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Abstract

Simulation-based Study of Super-steep Retrograde Doped Bulk FinFET Technology and 6T-SRAM Yield

by

Xi Zhang

Master of Science in Electrical Engineering and Computer Sciences

University of California, Berkeley

Professor Tsu Jae King Liu, Chair

FinFET technology already has been adopted by the semiconductor industry beginning at the 22 nm

node of complementary metal-oxide-semiconductor (CMOS) field-effect transistor (FET) technol-

ogy, due to the superior electrostatic integrity of multi-gate transistor structures. Although silicon-

on-insulator (SOI) wafers are ideal substrates for the manufacture of FinFETs with low off-state

leakage current, they are more expensive than conventional bulk-silicon wafers. If a bulk-silicon

wafer is used as the substrate for FinFET fabrication, heavy "punch-through stopper" doping is

needed at the base of the fins to suppress off-state leakage current. A conventional doping pro-

cess results in dopants within the fin (channel region), however, which degrades transistor on-state

performance. The benefits of a super-steep retrograde fin doping profile (such that the channel re-

gion is lightly doped while the base region is heavily doped), which can be achieved using oxygen

insertion technology, are quantified through three-dimensional (3-D) simulations, for low-power

FinFET technology at the 8/7nm node.

As the transistor gate length is scaled down, variability in transistor threshold-voltage (Vt) in-

creases; this hinders reductions in operating voltage, particularly for large arrays of six-transistor

(6T) static memory (SRAM) cells. 3-D device simulations are performed using Sentaurus Device

to investigate systematic sources and random sources of Vt variation, for both SSR FinFET and

control FinFET devices. A compact analytical current-voltage (I-V) model calibrated to the 3-D

device simulations is used to estimate 6T-SRAM cell yield and minimum operating voltage, to

quantify the benefit of oxygen insertion technology for voltage scaling.
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Chapter 1

Introduction: Background and Motivation

The continued miniaturization of the metal-oxide-semiconductor field-effect transistor (MOSFET)

to gate lengths below 25 nm requires the adoption of multi-gate structures in order to maintain

good gate control of the electric potential in the channel region, i.e. good electrostatic integrity.

For this reason, a three-dimensional (fin-shaped) channel structure straddled on three sides by the

gate electrode, referred to as either the "tri-gate" or "FinFET" design, was adopted by Intel Cor-

poration for mass production of complementary MOS (CMOS) integrated-circuit (IC) products,

beginning at the 22 nm technology node [1]. The scalability of the FinFET design to sub-25 nm

gate lengths was first demonstrated at the University of California, Berkeley[2].

Fig. 1.1 shows how the increasing latency of dynamic random access memory (DRAM) and

process-memory performance gap with advancements in CMOS technology. This trend has driven

growth in cache memory (static RAM, or SRAM) capacity on-chip (monolithically integrated with

the processor). As transistors are scaled down in size, however, process-induced variations in

threshold voltage (Vt) increase [3] and pose a serious challenge for achieving sufficiently high

yield for large SRAM arrays. The superior electrostatic integrity of the FinFET not only provides

for higher transistor on-state current for a given operating voltage - or lower operating voltage for

a given level of circuit performance - but also mitigates the short-channel effect (SCE) and drain-

induced barrier lowering (DIBL) for reduced performance sensitivity to process-induced varia-

tions, to overcome this challenge.

Although silicon-on-insulator (SOI) wafers are ideal substrates for the manufacture of FinFETs
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Figure 1.1: Increasing DRAM latency and processor-memory performance gap [4].

with low off-state leakage current [5], they are much more expensive than conventional bulk-silicon

wafers. If a bulk-silicon wafer is used as the substrate, heavy doping is needed at the base of the

fins to suppress off-state leakage current (Ioff). However, a conventional doping process results in

dopants within the fin (channel region), on the order of 1×1018 cm−3. Such heavy channel doping

degrades the on-state current (Ion) of bulk-silicon FinFETs, due to Coulombic scattering, so that

they have lower Ion/Ioff ratio relative to SOI FinFETs [5]. Also, heavy channel doping results in

random dopant fluctuation (RDF) induced Vt variation (σVt) which is proportional to 1/
√

WL[6],

where W is the channel width and L is the channel length. oxygen insertion technology can pro-

vide for super-steep retrograde doping profiles [7], i.e. lightly doped channel regions together with

heavily doped base regions, to overcome these challenges for bulk-silicon FinFETs, and thereby

improve Ion/Ioff and reduce Vt variation to facilitate reductions in operating voltage for power sav-

ings.

1.1 Bulk FinFET Structures

Fig. 1.2 shows perspective views of the three-dimensional (3-D) FinFET structures simulated using

Sentaurus Device [8] in this study. Note that the channel region of the control FinFET is heavily
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doped, whereas the channel region of the SSR FinFET is lightly doped. The substrate doping,

source/drain doping profiles and geometrical design parameters are identical for both devices.

Figure 1.2: Simulated 3-D n-channel FinFET structures. The net dopant concentration is repre-

sented in color using a hyperbolic arcsine scale.

Nominal Design Parameter Values The FinFET gate length is 15 nm, which corresponds to the

8/7 nm technology node in the International Technology Roadmap for Semiconductors (ITRS),

2013 Edition [9]. The equivalent gate-oxide thickness is 0.7 nm. The fin height (HSi) is 40nm

and the fin width (WSi) is 8nm, so that the fin aspect ratio is 5. The gate work function is as-

sumed to be tunable to achieve an off-state leakage current specification of 100 pA/µm, as re-

quired for low-power applications. The current is normalized to the effective width of FinFET

(Weff), which is defined as the peripheral length of the silicon fin region, i.e.the sum of the lengths

of the top portion of the fin and the sidewall portions of the fin. The fin shape is rectangular

with rounded corners (with 1 nm radius of curvature), as in Intel’s 14 nm FinFET technology

[10]. Therefore, the effective width of FinFET used to normalize the current in this study is

Weff = 2× (HSi − 1nm) +WSi − 2nm+ π × 1nm = 87.1416nm. The thickness of the shallow-

trench isolation (STI) oxide is 50 nm.

