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ABSTRACT

As the dimension of complementary metal-oxide-semiconductor (CMOS) devices shrunk
into sub-65nm scale, the threshold voltage Vy, fluctuation is pronounced and becomes crucial
for the design window, yield, noise margin, stability, and reliability of ultra large-scale
integration circuits. Various randomness effects resulted from the random nature of
manufacturing process have induced significant fluctuations of electrical characteristics in
nanometer scale (nanoscale) devices and circuits. In this thesis, a three-dimensional
“atomistic” coupled device-circuit simulation is intensively performed to investigate the
impact of intrinsic parameter fluctuations on 16-nm-gate planar metal-oxide-semiconductor
field-effect-transistor (MOSFET) static random access memory (SRAM) cells. For device
with 140 mV threshold voltage, the static noise margin (SNM) of 6T SRAM with unitary cell
ratio is 20 mV with 80% normalized SNM fluctuation (SNM), which may not ensure correct
operation of circuits. Thus, improvement and suppression approaches based on the circuit and
device viewpoints are implemented to examine the associated characteristics in 16-nm-gate
SRAM cells. From the circuit viewpoint, an 8T planar SRAM architecture is explored.
Compared with the conventional 6T SRAM, under the same Vy = 140 mV, the SNM is
enlarged to 233 mV and the SNM is reduced to 22 mV (around 9.5% normalized SNM) at a
cost of 30% extra chip area. To prevent the increase of chip area, silicon-on-insulator fin-type
field-effect-transistors (SOI FinFETs) replaced the planar MOSFETs in 6T SRAM is further
examined. The SNM of 6T SOI FinFETs SRAM is 125 mV and the normalized cSNM is
suppressed significantly to 5.3% (6.8 mV in 6SNM). The 8T SRAM architecture can provide
largest SNM and is promising in near future design; however, to prevent the increase of chip
area and suppress the intrinsic parameter fluctuations, development of fabrication for SOI
FinFET SRAM is crucial for sub-22nm technology.

Keywords: static random access memory, static noise margin, metal-oxide-semiconductor
field-effect-transistor, fin-type field-effect-transistor, random dopant fluctuation, process

variation effect
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Chapter 1

Introduction

1.1 Motivation

As many consumer electronics products rapid developed, the function of the System-
on-a-Chip (SoC) devices become more complex and the demand of embedded memory are
increasing as well. Due to the better robustness, Static Random Access Memory (SRAM)
are widely used as embedded cache memory in high performance integrated-circuits (ICs)
and SoC applications. In fact, Semiconductor Industry Association (SIA) predicted that
embedded SRAM arrays expected to occupy more than 90% of SoC area in next few
years, as shown in Fig. 1.1. As a result, the increasing area of embedded SRAM makes it
dominate the yield, stability and reliability of complementary metal-oxide-semiconductor

(CMOS) computing chips.
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Although large fast SRAM array has a great benefit to the system performance, the
accompanied large area requirement directly impacts the costs of a chip. It is known
that the most effective way to strike a balance is the process technology scaling. Figure
1.2 shows the physical gate length of metal-oxide-semiconductor field effect transistors
(MOSFETsS) roll-off follows the International Technology Roadmap for Semiconductors
(ITRS). However, as the dimension of CMOS devices shrunk into sub-65 nm, double-digit
channel dopants make transistor behaviors more complicated to be characterized with con-
ventional “continuum modeling”. Random nature of discrete dopant distribution results in
significantly random fluctuations, such as the deviation of threshold voltage (V;,), drive
current mismatch, and so on. The modern scaled-down devices and characteristics mis-
matches make maintaining an acceptable Static Noise Margin (SNM) in SRAM becomes

more challenging.
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Figure 1.1: Semiconductor industry association (SIA) predicted the
changes of area of embedded memory and logic circuits in a
chip over year. The fraction of embedded memory
continuously increasing from 20% and will reach 94% at
year 2014.
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1.2 Literature Review

As the dimension of complementary metal-oxide-semiconductor (CMOS) devices shrunk
into sub-65nm scale, the threshold voltage (V) fluctuation is pronounced and becomes cru-
cial for the design window, yield, noise margin, stability, and reliability of ultra large-scale
integration circuits [1-5]. Various randomness effects resulted from the random nature
of manufacturing process have induced significant fluctuations of electrical characteris-
tics in nanometer scale (nanoscale) devices and circuits. The process-variation-induced
gate length deviation and line edge roughness (PVE) are growing worse due to serious
short-channel effect when the dimension of device is further scaled [6,7]. Besides the pro-
cess variation induced threshold voltage fluctuation (oV}y, py ), the double-digit channel
dopants in scaled channel size make transistor behaviors more complicated to be character-
ized with conventional “continuum modeling” because every “discrete” dopant has its sig-
nificant weight impacting the resulting transistor performance. The random nature of dis-
crete dopant distribution results in significantly random fluctuations, such as the fluctuation
of threshold voltage (0 Vi, rpr). The random dopant fluctuation (RDF) is unpredictable and
caused by random uncertainties in the fabrication process such as microscopic fluctuations
in the number and location of dopant atoms in the channel region [5—11] and therefore is
hard to be characterized. Diverse approaches have recently been presented to investigate

fluctuation-related issues in semiconductor devices [12—-19] and circuits [5, 12,20, 22-25].
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The intrinsic parameter fluctuations can limit the performance, yield and functionality due
to significant component mismatch in area constrained circuits, such as static random ac-
cess memory (SRAM). A SRAM cell can operated in three different states: standby, write,
and read. Due to the cell is most vulnerable to noise during read operation [3,4], the stabil-
ity of a SRAM cell is often related to the static noise margin (SNM). The SNM is defined
as the maximum DC noise voltage tolerance to avoid the cell state been flipped during a
read access. Several studies have been made on investigating the effect of random dopant
fluctuation in SRAM circuits by compact modeling approach [1-4,26,27]. However, such
approach cannot take the random-dopant-position-induced fluctuation into consideration,

which may lead to 50% error in threshold voltage fluctuation [28].
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1.3 The Study of this Thesis

