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Abstract (in English)

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

nanometer transistor fabrication because of the improvement of device perfor-
mance and reductien of intrinsic parameter fluctuation. However, the use of metal as
the gate material introduced a new source of variation. Recently, the averaged work-
function fluctuation method was reported to estimate the fluctuation; however, the effective
work-function may over-<or under- estimate the variability. This thesis computationally
study the work-function fluctuation on emerging high-x/metal gate devices and investigate
such variation source induced characteristic fluctuation using experimental validated three-
dimension device simulation. In our simulation methodology, we directly partition the
device gate metal material into many sub-regions according to the measurement averaged
grain size, and then we randomly generate the work-function to each sub-region according
to the material properties and map them into device gate for our device simulation. Both

the device and circuit characteristic fluctuation are investigated.

11



For device characteristics, the fluctuations of threshold voltage (V},,), gate capacitance
(Cq), cutoff frequency (fr) of complementary metal-oxide-semiconductor (CMOS) field
effect transistor (FET) devices are comprehensively analyzed. The result show that WKF
will induce significant V}; fluctuation (c0V};,) which can not be neglected. However, the
impacts of WKF on device AC (Cy and f7) fluctuations are reduced at zero and high gate
voltage due to the screening effect of inversion layer or,accumulation layer of device.

The implications of device variability in nanoscale transistor circuits are also advanced.
The digital circuit (CMOS inverterandsstaticrandom access memory (SRAM)) and analog
circuit (common source amplifier and current mirror) are examined. In CMOS inverter cir-
cuit, the fluctuations of rise'time, fall time, and delay time fluctuations follow the trend of
Vi fluctuation. The power fluctuations consisting of dynamic power, short circuit power,
and static power are estimated. The dynamic power and short circuit power are the most
important power dissipation sources: However, the static.power fluctuation dominates the
total power fluctuation due to the exponential relationship between the leakage current and
the V;;,. For SRAM, static noise margin fluctuations are explored and the WKF bring sig-
nificant variations. For current mirror, the circuit performance variability caused by device
mismatch is also clearly shown. However, in common source amplifier, the WKF shows
less impact on high frequency characteristic owing to the small gate capacitance fluctuation.

It is necessary to include the WKF effects in studying digital circuit reliability; however,

v



for high frequency applications, the influence of WKF could be neglected.
In summary, we have studied the random work-function fluctuations on nano-CMOS
devices and circuits variability. The result of this study is useful for the next generation

CMOS circuits and systems.
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Chapter 1

Introduction

Intrinsic parameter fluctuation including gate length deviation, line edge roughness, and
random dopant fluctuation is a critical issues for nanosclae device. Although the use of
high-x/metal gate is one of important device technology to deal with the aforementioned
problem, the metal material introduces a new source of variation, the so-called metal work-
function fluctuation (WKF). In this chapter, we first point out some interesting research
topics of WKEF, then present the background and review recent reports on WKF. Then, we

state the purpose of this study. Finally, we outline the whole thesis.
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1.1 Motivation

Evolution of complementary metal-oxide-semiconductor (CMOS) field effect transistor
(FET) technology in the past 40 years has followed the path of device scaling for achieving
density, speed and power improvements [1-6]. However, the fluctuation is intrinsically
increased with the scaling of transistor feature size, Fig. 1.1 shows the major sources
of intrinsic parameter fluctuations, including the gate length deviation [30,31,37-45], line
edge roughness [30,31,37-45], and random dopant fluctuation |7-45].. High-~/metal gate
technology has been recently recognized-as-the key technology to nanometer transistor, Fig.
1.2 illustrates the use of high-s/metal gate to suppress.the intrinsic parameter fluctuation
along the CMOS devices 'sealing [23]. However, the use of metal as the gate material
introduced a new source of variation due to.the dependency of metal ' work-function on the
orientation of the metal grains [46-53]. It is crucial to estimated such variation induces

devices and circuits characteristic fluctuations:



Gate length deviation

.ine edge roughness

(b)E X F 4

Random doping fluctuation
Source Gate Drain

X Position (um)

Figure 1.1: The major sources of intrinsic parameter fluctuations: (a)
the gate length deviation, (b) line edge roughness, and (c)
random dopant fluctuation. The gate length deviation and
line edge roughness are form the variation of lithography
technology [30,31,37-45]. The random dopant fluctuation
comes from the ion-implantation, diffusion and thermal
annealing [7-45].
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ZRD [ILg ®LER

High-k/metal Gate

17 15 13
Equivalent Oxide Thickness (A)

Threshold Voltage Fluctuation (a.u.)

Figure 1.2: The intrinsic parameter fluctuation induced threshold
voltage fluctuation versus equivalent oxide thickness, the
threshold voltage fluctuation can be reduced using
high-x/metal gate technologies [23].
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1.2 The Background and Literature Review

It is known that metal grains usually grow up to few nanometers in size under tempera-
tures used in IC fabrication. The crystal orientation of nanosized metal grain is uncontrol-
lable during growth period, the use of metal as gate material will introduce work-function
fluctuation [46-53]. Figure 1.3(a) shows the scanning electron microscope (SEM) pic-
tures of titanium nitride (TiN)[50], which containing numbers of grain with various grain
orientation. TiN is a sodium €hloride (NaCl) structure:compound consisting of Ti atoms
filled in FCC-basedlattice with-all-octahedral-sites filled with-nitrogen atoms, as shown
in Fig. 1.3(b). Since the different grain orientation has its own. strength of dipoles, the
work-function in eéach grain orientation s different, as shown in Fig. 1.3(c). The device’s
threshold voltage will-become a probabilistic distribution rather than a deterministic value.

Additionally, the WKF induced characteristic fluctuations are one of major variation
source in emerging high-x/metal gate technology compare with the existance of random
dopant fluctuation (RDF) and process variation effect (PVE) [46-53]. However, the sim-
ulation using a modified averaged work-function fluctuation method (the details will be
examined in the next chapter), which may misestimate the WKF induced device/circuit
fluctuations. Although the appearance were also found by other literature [51], they used
a compact model method [54], which also could not accurately describe nanoscale grain

orientation due to no well established compact model for such small transistor.
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Figure 1.3: (a) The SEM pictures and illustration of TiN surface [50],
which containing numbers of grain with various grain
orientation. (b) An illustration of crystal structure with
<200>, and <111> orientation. (c) Each grain orientation
has its own strength of dipoles and therefore different
work-function [48,49]. Therefore, the combination of
device work-function will become a probabilistic
distribution rather than a deterministic value.
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1.3 The Study of this Thesis

To deal with the aforementioned problems, this work thus highlights the work-function
fluctuation on emerging high-~/metal gate technology on nano CMOS devices and circuits
by experimentally calibrated three dimensional (3D) device simulation [23], called 3D lo-
calized work-function fluctuation method. The impact of work-function fluctuation on the
device’s DC / AC fluctuation are first investigated, and the physical mechanism are dis-
cussed. For the device characteristic fluctuations, the localized work-function fluctuation
approach has its advantage to capture not-onlythe number of different metal grain orienta-
tion but also the grain placement induced device variability. To accurately characterize the
device variability in"circuits, the circuit:characteristic fluctuations‘are obtained by solving
the both device transport and circuit nodal equations.called coupled device-circuit simula-
tion [55-67]. Unlike the.compact model simulation approeach, the coupled device-circuit
simulation approaches solves the device transport characteristics in circuit simulation and
therefore provide the most device physics inside circuit fluctuation. The extensive study
assesses the fluctuations on circuit characteristics, which can in turn be used to optimize

nanoscale MOSFET devices and circuits.
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1.4 Outline