The FinFET structures each comprise heavily doped raised source/drain (S/D) contact regions
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formed by selective epitaxial growth (SEG)[11], for reduced parasitic resistance. Abrupt source/drain

doping profiles are advantageous for reduced parasitic series resistance, for higher Ion [12]. As

shown in Fig. 1.3, doping gradients as steep as 1.4 nm/dec and 1.8 nm/dec have been experi-

mentally achieved for epitaxially grown silicon doped with phosphorus and carbon (for n-channel

FETs) and epitaxially grown silicon-germanium doped with boron (for p-channel FETs), respec-

tively. In this work, the S/D junctions are assumed to have a Gaussian doping profile with 2 nm/dec

gradient and peak concentration 2× 1020 cm−3. Fig. 1.4 shows the simulated vertical doping pro-

file in the source/drain regions. The SEG S/D regions comprise doped silicon for n-channel FETs,

and silicon-germanium (SiGe) with germanium concentration of 50% [1] for p-channel FETs, with

parameter values taken from [13]. Ohmic contacts (specific contact resistivity 3 × 10−9 Ω · cm2)

are made to the top surfaces of the SEG S/D regions.

Figure 1.3: Experimentally measured source/drain junction depth and abruptness of SiGeB splits

(left) and SiCP splits (right) from [14].

Table 1.1 summarizes the nominal values of the various design parameters for the SSR FinFETs

and control FinFETs in this study.
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Figure 1.4: Vertical source/drain doping profile, with a gradient of 2 nm/dec at the base of the fin.

control FinFET SSR FinFET

N-channel P-channel N-channel P-channel

Lgate (nm) 15 15 15 15

EOT (nm) 0.7 0.7 0.7 0.7

Ioff spec (pA/µm) 100 100 100 100

HSi (nm) 40 40 40 40

WSi (nm) 8 8 8 8

Nfin (cm−3) 1× 1018 1× 1018 1× 1016 1× 1016

Nfin,peak (cm−3) 2.5× 1018 2.5× 1018 5× 1018 5× 1018

Nsub (cm−3) 2.5× 1018 2.5× 1018 2.5× 1018 2.5× 1018

SD Doping Gradient (nm/dec) 2 2 2 2

NSD (cm−3) 2× 1020 2× 1020 2× 1020 2× 1020

fin doping gradient (nm/dec) >40 >40 3.3 6.9

Table 1.1: Device Structure Parameters for Nominal FinFET Design
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Chapter 2

Comparative Study of SSR FinFET vs.

control FinFET

2.1 Introduction

Planar ultra-thin-body FET structures provide for superior gate control and eliminate the need for

in the channel/body region, and therefore can be adopted to reduce process-induced variations in

transistor performance[15]. However, they require SOI wafer substrates which cost much more

than conventional bulk-silicon wafers. Therefore, the leading semiconductor companies (namely

Intel Corporation and Samsung Electronics) have adopted the "FinFET" three-dimensional (3-D)

thin-body FET structure for high-volume CMOS production on bulk-silicon wafers [1] [10]. To

suppress unwanted "punch-through" current flow in the silicon below the fin (out of the control

of the gate) between the source and drain regions, heavy doping is needed at the base of the fin.

Ideally there should be negligible doping in the fin channel region, i.e. a super-steep retrograde

(SSR) fin doping profile, to maximize charge-carrier mobility and to minimize threshold voltage

(Vt) variations due to random dopant fluctuation (RDF) effects. In this chapter, the benefits of

SSR fin channel doping, which can be achieved using oxygen insertion technology, for improved

bulk-silicon FinFET performance are investigated via 3-D semiconductor device simulations. A

compact model is then calibrated to the simulated characteristics of the optimized FinFET designs,
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to enable fast estimation of SRAM cell performance and yield.

2.2 Device Simulation and Design Optimization

2.2.1 Device Simulation Approach

The technology computer aided design (TCAD) software package Sentaurus Device [8] was used

to simulate FinFET performance using the drift-diffusion transport model [16] calibrated to bal-

listic Monte Carlo simulations, the Philips unified model for carrier mobility, bandgap narrowing

model, density gradient quantization model, and nonlocal-path trap-assisted tunneling model [17].

The fin sidewall surfaces (along which the transistor current flows) are assumed to be along {110}

crystallographic planes, with transistor current flow in a <110> direction. To boost transistor

on-state current, 2 GPa (tensile) uniaxial stress is induced in the fin channel region for n-channel

devices, whereas -2 GPa (compressive) uniaxial stress is induced in the fin channel region for p-

channel devices. Fig. 2.1 shows cross-sectional views of the n-channel SSR FinFET. The fin corner

is rounded (with 1 nm radius of curvature) for reduced gate leakage and enhanced gate control [18].

Drift-diffusion Transport Model The drift-diffusion model [16] describes carrier transport con-

sidering spatial variations in the electrostatic potential, the electron affinity χ, the band gap energy,

carrier concentrations, and carrier effective masses mN and mp [19]. The electron and hole current

densities are given by:

−→
Jn = µn(n∇EC − 1.5nkT∇lnmn) +Dn(∇n− n∇lnγn) (2.1)

−→
Jp = µp(p∇Ev + 1.5pkT∇lnmp)−Dp(∇p− p∇lnγp) (2.2)

where µn and µp are electron mobility and hole mobility, respectively, Dn and Dp are electron

diffusivity and hole diffusivity, respectively. γn and γp are given by Fermi statistics:

n = γnNCexp(
EF,n − EC

kT
) (2.3)

p = γpNV exp(
EV − EF,p

kT
) (2.4)
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Figure 2.1: Cross-sectional views of the n-channel SSR FinFET structure. The net dopant concen-

tration is represented in color using a hyperbolic arcsine scale. The fin aspect ratio is Hfin
Wfin

= 5;

the fin shape is rectangular as in Intel’s 14 nm FinFET technology [10]; the fin corner radius of

curvature is 1 nm.

For Boltzmann statistics, γn = 1 and γp = 1.

