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Testing Open Defects for Subthreshold SRAM Designs

Student : Hung-Hsin Chen Advisor: Dr. Chia-Tso Chao

Department of Electronics Engineering

Institute of Electronics

National Chiao Tung University

Abstract

Due to the increasing demand of an extra-low-power system, a great amount of
research effort has been spent in the past.to develop an effective and economic
subthreshold-SRAM design. However, the test methods regarding those newly
devel oped subthreshold-SRAM designs have not yet been fully discussed. In this
paper, we first categorize the subthreshold-SRAM designs into three types, study the
faulty behavior of different open defects for each type of designs, and then identify
the faults which may or may not be covered by atraditional SRAM test method. For
those hard-to-detect faults, we will further discuss the corresponding test method
according to different each type of subthreshold-SRAM designs. At last, a discussion

about the temperature at test will also be provided.
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|. INTRODUCTION

Lowering supply voltage is the most straightforward but effective method to reduce
circuit’s overall power consumption, which is especially suitable for those portable,
powerlimiting, and not-timing-critical applications such as wireless sensor systems
and implanted biomedical chips. Previous works [1] [2] have shown that the most
power-saving supply voltage falls around the subthreshold region for CMOS digital
circuits and some subthreshold digital circuits have already been demonstrated in
silicon successfully. Also, the perfoarmance degradation imposed by the subthreshold
operations can be compensated by using proper parallel architecture [3] [4], which
further extends the application of-a subthreshold system.

In the process of developing a robust subthreshold system, operating SRAMs at a
subthreshold voltage is more challenging than operating digital circuits. Under
subthreshold operations, the typical 6T SRAM design needs to face the following two
major problems: (1) decrease of the static noise margin and (2) decrease of the write
margin [5] [6]. It means that a 6T SRAM bit-cell operating at subthreshold region is
more vulnerable to the noise and at the same time harder to write. Also, in order to
increase the write margin, the size of the pass transistors in a 6T SRAM bit-cell needs
to be increased, which may further jeopardize the static noise margin. Thus, for a 6T
SRAM bit-cell, a proper combination of the 6 transistors’ sizes are extremely hard to
obtained under subthreshold operations, especially when the local process variation of

advanced process technologies may significantly change the device characteristics



and in turn break the fragile balance between the currents of the 6 transistors for read,
write, and hold operations. Previous results [7] have shown that the minimum supply
voltage for operating a 6T SRAM design is 0.7V based on a bulk CMOS 65nm
technology [8] and a dynamic-double-gate SOI technology.

To overcome the above two problems and successfully operate a SRAM at
subthreshold region, several new SRAM bit-cell designs[9] [10] [11] [12] [13] [14]

[15] [16] were proposed. Tackling the week static noise margin, [9] [10] [11] [14] [15]
utilized an extra read path (in addition to the original pass transistors) in their SRAM
designs to isolate the cross-coupled inverters from the bit-lines during a read
operation, which can effectively avoid potential half select or deceptive read
destruction. Tackling the inability to write, techniques were utilized to either

strengthen the driving capability of the'pass. transistors or loose the hold ability

of the cross-couple inverters during the write operation. To achieve the former one
during a write operation, [9] specified a boosted word-line voltage to access the pass
transistors and [16] designed the pass transistor in a way that its reverse short channel
effect can be utilized under subthreshold operations. To achieve the later one during a
write operation, [13] broke the loop of the cross-coupled inverters with additional
transistors and [12][14][15] destroyed the functionality of one or both inverters by
adjusting the voltage at its virtual ground and/or virtual VDD.

After a significant amount of research effort has been put into the area of
developing an effective and economic subthreshold-SRAM design, however, the
testing methodologies for those new subthreshold-SRAM designs have not been fully
discussed in the literature yet. In this paper, we will first categorize the new
subthreshold-SRAMdesigns into three types based their design characteristics. For
each type of subthreshold-SRAM designs, we will then discuss the fault models

associated with open defects and identify the faults which may or may not be easily



detected by a traditional SRAM test algorithm. We will further discuss the
corresponding test methodologies for each of the above hard-to-detect faults. Finally,
a short discuss about the test temperature will be provided for setting up the worst
condition for testing. All the experimental results are collected from the simulation

using an UMC 65nm low-leakage process technology.



II. CATEGORIZATION OF
SUBTHRESHOLD-SRAM DESIGNS

The fault models of a subthreshold-SRAM design is associated with its bit-cell
structure, and so are their test methodologies. In this section, we categorize the
subthreshold designs [9] [10] [12] [13] [11] [14] [15] based on the following two
criteria regarding the bit-cell structure (Q1 and Q2). The later discussion about the

fault behaviors will be based on the result of this categorization.

* Q1: Is its read path different from its write path?

* Q2: Does the design use a single-ended sense amplifier?

