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Abstract: The gradually increasing performance of not only on defective BLs but also in neighboring ones.
memory devices increases the complexity of memory cir- The paper is organized as follows. Section 2 starts with
cuitry and causes new, previously unknown, failure mech- a description of the precharge failure mechanism, models
anisms to take place. This paper describes a recently iden-it, and indicates how it is tested. Then, Section 3 identifies
tified failure mechanism, observed during the design stage how BL coupling influences the faulty behavior induced by
of a high speed DRAM. The failure mechanism is caused precharge fails. Section 4 validates the analysis usinggSpi
by the inability of the precharge circuits to set the proper simulation of the faulty behavior and suggests a test for it.
voltages on memory bit lines at the end of each operation, This section also shows the results of including the pro-
a problem that is made even worse by the coupling effectsposed test into the manufacturing test flow of high speed
bit lines have with each other. This paper gives a detailed DRAMSs. Finally, Section 5 ends with the conclusions.
analysis of this problem, and suggests effective tests-to de

tect it. The paper also describes the results of an indus-

trial study performed to validate the effectiveness of the 2 Description of the problem

new tests. . . . ,
The bitline-coupled precharge failure mechanism was first

identified when a large mass of test results revealed a cor-
Keywords: DRAM testing, precharge faults, bitline cou-  relation between the failure of read operations performed
pling, defect simulation, test generation. with alternating logic values and the maximum BL volt-
age (/44). Figure 1 shows a plot of this correlation. The
. r-axes represents the maximum BL voltadg ), while
1 Introduction they-axes represents the fail count of read operations per-
formed along BLs (i.e., in the fast direction) with alter-

The processor-memory performance gap represents a manating logic values in the cells (i.e., with a checkerbodrd o
jor bottleneck in the overall performance of computer sys- row stripes data backgrounds).

tems today [Mahapatra99]. This gap has led to the intro-

duction of various DRAM 1/O interfaces, each targeted to Fails for § +++
increase the access speeds for a specific type of application . :ggr\i‘sﬂgg gff
[Prince03]. The continuous pressure to increase the speed . {1#
of memory devices puts significant demands on cutting- +++++jf *
edge memory circuits and introduces new speed-related R
failure mechanisms, and redefines the importance of pre- R
viously irrelevant and overlooked fails.
This paper describes a failure mechanism in high per- vdd
formance memory devices that stems from week precharge
circuitry which, when combined with the high speed Figure 1. Experimental correlation showing precharge faults.

requirement, prevents setting bit lines (BLs) to proper
precharge voltage at the end of every operation. This fail-
ure mechanism is made even more complex because of its The correlation in the figure shows that the memory
sensitivity to BL coupling effects, thereby inducing faig finds it difficult to read alternating values from memory
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Figure 2. Precharge circuits and their functionality.
cells when these read are performed along the same BLs. BT L]
This indicates that the memory suffers from a precharge vdd/2
problem that prevents the BLs from being fully equalized ]I EQL o
before the following operations are performed. I vt F
Figure 2(a) shows a typical electrical schematic of the Weak precharge
BC model

precharge circuits, where the true bit line (BT) and the
complementary bit line (BC) are connected to each other
and to the voltagé’g—d through3 transistors, controlled by
the equalize signaHQL). Figure 2(b) shows the different
stages of a typical read operation, and the wayEQk
signal is used to precharge and equalize the BLs. The read
operation starts with an activation (Act) stage, where the any memory test flow.
cell is accessed and a small differential voltage develops
between BT and BC. This differential voltage is amplified
by the sense amplifier to the full cell voltage. Then the read
(Rd) stage forwards the sensed voltage to the output, and

finally the precharge (Pre) stage resets the voltages on BTD_ue to the h!gh speed of the memory prod_uct In question,
and BC to%. simply applying the scan test variant described above does

