are induced by discrete
dopants, and then the characteristic fluctuations and mechanism of immunity against fluc-
tuations of multiple-gate SOI devices are studied. The dopant generation and simulation
has been presented in previous chapters. Figure 4.20 displays the explored 16-nm-gate
single-, double-, triple- and surrounding-gate SOI devices. Discrete-dopant-induced fluc-
tuations, caused by local potential spikes, are determined by the corresponding dopants
within the device channel. The potential spike alters not only the electric field and current
conducting path, but also the electron velocity, carrier mobility and electron temperature

distribution.

Figure 4.21 depicts for example discrete-dopant-induced fluctuations of a triple-gate
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Figure 4.20: The (a) single-gate; (b) double-gate; (c) triple-gate; and (d)
quadruple surrounding-gate for the dopant
position/number-sensitive device simulation.

SOI transistor. All cross-sectional plots of the distributions of the on-state current den-
sity and the contours of the off-state potential are extracted 1nm below the top-gate oxide.
Figures 41(a) and 4.21(a’) refer to the nominal case (continuous doping is assumed) and
the discretely doped case, respectively. The on-state potential contour and current density
distribution of the discretely doped case, shown in Figs. 4.21(b’), and 4.21(c’), are inves-
tigated to elucidate the effect of discrete dopant on the potential and current distribution

of the device. The potential spikes in Fig. 4.21(b’) are associated with the corresponding
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Figure 4.21: Comparison of the on-state potential'contours ((b) and
(b%)), the current density distributions ((c) and (c’)), the
electric field:((d) and (d*)), the electron velocity ((e) and
(e’)), and the electron temperature ((f) and (f”)) of the (a)
the nominal case and (a”) discretely doped cases. The
potential spikes (marked as A, B, and C) in (b’) are
induced by corresponding dopants in (a’)). All
cross-sectional plots of the on-state current density

distributions and off-state potential contours are extracted
at 1 nm below the top-gate oxide.
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dopants (spikes A, B and C) in Fig. 4.21(a’). The potential distribution near spike C does
not vary significantly with structure of the triple-gate. Comparison of Figs. 4.21(c) and
4.21(c’) reveals that the current conducting path is disturbed and impeded by dopants in
the channel. Changing the number and position of discrete dopants in the channel causes
a significant potential variation and change in current. The current may avoid the high
potential barrier region and pass through the valley between two potential spikes (such as
spikes A and B). Additionally, the local field distribution, shown in Fig. 4.21(d’), is also
perturbed significantly by discrete dopants. In the on-state condition (the gate voltage Vi =
1V; the drain voltage Vp = 1V), since-the potential distribution near the dopant is relatively
negative in the channel, the dopant acts as a center of -a whirlpool-like electric field to re-
pel electrons. As electrons drift from source to drain, some of them encounter a negative
electric field that is induced by the dopant. The lateral electric field between the source
and the drain, combined with the repulsion of the dopants, twists the electron field and
increases the electron velocity mear the.dopant, as shown.in Figs. 4.21(e), and 4.21(e’).
This phenomenon explains why the distribution of the electron velocity remains the same
to the left of the dopants at device’s source. The fluctuation in the electron velocity also in-
dicates a fluctuation of the distribution of electron temperatures, as plotted in Figs. 4.21(f)

and 4.21(f).
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Figure 4.22: The Ip-V(; characteristics of the 500
discrete-dopant-fluctuated 16-nm-gate single- and
multiple-gate SOI devices, where the solid lines indicate
the nominal case and the dash lines indicate the discretely
doped cases.
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Figure 4.23: The on-off state current characteristics of the 500

discrete-dopant-fluctuated 16-nm-gate single- and
multiple-gate SOI devices. (a) Comparison between the
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the double-, triple-, and quadruple surrounding-gate
devices.
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The characteristic fluctuations of multiple-gate SOI devices are also investigated. Fig-
ure 4.22 plots fluctuations of Ip-V; for single- and multiple-gate SOI devices. The solid
lines represent the nominal case and the dashed lines represent the discretely doped cases.
The spread of the -V curves shows the magnitude of the current fluctuation that is in-
duced by discrete dopants. The result shows that the single-gate device exhibits much
larger current fluctuations than the multiple-gate devices. Figure 4.23 plots the correspond-
ing on- and off-state current characteristics. For cases. with similar on-state currents, the
maximum fluctuation of the‘off-state current declines as_the number of gates increases;
moreover, the maximum fluctuation -of f,s¢ in multiple-gate devices is within 20 nA/um,
whereas the planar device (with a single gate) exhibits a much larger fluctuation of /7 (>
2000 nA/um). Figure 4.24(a) statistically compares the threshold voltage fluctuations of
the aforementioned devices. As expected, the multiple-gate device exhibits better immu-
nity against fluctuation and the magnitude of the 1/, fluctuation (both standard deviation
and difference between maximum and-minimum V;; declines as the number of gates in-
creases, as plotted in Fig. 4.24(b). The standard deviations (S.D.) of single-, double-,
triple- and surrounding-gate devices are 102 mV, 46.2 mV, 30.9 mV and 25.5 mV, respec-
tively. Calculations demonstrate that the fluctuations of V}; of the double-, triple- and
quadruple surrounding-gate devices are 2.2, 3.3 and four times smaller, respectively, than

that of the planar SOI device. The equivalent channel doping concentration increases with



4.2 : Silicon-on-Insulator Transistors 113

the dopant number, substantially altering V;,, as shown in Fig. 4.24(a), and the on- and off-
state currents, as plotted in Fig. 4.22. The magnitude of spread increases with the number
of dopants increases. The discrete-dopant-position affects the fluctuation of characteristics

in a different manner for a fixed number of dopants.

The mechanism of immunity of single- and multiple-gate devices against fluctuation
is studied with reference the extracted physical quantities. Figures 4.25(b) - 4.25(e) plot
the on-state potential along the center of the device’s channel, shown in Fig. 4.25(a),
and display 3D electric fields of single-, double-, triple- and quadruple surrounding-gate
devices, respectively. The potential and electric field of multiple-gate devices are more
uniform than those of the planar device because the channel controllability is better than
that of a planar device for a large gate-coverage ratio. Figure 4.26 compares the on-state
current density, plotted in Figs. 4.26(a) - 4.26(d), and the contour of the off-state potential,
shown in Figs. 4.26(a’) - 4.26(d’), for the 16-nm-gate single-, double-, triple- and quadru-
ple surrounding-gate SOI devices, respectively. = All cross-sectional plots of the on-state
current density and the off-state potential are at 1 nm below the top-gate oxide. As the
gate-coverage ratio is increased, the on-state current density is increased and the heights of
off-state potential spikes (A, B and C in Fig. 4.26(a)) are reduced. The lateral-gate struc-
ture of triple- and quadruple surrounding-gate devices effectively suppresses the potential

(spike C), and then increases the on-state current at the lower side of the channel, shown
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Figure 4.25: Plots of the on-state potential and 3D electric field
distribution of the 16-nm-gate SOl MOSFET with the (b)
single- (c) double-, (d) triple- and (e) quadruple
surrounding-gate structure. The cross-sectional plots of
the on-state potential distributions are extracted along the
center of the device’s channel, as shown in (a).
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Figure 4.26: Plots of the on-state current density distributions ((a)-(d))
and the off-state potential contours ((a’)-(d’)) of the
16-nm-gate SOI MOSFETsS ((a) and (a’) are for the
single-gate; double-gate: (b) and (b’); triple-gate: (c) and
(¢’); quadruple surrounding-gate: (d) and (d’)). The
potential spikes in (a’)-(d’) are induced by corresponding
dopants in channel (spikes A, B, and C shown in (a)). The
height of potential spikes is decreased as gate number is
increased. All cross-sectional plots of the on-state current
density distributions and off-state potential contours are
extracted at 1 nm below the top-gate oxide.
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Figure 4.27: Plots of the lateral-side ((a)-(d)) and bottom-gate
((a’)-(d’)) on-state current density distributions of the
16-nm-gate devices ((a) single-gate; (b) double-gate; (c)
triple-gate; (d) quadruple surrounding-gate). All
cross-sectional figures are extracted at 1 nm below the
lateral-side and bottom-gate oxides.
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in Figs. 4.26(c) and 4.26(d). The lateral-gate of multiple-gate intrinsically enhances the
controllability of dopant-induced fluctuations near the sidewall of the channel surface. It
also accounts for why spike ”C” in Fig. 4.21(a’) has a weaker influence on the potential
distribution than spike ”B”. Figure 4.27 shows the lateral- and bottom-gate on-state current
densities of the structures. Similarly, all cross-sectional plots are obtained at 1 nm below
the lateral- and bottom-gate oxides. Once current paths are impeded by discrete dopants on
parts of channel surface, the well-gate-controlled multiple-gate structure bridges alternative
conducting paths to prevent a significant fluctuation of the conduction current. Thus, the
benefit of the superior vertical.channel structure is that multiple-gate devices suppress po-
tential fluctuation and.provide a more stable conduction current than the planar device. As
a result, the immunity against fluctuation in multiple-gate SOI devices results mainly from
the uniform potential distribution and the fact that the current conduction area (multiple

paths) is larger than that of a planar SOI device.