Based on Q1 and Q2, the subthreshold-SRAM designs can be divided into Type A,
B, C, and D as shown in Table I. In fact, Type D represents the bit-cell sharing the
read/write paths and utilizing a differential sense amplifier, i.e., the traditional 6T
SRAM design. Thus, our later discussion will focus on the fault models and test

methods only for the designs in Type A, B, and C.

TABLE 1

Categorization of subthreshold-SRAM designs

Type Q1 Q2 Sub-Vt-SRAM designs
A Yes | Yes [O][10][11]
B No | Yes [12][13]
C Yes No [14][15]
D No No Typical 6T SRAM




In order to analyze their fault models, we used a UMC 65nm low-leakage process
to implement each of the above bitcell designs in a 128x32 array (128 bit-cells at a
bit-line and 32 bit-cells at a word-line), including write drivers and sense amplifiers.
Under the defect-free condition, we first identified the minimum required cycle time
for correct read or write operations at the TT corner an@,2&8nd then defined the
cycle time as 20% longer than the minimum required cycle time for each bit-cell
design. On top of a defect-free design, we will later inject open defects and simulate

whether the faulty design can function correctly within the defined cycle time.



1. TEST METHODSFOR STABILITY FAULTS

A. Background of Stability Faults

A stability fault refers to a small open defect on the source/drain of the four
cross-coupled transistors, which may not fail a read or write operation under a typical
operating condition but may fail under some corner conditions (such as significant IR
drop, noise, or soft error). As a result, a stability fault may decrease the reliability of
the SRAM but may not be easily detected by a conventional march sequence.
Therefore, testing stability faults has become one of the most challenging task in
current SRAM testing. Several test methods were proposed to detect the stability
faults with as small resistance as possible [17] [18] [19] [20].

For traditional 6T SRAMS, the past research effort mainly focused on the stability
faults located on the source/drain of the pull-up pMOS transistors (suchZaandT
MT4 in Figure 1) and ignored the stability faults located on the pulldown nMOS
transistors (such as MTand M'b in Figure 1), which can be detected relatively easily
by a read operation because the bit-lines in general SRAMs are pre-charged to VDD
during a read operation. If the nMOS transistors cannot successfully pull down a
bit-line due to the open defects, then the pre-charged value (floating 1) will be read
out, which is opposite to the expected value. On the other hand, if the pMOS
transistors cannot successfully pull up the bit-line due to an open defect, then the
pre-charged value (floating 1) just happens to be the expected value and hence the

open defect cannot be detected.



However, for subthreshold-SRAM designs, the read path can be separated from the
write path, meaning that the weak pull-down ability of nMOS transistors will not
directly affect the voltage at RBL during a read operation. Therefore, the importance
of detecting the stability faults on the pull-down nMOS transistdii2(and M)
become more significant for subthreshold-SRAM design than that for traditional 6T
SRAMSs. In this paper, we will validate the effectiveness of the following test methods
for detecting the stability faults located on both the pMOS and nMOS transistors of
subthreshold SRAMs. These testing methods include: (1) read equivalent stress, (2)

severe write, and (3) low-V-write/high-V-read.

B. Read Equivalent Stress

The idea of the read equivalent stress in.the 6T SRAM design is to perform
consecutive read operations to a designated bit-cell such that its word-line kept
opened and its data stored by the cross-coupled inverters can be constantly attacked
by the pre-charged VDD (floating 1) at bit-lines [17] [21]. However, for the
subthreshold SRAMs which utilizes a different read path from its write path (such as
Type-A and Type-C), a read operation will turn on only its read word-line but not its
write word-line. Such a read operation cannot attack the stored data and detect
stability faults. Thus, to be able to apply read equivalent stress for Type-A and
Type-C subthreshold SRAMSs, specialized DFT circuit is required to turn on the write
word-line and apply a floating 1 at write bit-lines during a read operation at the test

mode.

C. Severe Write
The idea of severe write in the 6T SRAM design is to perform a write operation by

setting BL and BLB to floating 0 and strong 0 at the test mode, instead of strong 1 (or



floating 1) and strong 0 at the normal mode (as shown in Figure 1) [20]. With such a
write operation, successfully writing in data become more difficult since the floating 0
is opposite to the target value at Q or QB. As a result, if an open defect falls on the
source/drain of pMOS transistors (such a2Mhd M®B) and weakens the pull-up
ability of an inverter, then the severewrite operation will fail to write the correct data
and hence detect the open defect. Figure 1(a) illustrates how a severe write helps to
detect an open defect on the pMOS transistod MT

In fact, the above severe write (floating O and strong 0) can only detect open defects
on pMOS transistors. To detect the stability faults on nMOS transistors, a severe write
should set BL and BLB to floating 1 and strong 1. However, the nMOS pass
transistorsIT1 and MB) are not suitable for passing a value 1, especially when
operating at the subthreshold region (0.4V.in our cases). Such a severe write cannot
correctly write data even when no.defect exists in the subthreshold SRAM. Therefore,
in order to use a severe write to-detect stability faults on nMOS transistors, we need to
boost the voltage &L by another Vt (0.8V in our case) to enhance the ability of
passing a value 1 through the nMOS pass transistors during the test mode, which also
requires extra DFT circuitry to realize. Figure 1(b) illustrates how this refined version
of severe write can help the detection of an open defect on the

nMQOS transistor MZ.