) not succeed in detecting the DRAMs known to have faulty
A precharge problem can be modeled electrically by a precharge circuits. The faulty behavior shows to be not
weak equalization transistor in the precharge circuitiy- F - only dependent on the value of the previous operation on
ure 3 shows the precharge circuits where the fault is mod- the failing BL, but also on the value of the previous opera-
eled as an increased threshold voltagg (n the equaliza-  tion on neighboring BLs. This indicates that BL coupling
tion transistor. This increasdd prevents th&Q signal  plays a role in precharge failures. Previous published work
from setting the proper BL equalization voltage on both BT i, the literature indicates the importance of BL coupling in
and BC. This happens since precharging is mainly done infiyencing the behavior of memory devices and as a case
through the equalization transistor by short-circuitihg t  of memory fails [Konishi89, Redeker02].
high (low) voltage on BT with the low (high) voltage on Figure 4 shows how to model BL coupling effects
BC. The ot_her two precharge transistors are needed to eNysing capacitances’;) placed between different BLs
sure reaching the exacg* voltage on both BLs, and to [Al-Ars04]. The model contains three BL pairs, denoted
accelerate the precharge process. as BLt for top (with true BTt and complement BCt lines),
In order to detect this kind of faulty behavior, it is im- BLm for middle (with true BTm and complement BCm
portant to perform a sequence of read operations on alllines), and BLb for bottom (with true BTb and comple-
memory cells in the fast direction using an alternating ment BCb lines). The BLm pair is considered the one with
data background (DB), such as row stripes DB or checker- the faulty precharge circuitry, and the cells connected to
board DB. Such a test could have the following form it are inspected for faulty behavior. The model also bias
{$2(w0); $(r0); $z(wl); Po(rl)} with the row stripes  cells connected to two WLs, three to WLO and the other
or checkerboard DB. This is simply a variant of the scan three to WL1. We consider the faulty behavior in the cell
test which is usually performed at the beginning of almost connected to BTm and WL1.

Figure 3. Electrical modeling of precharge faults.

3 Contribution of BL coupling
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Figure 5. Effects of BL coupling on precharge faults.

BL coupling results in developing small coupling volt-
ages on adja_cent BLs, which _mfluen_ces proper sense am-, the BTh low by an amount df,; to Yi; this is indi-
plifier operation. From a testing point of view, it is im- ;g by the down-arrow next 16, in the figure. This in
portant to understand how previous operations and the cur-; . pulls the voltage on BCm by an amountiaf, lower

rently accessed cells influen_ce the voltgge on the BLs €ON- 4¢ indicated in the figure, which promotes sensirggic
nected to faulty precharge circuits. This way, the best test 1 i, the victim cell.

can be generated by writing the worst-case neighborhood

V°'ta965 in neighboring cells. o o worst-case precharge background wouldchia the both
With the faulty precharge circuits, BL coupling influ- cq)15 connected to the BLs above and below the failing cell.

encing sensing the proper cell voltage in the two operation o the cell connected to the same faulty BL, the worst-

stages before sensing takes place: the Pre stage of the prgs;qe precharge value should alsazbén other words, the

vious operation, and the Act stage of the current operation peg test conditions for testing BL-coupled prechargegaul

[see Figure 2(b)]. We consider that the Pre stage is beingig achieved using the following worst-case precharge data

performed on the cells connected to WLO, while the Act background (DB)z, ca. @4, (i-€., the aggressor cells on
atCa., Cay \I.C.,

stage is being performed on cells connected to WL1. Inthe g1t BTm and BTb should contain the valde
following, the influence in these two stages is discussed in ’
detail.

