Impact of Memory Cell Array Bridges on the Faulty Behavior in
Embedded DRAMs
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Abstract: Establishing functional faults, based on defect
injection and circuit simulation, has become an important
method in understanding faulty memory behavior and in
improving memory tests. In this paper, this approach is
used to study the effects of bridges on the faulty behavior
of embedded DRAM (eDRAM) devices. The paper applies
the new approach of fault primitives to perform this analy-
sis. The analysis shows the existence of previously defined
memory fault models, and (re)establishes new ones. The
paper also investigates the concept of dynamic faulty be-
havior and establishes its importance for memory devices.
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1 Introduction

Embedded DRAMs (eDRAMs) are dynamic RAM cores
used on-chip along with other electrical components. Us-
ing on-chip memory components has many advantages
over external memory chips, such as an increased band-
width, reduced power consumption, suitable memory orga-
nization and low electromagnetic interference. Although
¢DRAMs have been extensively used in application spe-
cific integrated circuits (ASICs), little has been published
on their fault analysis and testing.

For quite a while now, researchers have been study-
ing the faulty behavior of memory devices and defin-
ing functional fault models (FFMs) to describe the de-
tected faulty behavior, and develop tests which target these
FFMs [vdGoor98, Adams96]. On the other hand, pa-
pers have been published that study the faulty behavior
of memory devices by performing a large number of tests
and statistically analyzing the detected FEMs [vdGoor99,
Schanstra99]. The results of the theoretical and practical
analysis show that our ability to understand, and thus pre-
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dict, the faulty behavior of memories is still limited to rel-
atively simple cases of defective devices.

Much of the work on functional fault modeling has been
concerned with modeling faults sensitized by a single per-
formed operation; these fault models are referred to as
static FFMs. In this paper, it is shown that a large num-
ber of FEMs exist that have to be sensitized by a sequence
of two or more operations; these are referred to as dynamic
FFMs.

This paper establishes all static single-cell FFMs, a
number of single-cell 2-operation dynamic FFMs, and a
number of two-cell static and dynamic FFMs. The analysis
is performed on the memory cell array of an eDRAM, by
injecting electrical bridge defects into the electrical model
of the eDRAM. Naik[93] has used this approach for static
FFMs in SRAMs.

This paper is organized as follows. Section 2 describes
the used eDRAM simulation model, then Section 3 defines
the static and dynamic FFMs targeted in this paper. In Sec-
tion 4, the defects to be injected into the simulation model
are defined and classified. Section 5 gives the methodol-
ogy to be used for performing the simulations and extract-
ing the FFMs. Section 6 discusses the simulation results,
followed by Section 7 with the conclusions.

2 eDRAM simulation model

This section introduces the eDRAM simulation model used
for defect injection and fault analysis. The analysis focuses
on the memory cell array part of the eDRAM, since it has
the largest chip area and is the most fault sensitive.

The simulation model is based on a design-validation
model of an actual eDRAM. Since the time needed for
simulating a complete memory device is excessively long,
the simulation model used is simplified, taking two factors
into consideration in order to preserve the model accuracy.
First, removed components should be electrically compen-
sated, and second, the resulting simplified circuit should
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Figure 1. Cell array column of the eDRAM, complete with reference cells, sense amplifier, precharge and access circuits.

describe enough of the memory to enable injecting the de-
fects of interest.

The analysis in this paper accesses only four memory
cells along one memory cell array column, which means
that the state of the unused cells does not affect the be-
havior of the cell array column. Yet, unused cells do con-
tribute to capacitance of the bit lines. Therefore, the mem-
ory model can be simplified by removing the unused cells
and compensating their effect by resistances and capaci-
tances along the bit line. Figure 1 shows a block diagram of
the cell array column of the simulated eDRAM. The sim-
plified simulation model contains a 2x2 cell array, in ad-
dition to two reference cells, precharge circuits and a sense
amplifier. In addition to the shown cell array column, the
simulation model contains one data output buffer needed
to examine data on output lines, and a write driver needed
to perform write operations.

Despite the fact that the general structure of the eDRAM
model shown in Figure 1 is similar to the structure of other
types of DRAM, the device parameters used for this model
are derived for an eDRAM fabrication process. Whether
the results given in this paper are also applicable for other
DRAM products is a question open for investigation.

