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Fluctuation Sensitivity Map: A Novel Technique to
Characterise and Predict Device Behaviour Under
Metal Grain Work-Function Variability Effects

G. Indalecio, N. Seoane, K. Kalna and A. J. Gaftoureiro

Abstract—A new technique developed for the analysis of intrin- location of the fluctuations and, therefore, the infornmaticey
sic sources of variability affecting performance of semiconductor provide will be incomplete, lacking the insight necessary t
devices is presented. It is based on the creation of a Fluctua- ;o mprehend how the different regions of a device contribute
tion Sensitivity Map (FSM), which supplies spatial information N .
about the source of variability affecting the device performance to the Var"”?b'“ty' For the RDF, the. spatial dependence Qf
and reliability, providing useful advice in the development of the correlation between an uncertain parameter and device
fluctuation-resistant device architectures. We have applied the variability has been explored [12] by defining a statistical
FSM to metal grain work-function variations (MGWV), since  significant region in the device where the impact of the dégpan
they are one of the major contributors to device variability. a5 the largest. Moreover, the Impedance Field Method [13]
This technique is computationally very efficient because, once the . .
original FSM is created, it can be used to predict the MGWYV for was deVF".IOpeq agan folr the .RDF to Obta'” the effect (_)f small
different metal gates or grain sizes. Two state-of-the-art deges Perturbations in the device without having to actually et
were used as test-models: a 10.7 nm gate length Si FinFET andthe device for each variability scenario, as long as both the
13-4 nfg gate I|engtht“?b‘53?30447AbS ||FitnFtEhT' Thfté |Cf053a5?0ttik?n perturbations and their effect were relatively small.
shape (triangular, rectangular or bullet), m in :
gatep (TIN or%NN), and thg grain size (12), 7ane5ann:)siave beeen In .thl.s pape_r, we presgnt a new approach to eyaluate the
used as test scenarios for this technique. sen§|t|V|ty of different regions of the gate of a.sem|cort_duc
o ] ] device to the MGW variability (MGWV). This technique,
W(Jr”kdflfn;?:)ws\;:ggmff Spearf;?ﬁﬁirnﬁ':rftué}ﬁcp’”éfsvorom" 9ate \which is based on the creation of a Fluctuation Sensitivity
' ’ ' Map (FSM), will provide i) useful spatial information about
the effect of variability on the device performance and ii) a
. INTRODUCTION prediction of the magnitude of the variability for a parteu
Variability in performance of nanoscale semiconducton-ra figure of merit (FoM). Therefore, this approach, which obsai
sistors plays an essential role to determine viability tpsimulation results at a reduced time, can be beneficial in the

particular technology solution in circuit operations [Vri- design of fluctuation-resistant architectures of semicotat

ations in device performance induced by metal grain worKEViCes _ _ _
function (MGW) [2], [3], line-edge roughness (LER) [4], [5], The structure of the paper is as follows. Section Il dessribe

or random dopant fluctuations (RDF) [6], [7] become the moEPW the flgctuation sensitivi_ty maps are created. Sectibn Il
critical at nanoscale dimensions [8]. Computational eatitn presents different case studies where the FSM may be useful.

of variations requires demanding statistical analysis airge S€ction 1V explains how the FSM can be used to predict the
ensemble of 3D specimens of the technology solution. A stu§{pndard deviation of the MGWV for a FoM. The conclusions
of variability in the sub-threshold region, dominated bgcel @€ drawn up in Section V.

trostatic, can be carried out by a relatively fast approdah | ll. CONSTRUCTION OF THEFSM

guantum corrected drift-diffusion simulations [9], but tady . i i )
in the on-region needs more complex 3D techniques [11] A map is constructed with the aim to represent the sensi-

like ensemble Monte Carlo [10] or Non-Equilibrium Greeﬁ“”ity to _the fluctuations_ in the different regi(_)ns of the et
Functions [7], which increases the computational time. @até using avl x N matrix named FSM. In this case the map
majority of these statistical studies are relatively sienphd 'S tWO dimensional because_ the region of interest is the gate
use the standard deviatioro)( (or other purely statistical CoNtact. The elements of this matrik$M,j) are mapped to

parameters) as the main criteria for analysis. These paeasnePOINts (U,v) of the metal gate (see Fig. 1) which has been

do not account for any type of information related to theniformly discretised byM x N elements. The value of an
elementFSM ; will represent how sensitive a certain FoM
This work is supported by Spanish Government (TIN2016-76B)dy the iS t0o the grain orientation at the position in the gate. Low

