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Education and Career



• 2006-2012 UK EPSRC (2 projects) £3.18M

• 2009-2012 EU ENIAC €0.73M

• 2011-2014 Scottish Funding Council £0.50M

• 2012-2015 EU FP7 ICT €4.80M

• 2016-2019  EU Horizon2020, €3.50M，10%

• 2018-present 国家科技重大专项02项目子课题，参加

 Projects：

REMINDER

 Rewards：

• 2017 Hubei Province 100 Talents Program

• 2013 Outstanding outcome, Uni. of Glasgow

• 2007 UK ORSAS (UK government, around 800 global recipients/year)

 Papers：
• >70 papers, TED/EDL-14, IEDM/SISPAD/ESSDERC-19

• 2 IEEE T-ED cover stories，2 invited IEDM papers

• 2 book chapters

• >880 Google scholar citations, h-index 15

Research
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Introduction

2011-2012 / 22 nm

FinFET

2014/ 14 nm

Nano era (~2003)

The driving force: 

Moore’s Law
Doubled circuit density 

every 18-24 months

Moore’s Law：

1.Scaling of MOS transistors

2.Augmented IC performance

3.Increased statistical variability (challenge)！



The cloud-Statistical Variability

Gate oxide
Channel 

area

doping

The increase of statistical variability is evident

Random dopants
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Random fluctuation, statistical variability

Pelgrom area law (1989):

Pelgrom, et al., JSSC, 1989



PDK and SPICE models

Tapeout-Ready 
Design

Schematic/Symbols
Pcells
CDF

PV Rules (DRC/LVS/RC)
Technology file
SPICE Models

PDK

• SPICE models are one key component in PDK. Corner models 
(SS/FF/TT/SF/FS) are usually available to capture the process 
variation

• Corner models are inaccurate in capturing parametric distribution, 
and are conservative in design.

• Statistical compact models are required for accurate design and 
yield evaluation.

Foundry

Foundry

TCAD

Measurement

FablessFablessFabless
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Research History of Statistical Variability
• 1989, Pelgrom published the seminal paper on local mismatch, 

summarizing the statistical variability for the first time

• 1998, Prof. Asenov published the TED paper on random dopants

• 2006, IBM releases the research on statistical variability of 65nm 
CMOS 

• 2009, Prof. Hiramoto and colleagues published the project on 
decoupling systematic variation and statistical variability based on 
massive measurements

• 2010, GSS ltd is organized as spin-out from University of Glasgow, 
becoming the first EDA company on statistical variability 

• 2011, Intel releases their data for statistical variability in 45nm CMOS 
for the first time.

• 2011, IEEE T-ED special issue on statistical variability (cover from 
author)

• 2011 and forwards, statistical variability studies on FinFETs

• 2010’s, EDA tools on statistical variability
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TiN

• Line edge roughness 
(LER):

• Roughness of 
molecular polymer at 
the edge of line 
formed in lithography, 
transferred to 
patterned layer 

• Illustrated in front 
end critical layers 

• Metal gate granularity 
(MGG):

• Polycrystalline 
microstructure of 
metal gate thermally 
formed, leads to work 
function variation

• Worse in first-gate 
process than in last-
gate process

XTM
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• Random discrete 
dopants (RDD):

• Caused by implanted 
dopant scattering with 
lattice, demonstrated 
by randomness of 
number and location

• Basically follows 
Poisson distribution

Sources of Statistical Variability



• Variability = process variation (PV) + statistical variability (SV)

(Takeuchi, Nishida, Hiramoto, SISPAD 2009)
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Decoupling Statistical Variability from Process Variation

PV Systematic Correlated spatially Long-range

SV Stochastic Uncorrelated spatially Short-range



Kuhn, ted 2011 GF, iedm 2017

Ion
Ioff
SS
DIBL

SRAM minimum 
operation voltage

SRAM static 
noise margin

SRAM
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Influence of statistical variability
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Process simulation Device simulation Circuit simulation

Computation

C
o

m
p

le
xi

ty
/A

cc
u

ra
cy

Compact 
model

Material simulation

Drift-Diffusion

Moments of BTE
(HDM and ETM)

Particle Monte Carlo

Quantum Transport
• Widely applicable

• Substantially valuable

• Dependent on 
requirements

• Balancing between 
accuracy and 
computation cost

Device simulation

Synthesis

Modelling and Simulation



• Kc: cut-off tunable, dependent on dopant type

• Coulomb potential overlaps for two close dopants
15

(N. Sano et al. / Microelectronics Reliability 42 (2002) 189–199) 

Sano methodModelling Random Dopants 
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Asenov method

Dopant

Dopant 
assignment:
“Cloud-in-cell”
1>2>3>4

1

3

2

4

DD (G. Roy, et al. TED 2006, vol53 no12)

