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Abstract This paper presents a statistical leakage estimah
method for FinFET devices considering the unique with
guantization property. Monte Carlo simulations show that the
conventional approach underestimates the average dkage
current of FINFET devices by as much as 43% while hie
proposed approach gives a precise estimation withnaerror less
than 5%. Design example on dynamic logic circuitst®ws the
effectiveness of the proposed method.

I. INTRODUCTION

Double-gate FIinFET transistors are recognized as amnthe
most promising successors of traditional planak ldvices in the
sub-25nm regime due to the significantly reduceakdge current,
excellent short channel behavior, and compatilieidation process
with existing SOI or bulk technology [1]. FinFETdilize a fin-
shaped body perpendicular to the wafer surfacetry ¢che current.
The fin is sandwiched between the front gate aruk logmte, and is
made very thin to geometrically suppress the shbannel effect.
Much of the previous work on FINFET devices hashb@ene at the
device and process level [1]. At the CAD and cirdevel, only few
researchers have looked into the FInFET desigressdeor example,
Joshi et al. compared FinFET-based SRAM cells piiéimar PD-SOI
cells showing reduced delay, less standby powed, @teptable
change in read stability due to width quantizaf@in

One of the major differences between a FinFET dewind a
planar device is the fact that the FInFET devicescsis of multiple
small unit fins. This unique width quantization pesty in FINFETs
comes from the constant fin height constraint [B]this work, we
reveal that width quantization of FinFETs has gdaimpact on the
device leakage distribution under randdmvariations. It is shown
that conventional leakage estimation methods samifly
underestimate the FInFET leakage current whichpzaantially lead
to chip failure due to insufficient noise marginaccurate full chip
power estimates, and improper guidelines for leaksansitive
circuits. This paper proposes a sophisticated emastical derivation
for accurately predicting the leakage current itigtion of width-
quantized FIinFET devices. A real design examplerisvided to
show the importance of using a correct leakage madeen
designing FIinFET circuits. To the best of our knedge, this paper
is the first to analyze, model, and utilize thekbge distribution of
FInFET devices considering the width quantizatiooperty.

1. FINFET DEVICE MODEL

Fig. 1(a) shows a 3-dimensional FInFET device witthin fin
structure as the body. Double-gate FinFETs haveomt fand back
inversion channel and therefore the effective istos width of a
single fin is twice the fin height; i.8;,=2H. The body thicknesE;
is made extremely thin so that short channel effesuppressed and
the subthreshold leakage is reduced via the impr®ebthreshold
swing [4]. Fig. 1(c) shows the cross section & BinFET model
designed using the Taurus device simulator [5]. Fi=ET model
has a symmetrical front and back metal gate whiehtiad together.
Table 1 lists the device parameters of the desidgfieBET model
used throughout this paper.
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Fig. 1. (a) 3D structure of a FINFET device (b)daly example of a
width-quantized FinFET inverter (c) cross sectidrad®21lnm FinFET
model designed in Taurus.

Table 1 Device parameters of the Taurus FinFET inode

Device Parameters Values
Drawn Channel Lengthgrawn 25nm
Effective Channel Lengthe 21nm
Oxide ThicknesTox 14A
Body Thicknesqs; 5nm
Device HeightH 30nm
Vdd 0.8V

V¢ 0.22V
Temperature 110 C
Subthreshold Swin§at 110 C 83mV/dec

Il. IMPACT OF WIDTH QUANTIZATION ON FINFET
LEAKAGE DISTRIBUTION

Width quantization of FinFET occurs from the fdwat every fin
has to have an equal height)(due to process restrictions [3]. As a
result, a FINFET device with a large width has ¢odiscretized into
multiple minimum unit fins. Fig. 1(b) shows a layexample of a
FinFET inverter whose pull-up and pull-down aretbgtiantized into
smaller unit fins. Given the meanand standard deviation of the
single fin V4, conventional approaches [6] estimate e and
leakage distribution of a multi fin device assummdixed mearvy
value and a which is inversely proportional to the square rofthe
device area (or the number of fins in FInFET) as:
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Here, s is the standard deviation of a single fi. The

conventional approach fails to accurately estimtite statistical
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Fig. 2. (a) Leakage distribution of a 4-fin devicased on conventional
approach and Monte Carlo simulation showing larg®reexists in
conventional leakage estimation approach. (b) Hopst used in
conventional and proposed leakage estimation apprea n-fin devices.

leakage distribution since they assume that theageeof the multi
fin device leakage is simply a multiple of the $afin leakage by
the number of fins [6].

Fig. 2(a) shows the difference between conventideakage
estimation and the Monte Carlo simulation whichvesras the
golden result in this example. Conventional appinoshows large
error in leakage estimation and more importantlyriierestimates
the leakage value leading to the potential failofedesign target,
such as power budget and noise margin. As wihmwvn later, this
error becomes even more pronounced in larger dewionsisting of
more number of fins and with larg®k variation. Essentially, this
error happens because the conventional approachnddeapture the
exponential relationship between leakage &kdi.e. a leaky fin
overweighs an unleaky fin in determining the oVedavice leakage
current. This paper proposes a precise modekfitage estimation
where bothy and of the “effective” V; value are functions of the
number of fins. Our model shows a much smallemeston error
and can help optimize the design of width quantEZedFET circuits.
Fig. 2(b) summarizes the key modeling differencéwben the
conventional and proposed approach.