In this thesis, an experimental validated three-dimensional “atomistic” coupled device-
circuit simulation approach is thus employed to analyze the process-variation and random
dopant induced characteristic fluctuations in nanoscale SRAM circuit. Not only conven-
tional 6T SRAM but also the 8-Transistors structure [29] had been investigated, which
is proposed to increase the SNM. The statistically generated large-scale doping profiles
are similar to the physical process of ion implantation and thermal annealing [30]. Based
on the statistically generated large-scale doping profiles, device simulation is performed
by solving a set of three-dimensional (3D) drift-diffusion equations with quantum cor-
rections by the density gradient method, which is conducted using a parallel computing
system [31-33]. In estimation of the characteristics variations in circuit, for obtaining
more physical insight device and pursuing higher accuracy [34], a coupled device-circuit
simulation [35-37] with discrete dopant distribution is conducted to examine the associated
behavior of circuit, which concurrently considers the discrete-dopant-number- and discrete-
dopant-position-induced fluctuations. We notice that the accuracy of developed analyzing
technique has been quantitatively verified in the experimentally measured characteristics
of sub-20 nm devices [6-9, 38]. The function-dependent and circuit-topology- dependent
characteristic fluctuations resulted from random nature of discrete dopants is for the first

time discussed.
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1.4 Outline

The thesis is organized as follows. In Chap. 2, we introduce the analyzing technique
for studying the random dopants effect in nanoscale device and circuit. In Chap. 3, we
examine the discrete-dopant- and process-variation-induced characteristic fluctuations of
the investigated device and SRAM circuit. In Chap. 4, Both device and circuit level char-
acteristic fluctuations suppression approaches are discussed. Finally, we draw conclusions

and suggestion future work in Chap. 5.



Chapter 2

Fabrication and Simulation

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

ulation approach is proposed to characterize the random-dopant-induced characteristic
fluctuations when the gate length of CMOS integrated circuits is down to 16 nm concur-
rently capturing the discrete-dopant-number- and discrete-dopant-position-induced fluctu-
ations. We experimentally quantified the random dopant fluctuation (RDF) induced thresh-
old voltage (V) standard deviation up to 40 mV for sub-20-nm-gate planar complementary
metal-oxide-semiconductor (CMOS) field effect transistors. The accuracy of the simulation

technique is confirmed by the use of experimentally calibrated transistor physical model.
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2.1 Manufacturing Process

The standard CMOS process flow in National Nano Device Laboratories (NDL) is sum-

marized as following:

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

L T S

. Active area patterning

Shallow trench isolation (STI) formation (chemical-mechanical polishing (CMP))
Narrow width device trimmed down upon STI etching

P/N-well implant

Gate oxide and poly gate patterning (I-line ready, deep-UV under planning)
Re-oxidation

N/P halo and lightly doped drain shallow junction

SiN MSW

. NT/P* source/drain

Spike rapid thermal anneal (RTA)

Low-temperature annealing NiSi

Strained SiN contact etch stop layer (CESL) and interlayer dielectric (ILD)
Contact patterning (I-line ready, deep-UV under planning)
Ti/TiN/AlCuSi/TiN deposition

M1 patterning

Interlayer dielectric deposition and chemical-mechanical polishing (CMP)
Via patterning

Ti/TiN/AICuSi/TiN deposition

Sintering
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The entire process flow for planar MOSFET contains about 150 steps, which may take 3
to 4 months. Manufacturing process of FinFET devices is highly similar with the planar
devices except step 2 to 4, which will reduce around 20 process steps in total. Figs. 2.1(a)
and 2.1(b) illustrate several key process steps for planar MOSFET and FinFET, respec-
tively. The process is started from active area patterning. After shallow-trench isolation
(STI) formation, the device width is trimmed down upon STI etching. Channel doping is
performed to adjust threshold voltage (V;;,) of transistor, using masked ion implantation.
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 implantation technique is used for the
suppression of the short channel 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-thermalbudget activation pro-
cess 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 interconnec-
tion. Finally, alloying anneal is performed. We notice that the narrow width device trimmed
down upon STI etching and low-thermal-budget activation process are the critical steps in
fabrication of sub-20 nm transistor. Threshold voltage (V};,) is one of the key device param-

eters in the characteristics of nanoscale metal-oxide-semiconductor field effect transistors
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(MOSFETs). As the mean gate length deviation (GLD), the line edge roughness (LER),
and random doping (RD) are the major variation sources of threshold voltage, we can thus
extract the random doping induced standard V};, deviation, oV}, rpr, from the following

approximated equation

(UVth,Totaz)2 ~ (CTV%h,RDF)2 + (U‘/thVE)zy 2.1)

where oV, rotqr 18 the standard deviation of total Vi, oViy, rpr 1s RDF induced threshold
voltage fluctuations, and oVy, pyr is PVE induced threshold voltage fluctuations which
contributed from the gate length deviation and the line edge roughness. The oV;j, 710 can
be directly measured from the experimental data. For the oV}, py g, by using the V;, roll-off

relation

dV;
oVinpve = T X oLy, 22)
g

where the oV}, pvr can be extracted with the results of V}, roll-off and the gate length
deviation and line edge roughness induced oL, as shown in Fig. 2.2. The magnitude of
gate length deviation and line edge roughness are extracted from scanning electron micro-
scope critical dimension measurements, as shown in Fig. 2.3. The resolution of oL, is 0.5
nm. Thus, from the experimentally measured oV, 7ot and extracted oV, py g, we can
calculate oV}, rpr according to Eq. (2.1).

The Eq. (2.1) implies two important insights:

1. Second order factors will not impact the derived value of oV}, rpr; and
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2. 0Vin,Tota Teduction more relies on dominant factor improving.

For example, by assuming the oV, 7ot1 0f 50 mV and oV}, py g of 25 mV, we can obtain
the oV, rpr of 43 mV. If a new fluctuation source of 10 mV is introduced, the oV, rpr
is still about 42 mV. The oV}, rpr is not be significantly influenced by the second order
factors. Since the oV}, 1otq 18 dominated by oVyy, rpr, the 15% reduction of oV, rpr may
reduce the oV, 1otar by 12%. However, the 15% reduction of oV}, py g can only reduce the
o VinTotal BY 4%. The result shows that the oVy, 7ot reduction more relies on dominant

factor improvement.
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Figure 2.1: Illustrations of (a) Planar MOSFET and (b) FinFET process
flow in National Nano Device Laboratories (NDL). The
process flow has about 150 and 130 steps for Planar and
FinFET devices, respectively.
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induced o L,.
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2.2 Simulation Technique

In this section, a large-scale statistically sound “atomistic” simulation approach is pro-
posed to characterize the random-dopant-induced characteristic fluctuations in 16-nm-gate
concurrently capturing the discrete-dopant-number- and discrete-dopant-position-induced

fluctuations.

