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4,

Preface

The scope and objectives of the REALITY project are :

Development of design techniques, methodologies and methods for real-time
guaranteed, energy-efficient, robust and adaptive SoCs, including both digital and
analogue macro-blocks*

The Technical Challenges are :

To deal with increased static variability and static fault rates of devices and
interconnects.

To overcome increased time-dependent dynamic variability and dynamic fault rates.
To build reliable systems out of unreliable technology while maintaining design
productivity.

To deploy design techniques that allow technology scalable energy efficient SoC
systems while guaranteeing real-time performance constraints.

Focus Areas of this project are :

“Analysis techniques” for exploring the design space, and analysis of the system in
terms of performance, power and reliability of manufactured instances across a wide
spectrum of operating conditions.

“Solution techniques” which are design time and/or runtime techniques to mitigate
impact of reliability issues of integrated circuits, at component, circuit, architecture
and system (application software) design.

The REALITY project has started its activities in January 2008 and is planned to be
completed after 30 months. It is led by Mr. Bart Dierickx and Mr. Miguel Miranda of IMEC.
The Project Coordinator is Mr Peter Lemmens. Five contractors (STM, ARM, KUL, UoG,
UNIBO) participate in the project. The total budget is 2.899 k€.
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5. Abstract

This report describes the physical modelling of variability at the 45nm technology node
including the generation of statistical compact models. The work is based on the 45nm low-
power technology devices provided by the project partners at STMicroelectronics. The
modelling is performed by the University of Glasgow using their advanced 3D quantum-
corrected drift-diffusion simulator which can account for the different sources of variability
that play important role at this technology node. The simulator is calibrated against the data
provided by STM and statistical samples of device characteristic, including the appropriate
sources of variability, are obtained. From this simulation data, statistical compact models are
extracted which allow propagation of the variability information up the ‘food-chain’ to the
circuit and system design stages. IMEC has provided data on the temporal degradation of
devices related to formation of defect states. An analysis of the reliability of devices due to
different levels of degradation has been performed.
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10. Introduction

The aim of WP1 is the physical modelling and understanding of the variability at 45/32 nm
technology nodes including the generation of statistical compact models. The statistical
variability stems from the discreteness of charge and matter and the statistics of small
numbers. The major sources of statistical variability include random discrete dopants (RDD),
poly-silicon granularity (PSG), line edge roughness (LER), oxide and body thickness
fluctuations (OTF/BTF) and the high-k gate stack morphology (GSM) [1]. Realistic reliability
measurements and accurate estimates of statistical variability are only available for mature
technologies. In this work package (WP1) we use 3D statistical numerical simulations of
large statistical samples of microscopically different devices in order to estimate statistical
variability. We provide reliable quantitative data on which the design technologies and
solutions in WP2-WP6 will be based. The simulations are carried out with the University of
Glasgow (UoG) 3D physical statistical device simulator which incorporates RDD, PSG, LER,
OTF, BTF and GSM as sources of statistical variability [2,3,4]. The simulator can also
estimate the gate leakage variability associated with the above statistical variability sources.

Deliverable (D1.1) is based on the 45nm technology of STMicroelectronics (STM). STM have
provided technology data files of the doping profiles of their n- and p-channel 45nm low
power (LP) devices and calibrated |-V characteristics from TCAD simulation. UoG have
included the provided device structure within their simulator and calibrated it against this data
as discussed in section 11.

Investigation of variability requires the simulation of a statistical ensemble of microscopically
different devices — different random distribution of discrete dopants; different line edge
roughness pattern along the gate edge; different pattern of poly-silicon grains, etc. For this
work we simulate 200 different devices based on each of the nominal n- and p-channel
devices and this is presented in section 12.

Extraction of statistical compact models first requires the extraction of compact models for
the continuously doped n- and p-channel devices. This involves the simulation of Ip-Vg
characteristics at high and low drain voltages and with a different substrate biases. This is
done for the nominal device and also devices of longer channel length. For each of the 200
devices in the statistical sample a compact model can be generated by extracting 7
parameters which can account for the variability, while the remaining parameters are kept
from the initial extracted model. Compact model extraction is described in section 13.

Most device reliability problems are associated with generation of fixed charges or the
trapping of electrons and/or holes in defect states in the gate stack during circuit operation.
IMEC have provided data on expected trap sheet densities for different levels of degradation
allowing UoG to run statistical simulations to investigate the impact of stress on device
performance at different points in the lifetime of the devices. This allows propagation of
reliability information along the design food chain — combining pure TCAD-like simulations
and reliability measurements as reliability modelling. Section 14 looks at the statistical
reliability issue.

