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ABSTRACT

In this paper, we have analyzed and modeled the failure
probabilities of SRAM cells due to process parameter variations. A
method to predict the yield of a memory chip based on the cell
Jailure probability is proposed. The developed method is used in an
early stage of a design cycle lo minimize memory failure
probability by statistically sizing of SRAM cell,

1. INTRODUCTION

[n nano-scaled devices, the random variations in the number and
location of dopant atoms in the channel region of the device cause
random variations in transistor threshold voltage [1-3], known as
“Random (or discrete} Dopant Fluctuation” (RDF). The impacts of
random dopant effect are most pronounced in minimum-geometry
transistors commonly used in area-constrained circuits such as
SRAM cells [4]. This can result in the threshold voltage mismatch
between the neighbering transistors in a cell, resulting in the failure
of a cell. Since these failures are caused by the variation in the
device parameters, these are known as the paramelric failures. A
faiiure in any of the cells in a column {or row) of the memory will
make that column (or row) faulty. If the number of faulty columns
(or rows) in a memory chip is larger than the number of available
redundant columns {or rows), then the chip is considered to be
faulty. Hence, the failure probability of a cell is directly related to
the vield of a memory chip.

The parametric variations, and in particular the Vt fluctuation due
to RDF, is a strong function of the size of the different transistors in
the cell (channel length (L), width (FF)), collectively called as the
cell parameters. Hence, the failure probability of a memory can be
reduced by optimally designing these parameters. However, any
such optimization has to consider its impact on the overall area and
the leakage of the SRAM array. Moreover, the memory
organization (i.e. # of row (NMpow) and # of row (Ngg), # of
redundant column (Ngc)) will also have a strong impact on the
memory failure probability. Hence, a statistical design and
optimization of the SRAM cell and memeory organization is very
important to reduce the memeory failure and improve the yield in
nane-scaled SRAM.

In this paper, we have developed a methodology to optimize the
parameters of an SRAM cell and the memory organization to
reduce the memory failure probability (constrained by the overail
memory area and leakage power) and improve the yield in
nanometer regime. The method is developed considering the on-die
Vt variation, but can be extended to consider on-die L and W
variation.

in our SRAM cell (Fig.1), we have used transistors of 50nm gate
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Fig. 3: Unstable read, write, and hold failures in SRAM cell

length (Leff=25nm) designed using MEDICI [6-7]. In our analysis,
we have used the short channel MOSFET theory to model the
currents and threshold voltage considering the device geometry and
doping profile [3,5] (Fig. 2).

2. DISTRIBUTION OF THE INTRINSIC Vt VARIATION

In an SRAM cell, the threshold voltage (V1) fluctuations (5¥¥) of
the cell transistors are considered as six independent Gaussian
random variables (mean=0) [1]. The standard deviation of the Vt
fluctuation (zy,) depends on the manufacturing process, doping
prefile, and the transistor sizing. In the propesed method, oy, for a
minimum sized transistor (o) is an input parameter and the
dependence of ¢y, on the transistor size is given by [3]:

Ty = Ty (me /Liwmin /Wj

3. MODELING OF SRAM FAILURE

The failures due to parametric variations in a SRAM cell are
principally caused by: {1) An increase in the access time of the cell
resulting in a violation of delay requirement, defined as access time
Jailure, (2) Destructive read (i.e. flipping of the stored data in a celi
known as the read failure) and/or unsuccessful write (inability to
write to a cell defined as the write failure), resulting in a dynamic
stability failure (Fig. 3) and, {3) The destruction of the cell content
in the standby mode with the application of a pre-specified
(designed) lower supply voltage (Vyorp) known as held-stability
failure (Fig. 3). In a die, failures are principally caused by the
mismatch in the device parameters (L, W, ¥y} of different transistors
(intra-die) in the cell. Such device mismatch changes the strength of
the different transistors resulting in different failure events. The
principal source of the device mismatch is the intrinsic fluctuation
of the Vt of different transistors due to RDF {1]. Hence, in this
work we have considered the Vi variation due to RDF as the major
source of intra-die variation. The proposed method can also be
extended to include L and W variation.