2.2.1 Physical Modelling and Numerical Methods

The technology computer-aided design (TCAD) simulations, such as process and de-
vice simulations, are widely used for the analysis of semiconductor devices. The process
simulation can generate the device geometry and doping profile according to the parame-
ters of the fabrication processes. The output of process simulation is then used in the device
simulation to estimate device characteristics. The drift-diffusion (DD) and hydrodynamic
(HD) models play a crucial role in the development of semiconductor device simulator in
the macroscopic point of view. The DD model was derived from Maxwell’s equation as
well as charges’ conservation law and has been successfully applied to study device trans-
port behavior, in 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
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device channel is specified, a set of the DD equations in semiconductor device simulation

1s solved:
Ag = g(n—p—l—D), (2.3)
1
and
1
5 YV 'Jp = _R(n7p)7 (25)

where ¢ is the electrostatic potential and its unit is volt. n and p are classical electron and
hole concentrations (cm™3). ¢ is the elementary charge and its unit is coulomb. The net
doping concentration is D(z,y, 2) = N (z,y,2)— N (z,y,2). Ris the net recombination

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

and

Jp = —qupp 7 ¢ + qD, 7 p + upkpp 7 1), (2.7)

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

D, (cm?/s), satisfy the Einstein relation.
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The mobility model used in the device simulation, according to Mathiessen’s rule [39—

41], can be empirically expressed as:

1 G G 1
~ = + +— 2.8)
H Hsur f_aps Hsurf_rs Hbulk

where G = exp(x/l.it), x is the distance from the interface and [, is a fitting parameter.
The mobility consists of three parts: (1) the surface contribution due to acoustic phonon

scattering

C(Ni/No)"

) 2.9
E (T/Ty)F 29

B
Hsurf_aps = E +

where N; = N4 + Np, Ty = 300K, E is the transverse electric field normal to the inter-
face of semiconductor and insulator, B and C' are parameters which based on physically
derived quantities, /Ny and 7 are fitting parameters, 7' is lattice temperature, and K is the
temperature dependence of the probability of surface phonon scattering; (2) the contribu-

tion attributed to surface roughness scattering is

(E/Eres)= B,
surf.rs — 5 2.10
Hsurf ( S + n ) ( )
where = = A + %, E,.; = 1 V/em is a reference electric field to ensure a unitless

3 is a reference doping concentration to cancel the unit

numerator in figyy f s, Nyep = 1 cm™
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 em =3, A, « and n
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are fitting parameters; (3) and the bulk mobility is

T*S
Mtk = ML(T), (2.11)
0

where 17, is the mobility due to bulk phonon scattering and € is a fitting parameter.

The quantum mechanical effects should be considered in the device simulation when
the dimensions of the devices shrunk into nanometer scale. Various theoretical approaches
have been presented to study the quantum 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 Schrodinger-
Poisson (SP) equations has been applied to study the quantum effect in the inversion layers,
but it is a time-consuming task in the TCAD application to realistic device characterization.
Therefore, various quantum correction models, Hénsch, modified local density approxima-
tion (MLDA), effective potential (EP), density gradient (DG) and so on, have been pro-
posed for classical DD or HD transport models. In this investigation, the density gradient
was coupled with the DD model and solved for the quantum mechanical effects. The den-

sity gradient equation can be expressed as,

2
- n
I = —=quan N @ +qDy 71— qnp 7 (anv\/\ﬁ/_), (2.12)

where b, = h?/(12gm?) and m? = my, x 9.11 x 1073! kg. b, in Eq. (2.12) is the density

gradient coefficient which determines the strength of the gradient effect in the electron gas.
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The last term in the right hand side of Eq. (2.12) is referred to as “quantum diffusion”,
which makes the electron continuity equation has a fourth-order partial differential equa-
tion. Therefore, such an approach is highly sensitive to noise in the local carrier density,
and the methodology is highly important in cases of strong quantization. To calculate the
numerical solution of the multidimensional density-gradient model, firstly we decouple the
coupled partial differential equations (PDEs); approximated with the finite volume method
over nonuniform mesh. The corresponding system of the nonlinear algebraic equations is
then solved with the mixed monotone iteration and Newton’s iteration methods. Iteration
will be terminated and postprocesses will be performed when the specified stopping criteria
for inner and outer iteration loops are satisfied, respectively.

The nominal channel doping concentrations are 1.48 x 10*® ¢m ™3 and the V}, are cal-
ibrated for 16-nm-gate MOSFETs. For RDF, to consider the random fluctuation effect of
the number and location of discrete channel dopants, 758 dopants are randomly generated
in a large cube (80 nm x 80 nm x 80 nm), in which the equivalent doping concentration
is 1.48 x 10'® ¢m =3, as shown in Fig. 2.4(a). To determine the location of each dopant,
first we use Mersenne Twister algorithm [42] to generate double-precision values in the
closed interval [27°3,1 — 27°3]. Then multiplied the generated values by the side length
of the large cube, we obtain x-, y-, and z-coordinate value of the dopant. The large cube

is then partitioned into 125 sub-cubes of (16 nm x 16 nm x 16 nm). The number of
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dopants may vary from zero to 14, and the average number is 6, as shown in Figs. 2.4(b)
and 2.4(c), respectively. In principle, 3D device simulation with the 125 channel structures
almost covers cases, shown in Fig. 2.5, and thus will be fairly meaningful to reflect statis-
tical randomness of dopant number. We have noticed that in this simulation only dopant
within the channel region is treated discretely. The doping concentrations remain contin-
uous in the source/drain region because the volume of source/drain region is two-order
magnitude greater than that of channel region. Similarly, we can obtain the distribution of
dopant number for the 65-nm-gate transistor, in which the dopant number may vary from
70 to 130 as shown in Fig. 2.6. These sub-cubes are equivalently mapped into the de-
vice channel for the 3D “atomistic” device simulation with discrete dopants, as shown in
Fig. 2.7(a). 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 [43—45]. The potential becomes too steep with fine
mesh, and therefore, the majority carriers are unphysically trapped by ionized impurities,
and the mobile carrier density is reduced [43—45]. Thus, the density-gradient approxima-
tion is used to handle discrete charges by properly introducing related quantum-mechanical
effects, and coupled with Poisson equation as well as electron-hole current continuity equa-
tions [46-54]. Fig. 2.7(b) shows the studied SOI FinFET with aspect ratio (defined by the

fin height / the fin width) equal to two. Without losing generality, the SOI FinFET is with
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16-nm-gate and 1.48 x 10'® ¢m~3 equivalent channel doping concentration. The explored
6T and 8T SRAM circuits are illustrated in Fig. 2.8(a) and 2.8(b), respectively. As the di-
mension of devices continuously scaling, the 8-transistors structure is proposed to increase
the static noise margin. Unlike the 6T SRAM, the access transistors are turned off during
the read operation in the 8T cell, the stored data is read out through additional transistors
M1 and M2 passively, which avoid the bit line impact the data directly. Thus increase the