Philips Unified Mobility Model The Philips unified mobility model proposed by Klassen[20]

unifies the descriptions of majority carrier and minority carrier mobilities. This model considers

the different scattering mechanisms of lattice scattering, donor scattering, acceptor scattering, and

electron-hole pair scattering. (Electron-electron scattering and hole-hole scattering are neglected

because they have secondary-order effect.) Temperature dependence of mobility, electron-hole

pair scattering, screening of ionized impurity atoms by charge carriers, and clustering of impurity

atoms at high dopant concentrations also are taken into account.

Density-gradient Quantization Model For the density gradient model described in [21] [22], a

generalized diffusion-drift transport equation was derived by making the electron gas equation of

state density-gradient dependent, to describe quantum-mechanical behavior in the strong inversion

regime.
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Nonlocal Path Trap-assisted Tunneling Model The nonlocal path trap-assisted tunneling model

uses the Wentzel-Kramers-Brillouin (WKB) approximation to calculate the transmission coeffi-

cient using the tunneling energy barrier together with Kane’s model parameters A and B from

[17].

2.2.2 Device Design Optimization

The effective channel length (Leff) and the peak location of the punch-through stopper (PTS) dop-

ing profile (Xfin,peak) for the SSR FinFETs are separately optimized to maximize the on-state drive

current Ids,sat while meeting the same off-state current specification (Ioff = 100pA/µm).

Leff Optimization The electrical channel length Leff is defined as the lateral distance between

the points where the source/drain dopant concentration falls to 2× 1019 cm−3. Previous work [23]

showed that Leff could be tuned to adjust the tradeoff between series resistance and short channel

effect. In practice, Leff can be tuned by adjusting the gate-sidewall spacer length (Lsp) or the

source/drain junction doping gradient. In this work, the source/drain junction doping gradient is

steep (2 nm/dec) to provide for low parasitic source/drain series resistance. Therefore, Leff is tuned

by adjusting Lsp for each device structure to maximize Ion.

Fig. 2.2 shows how Ids,sat varies with Leff for n-channel FinFETs and p-channel FinFETs. The

optimal values of Leff are 20 nm for the n-channel control FinFET and 21 nm for the n-channel

SSR FinFET. The optimal value of Leff is larger for the SSR FinFET because it has a lightly doped

channel region and hence is more susceptible to the short-channel effect.

Because their SEG source/drain regions comprise SiGe which has a smaller band gap energy,

p-channel FinFETs have larger gate-induced drain leakage (GIDL) due to band-to-band tunneling

(BTBT), which can dominate off-state leakage current. Therefore, Leff must be larger to adequately

suppress GIDL. The optimal values of Leff are 23 nm for the p-channel SSR FinFET and 24 nm

for the p-channel control FinFET. (Shorter values of Leff are not included in Fig. 2.2 because Ioff

exceeds the specification.) The optimal value of Leff is larger for the control FinFET because it

has a heavily doped channel region and hence is more susceptible to GIDL. The cross-sectional

diagrams in Fig. 2.3 compare the BTBT rate distributions within the p-channel FinFETs in the off

state. Direct and indirect band-to-band-tunneling rates are calculated using Kane’s model [24][19].
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Figure 2.2: On-state drive current (Ids,sat) normalized to Weff versus electrical channel length (Leff).

Longer values of Leff are required for the p-channel devices in order to suppress GIDL.

The BTBT generation rate per unit volume G is given by:

G = A · ( F
F0

)P · exp(−B
F

) (2.5)

where the values of A and B are taken from [17]; F0 is 1 V/cm; P = 2 & 2.5 for direct & indirect

band-to-band-tunneling, respectively; F is the electric field and Bdir & Bind are each proportional

to E3/2
g .

Fig. 2.4 shows the net dopant concentration profiles along the channel direction, from the

source region to the drain region, for each of the optimized FinFET designs. The p-channel control

FinFET has the longest Leff and therefore the smallest amount of drain-induced barrier lowering

(DIBL).

Punch-through Stopper (PTS) Doping Optimization Previous work [7] showed that partial

monolayers of oxygen within silicon cause boron atoms to pile up, effectively blocking boron

diffusion; thus, the insertion of partial monolayers of oxygen at a depth corresponding to the base

of the silicon fin would facilitate the formation of a super-steep retrograde (SSR) fin doping profile.

Fig. 2.5 compares the optimized fin doping profiles for control FinFET and SSR FinFET devices.

The retrograde doping gradient for the n-channel SSR FinFET is 3.3 nm/dec, whereas for the p-
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Figure 2.3: Band-to-band-tunneling rate contour plots for p-channel FinFETs in the off state

(VGS = 0V, VDS = VDD).

Figure 2.4: Net dopant concentration profiles along the channel direction, from the source region

to the drain region, for the optimized FinFET designs.

18



Figure 2.5: Optimized fin doping depth profiles for control FinFETs and SSR FinFETs.

channel SSR FinFET it is 6.9 nm/dec. This is because the dopant diffusion blocking effect is

greater for boron than for n-type dopants [7]. Both the peak dopant concentration (Nfin,peak) and its

depth location (Xfin,peak) were separately optimized for n-channel SSR and p-channel SSR FinFETs

to maximize Ids,sat: (Nfin,peak tunes the tradeoff between GIDL and punch-through current, while

Xfin,peak tunes the tradeoff between effective fin height and punch-through stopper effectiveness.)

Fig. 2.5 shows the optimized fin channel doping profiles. The optimal value of Xfin,peak is 46 nm

and the optimal value of Nfin,peak is 5× 1018 cm−3 for both n-channel and p-channel SSR FinFETs.

Nominal Device Performance Table 2.1 summarizes key device performance parameters for the

optimized FinFET designs, obtained from 3-D device simulations. Threshold voltages Vt,sat, Vt,lin

are defined as the gate-source voltage Vgs corresponding to a constant current Isub = 100nA× Weff
Lgate

at drain-source voltages Vds 0.80 V, 50 mV. For a maximum operating voltage VDD = 0.8 V, oxygen

insertion technology provides for 9% and 2% improvement in Id,sat for n-channel and p-channel

FinFETs, respectively. The benefit of higher carrier mobility is greater for operation in the linear
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regime (Vgs = 0.8 V , and Vds = 50 mV): oxygen insertion technology provides for 10% and 5%

improvement in Id,lin for n-channel and p-channel FinFETs, respectively. The p-channel FinFETs

have higher drive current in comparison with the n-channel FinFETs because the fins have {110}

sidewall surfaces and uniaxial stress is more effective for boosting hole mobility [25].