This thesis is organized as follows. Chapter 2 introduces the various simulation methods
for studying the effect of metal gate work-function fluctuation. The averaged work-function
fluctuation method [48,49], our modified averaged work-function fluctuation method, and
experimentally calibrated 3D localized work-function fluctuation device simulation are
stated. Chapter 3 compares the modified ‘averaged work-functioen fluctuation and localized
work-function fluctuation methods.induced device DC and AC chatacteristic fluctuations.
The physical mechanism to eéxplain the difference-of these two method are discussed. The
implications of device variability in circuits are explored in‘Chapter 4, in.which the cou-
pled device-circuit simulation approach is used-instead of compact modeling approach for
pursuing best accuracy. Chapter 5 compares the work-function fluctuation with the ran-
dom dopant fluctuation and the process variation effect in deviees‘and circuits variability.

Finally, conclusions are drawn including suggestions on-future work.



Chapter 2

Methods for Metal Gate Work-Function

Fluctuation Simulation

This chapter presents the simulation technique.for work-function fluctuation. The av-
eraged work-function fluctuation (AWKF) method which presented in the previous litera-
ture [48,49] used a probability density function to estimate the WKF induced V;;, fluctu-
ation. Such estimation approach is fast, but can not consider the residual blocks during
the discretization procedure. We revise and call it modified AWKF (MAWKF) method to
estimated the WKF. However, the AWKF and MAWKF methods use the effective work-
function for each device, which may lose some physical phenomena. Therefore, the 3D

localized work-function fluctuation (LWKF) approach is thus proposed to analyze WKF.
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Figure 2.1(a) shows the material properties used in this work for n-type MOSFET (NMOS)
and p-type MOSFET (PMOS) devices [48,49,50,53]. For PMOS device, we use aluminum
(Al) incorporation to tune the work-function to the desired value [53]. Due to the work-
function is tuned by the dipole formation of high-x/SiO, interface, the Al incorporation
will give a fixed offset of work-function for different grain orientation, as shown in Fig.

2.1(b).
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Device Type NMOS PMOS
Material TiN TiN | TiN <200> | TiN <111>
<200> | <111> + Al + Al
Probability 60% 40% 60% 40%
Work-function (eV) 4.6 4.4 4.84 4.64
Effective WK (eV) 4.52 4.76
WK of TiN
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Figure 2.1: (a) The metal properties used in this work. For PMOS

device, we use Al incorporation to tune the effective
work-function. (b) The illustration of band diagram shows
the work-function offset of TiN with adding Al is fixed for
different orientation [53], where the green solid lines are
original work-function of TiN, after Al incorporation, the
work-function becomes larger, as the red dash lines.
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2.1 The Averaged Work-Function Fluctuation Simulation

Method

The AWKF method [48,49] was reported_ in-2008.. They used an analytical formula
to calculated WKF. There are several parameters that have been used in their model and
should be introduced. The symbols @4, Ps,....., @y and P, s, ..., Py are used to iden-
tify the work-function values of grains with-different orientations and their corresponding
probabilities (percentage share of a particular grain‘orientation in the total population of
grains). Assuming fixed probability values () for different devices (with identical gate
metal) is reasonable because these values remain constant for €ach/particular process con-
ditions. It is also assumed that the grain size (G) of each type of metal film can be obtained
by identifying grain boundaries on transmission electron microscope (TEM) pictures of the
surface of the metal-gate. Hence, for a transistor with gate length of L and width W, the
total number of grains (N) within the metal-gate area can be calculated as (L/G) x (W/G),
assuming square shaped grains, for simplicity. Assuming X;, X5, ..., Xy to be the ran-
dom variables that represent the number of grains with work-function values of ®;, ®,,
..., v, respectively, one can calculate the effective work-function of the metal-gate ()

as a weighted average of work-function of the all existing grains on the gate. Hence, the
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formula for ®,, can be written as follows:

Xi Xo XN
Oy =—0> —o i+ —P 2.1
M N + N &2 + ...+ N N (2.1)

where the % is the percentage of gate area covered with grains whose work-function is &,
and so forth. Given the probabilities and work-function values associated with each grain
orientation, the goal is to calculate the mean and standard deviation values for the random
variable ®,,. Figure 2.2 shows the-calculation formula'of TiN gate for gate area contain
4 grains. Since the threshold voltage (V4) is a linear funetion of gate work-function, the
threshold voltage fluctuation (6V44)-is equal to the standard deviation of ®,.

Notably, the AWKE method in literature [48,49] did not mention how to calculate WKF
if the gate area doés not contain thednteger value of grains. This part will be described in

the next section.
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Number of [Number of
TiN <200> |TiN <111>
Probability [4j>< (0.6)° x (0.4)" =2.56%
0 4 (%) ’
Dm [9}((4.6) +[ijx(4.4) =44
(eV) y 4
Proboablllty (4}<(0.6)1 x (0.4’ =15.36%
] 3 (%) !
(‘2\";) G)x(4.6)+(%jx(4.4) ~ 445
Probability [4}(0.6)&(0,4)2 = 34.56%
) 2 (%) 2
o L
Probability [4}(0.6)1 < (0.4 = 34.56%
3 1 (%) y
o (E)x(4_6)+(l]x (4.4)=455
(eV) 4 4
Prol?;t))illty @X(M)l x(0.4)’ =12196%
4 0 -
D (i)x(4.6)+[9]x(4.4) =46
(eV) 4 4

Figure 2.2: The formula in AWKF method to calculate the

vV, N
k" KN —k)!

work-function fluctuation for TiN gate containing 4 grains

[48,49].
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2.2 The Modified Averaged Work-Function Fluctuation Sim-

ulation Method

Due to the gate area will not always fortunately include the integer value of grains,
we revise the AWKF method and call the MAWKF method to examine the work-function
fluctuation. The simulation flow is'shown in Fig."2.3. At first, the gate area is partitioned
into several parts according to.the.average grain size, here we assume the grain is square
for simplification. ‘Then the grain-orientation of eachparts and total gate work-function
are randomly generated based on propertics of metal as shown in-Fig. 2.1(b). The work-
function of each partitioned area (W /%) 1s a random value. ' The summation of W Kj; is
then averaged to obtain the effective work-function of transistor and then used for WKF
induced characteristic fluctuations,estimation. Figures2.4(a)-2.4(c) show the probability
distributions of work-function for devices with ‘one 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 2.4(d) examines the dependence of WKF induced oV}, versus the
average grain length (the square root of grain size) on a 16 nm x 16 nm gate area. The

WKEF induced oV}, increases significantly as the average grain size increases, which imply
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the importance of controlling metal-gate grain size in reducing WKF effect. The trend of
the results is valid with experimental data [47]. Additionally, when the metal grain size is
larger than devices gate area, the o1/, saturated due to the number of grain in a device gate
area unchanged (contain only one grain). 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.