Besides the aforementioned multiple-gate devices, nanowire FinFETs are ultimate struc-
tures and potential candidates for next generation nanoelectronic devices [16-18, 29-39].
Due to the limitation of manufacturability, nanowire transistors with a perfect gate struc-
ture (i.e., a surrounding gate with 100% gate-coverage ratio) theoretically are not always
guaranteed. Impact of the discrete dopants on device performance is crucial in determining

the behaviour of nanoscale semiconductor devices. The immunity of nanowire transistor
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against random discrete-dopant-induced fluctuation may suffer from the variation of gate-
coverage-ratio. This section first discusses the fluctuations of potential and current density
due to discrete dopants; and then the impact of non-ideal nanowire gate-coverage ratio on

immunity against discrete-dopant-induced fluctuations is studied.

Silicon Nanowire Channel
Metal Gate
\

"
rod

Insulator d’

|

Surrounding Omega-gate Omega-gate
-gate (100% (B0% coverage) (70% coverage)

coverage) Gate
\\b

(a) (b) (c)

Figure 4.28: The 16-nm-gate silicon nanowire transistor with structures
of (a) surrounding-gate (i.e., 100% coverage), (b) the
omega-gate with 80% coverage-ratio, and (c) the
omega-gate with 70% coverage-ratio.

Figures 4.28(a) - 4.28(c) illustrates the 16-nm-gate silicon nanowire transistor with
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Figure 4.29: Comparison of the on-state potential ((a) and (b)), the
current density distributions ((e) and (f)) of the (c) the

nominal case and (d) discretely doped cases. The potential
fluctuations are induced by corresponding dopants in (d)).
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structures of surrounding-gate (i.e., 100% coverage), the omega-gate with 80% coverage-
ratio, and the omega-gate with 70% coverage-ratio, respectively. The used physical models
have been calibrated with experimental data. The on-state (the device is with Vp = V5 =
1V) potential distribution of the discretely doped case, shown in Figs. 4.29(a), and 4.29(b),
are investigated to elucidate the effect of discrete dopant on the potential and current dis-
tributions of the device. The potential fluctuations, shown in Fig. 4.29(b), are associated
with the corresponding dopants in Fig. 4.29(d). Comparison between Figs. 4.29(e) and
4.29(f) reveals that the current conducting path is disturbed and impeded by the discrete
dopants locating at the channel. Since-the potential distribution near the dopant is rela-
tively negative in the channel; the dopant acts as a center of a whirlpool-like electric field
to repel electrons. As electrons transport from the end of source to the drain side, some of
them will encounter a negative electric field that is induced by the discrete dopants. The
lateral electric field between the source and the drain, combined with the repulsion of the
dopants, twists the electric field and. increases the electronvelocity near the dopants. The
potential fluctuations not only alter the electric field and current conducting path, but also

the electron velocity, and carrier mobility.

Figure 4.30 shows the comparisons of potential and current density distributions, re-
spectively, for the nanowire transistors with the surrounding-gate (i.e., 100% gate-coverage-

ratio) and the omega-gate (i.e., 80% and 70% gate-coverage-ratios) structures. The discrete
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Figure 4.31: Comparison of the-threshold voltage fluctuation of the
16-nm-gate silicon nanowire FET with surrounding-gate,
omega-gate with 80%, and 70% gate-coverage-ratio.

dopants positioned in the channel induce a potential fluctuation and substantially disturbs
the current density distribution.and the corresponding conduction path. The magnitude of
potential and current density fluctuations is increased as the gate-coverage-ratio decreases.
The non-ideal gate-coverage disturbs the channel controllability of the explored nanowire
transistors and thus decreases the immunity against discrete dopant induced fluctuation. In
our study, for a 16-nm-gate silicon nanowire transistor, the threshold voltage fluctuations
of the omega-gate devices with 80% and 70% gate-coverage are 1.04 and 1.19 times larger

than that of the surrounding-gate structure, as shown in Fig. 4.31. For current fluctuations,
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Figure 4.32: Comparison of the on-off state current fluctuation of the
16-nm-gate silicon nanowire FET with surrounding-gate,
omega-gate with 80%, and 70% gate-coverage-ratio.

the ratio 1s 1.75 and 4.5 times larger than that of the surrounding-gate one, as shown in
Fig. 4.32. The results confirm:that the influence of non-ideal gate-coverage on the distur-
bances of the channel controllability of nanowire transistors. The immunity against discrete
dopant induced fluctuation is thus decreased. Figure 4.33 shows the characteristics of the
on-state and off-state currents (,,,-I,¢s). For those cases with similar /,,, the maximum
fluctuation of I,y is within 0.05 nA/um. This figure discloses three different discrete-
dopant channels, having similar values of I, or I,;; but with various dopant positions.

The cross-sectional on-state current density and off-state potential distributions extracting
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from the center of channel are examined. Due to the difference of discrete dopant posi-
tion, the different conduction paths of devices result in different on-state currents even we
have very similar off-state currents, shown in Fig. 4.33. For the device having very similar
on-state current with different off-state situations, Fig. 4.34 shows the off-state potential
distribution at device’s channel. However, due to the effect of discrete dopant position,

there is no potential barrier located in the channel region.

4.3 Summary

The dependence of the threshold voltage fluctuation of bulk FinFETs on device dimension
was empirically fitted as a1/, o< (WL)_0'25, which is superior to that of planar MOSFETs.
The preliminary results indicate the bulk FinFETs can not only provide better immunity
against discrete-dopant-fluctuation induced threshold voltage fluctuations, but also show
less sensitivity to device size than planar MOSFETSs. The superior immunity against fluctu-
ation and the more stable fluctuation of threshold voltage roll-off indicate the bulk FinFET
to be a promising device for the sub-16-nm era. For the SOI transistors, the fluctuations of
Vin of double-, triple-, and quadruple surrounding-gate SOI MOSFETSs and the influence
of non-ideal gate coverage disturbs the channel controllability of nanowire FinFETs are
shown. Thus, the benefit of the superior vertical channel structure is that multiple-gate de-

vices suppress potential fluctuation and provide a more stable conduction current than the
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planar device. As a result, the immunity against fluctuation in vertical-channel devices re-
sults mainly from the uniform potential distribution and the fact that the current conduction

area (multiple paths) is larger than that of a planar transistors.




Chapter 5

Intrinsic Parameter Fluctuation in

Fin-Typed Field Effect Transistors

Metal gate and multi-gate transistors are key technologies for the reduction of intrinsic pa-
rameter fluctuations. However, the use.of metal as a gate material introduces a new source
of random variation due to the dependency of workfunction on the orientation of metal
grains. The WKF-induced threshold voltage fluctuation has been reported and the scope is
limited to the transistors [121,122]. Additionally, the device and circuit performance may
depend on different device characteristics. The comprehensive understanding of the domi-
nant fluctuation source in the device and circuit characteristic fluctuations is urgent for the

development of nanoscale systems. Therefore, this chapter estimates the influences of the

128
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intrinsic parameter fluctuations consisting of metal gate workfunction fluctuation, process
variation effect and random dopant fluctuation on 16-nm-gate planar MOSFET and SOI
FinFET devices. The DC characteristics are examined in terms of I-V and V};,. The AC
parameters are investigated in terms of gate capacitance (C,) and cutoff frequency (F7).

Then the dominant fluctuation sources in different devices are found.

5.1 DC Characteristic Fluctuation

The devices we investigated are the 16-nm-gate bulk MOSFETSs (width: 16 nm) and SOI
FinFETs (fin width/fin height: 16 nm / 32 nm) with amorphous=based TiN/HfSiON gate
stacks with an EOT of 1.2 nm [121]. The dimensions of planar MOSFETSs and SOI FinFETs
are designed to have the same layout-area. To compare the MOSEFETs and FinFETs on the
same basis, their nominal channel doping concentrations are 1.48x10'® cm™3 and the V};,
are calibrated. Additionally, to compare fairly the NMOSFET- and PMOSFET-induced
characteristic fluctuation and ‘eliminate the effect of transistor size on fluctuation, the di-
mensions of the PMOSFETSs were the same as those of the NMOSFETS. For oV}, rpr of
FinFETs, to consider the random fluctuation effect of the number and location of discrete
channel dopants, 1516 dopants are randomly generated in a large cube, in which the equiv-
alent doping concentration is 1.48x 10 ¢cm™3, as shown in Fig. 5.1(a). The large cube is

then partitioned into 125 sub-cubes. The number of dopants may vary from two to 22, and
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Figure 5.1: (a) An illustration of FinFET structure. 1516 dopants are
randomly generated in a large cube of 80x80x 160 nm?, in
which the equivalent doping concentration is 1.48x10'8
cm 3. The large cube is then partitioned into 125 sub-cubes
of 16x16x32 nm?. The number of dopants in sub-cube
may vary from two to 22, and the average number is 13
((b)-(d)). These 125 sub-cubes are equivalently mapped into
the device channel of device for the 3D device simulation
with discrete dopants. (e) The V};, roll-off is used for PVE
estimation. The PVE includes the gate length deviation and
the line edge roughness, whose magnitude follow the
projections of the ITRS roadmap [1]. (f) The oV, wir 1s
estimated by a statistically sound Monte-Carlo approach.
((g)-(1)) Similarly, 758 dopants are generated in a large cube
of 80x80x 80 nm? and into 125 sub-cubes of 16x16x16
nm? for planar MOSFETs discrete dopant simulation.



