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Reduction of Parametric Failures in Sub-100-nm
SRAM Array Using Body Bias

Saibal Mukhopadhyay,

Abstract In this paper, we present a postsilicon-tuning tech-
nique to improve parametric yield of SRAM array using body
bias (BB). First, we show that, although parametric failures in
SRAM are due to local random intradie variations, the parametric
failures increase at extreme interdie corners. Next, we show that
proper BB can reduce different types of parametric failures.
Finally, we show that adaptive application of BB to different
dies, based on their interdie corners, reduces the total number
of parametric failures in those dies. This helps to repair the
faulty dies at different interdie corners, thereby improving SRAM
yield. We show that postsilicon-tuning using BB can result in
signi cant yield enhancement for SRAM (8% 25% in predictive
70-nm technology).

Index Terms Body bias (BB), parametric failures, SRAM,

yield.

l. INTRODUCTION

OCAL RANDOM (or intradie) Vt variation due to random

dopant fluctuation (RDF) introduces device mismatch in
an SRAM cell, resulting in functional failures, namely, read,
write, access, and hold failures, collectively known as param-
etric failures [1], [2]. The presilicon-design methods, such as
transistor sizing, optimization of memory architecture, etc., can
reduce the cell-failure probability [2]. If the number of param-
etric failures in an SRAM die is small enough, it can be repaired
using available redundancy (optimized at the presilicon-design
stage) [2], [3]. However, if the number of failures is too large,
it may not be repaired using available redundancy. This leads
to yield degradation. Along with local random variation, the
devices in different SRAM dies also suffer from global die-to-
die variations. Thus, it is important to understand the impact of
global variation on SRAM failures.

In this paper, we analyze the impact of global die-to-die vari-
ation on different types of parametric failures. We show that the
global die-to-die (or interdie) variation in device parameter (for
example, Vt) does not introduce any mismatch; the different
types of parametric failures can increase at different interdie
corners. In particular, read and hold failures dominate the pa-
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Fig. 1. Yield-improvement strategy in SRAM array.

rametric failures in SRAM dies from low-Vt corners, whereas
dies from high-Vt corners mostly suffer from write and access
failures. Thus, after manufacturing (postsilicon), if read/hold
failures can be reduced in low-Vt dies and write/access failures
can be reduced in high-Vt dies, then the overall SRAM yield
can be significantly improved. To explore the possibility of such
postsilicon repair, we study the impact of body bias (BB) on dif-
ferent cell failures. Our analysis shows that reverse BB (RBB)
reduces read/hold failures, whereas forward BB (FBB) reduces
access/write failures. Based on this observation, we developed a
postsilicon adaptive-repair technique for SRAM (Fig. 1). After
manufacturing, first, the SRAM dies are divided into low-Vt,
nominal-Vt, and high-Vt corners. Next, RBB is applied to dies
shifted to low-Vt corners to reduce read/hold failures, while
FBB is applied to high-Vt dies to reduce write/access failures.
This reduces the total number of parametric failures in a faulty
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Fig. 2. SRAM cell storing “0” at node R.

SRAM die, making it repairable using available redundancy.
Note that the use of adaptive BB (ABB) in bulk-CMOS has
been earlier proposed to improve the yield of logic design [4],
[5]. However, in this paper, for the first time, we study the
effect of BB on the parametric failures in SRAM and show
the effectiveness of ABB on SRAM yield. Moreover, process
variations also increase the leakage spread in an SRAM array.
The proposed postsilicon-tuning technique helps to reduce the
leakage spread, thereby decreasing the number of chips with
high leakage (i.e., better leakage yield). The proposed scheme
is applied to an SRAM array optimally sized using the method
presented in [2] (Fig. 1). We observed that the proposed scheme
could result in significant yield improvement (8%—-25% for
predictive 70-nm devices).

Il. BACKGROUND

In this section, we briefly discuss the different failure mech-
anism in an SRAM cell.

The random variation in the device threshold voltage due to
RDF results in parametric failures in SRAM cell [1], [2]. The Vt
variation in the cell transistors can be considered as independent
Gaussian random variables with the standard deviation given by

M

where is the oxide thickness, is the width of the deple-
tion region, and is the doping concentration in substrate.
The parametric failures in an SRAM cell are principally due to
the following four mechanisms.

Read failure occurs if the data stored in
an SRAM cell flips while reading the cell. If the voltage rise
at the node (“R” in Fig. 2) storing “0” (i.e., in Fig. 2)
rises to a value higher than the trip point of the inverter PL-NL

, then the data stored in the cell flips. A higher
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difference between voltage rise at the node (“R” in Fig. 2)
storing “0” and the trip point of the inverter PL-NL
reduces the read-failure probability

[2].