Key parameters:
Gate area (A); Average grain size (G)
,Probablllty (P). and work function
(WK) of orientation.

| Partition-of device gate area:
. Average number of grain.on device
.gate area N = A/G.

Random generation of WK in each
. parts according to P.

: N . i
i of a single;
| WKeﬁ’ectlve Z WK N transistori
. i=1 !

WKF induced devicel/circuit
characteristic fluctuations

Figure 2.3: The simulation flow of MAWKF method. The gate area is
partitioned into several square pieces according to the
average grain size [47]. The work-function of each
partitioned area W [; is a random value. The summation of
W K; is then averaged to obtain the effective work-function
of each transistor and then used for WKF induced
characteristic fluctuations estimation.
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Figure 2.4: The obtained probability distributions of TiN work-function
for devices with (a) 1, (b) 4, and (c) 256 grains on the gate
area. (d) Dependence of TiN metal-gate induced oV},
versus the average grain length, where the grain length is
square root of grain size. The gate area is 16 nm x 16 nm.
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In the proposed MAWKEF method, the results are similar to AWKF method. How-
ever, the AWKF method can not consider the residual blocks as shown in Fig. 2.5(a) due
to the limitation of the used formula. In the MAWKF method, we also randomly gen-
erate the work-function for each residual grain, and consider their weight related to their
area when calculating averaged work-function. Figure 2.5(b) compares the AWKF and
MAWKEF methods with TiN metal gate: The solid triangle and dash cross lines show the
results with and without censidering the residual area. The'trend of o1/, is the same as the
other; however, theredare several-flat-area existing in the dash line, which may mislead the

impact of WKF.



1
1
1
1
1
1
L
1
1
1
1
1
1
T
1
1
1

- e o e e e e = e e = e e e ]

(a) Rty :'. ------------ "o - - |

Residual Area
—~ 120
> —/— w/considering
é 100 k residual area
= —X— w/o considering
% 80 k residual area
® 60}
(&)
-
2 40
LXL 20 F g
X" Gate area: 16 nm x 16 nm
; O 1 1 1 1 1 1 1 1 1 1 1 1

20 2 4 6 81012141618202224
(b) Average Grain Length (nm)

Figure 2.5: (a) The residual area which should be considered when
estimating work-functions. (b) Work-function fluctuation
induced threshold voltage fluctuation versus average grain
length with and without taking residual gate area into
consideration.
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2.3 The 3D Localized Work-Function Fluctuation Simu-

lation Method

The AWKF and MAWKEF use the effective work-function, and may lack physically best
accuracy [51]. This was pointed out in 2009. They assumed that devices are composed
of smaller transistors both in parallelyand in Series. over the gate area. Each small transis-
tor with gate electrode has a metal grain with a specific work function and thus its own
inversion carrier density in the channel. Using the physical model in [54] for each of the
small transistor, then impose Kirechhoff’s law on the tesulting mesh.of them, and finally nu-
merically solve for'the device behavior. However, the method may not accurately describe
nanoscale grain orientation due to'the model probably not workewell for such small tran-
sistor. Therefore, to characterize the metal-gate induced work-function fluctuation more
preciously, we use 3D device simulation to examine such phenomenon, LWKF method.
Figure 2.6 illustrates the work-function fluctuation source of CMOS device and the simu-

lation method for LWKF. The boundary condition is derived form Gauss’s law:

¢ Obow
Es& - eoxW - QS7 (22)

and the relation of the metal/oxide/semiconductor [1]:

E tow WK
¢=X+—g+¢fp—Qs€—— — Qoc, (2.3)

2e or e
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where the ¢,,., t,., and €,, are the potential, thickness and dielectric constant of oxide,
€s, X, E, are dielectric constant, electron affinity, and bandgap of semiconductor, ¢y, is
the difference between intrinsic fermi level and fermi level, and Qg is the fixed charge
at silicon/oxide interface. In our structure, since the work-function is a grain area re-
lated step function WKy 4,(x,y), as shown in Fig. 2.7, the random grain distribution is
therefore considered in LWKF method, where the total,work-function on the metal gate =
év: W K x a,(z,y). Figure 2.8 presents thesimulation flow ¢hart of LWKF. To describe the
i=1

WKEF induced characteristic fluctuations;in-contrast to AWKE, MAWKE methods or com-
pact model [38-45,48,49,51], we directly partition.the device gate metal material into many
sub-regions according to the grain size [47], and then‘we randomly generate the work-
function to each sub-region according/to the material properties and map.them into device
gate for our experimentally calibrated 3D quantum-corrected device simulation [23]. Two
hundred statistically random devicesare generated to examine the WKF induced character-

istic fluctuations. This method can capture the different work-function of grain orientation

position effect, which can not predict by previous methods.
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Figure 2.6: The illustration of 3D localized work-function fluctuation
simulation. We directly partition the device gate metal
material into many sub-regions according to the grain size
[47]. The sub-regions are square or rectangle. There are
total 2'6 work-function combinations for 16 grains.
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Figure 2.7: The mathematical formulationto describe the 3D localized
work-function structure.
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Partition metal gate into
many sub-regions
(square or rectangle)

20y

Randomly generate WK for
each sub-region according to
the material properties

- L

Generate 200 devices and
solve aset of 3D quantum
transport.equations

Figure 2.8: Simulation flow chart of 3D localized work-function
fluctuation method. We randomly generate the
work-function to each sub-region according to the material
properties and map them into device gate for our
experimentally calibrated 3D quantum-corrected device
simulation [23].
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2.4 The Coupled Device-Circuit Simulation Technique

Due to lack well-known compact model for 16-nm-gate CMOS devices, the charac-
teristics 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
and device equations), which are‘'selved simultaneously to obtain the circuit characteristics.
The device characteristics, sueh as distributions of potential and current'density, obtained
by device simulation are input in the circuit simulation through device contacts. The illus-
tration of coupled device-¢ircuit simulation 1s shown in Fig. 2.9, here we'use an inverter
circuit as example. The coupled device-cireuit simulation.flow chart/is shown in Fig. 2.10
[38-45]. Figure 2.11 shows the inverter, static random access memory (SRAM), common
source amplifier, and current mirror circuits-as.examples for digital/analog characteristic

fluctuations exploration.



2.4 : The Coupled Device-Circuit Simulation Technique

27

 PMOS

B o - - —
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Figure 2.9: The illustration of coupled device circuit simulation with an
inverter circuit as example [38-45]. The characteristics of
the devices and circuit are considered simultaneously.
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Solving a set of 3D
semiconductor transport
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Circuit nodal equations
formulation

Time (t) = 0 ]
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Figure 2.10: The coupled device circuit simulation flow [38-45,55-67].
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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VDD
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Figure 2.11: The (a) inverter, (b) static random access memory, (c)
common source amplifier, and (d) current mirror circuits
as examples for digital/analog characteristics fluctuation
exploration.
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2.5 Summary of this Chapter

This chapter has presented the AWKF, MAWKEF, and 3D LWKF methods. The AWKF
used an analytical formula to calculate WKF. However, the method does not consider the
residual area of gate due to the limitation of the formula. The MAWKF method revised the
AWKEF method to improve the usage of estimating WKF induced characteristic fluctuation.
In 3D LWKF method, we directly partition the-device gate metal material into many sub-
regions and then randomly generate the work-function to each sub-fegion into device gate
for our 3D quantum-correcteddevice simulation. Additionally, based onthe coupled device
circuit simulation, the fluctuation of circuit characteristics can be obtained with more device

physics inside.