© REALITY Consortium
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11. Calibration of the ‘atomistic’ simulator

STM have provided TCAD process simulation data of the doping profiles of their 45nm LP
technology, along with Ip-Vg characteristic of their TCAD device simulations calibrated to
experimental data. Net doping profiles of the n- and p-channel devices are shown in Figure 1
and Figure 2 respectively. The first step in the work here is to introduce the provided device
structures into the UoG ‘atomistic’ device simulator. The profiles of each dopant species are
mapped onto the simulation mesh used by the simulator, and saved as doping files to be
read in upon execution of the simulator.

T ; T T ’ T ; T T ; T ; T 7 ; T T 7 T T T ; ; ; ; ; ; , . ;
Wi a1 e ess  ese om0 e ons o e en  oi2  ons axe VAR AR N YN Y N SIS SRS MY Y NPV RS NS YA

Figure 1: Structure of the n-channel device Figure 2: Structure of the p-channel device
provided by ST and obtained from TCAD provided by ST and obtained from TCAD
process simulation process simulation

The second step is to run the simulator to produce Ip-Vs characteristics at low and high drain
voltage and calibrate the simulations to match the TCAD simulation results provided by STM.
This is done by adjusting parameters in the mobility models (such as the saturation velocity).
The results of this calibration are shown in Figure 3 and Figure 4 for the n- and p-channel
devices. Good agreement is achieved in both cases.

Once the simulator has been calibrated to match the provided data, the different sources of
variability which are important for this particular bulk MOSFET technology can be introduced.
For the n-channel device we include random discrete dopants (RDD), line edge roughness
(LER) and Fermi-level pinning at poly-silicon grain boundaries (PSG). For the p-channel
device we include RDD and LER. The absence of donor-type interface states at the grain
boundaries of p-type poly-silicon means that Fermi-level pinning along these boundaries will
not be a source of variability in p-channel devices [5]. Figure 5 shows the electrostatic
potential in the n- and p-channel devices with these sources of variability included. The
surface potential is shown above each device demonstrating the source-to-drain barrier due
to the doping being modulated by the different sources of variability. In particular, the sharp
potentials due to RDD are clear with the attractive potential wells in the source/drain and the
repulsive barrier spikes in the channel. The reason for the variation in device characteristics
is clear from this picture as the potential in each device will be affected differently depending
on the particular configuration of the RDD, LER and PSG.

© REALITY Consortium
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Figure 3: Calibration of the Glasgow ‘atomistic’ simulator against TCAD simulation of
the ST 45nm n-channel device
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Figure 4: Calibration of the Glasgow ‘atomistic’ simulator against TCAD simulation of
the ST 45nm p-channel device
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(a) (b)

Figure 5: Electrostatic potential in the (a) n-channel and (b) p-channel devices with
sources of variability included.
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12. Simulation of statistical ensembles of devices

In order to extract statistical compact models it is necessary to simulate an ensemble of
devices; in this case we simulate 200 microscopically different devices. Unlike in the
PULLNANO project where only the variation in threshold voltage was investigated, here we
require full I5-Vg curves in order to allow extraction of the compact model for each different
device. Figure 6 to Figure 9 show the ensemble of Ip-Vs curves for the n- and p-channel
devices at low (Vp=0.05V) and high (Vp=1.1V) drain voltages. Each set of 200 I-V curves
requires approximately 3-5 CPU-years of simulation time depending on the drain bias,
highlighting the computational expense of the task, and demonstrating the need for large
computer clusters in order to perform such work.
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Figure 6: -V curves on (a) log and (b) linear scale for a statistical ensemble of 200 n-
channel devices. Vp=0.05V
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Figure 7: Ip-Vs curves on (a) log and (b) linear scale for a statistical ensemble of 200 n-
channel devices. Vp=1.1V
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Figure 8: Ip-Vg curves on (a) log and (b) linear scale for a statistical ensemble of 200 p-
channel devices. Vp=-0.05V
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Figure 9: -V curves on (a) log and (b) linear scale for a statistical ensemble of 200 p-
channel devices. Vp=-1.1V
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13. Extraction of compact models

Compact models are the interface between technology and design. The approach adopted
here for this interface is to generate a different compact model card for each of the 200
different devices. Then, during the statistical circuit simulation stage a Monte Carlo approach
is used, whereby for each transistor in the circuit, one compact model card is selected at
random from the ensemble and used to characterise that particular transistor.