3 Definition of FFMs

In this section, the FFMs used in this paper are defined.
First, a classification of the FFMs is presented with which
the total space of faults can be divided into a number of
classes. Then, four of these classes are discussed and used
to define the targeted FFMs.

3.1 Classification of fault models

Two basic ingredients are needed to define any fault model:
a list of performed memory operations and a list of cor-
responding deviations in the observed behavior from the
expected one. The only functional deviations considered
relevant to the faulty behavior are the stored logic value in
the cell and the output value of a read operation.
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Any difference between the observed and expected
memory behavior can be denoted by the following nota-
tion <S/F/R>, referred to as a fault primitive (FP). S de-
scribes the sensitizing operation sequence (SOS) that sen-
sitizes the fault; F' describes the value of the faulty cell,
F € {0,1}; and R describes the logic output level of a
read operation, R € {0, 1, —}. If the operation that sensi-
tizes the fault is a write operation, then the memory has no
expected output; the '’ is used for the R in this case.

FPs can be classified according to #C, the number of
different cells accessed during an SOS, and according to
#0O, the number of different operations performed in an
SOS. A taxonomy of FPs is shown in Figure 2.

Fault primitives

Coupling
tault primilive

Static
fault primitive

Dynamic
fault primitive

2-coupling
fault primitive

3-coupling
fault primitive

2-operation
dynamic

3-operation
dynamic

Figure 2. Taxonomy of fault primitives.

The notion of FPs makes it possible to give a precise
definition of an FFM as understood for memory devices.
This definition is presented next.

A functional fault model (FFM) is a non-empty set
of fault primitives (FPs).

3.2 Single-cell static FFMs

Single-cell static FFMs describe faults sensitized by per-
forming at most one operation on the faulty cell. As men-
tioned earlier, a particular FP is denoted by <S/F/R>.
S describes the value or operation that sensitizes the fault,



Table 1. All possible combinations of the values in the <S/F/R> no-
tation resulting in single-cell static FPs.

# S F R FP Fault model
1 0 I - <0/1/—> SFo
2 1 0o - <1/0/—> SF;
3 0wd 1 - <0wl0/1/—> WDFo
4 0wl 0 - <O0wl/0/—> TFt
5 w0 1 - <1lwd/1/—> TF,
6 iwl 0 - <1lwl/0/-> WDF,;
7 00 0 1 <0r0/0/1> IRFo
8 00 1 0 <0r0/1/0>  DRDF,
9 o0 1 1 <0r0/1/1> RDF,
10 1r1 0 0 <1rl/0/0> RDF,
11 11 0 1  <1rl/0/1> DRDF,
12 1r1 1 0 <1r1/1/0> IRF,

S € {0,1,0w0, 0wl, 1w, 1wl, 070, 1r1} for static FPs.
F and R have already been defined in Section 3.1.

Now that the possible values for S, F and R are known
for single-cell static FPs, it is possible to list all detectable
FPs using this notation. Table 1 lists all 12 possible com-
binations of the values, in the <.S/F/R> notation, that
result in FPs [vdGoor00]. The column 'Fault model’ states
the FFM defined by the corresponding FP.

All FPs listed in Table 1 are targeted in this paper. Be-
low, they are used to define 6 different FFMs described in
terms of non-empty sets of FPs.

1. State faults (SF,)—A cell is said to have an SF if
the logic value of the cell flips before it is accessed,
even if no operation is performed on it'. Two types of
SF exist: SFy = {<0/1/—>}, with FP #1, and SF; =
{<1/0/—>}, with FP #2.

Transition faults (TFz)—A cell is said to have a
TF if it fails to undergo a transition (0 — 1 or 1
— 0) when it is written. Two types of TF ex-
ist. TFt= {<0wl/0/—>}, with FP #4, and TF|=
{<1w0/1/—>}, with FP #5.

3. Read disturb faults (RDF,) [Adams96]—A cell is
said to have an RDF if a read operation performed
on the cell changes the data in the cell and returns
an incorrect value on the output. Two types of RDF

U1t should be noted that the state fault should be understood in the
static sense. That is, the cell should flip in the short time period after
initialization and before accessing the cell.
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exist: RDFy = {<0r0/1/1>}, with FP #9, and RDF,
={<1r1/0/0>}, with FP #10.