V. STATISTICAL LEAKAGE VARIATION UNDER
WIDTH QUANTIZATION FOR FINFET DEVICES

In a width-quantized FinFET device, the total leggkaf ann-
fin device is the sum of the leakage currents ohemit fin. Hence it
can be expressed as the sum of lognormal ternfsoagsn (2),
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whereW is the total width of the FInFET devicEjs the temperature,
m is the body effect coefficient, and is a technology parameter.
g/mKkTis referred to as constaBtfor simplicity. In equation (2), the
threshold voltagé/r; changes due to factors such as channel length
variation and random dopant fluctuatidfy; for each unit fin can be
considered as a Gaussian random variable with taicegorrelation
between each other. Equation (2) indicates thetethkage of a large
FINFET device can be expressed as a sum of logharaithough a
closed form expression for a sum of lognormals does exist,
Wilkinson’s method [7] provides a simple expressfon modeling
the sum of lognormals. In Wilkinson's approach, ams of

lognormals " We‘ can be approximated as another lognormal
iz N
We’ wherey is a new Gaussian variable with a calculable nseah

standard deviation. This approximation is complétganatching the
first and second moment of both equations. pﬁi Sy ) and

(m,.s,) be the mean and standard deviation of the original

Gaussian variablex; and the new Gaussian variabje of the
lognormal functions, respectively.

Letr; be the correlation coefficient of each randomaltalg and
n be the number of fins in a device. By equating finst two
moments of the original lognormal equation andrib& lognormal
equation, we get:

"l mo+s2i2 2/
b =E(S)= | Lemet g ©
iz N
1, " om +2s2
u, =E(S*)==( e™™
n" ix
. 2n-l n emx' m, e(si +st 20505, )1 2 )
i=1  j=i+l
— e2m/+2$f

Solving (3), we obtain the mean and standard dewiatf the
new Gaussian variabjeas:

m, =2Inu, - 1/2Inu, (4)
s7=Inu,- 2Iny,
In a FinFET device, it is fair to assume everyHas the same

mean and variance d&f;, and the same correlation between each
other. The mean and standard deviation of the tﬁvetmomentsu1

and u, then become:

u = emx+$f/2

L gomost (&7 +(n- 1)%")
n

Substituting equation (5) into (4) gives the mead atandard
deviation of the new Gaussian variable in the logred equation as:
1

my=mx+ED (6)
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where n_ g2y 8 (n-e y and r is the correlation

coefficient of V; between fins. The change in the average and
standard deviation ofis expressed using a single parametdt can
be easily shown thdD is a non-negative number.
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Finally, the average and standard deviation ofnine equivalen¥/;
can be derived from (6) by including the constBniefined in the
subthreshold current equation (2).

/n/Ty = /n/u - %D/ B (7)
sy, =sy, -DIB? (D3 0)
h est\fo + (n_ 1) )erst\fo
WNErep = B2s2 - In( )3 0

n
Here, V1, denotes the threshold voltage of an effective large
single-fin device and/r, denotes the threshold voltage of the original
single fin. This can be understood from the follogvielationship.
Wy n OV
=CWe ™ =C —g ™T (8)
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In the rest of the paper, we will refer Y4, as the “effective
threshold voltage”. By introducing the effectiverdbhold voltage
concept, one can efficiently find the leakage distion of a width-
quantized FINFET without running Monte Carlo sintidlas for n
number of random variables.

The expression for the effectivé; in (7) reveals that the
average ofVy is reduced compared to that of a single fin. The
amount of change in the average is determined Isyngle non-
negative parameter. The standard deviatiogv also decreases

Ty

leak

with larger number of fins due to the parameter in equation (7).
The change of the standard deviation value agrébghe prediction
from conventional approach based on Fig. 2(b) wthike proposed
approach shows a more accurate value as will bevrshater.
Equation (7) indicates that conventional leakagenetsion approach
that simply treats FInFETs as one single device hauit
sophisticatedly c:alculating;vTy and Sy, as shown in the equation

will underestimate the leakage of width-quantiz@tFET devices.

Experiments were carried out for cases with antiauit spatial
correlation between the fins to show the accurddhe new leakage
estimation method. The leakage distribution is careg for the
following three cases: (i) Monte Carlo simulatioss@ming random
variation for each fin which offers the most ret@disgolden” leakage
distribution; (ii) conventional leakage estimatiaich is based on
the equations in Fig. 2(b); and (iii) the new lagdkaestimation
method using (7).