SNM. All cell ratios (CR; CR = EW/ L)driver transistor y of the SRAM cells in this thesis are

W/L)access transistor

first set at unitary. The applied voltages of 16 nm and 65 nm devices are 1.0 and 1.2 volt, re-
spectively. The physical model and accuracy of such large-scale simulation approach have
been quantitatively calibrated by experimentally measured results [5-9]. Similarly, we can
generate 125 discrete-dopant-fluctuated cases for PMOSFET through the flow of Figs. 2.4-
2.6. Then, 125 pairs of NMOSFETs and PMOSFETs are randomly selected and are used
for the examination of circuit characteristics fluctuations. Furthermore, we apply the sta-
tistical approach to evaluate the effect of PVE, in which the magnitude of the gate length
deviation and the line edge roughness follows the projections of the ITRS 2007 [S5]. The
30 for process variation induced gate length deviation and line edge roughness are 1.5 nm
and 4.3 nm for the 16 nm and 65 nm devices, respectively. In estimating circuit characteris-

tics, ultra-small nanoscale devices, and for capturing the discrete-dopant-position-induced
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fluctuations, a device-circuit coupled simulation approach [5] is employed. The nodal volt-

age and loop current in the circuit can be calculated. The formulation of circuit equations

is mainly base upon the Kirchhoff’s current law. The circuit nodal equation of 6T SRAM,

as illustrated in Fig. 2.8(a), is shown in below:

Nodel : Vi = Vpp,

Node2 : Vo = Vg,

Node3 : V3 = Vg,

Noded : V, =0,

Nodeb : Vs = Viyr,

Node6 : 15 prose + Lanmoss = Lanmose,

and

NodeT : Iqpyvost + lainvoss = Lanvos

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

The static transfer characteristics of SRAMs are then estimated. Thus, all device and circuit

characteristics are obtained without any devices’ equivalent circuit models. The flowchart
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for mix-mode simulation method is shown in Fig. 2.9. The characteristics of devices of
test circuit are first estimated by solving the device transport equations and using as initial
guesses in the device-circuit coupled simulation. The circuit nodal equations of the test
circuit are formulated and then directly coupled to the device transport equations (in the
form of a large matrix containing the circuit and device equations), which are solved si-
multaneously to obtain the circuit characteristics [5]. The flowchart of decoupled PDE is
shown in Fig. 2.10. First we solve the nonlinear Poisson equation until it is convergence,
and then the current continuity equation of electron and hole is following solved. If the
error is less than the tolerance, the program stops and output the initial solution of device’s
potential and perform the mixed-mode simulation. We solve the device’s equations cou-
pled with circuit nodal equations until it is convergence. Figure 2.11 shows the flow for
solving decoupled PDE. First the simulation domain have to be discretized. Applying the
finite element approximation to the decoupled PDE, we obtained the nonlinear algebraic
equations corresponding to the discretized grid. The Newton linearization method is then
used to linearized the nonlinear equations. Finally, the linear algebraic equations can be

solved using either direct or iterative method.
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Figure 2.4: (a) Discrete dopants randomly distributed in the (80 nm)?
cube with the average concentration of 1.48 x 10 em=3.
There will be 758 dopants within the cube, but dopants may
vary from O to 14 ( the average number is 6 ) within its 125

sub cubes of 16 nm x 16 nm x 16 nm [(b and (¢)].
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Figure 2.7: The sub-cubes are equivalently mapped into channel region
for discrete dopant simulation as shown in MOSFET (a),
and the same approach for SOI FinFET (b). The aspect
ratio of FInFET is set at 2.0 rather than higher value to
examine more critical situation.
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Figure 2.8: The schematics of 6T (a) and 8T (b) SRAM cells. Since the
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Figure 2.9: The flowchart for the mixed-mode device circuit coupling
simulation. The device’s simulation is performed first and
get the initial solution of the device’s potential. The
mixed-mode simulation is then executed until the final step.
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Figure 2.10: A flowchart of the decoupling algorithm. First we solve
the nonlinear Poisson equation until it is convergence, and
then the current continuity equation of electron and hole is
following solved. If the error is less than the tolerance, the

program stops.
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Figure 2.11: A flowchart for solving decoupled PDE. First the
simulation domain have to be discretized. Applying the
finite element method approximation to the decoupled
PDE, we obtained the nonlinear algebraic equations
corresponding to the discretized grid. The Newton
linearization method is then used to linearized the
nonlinear equations. Finally, the linear algebraic equations
can be solved using either direct or iterative method.




Chapter 3

Intrinsic Parameter Fluctuation on

Devices and SRAM Cells

I n this chapter, the device intrinsic parameter induced characteristics fluctuations on 65-

nm to 16-nm-gate planar devices were first explored. Then we introduce the stability of
an SRAM cell. Finally, the device intrinsic parameter induced SNM fluctuations on 65-nm
to 16-nm-gate planar 6T SRAM cells and the correlation between total SNM fluctuation

and different transistor pairs were examined.