. 'Write disturb faults (WDF_)—A cell is said to have
a WDF if a non-transition write operation (Ow0 or
1wl) causes a transition in the cell. Two types of
WDF exist: WDFy = {<0w0/1/->}, with FP #3,
and WDF; = {<1wl/0/—>}, with FP #6.

5. Incorrect read faults (IRF,)—A cell is said to have
an IRF if a read operation performed on the cell re-
turns the incorrect logic value, while keeping the cor-
rect stored value in the cell. Two types of IRF ex-
ist: IRFy = {<0r0/0/1>}, with FP #7, and IRF; =
{<1r1/1/0>}, with FP #12.

Deceptive read disturb faults (DRDF,)
[Adams96]—A cell is said to have a DRDF if a
read operation performed on the cell returns the
correct logic value, while it results in changing the
contents of the cell. Two types of DRDF exist:
DRDF, = {<070/1/0>}, with FP #8, and DRDF; =
{<1r1/0/1>}, with FP #11.

The 6 FFMs defined above cover the space of all 12
single-cell static FPs of Table 1. Any single-cell static FFM
can be represented as the union set of two or more of these
12 FPs. For example, if a defect results in a faulty behavior
represented by an incorrect read-1 fault (IRF;) and a read-
0 disturb fault (RDFg), then the corresponding behavior is
described as {<1r1/1/0>} U {<0r0/1/1>} = IRF; U
RDFy.

3.3 Single-cell dynamic FFMs

FFMs sensitized by performing more than one operation
on the faulty memory cell are called dynamic fault models.
There are 2-operation, 3-operation, ..., dynamic fault mod-
els, depending on #0O. Here, we restrict ourselves to the
analysis of 2-operation dynamic FFMs.

There are 30 different single-cell 2-operation dynamic
FPs possible [vdGoor00], but in order to reduce simula-
tion time, not all 30 FPs are considered. We choose only
to target the 4 dynamic SOS’s Ow0r0, Owlrl, 1w0r0 and
lwlrl (in short zwyry), because in memory devices, an
isolated write operation may not be sufficient to detect a
fault since, externally, a cell needs to be read to detect the
stored value set during the write.

The 4 targeted SOS’s are capable of sensitizing 12
single-cell 2-operation FPs, which are used to define the
following 3 FFMs. The names of these FFMs are chosen
in such a way that they represent an extension of the single-
cell static FFMs defined in Section 3.2.

1. Dynamic read disturb fault (RDF.,) is a fault
whereby an zwyry SOS changes the stored



logic value to § and gives an incorrect output.

Four types of dynamic RDF exist: RDFy =
{<0w0r0/1/1>}, RDF;; = {<lwlrl/0/0>},
RDFy; = {<0wlr1/0/0>}, and RDFyy =
{<1w0r0/1/1>}.

2. Dynamic incorrect read fault (IRF;,) is a fault
whereby an zwyry SOS returns the logic value y
while keeping the correct state of the cell. Four types
of dynamic IRF exist: IRFgo = {<0w0r0/0/1>},
IRFy; = {<1'LU1T1/1/0>}, IRFq; = {<0’UJ1T1/1/0>
}, and IRFy = {<1w0r0/0/1>}.

3. Dynamic deceptive read disturb fault (DRDF,,)
is a fault whereby an zwyry SOS returns the cor-
rect logic value y while destroying the state of the
cell. Four types of dynamic DRDF exist: DRDFgo
= {<0w0r0/1/0>}, DRDF;; = {<lwlrl/0/1>
}, DRDFy; = {<0wlrl/0/1>}, and DRDF;p
{<1w0r0/1/0>}.

3.4 Two-cell static FFMs

Two-cell static FFMs describe faults sensitized by per-
forming at most one operation while considering the ef-
fect two different cells have on each other. A two-cell
static FP can be represented as follows <S/F/R>
<Sa;Sy/F/R>4,,, where S, and S, are the sequences
performed on the aggressor and victim, respectively. S,
and S, € {0,1,0w0,O0wl, 1w0, lwl, 0r0, 1r1}. There are
36 possible two-cell static FPs this notation can distinguish
[vdGoor00].