3.1. Modeling Methodology

In this section, we will summarize the key mathematical bases used
to estimate the failure probabilities. Let us consider y=flx,, ..., x,}
as a function, where xy, ..., x,, are independent Gaussian random
variables with mean #...,7; and standard deviation (STD})
oy,...,02 The mean (4,) and the STD (g;) of the random variable y
can be estimated as (using multi-variable Taylor-series expansion)

[8]:

n
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Assuming the Probability Distribution Function (PDF) of y to be
also Gaussian (N,(y: 14, &,)), the probability of (v > ¥y} is given by:

af
= ar( x,} @
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where, @, is the Cumulative Distribution Function (CDF) of y.
Let us assume y=flx},...,x,) and z=g(x},...x,) are two Gaussian
random variables Ny(v: 4, ;) and N,(v.4, o:), respectively. The
probability of (y > ¥, & z > Z;) is given by:
Al > Y)&lz > 2 ))=1-Pl(y < ¥o)+{z < 7,)]
=1-{P[y< %+ Plz< Z,]- Pl s )& (2 < 2,)]}
= {PLV > }:]]'FP[Z > ZU]_I}+(Dy,z(YO7ZO)
where, @ ,{y.z) is the joint CDF of y and 2. In order to evaluate
©,(v.z) the correlation coefficient between y and z needs to be
computed. The correlation coefficient (p,) is given by:
p-EC2)-EQIEG)_ EGz)-myp,
26X G) o2,
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The above results will be used in this paper to estimate the failure
probabilities of different events.

3.2. Read Stability Failure (Rg}

While reading the cell shown in Fig. 1 (Fy=‘1" & Fz="0"), due to
the voltage divider action between AXp and Ng, Vj increases to a
positive value Vagep. If Vrygp is higher than the trip point of the
inverter Pi-N; (Vrriprp), then the ceil flips while reading the cell
(Fig. 3(a)} [9]. This represents a read failure (Ry) event. Hence, the
read-failure probability (Pg.) is given by:

P = P > Vingrro ©®)

Verpap and Fpegp can be obtained by solving KCL at node L and R,
respectively. The estimated value of Fygprp and Freqp closely
follows the MEDICI simulation result (Fig. 4). Assuming the PDF
of Vaesn (BNap(vresp)) and Prue (=Nrrip(vime)) as Gaussian
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distributions with the means the variances obtained using (2) (Fig.
4). Pgris given by:
P = P|Z4 = Vgp = Vimpro) > 0] = 1- @22 (0) -
where, f1zp =y, = iy, 05 =05 + O

V?RIPRD

3.3. Write Stability Failure (W5)
While writing a ‘0’ to a cell storing °1°, the node Fp gets
discharged through BL to a low value (Vyg) determined by the
voltage division between the PMOS P; and the access transistor
AX; [9]. If V. can-not be reduced below the trip point of the
inverter Pp-Np (Frripwg), Within the time when word-line is high
(Twz), then a write failure occurs (Fig. 3b). The write-failure
probability (Pyy) is given by:

Byr =P [(TWRITE > Ty )| &)
where, Typre is the time required to pull down ¥V, from Fpp to
Vrymipwr- Twrere is obtained by selving:

Vrrep
C, (¥,))dV, ,
T _ f 7 VL( Lz L v 2 Wi < Vigepwr)
wRitE = 1| 7 iy V) = Lowery (V1) ©
0, ¥ Vor 2 Veggpan)

Tiqzy =current into L = £yp; , 4o,y = current out of L= {4037

where C, is the net capacitance at the node L. ¥4 can be obtained
by solving KCL at node L & R [9]. Vrgpwg can be obtained by
solving for trip-point of the inverter Pr-Np. Tugire obtained using
(9) closely matches the MEDICI simulation result with Vt variation
of different transistors (Fig. 5a). Using (2), we can estimate the
mean () and the standard-deviation (orwg) and approximate its
pdf as a Gaussian one (fur(twr)) (Fig. 5b). However, most of the
write-failures originate from the “tail’ of the distribution function.
Hence, to improve the accuracy of the model at the tail region, we
can use a nen-central F distribution [8]). Using the PDF
{Gaussian/non-central F) of Tygre{Nwr(teg), the Pup can be
estimated using {3).