D. Low-V-Write/High-V-Read

The idea of low-V-write/high-V-read is similar to the severe write, which increases
the difficulty of a write operation such that the degradation of pull-up or pull-down
capability caused by an open defect may fail to write the correct data. At the same
time, we also need to make sure that this difficult condition for write will not fail the

design without any defect. It means that the low operating voltage for write cannot be



too far away from the normal voltage. Also, changing the operating voltage on test
equipments takes a significant amount of time (around 10 micro seconds in our
experience). Thus, we need to apply the low-V write to each word, change the
operating voltage to normal, and then read each word. A high-V read immediately

after a low-V write is not allowed due to its large overhead on test-application time.

BL=0D WL=1 BLB=1 or (1)

W0 with imitially Q=1 & QB=0
Mormal write Severs write
BL=0 Q=10 I;=0 | BL=0 Q=10 I=0
I:=0 I3=00
BLEB=1 QBE=0=»1 Ij o BLE=0(f) QB=0-=>1 IT’ 0

(a)Severe write for testing pMOS stability faults

BL=1 ___ _Wil=buosied i [0:8v)  BLB=0 or1({f

W1 wath mmnally Q=0 & QB=1
Mormal write Severs write
BL=1 Q=0=>1 I=0 |BL=1 O=0->1 Ip=0
I:=0 I:=0
BLB=0 QB=1=0 BLB=1({) QB=1=0
Ia=0 L=0

(b)Severe write for testing nMOS stability faults

Fig. 1. Tlustration of severe write.
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V. ANALYSISOF OPEN DEFECTSIN TYPE-A
SUBTHRESHOLD SRAMS

A. Design Overview of Type-A Subthreshold SRAMs

According to the categorization, Type-A subthreshold-SRAM designs utilize a
single-ended sense amplifier for read and build an extra read path in addition to the
traditional 6T SRAM, which can protect the value stored in the crosscoupled inverters
during read operations and improve its read SNM to the same level as its hold SNM.
Figure 2 shows the first Type-A subthreshold-SRAM design [9], where MA1 to MA6
represent the transistors in the traditional 6T SRAM and MA7 to MA10 represent the
transistors in the read path. In this‘design, the original word-line (WL), bit-line (BL),
and bitline-bar (BLB) are only used for write operations. The new read word-line
(RWL) and single-ended read bit-line (RBL) are only used for read operations. During
a read operation, the value stored at QB (Q bar) will determine the value at QBB (Q
bar bar) through an inverter (formed by MA9, MA10, and MA7), and then determine
the value at RBL. Also, the value of QBB is kept at 1 (VDD) or floating during the

hold mode to reduce the leakage current of MA8 to RBL.
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BL WL BLB RWL RBL

1

Mez

Fig. 2. First Type-A subthreshold-SRAM design [9].

Figure 3 shows the second Type-A subthreshold-SRAM design [10]. Similar to [9],
[10] also use four transistors (MA7 to MA10) to build an extra read path. However, its
QBB is always kept at 1 during the hold mode since the MA9 in [10] is controlled by
RWL instead of QB. When reading a value 0 out, QBB is pulled down through the
path formed by MA7 and MA10. However, when reading a value 1 out, QBB is
floating since MA9 is turned off by RWL. As a result, the pre-charged floating 1 at

RBL will be read out.

BL WL BLB RWL RBL

b
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Figure 4 shows the third Type-A subthreshold-SRAM design [11], which uses two
transistors and one extra signal (named buffer-foot) to build the extra read path.
During read, the signal buffer-foot is set to GND and hence its read mechanism is the
same as [10]. It means that QBB is 0 and floating when reading 0 and 1, respectively.
During hold, the signal buffer-foot is set to VDD, meaning that QBB is either 1 or

floating based on the value of QB.

BL WL BLB RBL

Buffer-foot

Fig. 4. Third Type-A subthreshold-SRAM design [11].

B. Impact of Open Defects on Type-A Subthreshold SRAMs

In the following experiments, we inject an open defect with different resistances on
each terminal (gate or source/drain) of each transistor and report the minimum
resistance which can cause a failure on a read operation or a write operation for
Type-A subthreshold-SRAM designs. Table Il lists the minimum detectable resistance
of each open defect (in Column 5) and the operation which the defect cause a failure
at (in Column 4). Note that the result reported in Table Il is obtained based on the first
Type-A design [9] at the TT corner and 25A similar result can be obtained for the

other two Type-A designs [10] [11]. In addition, once the a defect can generate a read
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failure or write failure, this defect can be easily detected by a conventional SRAM
march sequence. Therefore, we only need to consider the open defects with a faulty
resistance less than the minimum detectable resistance.