5.1 : DC Characteristic Fluctuation 131

109 |- S Vin RDE | Vin Total
' 42.2 47.5
10—1E| L
0.0 0.5 1.0

104
10°®
108 _
= 107 (unit: mv)
10° LLVineve [OVinwke
g NEZS 33.4
1010 SVin roF | VinTotal
41.5 53.8
10-1 :
-1.0 -0.5 0.0
Ve (V)
()

Figure 5.2: The Ip-Vi; fluctuations for (a) NMOSFETSs and (b)
PMOSEFETs, where the solid line shows the nominal case
with expected device dimensions, workfunction, and
1.48x 10" cm~2 continuous channel doping. The dashed
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the average number is 13, as shown in Figs. 5.1(b) - 5.1(d), respectively. These 125 sub-
cubes are equivalently mapped into the device channel for the 3D device simulation with
discrete dopants, as shown in Fig. 5.1(a). The device is simulated by solving a set of 3D
density-gradient equations coupled with Poisson equation and electron-hole current conti-
nuity equations [99-108]. The physical model and accuracy of such large-scale simulation
approach have been quantitatively calibrated by experimentally measured results [20,63].
The PVE includes the gate length deviation and the line edge roughness, whose magnitude
follow the projections of the ITRS roadmap [1]. Figure 5.1(e) shows the threshold voltage
roll-off characteristic to estimate oVi, py-p. The aViy ke 18 estimated by a statistically
sound Monte-Carlo approach,.as.shownin Fig. 5.1(f). Similarly, 758 dopants are generated
in a large cube of 80x80x80 nm? and partitionéd and into 125 sub-cubes of 16x16x 16
nm? for planar MOSFETs discrete’ dopant simulation, as shown in Figs:5.1(g) - 5.1(0).

The dopants in sub-cubes ‘may vary from zero to 14, and the average number is six.

Figures 5.2(a) and 5.2(b) shows the /-V¢ characteristics for NMOS and PMOS de-
vices, respectively. The solid line shows the nominal case with expected device dimensions,
workfunction, and 1.48x10'® cm~2 continuous channel doping. The dashed lines are fluc-
tuated cases.The insets summary the oV},s. Figures. 5.3(a) and 5.3(b) then compare the
Vi1, fluctuations of NMOSFETs and PMOSFETSs for bulk MOSFETs and SOI FinFETs,

respectively. The total V};, fluctuation (V4 101a1) 18 given by according to the independency
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of the fluctuation components:

(thh,total)g ~ (UVth,JLzDF)2 + (UVth,WKF)2 + (UVth,PVE)2 (5.1)

in whichthe oViy, rpr, 0Vin wk F, and o Vi, py g, are the random-dopant-induced, workfunction-
fluctuation-induced and process- variation-induced V;, fluctuation, respectively. The re-
sults show that in SOI FinFET devices the RDF dominates the V,;, fluctuation in both
NMOSFETs and PMOSFETSs. However, for planar transistors, the V;;, fluctuation of PMOS
is mainly determined by the WKEF because of the large deviation of the workfunction for
different grain orientation. The WKF in SOI FinFETs.is less important due to the large
gate coverage area of the designed device structure..Our preliminary results show that the
SOI FinFET is less sensitive to the intrinsic parameter fluctuations due to the larger gate
control area and thus suffers from less short channel effect. The oV}, ;01018 Of n-type and
p-type FinFETs are 1.45 and 1.77 times smaller than those of planar MOSFETs. Notably,
the statistical addition of individual fluctuation sources herein, Equation (1), simplifies the
variability analysis of nano-devices and. circuits;-significantly. ‘The dominant source of

fluctuation will not be significantly altered.

5.2 AC Characteristic Fluctuation

The WKF, PVE, and RDF fluctuated C, are presented in Figs. 5.4(a)- 5.4(c), where the

solid line shows the nominal case with expected device dimensions, workfunction, and
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1.48x10'® cm~2 continuous channel doping. The different intrinsic parameter fluctuations
induced rather different C-V characteristics. Figure 3(d) summarizes the gate capacitance
fluctuations (¢C,) with 0 V, 0.5 V and 1.0 V gate bias. Different to the results of V};, fluc-
tuation, the WKF brought less impact on gate capacitance fluctuation. At low gate bias or
negative gate bias, the accumulation layer screens the impact of WKF. Additionally, at low
gate bias, the total capacitance decreases because of the increased depletion region. The
associated value of C, fluctuation is small. The capacitive response is then dominated by
increment of inversion.in the moderate inversion. The device characteristics are then im-
pacted by intrinsic parameter-fluctuated electrostatic potentials. If the high V{; is achieved,
the capacitive response-becomes dominated by the inversion layer, the impact of the indi-
vidual dopants on the device electrostatics is screened by the inversion layer itself. The
variation of capacitance is now-again becomes the variation of gate oxide. The impact of
WKEF induced electrostatic potential variations 1s therefore bringing less impact on channel
surface. Our preliminary. results show that the RDF and PVE dominate the gate capaci-
tance fluctuations at all gate bias conditions, respectively. The impacts of the WKF on C,
is reduced significantly at high gate voltage (V;) due to the screening effect of inversion
layer of device, which screens the variation of surface electrostatic potential and decreases
the fluctuation of gate capacitance. The screening effect resulting from the inversion layer

also decreases the RDF induced gate capacitance fluctuation at high gate bias; however,
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the screening effect of inversion layer is weakened by discrete dopants positioned near the
channel surface. Notably, the PVE brings direct impact on gate length and therefore influ-
ences the gate capacitance. The PVE induced gate capacitance fluctuation is independent
of screening effect and should be noticed when the transistor operated in high gate bias, as

shown in Fig. 5.4(d).

Attention should be drawn on the existence of nonlinear effect for gate capacitance
fluctuation. Figure 5.5(a) plots the C';-V; characteristics of .16 nm planar NMOSFETs
with discrete dopant fluctuations. The solid and dot lines are the cases with and without
random-dopant-position-effect, respectively. The cases without random=dopant-position
effect are simulated by changing their channel doping concentration continuously from
1.0x10" cm™3 to 3.4Xx10'"® cm~3{ Figure 5.5(b) plots the slope of the C,-V; curves,
in which the gate capacitance is fixed to 5.0x 10~ '8 F. The dash line indicates the cases
without random-dopant- position effect, and the symbols are the cases with random-dopant-
position effect. The slope of Cy-V; curve for the cases without random-dopant-position
effect is nearly independent of doping concentration, which implies the lateral shift of the
Cy-Ve curves. The lateral shift of gate capacitance is resulted from the variation of Vy,
and can be described by the correspond parameters in compact model. However, the slopes
of Cy-Vi curves are substantially altered as the random-dopant-position effect is taken

into consideration, as shown in Fig. 5.5(b). The variation of the slopes of C,-Vi; curves
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for cases with and without taking random-dopant-position
effect into consideration, where the solid line shows the
nominal case and the dashed lines are
random-dopant-fluctuated devices. The solid and dot lines
in (a) are the cases with and without
random-dopant-position effect, respectively. The dash line
in (b) indicates the cases without random-dopant-position
effect, and the symbols are the cases with
random-dopant-position effect. The (c) normalized gate
capacitance fluctuation and (d) maximum gate capacitance
fluctuation are calculated. (e) The C fluctuation with
different drain bias.
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indicates the change of shape of C,-V(; curves, as.llustrated in Fig. 5.5(a). The variation
of Cy-Vi curves is resulted from the randomness of dopant position in the depletion region
of channel and therefore is hard to be described in current compact model [64-67,77]. To
the best of the author’s knowledge, the fluctuation in gate capacitance has not yet been
modeled and a coupled device-circuit simulation must be performed to estimate its impact
on circuit characteristics. Figure 5.5(c) plots the normalized C, fluctuation as a function

of gate bias. The Cy fluctuations are normalized by the nominal C,. The result implies the
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importance of random-dopant- position effect. Moreover, the device under subthreshold
operation suffers from the largest fluctuation. For device with high gate voltage (V¢;), the
screening effect of inversion layer of device screens the variation of electrostatic potential
and decreases the fluctuation of gate capacitance [77]. The normalized maximum variations
of C; are summarized in Fig. 5.5d), in which the normalized maximum variation of Cj is
about 18.9%. The neglect of the random-dopant-position effect may under estimate the C,
fluctuation by a factor of five. Figure 5.5(e) shows the ¢C, with different drain bias. The
device with high drain bias has a less gate capacitance fluctuation due to the pinch-off effect
and smaller gate-to-drain capacitance-at-a high drain bias. Figure 5.6 compares the gate
capacitance fluctuations for planar MOSFETs and SOL FinFETs. Under the layout area,
the SOI FinFETs exhibits a larger gate capacitance fluctuation due to the large numbers of

dopants in the large depletion region of the SOI FinFETSs.