Consellera de Cultura, Educagn e Ordenadn Universitaria (accreditation yg]yes represent a low sensitivity, so the FoM will be chaggi
2016-2019, ED431G/08), the Buropean Regional Developmand FERDE), negligibly with the grain orientation at that position oétbate
and Xunta de Galicia (project GRC 2014/008). NS receivedlifugp from the gligibly g p :

Spanish Ministry of Economy and Competitiveness (TEC2014029]IN) High values of the FSM (positive or negative) will represent
and FEDER. GI, NS, and AGL are with the CITIUS, University airiago 3 hjgh sensitivity, so the FoM is changing significantly when
de Compostela, Spain. KK is with the Nanoelectronic Devicemputational h . . . h . h Th .
Group, College of Engineering, Swansea University, Unietydom. E-mail: € grain orientation at that point changes. The constacti
(guillermo.indalecio@usc.es). of the FSM can be mathematically expressed as follows:
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Let us consider the functiof: (i, j) — (u,v) that maps the
indices of the FSM matrix to points in the gate of the devict
Let WFX(u,v) be the work-function value at a poifa,v) of
the gate for thek-th device configuration, angl the resulting
value of a certain FoM when this configuration is simulate«

With this notation, the local sensitivity can be expressed f ~
<«

1

each of the simulations as:

(wu)

o
POM, = w1 ) ®

If P is the total number of device configurations, wt(a)

minimise the residual of this equation by fittirafi, j) and
b(i, j), for each node locatiofi, j) as: 20

¢~ (ali, i)+, 1) WF(f(,1))) =0 vke[1P] (2 1

Ey—S' -
(7 Ny, Y a

301

1
Finally, the value of each element of the matfigM ; (see 55 gw
Eqg. 1) will be the slope of the linear fit as: éo‘ = 4
R -5
FSMJ = b('? J) (3) 130 15 //_?«0"715

- 105
o S0
0 -

- e -
e % - s
¥ 0"\&“\ s \‘\((\\ Yy, 0w M{\““\\
(c) "fomy 0 b CIRERE S

15

A detail explanation of how to use this constructed FSM t
predict the MGWV can be found in Section IV.

Fig. 2. Schematic structure of the FINFET architectures stigated: a)
[1l. CASE STUDIES rectangular-shaped channel with a thin oxide buffer ondpeof a gate (REC-

As a particular example, we have chosen state-of-the-apn), b) rectangular-shaped channel with a thick oxidefesufof ;10 nm)
top of the gate (REC), c) bullet-shaped channel (BUL), @nttiangular-

. . ... 0
na.-noscale FinFETs as teSt_ d_eV'CeS to prove the validity Qr}aped channel (TRI). All the devices are described by afeglgment mesh
this approach. Note that a similar study can be done for otheth rounded corners in the body.

device architectures (e.g. nanowire FETs, double-gatesFET
etc.).

We investigate two channel materials (Si an
Inp53Gap47As) and four cross-section shapes which hay
been accurately described via finite elements. Followirg tl
appropriate scaling of experimental transistors [14],],[15
we have modelled three multigate devices, two of the
with a rectangular-shaped channel and either a relative
thin top oxide, as illustrated in Fig. 2(a) (REC-Thin), or ¢
more realistic triangular-liked top oxide (originatingoin
etching process), as seen in Fig. 2(b) (REC). The third @evi
has a bullet-shaped channel (BUL) as shown in Fig. 2(c,.
Moreover, for comparison purposes, the tnangular-shapﬁq 3. Two examples of a MGW profile applied to the gate of adiull

channel device in Fig. 2(d) has been selected as an eXtredﬁ%)ed channel FinFET: (a) shows a Voronoi generated gistfibdtion (with
GS=5 nm) for a TiN metal gate, and (b) shows a synthetic profile inrciithe
gate has a constant work-functigvF = 4.6 eV, apart from a small horizontal
strip whereWF = 4.4 eV.

WF=4.6 eV

WF=4.4 eV

BG

case resulting from etching process [16]. Note that the
body of the device has rounded corners in all the analysed
structures accurately described by a finite element mesh.
All the simulated transistor structures have been designed
following the ITRS specification [17] and have the same:
i) gate length (161/10.7 nm for InGaAs/Si), ii) fin width
(6.1/5.8 nm for InGaAs/Si) and iii) cross-sectional area
(93/87 nnt for InGaAs/Si) but different fin heights.