3.4. Access Time Failure (Ag)

The cell access time (Tyccess) 15 defined as the time required to
produce a pre-specified voltage difference (dyun=0.1/Vpp) between
two bit-lines (bit-differential). If due to Vt variation, the access
time of the cell is longer than the maximum tolerable limit (Thyy),
an access time failure is said to have occurred. The probability of
access time failure (P 4r) of a cell is given by:

Pap = P(Tyccess > Thar) (10)
While reading the cell storing V;=‘1’ and Vp="0" (Fig.1, Fig.3), bit-
line BR will discharge through AX; and Mg (by the current Jgg).
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Simultaneousty, BL will discharge by the leakage of AX; of all the
cells (Jg;) connected to BL. Hence, the access time is given by:

T ycess = ConCorlagy Caldamy
Corlon —Crrlor  Tusaxr — Z Luwa g (1)
LN

where, N is the #of cells attached to a bit-line (or column), Cgp/pr is
the bit-line capacitance (assumed to be equal). The access time
given by (11) closely follows the MEDICI simulation result (Fig.
6a). The PDF of Tyccess can be approximated as a Gaussian one
with the mean (i74¢) and the standard deviation (o) obtained
from (2) (Flg 6b) Using the derived PDF (Nynccgss(!,qccgs_g)), PAF
can be estimated using (3).
1.5, Hold Stability Failure (Hy)
In the stand-by mode, the Vpp of the cell is reduced to reduce the
leakage power consumption. However, if the lowering of Vpp
causes the data stored in the cell to be destroyed, then the cell is
said to have failed in the hold-mode [10] (Fig. 3c). Hence, for a
hold-failure event, the minimum supply voltage that can be applied
to the cell in the hold-mode (Fppgmin), Without destroying the data,
is higher than the designed stand-by mode supply voltage (¥yorn).
Thus, the probability of hold-stability failure (P is given by:

Pyr = PV pptgonn > Viioro) (12)
Lowering the Vpy; of the cell (say Vppy represents the cell Vpp at
the hold mode) reduces the veltage at the node storing 1’ (¥, in
Fig. 1). Due to leakage of Ny, Vi will be less than Fppy for low
Vopr. The hold-failure occurs if ¥; < Vrgp of Pg-Np Hence,
¥ popmis €an be obtained by numerically solving:

VAV posimins V1118Vt )= Vigsr (Vonsimins Vepp- Vig) - (13)
The estimated value of Vppumm using (13) closely follows the
values obtained from MEDICI simulation (Fig. 7a). The
distribution of ¥ppgmi, can be approximated as a Gaussian one with
mean and variance obtained using (6) (Fig. 7b). Using the Gaussian
pdf for ¥ppum the Py can be estimated (using (3)).

3.6. Estimation of Overall Cell Failure Probability (Pg)
The overall failure probability is given by:

Pr = PlFaill= P[Ap + R + Wy + HpJ= Pyp + Pop + Py + Pyp

- PlacRc)- Plawi - Plach - PR |- PIR-t |- P H ] (i4)

+ PlApReWe |+ PlAp ReH o |+ PIRGW R H p & PIW - H p A |~ Pltl]
An accurate estimate of the probability of joint events is possible
by constructing the joint PDF representing two events using the
ptocedure given in (4). We have also assumed that probabilities of
simultaneous occurrence of mere than two events are negligible
(=0). The estimated probabilities match the Monte-Carlo results
very closely.
3.7. Estimation of Column and Memory Failure Probability
The failure probability of column (Peor) (or row (Pres)) is defined
as the probability that any of the cells (out of N cells) in that
colamn (or row) fails. Assuming a column redundancy, the
probability of failure of a memory chip (Pypy) designed with Negy,
number of columns and N number of redundant columns, is
defined as the probability that more than Npc (i.e. at least Npc+1)

columns fail. Hence, Pcg;, and Ppmy can be given by:

e (N ‘ .
Pogp = 1=(1- P Y and Py, = i ( (;OLJPéaL(l—PcoL)‘ T (15)