Yig -

In conclusion, if an accessed cell has a valileen the

3.2 BL coupling during Act

3.1 BL couplingduring Pre During the activation stage (i.e., when WL gets activated),

) _ ) ) ~ BL coupling causes two different coupling effects that in-
Figure 5 gives a graphical representation of the coupling fjyence the sensing of the cell voltage. These two differ-
effects of the precharge history in the neighboring cells of o coupling effects are pre-sense coupling and post-sense
a defective BL pair. We consider that the Pre stage is being coupling [Al-Ars04]. Figure 6 gives graphical representa-
performed on the cells connected to WLO. We assume thatijons for hoth cases. The figure assumes that WL1 is being
the cell accessed on BTt and WLO contains a lagand accessed, which means that the cell connected WL1 and
the cell accessed on BTb and WLO contains a ldgié\s BLm is the failing cell, while the cells connected to WL1
soon as WLO is disabled, the precharge phase of the op-3nq BTt and BTb the neighborhood of the failing cell. The
eration starts by enabling tH&QL signal in the precharge o5 are assumed to contain logic
circuitry [see Figure 3]. Since the accessed cell on BTt
has a valud, the precharge phase pulls the voltage on BCt
high by an amount o?/;; to %; this is indicated by the

up-arrow next to;; in the figure. As a result af’y,, the  As soon as WL1 is accessed, the cell on BTt starts to pull
voltage on BTm is also pulled by an amountldf, to @ the voltage on BTt by an amount &, to a higher level;

Pre-sensing effects

higher level; this is indicated by the up-arrow nextife this is indicated by the up-arrow next ¥, in the fig-
in the figure. This voltage change promotes sensilgia ure. As a result of BL coupling, the voltage on BCt is
1in the victim'". also pulled by an amount df;» to higher level; this is in-

In the same way, since the accessed cell on BTb has agicated by the up-arrow next . in the figure. Finally,
valuel, the precharge phase pulls the high voltage presentas a result of BL coupling between BCt and BTm, the volt-
1The increase in the voltage on BTm further results in an &geen age on BTm is puIIed hlgher by an amountlgf, which

the voltage on BCm, but this effect is an order of magnituds &nd is promotes sensing a Iogici_n the YiCtim; this is indicated
therefore negligible by the up-arrow next t&;s in the figure. In the same way,




BTt Vil 7 BTt
BCt [H "U'LH Ve~ > BCt [H "1'LH th\>
VI8 oo V2 o
[ Vb2~ [} Vb2~
BCm BCm
BTb Vb1~ BTb Vb1~
CIET T G
BCb BCb
wiol  wia wiol w1

\ \
The WL being accessed The WL being accessed

(a) Pre-sensing (b) Post-sensing

Figure 6. Effects of (a) pre-sense and (b) post-sense coupling.

as soon as WL1 is accessed, the cell on BTb starts to pull
the voltage on BTb by an amount ©f; to a higher level,
which in turn pulls the voltage on BCm by an amount of
Vi2 higher. This increase in the voltage on BCm promotes
sensing dogic 0 in the failing cell. In conclusion: the
worst-case pre-sensing DB is eithigr 0,0,, 0r 04,1,1,,

(in shorté,, cycq, ). This means that if the cell on WL1 and
BTm contains the value, then the worst case is when the
cell on WL1 and BTt containg and the cell on WL1 and
BTb contains:.

Post-sensing effects

Once the sense amplifier is activated, and since the cell
on WL1 and BTt containg, the sense amplifier pulls the
voltage on BTt high while the voltage on BCt is pulled
low by an amount ofV;; [see Figure 6(b)]. As a result
of BL coupling, the voltage on BTm is pulled low by an
amount ofV;», which promotes sensing a logicin the

4

This section presents the results of a Spice-based evalua-
tion of the BL-coupled precharge failure mechanism. A
test is presented to detect this faulty behavior, and the re-
sults are discussed of implementing this test in the test flow
of a recent memory in Infineon Technologies.

I ndustrial evaluation

4.1 Modelingthe defect

In order to simulate the faulty behavior of the memory, it is
important to model the failure mechanism to be analyzed
and the analysis objective. [see Figure 7].

1. Failure mechanism—The failure mechanism to be
analyzed takes place in the precharge devices of a
specific bit line pair (BL pair), resulting in weak
precharge devices that fail to properly set the BLs to
the correct precharge voltage, which leaves true and
complement bit lines (BT and BC) unequalized with
a small differential voltage between thelAV;, =
Ver — Vo).