Here, a two-stage statistical compact model parameter extraction strategy is implemented
[6]. During the first stage, a combination of local optimisation and group extraction strategy is
employed to extract the complete set of BSIM4 parameter using the Synopsys tool Aurora.
This is based on the simulation of a set of transistors with continuous doping concentration
and different channel lengths, focusing on those critical to long channel behaviour, the
threshold voltage in the short channel regime, and drain current response in the presence of
high fields. Figure 10 shows the quality of the BSIM4 parameter extraction results obtained
for the n-channel MOSFET, and Figure 11 for the p-channel, at the 45nm LP technology
node, where the symbols represent the |-V points obtained from the device simulation and
the curves are the compact model fitted to this data.

From a device operation aspect, statistical variability (SV) sources have the following
consequences: firstly, they cause off-current and subthreshold slope variations in the weak
inversion regime; secondly, they cause the well documented threshold voltage variation;
thirdly, they cause variation in device characteristics at moderate inversion; fourthly, they
cause S/D resistance variation; finally, they cause variation in DIBL effects. The parameters
extracted from the first stage are divided into two groups: those which have been found to be
relatively independent of statistical variation that are then fixed during the next stage, and
those sensitive to the statistical variation which will be re-extracted for each ‘atomistically’
different device at the second stage.

Seven key BSIM4 parameters are chosen to represent the effect of statistical variability
sources, where:

* VthO is selected to account for traditional threshold voltage variation

* U0 is selected to account for current factor variation

* Voff and Nfactor account for off-current and subthreshold slope variation

* Minv is selected to account for variation in the moderate inversion region

* Rdsw is a basic S/D resistance parameter, and is selected to account for dopant
variation in the S/D region

* Dsub is employed to account for DIBL variation.

Only Ip-V; characteristics are used for second extraction stage.

Figure 12 and Figure 13 show the distribution of RMS error for the statistical extraction of n-
and p-channel devices respectively. The error in the uniform extraction of the first stage is
included for comparison. The error is the linear difference between the |-V data obtained
from the device simulation (to which the compact model is being fitted) and the |-V data
produce by the final compact model obtained after re-extracting the 7 above parameters. The
calculated RMS error includes all points throughout the range of applied gate voltage and
both low and high drain bias characteristics. These figures show that the RMS error is below
5% for the n-channel device and below 7% for the p-channel device which good when
considering the variation in characteristics observed in section 12.
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Figure 10: Extraction of uniform n-channel compact model. (a) Ip-Vg curves on a log
scale, (b) Ip-Vs curves on a linear scale and (c) Ip-Vp curves.
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Figure 11: Extraction of uniform p-channel compact model. (a) Ip-V¢s curves on a log
scale, (b) Ip-Vs curves on a linear scale and (c) Ip-Vp curves.
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Figure 12: Distribution of RMS errors in the extraction of 200 statistical compact
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14. Statistical reliability

Most device reliability problems are associated with generation of fixed charges or the
trapping of electrons and/or holes in defect states in the gate stack during circuit operation.
The expected introduction of high-k dielectrics will exacerbate these problems due to higher
defect densities and lower dielectric stability. Due to the discrete nature of the fixed charges
and trapped carriers, reliability problems in sub 45 nm technology devices will have a distinct
statistical manifestation. For a particular density of hot carrier/NBTl/stress generated defects
the change in the characteristics of any nano-CMOS device during circuit operation will vary
depending on the actual position of single or multiple defect charges in the channel region of
the transistor. Using experimental data for the stress dependence of the average density of
the stress generated charge and defect states, and their spatial positions, we carry out a
detailed 3D simulation of the statistical distribution of the corresponding changes in device
characteristics due to microscopic manifestations of particular device defect configurations.
In combination with measured data for the energy distribution and the capture cross section
of the defect states, this will eventually allow the development of statistical time dependent
reliability models.

IMEC has provided data to UoG that an appropriate level of degradation to investigate for
this technology would be with traps densities in the range of 10''cm™ to 10">cm™. Therefore
three levels of degradation have been investigated with trap densities of 10"'cm™ 5x10"'cm™
and 10"%cm™,

In a statistical ensemble of devices it is expected that the number of traps in a device, for any
given level of degradation, will follow a Poisson distribution. Figure 14 shows the distribution
in the number of traps in 1000000 instances of a 100nm x 45nm region at the interface of the
p-channel device.