As Table Il shows, the open defects located on the original 6T bit-cell (MA1 to
MA®G) all fail on a write operation. The open defects located on the source/drain of the
four cross-coupled transistors (MA2 to MA5S) are first highlighted by a gray
background color in Table IIl. Those defects are classified as a stability fault in Section
lll. As opposite to traditional 6T super-threshold SRAMSs, no stability faults on the
nMOS transistors (MA3 andMADbS) can be detected, but the stability faults on the
pMOS transistors can be detected with a 80iMinimum detectable resistance for
Type-A designs. This result demonstrates that detecting the stability faults on nMOS
transistors is more critical than that.on'pMOS transistors for Type-A designs. Also, all
open defects on the gate of the six transistor (MA1 to MAG) have a minimum
detectable resistance larger than 3¥OMnd hence are also relatively hard to detect.

On the other hand, the open defects located on the extra read path (MA7 to MA10)
all fail on a read-0 operation. Also, the open defects on both gate and source/drain of
MAO9 are almost undetectable even though those open defects may reduce the ability
of pulling up QBB. However, the read-1 operation do not rely on MA9 to pull up RBL
and hence the malfunction of MA9 can hardly fail a read operation. For MA7,MAS,
and MA10, the open defects on their gate is harder to detect than those on their

source/drain.
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TABLE 11
Faulty behavior of open defects on Type-A designs (Fig. 2, 3, 4).

Transistor | Transistor | Transistor Faulty min detectable
property name terminal behavior resistance
G WO fail 482M(}
write pass | A1 S/ID WO fail 3.8MQ)
transistor G W1 fail 500M(€2
Mas S/D W1 fail 3.2MQ
G WO fail O00MI2
pull-up Ma: S/ID W1 fail 60MS)
pMOS : G W1 fail 800M(S2
Mas S/D WO fail 60M()
G W1 fail 370M(2
pull-down Mas S/D - 00
nMOS G WO fail 370M2
M ax SD i o
read pass G RO fail 200M(2
transistor Mas S/D RO fail 16.9M(2
read-path G RO fail 440M(?
pull-down Maz S/D RO fail 5.1M€)
read-path Mare G RO fail 240M(2
pull-down2 ’ S/D RO fail 5. 1M1
read-path G RO fail 2GS}
QBB st | Ac SID - o

C. Effectiveness of Test Methods for Type-A Designs

In the following experiment, we attempt to reduce the minimum detectable
resistance of each stability fault by applying (1) read equivalent stress (denoted as
RES), (2) severe write, and (3) low-V-write/high-V-read (denoted as LVWHVR)
to Type-A subthreshold-SRAM designs. Note that the read equivalent stress

performed in this experiment will not stop repeating read operations until the
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minimum detectable resistance can hardly be decreased, which usually takes less
than 10 repeated read operations. Also, the operating voltage for write and read in
low-V-write/high-V-read is 0.36V and 0.4V, respectively. Table Il reports the
minimum detectable resistance achieved by each test method. In Table Ill, the test
method W+R means a simple read operation after a write operation, which will
actually achieve the same minimum detectable resistance as listed in Table II.

As Table Il shows, severe write outperforms the other two test methods by
achieving a 6.6 minimum detectable resistance for pMOS stabilitytiaand a
4.3MQ minimum detectable resistance for nMOS stabilitytea Meanwhile, read
equivalence stress cannot detect any pMOS stability faults and its minimum
detectable resistance for nMOS stability faults is still high (7QQNNote that the
read equivalence stress performs even'worse than the simple read after write (W+R)
for pMOS stability faults. This is-because the W+R fails at its write operation but the
read equivalent stress assumes that its initial value can be successfully written. Also,
the low-V-write/high-V-read cannot detect any nMOS stability faults. In fact, if the
boosted WL used in severe write is set to 0.7V, the minimum detectable resistances
will be further decreased to the order of hundredd¥owever, if the boosted WL is
set to 0.6V, no data can be written into the bit-cell even when no defect exists. Thus,

defining a proper boosted voltage at WL is a critical factor when using severe write.

TABLE II1
Effectiveness of test methods for detecting STFs in Type-A designs.