Initially, in order to create the FSM, two inputs are needed:
i) the distribution of WF values over the device gate for each
Fig. 1. Example of the mapping of points (uv) in the metal gateaof simulated device configuration, and ii) the value of the FoM

semiconductor transistor to a 2D structure of dimensidnsN with indices  (€.9. Vi, SS, brr lon) that such WF distribution produces.
(i.j)- The top of the gate (TG) and bottom of the gate (BG) amtidated. ~ Two metal gates have been considered: i) TiN, which has two

TG

BG
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possible orientations of the grains with WF values df 4nd REC-Thin REC BUL TRI
BG

4.4 eV and probability of occurrence 60% and 40%, respeBG
tively, and ii) WN, which has four possible grain orientason
with WF values of 45, 4.6, 53 and 42 eV and probability

of occurrence 65%, 15%, 15% and 5%, respectively [18]. /
we mention in the previous section, both the FSM and tt
gate are characterised via a 2D matrix that, in this case, TG
a 100x200 dimension. The distribution of WF along the gat
has been modelled using Voronoi diagrams [19], [20], whic
provides a realistic physical representation of the grd#ias
compose the gate [21].

For each FIinFET, ensembles of 300 devices were generaigg BG BG BG !
each with a different gate WF distribution (see an examp & MG DG SG MG DG SG MG DG SG MG DG
in Fig. 3a for an average grain size (GS) of 5 nm), an m@/' ; : 0_16‘
simulated in order to extract the main FoMs that charaaeri_
each individual device. These simulations have been dotie wi. i
two in-house built 3D finite-element (FE) density—gradien'i:gi:E'Tsi?\‘\;rzo_Fgg)M\i ?,:etg?aif,?usriZ(;r?sss{sfﬁ,t.'on shapes b iGaarhs
(DG) quantum-corrected tools: i) a drift-diffusion (DD)sil-
lator [22] (that was previously calibrated against Silva¢a3] GS = 05 nm GS=07nm . GS=10nm

NEGF simulations [24]) for off-region studies, and ii) a Men BG BG w
Carlo (MC) simulator [25] in the on-region. is,
| o . B
A. Impact of the Device Geometry
A Vr MGWYV study performed for the four previously
described cross-section shapes has given \thestandard
deviation of the distributions around 32V independently BG BG BG
of the cross-section shape, with maximum differences of 5 g ‘

only indicating a good immunity of the MGW variability t0 _53.57 00 2.7 53 -53-27 00 2.7 53 -53-2.7 0.0 2.7 53
the cross-section shape [26]. Therefore, if we limit thedgtu
to a comparison of thes of the distributions, we will be [ g : ‘ : ]
missing important information about the devices behaviot 0.0 Sensitivity log(uA)/eV 45
For in.St.ance’ Fig. 4 shows the 2D threshold VOIt?ge fluatoat Fig. 5. 2D bt FSMs for the rectangular (REC) cross-section shape Si HinFE
sensitivity maps for the four analysed cross-section shtps at \./D':O.OS {/f as a function of the grain size (top) and 1D aggregated gat
provide visual information of how sensitive thg of a device sensitivity (AGS) along the transport direction (bottom).

is to the WF present in the different regions of the gate. Note

that the lighter the colour, the more sensitive a region ef th o

gate is to the MGWV. The sensitivity is expressed in mv/e\B: Impact of the Grain Size

with the MGWYV in eV and the FOM\{y) in mV. The top We have analysed the effect that the average grain size (GS)
(TG) and bottom (BG) of the gate are indicated as defined the grains that compose the gate has on the off-current
in Fig.1 together with the middle gate (MG), the source/gatéorr) and the on-current ¢h) using the FSM. This study
(SG) and drain/gate (DG) ends. In the REC-Thin and BUhas been done for the rectangular (REC) cross-section shape
devices, the top and sidewalls of the gate are the most sensiFinFETSs. Figs. 5 and 6 show, respectively, the 2D off- and on-
regions to the WF variations because the high electron gensitirrent fluctuation sensitivity maps for grain sizes of 5nd a

is concentrated at the top of the cross-section, as seebjn [20 nm. As already seen in Fig. 4, the sidewalls of the gate are
In the REC device, there is a thick layer (of 11 nm) of oxidéhe most sensitive regions to the MGWV. Thgt FSM shows