i=Nge
The exact estimation of the different failure probabilities requires
numerical solutions of the KCL at different nodes. In order to
reduce the computation complexity, analytical models of different
failure probabilities were also obtained using simplified long-
channel current equations. The distributions of Vgeap, Vrmpro
Tuccesss Tware and Vygrp using the analytical models are also
shown in Figs. 4-7.
4. SENSITIVITY ANALYSIS OF FAILURE PROBABILITY
Fig. 8 shows that a weak access transistor (small #,,) reduces Pgr
(Vreap decreases); however, it increases Pyr and Pyy (Fig. 8) and
has very small impact on Pyr. Reducing the strength of the PMOS
pull-up transistors (by decreasing W} reduces Py (reducing Lyp),
but increases Pgr (lowers Fraerp). Py does not depend strongly on
PMOS strength (Fig. 8). Pyr improves with an increase in W), as the
nede L is more strongly coupled to the supply voltage (V. —Vppy).
Increasing W, increases the strength of pull-down NMOSs (v, &
No)). This reduces Pgg (Vregp 1) and P4z by increasing the strength
of Ny (Fig. 8). Increase in width of Mg has little impact on Pyr.
Although, it slightly increases the nominal value of Twgirg, the
reduction of gy of Ng (see (1)) tends to reduce ommre and hence
Pwr remains almost constant. An increase in the Prap 0f Pp-Nz
initially reduces Pyr with the increase in W, However, a higher
width of ¥, reduces ¥, (from the applied Vppy) due to an increase
the leakage of N;. Consequently, a very high W, increases the Pyr.
5. STATISTICAL OPTIMIZATION OF SRAM CELL

5.1. SRAM Yield Estimation Model

To estimate the yield, we have used Monte-Carlo simulations for
inter-die distributions of L, W and V¢ (assumed to be Gaussian).For
each inter-die values of the parameters (say Ljregp. Wmvreg and
Vtwrer) We estimate P, Pogy, and Py considering the intra-die
distribution of 5¥7. Finally, the yield is defined as:

ZPMEM (%m-%mm”mm)/”mmn) (16)
INTER

where, Npyrgr 15 the total number of inter-die Monte-Carlo
simulations (i.e. total number of chips).

In order to maximize the yield Pygy needs to be minimized. This
requires optimum design of the cell configurations (i.e. length and
width of transistors) and the number of redundant columns (Ngc).
However, such an optimization of Py, has to consider the impact
on the total leakage and the total area (4um).

5,2. Estimation of Leakage in SRAM

The total leakage in a cell is principally consist of the subthreshold
leakage, the gate leakage, and the junction BTBT leakage through
different transistors in the cell (Fig. 1). The leakage current
expressions presented in [5] are used to evaluate the different
leakage components. The total memory leakage (Jr.amsem) is the
summation of leakage of individual cells.

5.3. Area Estimation of SRAM

Yr'efd=1—[

(a) Ynpd () Wp
HF

Probability

10’
fc)JWnax
‘Um;

PWF

e - f e ———

. gi

107
1 RS

1.5 2 25
Widh of NMOS Pullkdown [m] 10" |

Lo—
os ] 1

2 14
Width of

i 187 22

X /) Y y
PMOS () Im] o Width of Addess Trandistor (WS Im] , ,o7)]

Fig. 8: Variation of Celt Failure Probabilities with Cell structure

12

Authorized licensed use limited to: San Francisco State Univ. Downloaded on December 10, 2008 at 20:55 from IEEE Xplore. Restrictions apply.



The total memory area is given by:

= Neow N e Ao
= NRDW(NCOL + Vo)A

where, Ay 15 the required memory area (given by the memory
5i2€) and A,.gundan; 15 the area overhead of the redundant columns.
Agen is the cell area computed using the layout given in [11].