2. Analysis objective—The objective of the analysis is
to identify the worst-case data background (DB) that
should be used in the two BL pairs adjacent to the
defective BL pair.

This failure mechanism is difficult to detect since it
takes place in a rather fast memory design, which means
that it is not possible to use the traditional approach of in-
ducing a fail in defective memaories by increasing the test
stress (for example, by reducing the write time), since such
a stress would result in failing all devices, both defective
and functional. Therefore, to make the tests more selec-

failing cell. In a similar way, once the sense amplifier is tive in failing defective memories, other ways are needed
activated, and since the cell on WL1 and BTb contains a t0 induce a fail that are more closely associated with the
1, the sense amplifier pulls the voltage on BTb high by an defect in the precharge devices. In this case, we choose
amount ofV;; as indicated in Figure 6. As a result of BL {0 use the worst-case data ndifferent DB cells during
coupling, the voltage on BCm is also pulled high by an the.prechargef stage of the previous operatlor_w,mnellls
amount ofV;», which promotes sensing a logicin the during the activate stage of the current operation.

victim cell. In conclusion: the worst-case post-sensing DB

is either0,,0,0,, OF 14,1,14, (in Shortc,,cycq,). This .~ Neighboring cells during precharge

means that if the cell on WL1 and BTm contains the value BTt B

¢, then the worst-case DB is when the cell on WL1 and BTt BCt

contains: and the cell on WL1 and BTb contaings well. I - Failing cell BTm
Comparing the two results of pre and post-sensing, we BTD Bem

find that each requires a different DB to ensure the worst- BCh [H  [H >

case sensing condition. It is possible to use a memory wLo | w1

test that covers both DBs to ensure covering the worst-case
condition. But to reduce test time, a single worst-case DB

is needed, and therefore we should identify whether pre-
sensing or post-sensing is more dominant.

Neighboring cells during sensing

Figure 7. The defective BL pair and its DB.



Simulating this failure mechanism is done using a de-
sign validation model used during the design of memory
circuits. Simulations performed on this model show that it
takes2 minutes to simulaté nanosecond of memory op-
eration, which is relatively long. But since we are only
interested in analyzing one failure mechanism (the weak
precharge circuits problem), the investment in simulation
model reduction is not justified. Therefore, the original
design validation model is used for the simulations. The
model contains a number of BL pairs, but for our analysis

tion device AV;). The result plane showsdifferentV,
curves with3 DB values, organized from left to right at
the bottom of the figure with the same order listed in the
legend. There is a ninth,s curve to the right of all other
curves withs DB values. This curve will be discussed later.
The V., curve is thecell-sense threshold voltagehich is

the cell voltage at which the sense amplifier distinguishes a
0from al. This means thatif a read operation is performed
whenV, > V., then the sense amplifier detects a logic

in the failing cell, whileV, < V_, results in sensing a logic

we take one BL pair as the defective one, and consider two0 in the failing cell. Therefore, the leftmo$f.; curve is

other BL pairs (two above and two below) as the DB in the
analysis. These relevant BL pairs are shown in Figure 7.

The following step in the fault analysis process is to
electrically model the failure mechanism, and inject ibint
the memory model. This failure mechanism can be mod-
eled by an increased threshold voltagg) (of the equal-
ization device, as shown in Figure 8. The increas;in
models the weakness in the equalization device.

BT L
| Vvdd/2
]I EQL o
“T—
| Weak precharge
BC model

Figure 8. Modeling of the weak precharge circuits problem.

The next step in the fault analysis process is performing
the simulations according to the guidelines of a fault anal-
ysis method suitable for the memory under analysis. Since
we are dealing with a DRAM, the simulation employs the
concept of the result planes and tig curves previously
used to analyze the faulty behavior of DRAMs [Al-Ars02].

4.2 Simulation results

Spice simulation has been effectively used in the past to
evaluate the faulty behavior of memory devices [Naik93].