Below, a list of FFMs is constructed from the 36 FPs in
such a way that all FPs are covered by at least one FFM.

1. State coupling fault (CFst) is a fault whereby the
victim is forced into a given logic state only if the
aggressor is in a given state, without performing any
operation on the victim. This fault is special in the
sense that no operation is needed to sensitize it and,
therefore, it only depends on the initial stored values
in the cells. Four types of CFst exist which can be
summed up as: CFsty,y = {<z;y/7/—>}, where z,
y € {0,1}.

2. Disturb coupling fault (CFds) is a fault whereby an
operation (write or read) performed on the aggres-
sor forces the victim into a given logic state. Here,
any operation performed on the aggressor is accepted
as a sensitizing operation for the fault, be it a read,
a transition write or a non-transition write operation.
Twelve types of CFds exist which can be summed up
as: CFdsgyy;; = {<zwy; z/Z/—>} and CFdsgrz;y =
{<zrz;y/y/—>}, where z, y, z € {0,1}.

285

3. Transition coupling fault (CFtr) is a fault whereby
a given logic value in the aggressor results in the fail-
ure of a transition write operation performed on the
victim. This fault is sensitized by a write operation
on the victim and setting the aggressor into a given
state. Four types of CFtr exist which can be summed
up as: CFtry,y = {<z;0wl/0/—>} and CFtr,, =
{<2;1w0/1/->}, where z € {0,1}.

4. Write disturb coupling fault (CFwd) is a fault
whereby a non-transition write operation performed
on the victim results in a transition when the aggres-
sor is set into a given logic state. Four types of CFwd
exist: CFwd,,, = {<z;ywy/7/—>}, where z, y €
{0,1}.

5. Read disturb coupling fauit (CFrd) is a fault
whereby a read operation performed on the victim de-
stroys the data stored in the victim if a given state is
present in the aggressor. Four types of CFrd exist:
CFrd,,y = {<z;yry/7/y>}, where z,y € {0,1}.

6. Incorrect read coupling fault (CFir) is a fault
whereby a read operation performed on the victim re-
turns the incorrect logic value when the aggressor is
setinto a given state. Four types of CFir exist: CFirg,,

={<z;yry/y/y>}, where z, y € {0,1}.

7. Deceptive read disturb coupling fault (CFdr) is a
fault whereby a read operation performed on the vic-
tim returns the correct logic value and changes the
contents of the victim, when the aggressor is set into
a given logic state. Four types of CFdr exist: CFdry;,
={<z;yry/y/y>}, where z, y € {0,1}.

3.5 Dynamic two-cell FFMs

Just like the case of single-cell dynamic FFMs, we restrict
ourselves here to the analysis of 2-operation dynamic fault
models. Any particular FP is denoted by <S/F/R> where
S has the form given in Section 3.1. For example, the two-
cell 2-operation FP <v(0r0) a(1rl)/1/—> stands for an
FP sensitized by performing a Or0 first on the victim then
performing a 171 on the aggressor. After performing the
sensitizing sequence, a 1 is detected in the victim cell in-
stead of the expected 0. Based on the values of S, I and
R, 192 detectable two-cell 2-operation dynamic FPs can be
compiled.

Since we will only attempt to verify a limited num-
ber of dynamic FFMs for the reasons mentioned in Sec-
tion 3.3), only those FPs with an SOS of the form S =
a(z) v(ywzrz) are targeted, where z, y and z € {0,1}.
This choice of S results in 24 different FPs targeted by
the performed simulation. Since these FPs have not been
observed in the analysis, they are not used to define corre-



sponding FFMs here. Such FFM definitions can be found
in a previously published paper for vdGoor[00] .

4 Simulated defects

The defects to be considered for injection and analysis
are modeled at the electrical level by parasitic components
with a given impedance. The impedance (Z) consists of a
resistance (R) and a capacitance (C') connected in parallel
between two defective nodes. Depending on the defective
nodes the injected defects are connected to, the defects may
be classified into opens, shorts and bridges. This paper is
only concerned with the effects of bridges, and does not
address the effects of opens nor shorts.