The effect of these fixed charges cannot be considered alone as their effect is inextricably
linked to the other sources of variability, in particular the other discrete charges due to RDD
[7]. An additional stress-induced charge will have a large impact if it occurs along a favoured
current path where there are no discrete dopants, but will have little effect if it occurs within a
cluster of dopants which already exclude current flow from that region of the channel. For this
reason the starting point is the 200 devices already simulated with sources of variability, and
to each device are added additional fixed charges, randomly within the channel, the number
of which will follow the distribution observed in Figure 14. Ip-Vg curves are simulated for the
three levels of degradation noted above and these are shown in Figure 15 to Figure 17 for
both n- and p-channel devices.
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Figure 14: Distribution of the number of traps at the interface of the simulated p-
channel device for different levels of degradation on a (a) linear and (b) log scale.
1,000,000 devices were generated.
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This additional channel charge will act to increase the absolute threshold voltage, however
the shift in V1 will depend on the number and location of the additional charges. As NBTI is
the major reason for degradation in this technology, and it affects p-channel devices, we
examine in detail the results of the p-channel simulations. Figure 18 and Figure 19 show the
distributions of V1 and the shift in V1 (AVy) for the different levels of degradation. It is clear
that not only does the shift increase with increasing trap density but also the spread in V.
This is quantified in Figure 20 and Figure 21 which show a linear increase in the average V+
along with an increase in the standard deviation, oVr.

1 b [A/wm]
-l b [A/um]

Figure 15: Ip-Vg curves for the 200 simulated (a) n-channel and (b) p-channel devices
with degradation trap density of 1x10"'cm™.

1 b [A/wm]
-1, [A/um]

Figure 16: Ip-V curves for the 200 simulated (a) n-channel and (b) p-channel devices
with degradation trap density of 5x10"'cm™.

1 b [A/um]
-1 b [A/um]

Figure 17: Ip-Vg curves for the 200 simulated (a) n-channel and (b) p-channel devices
with degradation trap density of 1x10"?cm™.
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Figure 18: Distribution of threshold voltages for different levels of degradation of the
p-channel device and the associated shift in V; from the trap-free device. Vp=-1.1V
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Figure 19: Distribution of threshold voltages for different levels of degradation of the
p-channel device and the associated shift in V; from the trap-free device. Vp=-0.05V

© REALITY Consortium



Deliverable D1.1

Page 22 of 32

0.075

V,IV]

0.070

0.065

oV_[V]

0.060

0.055

«
0

2x10""

4x10"

6x101]

8x10""

1x10"*

trap sheet density [cm_z]

Figure 20: Average and standard deviation of V; for different levels of degradation of
the p-channel device. Vp=-1.1V
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Figure 21: Average and standard deviation of V; for different levels of degradation of
the p-channel device. Vp=-0.05V
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15. Modelling of Variability Injectors

Most variability parameters and several degradation mechanisms are condensed into a AVth
and other netlist components. For that purpose every MOSFET in a SPICE netlist is
reparsed as depicted in Figure 22.

L 77 Gle

Figure 22: Automatic insertion of voltage source before gate to mimic AVth variation
and current-controlled current source along source drain to mimic Alp/lp variation.

The AVth in this scheme is a series voltage source added to the netlist; the Alp/lp (Abeta)
Is a current dependent current source added to the netlist.

Conventions for denominating distributions:

* Vth, W, T: means the nominal, average or invariable value

e AVth, AW, AT: static shifts away from the above value

If a parameter is called “delta_vth”, it means that it is referred to a certain “vth” in a relative
fashion. The invariable case of a “delta_something” is exactly zero.

e oVth, oW, oT: “distribution” of the parameter.

In the case of a Gaussian distribution, “0” means standard deviation, but here we use the
symbol ¢ in a generalised way, implying local and/or global types of variations. Any variation
type distribution may be given explicity such as oywVth, o Vth, ocVth, owVth, ogVth. We
advise to refrain from using algebra on os that is valid for true Gaussians only.

Note that in the variability injector modelling approach, the MOSFET, or any transistor, itself
is a blackbox. Its modelcard is NOT changed. This allows using any compact model, macro,
subcircuit, with minimal invasion in the existing simulation flow.