Figures 5.7 and 5.8 show the cutoff frequency (Fr =4/ 27xL, = g,,, / 2nC}) and
its fluctuation versus the gate voltage for planar MOSFETs and SOI FinFETs, in which
the solid line shows the nominal case with 1.48x10'® cm™3 channel doping, the dashed
lines are fluctuated cases, and the symbol line shows averaged result. The g,, and v, are
the transconductance and the saturation velocity of the transistors, respectively. The planar
MOSFETs possess higher F than that of FInFETs due to the smaller gate capacitance;

WKF-induced F7r fluctuation diminished as the saturation of the carrier velocity occurs.
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However, the PVE-induced F7r fluctuation is still significant owing to the direct influence
of gate length (L,) on gate capacitance. As for RDF, the carrier-impurity scattering alters
the saturation velocity, and therefore F7 fluctuation does not diminish in high-field region.
It’s worth to note that the nominal and the averaged values of F’ are similar to the results of
WKEF and PVE. However, in RDF, the deviation between the nominal and the averaged Fr
increases as Vi increases due to the randomness of carrier-impurity scattering events and
carrier velocity variations. As shown in Figs.5.7(d) and 5.8(d), RDF plays the dominating
factor in the F; fluctuation: For planar MOSFETs, PVE become dominates F fluctuation
as Vg larger than.0.6 V due to-the screening effect in RDF and WKEF fluctuations. The ob-
tained results are similar to the results as shown in Fig. 5.4(d), in which the PVE dominates
the gate capacitance fluctuation in high gate voltage. As for the SOI FinFETs, the RDF
is the dominant fluctuation sources due to the larger gate area and smaller WKF and PVE

fluctuation comparing to planar MOSFETs.

5.3 Summary

This chapter have estimated the influences of the intrinsic parameter fluctuations in 16-nm-
gate devices. The dimensions of planar MOSFETs and SOI FinFETs are designed to have
the same layout area; also, their threshold voltages were calibrated to 140 mV. The RDF

dominates the V;, fluctuation of FinFETs in both NMOSFETs and PMOSFETs. However,
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for planar transistors, the V};, fluctuation of PMOS is mainly determined by the WKF be-
cause of the large deviation of the workfunction for different grain orientation. Although
the WKF in SOI FinFETs is less important due to the large gate coverage area of the
designed device structure, the impact of WKF starts to draw people’s attention device reli-
ability. As for the AC characteristics, the nonlinear variation of Cy-V;; curves resulted from
the randomness of dopant position in the depletion region of channel has been found. The
nonlinear effect is hard to be described in current compact model, and therefore a coupled
device-circuit simulation were employed to estimate its impact on circuit characteristics.
The impacts of the WKF.on Cy is reduced significantly at high gate voltage (V(;) due to the
screening effect of inversion layer.of device. The screening effect resulting from the inver-
sion layer also decreases the RDF induced gate capacitance fluctuation at high gate bias;
however, it is weakened by discrete dopants positioned near the channel surface. Notably,
the PVE induced gate capacitance fluctuation is independent of screening effect and should

be noticed.



Chapter 6

Implication of Device Variability in

Circuits

The impact of intrinsic/parameter fluctuation on device reliability has been discovered in
the previous chapter. This chapter then explores the associated device variability in the
state-of-art circuits using nanoscale transistors. Since there is no well-established compact
models for describing the behaviors of nanoscale transistors, the coupled device-circuit
simulation approach [64-67,115-118] is then developed to ensure the best simulation ac-
curacy. Then the implication of nanoscale device variability in circuits is studied and the

dominant fluctuation sources in each circuit characteristics are identified and verified.

145
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6.1 The Coupled Device-Circuit Simulation Technique

For state-of-art nanoscale VLSI circuits and systems, the local device variation and un-
certainty of signal propagation time have become crucial in the variation of system tim-
ing and the high frequency characteristics. Yield analysis and optimization, which take
into account the manufacturing tolerances, model uncertainties, variations in the process
parameters, and other factors are known as indispensable components of the circuit de-
sign procedure [44-48]. Diverse approaches have recently been presented to investigate
fluctuation-related issues.in transistors [21-27,62-83] and circuits [61-67,84-89]. However,
most of they relies onsthe use of compact models. Thought the extraction of compact
model provides an efficient way to estimate circuit characteristics fluctuation, the random
dopant induced nonlinear device gate capacitance fluctuations make the device character-
istics difficult to be modelled using present compact models [64<67,77]. Moreover, the
well-established compact model of ultrasmall nanoscale devices is not available yet. To
capture the discrete-dopant-position-induced fluctuations in nanoscale transistor circuits, a
coupled device-circuit simulation approach [64-67,115-118] is then proposed. The char-
acteristics of the devices of the circuit are first estimated by solving the device transport
equations. The obtained result is then used as initial guesses in the coupled device-circuit
simulation. The nodal equations of the test circuit are formulated and then directly coupled

to the device transport equations (in the form of a large matrix that contains both circuit
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Figure 6.1: Time domain coupled device circuit simulation flow
[64-67,115-118]. The characteristics of the devices of the
circuit are first estimated by solving the device transport
equations. The obtained result is then used as initial guesses
in the coupled device-circuit simulation. The nodal
equations of the test circuit are formulated and then directly
coupled to the device transport equations, which are solved
simultaneously to obtain the devices and circuit
characteristics.
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Figure 6.2: The (a) inverter circuit and (b) common source amplifier
circuits as examples for digital and analog/high-frequency
characteristics fluctuation exploration.

and device equations), which-are solved simultaneously to obtain the circuit characteristics.
The device characteristics, such as ‘distributions-of potential and current density, obtained
by device simulation are input in the circuit simulation through device contacts. The effect

of discrete dopants in the transistor on circuit characteristics is thus properly estimated.

The time domain coupled device-circuit simulation chart is shown in Fig. 6.1. Fig-
ures 6.2(a) and 6.2(b) are the inverter circuit and common source amplifier circuits as

examples for digital and analog/high-frequency characteristics fluctuation exploration. In
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coupled device-circuit simulation, the time dependent device transport equations are shown

in below:
A(ﬁ:g(n—p-i—ND—NA); (6.1)
on KT n
—+V- <,unnV (gzﬁ——log <—) —i-%)) +R=0, (6.2)
ot q n;
P _ . (v (o B R E (2 + +R=0 6.3)
ot Hpp q g L4 T =Y, .
and
2 2 V2 2
g =R ML Y P " (6.4)

N 12qm;§’% B pW; 8\ 12qmy’
The above equations represent the Poisson equation, current continuity equation for elec-
tron, current continuity equation for hole, and quantum corrected equation for electron and
hole. ¢, n, p, t,<and T are the electrostatic potential, electron densities, hole densities,
time, and temperature t0 be solved, respectively. 48 the silicon permittivity, 1.05x 10710
F/m. q is the elementary charge, 1.06x 10~ Coulombs. k5 is Boltzmann constant, 8.6174
x1071° eV/K. R, ji,,, and {4, are the net electron-hole recombination rate, electron and hole
mobilities. Np and N4 are the number of ionized donors and acceptors, respectively. v,
and +, are the quantum potential for electrons and holes. b, and b, are density-gradient
coefficient for electrons and holes. 71 is the reduced Planck constant. m;, and m;, are the ef-

fective mass for the electrons and holes. The following equations express the circuit nodal
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equations (node 1 to node 2) for a inverter circuit, as shown in Fig. 6.2(a).