Bridges represent unwanted impedances between two
signal lines. For a bridge, the impedance value is de-
noted by Z, and may have resistive and capacitive com-
ponents. The value of Ry, for a bridge resistance may
have any value (0 < Ry, < 0o ), while Cy, is bounded
by some given realistic limits (Cpuin < Cpr < Chaz)-
The lower bound of the bridge capacitance is taken to be
0 F (Cpuin = 0 F), while the maximum bound is consid-
ered to be equal to the bit line capacitance in the memory
(Craz = C4). The reason behind this choice is that the bit
line has the highest capacitance along a single cell array
column. Therefore, it is highly unexpected for a parasitic
capacitance to have yet a higher value.

4.1 Classification of bridges

By analyzing the electrical circuits of the cell array col-
umn, we notice some symmetry in the topology of these
circuits. This results in a symmetry in the faulty behavior,
which can be used to reduce the number of defects to be
simulated and analyzed. The faulty behavior of one defect
can help deduce the faulty behavior of another symmetri-
cally related defect. For this purpose, we provide the fol-
lowing definitions:

e A defect DI at a given position shows the comple-
mentary faulty behavior of a defect D2 at another
position, if the faulty behavior of D1 is the same as
that of D2, with the only difference that all 1s are re-
placed by Os, and vice versa. For example, if D1 sen-
sitizes <0r0/1/1> then D2 sensitizes <1r1/0/0>.

o A defect DI shows the reverse faulty behavior of a
defect D2, if the faulty behavior of D1 and D2 con-
tain two-cell faults, and if these two-cell faults are
the same with the exception that the aggressor and
victim are exchanged. In general, if a two-cell fault
has the following notation <S/F/R>, ,, then the re-
verse fault is given by the notation <S/F/R>, ,.
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e A defect D1 shows a single-sided complementary
behavior of a defect D2, if the faulty behavior of
D1 and D2 contain two-cell faults, and if these two-
cell faults are the same with the exception that all 1s
are replaced by Os, and vice versa, in either the ag-
gressor or the victim cells (not both). If the victim
sides of two faults are the complement of each other,
then these two faults are called victim-sided comple-
mentary. If the aggressor sides of two faults are the
complement of each other, then these two faults are
called aggressor-sided complementary. For example,
suppose that D1, D2 and D3 affect cells z and y,
and that D1 forces a Ow0 operation to cause an up
transition in y if cell z is in state 1, then this faulty
behavior of D1 is denoted by <1;0w0/1/—>,.
The aggressor-sided complementary defect D2 should
force a Ow0 operation to cause an up transition in
y if cell z is in state 0, which is the fault de-
noted by <0;0w0/1/—> ,. On the other hand, The
victim-sided complementary defect D3 should force
a lwl operation to cause a down transition in y if
cell z is in state 1, which is the fault denoted by
<1;1wl/0/ =>4 ,.

4.2 Location of bridges

A bridge in the memory cell array can connect any arbi-
trary pair of nodes. However, not all possible bridges in
the cell array have been simulated, but only those that take
place within a single cell or between different cells. This
choice is motivated by the fact that memory cells take the
largest part of the surface area in a dynamic RAM. Bridges
connecting circuit nodes to Vpp or GND are excluded
since these are considered as shorts.

Bridge within a memory cell (BWC)

To describe the bridges present within a memory cell, we
refer to Figure 3 where the different nodes in the cell are
given names. There are 4 nodes in the cell with the names
BL?, WL, rtop and ctop. In order to take all bridges into
consideration, every node is bridged to every other node.
Here, bridges between word and bit lines are excluded. The
choice is made to simulate the bridges of a cell on BT. As a
result, the behavior of a BWC defect in a cell on the com-
plement bit line may be derived from the corresponding
simulated one, since these two defects show a complemen-
tary behavior. A list of the simulated and complementary
BWC defects is given in Table 2.

2BL means BT if the cell is connected to the true bit line, while it
means BC if the cell is connected to the complementary bit line.
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Figure 3. One eDRAM memory cell in which different nodes are given
names.

Table 2. Description of the simulated and complementary bridges within
a memory cell (BWC).