Fig. 2.6 shows the simulated FinFET transfer characteristics (drain current Ids on a logarithmic

scale as a function of gate-to-source voltage Vgs). Note that GIDL current is lower for SSR Fin-

FETs as compared with control FinFETs.

control FinFET SSR FinFET

N-channel P-channel N-channel P-channel

Vdd (V) 0.8 0.8 0.8 0.8

Vds,lin (V) 0.05 0.05 0.05 0.05

Leff (nm) 21 24 22 23

Vt,sat (V) 0.384 -0.374 0.370 -0.373

Vt,lin (V) 0.435 -0.412 0.412 -0.409

Id,sat (µA/µm) 255 286 277 291

Id,lin (µA/µm) 62 75 68 79

SSwing (mV/dec) 73 71 72 70

DIBL (mV/V) 69 52 57 48

Table 2.1: Summary of key performance parameters for the optimized FinFET designs.

2.3 Compact Model Calibration

In this study a compact (analytical) model for transistor current as a function of applied voltages is

used to estimate six-transistor (6T) SRAM cell performance and yield, following the methodology

established in [26]. The model, which is presented in detail in the Appendix, is based on the I-

V equations for a short-channel MOSFET, which account for channel length modulation (CLM),

velocity saturation, and bulk charge effects. Since the compact model does not account for GIDL,
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Figure 2.6: Simulated transfer characteristics for the optimized FinFET designs.

3-D device simulations without GIDL are used to calibrate the compact model, as shown in Fig.

2.7 and Fig. 2.8.

Figure 2.7: Comparison of the calibrated compact model (lines) and simulated I-V characteristics

(symbols) for n-channel FinFETs.
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Figure 2.8: Comparison of the calibrated compact model (lines) and simulated I-V characteristics

(symbols) for p-channel FinFETs.
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Chapter 3

Bulk-Si FinFET Variability Study and

6T-SRAM Yield Estimation

3.1 Introduction

In this chapter, the benefit of SSR fin channel doping for reducing the sensitivity of FinFET per-

formance and threshold voltage (Vt) on process-induced variations is first investigated. The effects

of systematic variations on transistor threshold voltage, on-state current and off-state leakage are

shown to be accurately predicted by the compact model. The impact of intrinsic variations such as

random dopant fluctuation, gate work function variation, and gate line-edge-roughness (LER) [27]

[31] are considered and quantified using the noise-like impedance field method (IFM) in TCAD

device simulations. Finally, an analysis of six-transistor (6T) SRAM cell performance and es-

timation of 6T-SRAM cell yield as a function of cell operating voltage is performed using the

calibrated compact model, to quantify the benefit of oxygen insertion technology for facilitating

voltage scaling.
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3.2 Variability Study

Sources of variation can be categorized as either systematic, caused by process variations, or ran-

dom, caused by intrinsic variations [28].

3.2.1 Systematic Sources of Variation

Variations in physical device dimensions are caused by variations in the fabrication process, and

systematically result in variations in transistor performance. In this study, process-induced vari-

ations in Lgate, WSi and EOT are assumed to have Gaussian distributions with ±10% variation

corresponding to three standard deviations away from the mean (nominal) value.

Fig. 3.1 show the dependences of transistor threshold voltage (Vt) and off-state leakage current

(Ioff), respectively, on the physical gate length (Lgate). The calibrated compact model can be seen

to accurately predict these systematic variations. The saturation threshold voltage (Vt,sat) and linear

threshold voltage (Vt,lin) each decrease with decreasing Lgate due to the short-channel effect, and Ioff

correspondingly increases with decreasing Lgate. SSR FinFETs show slightly greater sensitivity of

Ioff to changes in Lgate since log Ioff ∝ −Vt
SSwing and SSR FinFETs have steeper (smaller) subthreshold

swing (SSwing).

Fig. 3.2 show the dependences of Vt and Ioff, respectively, on the physical fin width (Wfin). The cal-

ibrated compact model can be seen to accurately predict these systematic variations. Electrostatic

integrity (i.e. gate control) improves with decreasing Wfin, so that Ioff decreases with decreasing

Wfin. However, the series resistance of the fin source/drain regions increases with decreasing Wfin,

resulting in degraded Ion.

Fig. 3.3 show the dependences of Vt and Ioff, respectively, on the equivalent oxide thickness (EOT)

of the gate dielectric stack. The calibrated compact model can be seen to accurately predict these

systematic variations. Decreasing EOT increases capacitive coupling between the gate and the

channel region for improved electrostatic integrity and hence lower Ioff. Note that the impact of

EOT variation on Vt and Ioff is negligible compared to the impact of Lgate variation and the impact

of Wfin variation.
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Figure 3.1: FinFET threshold voltage (Vt) and off-state current vs. gate length, from TCAD 3-

D device simulations (symbols) and from the calibrated compact model (lines). The solid lines

correspond to n-channel devices, while the dotted lines correspond to p-channel devices.

3.2.2 Random Sources of Variation

Random sources of variation become dominant as transistors are scaled down toward atomic di-

mensions, and can limit IC manufacturing yield [29]. These sources include random dopant fluc-

tuations (RDF) and gate work function variation (WFV) [27] [31]. In particular, WFV has been

identified as the dominant contributor to Vt variation for FinFET technology[29]. Depending on

the average dopant concentration, variations in Vt and Ioff due to RDF can become significant as the

volume of the fin channel region shrinks [32]. Besides WFV and RDF, gate line-edge-roughness

(LER) due to stochastic variations in lithography and etch processes can affect Vt due to the short-

25



Figure 3.2: FinFET threshold voltage (Vt) and off-state current vs. fin width, from TCAD 3-

D device simulations (symbols) and from the calibrated compact model (lines). The solid lines

correspond to n-channel devices, while the dotted lines correspond to p-channel devices.

channel effect [33]. The use of spacer lithography (also known as self-aligned double patterning,

SADP) [34] to define nanometer-scale critical dimensions (gate length and fin width) is becoming

prevalent, however, so that LER is not expected to be a significant source of random variability

in FinFET performance. (In a SADP process, the critical dimension is defined by the thickness

of a deposited film, which is locally very uniform.) Also, a previous 3-D device simulation study

showed that, among the random sources of variation, LER is negligible compared with WFV and

RDF for FinFET technology [35].
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Figure 3.3: FinFET threshold voltage (Vt) and off-state current vs. equivalent oxide thickness, from

TCAD 3-D device simulations (symbols) and from the calibrated compact model (lines). The solid

lines correspond to n-channel devices, while the dotted lines correspond to p-channel devices.