over the channel (a relict of etch process), which reduces tihat, independently of the grain size, the grains that ogtle
impact on the device ¥ by any metal grain placed on the topmiddle of the gate and its proximity are dominant contrilosito

of the gate region. Therefore, for the REC device, the FSid the variability. In order to demonstrate this, we define
shows that the grains present in the sidewall region of the géhe 1D aggregated gate sensitivity (AGS) for a particiar

are the most influential. When analysing the FSM for the TRIoordinate, as the addition of all the FoOM values that corapos
device, we observe that the region that spans from the botttime column of the FSM associated to that coordinate, which is
to the sidewalls of the gate is the most sensitive to the MGWen normalised to a value between 0 and 1. The AGS along
variations. Note that, for this device, the high electrongiy the transport directionX) is shown at the bottom plots of

is mostly located at the bottom of the cross-section, whege tFig. 5, where it can be seen that the sensitivity concergrate
channel widens, and is low at the narrow top due to strongatrthe middle of the device. In the case of thg,lthe FSM
guantum mechanical confinement [16], [26]. shows that the sensitivity is much larger at the source end of

i

X (nm) X (nm) X (nm)
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: : | Fig. 8. Scatter plot of the predict&é distribution vs. the rea¥r distribution
0.00 Sensitivity uA/eV 0.75 using the FSM for the four analysed cross-section shapesy@gGay47AS

FinFETs. Thevr values are normalised with respect to a mean value (set at

Fig. 6. 2D by FSMs for the rectangular (REC) cross-section shap@ and the standard deviation (set at 1). The correlatiorffictemt (p) and
Ings3Gaa7As FINFET at \b=0.6 V as a function of the grain size (top) the standard deviation of the real distributiasVt) are shown for reference.

and 1D AGS along the transport direction (bottom).

4.6 eV in the whole gate except on a vertical or a horizontal

BG 075 BGT 1 03 o . o
narrow strip in which the work-function is set to4eV. For
. instance, Fig. 3(b) shows an example of a synthetic profile
g ¢ that includes a horizontal strip. In order to create the FSM,
o % TG B firstly, the strip is placed on the gate horizontally and nibve
£ 2 along the possible locations in the gate. Device simulation
g & are carried out in each position and the different FoM result
recorded. Then, the same process is repeated with the strip
placed vertically.
ES oo BG ' °° " Fig. 7 shows the ¥ (left) and by (right) FSM for the REC
@ g /\/ Inp53Gap47As FINFET created using synthetic gate work-
5.2 0.0 50 52 0.0 50 function profiles. These results validate the ones observed
X (nm) X (nm) when Voronoi gate work-function profiles were used to create

the fluctuation sensitivity maps as long as the grain size is
Fig. 7. 2D \f (left) and by (right) FSMs for the REC cross-section shapéarge. When USing the Synthetic method, all the pOintS in the
Ing 53Gap.47As FINFET for synthetic gate work-function profiles (top)dahD  gate will be uniformly inspected. For this reason, there is a
égf,?g’s”pgeéz\feffnsr’ort direction (bottom). The drain bia®.85 V and - norfect symmetry in the sensitivity observed from the TG to

both BGs of the device as expected, whereas with Voronoi, the

metal grains are randomly placed due to the nature of these
the gate than at the drain end (see bottom plots of Fig. 6). Timetal grains. Also note that the sensitivity range for thg |
drain bias for the on-region analysis was seVgb = 0.6 V, FSM of the 10 nm gate bx3Ga.47As FINFET is the same
while it was fixed at M5V in the sub-threshold region studywhether we use synthetic profiles or Voronoi profiles.
which also explains the different behaviour observed inrthe The middle of the gateX = 0) work-function values are
respective FSM. All these effects reflect the fact that trengr dominant contributors to the sub-threshold region valitgbi
size has an impact in the calculated FSM. Theoretically, tifigee the AGS in Fig. 7 left). The most significant work-
sensitivity is a characteristic of the device, but the pduce function values for the MGWV in the on-region are found
to obtain it will yield better results with bigger grains aaldo in the proximity of the source end of the gate, i.e., when
with more input profiles. Therefore, the smaller the gramesi —5.2 < X < —1.3 nm, the AGS> 80% (see Fig. 7 right).
the larger should be the ensemble of devices to obtain goodrhe grains present on the gate will have the largest effect

statistical accuracy. when aligned with the maximum of a potential barrier between
the source and the drain. The maximum lies in the middle of
C. Synthetic Profiles the channel at a low drain bias but near the source at a high

rain bias, as previously demonstrated by [27] for the cdise o

When using Voronoi grain distributions to extract the FS aBonsiIicon gate MOSFET.