Write failure occurs if a cell cannot be
flipped while writing. While writing “0” to the node L storing
“1,” the voltage at L needs to be discharged below the trip point
of the inverter PR-NR. Time required for this event (write time,

) is an indicator of write-failure probability

Lower indicates lower [2].

! Access failure happens if the voltage
difference developed between 2-b lines (for example, )
at the time of sense amplifier firing (for example, )

is lower than the offset voltage of the sense amplifier (for
example, ). This leads to an incorrect sensing of the data.
A higher discharging current (read current) through the node
storing “0” (i.e., through AXR-NR in Fig. 2) indicates lower

access-failure probability
" # The destruction of the cell content in the
standby mode at a lower supply voltage is known as hold-
stability failure [2]. Considering Fig. 2, stronger  and lower
leakage for holds the node “L” more strongly at cell
supply, which reduces minimum data retention or hold voltage
. On the other hand, higher trip point of PR-NR

makes the cell easier to flip, thereby increasing A
higher increases hold-failure probability [2].
$ % & 7

The probabilities of different failure events and the overall
cell failure can be estimated using the sensitivity-based
method proposed in [2]. The failure probability of column

is defined as the probability that any of the cells (out
of cells) in that column fails. Assuming column redun-
dancy, the probability of failure of a memory chip ,
designed with number of columns and number of
redundant columns, is defined as the probability that more than
(i.e., at least ) columns fail. Hence, and

are given by [2]

)

To estimate the yield of an SRAM design, Monte Carlo
simulations for interdie distributions of Vt (assumed to be
Gaussian) need to be performed. For each of the interdie values
of the parameters (for example, Vt ), we estimate

, and , considering the intradie distribution of V1.
Finally, the yield is defined as

Yield Vit 3)

where is the total number of interdie Monte Carlo
simulations (i.e., total number of SRAM chips).
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Fig. 3. Effect of intradie variation on failure probability. (a) Variation in cell-failure probability. (b) Variation in with . (c) Variation in memory-failure
probability.
&(C ) * + the gate and the junction-tunneling current [10], [12]. First,

The total leakage of an SRAM cell in bulk-silicon technology
is composed of the subthreshold, the gate, and the junction-
tunneling leakage, as shown in Fig. 2 [9], [10]. Considering
random intradie variation in Vt, the leakage of different cells

in a memory can be modeled as independent lognormal
random variables [11]. The mean and the standard de-
viation can be estimated using Taylor series expansion
[2]. Using the central-limit theorem, the distribution of the
overall memory leakage (summation of leakage of all
the cells, for example ) can be assumed to be Gaussian
with mean and the standard deviation given
by [11]

and (4)

Hence, the probability that is less than the maximum

allowable limit is given by

' e (®)

Considering the interdie Vt variation, the ratio v g5 OF
the number of chips that meet the above leakage bound to the
total number of chips can be obtained as

TR ! Vit (6)

An increase in
leakage spread.

w4 g5 represents a design with a lower

I1l. ADAPTIVE REPAIR OF SRAM ARRAY

An increase in random intradie Vt variation increases the
cell- and memory-failure probabilities [1], [2]. In this section,
we analyze the impact of interdie variation of Vt on different
types of parametric failures in an SRAM cell.

& *& L]

We have designed an SRAM cell using predictive 70-nm
devices from Berkley Predictive Technology Model (BPTM)
augmented with voltage-controlled current sources to model

considering only random within-die Vt variation due to RDF,
the SRAM-cell structure is optimized using the methods pro-
posed in [2] to minimize the cell-failure probability at nominal
interdie corner. Next, we applied a certain amount of interdie Vt
shift (for example, Vt ) to all the transistors in the cell.
This represents the cells of an SRAM die with interdie V1 shift
of WVt . In the next step, we apply random within-die Vt
shift (following Normal distribution with standard deviation of
) in the different transistors of that cell to estimate
, ,and at that interdie corner (using [2]). SPICE
simulation is used to estimate the sensitivities of cell parameters
(such as , , , and ) to
V1t variations in different tran5|stors

$ -

A negative Vt increases the read and the hold fail-
ures [Fig. 3(a)]. To analyze read failure, consider expressions
for and with an interdie Vt shift Wt
of cell transistors (assuming simple long-channel model of the
device current) [13]

Vit _ (78)

Vit

(7b)