Transistor | Transistor LVW-HVR
W+R RES Severe W ) .
property name (0.36V)
pull-up M 4 5(S/MD) 6OMO) 6.6MO) 30.4MQ
pMOS | M .44(S/D) i - OM S
pull-down | M 43(S/D) 790ME) 4.3MOQ
nMOS | Mascsmy | °F ’ o >
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In addition, the severe write and LVW-HVR can also help to reduce the minimum
detectable resistance at the gate of MA1 to MAG, while read equivalent stress cannot.
Table IV shows the corresponding results, in which LVW-HVR achieves a lower
minimum detectable resistance at the gate of write pass transistors and pull-up pMOS
transistors (MA1, MA2, MA4, and MAG) while the severe write achieves a lower
minimum detectable resistance at the gate of pull-down nMOS transistors (MA3 and
MADS). Overall, severe write is still the most effective test method for Type-A designs

since it can cover open defects at the most places.

TABLE IV
Effectiveness of test methods for detecting fail-to-write gate open
defects in Type-A designs.

Transistor | Transistor Severe | LVW-HVR
W+R | RES . :
property name write (0.36V)
write pass | M 41(G) | 482M(2 350MS2 32.4M(2
transistor | M 46(G) | S00ME2 420M$2 29.9M(2
pull-up M 42(G) | 900M(2 1 80M(2 60MS
pMOS M 44(G) | 800M(2 200M(2 60M(2
pull-down | M 43(G) | 370M(2 1 10M£2 260M$2

nMOS | M45(G) | 370MQ 230MQ [ 290M(2

218128828
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V. ANALYSISOF OPEN DEFECTSIN TYPE-B
SUBTHRESHOLD SRAMS

A. Introduction of Type-B Subthreshold SRAMs

According to the categorization shown in Table I, a Type-B subthreshold-SRAM
design utilizes a single-ended sense amplifier for read and its read operations share
the same path with its write operations. Such a bit-cell structure implies that its write
operation is performed through a single bitline as well, which further increases the
difficulty of a write operation. Thus,;in order to successfully write data through
a single bit-line, Type-B subthreshold-SRAM designs heavily rely on the design
techniques which can effectively reduce the hold ability of the cross-coupled inverters
during the write operation.

Figure 5 shows the first Type-B subthreshold-SRAM design [12], which can adjust
the hold ability of the crosscoupled inverters by controlling the voltage at virtual
VDD (V irvDD) and virtual GND Y irGND). During a read operation or the hold
mode, V irVDD and V irGND are set to VDD and GND as general SRAMs. During a
write operation, V irVDD and V irGND will become an offset lower and an offset
higher, respectively, which can break the outside inverter (form&tB3yand MB})
and allows the voltage & to be directly affected by BIAlso, this design [12]
utilizes a pMOS pass transistdiB2) in addition to a normal nMOS pass transistor
(MB1) simultaneously, such that both 1 and 0 can effectively passed through either

MB2 or MBL.
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BL | Qutside Inverter

1 [ e
\VirGND ‘ _‘!7

Inside Inverter

Fig. 5. First Type-B subthreshold-SRAM design [12].

Figure 6 shows the second Type-B'subthreshold-SRAM design [13], which
decreases the hold ability during a write operation by breaking the loop of the
cross-coupled inverters through the control sighélisandwWriB (at MBB and MB).
Once the loop is broken, the value at BL can be easily written into the bit-cell. After
the write operation, the loop of the cross-coupled inverters will be recovered as

normal.

B. Impact of Open Defects on Type-B Subthreshold SRAMs

Table V lists the minimum detectable resistance and the corresponding faulty
behavior of each open defect in Type-B designs. As Table V shows, the open defect at
the source/drain of MBdoes not cause a stability fault since the open defect falls on
the path of read-0 and can be easily detected by a read-0 operation (with a 900kQ
minimum detectable resistance). Also, the stability fault at the outside pull-up pMOS
MB3 is harder to detect than that at the inside transistoEsaviB MB. This is

because the outside inverter is either destroyed or disconnected during a write
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operation, so that the value at

BL A

=
illl.-'

=z=z|L=
& 3 o

Outside Inverter

Fig. 6. Second Type-B subthreshold-SRAM design [13].

Q is always correct. Even if a defect occurs on the outside pMCS ikBveak
pull-up ability will not lead to a wrong value atsihce the value at Q is already set
by BL However, if a defect occurs on the inside inverter, its weak pull-up or
pull-down ability may delay the signal at QB and in turn result in a conflict at Q
Table V also shows that the open defects on the gate and source/drai@ caiVB
hardly be detected, implying that the design [13] may not really need a pMOS
transistor to pass a value 1 at the outside inverter’s output to Q when the
cross-coupled loop is reconnected right after a write operation. In addition, the
minimum detectable resistance at each transistor’s gate is still high and hence the

corresponding open detect is also hard to detect.
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TABLE V
FFaulty behavior of open defects on Type-B designs (Fig. 5, 6).
Transistor Transistor | Transistor | Faulty |min detectable
property name | terminal | behavior resistance
G WO/RO fail 2G12
write pass Mp: S/D RO fail 6.4M()
transistor G W1 fail 590M(2
Mp2 SD | WI fail 7.6M()
outside G WO fail 4G112
il poios | VB3 S/D - o0
inside G WO fail 870M(2
pull-up pMOS Mps S/D WO fail 160M(2
outside G W1 fail 2G12
pull-down nMos| B4 S/D RO fail 900K
inside G W1 fail 970M(2
pull-down nMOS| VB¢ SD Wi fail 120M()
G W1 fail 2G4}
cross-coupled Mp7 S/D RO fail 45.8M(
loop switch G WO fail 29GI2
Mps S/D : 0