Pelgrom’s rule for W and L scaling applies to local random variations only. o(AVth),.s and
a(AID/ID)mfare the variability for the nominal transistor size. AVth and Abeta in this

approach are assumed to already include the variability effects of dopant and interface state
fluctuations, CD variations, LER variations and layer thickness variations, and more. If one
chooses to ropagate one or more of DF, ISF, CDV, LER or LTV separately, we should make
sure that their effect is taken out of the AVth and Abeta parameters. In such case, one could
e.g. implement CD variations and LER by directly impacting the L and W parameters of the
MOSFET modelcard. The IMEC approach for variability injection and baseline however is
that AVth and Abeta do include all mentioned effects.

For devices of different sizes, Pelgrom’s rule for W and L scaling applies. However this is
only in the case of local variations

A Wrey + AW)(Lyy +AL)
17 W+ AW)(L+AL)

o(AVih)=o(AVih

And a similar law applies to Alp/Ip:
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a(ﬂ)= MD) \/(Wref+AW)(Lref+AL)
Ip Ip ref '\/(W +AW)(L+ AL)

having nominal design size W,.s and L;. Often the nominal size is 1um. For all other variation
types (e.g., global die to die, wafer to wafer and/or batch to batch), o(AVzh) and o(AB) are

independent of W and L.

At this moment we assume that there is no significant scaling of o(AVih) and o(AB) with
temperature and Vps.

Extraction of variability injectors for the Glasgow 45nm device simulations

The method to extract deltaVt and deltaBeta is not a simple vertical and horizontal cut of the
variability set of I/V curves at some value of Vgs and Id. This is because we start on the
assumption that in reality deltaVt and deltaBeta are symmetrically distributed around the
typical device. We can then calibrate this typical device and compare it with the device
corresponding to the atomistic average.

Figure 23 depicts the transfer Vgs/ld characteristic and scatter plot deltaVt/deltaBeta for
nmos at high Vdd=1.1V. The blue circles of the scatter plot represent variability cloud
deltaVt/deltaBeta with respect to the atomistic average. The blue lines represent mean
values. The black circles represent the same scatter plot but moved to be centred around the
mean at zero points (deltaVt = 0V, deltaBeta = 0), which corresponds to the assumption of
symmetry. Finally, shown on the transfer characteristic are the atomistic average (blue curve)
and the calibrated typical device (black curve).

Transfer charasteristic

log10(1d) [A]

12 1 I | 1 ! 1
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9 e}
— 01t
©
g OOO %O
£ 0 o)
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deltaVt [V]

Figure 23: Transfer characteristic for Vgs vs. Ip (above) and scatter plot for AVth vs.
Alp/lp (below).
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16. Modelling of Reliability Mechanisms

This Section describes how a reliability model must be set up in order to be implementable
using the concept of injectors described in Section 15.
Essentially such a description consists of 4 parts.

1. Analytical or algorithmic model (say, programming language source-code), containing
design values and technology parameters, which describes (a) network element(s) for
insertion in a SPICE netlist.

Statistical distribution of the parameters in that model

Scaling rules allowing translation of the effect to a different case that is not in the
measured set

4. Scaling the cumulative effect of multiple different stress conditions

Hot Carrier Degradation

We propose to follow the approach of Chittoor Parthasarathy [8] compiled in his PhD.
The degradation relating to created interface states, and hence to saturation current, gm,
weak inversion slope and Vth, is expressed as:

Ip (1),
WH\ I,
Where AD is proportional to the “damage” in terms of interface states, n is about 72, m is

about 3 (depending on Vgp) and H is a technology constant. We assume that we can
calibrate the formula with a reference measurement, thus:

AD(1) =

n
m
Agm(t) 1/{/?—](53) t]
AV, (1) or gm __AD() _ D
AV rep(trer)  A8Meep(IRer)  ADppp(1) / / m "
em DREF ( BREF) trgp
WrerH \ I prer

which allows the prospect of straightforward implementation in the VAM IF, as AVry and
Agn/gm can be modelled with an analog netlist element. The variability is then easily brought
in via variability of these parameters themselves.