Random Dopant Fluctuations (RDF) Random dopant fluctuations have been shown to result

in significant threshold voltage (Vt) variability for planar bulk-silicon MOSFETs with gate lengths

smaller than 0.1µm, due to the very small volume of the depletion region in this regime resulting

in a relatively small number of dopant atoms which determine Vt [32]. The standard deviation

of variation is proportional to
√
Na/W × L, where Na is the average dopant concentration in

the depletion region, W is the channel width, and L is the channel length. In this study, RDF-

induced variability is determined using the noise-like impedance field method [19], [36]. The

results summarized in Table 3.1 show that SSR FinFETs have good immunity to RDF, since they

have relatively light dopant concentration within the (fully depleted) fin channel region so that the
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depletion charge negligibly affects the threshold voltage.

Work Function Variation (WFV) The equivalent oxide thickness (EOT) of the gate dielectric

layer(s) must be reduced as the transistor gate length is scaled down, in order to maintain good gate

control and thereby suppress Vt variability due to SCE and DIBL. To avoid excessive gate leak-

age due to direct tunneling through an ultra-thin dielectric, a high-permittivity (high-k) dielectric

material should be used to achieve EOT below 1 nm. Due to Fermi-level pinning at the interface

of doped polycrystalline-silicon (poly-Si) and high-k material [37], which undesirably affects the

effective work function of the poly-Si, and remote soft optical phonon scattering which degrades

inversion-layer mobility [38], a metal gate material must be used in conjunction with high-k gate

dielectric material. High-k/metal gate stacks have been used in high-volume CMOS production

since the introduction of Intel’s 45 nm technology [39].

The work function (WF, in eV) is defined as the minimum energy required to remove an electron

from the solid material, which is the sum of the bulk chemical potential (due to electron-electron

correlation and exchange effects) and surface dipole potential. The bulk chemical potential is a

fixed material property, whereas the surface dipole potential is dependent on crystalline orienta-

tion. The stochastic nature of the metal layer deposition process results in local variations in the

WF of a polycrystalline metal gate electrode.

Assuming that the random sources of variation (WFV and RDF) are independent, threshold-voltage

variability due to all random sources is:

σVt,total =
√

(σVt,WFV)2 + (σVt,RDF)2 (3.1)

Table 3.1 summarizes FinFET off-state leakage variability and threshold voltage (Vt) variability

due to random sources, obtained via TCAD simulations. Note that WFV has a dominant effect.

These results indicate that SSR FinFETs are less susceptible to random sources of variation and

therefore are promising for achieving higher IC manufacturing yield.
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control FinFET SSR FinFET

N-channel P-channel N-channel P-channel

WFV only 43.12 36.95 50.12 38.00

σIoff (µA/µm) RDF only 27.16 23.78 7.37 6.42

WFV & RDF 51.28 43.94 50.12 38.58

WFV only 23.2 23.4 23.7 22.9

σVt,sat (mV) RDF only 16 13.4 21 25

WFV & RDF 28.2 27 23.8 23

Table 3.1: Variability in FinFET off-state current and saturation threshold voltage (Vt) due to

random sources of variation.

3.3 6T-SRAM Cell Yield Estimation

In this section, the architecture and operation of a 6T-SRAM cell is reviewed to introduce two key

SRAM performance metrics, the read static noise margin (SNM) and the writability current IW .

The calibrated compact model [26] is used in lieu of mixed-mode TCAD 3-D device simulation

(which is computationally expensive) to accurately calculate these metrics. Then the sensitivities

of SNM and IW to variations in device parameter XI , ∂SNM
∂XI

and ∂IW
∂XI

, are calculated to determine

the minimum variability that results in cell operation failure ("cell sigma") [26] as a function of the

cell operating voltage, to find the minimum cell operating voltage (VDD,min).

3.3.1 SRAM Cell Architectures

An SRAM array comprises many cells arranged in rows and columns, with each cell storing one

bit of information. The most common cell architecture (illustrated by the circuit diagram in Fig.

3.4) utilizes six transistors arranged as two cross-coupled inverters, each comprising one p-channel

"pull-up" (PU) transistor with its source tied to VDD and one n-channel "pull-down" (PD) transistor

with its source tied to ground, and two n-channel "pass-gate" transistors used to connect the left

and right internal storage nodes CH and CL (which store complementary voltage signals) to the

left and right bit lines BL and BL (shared by every cell in the same column of the SRAM array),
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respectively. The gates of the pass-gate (PG) transistors are connected to a single wordline (shared

by every cell in the same row of the SRAM array), WL.

Alternative SRAM cell architectures are shown in Fig. 3.5. The eight-transistor cell design pro-

vides for larger operating voltage margins and hence higher cell yield, but at the cost of larger

layout area (lower storage density) [40]. The four-transistor cell design is much more compact but

has higher static power dissipation [41].

Figure 3.4: Circuit diagram of the 6T-SRAM cell design, which comprises two cross-coupled

inverters and two n-channel pass-gate devices from [26].

Figure 3.5: Circuit diagrams for alternative SRAM cell designs from [40], [41].

3.3.2 6T-SRAM Cell Operation

Read Operation To read out the information stored in a 6T-SRAM cell, both bit lines (BL and

BL) are first "pre-charged" to a high voltage, VDD. Then the word line (WL) is pulsed with a high
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voltage to turn on the PG transistors and thereby connect the bit lines to the internal storage nodes,

so that the bit line connected to the internal storage node with a low voltage (i.e. storing a logic

"0") is discharged through its corresponding PG transistor and PD transistor, as illustrated in Fig.