Chapter 3

Devices Characteristic Fluctuations

This chapter estimates and compares the influences of the work-function fluctuation
with MAWKF and LWKF methodson 16-nm-gate planar MOSEET devices. The DC char-
acteristics are examined in threshold voltage, on-state current (/o) and off-state current
(Iorr). The AC characteristics arevinyestigated in-terms of gate capacitance (C;) and cut-

off frequency (fr).

3.1 DC Characteristic Fluctuations Comparison

The control devices in this study are the 16-nm-gate bulk planar MOSFETs (width: 16

nm) with amorphous-based TiN/HfO, gate stacks with an equivalent oxide thickness of 0.8

31
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nm and 4.52 eV and 4.76 eV work-functions for NMOS and PMOS devices, respectively.
The nominal channel doping concentrations are 1.5x10'® cm™3, the source/drain doping
concentrations are 2 x 102 cm~3, and the lightly doped drain (LDD) doping concentrations
are 4x10' cm™3. The junction depth of LDD region is 8 nm. The threshold voltages are
calibrated to 250 mV following ITRS roadmap [2,23,25,27]. The details of device setting
are shown in Fig. 3.1. The subthreshold slope (SS):could be improved by tuning the
channel doping shape profile or metal-work-function. The'properties of metal are shown
in Fig. 2.1(a) and the average grain size-is4nm X 4 nm [47]. Additionally, to compare
fairly the NMOS- and PMOS-induced characteristic fluctuation and eliminate the effect of
transistor size on fluctuation; the dimensions of the PMOS devices are the'same as those of
the NMOS ones.
The mobility model used in our 3D device simulation is 18 given by:
D D 1

1
— = + +—
% Msurf_aps Msurf_rs Hbulk

3.1)

where D = exp (x/l.t), « is the distance from the interface and [, is a fitting parameter.
The mobility consists of three parts: (1) the surface contribution due to acoustic phonon
scattering, [lsyr f.aps = % + %, where N; = N4 + Np, Ty, = 300 K, E is the trans-
verse electric field normal to the interface of semiconductor and insulator, B and C are

parameters which based on physically derived quantities, Ny and 7 are fitting parameters,
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T is lattice temperature, and K is the temperature dependence of the probability of sur-
face phonon scattering; (2) the contribution attributed to surface roughness scattering is
N’U

(EB/Eref)= | %3)_1, where = = A + X0 ey

Hsurfrs = ( 5 W , Eref =1 V/cm is a reference

electric field to ensure a unitless numerator in ftsy, f s, Nyep = 1 cm 3 is a reference dop-
ing concentration to cancel the unit of the term raised to the power v in the denominator
of =, § is a constant that depends on.the details of the technology, such as oxide growth
conditions, N; = 1 cm 3,04, «,-and 7 are fitting parameters; (3) and the bulk mobility
IS fyur = L(TZO)_S Jswhere jur-is-the-mobility due to bulk phonon scattering and £ is a
fitting parameter. The parameters-of mobility ' were calibrated with the measurement of

experimentally fabricated CMOS devices [23], as shown in Fig. 3:2.
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Channel doping

1.5x10'8 cm-3

S/D doping

2x1020 cm-3

LDD doping

4x10"° cm-3

Workfunction

4.52'eV (NMOS); 4.76:eV (PMOS)

Oxide thickness

0.8'nm EOT HfO,

Junction depth

Around-1/2'L ;. (8 nm).to maintain
subthreshold leakage

Performance | .. V,; lon I SS
(For LOP) | (mV) [ (uAlpm){(nAlum){{(mV/dec)

NMOS 250 521 200 147

PMOS -250 390 198 149

Figure 3.1: The device parameters setting and performance used in this

work.
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Electron Mobility (cm?/Vs)

Figure 3.2: Extracted nonstrain mobility versus doping concentration at
0.3 and 1 MV/cm vertical field.
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Figure 3.3 shows the threshold voltage fluctuation, the normalized on- and off-state
current fluctuations (c/py and olprr) induced by WKF of NMOS and PMOS devices
with LWKF method, the values are 36.7 mV, 5%, 57%, 42.5 mV, 10%, 46%, respectively.
We note that the V;;, is determined form the current criterion when drain current is 10~7 A.
The Ipy is the drain current at on-state (gate voltage (V) and drain voltage (V) are equal
to 0.8 V), and the /ppp is the drain current atoff-state (V=0 V and V), = 0.8 V). Figure
3.4 compares oV}, among AWKF,MAWKF method and CLWKF methods for the gate area
is 16 nm x 16 nm with grain size equalto4nm-x 4 nm (gate area contain integer number of
grain), and 5 nm x 5 nm (gate area does-not-contain integernumber of grain). The AWKF
and MAWKF method significantly underestimated the WKF induced a4y, To further un-
derstanding the physical mechanism of WKF induced device characteristic fluctuations; we
investigate the on-state potential, charge distribution at'channel surface, and band diagram.
Due to the probabilistic distribution of work-function, the-effective work functions of 200
devices are not a deterministic value and results‘in'device to device performance variation.
This variation can also estimated by MAWKF method. However, the position of different
metal grain orientation position effect can further induce device characteristic fluctuations.
Figure 3.5(a) shows the large-scale statistically computed results of V;;, as a function of
the number of TiN <200> (higher work-function) contained for NMOS device. From the

number of high work-function grain orientation point of view, the effective work-function
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of a single device increases as the number of TiN <200> increases, result in a higher V.
Moreover, it is found that even for devices with the same numbers of TiN <200> inside
the gate, the effect of nanoscale grain orientation position induces different fluctuations of
characteristics in spite of there being the same number of TiN <200>. To explore the grain
orientation-position-induced V};, fluctuation, the on-state potential distributions with con-
taining nine TiN <200> but different position inside the gate are investigated, as shown in
Figs. 3.5(b) and (c). Thepotential distributions are.at the channel surface. For a device
with TiN <200> located neanthe-source and at the middle of channel, the corresponding
potential distributions are significant decreased in these areas, which significantly changes
the electron conducting path and induce larger V4,. The importance of grain position effect
is found for the first time. Figure 3:6(a)presents the charge distribution of the channel sur-
face extracted from Fig. 3.5(b) at V¢ = 0.8V, .and V, =0 V; we can clearly find the charge
distribution is strongly governed by-different local.work-function of gate metal orientation,
such phenomenon can not be predicted by MAWKF method. The MAWKF model uses
an effective work function for each device to calculate the performance, which assumes a
uniform inversion charge density at the channel surface. The difference between these two
methods can be considered in terms of the band diagram, as shown in Fig. 3.6(b) and Fig.
3.7, which leads to different substrate band bending and varying throughout the channel.