Nodel : V1= Vg, (6.5)
Node2 : VQZ VDD> (66)
Node3 : Ip pmos= Ipnmvos, (6.7)
and
Node4 : Vu=0. (6.8)

After solving the device transport equation, the device and circuit equations are coupled
and solved simultaneously to obtain circuit characteristics. The coupled device-circuit sim-
ulation approach directly transfers the device characteristics to circuit and connecting the

device physics with circuit characteristics. The following shows the nodal equations of

Fig. 6.2(b).
Nodel': V= Vi, (6.9)
Node2 : Vo= Vpp, (6.10)
Node3 : V3= Vpp—IpRy, (6.11)
Node4 '&+C%: Ip, (6.12)

‘R, dt
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and
Nodeb : V5= 0. (6.13)

The coupled device-circuit simulation is beneficial in studying of nanoscale transistor cir-
cuits. Moreover, the simulation results may be further used for the construction reliable
compact model including variability issues. Since the physical and mathematic accuracy
of large-scale statistical methodology are verified, it’s believed the given simulation ap-

proach can use for devices and circuits characterization and optimization.

6.2 Digital Circuits

The inverter circuit with planar MOSFETSs circuit is first explored to illustrate the details
of random-dopant-fluctuation in high-frequency integrated circuits. Then the comparison
between FinFETs and planar devices circuit performance is drawn. Figure 6.3(a) shows the
voltage transfer curves for the 16-nm-gate planar CMOS inverters with discrete dopants.
Two points on the voltage transfer curve determine the noise margins of the inverter. These
are the maximum permitted logic 0 at the input, V7, and the minimum permitted logic
17 at the input, V;y. The two points on the voltage transfer curve are defined as those
values of V;,, where the incremental gain is unity; the slope is -1 V/V. The nominal value

and fluctuations of the V;;, and V;y are shown in the insets of Fig. 6.3(a). oV}, exceeds
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oV because the oV}, of NMOSFETsSs exceeds that of PMOSFETSs. The maximum slope
of the voltage transfer curve indicates the maximum voltage gain of the inverter. The 7% of
normalized voltage gain fluctuation of the inverter is therefore estimated, as shown in the
inset of Fig. 6.3(a). Figure 6.3(b) plots the noise margins for the logic ’0” and 17, N My
and N M, as a function of the dopant number. The N My and N M|, are defined in insets.
The N Mj, is increased with the increasing dopant number in the NMOSFET due to the
increased V};, of device. Forthe NMj;, as numbers of dopant in the PMOSFET increases,
the increased Vy, of device may decrease the 1y of voltage transfer curve and thus increase
the N My . We notice that even-for cases with the same number of dopants within device
channel, their noise margins-are still quite different due to the different distribution of
random dopants. The noise margins of the inverter circuit increases as dopant number
increases; however, the fluctuations of the noise margins are also increased due to the more

sources of fluctuation in device channel region.

Figure 6.4(a) presents the input and output signals; the solid line represents the nom-
inal case (continuously doped channel with a channel doping concentration of 1.48x10!8
cm~?) and the dashed lines represent cases with discrete dopant fluctuations. The rise time
(t,), fall time (¢7), and hold time of the input signal are 2 ps, 2 ps, and 30 ps, respectively.
Figures 6.4(b) and 6.4(c) display the zoom-in plots of the falling and rising transitions.

The term ¢, is the time required for the output voltage (V) to rise from 10% of the logic
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”1” level to 90% of the logic 17, and the ¢; denotes the time required for the output volt-
age to fall from 90% of the logic ”1” level to 10% of the logic 71" level. The low-to-high
delay time and high-to-low delay time are defined as the difference between the times of
the 50% points of the input and output signals during the rising and falling of the output
signal, respectively. For the high-to-low transition, the NMOSFET is on and starts to dis-
charge load capacitance, causing the output signal to transit from logic 1" to logic ~0”.
Similarly, for the low-to-high transition characteristics, the PMOSFET is turned on and
starts to charge the load capacitance, causing the output voltage to transit from logic ”0”
to logic ”1”. The 90% (tgg%)-and 10% (t10%) of the logic 1" level are defined as start-
ing points for the high-to-low and low to-high transition and plotted in Figs. 6.5(a) and
6.5(b), respectively. During the high-to-low signal transition, the output signal falls as the
NMOSFETs is turned on. Therefore, the fluctuation of the starting points for high-to-low
signal transition is determined by the V4, of the NMOSEET. With the increasing number
of dopants in NMOSFET, the increased V};, delays the starting point of signal transition
(too%) and increases the high-to-low delay time, as shown in Fig. 6.6(a). Similarly, the
starting point of low to-high transition (the time of 10% of the logic 1" level) is influ-
enced by V};, of PMOSFET and increased as numbers of dopants in PMOSFET, as shown
in Fig. 6.5(b). Figures 6.6(a) and 6.6(b) plot the high-to-low delay time and low-to-high

delay time for the planar inverter circuits with discrete dopants, respectively. Since the
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Table 6.1: Transition time variation for the 16-nm-gate planar inverter
circuits. (* normalized by the nominal value)

(unit: ps) t, s tro tyr
Nominal 1.021 | 0.897 | 0.800 | 0.590
Fluctuation 0.036 | 0.021 | 0.105 | 0.108
Normalized Fluctuation* 35% | 24% | 13.2% | 18.3%
Normalized Maximum Fluctuation® | 23.2% | 12.3% | 73.5% | 101.8%

delay time is dependent on the ‘start of the signal transition, the ¢4;; and ¢, are increased
as channel dopant numbet increases. Notably, even with the same dopant number inside
the channel, the delay time can still vary significantly. Take the cases of six dopants inside
the NMOSFETs as an.example; the maximum ¢y difference is about 0.3 ps, where the
nominal ¢y, 1s 0.59 psi"We refer to.this effect-as discrete-dopant-position-induced fluctu-
ation. The magnitude of discrete-dopant-position-induced fluctuations increases as dopant

number increases because of the increasing number of fluctuation sources (dopants).

Table 6.1 summarized the normalized timing characteristic fluctuations (the standard
deviation / nominal value x 100%). For the 16-nm-gate CMOS inverter, as the number
of discrete dopants varies from zero to 14, fluctuations of ¢,, t¢, trx, and tgp, of 0.036,
0.021, 0.105, and 0.108 ps respectively, may occur. The normalized fluctuation for ¢,, ¢,
trm,and tyy are 3.5%, 2.4%, 13.2%, and 18.3%, respectively. The delay time fluctuations

dominate the timing characteristics. The normalized maximum fluctuations (the maximum
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variation of time / nominal value x 100%) of the low-to-high and high-to-low delay times
are about 73.5% and 101.8%. Notably, the maximum and minimum delays associated
with this specific set of 125 randomized channels would vary such that their range would
increase, as the number of samples increased. For the high-to-low signal transition of the
output signal, the delay time is dominated by the starting points of the signal transition
and then controlled by the on/off state of the NMOSFETS in the inverter planar circuit.
Therefore, the fluctuation of the threshold voltage of NMOSFEETS substantially affects the
high-to-low delay time characteristic. Similarly, the low-to-high delay time fluctuation is
strongly influenced by the oV}, of PMOSFETS. oty exceeds oty because the oV, of
NMOSFETs exceeds that of PMOSFETs. The rise/fall time fluctuations depend on the
charge/discharge capability of the PMOSFETs/ NMOSFETs. Therefore, ot, exceeds the
oty because the driving capability of PMOSFETS is weaker than that of NMOSFETs in
the given device dimensions scenario. The device with larger driving capability requires
less time to charge and discharge a given load capacitance‘and so exhibits a less fall time
fluctuations. Figures 6.7(a) and 6.7(b) show the fall time and rise time as a function
of the threshold voltage for NMOSFETs and PMOSFETs, respectively. The fall time is
dependent on the discharge capability of the NMOSFETsS, and the rise time is dependent
on the charge capability of the PMOSFETSs. As the threshold voltages of the NMOSFET'Ss

and PMOSFETS are increased, the discharge and charge ability for given values of ¢; and
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t, decrease. Therefore, the time required for the fall and rise transitions increases. The
trend for ¢ 1s not clear because herein only the transistors gate capacitance was used as the
load capacitance. The small load capacitance and strong driving capability of NMOSFETs
make the trend of ¢; fluctuation insignificant. Notably, the rise and fall time fluctuations
generally may not be as important as the delay time fluctuation in circuit timing; however,
their maximum variations can exceed 0.237 and 0.110 ps, respectively, which exceed the
delay time fluctuation and should therefore be.considered in statistical timing analysis in
circuit and system design. Moreover, fluctuations in the rise and fall time can be added to

the delay time, and increasing the.delay.time fluctuations.