C. Effectiveness of Test Methods for Type-B Designs

Table VI reports the minimum detectable resistance achieved by each test method
for each stability fault in Type-B designs. Note that the severe write can only be
applied to the design utilizing differential write mechanism (with BL and BLB), and
hence cannot be applied to Type-B designs, which uses only one bit-line for write. As
Table VI shows, only read equivalent stress can detect the most hard-to-detect
stability fault (aMB3) in Type-B designs. This is because, by breaking the hold
ability of the cross-coupled inverters, write 1 to Q is easy. As a result, detecting

stability fault at MB cannot be achieved by using a weak write. We can only rely on
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read operations to detect it. Also, read equivalent stress can reduce the minimum
detectable resistance of the other two stability faults. In addition, LVW-HVR cannot
effectively reduce the minimum detectable resistance at transistors’ gate for Type-B
designs as it does for the Type-A designs. Table VII shows the corresponding result at
each transistor’s gate. Therefore, read equivalent stress is more preferable than

LVW-HVR for Type-B designs overall.

TABLE VI
Effectiveness of test methods for detecting STFs in Type-B designs.

Transistor | Transistor LVW-HVR
property name WAR RES 0.38V-W | 0.36V-W
pull-up M p5(S/D) 00 300k(2 o0 <0
pMOS Mps(S/D) | 160ME2 | 160MS2 | 150M(2 <0

pull-down ]

Mos | MBs(S/D) | 120MQ | 62MQ | 43.7MQ <0
TABLE VII

Effectiveness of test methods for detecting fail-to-write gate open
defects in Type-B designs.

Transistor Transistor : LVW-HVR
property name WiR (0.38V-W)
write pass Mp,(G) 2G1 2GS
transistor M po(G) 590M<2 410M1$2
pull-up M p3(G) 4G1 3GK2
pMOS M p5(G) 870M(2 TOOM(
outside
pull-down nMOS M p4(G) 2GS} 430M(2
inside
pull-down nMOS M gg(G) 970M(12 410M(2
cross-coupled M p7(G) 2G1 3GK2
loop switch M ps(G) 29G(} 190GS2
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In Table V, open defects on the source/drain oflMBB4, and MB may result in
a read-0 fail. Since Type-B designs use a single read path and BL is pre-charged to
floating 1 for a read operation, a read-1 operation will never fail by an open defect on
the bit-cell. In fact, the worse case of performing a read-0 operation occurs when the
value of all other bit-cells at the same BL is set to 1, such that the leakage current
from MB1 andMB2 can prevent the BL from being pulled down by the accessed
bit-cell. Also, the devices need to be in the FF corner and operated at a high
temperature. Such a condition can result in a more significant leakage current, even
though the pull-down capability of the targeted read path is also increased at a higher
temperature (will discuss more in Section VII).

In the following experiment, we attempt to observe the impact of setting the data of
all other bit-cells at the same BL to the same value (0) or the opposite value (1) to the
accessed bit-cell when performing a read-0 operation in Type-B designs. Table VIl
lists the minimum detectable resistance of the three read-0-fail open defects with both
background settings. The simulation is conducted based on the FF corn€.aAg5-
the result shows, with the same data background, a large open defect may not be even
detectable since the leakage at the same BL can help to pull down the data. With the
opposite background, the minimum detectable resistance can be significantly reduced.
Note that we have tried a similar experiment to Type-A designs but its difference of

using different backgrounds is limited.
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TABLE VIII
Impact of wsing different backgrounds when testing fail-to-read open
defects in Type-B designs.

Transistor Same Opposite
name background | background

Mp1(S/D) o0 8. 1MS2

M p4(S/D) o0 90kS?

M p7(S/D) 150M(2 20.4M(2

To apply this all-1 background for a read-0 operation at each bit-cell, the march
sequence in use needs to include the march elem@ntQ, wl). This march element
can generate a read 0 out of a all-1 BL background and then recover the target bit-cell
to 1, such that the background can remain all 1 when moving to the next address. Note
that the march elementQ, r0, wl).isnot included in a conventional SRAM march

sequence, such as March C-.
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VI. ANALYSISOF OPEN DEFECTSIN TYPE-C
SUBTHRESHOLD SRAMS

A. Introduction of Type-C Subthreshold SRAMs

According to the categorization shown in Table I, a Type-C subthreshold-SRAM
design utilizes a differential sense amplifier for read and its read path is different from
its write path. It means that each of Q &8 needs to be read out through a different
extra read path to BL &LB instead of through the pull-up or pull-down paths of the
cross-coupled inverters. Once the read paths are independent from the crosscoupled
inverter, the read static noise margin can be protected. Also, Type-C
subthreshold-SRAM designs utilize'a virtual GND to destroy the original stored data
and improve its write ability.