Since the threshold voltage is determined by the work-function difference between metal
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and semiconductor [1], as shown below:

‘/th = (|QSD(’ITLGZL’)| - st)/cox + qus + 2¢fp> (32)

where the |Qsp(max)| is the maximum charge density of depletion region, Q,; is the oxide
surface charge, C,, is the oxide capacitance, ¢, is work-function difference between metal
and semiconductor, and 2¢y, is the surface potential. The difference of threshold voltage
fluctuation is therefore result form work-funetion difference induced by the localized metal
grain. Since the on-state channelinversion charge density distribution is above 10! cm™3,
the charge screening lengthtin the channel-is about several nanometers. Therefore, for

nanoscale grains, the band edges in the channel will be affected by the grain directly above

a given region, and will fluctuate throughout the.channel surface.
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Figure 3.3: The Ip-V curves of localized work-function fluctuation
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Figure 3.6: (a) The charge distribution and the metal grain distribution
extracted from Fig. 3.5(b) at Vi; = 0.8 Vand Vp =0 V. (b)
The band diagram in the semiconductor and the metal gate.
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Figure 3.7: (a) The charge distribution and the metal grain distribution
extracted from control device at Vo =0.8 Vand V=0 V.
(b) The band diagram in the semiconductor and the metal
gate.
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3.2 AC Characteristic Fluctuations Comparison

In this section, the device AC characteristics including C; and fr are investigated. The
MAWKEF and LWKEF fluctuated C;-V(; curves are compares in Figs 3.8(a) and (b). And
the summarized gate capacitance fluctuation (cCy;) at different gate bias are shown in Figs
3.9. At zero gate bias or negative gate bias, the .accumulation layer screens the impact
of WKF. Additionally, at low gate.bias, thetotal capacitance decreases because of the in-
creased depletion region. The associated.value of O fluctuation is small. The capacitive
response is then dominated by increment-of inversion.in the moderate inversion. The de-
vice characteristics are thensimpacted by work-function fluctuated electrostatic potentials.
However, if the high Vi, is'achieved, the result-are significant different between these two
methods. In MAWKF methodj;the capacitive response becomes dominated by the inversion
layer, the impact of the work-function difference 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 WKF induced electrostatic potential variations is therefore
bringing less impact on channel surface. In LWKF method, although the inversion layer
screen effect also happened, the grain position effect still influences the charge distribution
of inversion layer for different device, as shown in Figs 3.10, results in a larger cC. The
importance of LWKF method are also shown for device AC characteristics. However, it

should be notice that even in the result of LWKF method, the largest fluctuation of oC¢
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is less than 3% of it’s nominal value. The WKF bring less impact on gate capacitance

fluctuation, it is different with device DC characteristic fluctuations.
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Figure 3.8: The fluctuated Cz-V; curves with (a) localized
work-function fluctuation and (b) modified averaged
work-function fluctuation methods. The results are
significantly different at high gate bias.
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Figure 3.10: The charge distributions extract from (a) the largest and
(b) the smallest gate capacitance devices.
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Figure 3.11 compares the NMOS fluctuated f7-V curves for MAWKF and LWKF
methods, the cutoff frequency fr is the frequency when the device short circuit current
gain hy; is unity. Figure 3.12 shows the fr fluctuations (o f7) versus the gate voltage. The
significant difference of two methods at high gate bias is clearly shown. To explain the
results easily, we use the simplified formula fr = g, / 27C¢ = vgo / 2wL4, Where the
gm and v, are the transconductance.and the saturation carrier velocity of the transistors.
The results show that MAWKEF method significantly underestimate the o fr, especially at
strong inversion region due to-the-effective work-function difference between individual
devices are screened. The WKF-inducedwo f;+is reduced as the saturation carrier velocity
occurs at high gate'bias, the fr is dependent on gate length only and almost the same
for different work-function inn MAWKF method. However, in LWKF method, the grain
position effect also influence the Charge distribution for different device, which alter the
electrostatic potential and‘saturation. carrier velocity as in Figs. 3.13 and 3.14, result in a

larger o fr.
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Figure 3.11: The fluctuated fr-Vi curves with (a) localized
work-function fluctuation and (b) modified averaged
work-function fluctuation methods. The results are
significantly different at high gate bias.
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Figure 3.12: The summarized cutoff frequency fluctuations at different
gate bias with modified averaged work-function
fluctuation and localized work-function fluctuation
method.
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Figure 3.13: The channel surface potential distributions extracted from
the devices with (a) averaged effective work-function, (b)
the largest and (c) the smallest cutoff frequency in LWKF
method.
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Figure 3.14: The electron velocity distributions extracted from the
devices with (a) averaged effective work-function, (b) the
largest and (c) the smallest cutoff frequency in LWKF
method.
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3.3 Summary of this Chapter

This chapter has estimated and compared the influences of the work-function fluctua-
tions induced characteristic fluctuations in 16-nm gate planar CMOS devices with MAWKF
and LWKF methods. The difference of oV, with these two method are success explained
by potential, charge, current, and band diagram distribution. Using the threshold voltage
distribution plot, the importance of different. grain position effect compare with different
grain number effect is demonstrated. In device AC characteristie fluctuations, the grain
position effect are also foundiat high gate-bias. Notably, the WKEF induces significantly
device’s DC characteristic fluctuation. However, the impact.of WKF on device’s AC char-
acteristic fluctuations couldbe reduced at high gatevoltage due to the screening effect of

inversion layer of device.



Chapter 4

Circuits Characteristic Fluctuations

This chapter explores the associated device variability in the state-of-art circuits with
nanoscale transistors for LWKF method. Since there are no well-established compact
models for describing the behaviors of nanoscale transistors, the coupled device-circuit
simulation approach which introduced in Chapter 2 is performed to ensure the best simula-

tion accuracy. The implication of work-function fluctuation in nanoscale circuits is studied.
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4.1 Digital Circuits

4.1.1 CMOS Inverter Circuit

The inverter circuit with planar MOSFETs circuit is first explored to illustrate the details
of WKF in high-density integrated circuits. Figure 4.1(a) presents the input and output
signal curves; the solid line represents the-curve with effective'metal work-function 4.52
eV and 4.76 eV for NMOS and PMOS.devices, respectively.. The dashed lines represent
curves with fluctuations. The rising delay, falling delay, and hold time of the input signal
are 2 ps, 2 ps, and 30 psgrespectively. Figures 4:1(b) and 4.1(¢) display the zoom-in
plots of the falling and rising transitions. The térm rise time (¢,) is the time required for
the output voltage (V) to rise from 10% of the logic 1" level to 90% of the logic 17,
and the fall time (?;) denotes the timerequired for the output voltage to fall from 90% of
the logic 17 level to 10% of the logic ”1* level. The'low-to-high delay time (¢;5) 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 NMOS device is on and starts to discharge
load capacitance, causing the output signal to transit from logic 17 to logic 0. Similarly,
for the low-to-high transition characteristics, the PMOS device is turned on and starts to

charge the load capacitance, causing the output voltage to transit from logic 0 to logic
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”1”. During the high-to-low signal transition, the output signal falls as the NMOS device is
turned on. Therefore, the fluctuation of the starting points for high-to-low signal transition
is determined by the V};, of the NMOS device. Similarly, the starting point of low to-high