34
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3.1 Physical Characteristics

Figure 3.1(a) shows the I — V; characteristics fluctuations of the discrete-dopant-
fluctuated 16 nm planar MOSFETs, where the solid line shows the nominal case (contin-
uously doped channel with 1.48 x 10'® ¢m ™ doping concentration) and the dashed lines
are random-dopant-fluctuated devices. From the random-dopant-number point of view, the
equivalent channel doping concentration is increased when the dopant number increases,
which substantially alters the threshold voltage as shown in Fig. 3.1(b). The threshold
voltage is determined from a current criterion that the drain current larger than 10~7 (W/L)
ampere. As the number of dopants in channel is increased, the device’s V}, is increased.
The position of random dopants induced different fluctuation of characteristics in spite of
the same number of dopants. For the device with the number of discrete dopants, varying
from zero to 14, maximum difference of V};, is about 240 mV, which takes an important
part in random dopant fluctuation. Furthermore, the magnitude of the spread characteris-
tics increases as the number of dopants increases. The physical mechanism can be briefly
described by band profile. Figures 3.2(a) and 3.2(b) show the extracted band profile for
the nominal case and discrete-dopant-fluctuated case, respectively. For the nominal case,
the band profile is smooth. However, there are several potential barriers in the discrete-
dopant fluctuated case. These potential barriers are induced by the corresponding dopants

in device’s channel and therefore change the threshold voltage.
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Both the randomness of dopants in the channel and source/drain regions may induce
the V;, fluctuation in a planar MOSFET device. In order to verify the importance of the
RDF in the channel region, the RDF in source and drain regions is also investigated. An
example of a 16-nm-gate planar MOSFET with atomistic doping profiles both in the chan-
nel and source/drain regions is shown in Fig. 3.3. The actual location of random discrete
dopants and the electrostatic potential are illustrated in Fig. 3.3(a). Note that the atom-
istic doping in the source/drain of device will not only introduce the electrostatic potential
fluctuation but also the variations in the effective length of the channel as shown in Fig.
3.3(b). Fig. 3.4 shows the comparison of RDF effect in channel versus source/drain region.
The V};, fluctuations are 61 mV and 25 mV in channel and source/drain RDF only cases,
respectively. Moreover, the fluctuation is only 68 mV for both channel and source/drain
RDF cases. It can be seen that the influence of channel RDF on V;;, fluctuation is around
90%, which means the V};, fluctuation in a planar MOSFET is dominated by the random-
ness of dopants in the channel rather than the source/drain region. Therefore, RDF in the

source/drain region can be neglected and won’t be considered in following study.
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Figure 3.1: (a) DC characteristic fluctuations of I, — V; characteristics,
the solid line shows the nominal case and the dashed lines
are random-dopant-fluctuated devices. (b) V};, fluctuated of
16-nm-gate planar MOSFET. The V};, is defined as the gate
voltage where the drain current is equal to 0.1 pA. Each
symbol indicates one discrete dopant fluctuated case. The
threshold voltage may result from discrete-dopant-number
and discrete-dopant-position induced fluctuations.
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Figure 3.2: Extracted band profile for (a) nominal case and (b)
discrete-dopant-fluctuated case. Several potential barriers in
the discrete-dopant fluctuated case are induced by the
corresponding dopants in device’s channel and therefore
change the threshold voltage.
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Figure 3.3: Example of a 16 nm planar MOSFET with atomistic doping
profiles both in the channel and source/drain regions. (a)
The actual locations of random discrete dopants and (b) the
fluctuation in electrostatic potential are illustrated.
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3.2 Intrinsic Parameter Fluctuation on Devices

Figure 3.5(a) and Fig. 3.5(b) show the RDF and PVE induced threshold voltage (V;;)
fluctuations for the 16 nm to 65 nm gate n-type planar MOSFETs, respectively. The nomi-
nal value of threshold voltage is rolled-off as the gate length decreased, where the nominal
Vin for 16, 32, and 65 nm devices are 140, 220, and 280 mV. Based upon the independency
of the fluctuation components, the total V;;, fluctuation (oVy, 1otar) 18 given by Eq. (2.1). As
the gate length scales from 65 nm to 16 nm, the V};, fluctuation increases significantly from
16 mV to 64 mV. The RDF induces 15.8 mV, 30 mV and 61 mV V},;, fluctuations are in 65
nm, 32 nm and 16 nm devices, respectively. The V};, fluctuation of 16 nm MOSFET is 4

times larger than that of 65 nm, which follows the trend of analytical shown in below [11].

toxNOAOI
oVinrpr = 3.19 x 1078224

W, 3.1
where the ¢, is the thickness of gate oxide; W and L are the width and length of the
transistor. Therefore, the simulation accuracy for device characteristics fluctuation is con-
firmed. Additionally, as shown in Fig. 3.5, the RDF dominates the total V};, fluctuation in
the explored device dimensions. The RDF induces 5 and 3.5 times larger V};, fluctuation

than PVE for 65-nm and 16-nm-gate device, respectively. The increasing fluctuations of

such extreme small components may cause critical issue of stability.
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Figure 3.5: V};, fluctuation induced by (a) RDF and (b) PVE for
different gate lengths of n-type planar MOSFETs. As the
gate length scaled from 65 to 16nm, the V};, is decreased
and both RDF and PVE induced fluctuations dramatically
increased as well.
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3.3 SRAM Stability

The stability of SRAM cell is often related to the static noise margin, due to the cell
is most vulnerable to noise during a read access since the “0” storage node rises to a volt-
age higher than ground due to a voltage division along the access and inverter pull-down
NMOSFET devices between the precharged bitline (BL) and the ground terminal of the
cell [4]. There are several definitions of the static noise margin, one of the common used
approach of estimating SNM is first proposed by Hill [56] 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. 3.6(a). 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 [57]. This method is only applicable to circuits with R;, > R,.:, and CMOS in-
verters of an SRAM cell comply with this condition [58]. 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. 3.6(b) [4].



3.3 : SRAM Stability

44

\ @ » | Vout2

out1

Vou12

Figure 3.6: (a)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. (b)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 [4].
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3.4 Intrinsic Parameter Fluctuation on SRAM Cells

Figure 3.7 shows the static transfer characteristics of 65 nm planar SRAM cells in-
cluding process variation and random dopant fluctuation, where the dashed lines represent
intrinsic-parameter-fluctuated cases, and the solid line stands for the nominal case. The
nominal SNM for the 65 nm planar MOSFET SRAM is 138 mV. Since the RDF induces
larger device variability in threshold voltage, the SNM fluctuation of SRAM is thus dom-
inated by RDF. The RDF- and PVE-induced SNM fluctuations are then summarized in
Table 3.1, where the static noise margin deviation induced by PVE and RDF are 2.9 mV
and 5.9 mV, respectively.