Figure 7 shows the first Type-C subthreshold-SRAM design [14], which embeds a
6T-SRAM design (withtMC2, MC4, MC5, MGG, MC7, and M@) in the center and
one extra read path on a side to read out the value of Q (withad€M@) or QB
(with MC9 and MQ.0). Also, two word-linesWL1 andWL2) are used in this design.
During a read operation, WIis set to 0 an@/L2 is set to 1. Then the pre-charged BL
will be pulled down byMC3 if Q = 1 and will remain floating 1 if @ 0, meaning that
the value read out from BL (or BB different from the value at Q (or QBDuring a
write operation, bothVL1 andWL2 are set to 1 and virtual GND is pulled up to VDD,
which changes the original stored value at Q@Bdo a voltage around 0.5 VDD

and provides a weaker initial value at the cross-coupled inverters for write. After the
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write operation, the virtual GND will be pulled down to GND, which separates the

voltages at Q and Qiirther apart. During the hold mode, bdi.1 andWL2 are set

to O.

BL

Mc1

Fio.

WL2

WL1

BLB

Mc1o

h.l L{
Mes

Mca
Mca I:)— —C Mcs
i
Q - QB
Mcs I_
Mecs Mcr
YVirGMND

7. First Tyvpe-C subthreshold-SRAM design [14].

Figure 8 shows the second Type-C subthreshold-SRAM design [15], which further

improves the first Type-C design [14] with the following modification. In [15], its BL

is connected to the output of the inverter formed&6 andMC7 (through MQ and

MC2) instead of that bMC4 and MG&. Similarly, its BLB is connected to the output

of the inverter formed by M€Cand MG (throughMC8 and MQ.0). As a result, the

value read out at BL will be the same as the value At€Q, during its hold mode,

WL2 is set to O budVL1 is set to 1. Under this setting of word-lines, 3@ MC9 can

help to pull down QB or Q during the hold mode, which can further increase its hold

ability. In addition, because the value at Q is equals to the value at BL during a

read operation, the leakageMsE2 in [15] can be significantly reduced when
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compared to [14]. Similar situation applies to the leakage @ B@ing a read
operation. Since [15] is a more refined version of [14], we will only consider the case

of [15] in our later discussion regarding Type-C subthreshold-SRAM designs.

BL WL2 BLB
WL
Mca Mece
M 1 r'vl.: 2 F_ _4 M CE M 10
Q

I | -\

B
NIC 3 F % M o

III'rJll CE M C7
VirGND

Fig. 8. Second Type-C subthreshold-SRAM design [15].

B. Impact of Open Defects on Type-C Subthreshold SRAMs

Table IX lists the minimum detectable resistance and the corresponding faulty
behavior of each open defect in Type-C designs. As Table IX shows, the stability
faults on the nMOS transistors M@nd MQ cannot be detected at all. However, the
stability faults on the pMOS transistors Hl@nd M@ are relatively easy to detect
(with 21MQ minimum detectable resistance), even comparedr stability faults
in Type-A and Type-B designs. This is because the write mechanism in Type-C
design relies on ML (or MC6) to strongly hold the value 1 at @& Q) at the end of
a write-0 operation, while V irGND just turns from VDD to GND. Thus, a small open
defect on the source/drain of M@r MG may fail the write operation. In addition,

the open defect at a transistor’s gate is also relatively easier to detect when compared
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to that in Type-A and Type-B designs.

TABLE IX
Faulty behavior of open defects on Type-C designs (Fig. 7. 8).

Transistor Transistor Transistor| Faulty |min detectable
property name terminal |behavior| resistance
write only G W1 fail 58M(S2
pass transistor | 1162 & Mes M5 W a0 16MS2
write/read G R1 fail 39M()
pass transistor | 1C1 & Mo10 ST TR R MO
pull-up _ G W1 fail 64M(2
omos | Mes & Meos g e e T 1o
pull-down G W1 fail 410M(2
mos | Mos & Mor pugy : o
read-path M & Mo G W1 fail 170M$2
pull-down ' ' S/D R1 fail IMQ2