transition is influenced by V};, of PMOS device.
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Figure 4.1: (a) The input and output signals for the fluctuated inverter.
The magnified plots show (b) the falling and (c) the rising
transitions, where the rise time, fall time, high-to-low delay
time, and low-to-high delay time are defined.
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Figure 4.2 summarizes the rise time fluctuation (ot,), fall time fluctuation (ot;),
high-to-low delay time fluctuation (ot ) and low-to-high delay time fluctuation (ot g).
The nominal values of ¢, tyy, t,, and {1 are 0.8 ps, 1.25 ps, 1.04 ps, and 1.45 ps, ¢y is
smaller than ¢,, and ¢y is smaller than ¢, due to the higher operating speed of NMOS
device. The oty, otyr, ot,, and oty g are 0.076 ps, 0.093 ps, 0.131 ps, and 0.165 ps, which

are about 10% of the nominal values.
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Figure 4.2: Summary of the variations of rise time, fall time,
high-to-low delay time, and low-to-high delay time induced
by the metal gate work-function fluctuation.
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Figure 4.3 estimates the power dissipation for the studied inverter. The total power
(Pyotar) 1s consisting of the dynamic power (P, ), the short circuit power (Ps.), the static

power (Pg,;). Their definitions are shown in below:

den - Oload‘/d?df()—>la (41)
P 2 A8 N 113 10 (42)
T
and
Pstat = VDDIleakage- (43)

The fy_~1 is the clock rate. I, is the short circuit current, which is observed as both
NMOS and PMOS devices turn on resulting a DC path betweenithe power rails. 7' is the
switching period. [jcqrq4¢18 the leakage current when opeérating at static state. The dynamic
power is determined by the load capacitance, weherein use the transistors’ gate capacitance
as the load capacitance and focused on the device intrinsic parameter variability induced
circuit variation. 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;;, of devices are calibrated,
the Py, is then determined by the I,.. The ;. is dependent on the saturation current of the
devices. For the static power, we determine it by the applied voltage multiply the leakage

current of inverter. The F,,,, and P;. are the dominating factors in power dissipation.
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Figure 4.3: The nominal values of the inverter circuit’s dynamic power,
short circuit power, static power, and total power. The total

power is the summation of dynamic power, short circuit
power, and static power.
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Figure 4.4 shows the dynamic power fluctuation (o Fyy,,), short circuit power fluc-
tuations (o Ps..), static power fluctuations (o Py ), and the total power fluctuations (o P4
= [(0 Payn)? + (0 Pse)* + (0 Pstar)*1) of inverter circuits with WKF. The WKF shows less
impact due to the smaller gate capacitance fluctuations in o F,,. Different to the results
of 0 Py, the WKF start to play an important role in P, because of the significant o'V},
induced by work-function fluctuation. Although the static power is not an important part
in total power dissipation,the static power fluctuation is the largest term in the total power
fluctuation due to therexponential-relationship between the leakage current and V;;,. The
total power fluctuation is 5.20 AW-(0.62%+ 3.56> + 3.74%), which.is about 12% (0 Psota; /

Piotar X 100% = 5127/ 45 x 100%) of power consumption.
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Figure 4.4: The dynamic power, short circuit power, static power, and
total power fluctuations for the explored inverter with
work-function fluctuation.
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4.1.2 6T SRAM Circuit

The performance estimation of SRAM cell as shown in Fig. 4.5(a) is often related to
the static noise margin (SNM), due to the cell is most vulnerable to noise during a read
access since the ”0” storage node rises to a voltage higher than ground due to a voltage
division along the access and inverter pull-down NMOS devices between the precharged
bitline and the ground terminal .of the cell [28-30,68-72]. There are several definitions
of the static noise margin, one‘of the common used approach of estimating SNM is first
proposed by Hill [72] and been-used in this thesis. In this approach, an SRAM cell is
seen as two equivalent inverters with the noise sources insert between the corresponding
inputs and outputs-as shown in Fig. 4.5(b).-Both series voltage noise sources (V;,) have
the same value and"act together to upset the state of the cell. Applying the adverse noise
sources polarity represents the worst-case equal noise margins [69-71]. This method is only
applicable to circuits with R;;,, >> R, andCMOS-inverters of an SRAM cell comply with
this condition [70-71]. Graphically, this may be seen as moving the static characteristics
vertically or horizontally along the side of the maximum nested square until the curves

intersect at only one point as shown in Fig. 4.5(c) [72].
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Figure 4.5: (b) The static noise margin is defined as the minimum noise
voltage present at each of the cell storage nodes necessary
to flip the state of the cell. (¢) Graphically, this may be seen
as moving the static characteristics vertically or
horizontally along the side of the maximum nested square
until the curves intersect at only one point [72].
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Figure 4.6 shows the butterfly curves with work-function fluctuation for 16-nm-gate
SRAM. The nominal butterfly curve is red symbol line and the nominal SNM is only 86
mV. The SNM fluctuation of SRAM is 25.3 mV, which is about 29% of nominal SNM
value. Although the shrinking of the device size can increase the density of memory, the
decreased SNM and increased SNM fluctuation are crucial issues and may limit the usage

of such small device. The WKF in ificantly variation in digital circuits.
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Figure 4.6: The butterfly curves of SRAM circuit with work-function
fluctuation.
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4.2 Analog Circuits

4.2.1 Common Source Amplifier Circuit

The common source amplifier circuit with sinusoid input wave (offset is equal to 0.5
V), as shown in Fig. 4.7, is used as a tested circuit to explore the fluctuation of high-
frequency characteristics. 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 1x10"* Hz.—The.common-source amplifier.circuit is first explored to

illustrate the details of work-function fluctuation in high=frequency circuits.
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Figure 4.7: The common-source circui
fluctuation of high-freque acteristics. The input
signal is a sinusoid input wave with 0.5 V offset. The
frequency is sweep from 1x10% Hz to 1 x 102 Hz.
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Figure 4.8(a) shows the circuit gain versus operation frequency with WKF curves,
where the red solid line shows the nominal device. The circuit gain, 3dB bandwidth, and
unity-gain bandwidth of the nominal device are 9.3 db, 76 GHz, and 291 GHz, respectively.
The corresponding high-frequency characteristic fluctuations are explored, as shown in
Figs. 4.8(b). The gain of the studied circuit is proportional to g,, multiplied by output

resistance of circuit. The circuit output resistance, R, is given by

R B s
Ry = | —+—) = 44
¢ (Rl + 7”0) (4.4)

The 3dB bandwidth and the unity-gain bandwidth fluctuations indicate the variations of
switching speed resulted from work-function fluctuation. The main sources of 3dB band-
width and the unity-gain bandwidth fluctuations coentributed froem device characteristics
fluctuations, g,,, 7, 'and €, as shown in the inset-of Figs. 4.8(b), where the g,, and r, are
calculated below:

L arp
Im = v,

x Vigs — Vi, 4.5)

and

W 1
op — (Vas — Vin)*

(4.6)

To

The high-frequency characteristic fluctuation of the common source amplifier circuit is less
than 4%, which become less important in this analyzing skeleton. The results are similar

to the device AC characteristic fluctuations.
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4.2.2 Current Mirror Circuit