3.6. The process of discharging that bit line (so that its voltage reaches ground potential) is sped up

by a positive feedback effect of the cross-coupled inverter as well as a sense amplifier connected

to the bit lines at the periphery of the cell array.

During a read operation, the voltage at the internal storage node (CH in Fig. 3.6) rises due to the

voltage divider effect (i.e. current flowing through the PG transistor in series with the PD transis-

tor results in a non-zero voltage drop across the PD transistor). A Read disturb error occurs if this

voltage rises above the tipping point of the opposite inverter, so that the positive feedback effect

causes the storage node to flip states (i.e. to a logic "1"). For good read stability, the PD transistor

should be stronger (i.e. have less on-state resistance) than the PG transistor. The cell beta ratio

is defined as the ratio of PD transistor drive (on-state) current to PG transistor drive current. For

planar MOSFET technology, this ratio can be finely tuned by adjusting the drawn channel widths

of the PD and PG transistors. For FinFET technology, it can only be practically tuned coarsely by

adjusting the number of fins (connected in parallel between the source and drain regions) in each

device. Better writability is achieved by using more fins for the PD devices than for the PG devices.

Figure 3.6: Illustration of current flowing in a 6T-SRAM cell during a Read operation. "0" is stored

at the internal storage node CH so that the bit line BL discharges through PG transistor 3 and PD

transistor 1. If the voltage at CH rises above the tipping point of the opposite inverter (so that PG

transistor 2 turns on), it can flip to the "1" state erroneously from [26].
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Write Operation To write information from the bit lines (one at low voltage corresponding to

logic "0" and the other at high voltage corresponding to logic "1") into a 6T-SRAM cell, the word

line (WL) is pulsed with a high voltage to turn on the PG transistors and thereby connect the bit

lines to the internal storage nodes, so that the bit line at low voltage will discharge the internal

storage node through its corresponding PG transistor, as illustrated in Fig. 3.7. This PG transistor

must be stronger than the PU transistor which acts to maintain a high voltage on the internal stor-

age node. Once the tipping point of the opposite inverter is reached, the process of discharging the

internal storage node (so that its voltage reaches ground potential) is sped up by a positive feedback

effect of the cross-coupled inverter.

For immunity against write failure, the PG transistor should be stronger (i.e. have less on-state re-

sistance) than the PU transistor. The cell gamma ratio is defined as the ratio of PG transistor drive

(on-state) current to PU transistor drive current. For planar MOSFET technology, this ratio can

be finely tuned by adjusting the drawn channel widths of the PG and PU transistors. For FinFET

technology, it can only be practically tuned coarsely by adjusting the number of fins (connected in

parallel between the source and drain regions) in each device. Better immunity to read disturbance

is achieved by using more fins for the PG devices than for the PU devices.

Figure 3.7: Illustration of current flowing in a 6T-SRAM cell during a Write operation. The internal

node CH is initially at a high voltage (storing a "1") and must be discharged through PG transistor

3; this is resisted by the PU transistor 5. A write failure occurs if the PU transistor is stronger than

the PG transistor from [26].
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3.3.3 Read Static Noise Margin (SNM)

The Read static noise margin (SNM) is a quantitative measure of the robustness of a SRAM cell to

read disturb error. It is the minimum amount of noise (change in voltage) required to change the

state of the cell, and is extracted from a composite "butterfly plot" of the voltage transfer curves

(VTCs, VCH vs. VCL and VCL vs. VCH) for the cross-coupled inverters during a Read operation, i.e.

with both PG transistors turned on and both bit lines pre-charged to VDD. As illustrated in Fig. 3.8,

the Read SNM corresponds to the length of the largest square that fits within the smaller "lobe" of

the butterfly plot.

Figure 3.8: The Read Static Noise Margin (SNM) of a 6T-SRAM cell is determined from a butterfly

plot comprising the voltage transfer curves for each of the cross-coupled inverters from [26].

3.3.4 Write-ability Current (IW )

The writeability current was proposed by C. Wann of IBM Corp. [3] as a quantitative measure of

the robustness of a SRAM cell to write error. It is the minimum amount of current flowing out of

the internal storage node as it is discharged from VDD toward ground potential, as illustrated in Fig.

3.9.
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Figure 3.9: The writeability current of a 6T-SRAM cell corresponds to the local minimum of either

of the "write-N" curves ICH vs. VCH and ICL vs. VCL. These curves are generated by sweeping VCH

or VCL and measuring the nodal current at CH or CL, respectively, during a write operation from

[26].

3.3.5 Compact Modeling of Read SNM & IW

Methodology In this study, the calibrated compact model [26] is used to calculate 6T-SRAM

cell performance metrics and to determine the sensitivities of these metrics to variations in device

design parameter values. Read SNM is obtained from the inverter VTCs during a Read operation,

which are obtained by applying Kirchhoff’s Current Law, for example:

ID1(VGS = VCL, VDS = VCH) = ID3(VGS = VWL − VCH, VDS = VBL − VCH)

+ID5(VGS = VCL − VDD, VDS = VCH − VDD)
(3.2)

where IDx is the drain current through device x. During a read operation, VWL is biased at VDD.

Note that Eqn. 3.2 assumes that there is no current other than between the source and drain regions

of a transistor in the 6T-SRAM cell, i.e. gate and junction leakage currents are assumed to be

negligible.