a concern that may arise is how independent the created m
is from those very same Voronoi grains. Therefore, we have to
establish whether the FSM heavily depends on the data used
for its extraction. For that reason, we have created a largeThe usefulness of the FSMs is not only limited to the spatial
set of synthetic profiles that will set a fixed work-functioh oinformation that they provide. Once created, they can be als

IV. PREDICTIVE POWER OF THEFSM
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employed to perform FoM variability estimations withoutde TABLE |

to simulate hundreds of different device configurationswas THE MGWYV FOR THREE DIFFERENTFOM FOR THE10.7 NM GATE

h h in th . i the ESM t tIIPENGTH REC S FINFET USING EITHER SIMULATION RESULTS(OReal) OR
ave_ S _OWI’] In the _prewous section, the 2 _S represen E FSM MATRIX GENERATED FROM VORONOI PROFILES WITH A GRAIN

sensitivity of a device to a source of variability. Ther&for size 10nm (6¥%3,). THE VALUE OF THE FITTING PARAMETER () AND

it makes sense to use them to anticipate the behaviour off & PERCENTAGE OF ERROR OFSLSEVSNM'BASED ESTIMATION ARE ALSO

the device under different scenarios (i.e. gate configumati '

in the case of the MGWYV). The following input parameters

are necessary: i) a FSM for the device generated using eith@fata FoM GS Oreal24] | oYo0 Error

\Voronoi or synthetic profiles, ii) an ensemble Bfrealistic (nm) e %

gate WF profiles, and iii) the standard deviation of the FolV

(o(@rea))) Obtained after the simulation of that ensemble of 10 52.40 5240 | 00
profiles. V1 (mV) 7 | 42| 3803 | 3549 | 6.6
When th_ek profilg is applied, withk =1,2,...,P, a FoM 5 26.53 2476 | 6.6
can be estimated via the FSMI(,,) as follows: 0 0703 | 0703 | oo
1 MN TiN | log(lor(A)) | 7 | 42| 0513 | 0468 | 8.7

o= Y FSM; x WE} @ o
MxN & 5 0.366 | 0.327 | 11
beingM x N the dimension of the FSM matrix. 10 4.460 4.460 | 0.0
The real FoM simulation resultspés) and the ones gen- lon(HA) 7 | 53| 3170 3.000 | 5.3
erated via the FSMggsy) are highly correlated, as can be 5 2 454 1.970 | 19

seen in Fig. 8, where theVdistributions are compared for
the four analysed cross-section shapes. The standardidevia

of the FoM distribution estimated via the_FSM((pFSM)_) wiI.I TABLE Il

always be lower than the real one. This underestimation of THE MGWV FOR THREE DIFFERENTFOM FOR THE10.4 NM GATE
the variability is due to the averaging process done in ormler ~-ENGTH REC INo53GA0.47AS FINFET USING EITHER SIMULATION

. . RESULTS(0 OR THEFSM MATRIX GENERATED FROM SYNTHETIC
construct the FSM and it can not be eliminated. However, th (Ohe)

QOFlLES(Ua'Qéi(). THE VALUE OF THE FITTING PARAMETER(Q) AND THE

mismatch @) between the real and the FSM generated resultSPERCENTAGE OF ERROR OF THESM-BASED ESTIMATION ARE ALSO
is practically independent of the grain size and thugan SHOWN.
serve as a fitting parameter using the relation:

GS Svnt Error
Metal FoM o | Oreal24] | op)ay;
0(@predic) = 0 X O(Prsm) =~ O(Prea)) (%) (nm) Predic %
Initially, real simulation results are needed for an endemh 10 4122 | 4122 | 00
of profiles (that can be squared-shaped, Voronoi, TEM gener- V1 (mV) 7 5.5 30.06 2850 | 5.2
ated, etc.) in order to establish the valuemfThese results 5 21.47 1936 | 9.8

will be available since it had to be previously employed t
create the FSM. Once is known, the FSM can be used 10 0531 | 0.531 | 0.0
to predict the variability results for the other grain sizes TiN | log(lorr(A)) 7 55 0.389 0372 | 43
without need to simulate the semiconductor devices saving