The current mirrors which shown in Fig. 4.9 are basic and critical circuit in analog
integrate circuit. For current mirror design, the match of transistor pair is important. The
mismatch of device influence the reference current and output current value and result in
the variation of circuit operation. The analytical formula for the ratio of reference current

and output current is expressed as below:

([REF J 570,111 Cow a1 2 Vs Wighan )] @7)
Towg S1n,012C0n, 012 Ifj\‘jj Vasa— (Vinas)]?

where the 11;, /1, Gop i » Wit Farrs Viasi, Viivasand 1), 39, € v Waaz, Lo, Vasa,
Vin, a2 are the parameters of transistors M1 and M2. It M1 and M2 is matched, the cor-
responding values are the same, the cutrent ratio is 1. However;these parameters will be
different for each device if considering device intrinsic parameter fluctuation. Here we

assume u,, C! . W, L, and Vg are constant with réspect to work-function fluctuation,

oxr’

the only term which affects the current ' mismatch is the threshold voltage fluctuation. To

investigate the current mismatch, we define the normalized /7 fluctuation:

1 —1
Normalized Ioyr fluctuation(%) = oUnpr = Iour) x 100%, (4.8)

Irgr

where the Irpr and Iy are the reference and output currents, as shown in Fig. 4.9. In
Fig. 4.10, the WKF induces about 8% normalized /oy fluctuation due to the drain current

of transistor is strongly relative to threshold voltage.
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Figure 4.9: The (a) NMOS and (b)PMOS current mirror circuits used in
this work.
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4.3 Summary of this Chapter

This chapter has estimated the influences of the work-function fluctuation in 16-nm
nanoscale circuits. The WKEF significantly affect the device threshold voltage fluctuation;
and therefore impact the timing of inverter circuit, static noise margin of SRAM circuit, and
current mismatch of current mirror circuit. The fluctuations of rise time, fall time, and de-
lay time fluctuations follow the trend of V4, fluctuation. The power fluctuations consisting
of dynamic power, short circuit power, and static power have been estimated. The dynamic
power and short circuit powetrare the mostimportant pewer dissipation:sources. However,
the static power fluctuation dominates the total power fluctuation due to.the exponential
relationship between the leakage current and the 1/;. For current mitror, the circuit per-
formance variability caused by device mismatch is also clearly shown. For SRAM, static
noise margin fluctuations have been explored and the WKF brinigs significant variations.
For the high frequency characteristics'of common souree amplifier, the circuit gain, 3dB
bandwidth, and unity-gain bandwidth have been explored. Similar to the trend of the device
AC characteristics, the WKF shows less impact on high frequency characteristic owing to
the small gate capacitance fluctuation. It is necessary to include the WKF effects in study-
ing digital circuit reliability; however, for high frequency applications, the influence of

WKF may neglect.



Chapter 5

The Total Effects of All Fluctuations

The random dopant fluctuation (RDF) and process variation effect (PVE) are important
variation sources of state-of-art CMOS device [7-45]. It is necessary to compare the WKF
with RDF and PVE. This chapterinvestigates and compares the characteristic fluctuations
induced by RDF, PVE, and WKF for. CMOS devices-and circuits, then the dominant fluc-

tuation sources are identified.

5.1 Device Characteristics

The RDF-, PVE-, and WKF-fluctuated V;;, of CMOS devices are first explored. Figure

5.1 shows the oV}, induced by RDF, PVE, and WKF. The total V};, fluctuation ( oV, totar)
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is given by according to the independency of the fluctuation components:

(Vintotal)” = (Vinror)” + (0Vinpve): + (cVinwkr)® (5.1)

where the oVi, rpr, 0Vin,pve, and oVi, wir, are the random-dopant-induced, process-
variation-induced, and work-function-fluctuation-induced V};, fluctuation, respectively. The
results show that WKF induced oV/;, are competitive with RDF and is one of the major
variation sources of the V};, fluctuation. “The o Vi, o1 0FNMOS and PMOS devices are
63 mV and 66 mV, respectively. Notably, the statistical addition of individual fluctuation
sources herein simplifies the variability analysis of nano-devices.and circuits. However, the

dominant source of fluctuation will not be significantly altered.
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Figure 5.1: The summarized threshold voltage fluctuations for (a)
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The RDF-, PVE-, and WKF-fluctuated C; with different gate bias are compares in
Fig 5.2 for NMOS and PMOS devices. The different intrinsic parameter variability in-
duced rather different C-V characteristics. Different to the results of V;, fluctuation, the
WKEF brought less impact on gate capacitance fluctuation. At low gate bias or negative
gate bias, the accumulation layer screens the impact of RDF and WKEF. The capacitive re-
sponse is then dominated by increment of inversion in the moderate inversion. The device
characteristics are then impacted by intrinsic parameter fluctuated electrostatic potentials.
The RDF is the largest variation sourceat this;bias condition. If the highV/; is achieved, the
capacitive response becomes dominated by the inversion layer, the impact of the individual
dopant or metal grain on the device clectrostatics is scréened by the inversion layer itself.
The impact of RDF- and WKF-induced electrostatic potential variations is.therefore bring-
ing less impact on channel sufface. The PVE dominates the gate capacitance fluctuations at
all gate bias conditions due to 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.
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Figures 5.3(a) and 5.3(b) show the cutoff frequency (fr = vsot / 277 Ly = g, / 27Cc)
fluctuations versus the gate voltage for NMOS and PMOS devices, respectively. The results
show that RDF play the dominating factor in the o fr at low gate bias, and PVE become the
most important parameter when the transistors operate at high gate bias. For RDF, similar
to the threshold voltage and gate capacitance fluctuations, it is reduced at high gate bias;
however, the carrier-impurity scattering alters the'saturation velocity at high gate bias (high-
field); therefore o fr does not diminish in high-field region. Thetrend of WKF induced o fr
is similar to the RDF, it is larger at low-gate-bias and reduced at high gate bias; however,
the impact of WKF on o fz 1s insignificant.- The.PVE=induced o f is increase with gate
bias increased owing to thedirect influence of gate length on gate capacitance and PVE
become dominates o fr as Vg larger than<0.6V due to the screening effect in RDF and

WKEF fluctuations.
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5.2 Circuits Characteristics

The impact of emerging metal gate work-function fluctuation compare with random
dopant fluctuation and process variation effect on device reliability has been discovered
and discussed in the previous section. This section then explores the associated device
variability in the state-of-art circuits. The dominant fluctuation sources in each circuit

characteristics are found and discussed:

5.2.1 CMOS Inverter Circuit

Figures 5.4(a) - 5.4(d) compare the ¢, ty, tgr, and ¢z fluctuations, The ¢4 and 5, are
dependent on the V};, fluctuations of NMOS device, and ¢, and ¢ ;; are dependent on the