Figure 3.8 shows the roll-off characteristics of SNM for SRAM cells with different
device gate length. The error bars in Figs. 3.8(a) and 3.8(b) represent the RDF- and PVE-
induced SNM fluctuation, respectively. As gate length scales from 65 nm to 16 nm, the
SNM decreases significantly from 138 mV to 20 mV. Moreover, the RDF is the most crit-
ical issue in improving stability of SRAM. Figure 3.9 summarized the normalized SNM
fluctuations for 65-, 32- and 16-nm-gate SRAM, where the normalized SNM fluctuation is

defined as following:

SNM
Normalized cSNM = m7 (3.2)

where the 0 SN M is the SNM fluctuation and the SN M,,,ina 18 the nominal value of

SNM. The RDF induced a two to four times larger SNM fluctuations than the PVE. As
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gate length of device scaling from 65 nm to 16 nm, the RDF-induced normalized SNM
fluctuation increases from 4.3% to 80%. The significant increase of SNM fluctuation re-
veals the highly dependence of SNM fluctuation on the dimensions of transistors. 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.
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Figure 3.7: Nominal and fluctuated static transfer characteristics of 65
nm planar SRAM cells. The solid line and the dashed lines
stand for the nominal case and intrinsic parameter fluctuated
cases, respectively, and the nominal SNM is 138 mV.

Table 3.1: PVE and RDF induced SNM fluctuation in 65 nm planar
SRAM, where the RDF dominates the SNM fluctuation

Fluctuation Source | SNM Fluctuation
PVE 29 mV
RDF 59 mV
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Figure 3.8: Static noise margin (SNM) fluctuations induced by (a) RDF
and (b) PVE for different gate lengths of SRAM cells. The
SNM significantly reduced from 138 mV to 20 mV, and the
fluctuations increased as gate size scaled down.
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To confirm the simulation accuracy for circuit characteristic fluctuations and find out
the most sensitive components in SRAM, the transistors in a 6T SRAM cell are classified
into driver, access, and load transistors as shown in Fig. 2.8(a). Because the SNM of 6T
SRAM for device with 140 mV V};, and unitary cell ratio is merely 20 mV, we adjusted the
Vi, to 350 mV for more accurate sensitivity analysis. The SNM is thus increased to 92 mV
and the SNM fluctuation is 38 mV. We then analyzed the sensitivity of 16-nm-gate planar
SRAM by investigating the random-dopant-effect in different transistor pair induced SNM
fluctuation in Fig. 3.10. While investigating the SNM fluctuations induced by specific
transistor pair, the investigated transistors are random-dopant-fluctuated and the others are
nominal. The access transistors contribute the largest SNM fluctuations, which is 3 and
9 times higher than the other two transistor pairs because the stored data was read out
through the access transistors during the read operation. Since the fluctuation distribution
of each transistor pair in a SRAM cell is stochastic, the influences on total SNM fluctuation
(0 SN Mr,) can be seen as independent. Similar to the o/, the relationship between

oSN M4 and its components can be expressed as following:

(CTS]V]\4Toml)2 - (USNMDriver)2 + (O-S]\/v]\4z4ccess)2 + (USNMLoad)Qa (33)

where the 0.S N M. 18 the total SNM fluctuation; 0. SN M privers 0S N M pccess, and 0 SN M7 oad
are the SNM fluctuation induced by driver, access, and load transistors. The 0 SN Mryyq

from the summation of different transistor pair induced SNM fluctuation is 36 mV, which
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shows a good agreement to the result obtaining from all transistor with fluctuation, 38 mV.
The simulation accuracy for circuit characteristic fluctuations is therefore confirmed.
Since the SNM of 6T SRAM for device with 140 mV V};, and unitary cell ratio is 20 mV
with 80% normalized SNM fluctuation, which may not ensure correct operation of circuits,
improvement and suppression approaches based on the circuit and device viewpoints are

implemented to examine the associated characteristics in 16-nm-gate SRAM cells.
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Figure 3.10: The influence of different transistor pairs on total SNM
fluctuation of planar 6T SRAM cell, where the V};, of
devices are 350 mV. The access transistors contribute most
SNM fluctuation due to the stored date have to be read out
through these two transistors.



Chapter 4

Fluctuation Suppression Approaches

I n this chapter, the fluctuation suppression approaches based on circuits and device

viewpoints are presented.

4.1 Circuit Level Improvement

From the circuit viewpoint, an 8T planar SRAM architecture as shown in Fig. 2.8(b)
is first explored. Besides conventional 6T structure, the 8T SRAM cell is one kind of
improved SRAM structures. The main purpose of 8T SRAM is to eliminate the impact
of bit line to stored data during read operation by separating the data retention and data
output elements. Unlike the 6T structure, the access transistors of 8T SRAM are turned off

when data reading and the data will be gathered through the additional two transistors. This
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mechanism can avoid direct flow between the bit line and the stored data and then increase
the noise margin. Fig. 4.1 shows the static transfer characteristics of 8T SRAM cells
including RDF-fluctuated cases, where the device V};, is 140 mV. Due to the separation of
data access element, the influence result from bit-line is reduced and increased the nominal
SNM to 233 mV. The RDF induced SNM fluctuation is 22 mV, which is less than 10%
variation. Comparing with original planar 6T SRAM cell, the nominal SNM is 12 times
larger and normalized RDF induced SNM fluctuation is suppressed by a factor of 8.4.
Notably, thought the 8T SRAM can enlarge the SNM and reduced the SNM fluctuation,
the chip area is increased by 30% under our setting (all sizes of devices are the same),
which may reduce the chip density. Figure 4.2 compares the SNM and SNM fluctuation
for 8T SRAM and 6T SRAM with CR = 2. Similar to 8T SRAM, the 6T SRAM with CR
= 2 also requires 30% extra chip area. The SNM and intrinsic-parameter-induced SNM
fluctuation of 6T SRAM are about 84 and 20.0 mV, respectively. The extra requirement
of chip area didn’t bring significant improvement as that of 8T SRAM. The sensitivity of
SNM fluctuation induced by different transistors pair of planar 8T SRAM cell is analyzed,
as shown in Fig. 4.3. Transistors M1 and M2 are defined as additional transistors here.
Compared with 6T Planar SRAM, the impact of access transistors is significantly reduced
due to the read operation is not performed through these two transistors in 8T structure.

Moreover, the additional transistors induced a small fluctuation due to the stored data is
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passively read out, and the driver transistors become the dominating factor of the SNM
fluctuation. The result of 8T SRAM also shows a good agreement to the assumption as
aforementioned, where the calculated sum of SNM fluctuation is 19 mV and the total SNM
fluctuation is 22 mV.