[]

. . 5 0.280 0.252 9.8
computational time and resources. Table | shows theldrr
and by MGWV for the 107 nm gate length REC Si FinFET 10 10.20 | 10.20 | 00
with a TiN metal gate created via Voronoi grains. The staddar lon(UA) 7 6.2 7.074 7461 | 55
d_eV|at|pn pf the_ statistical d|str|but|(_)n can bee_n obtdlm_ry 5 5647 5204 | 6.2
either i) simulating a large set of different devices perirgra
size in order to extracbgrea, OF ii) using the prediction 10 1203 | 1203 | 00
provided by the FSM matrix to calculat®egic. WN V1 (mV) 7 105| 87.97 8391 | 4.6
On the one hand, a density-gradient quantum corrected drift 5 68.83 6091 | 11

diffusion (DD) technique was used in the sub-thresholdargi
(with simulation times in the order of a few hours) to estienat

ORreal for three different grain sizes, simulating 300 different

device configurations per grain size [24]. However, in the on On the other hand, the FSM generated from Voronoi profiles
region, a semi-classical technique like ensemble MontéoCacan be used to calculatg,’3,. (See results in Table I). For that,
(MC) had to be employed, which greatly increased the compwe are just simulating the ensemble of profiles for a paricul
tational time. For that reason, the number of simulatedagevigrain size (in our case 10 nm), and the variability results fo
configurations per grain size was reduced to 100 [24]. Thiee other possible grain sizes are just computed. Thergfoze
computational cost of the,200 sub-threshold and on-regiornumber of required simulations decreases to 400; 300 of them

simulations needed to extraGkea is shown in Table IIl. are needed to extract a FSM amdor the sub-threshold region
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TABLE 11l V. CONCLUSION
COMPARISON OF THE TOTAL COMPUTATIONAL COST OF PERFORMING THE
SUB-THRESHOLD (VIA DD SIMULATIONS [22]) AND ON-REGION (VIA MC A novel technique based on the creation of a Fluctuation

SIMULATIONS [25]) FOR THETIN MGW VARIABILITY STUDY PRESENTED e . .
IN TABLES | AND I1. THE TOTAL TIME OF THE REAL SIMULATIONS (0rea) ~ S€NSItVIty Map (FSM) has been presented for the investi-

IS COMPARED TO THAT OF THEFSM PREDICTIONS GENERATED VIA gation of intrinsic sources of variability in semiconducto
\/ . . . . .

EITHER VORONOI PROFILES(Opregic) OR SYNTHETIC ONES (Opeqi)- FSM devices. The FSM yields spatial information that could not
timeINDICATES THE TIME SPENT IN THE GENERATION OF THEFSM MAP b btai d via th isti [ ivel tatisti | tégh

AND IN THE CALCULATION OF THE PREDICTION. THE RESULTS ARE eo X _alne via e exis In_g eXC_USIVe y S ausuca eq_ B_S'

OBTAINED ON INTEL i5 — 2500PROCESSORS AB.3 GHz. Specifically, the FSM provides information on sensitivitly o

different regions of a semiconductor device to a certairrc®u
of variability. This technique, which can be applied to eifént

method sim. GS  (lcore) tme  tme  gimylation models, can assist in the design of variability-

Sim. No. No. Sim.time FSM Total

DD 300 3 6 hr 0 5400 hr  resistant device architectures significantly shorteninge tfor
OReal i
eal MC 100 3 24 hr 0 7200 hr their research and.development. .
- The FSM technique has been applied to study the Metal
oo bD 300 1 6 hr 2min 1800 hr  Gyain Work-function Variability (MGWV) affecting state-
Fedic mc 100 1 24hr  2min 2400 hr of-the-art FinFETs to demonstrate its advantages. We have
Synt DD 460 1 6 hr 2 min 2760 hr demqnstrated that thl_s t_echnlque helps to decrease_the_ com-
Predic . putational cost of statistical study because, once thdanatlig
MC 260 1 24hr  2min 6240 hr - Egp is created, the map can be used to predict the MGWV
for different FOMs, metal gate materials or their grain sjze
with estimation errors generally smaller than 12%.
and the other 100 to extract an on-region FSM andNote REFERENCES

that the same FSM cannot be used for both sub-threshold and
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