Vi, fluctuations of PMOS device: According to the results of Fig:'5.1; the RDF and WKF

are the dominating factors in digital timing fluctuations.
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Figure 5.5(a) shows the o Py, of inverter circuits with RDF, PVE, and WKF. The
RDF and PVE dominate the dynamic power fluctuation; additionally, the WKF shows less
impact due to the smaller gate capacitance fluctuations. Figure 5.5(b) displays o P;. for
the studied inverter circuits. Different to the results of o P, the WKF start to play an
important role in o Py, because of the significant 01/, induced by work-function fluctuation.
Figure 5.5(c) summarizes the o Py;. Since-the @ P4 is related to the device leakage
current fluctuation, the RDF and WKF . dominant the o Py, ‘dueto.the induced larger oV/;,.
The inverter power fluctuations. (07, serze="1(0 Ppvr)* + (6 Py p)°. +(0 Prpr)?]%%) are
summarized in Fig 5.5(d). . The P, is-one-of the-major soutrces of the power fluctuation
and the RDF and WKF are'the dominating factors in pewer fluctuation of CMOS inverter.
The inverter power fluctuation is 8.09'nW<(5.23% + 3.32% +5.20?), which is about 18%
(0 Piwerter | Protar X 100% =8.09./ 45 X 100%) of power consumption and may bring

significant impacts on the reliability of eireuits, such as temperature and timing.
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Figure 5.5: The (a) dynamic power, (b) short circuit power, (c) static
power, and (d) inverter power fluctuations for the explored
inverter with RDF, PVE, and WKEF.
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5.2.2 6T SRAM Circuit

Figure 5.6 summarizes the SNM fluctuations for 16-nm-gate SRAM, in which the nom-
inal SNM is only 86 mV. Since the RDF and WKF induce larger device variability in
threshold voltage, the SNM fluctuations of SRAM are thus dominated by RDF and WKEF,
which are 32% and 29%, respectively. The results are also similar to the results of device

oV, the RDF and WKF are dominati
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Figure 5.6: The summarized static noise margin fluctuation induced by
RDF, PVE, and WKF.
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5.2.3 Common Source Amplifier Circuit

Figure 5.7(a) shows the circuit gain versus operation frequency, where the solid line
shows the nominal device. The circuit gain, 3dB bandwidth, and unity-gain bandwidth
fluctuations are explored, as shown in Figs. 5.7(b) -(d), where the insets show the trend of
circuit gain, 3dB bandwidth, and unity-gain bandwidth as a function of device characteris-
tic and circuit element. The gain of the studied circuit is proportional to g, multiplied by
output resistance of circuit. The 3dB‘bandwidth and the unity-gain bandwidth of the com-
mon source amplifier circuitindicate the-variations of switching speed. The insets of Figs.
5.7(c) and (d) show the main sources of variations contributed from device characteristics
fluctuations, g,,,, 1, and Ggs Similar to the cutoff frequency fluctuation of NMOS device
at the same gate bias, the high-frequency characteristic fluctuation of the common source
amplifier circuit is dominated by RDF and PVE, and WKF become less important in this

analyzing skeleton.
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5.2.4 Current Mirror Circuit

The mismatch of device influence the reference current and output current value and
result in the variations of circuit operation of current mirror circuits. We compare WKF
with RDF and PVE induced normalized I, fluctuation. The RDF and WKF are the

major variation sources of current mismatch, and the results are similar to the results of

device o'V}, due to the strongly relative be wee and device threshold voltage.
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5.3 Summary of this Chapter

This chapter has compared the influences of the work-function fluctuation with random
dopant fluctuation and process variation effect in 16-nm nanoscale devices and circuits.
The dominating factors of devices and circuits characteristic fluctuations were found and
discussed. The WKF induced oV}, are competitive with RDF and is one of the dominating
factors of the Vj;, fluctuation; however, ‘the impact-of WKF is small, especially at high
gate bias. On the other hand, the PVE brings direct impact on.gate length and therefore
the PVE induced AC characteristic fluctuations are independent of seréening effect and
should be noticed when the transistor operated in high gate bias. In the timing and power
fluctuations of inverter circuit, the SNM of SRAM, and the normalized [+ fluctuation of
current mirror, the WKF is also a dominating factor due to.significantly influence of device
oVin. For the high frequency characteristics including circuit gain, 3dB bandwidth, and
unity-gain bandwidth, the major fluctuation sources are RDF and PVE, and WKF become

less important in this analyzing skeleton.
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Conclusions and Future Work

6.1 Conclusion of this Study

The metal gate work-function fluctuation has-been highlighted and investigated. The
3D device simulation proposed.in:this thesis can capture the work-function position effect
which can not predict by the previous method. We have successfully examined it by the
potential, charge, and band diagram distributions, and then compared with random dopant
fluctuation and process variation effect. Our results have shown that the WKF and RDF
dominate the device threshold voltage fluctuation; and therefore rule the power and de-
lay time of the explored inverter circuit, SNM of SRAM circuit, and current mismatch of
NMOS and PMOS current mirror circuits. The delay time, current mismatch, and static

noise margin depend on the device V;;; therefore, their fluctuations follow the trend of

95
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oVip. The total power fluctuation including fluctuation of the dynamic power, the short
circuit power, and the static power have been investigated. The RDF and WKF are the
dominating factors. For the high-frequency characteristics, the circuit gain, the 3dB band-
width, and the unity-gain bandwidth were also explored. Similar to the trend of the device
cutoff frequency, the PVE and RDF dominate the device and circuits characteristic fluctu-
ations and the WKF shows less impact on high-frequeney characteristic owing to the small
gate capacitance fluctuation. The sensitivities of circuit performance with respect to device
parameter fluctuation have been réported:—It-1s necessary to include both the WKF and
RDF effects in studying digital circuit reliability;-however; for the high frequency appli-
cations, the PVE and RDF effect are dominating factors. Consequently, the links should
be established between circuit design and fundamental device technology to allow circuits

and systems to accommodate‘the individual behavior of every transistor on a silicon chip.
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6.2 Suggestions on Future Work

The nanoscale technology in now facing great challenge and provide abundant chances
in new semiconductor application. For more realistic partitions on the shape of metal
grains, we can generate them with voronoi diagram as shown in Fig. 6.1. The characteriza-
tion and measurement of metal-gate work-function on high-« dielectrics are required. The
multi-layer structure in high-x/metal gate should be further considered. The future work
is suggested from device and circuit viewpoints. From:the device viewpoint, study more
fluctuation source, stich as oxide thickness variation, interface trap variability as shown in
Fig. 6.2 [73] and so. on are necessary. The simulation of multi variation sources at the same
time and find their'correlation may be required. Another important issue is the suppres-
sion of intrinsic parameter fluctuations. The suppression may result in some drawbacks,
which should be addressed properly. From the circuitsviewpoint, 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. To improve the reliability of VLSI circuits and systems,

the development of fluctuation suppression approach from circuit topology is necessary.
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Figure 6.1: The voronoi diagram generated by MATLAB® could be
considered to describe the random shape of metal grains in
the LWKF simulation method.
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Figure 6.2:

The illustration of interface trap at oxide/S1 interface.
Oxygen up-diffuse from SiO interfacial layer to passivate
the O-yvacancies.in high-x and generation of positive
charges associated withithe oxygen vacancies near SiO/Si
interface. The generated positive charge causes V;y,
reduction, thinner the SiO, more efficient to generate
O-vacancy near the SiO,/Si interface [73].
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