C. Effectiveness of Test Methods for Type-C Designs

Table X reports the minimum detectable resistance achieved by each test method
for each stability fault in Type-C designs. As the result shows, only LVW-HVR can
detect the stability faults on nMOS transistors3vibd MQ while both RES and
severe write cannot. However, the write voltage for LVWHVR need to be carefully
assigned such that the nMOS stability faults can be detected and the fault-free design

can still correctly function.
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Effectiveness of test methods for detecting STFs in Type-C designs.
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Transistor Transistor Severe | LVW-HVR
W+R RES ,
property name write (0.26v)
pull-up M4(S/D)
| ) 30k0)
PMOS Mo (S/D) 1IMEO | 17TMO) 6M() 030k(
pull-down | Mc5(S/D) L6MQ
nMOS | Mc-(SD)y | °° > o

Table XI shows the corresponding result of applying different write voltages to
LVW-HVR. As the result shows, LVW-HVR cannot detect nMOS stability faults
until the write voltage is reduced to 0.26V. However, if we further lower the write
voltage to 0.24V, the minimum detectable resistance of pMOS and nMOS stability
faults will be reduced to 2k@nd 45kQ Such a low minimum detectable resistance
kills almost all design margin for tolerating small detects during the test mode and in
turn may result in an over-testing. Therefore, setting a property write voltage is

critical when applying LVW-HVR.

Similar to Table VIII, Table XlI reports the minimum detectable resistance

TABLE XI
Impact of vsing different write voltages during LVW-HVR for Type-C
designs.

Transistor | Transistor | LVW-HVR with different write voltage
property name (0.30v) | (0.28v) | (0.26v) | (0.24v)
pull-up Me4(S/D)
pMOS Meo(SID) 4MS2 3ME2 930Kk(2 2KkS2

pull-down | Mg5(S/D) _

IMOS Mo(SD) 00 00 16M(2 45kS2
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obtained by applying the same background and the opposite background for all
read-fail open defects in Type-C designs. The simulation is also conducted based on
the FF corner at 7&. As the result shows, the opposite data backgroand

effectively help to detect those read-fail open defects (with an acceptable minimum
detectable resistance) while the same data background may fail to detect a large open
defect, which again shows the effectiveness of setting an opposite background for

detecting a read-fail open defect.

TABLE XII
Impact of using different backgrounds when testing fail-to-read open
defects in Type-C designs.

Transistor Same Opposite
name background | background
Me1(G) o0 310M(2
M 1(S/D) T8MI2 TME
M ~3(S/D) o0 4MS2
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VII. IMPACT OF TEMPERATURE AT TEST

When operating at a super-threshold voltage (e.g. 1.2V), the on-current of a
transistor decreases along with the increase of temperature [22], meaning that the
performance of a circuit also decreases. At the same time, the power consumption of a
circuit increases along with the increase of temperature as well due to the lower Vth at
a higher temperature [22] [23]. Therefore, we in general test a circuit (including logic
and memory) more often at a high temperature than that at a low temperature since
operating a circuit at a high temperature can exercise a worse corner of both the
circuit’s performance and power consumption, which in turn can examine the circuit’s
marginality and reliability. In addition, such a stressed condition at a high temperature
can further speed up the aging of circuits and identify the infant mortality of circuits

(such as burn-in).

(a) Cycle time (ns)

1750

-50 0 50 100
Temperature (°C)
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Fig. 9. (a) Cycle time versus temperature and (b) Power consumption
versus temperature for a 128x32 subthreshold-SRAM array.

However, the above property may not hold for subthreshold SRAMs (or general
subthreshold logic circuits). Figure 9(a) first plots the minimum required cycle time
for a subthreshold-SRAM array-{9] (used in our previous experiment) at different
temperatures. As the figure shows; the cycle time decreases when the temperature
increases under 0.4V operations, which is opposite to the case under 1.2V operations.
On the other hand, Figure 9(b) plots the power consumption of the same
subthreshold-SRAMarray at different temperatures and shows that the power
consumption of a subthreshold SRAM array still increases when the temperature
increases. The same trend about circuit performance and power consumption also
holds for the subthreshold logic circuits [24] [25].

As a result, testing a subthreshold SRAM at a high temperature can exercise a
worse corner only for its power consumption. To exercise a worse corner for its
performance, testing the subthreshold SRAM at a low temperature is required. This
result also implies that the effectiveness of the traditional burn-in test may need to be

reevaluated for subthreshold circuits.
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VIIl. CONCLUSION

In this paper, we first validated the effectiveness of three different test methods on
detecting stability faults through simulation and found that (1) only severe write can
cover all stability faults for Type-A designs, (2) only read equivalent stress can cover
all stability faults for Type-B designs, and (3) only low-V-write/high-V-read can cover
all stability faults for Type-C designs. We also discussed the effectiveness of using
opposite background for detecting a fail-to-read open defect for each type of designs
and found that this background works for Type-B and Type-C designs. Finally, we
discuss the impact of the test temperature under 0.4V operations and how it differs

from that under 1.2V operations.
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