Figure 6.8(a) and 6.8(b) compare the high-to-low delay time (¢z) and low-to-high
delay time (¢ ) for the planar MOSFETs and FinEET deyvices. Since the ¢, and {15 are
dependent on the V};, fluctuations for NMOSFET and PMOSFET, respectively, according to
the results of Fig. 5.3, the RDF and WKEF are the dominating factors in timing fluctuations
and WKEF introduces a largest ¢, 5 fluctuation due to the large workfunction deviation in
scaled gate area as shown in Fig. 5.3(b). The WKF has shown its increasing importance
in nanoscale transistor, especially in PMOSFET characteristics. Figure 6.9 estimates the
power for the studied transistors. The total power (F;u,;) 1s consisting of the dynamic

power (Fy,,), the short circuit power (Fs.), the static power (Ps,;). Their definitions are



162 Chapter 6 : Implication of Device Variability in Circuits

)
o
T

mm Planar MOSFET 18.3%
—_ —— FinFET
s 15}
—
"g 10.7%
S 10}
© 7.4% 7.1%
- 5.7%
F 5
1.5%
PVE WKF RDF
(a)
20 F
mmm Flanar MOSFET
—_ —— FinFET
S 15f 14.3% o o0
—
o
= 10r 8.9%
g 6.4%
= y 4.5%
5T 5}
l:“"’
0 1 1 1 |
PVE WKF RDF

(b)

Figure 6.8: Comparison of the variations of (a) 5, and (b) ¢,y with
respect to WKF, PVE, and RDF for the planar MOSFETs
and FinFETs.



6.2 : Digital Circuits 163
1.0
mmmm Planar MOSFET
08 L == FINFET 0.8
% 0.6 |
o 0.44
% 04} 0.35 0.37
(A
02F 0.15 0.18
0.04 5 01
0.0 l |l
den Psc Pstat I:)total
Figure 6.9: The nominal power for the bulk planar MOSFET and SOI
FinFET inverter circuits.
shown in below:.
den = Cloadv;?df()—>l (614)
P, = f0>1VDD/ I, (T)dT (6.15)
T
, and
Psmt = VDDIleakage (616)

The fy_-1 is the clock rate. I,. is the short circuit current, which is observed as both

NMOSFET and PMOSFET turned on resulting a DC path between the power rails. 7' is
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the switching period. [jcqrqge 1S the leakage current that flows between the power rails in
the absence of switching activity. As plotted in Fig. 6.9, the SOI FinFETs show larger dy-
namic power dissipation due to its larger load capacitance than that of planar MOSFETs.
The short circuit power is determined by the time of existence of DC path between the
power rails and the short circuit current. Since the V};, for the explored devices are cali-
brated, the P, is then determined by the /.. The I, is dependent on the saturation current
of the devices. Since the SOI FinEET maintains a larger driving current than the planar
MOSFETs, the larger short circuit power dissipation of SOI FinFETS is larger than that of
the planar devices. As for the static power consumption, the SOI FinFET shows a smaller
Pyi,; than the planar MOSEETs due to the smaller leakage current resulting from the bet-
ter channel controllability. Notably, the Fy,,, and Py are the dominating factors in power

dissipation.

Figure 6.10(a) shows the dynamic power fluctuation (g.£,;) for bulk planar MOSFET
and SOI FinFET inverter circuits with WKF, PVE, and RDF. The dynamic power fluctu-
ation of the SOI FinFETs is significantly larger than that of planar MOSFETs due to the
larger gate capacitance fluctuation as aforementioned, Fig. 5.6. The RDF and PVE dom-
inate the dynamic power fluctuation; additionally, the WKF shows less impact due to the
smaller gate capacitance fluctuations. Figure 6.10(b) displays the short circuit power fluc-

tuations (o Ps.) for the studied inverter circuits. Different to the results of o Py, the SOI



6.2 : Digital Circuits

165

P yn (WW)

(@)

Cspstat (“'VV)

©)

0.016
0.0144
mmmm Planar MOSFET T
0.014 F FINFET
0012 |
0.01
0.010 | §
0.008 | =
0.006 | 0.005 %‘”
0.004 | 0.003 0.003
0002 | 0.002 I
0.000
WKF RDF (b)
mmm Planar MOSFET
0.03 F —5 AINFET 0.028
0.02F 0.017 %
0.015 s
.
0.01 F ©
0 003 B0.003
0.00
WKEF RDF (d)

0.025
mmmm Planar MOSFET
0.017 00185
0015 F
0.010 F 0.008
0.005 0.003
0.000
WKF DF
0.05
= Planar MOSFET @, 042
004 L ——— FINFET
0.034
0.03 |
002} 0.016
0.011
001} 0.006
0.00
WKF

Figure 6.10: The (a) dynamic power, (b) short-circuit power, (c) static
power, and (d) total power fluctuations for the explored
devices with WKF, PVE, and RDF.
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FinFETs exhibits a smaller short circuit power fluctuation because of the smaller V;;,. The
WKE starts to play an important role in P;. of planar MOSFETSs because of the significant
oVi, induced by workfunction fluctuation. Figure 6.10(c) summarizes the static power fluc-
tuations (o Py ). Since the static power fluctuation is related to the device leakage current
fluctuation, the RDF dominants the o Py;,; due to the induced larger V},. Notably, though
the static power is not an important part in total power dissipation, the static power fluctua-
tion may not be neglected in the total power fluctuation.due to the exponential relationship
between the leakage current and Vjj;. The total power fluctuations (o°P;o;; = [(0 Ppyg)* +
(0Pwir)? + (0 Prpr)?1%5) are summarized in Fig. 6.10(d). The Py, is-one of the major
sources of the power fluctuation.and the RDF is the dominating factors in power fluctuation
of planar MOSFETs. The SOI FinFETs exhibit a smaller total power fluctuation, 0.0419
W, than the planar MOSEETs, 0.0564 W. The total power fluctuation for the planar MOS-
FETs and SOI FinFETs are 15.2% (¢ Pigai | Protar = 0.0564/0.37) and 5.2%, respectively,
which may bring significant impacts on.the reliability of circuits, such as temperature and

timing.
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Figure 6.11: The common-source circuitis used as a tested circuit to
explore the fluctuation of high-frequency characteristics.
The input signal is a sinusoid input wave with 0.5 V offset.
The frequency is sweep from 1x10% Hz to 1x10'3 Hz.
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6.3 Analog/High-Frequency Circuits

The common-source circuit with sinusoid input wave (offset is equal to 0.5 V), as shown
in Fig. 6.11, is used as a tested circuit to explore the fluctuation of high-frequency charac-
teristics. The time-domain simulation results are simultaneously used for the calculation
of the property of the frequency response, where the frequency is sweep from 1x10% Hz
to 1x 10" Hz. The common-source amplifier ¢iteuit with planar MOSFETs circuit is first

explored to illustrate the details of random-dopant-fluctuation in high-frequency integrated

circuits.
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Figure 6.12: DC characteristic fluctuations of (a) ¢y, maz, and (b) r, of
the 125 discrete dopant fluctuated 16-nm-gate planar
MOSFET. The definitions are shown in the insets.
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Figure 6.14: The output signal fluctuation of the
discrete-dopant-fluctuated circuits at 10® Hz. The solid
line is the nominal case and the dashed lines are transistors
with discrete dopants:

Figures 6.12(a) and 6.12(b) are the maximum transconductance (¢, maq), and output
resistance of transistor (r,) with versus dopant number, where the expression of g, maa
and the output resistance of transistor are shown in insets. Since the threshold voltage
is increased with increasing channel doping concentration, according to the definition in
insets of Figs. 6.12(a) and 6.12(b), g, mas 18 decreased and r, is increased as the number

of dopants is increased. The position of random dopants induced different fluctuation of
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characteristics in spite of the same number of dopants. Furthermore, the magnitude of the
spread characteristics increases as the number of dopants increases. Figures 6.13(a) and
6.13(b) explore the voltage-transfer-curve (VTC) and corresponding output voltage (V)
of the discrete-dopant-fluctuated 16-nm-gate planar MOSFET circuits, respectively. The
derived voltage gain and its fluctuation of the studied circuit are shown in Figs. 6.13(c)
and 6.13(d). The V,,; is increased as the number of dopant in device channel is increased
due to the decreasing output current and voltage dropacross ?;. The variation of V,,,; will
influence the capacitance of the studied MOSFETs and alters the high frequency response.
Moreover, as expected, the fluctuations of 1/,,; and voltage gain are increased as dopant
number is increased. (Beside the fluctuations-of the nodal voltage of circuits, the output
signal is also fluctuated. Without loss of generality, Fig. 6.14 plots the output signal of
the discrete-dopant-fluctuation circuits at 10° Hz. The solid line-is the nominal case and
the dashed lines are transistors with discrete dopants. The output signal corresponds to
the input signal plotted in Fig.'6.11. The discrete.dopant fluctuation not only impacts the

operation points of circuits, but also influences the magnitude of output signal.