The Spice simulation of the faulty behavior in this paper

is done in two steps: first, simulation of the worst-case

precharge DB is simulated, then the worst-case DB during
sensing is identified.

Precharge DB

Figure 9 shows the result plane associated with the faulty
behavior of the weak precharge circuits for a rangé&/,of
values. Ther-axis of the result plane represents the value
of the voltage within the celll(.), while they-axis repre-

associated with the worst-case DB for detectirly @hile
the rightmostV/., curve is associated with the worst-case
DB for detecting al.
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Figure 9. V., curves for all possible precharge DBs.

Figure 9 shows that th¥&_, curves are clearly divided
into two main groups, and as the threshold voltage of the
equalization device increases,curves with DBx1y di-
verge to the left, while the other curves with DBz0y
diverge to the right«,y € {0, 1}). This result can be ex-
plained by noting that if the cell in the precharge DB on the
defective BL contains &, then a faulty equalization device
would fail to fully equalize the BLs, leaving a slight bias
against sensing@ As V; increases, the equalization abil-
ity of the precharge device decreases, and the bias against
sensing & increases, which makes the, curves diverge
to the left. Using a similar argument, one can explain why
the othert V., curves diverge to the right.

Inspecting the curves at bottom of the figure, shows
that the worst-case precharge DB for sensinyia 111,

while the worst-case precharge DB for sensingia 000.

This result validates the theoretical analysis perfornmed i
Section 3, where the same worst-case precharge DBs have
been proposed. This situation changeA&3 increases, as
one moves to the top of the figure. Thg curves at top of

sents the change in the threshold voltage of the equaliza-the figure indicate that the worst-case DB for sensifigsa



110, while the worst-case precharge DB for sensingis. expected one. From th20 known functional compo-

100. These results are not justified by the theoretical anal- nents, none failed any of the applied tests. The experiment

ysis in Section 3, which means that the simple model used showed that only the DB1001 has been able to detect all

in that section to derive the worst-case DBs is not always the 178 failing components, which means that this DB is

enough to identify the worst-case precharge DBs. the most effective precharge DB to detect the faulty behav-
Since there is no singlg.,; curve with3 DB values that ior. This is exactly the same precharge DB the simulation-

remains the worst-case throughout the range of simulatedbased failure analysis predicted to be the most effective.

V;, we attempted to simulate the coupling effect of more

BLs in order to find out the worst-case DB. Wh&iDBs .

were simulated, a clear worst-caBg, curve appeared at 5 Conclusions

the rightmost side of the figure with the DB001. This

curve remains the worst-case condition for sensing a

throughout the range of simulatexV;.

In this paper, a BL-coupled precharge failure mechanism
is described, which has been observed during the design
stage of a high speed DRAM. The failure mechanism is
caused by weak precharge circuits, and is influenced by
Sense DB BL coupling effects. In order to detect this failure, two-dif
ferent worst-case data backgrounds (DBs) should be used:

A simi!ar simulation experiment has been ca_\rried outinor- 4 precharge DB (during the precharge stage of the previous
der to identify the worst-case DB when sensing takes place'operation) and sense DB (during the sense stage of the fail-

As discussed in Section 3, there are two different, paytiall i read operation). A simulation-based analysis showed
opposing, coupling mechanisms taking place during Sens-inat the worst-case precharge DB to b&01, while the

ing. Using a simulation-based analysis, the worst-case DB, ,,st-case sense DB to bel11. A test to detect the weak
has been identified. The analysis shows that the worst-casg, echarge problem has been implemented, and the results
DB for detecting & in the failing cell is0 in the cell on BTt indicate clearly that the DBs suggested by the simulation

and0 in the cell on BTD (i.e., using the DBOO), while the  555r04ch are the most effective possible DB for this prob-
worst-case DB for detecting &in the failing cell is111. lem taking place in this specific memory design.
In other words, a worst-case DB eofc is needed, which

means that the post-sense coupling effect is prevalent for
the simulated memory model according to Section 3. Fur- References
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