We silently assume that we can interchange Agn/gm and Alp/lp, thus:

m n
(1),
w1,

m
DREF(IBREF) tREF
WREF IDREF

The degradation under bias conditions that have been different during different time spans t;,
to, ... is a straightforward extension:

Al (1)
AV (1) . Ip

AV rer(trer) — Alpree(trer)
Ip

n
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m m n
Al (1) ’Dl(’m) t1+1m(lm) byt
AVy(D) I _ W \Ip W\ Ip,
AV rer(trer) — Alprer(fRer) / / m "
DREF( BREF) t
REF

Ip
Wrer \ I prer

This formula is usable as such when |g or Ig/lp_is known by the simulator. Often this is not the
case. In order to tackle that situation, we include in the rule Parthasarathy’s approach (with
some pragmatic simplification) to calculate Ig/lp:

A B:
IB = ?Emlc‘ID exp(_E_l)

1 m

Where

Vhe =V,
E, =-D5 —DSAT / DSAT and Vigar = Vs —Vin

m
C

Hence

T _A (Vps = Vis + Vin Jexp(-
I, B,

1

B i lc
Vps = Ves +Vru

for Vps>Vgs-Vru, (for an NMOSFET). Otherwise I is just zero, and we reduce to two
technology constants A and Vg:

Ip

v
7o A(Vps = Vs +Vitirer Jexp(— b
D

Vs =Vas + Vinrer
log (1 B / Ip ) __ Vg
A(VDS -Ves + VTHref) Vs =Ves + Virre

A and V3 are approximately constant for a given type of MOSFET in a given technology. A is
not of importance as it is eliminated in the HCD formula. Vg must be obtained from a Ig/lp
calibration measurement plotted as in Figure 24. Temperature dependence is neglected.

A
Log(le/lp/( Vps-Ves*Vh))

ffSIope—NB

- 1/(Vbs-Vas+Vn)

Figure 24: Calibration of the Hot Carrier model.

Although conceived for NMOS, the overall HCD formula might be applied to PMOS. In that
case, Vps>Vgs-Vru. In @ PMOS the absolute value of Vry decreases due to HCD, and the g,
decreases. Typically one chooses to neglect the effect of HCD in PMOS.
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Scaling rules for design parameters

m n
AL () ’D(’B) ;
AV (1) Ip ~ WlIp
AV er(trer) M prer(tRer) m n
Ip DREF(IBREF) REF
Wrer \Iprer

Allows scaling for different W. L is not explicit in this formula, Ip/ls depends on L. One must of
course know Ip and Ig either from the simulations or from

(IB/ID) Vg

log] =-
A(Vos =Vos +Vinrg))  Vos =Vas +Vitirer

Scaling rules for multiple stress conditions

m m n
Alp (1) IDI(IBI) t1+1m(1m) t+...
AV, () or Ip _ W \Ip, W \Ip,
AVthEF(tREF) AIDREF(I‘REF) It I m "
ID DREF ( BREF ) tREF
WREF IDREF

indicates that the stress histories can be added before taking the result to the power n.

Time-Dependent Dielectric Breakdown of MOSFETs

Piece-wise approximation model

1o (J.S. Suehle et al.IRPS 2004)
-
ive wear-out
| |
1e-4 \ Phase Il | I
2 | "Digital" | |
~ \ Breakdown Phase Il |
S 1e5 “"Analog” |
[ breakdown |
=
3
P 1e-6
3
1e-7 Phase | to= 2.2 NM
Intrinsic Viress= 3-9V
wear-out - -8 2|
1e8 A=25X10"cm
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Stress Time (s)
Slope, A
“ ”
tsbd sbd ,/
“ ” J
fresh two
' |

Figure 25: Gate current vs. stress time. Measurement data from literature (above) and
model proposed (below). The model considers variations in the effect by considering
variations in the parameter set (fresh resistance, time-to-wear-out, soft-breakdown
resistance, etc.).
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e Soft breakdown (sbd) happens after a time tsbd. After that the initial “fresh” I-V
characteristic changes to an “sbd” |-V characteristic. This |-V characteristic is strongly
non-linear.

e Wear-out (wo) happens after a time two, after which the device goes in “hard
breakdown” (hbd). The I-V behavior becomes that of a simple time-dependent
progressively-decreasing resistance R, obeying:

o A(1/R) = A(t) x slope x exp(A x max(abs(VGS), abs(VDS))
o Asymptotically R tends to zero. The observed current limitation is due to
external series resistances to the gate.x
How is this injected in a Spice net list?
In fresh state and in soft breakdown, gate leakage is a time dependent nonlinear resistance
between G, S, D and B, as shown below

Figure 26: In the fresh state, gate leakage (in the graph to the right) is a nonlinear
resistance (injected in schematics to the left).