BWConBT BWConBC  Description

BWCls BWClic Bridge between bit line and rtop
BWC2s BWC2c Bridge between bit line and ctop
BWC3s BWC3c Bridge between word line and rtop
BWC4s BWC4c Bridge between word line and ctop
BWC5s BWCsc Bridge between ctop and rtop

Bridge between two memory cells (BBC)

To describe all bridges possible between two memory cells,
we refer again to Figure 3 where the different nodes in the
cell are given names. There are 4 nodes in the cell with
the names BL, WL, rtop and ctop. A number between 1
and 4 is added to every node name to indicate the cell each
node belongs to. If all bridges are to be considered, every
node in one cell on BT and BC should be bridged with
every other node in one cell on the same bit line and one
cell on the complementary bit line. Here, bridges among
word lines, among bit lines, and between word lines and
bit lines are excluded. Bridges between bit lines and cells
are considered as bridges within cells. A list of the BBC
defects is given in Table 3.

5 Simulation results

This section discusses the electrical level simulation em-
ployed to establish FFMs caused by bridges. The behav-
ior of the eDRAM is studied after injecting and simulat-
ing each of the bridges defined in Section 4.2. The bridge
impedance has a resistive and a capacitive component that
are connected in parallel between the two defective nodes.
The bridge resistance (R.) is taken to change from 0  to
oo , while the bridge capacitance (C},) is varied between
O F and C}. The bridge capacitor is initialized to a voltage
consistent with the initial voltages of the defective nodes.
For each value of Ry, and Cy,, all the SOS’s associ-
ated with the targeted FPs defined in Section 3 are per-
formed and inspected for proper functionality. As a result,
the faulty behavior resulting from the analysis of bridges
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Figure 4. Summary of the fault analysis results for the BBCls bridge on
the (Cy,, Ry ) plane under T = 27° C.

is represented as regions on the (Cpy, Rp,) plain. In the
following, an example of the simulation results of a bridge
between cells is shown first, followed by the results of a
bridge within a cell. The simulation results given next are
a bit simplified so that insight into the shown figures is not
lost.

5.1 Bridge between cells

The results of the fault analysis performed on BBCls
(bridge between word line and rtop nodes of two memory
cells) are shown in Figure 4. According to the figure, the
faulty behavior of BBCls depends on both R, and Ch,..
There are three fault regions shown in the figure, listed next
with increasing R, value.

1. Fault region SFy U RDFy U WDFy U TF] U RDFpo U RDF19 U
CFdsg,0;0 U CFntgy0,0 U CFidowi;0 U CFds1,1;0 U CFntyyy;0 U
CFidywo:0

2. Fault region CFdsoro;1 U CFntgyo,1 U CFidgw1;1 U CFdsir11 U
CFnty 1,1 U CFid1wo;1

3. Fault region RDFp,

The figure shows a relatively simple faulty behavior of
the bridge defect BBCls as compared with other analyzed
bridge defects. For C} = 0 F and an increasing Ry,, the
number of failing SOS’s decreases until the memory starts
to function properly with Ry, > 5 MQ). On the other hand,
the faulty behavior is also dependent on the value of Cy,.,
such that for increasing Cy, the region of proper operation
decreases gradually in size. Note that the faulty behavior
changes gradually with no new fault regions appearing as
long as Cy, < 2C,.



Table 3. List of possible bridge defects between memory cells (BBC) classified into five defect classes.