Although the 8T structure can improve the read stability for single cell, there is another
challenges so called half-select disturb. For memory arrays, the half-selected cells on the
same word-line are actually experiencing a read operation during a write operation, and
thus disturb similar to read-disturb in the 6T structure [59]. Some designs have been pro-
posed to eliminate the half-select disturb such as “array architecture approach” [60], “gated
write word-line signal (byte write)” [61] and “write-back scheme” [62]. Such kind of dis-
turb is design related issue and not discusses here due to this thesis focuses on single cell’s
characteristics. On the other hand, to maintain an acceptable SNM, the width of driver
transistors in the 6T cell cannot be scaled down while that in the 8T cell can. Thus, area of
the 8T cell becomes smaller than 6T cell at the 32-nm node if the operation voltage is 1.0
V [62]. Therefore, 8T cell is a better choice for extremely scaled technology rather than 6T

cell with a higher cell ratio.
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Figure 4.1: Nominal and fluctuated static transfer characteristics of 8T

SRAM cells, where the SNM is increased to 233 mV, PVE
and RDF induced SNM fluctuation are 14.9 mV and 22.1
mV, respectively.
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Figure 4.3: The influence of different transistor pairs on total SNM
fluctuation of planar 8T SRAM cell, where the V};, of
devices are 140 mV. Compared with 6T SRAM, the impact
of access transistors is significantly reduced due these two
transistors are turned off during read operation, and the
driver transistors become the dominating factor of the SNM
fluctuation.
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4.2 Device Level Improvement

There have been several approaches to increase the SNM, such as the use of larger Vpp
and increase the cell ratio or the Vj;, of transistors. Figure 4.4 shows the static transfer
curve of 16-nm-gate planar SRAM with 350 mV V};,. The SNM is increased to 92 mV and
the normalized SNM fluctuation induced by RDF and PVE are reduced to 41.7% and 18%,
respectively. Since the SNM fluctuation is too large to ensure the accurate operation of the
SRAM cell, to further suppress the RDF induced SNM fluctuation, vertical doping profile
engineering, as shown in Fig. 4.5, has been implemented to reduce the RDF-induced fluc-
tuations in planar SRAM cells with high V};. 758 dopants are firstly randomly generated
in a large rectangular solid (z,y, z : 16 nm x 2000 nm x 16 nm ), in which the equiva-
lent doping concentration is 1.48 x 10'® ¢m ™3, as shown in Fig. 4.5(a). The distribution
of the generated dopants’ position in the direction of channel depth follows the normal
distribution, as shown in Fig. 4.5(b). Both the mean position and the three sigma of this
distribution are eight nanometers, which can be controlled by the manufacturing processes
of ion implementation and thermal annealing. The inset of Fig. 4.5(b) shows the nominal
case of the improved vertical doping profile, 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 simulation, as shown in

Fig. 4.5(c). The number of dopants may vary from zero to 14, and the average number is
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six, as shown in Fig. 4.5(d). The longitudinal dopant distribution of the improved and the
original doping profile, are studied in Figs. 4.5(e) and 4.5(f), respectively. The inset of Fig.
4.5(f) shows the distribution of doping concentration for the original doping profile. The
distribution of dopant number in channel depth is uniform. We notice that the threshold
voltages of the nominal devices for both the improved and original doping profiles, whose
channel doping profile is continuously doped with 1.48 x 10'® ¢m ™3, are adjusted to be
the same value 140 mV. Result shows that numbers of dopant appearing near the channel
surface for the improved doping profile is significant less than that of the original doping
profile, and thus may induce less surface potential fluctuation than the other. Figure 4.6
shows the static transfer characteristics of 16 nm planar SRAM with higher V;;, devices
with vertical doping profile. The result shows that vertical doping profile engineering can
further suppress RDF induced SNM fluctuation from 41.7 % to 30.5 %; however, it may
also suffer from more serious short channel effect (SCE), which reduces the SNM to 71

mV. Additionally, the PVE-induced SNM fluctuation is increased from 18 % to 24.4 %.
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Nominal and fluctuated static transfer characteristics of
improved 6T SRAM cells, where the V;;, of devices were
raised to 350 mV. The SNM increased to 92 mV, PVE and
RDF induced fluctuation are 16.6 mV and 38.3 mV,
respectively.
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solid, in which the equivalent doping concentration is
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Nominal and fluctuated static transfer characteristics of 16
nm with higher V};, devices and vertical doping profile
engineering, where the SNM is 71 mV, PVE and RDF

induced fluctuation are 17.3 mV and 21.7 mV, respectively.

The reduced SNM and increased PVE induced fluctuation
are result from enhanced short channel effect (SCE).
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Though the use of high V;;, and vertical doping profile engineering can enlarge the SNM
and reduce SNM fluctuation. The increased V;, also reduce the write noise margin and slow
down the operation speed. Therefore, based on the same layout area as 16-nm-gate planar
MOSFETs, a 16-nm-gate SOI FinFETs with an aspect ratio (defined by the fin height /
the fin width) of two is then adopted to replace the planar MOSFETS to examine associ-
ated fluctuation resistivity against RDF and PVE. Without losing generality, the equivalent

—3. 1516 dopants are generated in a large cube

doping concentration is 1.48 x 108 cm
(80 nm x 80 nm x 160 nm) and partitioned into sub-cubes (16 nm x 16 nm x 32 nm),
as shown in Figs. 4.7(a) and 4.7(b), respectively. The number of dopants in a sub-cube
may vary from 2 to 24, and the average is 13, as shown in Fig. 4.7(c). These sub-cubes are
equivalently mapped into the 16-nm-gate SOI FinFET, as shown in Fig. 4.7(d). To compare
the device characteristics on a fair basis, the nominal threshold voltages of SOI FinFETs are
calibrated to 140 mV, which is the same nominal threshold voltage as in the original cases.
RDF and PVE induced threshold voltage fluctuation is summarized in the Table 4.1. Com-
paring with the original device, the threshold voltage fluctuation of 16-nm-gate NMOSFET
is significantly reduced from 61 mV to 42 mV. The well control of device channel reduces
both effects of RDF and PVE. Similarly, the random dopant fluctuation dominates the de-

vice characteristic fluctuations. Figure 4.8 shows the static transfer characteristics of 16

nm SOI FinFET SRAM cells, where the dashed lines illustrated RDF and PVE fluctuated
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cases, and the solid line is the nominal case. The nominal SNM is 125 mV and RDF and
PVE induced fluctuations are suppressed to 5% and 1% only, respectively. The improved
nominal SNM is due to the SOI-FinFET presented larger transconductance than planar
MOSFET under the same V;;,. A simplified correlation between device transconductance

and SNM [4] could be expressed as following:

I I
SNM o (1 — —2&  __“er 4.1

gm,pmos gm,nmos

where the I,,, is the saturation drain current of driver transistor and I, is the saturation
drain current of access transistor. The SNM thus increases as transconductance increases.
Therefore, even the SOI FinFETs is with low threshold voltage, 140 mV, as planar MOS-
FETs, the large transconductance still provides a large enough SNM to maintain regular
circuit operation. Additionally, the PVE- and RDF-induced V};, fluctuations of FinFETs
are significantly suppressed to 8.3 and 42.2 mV, which are 2.2 and 1.45 times smaller than
planar MOSFETs.

Figure 4.9 summarizes the device and circuit viewpoint improvement techniques. The
8T SRAM exhibits promising SNM and oSN M because of the turned off of access tran-
sistors in 8T SRAM when data reading. For planar MOSFETs with 140 mV, the SNM is
enlarged to 230 mV and the 0 SN M is reduced to 22 mV. The circuit improvement ap-
proach can provide large SNM and is with no process change. Therefore, it’s promising in

near future design at a cost of chip area. To prevent the increase of chip area, the design
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approach from device engineering has to be developed. By adjusting the V}; to 350 mV,
the SNM of 6T planar SRAM can be enhanced to 92 mV with 45% normalized oSN M
(41.8 mV in 0. SN M). We then employed the doping profile engineering to reduce the nor-
malized oSN M to 39.1% (27.6 mV in 0 SN M). However, the SNM is reduced to 71 mV
because of the stronger SCEs. The design of device V};, and doping profile is trade-off and
therefore can be further investigated. Therefore, to have a large SNM with sufficient small
oSN M, the SOI FinFETs SRAM is design and exhibits a large enough SNM (125 mV)
with 5.3% normalized c SN M (6.8 mV in 0. SN M). The use of vertical channel transistor

in SRAM circuit is useful and promising in the next generation nanoscale device circuit.
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Table 4.1: PVE and RDF induced V};, fluctuation of 16 nm SOI FinFET.
The fluctuations are significantly suppressed compared to
planar MOSFETs.

Fluctuation Source | V};, Fluctuation
PVE 8.3 mV
RDF 42.2 mV
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Figure 4.8: Nominal and fluctuated static transfer characteristics of 16
nm SOI FInFET SRAM cells, where the nominal SNM is
125 mV.
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Chapter 5

Conclusion

I n this chapter, we have drawn the conclusion. In the Sec. 5.1, we summarize the work.

Finally, we suggest future work.

5.1 Summary

In this thesis, an experimentally validated three-dimensional “atomistic” coupled device-
circuit simulation approach has been advanced to investigate the dependence of intrinsic
parameter fluctuations in nanoscale SRAM cell. The roll-off characteristics of 6T SRAM
from 65-nm- to 16-nm-gate are examined, in which the domination source of fluctuation,
RDF, has been found. Additionally, the scaled SNM from 138 mV to 20 mV and enlarged

SNM fluctuation from 4% to 80% implies the importance of suppression RDF fluctuation
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in SRAM circuit. The device-circuit simulation approach has been further examined by
analytic expression of oV}, and statistically independent rule in Egs. (3.1) and (3.3). To
improve the scaled SNM and large 0 SN M in 16-nm-gate 6T SRAM, approaches pro-
posed from circuit and device design were presented. From the time-to-market viewpoint,
the circuit-level improvement of 8T SRAM is promising at a cost of 30% extra chip area.
To further increase the chip density, the device engineering is necessary. The techniques of
raise of device V};, and doping profile engineering can increase SNM and reduce 0 SN M,
respectively. However, there is a trade-off relation between these two techniques because of
the degraded speed and enlarged SCEs, respectively. Hence, based on the same layout area,
the use of SOI FinFETs in 6T SRAM has been examined. The SNM of 6T SOI FinFETs
SRAM is 125 mV and the normalized SNM fluctuation is suppressed significantly to 5.3%
(6.8 mV in 0 SN M). The result shows that the 8T SRAM architecture can provide largest
SNM and is fascinating among discussed approaches in near future design; however, to
prevent the increase of chip area and suppress the intrinsic parameter fluctuations, develop-
ment of fabrication for SOI FinFET SRAM is crucial for sub-22nm technology era. This
study investigates the roll-off characteristics and the stability of SRAM and consequently

provides an insight into design of fluctuation resistant nanoscale memory circuits.
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5.2 Future Work

We have discussed the random-dopant-effect and process-variation-effect induced SNM
fluctuation of SRAM circuits in the thesis. However, the influence of intrinsic parameter
variability on write noise margin, operation speed, power consumption, and other charac-
teristics are not clear yet and will be examined in the future. From our result, although
the influence of gate length deviation and line edge roughness may be neglected in FinFET
SRAM, the non-ideal fin taper angles (i.e., the fin angle is not approaches to 90 °) may
need to be taken into account. In our previous study [63], the SCE is degrades due to slant
of the sideward wall of silicon fin, which leads to current crowding and deteriorates the
performance of a device.

There’s another fluctuation source called random telegraph noise (RTN), which is a
stochastic fluctuation of the threshold voltage or the drain current between two levels, in-
duced by the capture and emission of single electrons in a gate oxide trap [64]. The in-
fluence of RTN is often investigated in flash memories [64, 65] and neglected in SRAM.
However, the RTN is comparable at half pitch 45 and becomes larger at half pitch 32 and
beyond compared to RDF [66], and should be paid more attention. Moreover, the grain size
variability of high-k metal gate induced SRAM characteristics fluctuation will be further

studied. Other fluctuation suppression techniques can be further investigated such as new
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circuit architecture or lateral asymmetry channel (LAC) doping profile. LAC MOS tech-
nologies have been verified to have the ability to improve the SRAM performance [67],
but the fluctuation has not been investigated yet. Besides, we will try to construct compact

models to capture the RDF induced device variability.
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