Due to larger size and higher mobility of the NL as
compared to PL, . Consequently,

reduces at a negatlve interdie Vt shift. increases
at a negative Vit , as the saturation current through
AXR increases at a faster rate than the liner current of
NR with a reduction of Vt. Hence, a negative interdie Vit
shift reduces , thereby increasing the
read failures. The negative Vt shift exponentially increases
the leakage through the transistor . Although, it also
linearly increases the current of the “oN” PMOS (in linear
region if VDD % ), since NMOS current increases
exponentially, current ration between PMOS and NMOS
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Fig. 4. Impact of ABB.

reduces. Hence, the node “L” is less strongly held at
at hold mode, resulting in a higher hold failure. In case of the
SRAM arrays in the high-Vt process corners, the access failures
and the write failures are high [Fig. 3(a)]. This is principally
due to the reduction in the current drive of the access transistors.
The hold failure may also increase at the high-Vt corners, as the
trip point of the inverter PR—NR increases with positive V1 shift.
However, it is expected to be much lower than the write/access
failures at the high-Vt corner. The arrays in the high-Vt corner
also have negligible read-failure probabilities. Hence, the
overall cell failure increases both at low- and high-Vt corners
and is minimum for arrays in the nominal corner [Fig. 3(a)].
From (2), it can be observed that depends on
through a binomial distribution. Therefore, beyond a threshold
value of (which depends on , and ), a
small change in results in a large change in (from
nearly zero to nearly one) [Fig. 3(b)]. Hence, the memory-
failure probability is either very high ( 1 in regions A and C
in Fig. 3(c), which represents a large interdie shift in Vt) or
very low [ 0 in region B in Fig. 3(c)]. Physically, in region
B, although the cell/column-failure probability is not zero, a
number of faulty columns are small enough so that the array
can be repaired using redundancy. The reasons for high
in region A is due to more read and hold failures (low-Vt
corner), whereas that in region C is due to more access and
write failures.

’ / - 7

inregions Aand C ( and )
and in region B , and the number of memory
chipsinregions A, B,and Care ,and , respectively
(Fig. 4). Using (3), the yield can be obtained as

Assume that

Yield

®)

Therefore, if read/hold failures are reduced for dies in region
A (lower ) and write/access failures are reduced for dies
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Fig. 5. Impact of BB on RDF (BPTM 70 nm).

in region C (lower ), the Vt inter window for region B
will be increased (higher ) (Fig. 4). Essentially, this will
shift a fraction of faulty dies from regions A and C to region B
(nonfaulty). Note that if a faulty die is shifted from region A
to region B, the number of cells failing due to access and write
failures may increase. However, since most of the failures in a
faulty die from region A are due to read/hold failures, total num-
ber of faulty cells will reduce. Consequently, the die will have
a higher probability of getting repaired using redundancy (i.e.,
reduces). There might be instances where the new faults,
due to access/write, appear in such a way that the die cannot be
repaired (i.e., number of faulty columns might be larger than
number of redundant columns). But a low value of in
region B ensures that the probability of this event is very small.
Hence, if a large number of dies are shifted from regions A
and C to B, most of them will become nonfaulty, resulting
in a higher yield. Note that this scheme does not reduce the
local variation (e.g., RDF) itself. Rather, it reduces the global
(die-to-die) variation to lessen the effect of local variation.

IV. EFFECT OF BB ON CELL FAILURE

In Section 111, we observed that shifting the dies from low-
and high-Vt corners to a nominal-Vt corner can improve yield.
Body biasing can be an effective postsilicon-tuning technique
to achieve this goal. Therefore, in this section, we discuss
the impact of RBB and FBB on parametric failures. First,
consider the effect of BB on Vt variation due to RDF. RBB
increases the width of the depletion region , thereby
increasing the standard deviation of the Vt due to RDF [see
(1)] (Fig. 5). However, overall change in the Vt variation with
BB is not very significant.

$$

BB modifies the Vt of a transistor—RBB increases the
whereas FBB reduces it—which modifies the probability of
different failure events. To simplify the analysis, consider only
the application of BB to the NMOS transistors of an SRAM cell
at the nominal interdie Vt corner.
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Fig. 6. Impact of BB on parameters responsible for different failure events.
(@) and (read failure). (b) (write failure).
(c) (access failure). (d) (hold failure).

Since FBB reduces the Vt of the access
transistors (larger discharging current), it also increases the
bit differential obtained at the time of sense amplifier firing
[Fig. 6(a)]. Hence, FBB reduced the access failure, whereas
RBB increases it [Fig. 7(b)]. The sensitivity-based method
presented in [2] can accurately predict the distribution of bit
differential at different BB, as shown in Fig. 7(a).