Simulated Complementary Reverse Reverse Aggressor-sided Reverse
BBC BBC BBC complementary complementary aggressor-sided
BBC BBC BBC
BBCls WL2-rtop0 BBClc WL3-rtop1 BBClIr WLO-rtop2 BBClrc WLI1-rtop3 BBCla WL1-rtop0 BBClra WLO-rtop1
BBC2s WL2-ctop0 BBC2c WL3-ctopl BBC2r  WLO-ctop2 BBC2rc  WLI1-ctop3 BBC2a  WLI-ctop0 BBC2ra  WLO-ctopl
BBC3s rtop0-rtop2 BBC3c rtopl-rtop3 BBC3a  rtopO-rtopl
BBC4s  rtopO-ctop2 BBC4c rtopl-ctop3 BBC4r  rtop2-ctop0 BBC4rc  rtop3-ctopl BBC4a  rtopO-ctopl BBC4ra  rtopl-ctop0
BBC5s  ctopO-rtop2 BBCS5c ctopl-rtop3 BBC5r  ctop2-rtopQ BBC5rc  ctop3-rtopl BBCSa  ctopO-rtopl BBCS5ra  ctopl-rtopQ
BBC6s  ctopO-ctop2 | BBC6c  ctopl-ctop3 BBC6a  ctopO-ctopl
BBC7s WLO-rtop2 BBC7c WLI1-rtop3 BBC7r  WL2-rtop0 BBC7rc WL3-rtopl BBC7a  WLO-rtopl BBC7ra  WLI-rtop0
BBC8s WLO-ctop2 BBC8c WL1-ctop3 BBC8r  WL2-ctop0 BBC8rc  WL3-ctopl BBC8a  WLO-ctopl BBC8ra  WL1-ctop0
It is interesting to note that for any C}, value, there is Rl Fd
a Ry, for which the memory behaves properly. In other 10000 [ pyoer RDF00. RDFI0
words, despite the presence of a defect, given combinations
of Ry, and Cy, values can neutralize the faulty effect of the - DR WD TFS
bridge and result in a properly operational memory (at least RDFO0 RDF10
for the used SOS’s). 00 DRDEO WDFO TFd
The fault region RDFy; is an interesting region because / RDF00 RDF10
it only shows dynamic faulty behavior, but no static faults. e e 0 RDFI0
In this region, the sequence Ow1r1 succeeds at first in writ- 100
ing a 1 but the subsequent read results in a faulty O on the
output and leaves a stored O within the cell. This fault is F
mainly caused by the high value of C}, which shares the
voltage of a write 1 operation with the storage capacitor, or SFO RDFO WDFO TFd
resulting in storing a weak 1 into the cell. When a read RDFO0 RDF10
is performed afterwards, the sense amplifier fails to detect I
this weak 1 value and senses a O instead. The fact that only ) . . . . . \ . .
a dynamic fault is sensitized means that in order to detect €. CyelFl i

the faulty behavior of this region, tests should be used that
specificly target dynamic faults.

5.2 Bridge within a cell

The results of the fault analysis performed on BWCls
(bridge between bit line and rtop node) are shown in Fig-
ure 5 (TFd in the figure stands for TF]). According to the
figure, the faulty behavior of BWCls is a rather complex
function of both Cy, as well as Ry,.. There are 4 fault re-
gions shown in the figure that are listed next with increas-
ing Ry, value.

1. Fault region SFo U RDFg U WDFg U TF} U RDFoo U RDF10

2. Fault region TF] U RDFgo U RDF9

3. Fault region DRDFy U WDFg U TF] U RDFgg U RDFjg
4. Fault region RDFg U WDFy U TF| U RDFgg U RDF;¢

The figure shows that if Cy, = 0 F and for increasing
Ry, the number of faulty SOS’s decreases until the mem-
ory starts to function properly with Ry, > 200kQ. As C,

Figure 5. Summary of the fault analysis results for BWCls in the
(Chr, Rpr) plane under T' = 27° C.

increases, the region of proper operation decreases rapidly
until it disappears for Cy, > C;. According to the fig-
ure, the faulty behavior of this bridge changes gradually as
long as Cp, < % this result can be stated for all simulated
bridges.

It is interesting to note that the fault region 2 appears
twice in the figure, interrupted by the. fault region 3. By
holding Ry, at 1 MQQ, for example, and increasing C'p,.
gradually from O F, we leave the region of proper oper-
ation into the fault region 2, then 3, then back to 2, and
finally end with the fault region 4. The fault region 3 has
the same FFMs as the fault region 2 in addition to DRDF,
and WDFy. This means that increasing the defect capaci-
tance can sometimes reduce the number of failing SOS’s.
A similar observation has been made for the bridge BBCls
(see Figure 4).
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Table 4. Summary of the sensitized single-cell FFMs for each one of the analyzed bridge defects.

Bridge Simulated Complementary

BWC1-2 SFg, TF), WDFg, RDFqy, DRDFg, RDFq . RDFy g SF1, TFt, WDFy , RDF} . DRDFy, RDFy 1, RDFq1

BWC3-4 SFg, TFL, WDFg, RDFq . IRF1, DRDFg, IRFq] , IRF; 1, DRDFgq. DRDF] o SF1. TFT, WDFy , RDFg, IRy, DRDFy , IRF1 g, IRFgg. DRDFy 1, DRDFg;

BBCI-2 SFo. TFL, WDFg, RDFg, RDFgq, RDFg 1, RDF1 g SFy . TFT, WDFy , RDFq, RDFy 1, RDFy g, RDFg |

Table 5. Summary of the sensitized two-cell FFMs for each one of the analyzed bridge defects.