In hard breakdown the resistance is linear, and obeys.

A(1/R) = A(t) * slope * exp(A * max(abs(Vgs), abs(Vps))
Herein slope is a “parameter” and, there is one technology specific “value” A, which has units
[Vl

We simplify the SBD model further: we disregard the small asymmetry between inversion
and accumulation, and we completely disregard the leakage to Bulk. The model will be
implemented as a Verilog-A model, which is identical in both quadrants.

The proposed model [9] for Fresh and SBD, for one quadrant is:

with 3 parameters that must be fitted to each measurement curve.

R fits to the |-V curve for high I. n (“eta”) and I, determine the low current behaviour.
Physically the “ideality factor” n must be larger than 1.

One can revert to a simple, piece-wise linear approximation, using R and a V,, in case the
analog simulator can not handle the full model. V,, is then calculated from the formula, where
Von=2R.I(Von)
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Table of parameters

This table contains a population of measured devices (or created devices). Some parameters
are given, duplicated for G-S and G-D.
These are for a given technology, NMOS/PMOS, tox, W, L, T, t, ..., example:

Table 1: Example population of breakdown parameter sets.

ptoir | tsbd | two |slope s |slope d| rfresh |rsbd_s|rsbd_d
1 2022 |23456| 23.3 221 |1.23e9| 3.4e7 | 3.4e7
1 678 10987 | 24.5 23.7 19.88e8| 1.1e7 | 1.1e7
1 |13900|19765| 21.7 19.0 |7.88e8| 2.9e7 | 2.9e7

In this table separate values for source and drain are given. We might consider simplifying
further and making these identical.

Rules for scaling W, L, T, t...

Should tell us “what is the effect on elapsed time” when stress condition V, T, etc change.
(attention: the measurement conditions after stress do not change)

The Pelgrom rule applies to R, only for local random variations

Rules for scaling to multiple sequential stress conditions

Approach: each stress condition on its own creates an “elapsed time”. The different stress
conditions just accumulate those times.

Negative Bias Temperature Instability of MOSFETs

The figure below shows the healing property of NBTI (negative-bias temperature instability)
and effectiveness of duty-cycle in controlling Vth shift [10]
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Figure 27: (a) Threshold voltage shift over time considering interleaved times of stress
and relax. (b) Influence of duty cycle of stress and temperature on threshold voltage
shift.
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NBTI creates an upper and lower boundary between which Vy, will move. The actual value at
evaluation time is not known (pick randomly?)

AVth . = f(time,duty cycletoggle rate,VGS,VDS,ID,some parameters)
AVth . = f'(time,duty cycletoggle rate,VGS,VDS,ID,some parameters)
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We derive these relations from Cao’s model [11], summarised in Table 2.

Table 2: Summary of the Predictive Model

|AVyy, | under NBTI

/ — \Zn
Static A{ (L +8)tor +/C(t — to) )
/ . \ 27
Stress (I\'l.(t —t0)%5 + 2YAV4o ) '
Dynamic
n 281te + /E2C (1 — 1o
Recovery AVipol 1 — Slle T V52 — 0)
Qtor + VOt J
3 :
. (gt o I, . = (2F
Ky ( ’qﬁ') ]\2(—'01‘(".98 - "th:'\"/?('xp ( - )
\ €ox / \ Eo /
C To_l cexp(—=Fq /kT)
tox t—to _’ iy
te
[t —1 JEC(t — tg)
toxry/ 0 _ V52 - { 0) otherwise
Voo 2€1
Fa (eV) | 049 Fo (Vinm) 0.335
A 0.5 K (57925 . -2 nm—2)] 8 x 10
&1 0.9 1) 0.5
T, 10—"%
Figure 28 depicts the abstraction of the model
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Figure 28: Abstracted NBTI model.
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17. Conclusions

In this report we present the results of the statistical simulation of variability in the 45nm
technology of STMicroelectronics. Ip-Vg curves for 200 microscopically different n- and p-
channel devices have been produced using the University of Glasgow’'s 3D ‘atomistic’
simulator. Compact models of each of these devices have been extracted and can be used
in statistical circuit simulations to investigate the effects of variability at the circuit and system
level. Degradation due to increased density of defect states at the oxide interface during
operation will be a major problem and we have simulated the effect for different levels of
degradation. We show that increased trap density not only leads to a shift in the threshold
voltage, but also to increased variability in device parameters.
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