IW is determined by calculating the ICH vs. VCH curve and ICL vs. VCL curve corresponding to
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write "0" and write "1" operations, respectively. The current is found by iteration, for example:

ICH = ID3(VGS = VWL, VDS = VCH)− ID5(VGS = VCL − VDD, VDS = VCH − VDD)

+ID1(VGS = VCL, VDS = VCH)
(3.3)

FinFET-based 6T-SRAM Cell Designs As alluded in the previous chapter, p-channel FinFETs

have higher drive current in comparison with n-channel FinFETs because the fin sidewall surfaces

and current flow direction are optimal for hole transport and because uniaxial stress is more effec-

tive for boosting hole mobility [10]. A consequence of this is that the number of fins in the PG

transistors should be greater than that in the PU transistors to ensure good write-ability (gamma

ratio greater than 1). In turn, the number of fins in the PD transistors should be greater than that

in the PG transistors to ensure good read stability. Various 6T-SRAM cell designs have been in-

vestigated by the semiconductor industry, therefore, for 16 nm FinFET technology [42]. These are

named according to the number of fins in the PU, PD and PG devices: 1-fin PU, 1-fin PD, 1-fin PG

(1-1-1 cell); 1-fin PU, 2-fin PD, 1-fin PG (1-2-1 cell); 1-fin PU, 2-fin PD, 2-fin PG (1-2-2 cell); and

1-fin PU, 3-fin PD, 2-fin PU (1-3-2 cell). Table 3.2 summarizes the read SNM and write-ability

current values for the various 6T-SRAM cell designs. It can be seen that the 1-2-1 cell has the best

read stability while the 1-2-2 cell has the best write-ability.

control FinFET SSR FinFET

Cell design 1-1-1 1-2-1 1-2-2 1-3-2 1-1-1 1-2-1 1-2-2 1-3-2

Read SNM (mV) 157 208 147 174 156 207 144 173

Iw (µA) 11.4 6.80 33.0 30.1 13.10 8.61 36.10 33.6

Table 3.2: Comparison of FinFET-based 6T-SRAM cell performance metrics.

6T-SRAM cells comprised of SSR FinFETs show significantly better write-ability in compar-

ison with cells of the same design comprised of control FinFETs, because the gamma ratio for

SSR FinFET technology is larger than that for the control FinFET technology. The read SNM for

SSR FinFET technology is comparable to that for control FinFET technology, since the cell beta

ratio is determined by the ratio of the number of fins in the PD transistor to the number of fins in

the PG transistor, which is the same for both technologies.
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3.3.6 6T-SRAM Cell Yield Modeling

Variability in transistor performance due to systematic and random sources of variation can result

in a 6T-SRAM cell with Read SNM < 0 V or IW < 0 which does not function properly, i.e. cell

failure. Cell sigma [26] is defined as the minimum total number of standard deviations from the

nominal value, for any combination of 18 device parameters (gate length, fin width, and thresh-

old voltage for each of the 6 transistors in a 6T-SRAM cell), that causes a read disturb error or a

write failure. By assuming that 3σ deviation from the mean (nominal) value corresponds to ±10%

variation in Lgate and Wfin, and accounting for random Vt variations due to WFV and RDF, the cell

sigma is modeled in a multi-dimensional variation space. In this variation space, each dimension

corresponds to one device parameter, and the probability of occurence decreases with increasing

deviation from the nominal value (i.e. variation). To illustrate the concept of cell sigma, Fig. 3.10

shows a simple example of modeling the read SNM in a 2-dimensional variation space. There

is a region corresponding to combinations of PG1 threshold-voltage variation and PD1 threshold-

voltage variation which result in read disturb error, referred to as the surface of failure; the read

SNM cell sigma is the minimum distance from the origin to this surface of failure.

3.3.7 Estimation of 6T-SRAM Cell Minimum Operating Voltage

Lower operating voltage is beneficial for reducing power consumption, but can result in lower

nominal values of read SNM and/or IW and therefore higher probability of cell failure due to

variations. The minimum cell operating voltage (VDD,min) is defined as the lowest operating voltage

for which the cell meets the six-sigma yield requirement (for SRAM arrays with greater than 256

Mb capacity) for both read SNM and IW .

The methodology established by [26] is used herein to determine the read SNM and IW cell sigma

values, based on the sensitivities of these SRAM metrics to each device parameter XI (∂SNM
∂XI

and
∂IW
∂XI

). Table 3.3 summarizes VDD,min for the various 6T-SRAM cell designs. It can be seen that

oxygen insertion technology facilitates voltage scaling to below 0.50 V, with the lowest VDD,min of

0.44 V for the 1-3-2 cell design. The 1-2-1 cells have the largest VDD,min due to relatively poor

write-ability as shown in Fig. 3.14 and Fig. 3.15. Fig. 3.13 directly compares cell sigmas for
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Figure 3.10: Illustration of read SNM cell sigma for a 2-dimensional variation space from [26].

SSR FinFET technology vs. control FinFET technology, for the 1-3-2 cell design. For the control

FinFET technology, VDD,min is limited by IW cell sigma, which degrades faster with decreasing

VDD than does the read SNM cell sigma of SSR FinFET technology. These results indicate that

SSR FinFET technology should be less susceptible to degradation in 6T-SRAM write-ability due

to decreased gamma ratio [10].

These results indicate that SSR FinFET technology can provide for 60-70 mV reduction in 6T-

SRAM cell operating voltage. It also reveals that the 1-2-1 cell design has the worst VDD,min despite

having the best read SNM as shown in Table 3.2. This is because VDD,min is limited by IW cell sigma

since p-channel FinFETs are stronger than n-channel FinFETs, for the same number of fins. Both

the 1-2-2 and 1-3-2 cell designs are projected to be able to scale to operating voltages below 0.5 V.
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control FinFET SSR FinFET

Cell design 1-1-1 1-2-1 1-2-2 1-3-2 1-1-1 1-2-1 1-2-2 1-3-2

VDD,min (V) 0.56 0.63 0.52 0.50 0.49 0.57 0.45 0.44

Table 3.3: Comparison of minimum operating voltage (VDD,min) for various FinFET-based 6T-

SRAM cell designs.

Figure 3.11: Read SNM (open circles) cell sigma and IW (solid squares) vs. VDD for various SRAM

cell designs implemented with control FinFET technology.
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Figure 3.12: Read SNM (open circles) cell sigma and IW (solid squares) vs. VDD for various SRAM

cell designs implemented with SSR FinFET technology.
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Figure 3.13: Read SNM (open circles) cell sigma and IW (solid squares) vs. VDD for the 1-3-2 cell

design.
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Chapter 4

Conclusion

Low-power bulk-silicon FinFET technology at the 7/8nm node [9] has been investigated via TCAD

3-D device simulation and compact modeling in this study. A super-steep retrograde (SSR) fin

channel doping profile enabled by oxygen insertion technology is beneficial for improving device

performance (particularly Id,lin by 10% for NMOS and by 5% for PMOS) and for reducing sen-

sitivity of device performance to process-induced variations. These benefits provide for superior

write-ability of 6T-SRAM cells, and are projected to facilitate reductions in the minimium cell op-

erating voltage (by 60-70 mV as compared with conventional FinFET technology), to below 0.50

V. This work shows that bulk-silicon FinFET technology can extend CMOS scaling beyond the 10

nm node.