Mesh size < 0.5nm

+ DG quantum correction

Modelling Random Dopants 
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Autocorrelation function models
(Gaussian, exponential)

• Add random phase
• Inverse Flourier transform

(A. Asenov, et al, TED 2003, vol50 no5)

Generated LER

Flourier transform
Power spectra:

Modelling Line Edge Roughness
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Work 
functions [eV]

Probability note

<WF> - 0.12 0.4 <111>

<WF> + 0.08 0.6 <200>

• Determine grain size
• Total number of seeds
• Assign different types
• Randomize seeds of grains

Method I：

Method II：
Following the nucleating process

(Wang,et al, TED 2011, vol.58 no.8)

Simplified TEM

• Grow/Partition

Modelling Metal Gate Granularity



Random

Discrete

Dopants Gate Edge

Roughness

Fin Edge

Roughness

Metal Gate

Granularity

Simulation of Statistical Variability
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• 对FinFET随机涨落的首次全面建模仿真

• 随机涨落的新根源-鳍线边缘粗糙-首次全面研究

• 敏感度分析应用于FinFET建模仿真领域

• 相关性用于分析每一种随机涨落根源的阈值电压与静电特性的相关特征

1. New features of FinFET statistical variability
sensitivity analysis

Correlation analysis

scaling study

（X. Wang, et al., IEDM 2011, pp5.4.1-5.4.4）

Statistical simulation
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• DoE is used to investigate both SV and PV

• Strong dependence of statistical figures of merit on 
process conditions

• Pelgrom’s Law is not valid

2. Interplay between SV and PV in 14nm SOI FinFET of IBM

Design of
Experiments
(DoE)

Cover, June 2015

（X. Wang, et al., TED 2013, vol60 no8）

Statistical simulation
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• Require multiple Id-Vg@(Vd, Vbb), Id-Vd@(Vg, Vbb) for various L, W

• Base compact model is critically important for statistical compact modelling

• Extracting compact model is time-consuming

Extraction of base compact model
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CM Extraction and Generation

(B. Cheng, et la., IEEE Design & Test Comp, Mar/Apr 2010)
(X. Wang, SISPAD 2013）

• First, extract base compact 
model 

• Second, select a minimal 
critical parameter set to 
extract microscopically 
different devices (direct 
extraction) 

• Third, apply statistical 
enhancement such as PCA 
to re-constructing 
distribution (parameter 
generation)

Statistical compact modelling
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Statistical compact models of both PV and SV

（Wang, et al., SISPAD 2013;TED 2015）

The interplay between process variation and statistical variability is taken into 
account

	

	

• Extract the 1st set of parameters over 
devices at DoE grid

• Build the response surface mdoel from 
1st set parameter (PV model)

• Extract the 2nd set of parameters for 
statistical variability at DoE grids 

• Interpolate the statistical compact 
models over grids (SV models)

Statistical compact modelling
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• Unified framework of process variation and statistical variability models

• Verifications: multivariate distribution, covariance

E.G.：14nm SOI FinFET

（X. Wang, et al., TED 2015, vol62 no10）

PV extraction

SV extraction

PV generation

SV generation

A random case of 
(L, Wfin, Hfin)

Statistical Compact Modelling: Results
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Co-Optimization：

• Considering various factors for device

• Taking into account circuit requirements

• Linking device and circuit

• Performance-Power-Area-Yield

 FinFET DTCO flow, adopted by Globalfoundries、TSMC、SMIC

New paradigm for Integrated devices and circuits
28

Design Technology Co-Optimization
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• High density SRAM is subject to 
statistical variability impact 
significantly, 4 sigmas of read noise 
reaches 100mV.

• Different HKMG processes (gate-first 
vs gate-last) is of importance to SRAM 
tolerance to noise.

• Adding fin to PD (1->2) can 
significantly improve noise margin by 
42-45%;  meanwhile reducing noise 
variation by 30%

（Wang, et al., ESSDEERC 2012）

IBM 14 nm SOI FinFET

Statistical Variability and FinFET SRAM cell design
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Worst PV corner

PU:PD:PASS

Intel 22nm bulk FinFET

Statistical Variability and FinFET SRAM cell design



Summary

• Existing structures
• We identified the importance of statistical variability sources of 

such as FER, MGG; discovered the strong interplay between 
process variation and statistical variability in FinFETs

• We developed statistical compact models in a hierarchical way, 
taking into account the process variation and statistical 
variability.

• We initialized the design technology co-optimization method 
through comprehensive statistical compact models, which can 
adjust circuit design and technological design to evaluate yield.

• New structures
• New processes and structures, such as negative capacitance 

transistors, nanosheet transistors, are to consider, but with 
emerging variability sources and new characteristics



Thank you for attention！

32王兴晟/Xingsheng Wang (xswang@hust.edu.cn)