Figure 6.15(a) shows the circuit gain versus operation frequency for all fluctuated cases,
where the solid line shows the nominal case, whose channel doping profile is continuously
doped with 1.48x10'® cm™3. The circuit gain, 3dB bandwidth, and unity-gain bandwidth

of the nominal case are 8.14 db, 68 GHz, and 281 GHz, respectively. The corresponding
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high-frequency characteristic fluctuations for the explore circuit are explored, as shown in
Figs. 6.15(b) - 6.15(d), where the insets show the trend of circuit gain, 3dB bandwidth, 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, [2,,;, 1S given by

Ly 1IN
Rou = ( L + _) ) (617)

‘/out 45

where [,,; and V,,; are the output current and voltage of the studied circuit. As the
number of dopants in device channel is increased, the on-state current of transistor, which
associated with the output current of the test circuit, is decreased and thus increases the
output voltage of the circuit. Additionally, the output resistance of transistor, 7, is in-
creased with increasing threshold voltage. Therefore, the circuit output resistance, R, 1S
increased as threshold voltage is 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 output resistance due to the square dependence of r, on Vi;5-Vy. Therefore, the trend
of circuit gain fluctuation is dominated by the output resistance and increased as number
of dopant is increased, as shown in Fig. 6.15(b). Figures 6.15(c) and 6.15(d) show the

fluctuation of 3dB bandwidth and the unity-gain bandwidth of the nano-MOSFET circuit,
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which indicate the variations of switching speed nano-MOSFET circuit resulted from ran-
dom discrete dopants. The insets of Figs. 6.15(c) and 6.15(d) show the main sources of
variations contributed from device characteristics fluctuations, g, 7,, and Cy , as shown
in Figs. 6.12. 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; accompa-
nied with increasing r, and decreasing g,, result in a decrement of 3dB bandwidth and
the unity-gain bandwidth on increasing dopant number. Similar to the DC characteristic
of device, the high-frequency characteristic fluctuation of the nanoscale MOSFET circuit
is much more scattered as number of dopants is.increased. The standard deviations of the
gain, 3dB bandwidth, unity-gain bandwidth, and gain-bandwidth productare 0.46 dB, 9.63
GHz, 29.3 GHz, and 64.4 GHz, respectively. The high-frequency characteristic fluctuations
of the tested circuit are. summarized in Table 6.2. Both the discrete-dopant-induced DC
and high-frequency characteristics fluctuations of 16-nm-gate MOSFET circuit have been
studied using a 3D “atomistic’ simulation technique. Using the experimentally calibrated
analyzing technique, the result have shown that the discrete-dopant fluctuated 16-nm-gate
MOSFET circuit exhibits 5.7% variation of the circuit gain, 14.1% variation of the 3dB

bandwidth and 10.4% variation of the unity-gain bandwidth.

Power-added efficiency (PAE), defined in below, is a measure for the power conversion
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Table 6.2: Summarized high-frequency characteristic fluctuations of the
nano-MOSFET: circuit.

Gain (dB) | 3dB bandwidth (Hz) | Unity-gain bandwidth (Hz)

Nominal 8.138 6.84x10" 2.81x10M

Nominal 0.465 9.63x10° 2.93x10%

Nominal 0.057 0.141 0.104
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Figure 6.16: Output power, circuit gain, and power-added-efficiency of
the explored devices as a function of input power.
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efficiency of power amplifiers.

PAE (%) = (Pout — Pim) /Ppc) x 100% (6.18)

where P,,;, P;, and Ppc are output, input and DC supplied power, respectively. Fig-
ure 6.16 presents the nominal output power, circuit gain, and power-added-efficiency of the
common-source power amplifier as a function input power. A sinusoid input wave with 0.5
V offset voltage is used as input signal. The device channel is continuously doped and the
operation frequency is. 10°Hz. Owing to the limitation of output signal swing, the nomi-
nal value of P, 1s saturated after 10 dBm input power, which in turn decreases the gain
of circuit. The gain fluctuations of the planar MOSFETSs resulted from WKEF, PVE, and
RDF are explored in Figs. 6.17(a)- 6.17(d). Since the PVE and RDF dominate gate capac-
itance fluctuations due to significant affected the channel length and depletion region, the
PVE and RDF play important roles in high frequency characteristic fluctuation, as shown
in Fig. 6.17(d). Effectsof WKEF in high frequency characteristics may be neglected in this
scenario. Since the input signal is a sinusoid wave, the device may operate in different oper-
ation region if the amplitude of sinusoid wave large enough. The enlarged gain fluctuation
with increasing input power is resulted from the larger portion of device operation in linear
region. While the magnitude of input signal swing increases larger than 0.178 V (input
power larger than 15 dBm), some part of device operation enters cutoff region and there-

fore decreases the gain fluctuation. The high frequency characteristic fluctuations are then
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investigated in Fig. 6.18(a), in which the fluctuation of high frequency circuit gain, 3dB

bandwidth, and unity-gain bandwidth are extracted, Figs. 6.18(b)- 6.18(d). Similar to the

result of Figs. 5.7 and 5.8, the RDF and PVE dominates the high frequency characteristic

fluctuations and WKF become less important in this analyzing skeleton.
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6.4 Summary

This chapter have estimated the influences of the intrinsic parameter fluctuations in 16-nm
nanoscale circuits. The WKF and RDF dominate the device threshold voltage fluctuation;
and therefore impact the timing and static noise margin of the explored digital inverter and
SRAM circuits. The fluctuations of delay.time and static noise margin depend on the V};,
fluctuation which follows the trend of V;;, fluctuation. The WKEF effect in PMOSFETs may
bring significant impact on ¢z characteristics due to the large difference of workfunction
in different grain orientation. The power fluctuations consisting of dynamic power, short
circuit power, and static power were estimated. The total power fluctuation for the planar
MOSFETs and SOI FinFETs are 15.2% and 5.2%, respectively, which may induce signif-
icant performance uncertainties; such as temperature and timing; to degrade the reliability
of circuits and systems: The dynamic power and short circuit power are the most impor-
tant power dissipation sources. However, the static power fluctuation dominates the total
power fluctuation due to the exponential relationship between the leakage current and the
Vin. The significant leakage power fluctuation was further investigated, which should be
considered in robust circuit and system design. It has been found that under the same lay-
out area, the SOI FinFETs shows a larger delay and power consumption due to the large

gate capacitance; however, their delay and power fluctuations are significantly suppressed
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because of the better channel controllability of vertical channel structure. For the high-
frequency characteristics, the circuit gain, power, and power-added efficiency were also
explored. Similar to the trend of the device cutoff frequency, the PVE and RDF dominate
the device and circuits characteristic fluctuations and the WKF shows less impact on high-
frequency characteristic owing to the small gate capacitance fluctuation. The sensitivities
of circuit performance with respect to device parameter fluctuation have been reported. It
is necessary to include both the WKF and RDF effects in studying digital circuit reliability;
however, for the high frequency applications, the PVE and RDF effect are dominating fac-
tors. The extensive study:has assessed-the-fluctuations on nano-CMOS circuit performance

and reliability, which caniin turn be used to optimize nano-CMOS circuits and systems.
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Conclusions and Future Work

7.1 Conclusion of This Study

The variability of performance and yield in various nanoscale transistors are great of in-
terest and become crucial for eircuit design. This thesis explores the characterization tech-
niques for device variability and its impact on circuits. The mathematical device simulation
accuracy is calibrated with full quantum mechanical simulation and the accuracy of large-
scale statistical methodology is verified by experimental data. Intrinsic parameter fluc-
tuations, consisting of workfunction fluctuation, random dopant fluctuation, and process
variation effect are investigated and compared with planar MOSFETSs. The vertical chan-

nel transistors, FinFETs and multiple-gate SOI FETs, present promising characteristics on

181
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fluctuation suppression. Consequently, the links should be established between circuit de-
sign and fundamental device technology to allow circuits and systems to accommodate the

individual behavior of every transistor on a silicon chip.

7.2 Suggestions on the Suppression Approaches

Channel engineering technique has been known to be an effective way to suppress the
random-dopant-induced characteristic fluctuationl 1 [64,66,67]. - We have examined the ef-
fectiveness of the vertical and lateral direction doping profile engineering on suppression
of DC and high frequency characteristics. We herein demonstrate the doping profile engi-

neering to suppress the RDF in 16-nm-gate planar MOSFETs.