Application of RBB increases the Vt of
NMOS transistors. Hence, following the discussion in
Section 111-B, RBB reduces and increases
[Fig. 6(b)], resulting in read-failure probability
[Fig- 7(b)].

lower

Application of FBB reduces the Vt of the
access transistors, which increases the current (charging for
AXR and discharging for AXL) through them, resulting in
lower write time . Although FBB reduces the trip
point of PR-NR, the current increase through access transistors
has a stronger impact [Fig. 6(c)]. Hence, FBB reduces the
write-failure probability, whereas RBB increases it [Fig. 7(b)].

is a stronger function of BB in cells designed with

stronger PMOS [Fig. 6(c)].

" # Higher Vt with RBB reduces the leakage
through the transistor NL, which tends to increase
However, higher trip point of NR-PR (due to higher Vt of NR)
reduces [2]. Similarly, higher FBB reduces the trip
point of PR-NR, but it also increases the leakage of NL. Thus,
application of either large FBB or RBB increases
[Fig. 6(d)]. The BB required for minimum depends
on the relative strength of pull-down and pull-up devices,
as shown in Fig. 6(d). However, due to large sensitivity of
leakage to V1 variation, the variation in reduces with
RBB. Hence, overall, RBB reduces the hold-failure probability
[Fig. 7(b)].

0 1, 1. $$ 21$$  Since
RBB and FBB modify different failures in different directions,

the effect of BB on overall cell failure depends on the transistor
sizes. For example, for cells with a large access and a weak
PMOS transistor (larger read failure at zero BB or ZBB), mini-
mum cell failure is observed at the RBB. If the cell is designed
with a weak access transistor (higher access and write failures),
then minimum cell failure is observed at the FBB. Hence, the
application of the OBB (selected " before fabrication)
can be used to minimize the cell-failure probability of an
SRAM cell under a leakage constraint. However, simulation
results of an SRAM cell (optimally sized using [2]) in predictive
70-nm technology show that the reduction in the overall failure
probability with OBB is not very significant [two to eight times
depending on the and area constraint, Fig. 7(c)]. This is
because the optimal sizing tends to reduce the failure events in
such away that cell failure at ZBB is very close to the minimum
value.

$ $$ (C)*

The total cell leakage is composed of subthreshold, junction-
tunneling, and gate-leakage components. FBB increases the
subthreshold leakage of a cell, whereas RBB reduces it
[9]. In scaled technologies with large halo doping near the
drain/substrate and source/substrate junction, RBB can signifi-
cantly increase the junction-tunneling leakage [9], [10] (Fig. 8).
The gate leakage of the cell is due to both overlap and gate-to-
channel tunneling. The overlap tunneling is insensitive to BB,
whereas the gate-to-channel leakage marginally increases with
FBB. Hence, the gate leakage of the cell is less sensitive to BB
(Fig. 8) [9], [10]. Moreover, the application of a high forward
bias may turn on the source—substrate junction diode resulting
in a significant increase in the leakage [9]. Hence, the maximum
FBB and RBB that can be applied to a cell are determined by
the effect of BB on the cell leakage. For the 70-nm device with
smaller junction leakage, the leakage bound on the maximum
RBB is not very critical and only a leakage bound for maximum
FBB exists [Fig. 8(a)]. However, junction leakage increases
in more scaled devices due to the presence of higher “halo”
doping. To understand this, we estimated the leakage of SRAM,
designed using predictive 50-nm g nm devices from
[14], with reasonably high “halo” doping (required for reducing
the subthreshold leakage). The 50-nm device is first designed in
the device simulator MEDICI [15]. Next, using the parameter-
extraction tool AURORA [16], the BSIM4 [17] parameters for
the device were extracted for SPICE simulations. Junction leak-
age was modeled using voltage-controlled current sources in
SPICE. Fig. 8(b) shows that, for a 50-nm device, large junction-
tunneling leakage results in a maximum limit on allowable
RBB. Hence, with technology scaling, cell leakage is expected
to impose upper bounds on both FBB and RBB.

V. YIELD ENHANCEMENT USING BB

It is observed in Section IV that FBB reduces write/access
failures, whereas RBB reduces read/hold failures. In Section |11,
we observed that reduction of read/hold failures at the low-
Vt corner and reduction of access/write failures at the high-Vt
corner could improve SRAM vyield under interdie and intradie
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