Future work
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Chapter 5

Appendix: FinFET I-V Compact Model

The analytical model used in this study for fast estimation of 6T-SRAM performance metrics and

cell yield is adopted from [26]. It is based on the short-channel MOSFET I-V equations, which

include channel length modulation (CLM), velocity saturation, and bulk charge effects:

Ids =


Isub(1− e

−VDS
Vth )e

VGS−Vt
SS VGS ≤ Vt,

Isub(1− e
−VDS
Vth ) + µlCox

W
L
VDS(VGS−Vt−mVDS/V0)

1+
VGS−Vt

EsatL

(1 + λVDS) VGS > Vt and VDS ≤ VGS−Vt
m

,

Isub(1− e
−VDS
Vth ) + µSCox

W
L

(VGS−Vt)2

1+
VGS−Vt

EsatL

(1 + λVDS) VGS > Vt and VDS >
VGS−Vt
m

.

(5.1)

where Cox is the gate oxide capacitance per unit area, W is the effective width of the fin channel

region, L is the gate length, VGS is the gate-source voltage, VDS is the drain-source voltage, Vth is

the thermal voltage (26 mV at 300K), and Isub is the current level that defines the threshold voltage,

i.e. 100nA× Weff
Lgate

. Vt,sat and Vt,lin are threshold voltage (Vt) extrapolated at the constant current level

Isub from Ids vs. Vgs curves. Accounting for the DIBL effect:

Vt = VT0 −D · VDS (5.2)

To ensure continuity between different MOSFET operating regimes, the parameter V0 is given by:

V0 =
1

1− µS
2µl

(5.3)

The values of the remaining fitting parameters are calculated based on seven I-V data points ob-

tained from TCAD 3-D device simulations. Table 5.1 lists these seven operating points:
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Parameter VGS (V) VDS (V)

ID,lin VDD (0.80 V) VDS,lin (50 mV)

ID,linlo
VGS,linlo

(higher than Vt,lin)
VDS,lin

ID,sat VDD VDD

ID,lo VDD/2 VDD

IOFF 0 V VDD

ID,hi VDD/2 VDD/2

Vt,lin VDS,lin

Vt,sat VDD

Table 5.1: FinFET operating points used to calibrate the compact model.

The equations used to calculate the fitting parameters are given below:

D = |(Vt,lin − Vt,sat)/(VDD − Vds,lin)| (5.4)

VT0 = Vt,sat +D · VDD (5.5)

SS = |Vt,sat/(ln
Ioff

Isub
)| (5.6)

EsatL =
(VDD/2− Vt,sat)(ID,lo − Isub)(

VDD−Vt,sat
VDD/2−Vt,sat

)2 − (VDD − Vt,sat)(Id,sat − Isub)

Id,sat − Isub − (ID,lo − Isub)(
VDD−Vt,sat
VDD/2−Vt,sat

)2
(5.7)

λ =

Id,sat−Isub
ID,hi−Isub

− (VDD−Vt,sat)2

(VDD+(
VDD
2
−Vds,lin)DIBL−Vt,lin)2

EsatL+VDD+(
VDD
2
−Vds,lin)DIBL−Vt,lin

EsatL+VDD−Vt,sat

(VDD−Vt,sat)2(EsatL+VDD+(
VDD
2
−Vds,lin)DIBL−Vt,lin)

(VDD+(
VDD
2
−Vds,lin)DIBL−Vt,lin)2(EsatL+VDD−Vt,sat)

− Id,sat−Isub
2(ID,hi−Isub)

(5.8)

µS =
2m(Id,sat − Isub)(1 + (VDD−Vt,sat)

EsatL

(VDD − Vt,sat)2(1 + λVDD)
(5.9)

To increase the accuracy for modeling low-field mobility, low-field mobility µl is a function of

gate-source voltage:

µl = µ′L(
VGS + Vt(VDS)

VDD + Vt,lin
)α (5.10)

where µ′L is the low-field mobility at VGS = VDD, and µlO is the low-field mobility at VGS = Vgs,linlo.

(VDD > Vgs,linlo > Vt,lin).

µlO and µ′L are given by:

µlO =
1

CoxWeffLg

[Ids,lin − Isub(1− e
Vds,lin
Vth )]

1+
VDD−Vt,lin

EsatL

Vds,lin(1+λVds,lin)

VDD − Vt,lin −mVds,linV0,lo
(5.11)
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where, V0,lo is given by:

V0,lo =

1− µS(Vgs,linlo−Vt,lin)

2×[Id,linlo−Isub(1−e
Vds,lin
Vth )]

1+
Vgs,linlo−Vt,lin

EsatL
Vds,lin(1+λVds,lin)

1− Vds,linm×µS

2×[Id,linlo−Isub(1−e
Vds,lin
Vth )]

1+
Vgs,linlo−Vt,lin

EsatL
Vds,lin(1+λVds,lin)

(5.12)

µ′L =
1

CoxWeffLg

[Ids,lin − Isub(1− e
Vds,lin
Vth )]

1+
VDD−Vt,lin

EsatL

Vds,lin(1+λVds,lin)

VDD − Vt,lin −mVds,linV0,lin
(5.13)

and V0,lin is given by:

V0,lin =

1− µS(VDD−Vt,lin)

2×[Ids,lin−Isub(1−e
Vds,lin
Vth )]

1+
VDD−Vt,lin

EsatL
Vds,lin(1+λVds,lin)

1− Vds,linm×µS

2×[Ids,lin−Isub(1−e
Vds,lin
Vth )]

1+
VDD−Vt,lin

EsatL
Vds,lin(1+λVds,lin)

(5.14)
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