5.4. Optimization Procedure

The optimization problem can be stated as:

Minimize Pye=f(X)

where X = [Loa, Woary Lapds Wopds Loups W Nac

Subject to:

. ILealeem < ILeaWax
Apere < Maximum Area (Aygx)
EfTyc]=ttraccess$ Maximum access time mean (fracanuy)
For all the parameters: { X} < {X} < (X}
This is essentially a non-linear optimization problem with non-
linear constraints. The upper bound on the mean access time is
given to ensure that robustness of the memory has not been
achieved by significantly sacrificing performance. Fig. 9 shows the
basic steps of the optimization process. The upper bound of Ngc is
determined using (17) as shown below:

Aaclua.’ = NROW NCOL Aczﬂ; Aredundn‘nf

17
= Aac!um’ + A4 ( )

AMF.'M redundant

(18)

N AMEM -N ROWN oL Acdl}nl’n — Aum
RCmax ™~ =

A:elfmm NROW NROW
The minimization of Pr in step 5-7 requires the estimation of the

P, “~Neaw (19)

celimin

joint probabilities given in (4) which are computationally expensive.

However, it should be noted that:

Py = PlAp + Re + W + He|S Py + Pap + Pyr + Py = Praop

20
Hence, instead of minimizing Pr we try to minimize Pgqop. The
above problem can be selved using Lagrange Multiplier based
algorithm [12]. The Lagrangian formulation of the above problem
ig shown below:
Minimizef(X)=Pmop
where X' = [L,,,,,, Wezrs ands W,,Pd, ‘LP"P’ IVpup]
Subject to: Ax(X) = (deei/ Acetima{))-15 0
h?(’Y) = ("IzaMrfEm”LmkMax )'150
B X) = {ptrac L ttmacaa - 2150

In this work, we have considered the discrete variable space (to
account for the minimum limit on the lithographic controllability of
L and W) for Lus, Won, Lopas Wepa, Ly and Wy, To solve the
discrete space Lagrangian problem, we have used the Discrete
Lagrangian Method (DLM) described in [12,13].

6. OPTIMIZATION RESULTS

The optimization methodology described earlier is used to
optimize the cell structure (from [14]) and the use of redundancy to
minimize the memory failure probability {Table-I). To improve the
beta ratio between the pull-up PMOS and access transistor, the
original cell was designed with a longer PMOS. However, a weaker
PMOS tends to increase the read failure. Hence, the optimization
reduces the length of the PMOS and uses the extra area in the pull-
down NMOS, thereby reducing the access failure. The proposed
optimization algorithm allows to trade-off between the redundancy
arca and the active cell area. Reducing the number of redundant
column allows more area for each of the actual cells. This reduces
the failure probability of the cells, thereby reducing Py, On the
other hand, from (15) it can be observed that reducing Npc will tend
to increase Pypy. Fig. 10 shows the variation of Pupgy with the
variation of Npc considering constant Apmy. It can be observed that
increasing the redundancy beyond a certain point increases the
memory failure probability. It should be further noted that with the
application of a higher value of the oy, the optimized value of the
redundancy (that minimizes failure probability) reduces. This

13
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Table 1: optimization results

Mﬂ,“ PF PMEM L’Lmk TAC Yrefd
Celi[11] J1.5 136 P.6e-3 0.034 [g51uA [55ps H7%
Opt. Cell |12 [1.48  B.4e-50.001 l9souA {[6ps 5%

indicates that with larger amount of variations, design of robust cell
is more effective in reducing the failure probability (improving
yield) as compared to increasing number of redundant columns.
Hence, it can be concluded that a statistical analysis of
effectiveness of the redundancy is necessary to improve the
memory failure probability.

The static noise margin (SNM) of a cell is often used as a measure
of the robustness of an SRAM cell against flipping [1]. However,
an increase in SNM makes the cell difficult to write by increasing
its data holding capability, which increases write failures (Fig. 11).
Consequently, an increase in the SNM does not necessarily reduce
the overall failure probability. Using the proposed models, it is
observed that SNM does not have a strong relationship with the
parametric failure of the memory.

7. CONCLUSION

In this work, we have proposed a semi-analytical method to
estimate the failure probability of an SRAM cell and memory due
to parameter variations, The derived models have been used to
predict the yield of memory at an carly stage of a design. The
proposed models are used for statistical optimization of memory
design, which is necessary for maximizing yield in nano-meter
regimes.
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