Bridge Simulated Compiementary Aggressor-sided complementary

BBC!-2 CFdS0r0;0. CFdS1r1;0. CFdSow0;0. CRIS1yw10.  CROspnig1. CRdson0;1. CFdSiwiips CFds0w0;l.  CRdS1n1;0. CFAS0r0;0- CFOS111:0- CFdS010:0-
CFds041;0. CFds14,0;0. CFIS0n0;1. CFdsypa;n,  CFds1o0;1. CFdsOw1;1. CFds1p150. CFdS0n0:0.  CFdS14,0;0. CFdsguw1;0. CFdsipy;y. CFdsgpgin.
CFds010;1. CFds1w1;1: CFaso w11, CFds140;1 CFos14w1;0, CFds04w 0,0, CFI$1 w0;0. CFds0w 150 CFOS11w1;1. CFds0w0;1- CFdS1w0;1. CFdsow1;1

BBC3-6 CFstg; 3. CFrdg;1. CFdsop0;1. CFds1 w1;0. CFdS0w 1,0, CFst;0.CFid1 ;0. CFds1 11,0, CRdS0w0;1. CFOS1 w01 CFsty;1. CFrdy;1. CFds1p1;1.CFds0000;0. CFS1 150;0-

CFdst w01

CFdsow1;0

CFsgw1;1

6 Discussing simulation results

All bridges defined in Section 4.2 have been injected, sim-
ulated and analyzed. The analysis results of bridges are
organized in figures depicting a part of the (Cy,, Ryr)
plane [Al-Ars99]. In the following, the faulty behavior re-
vealed by these results is discussed.

Table 4 gives a summary of the observed single-cell
FFMs for all analysed bridge defects. The first column in
the table specifies the names of the bridges (in case more
than one defect sensitize the same FFMs, they are listed to-
gether), while the second and third columns list the FFMs
observed for the simulated and complementary instances
of these defects, respectively. Inspecting the table reveals
that all single-cell FFMs defined in Section 3 are present.

The table shows that bridges between any node and both
sides of the track resistance within cells cause the same
faulty behavior. The table also shows that defects not only
cause static FFMs, but also result in 2-operation dynamic
FFMs, which indicates the significance of dynamic fault
analysis. It is important from a testing point of view to
state the observed fault regions that only show dynamic
faulty behavior, since for these regions testing for static
faulty behavior cannot detect the defect. The only regions
with strict dynamic single-cell FFMs belong to BBC1 and
BBC2, where for approximately Ry, > 400 k2 and Cy, >
3C'; only RDFy; and RDFq can be detected (see Figure 4).

Table 5 lists the observed two-cell FFMs as a result of
simulated bridges. The first column in the table lists the
defect name, the second lists the simulated faulty behav-
ior, the third lists the complementary behavior, while the
fourth lists the aggressor-sided complementary faulty be-
havior. The table shows that the following static two-cell
FFMs have not been observed. CFstg,q, CFrdg.o, all CFtrs,
all CFwds, all CFirs and all CFdrs. Moreover, none of the
targeted dynamic two-cell FFMs have been observed. This
can be explained by the fact that not all possible two-cell
dynamic SOS’s have been used, but only those that begin
with a write operation followed by a read operation on the
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victim (see Section 3.5). Since no write operation on the
victim results in a coupling fault, it is not expected that
a subsequent read operation would cause a coupling fault
either.

7 Conclusions

In this paper, the faulty behavior of an eDRAM has been
analyzed using bridge injection and circuit simulation. The
fault analysis has not been restricted to the static mem-
ory behavior, but the 2-operation dynamic behavior has
also been included. Known static FFMs have been ob-
served and related to given bridges in the memory. New
static FFMs (SF; and WDF,) and a number of new dy-
namic FFMs (RDF.,, IRF;, and DRDF,,) have been in-
troduced and established for bridges. The analysis showed
that dynamic faulty behavior can take place in the absence
of static faulty behavior which indicates the importance of
dynamic fault analysis.
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