7.2.1 Vertical Doping Profile Engineering

Discrete dopants located near the channel surface induce potential barriers and disturb the
current conducting path. Therefore, the idea of vertical doping profile engineering is to
leave dopants away from the channel surface and reduce the fluctuation. Figure 7.1(a)
illustrates the vertical doping profile engineering, where the doping profile along the longi-
tudinal diffusion direction from surface to substrate follows the normal distribution. Both

the mean position and the three sigma of this distribution are eight nanometers, which can
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be controlled by the manufacturing processes of ion implementation and thermal anneal-
ing. To compare the vertical channel engineering with the original cases on a fair basis, the
nominal threshold voltage of the vertical channel engineering is adjusted to 140 mV. 758
dopants are firstly randomly generated in a large rectangular solid (x X y X z =16 nm X
2000 nm x 16 nm), in which the equivalent doping concentration is 1.48x10'® cm™2). The
inset of Fig. 7.1(a) shows the nominal case of the vertical doping profile engineering, where
the darker region indicates the higher doping concentration. The large rectangular solid is
then partitioned into 125 sub‘cubes of (16 nm)? cube and mapped.into device channel for
discrete dopant and coupled device-circuit simulation. Similar to the original doping pro-
file, the number of dopants may vary from zero to 14, and the average number is six, as
shown in Fig. 7.1(b). The longitudinal dopant distribution of the improved and the origi-
nal doping profile are shown in Figs. 7.1(c) and 7.1(d), respectively. Since the position
of discrete dopants of the original is random in each direction, the distribution of dopant
number in channel depth is uniform. Additionally, for the vertical doping profile engineer-
ing, numbers of dopant appearing near the channel surface 1s significant less than that of
the original doping profile and thus may induce less surface potential fluctuation than the
other. Figure 7.2 shows the comparison of DC characteristic fluctuations for the original
and the vertical doping profile engineering. Figure 7.2(c) shows the /p-Vi; characteristics

of the discrete dopant fluctuated device generated from the improved (dashed lines) and



7.2 : Suggestions on the Suppression Approaches 187

the original (solid lines) doping profiles. The spreading range of the vertical doping profile
engineering is reduced and indicates a suppression of fluctuation on DC characteristic of
device. The fluctuation of the threshold voltage is shown in Fig. 7.2(a), where the square
symbol indicates the cases of the vertical doping profile engineering and the <’ symbols
symbol shows the cases of original doping profile. The scattering range of the threshold
voltage is significantly suppressed, and the fluctuation of threshold voltage is reduced from
58.5mV to 50.2 mV. The fluctuation of the on-state current, off-state current, and maximum
transconductance are'shown in Figs. 7.2(a), 7.2(b), 7.2(d), and 7.2(e), respectively. The
fluctuation of on-state current-and maximum transconductance.is effectively suppressed
due to the less dopant locating near the channel surface. Notably, the suppression of /¢
fluctuation is not significant due to the similar numbers of dopant locating near the path
of leakage current (about 4 nm below the gate oxide). The proper selection of the dopant
distribution near channel surface is a critical issue.  The high-frequency response of the
nanoscale MOSFET citcuitis shown in Fig. 7.3(a). The spreading range of the improved
doping profile is reduced through the improvement of doping profile. The fluctuation of
the high-frequency characteristics, the circuit gain, the 3dB bandwidth and the unity-gain
bandwidth of the nanoscale MOSFET circuit are calculated; as shown in Figs. 7.3(b) -
7.3(c), the square and ”x” symbols indicate the cases of the improved and original doping

distributions. The fluctuation suppressions of the characteristics of the nanoscale device
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circuit are more pronounced than that of device due to the second-order nonlinear effect
of circuit characteristics. The fluctuation suppression of the high frequency characteris-
tics is resulted from less DC characteristic and gate capacitance fluctuation of device by
introducing a doping profile of Gaussian distribution along the longitudinal direction from
surface to substrate. The result confirms the fluctuation suppression technique on high-
frequency characteristic fluctuation of nanoscale device circuit and show the effectiveness

of fluctuation suppression technique:

7.2.2 Inverse Lateral Asymmetry Doping Profile

In nanoscale FETs, thellateral asymmetric channel (LAC) devices have shown better control
of the short channel effect [122,123]. The high concentration channel doping near the
source-end reduces short channel effect while low doping concentration near the drain end
ensures high mobility. However; attention is less drawn on the existence of random doping
effect for the lateral asymmetry channel doping profile [64]. Therefore, we design a lateral
asymmetry doping profile with higher channel doping concentration at near the drain-end
of channel to suppress RDF.

First, we compare the fluctuation of conventional LAC device with inverse lateral asym-
metry doping profile, as illustrated in Fig. 7.4(a). The V};, fluctuations are then compared

in Fig. 7.4(b), where the ”x” and ”0” indicate the cases of the conventional LAC doping
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Table 7.1: Effectiveness of vertical doping profile engineering and
lateral asymmetry doping profile with respect to the original

doping profile.
Vertical doping Lateral asymmetry
profile engineering (%) | doping profile (%)
Vin 14.2 21.8
Lo 22.0 32.2
Logy 2.0 -45.2
Cy 16.4 62.6
Gain 323 222
3dB bandwidth 19.4 63.1
Unity-gain bandwidth 51.8 41.4

profile and inverse LAC doping profile. The 1/, fluctuation for the proposed inverse lateral
asymmetry doping profile device is 1.6 times smaller than the conventional LAC device
because of the smaller injection velocity and current fluctuation for dopants located near
the drain-end of the channel [123]. The DC and high-frequency characteristics of proposed
inverse lateral asymmetry doping profile are then compared with the original doping pro-
file and shown in Figs. 7.5(a) and 7.5(b). The spreading range of the /p-V and high
frequency response characteristics are significantly suppressed. Figure ?? summaries the
threshold voltage, on-state current, gate capacitance, circuit gain, 3dB bandwidth, and the
unity-gain bandwidth, are reduced by 21.8%, 32.3%, 62.6%, 22.2%, 63.1% and 41.4%, re-

spectively. Note that the 3dB bandwidth is strongly dependent on the gate capacitance and
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therefore exhibits similar improvement to gate capacitance fluctuation. However, unfortu-
nately, the off-state current fluctuation increases by 45.2% due to the strengthened short
channel effect. In the lateral asymmetry doping profile, unlike the profiles of conventional
lateral asymmetry devices with higher channel doping concentrations nearer the source end
of the channel region, the channel doping concentration is higher nearer the drain end of the
channel region. Dopants at the source end of the channel may induce larger current fluc-
tuation than they at the drain end of the channel. The effectiveness of vertical and lateral
doping profile engineering are summarized in Table 7.1. The lateral asymmetry doping
profile exhibits promising fluctuation suppression on threshold voltage, on-state current,
gate capacitance, and 3dB-bandwidth characteristics. However, the leakage current fluctu-
ation is increased by 45.2% due to the stronger short channel effect. For future low power
application, the vertical doping profile engineering is more suitable. Notably, the channel
engineering is a trade-off between fluctuation and performance. The vertical and lateral

channel profile co-design becomes an important issue in future nanoscale technology.

7.3 Suggestions on the Future Work

The future work is suggested from simulation, physics, device, and circuit viewpoints.
From the simulation viewpoint, firstly, the 3D coupled simulation-optimization approach

for nanoscale transistor requires much more computation time; however, it still worth to
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do. Secondly, the characterization and measurement of metal-gate workfunction on high-x
dielectrics are required. The multi-layer structure and interface effects should be further
considered. Additionally, the first principle simulation of high-x/metal materials is impor-
tant, which guides the material selection process and will help us to narrow down to the
most promising material. As for the device simulation, an universal mobility model of sili-
con FETs is important for device simulation. The calibration result can be further extended
and compared with experimental data to facilitate the device simulation in various device
dimensions. From the physics viewpoint, to investigate the carrier-dopant interaction, such
as back scattering in strain silicon channel is interesting. From the device viewpoint, to
distinguish the correlation between intrinsic. parameter fluctuations and study more fluc-
tuation source, such as oxide thickness variation, fin shape variation and so on, may be
required. Moreover, since the strain technology is promising in nanoscale transistor, the
impact of stress and substrate orientation on the device performance and reliability are ur-
gent. Another important issue<s the suppression of intrinsic parameter fluctuations. The
suppression may result in some drawbacks, which should be addressed properly. Also, the
fluctuation induced by source/drain dopants will become more and more important. Even
the channel is undoped in ultra-small nano-devices, the RDF still impacts the device re-
liability significantly due to the dopants in source and drain. As the device gate length

below 10 nm, the source/drain dopants induced fluctuation will become more and more
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important. They not only impact the resistance of source/drain region, but also influence
the effective gate length of transistors. From the circuit viewpoint, it is imperative to de-
rive a well-established compact model consisting of the randomness effect to realize the
nanoscale device and circuit design. The coupled device-circuit simulation may provide
an effective way to obtain circuit characteristics without use of compact model. However,
there is still a lot of room to improve the numerical stability and numerical method in
the coupled device-circuit simulation: Additionally, many the manufacturing of nanoscale
transistor and development of related computer-aided-design software, such as layout and
routing tools are.open problems.nowadays.. To improve the reliability of VLSI circuits
and systems, the development of fluctuation suppression approach from circuit viewpoint
is necessary. An example is the use of 8T SRAM architecture to replace the 6T SRAM.
Consequently, to-suppress the intrinsic parameter fluctuations, the suppression techniques
integrating process, device and circuit design viewpoints is required. The nanoscale tech-
nology in now facing great challenge and provide abundant chances in new semiconductor

application.
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