A. Leakage distribution with no correlation betweanrsfi

Fig. 3 shows the leakage distribution with coriielatoefficient
r=0 for different number of fins and differegtV values. Heres

refers to the standard deviation of a single firdefined earlier. The
conventional method significantly underestimates FMFET device
leakage for all different cases. Table 2 summarthesaccuracy of
the different leakage estimation approaches. Fimsdand 20%0Vry
standard deviatiofy v / m, =20%), the estimation error of average

leakage value is 42.3% using the conventional amiro On the
other hand, the proposed method based on equafiomiyes a
precise estimation of the total leakage with amreaf only 4.1%.
The table also indicates that leakage estimatigor efrom the
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Fig. 3. Leakage distribution for various numbers fiofs and different
standard deviation &fry.

conventional approach increases significantly asrttmber of fins
and standard deviation increase while the erromfrproposed
approach is below 5% under all conditions.

B. Leakage distribution with correlation betwearsf

Fig. 4 shows the leakage distribution for differamiues of
correlation coefficient for the three test cases. The distribution when
r=1 is also shown for comparison. The following dosons can be
drawn from the simulation results.

(i) In the presence of correlatioV; is a weighted sum of the
correlated componentye,, and the uncorrelated componéft,cor

As the value ofr increases, the correlated component becomes
dominant in the total leakage distribution. Therefas shown in the
figure, whenr increases from 0.1 to 0.4, the total distributisn
becoming closer to a fully correlated case with.

(i) Even with correlation, the approach developedthis paper
matches very well with the Monte Carlo simulation.

Table 2 Comparison of conventional and new FinFégkage
estimation techniques.

4 fins, SV /nv =10%
Conventional] This work
Error in leakaget 13.4% 3.4%
Error in leakage 17.9% 3.5%
4 ﬁnS, Sy, / n, =20%
Conventional] This work
Error in leakaget 42.3% 1.8%
Error in leakage 57.4% 4.1%
10 ﬁns,sv / n, =10%
Conventional] This work
Error in leakaget 14.5% 0.3%
Error in leakage 21.4% 1.1%
100 fins,sv In, =10%
Conventional] This work
Error in leakaget 16.4% 0.1%
Error in leakage 24.5% 0.1%




Fig. 4. Leakage distribution with various corradaticoefficients.

(i) In both correlated and uncorrelated caseg tonventional
estimation exhibits large errors in leakage préalictbecause the
width quantization effect has not been considered.

V. FINFET DYNAMIC CIRCUIT DESIGN

This section shows a design example of a FinFETachn
circuit where the developed leakage estimation atetban be
beneficial. Static noise margin (SNM) is one d frimary design
constraints in dynamic circuits in leakage domingsthnologies.
SNM is defined as the input DC noise level whichl wroduce a
certain amount of voltage droop (assumed 10% of Mdtis paper)
on the dynamic node. SNM of a dynamic circuitirectly related to
the leakage current of the pull-down circuits. Untte presence of
leakage, the dynamic node can collapse and resula ifaulty
evaluation.

Fig. 5 shows a schematic of a wide-OR domino dirctlio
compensate the pull-down leakage current and rigleéhe charge
loss, a static keeper is deployed to hold the geltaf the dynamic
node. For optimal keeper sizing, the leakage atiokthe pull-down
circuit has to be accurately modeled [8].

Table 3 shows the 3SNM values of a wide-OR dynamic circuit
with a constant keeper size. Results are showthéothree different
leakage estimation approaches. No spatial comelas assumed in
this experiment to represent the worst case ditnatiThe

Fig. 5. Schematic of a dynamic circuit with staeeper for sufficient SNM.

Accurate estimation of pull-dowieakage using proposed method can assist

designers in determining proper keeper sizes foFET circuits.

Table 3. SNM predicted by different leakage estimation appreach
Conventional leakage estimation overestimates i Salues.

SNM; (V) Required
# of fins=400 Monte Conv. This work keeper size-
Carlo up
sy, I m =% 0.129 0.132 0.129 5%
sy, I m,~10% | 0122 0.130 0.122 20%
sy Im 1% | 0112 0.128 0.112 50%

conventional approach overestimates the SNM of EEinEynamic
circuits by 2% to 14% which can lead to seriouddyissues. The
proposed method accurately predicts the SNM foride wange of
standard deviation. The last column presents howhntbe keeper
size has to be increased to achieve the SNM valttebg the
conventional approach. The proposed leakage dstimgechnique
predicts a 5% to 50% upsizing of the keeper to rireetarget SNM.

VI. CONCLUSION

Double-gate FInFET devices are considered as oitleeomost
promising successors for conventional MOSFET davic®ue to
their physical fin structure, the width of a FinFH&vice is quantized.
In this paper, we show that the impact of width rgization on
leakage distribution is significant in FInNFET dexgc We developed a
new leakage estimation model which can accuratelyture the
statistical characteristics of FINFET leakage autrrender process
variation. Monte Carlo simulation has been usedptove the
correctness of the proposed method. Simulatiamtseshow that the
conventional approach for leakage estimation cagnifstantly
underestimate the leakage current by as much as wBilé the
proposed approach gives an error of less than ¥%igb example on
FINFET dynamic circuit shows that the keeper siae to be upsized
by 5-50% to suppress the extra leakage due to wjigkintization.
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