Static and Dynamic Behavior of Memory Cell Array Opens and Shorts
in Embedded DRAMs

Zaid Al-Ars

Abstract: Fault analysis of memory devices using defect
injection and simulation is becoming increasingly impor-
tant as the complexity of memory faulty behavior increases.
In this paper, this approach is used to study the effects
of opens and shorts on the faulty behavior of embedded
DRAM (eDRAM) devices produced by Infineon Technolo-
gies. The analysis shows the existence of previously de-
fined memory fault models, and establishes new ones. The
paper also investigates the concept of dynamic faulty be-
havior and establishes its importance for memory devices.
Conditions to test the newly established fault models are
also given.
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1 Introduction

The continued increase in the integration density of ICs
has made it possible to use on-chip dynamic RAM cores,
referred to as Embedded DRAMs (eDRAMs), along with
other electrical components. On the one hand, ¢eDRAMs
have many advantages over commodity DRAMs, such as
an increased bandwidth, reduced power consumption, suit-
able memory organization and low electromagnetic inter-
ference [Iyer99]. On the other hand, ¢eDRAMSs create a
number of new test challenges as a result of the nonstan-
dard memory manufacturing techniques used, the limited
external control on the internal behavior, and the limited
number of parts manufactured as compared with commod-
ity DRAM:s.

To face these challenges, the faulty behavior of spe-
cific memory designs should be analyzed using robust fault
modeling techniques that precisely describe the observed
faulty behavior. Much of the work on functional fault mod-
eling has been concerned with modeling faults sensitized
by a single performed operation, which are referred to as
static FFMs [vdGoor98, Adams96]. In this paper, it is
shown that a large number of FFMs exist that have to be
sensitized by a sequence of two or more operations, re-
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ferred to as dynamic FFMs, that are especially important
for DRAMs.

This paper establishes all static and a number of 2-
operation dynamic FFMs in the memory cell array of an
eDRAM, by injecting electrical open and short defects into
the electrical model of an eDRAM. The impact of bridge
defects on the behavior of the eDRAM memory cell array
has already been analyzed [Al-Ars00]. Naik[93] has used
this approach for static FFMs in SRAMs, while Nagi{96]
has applied it to more general electrical devices.

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 methodology
to be used for performing the simulations and extracting
the FFMs. Section 6 discusses the simulation results, and
Section 7 uses these results to derive detection conditions
and extend current functional tests to detect the dynamic
faulty behavior. Finally, Section 8 ends with the conclu-
sions.

2 eDRAM simulation model

This section introduces the eDRAM simulation model used
in the fault analysis. The simulation model is based on
a design-validation model of an actual eDRAM produced
by Infineon Technologies. A general description of this
¢DRAM and its test concept can be found in the litera-
ture [McConnell98]. Since the time needed for simulating
a complete memory device is excessively long, the sim-
ulation model is simplified, taking two factors into con-
sideration in order to preserve the model accuracy. First,
removed components should be electrically compensated,
and second, the resulting simplified circuit should describe
enough of the memory to enable injecting the defects of
interest.

Figure 1 shows a block diagram of the cell array col-
umn of the simulated ¢eDRAM. (The blocks labeled OB 1s,
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Figure 1. Cell array column of the eDRAM, where the possible locations of opens on BT and BC are indicated.

OBIlc, OB2s, etc., are locations of opens on bit lines as dis-
cussed in Section 4.2. In a defect free model, these blocks
represent no resistance on the bit lines.) This simplified
simulation model contains a 2x2 cell array, in addition to
two reference cells, precharge circuits and a sense ampli-
fier. The removed memory cells are compensated by re-
sistances and capacitances along the bit line. In addition
to the shown cell array column, the simulation model con-
tains one data outputbuffer needed to examine data on out-
put lines, and a write driver needed to perform write opera-
tions. Although the general structure of the eDRAM model
above is similar to that of a commodity DRAM, the used
device parameters are modeled based on an eDRAM fabri-
cation process. Therefore, the fault analysis results derived
from this model may not precisely apply for other types of
DRAM.

At the beginning of each simulation round, all capaci-
tor voltages are properly initialized while the data output
buffer is forced to contain a logic 1 at the true side. Since
the assumption of proper voltage initialization is only valid
for non-defective circuits, simulations are performed as the
voltage level of defective nodes is modified as discussed in
Section 5.

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,—}. The '’ is used in case a
write, and not a read, is the operation that sensitizes the
fault.

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. A gen-
eral treatment of possible SOS’s performed on DRAMs has
been done by vdGoor[00]. In this paper, we are only inter-
ested in SOS’s performed on one memory cell, because we
assume that fault effects of opens and shorts are localized

to a single cell.
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Figure 2. Taxonomy of fault primitives.
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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-



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 1 - <0/1/~ > SFo
2 1 0 - <1/0/-= > SF,
3 0wl 1 - <Ow0/1/—> WDFq
4 0wl 0 - <O0wl/0/—> TFt
5 w0 1 -~ <1lw0/1/—> TF}
6 1wl 0 -~ <lwl/o/—> WDF,
7 00 0 1 < 0r0/0/1 > IRFo
8 00 1 0 <0r0/1/0> DRDFy
9 00 1 1 < 0ro/1/1 > RDFo
10 11 0 0 <1r1/0/0> RDF,
I 11 0 1 <1r1/0/1 > DRDF,
12 111 1 0 <1ri/1/0> IRF;

tioned earlier, a particular FP is denoted by <S/F/R>.
S describes the value or operation that sensitizes the fault,
S € {0,1,0w0, 0wl, 1w, 1wl,0r0, 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. 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: SFo = {<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: TF{= {<O0w1/0/—>}, with FP #4, and TF|=
{<1w0/1/—>}, with FP #5.

. 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

'It 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: RDFp = {<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 (Qw0 or
1lwl) causes a transition in the cell. Two types of
WDF exist: WDFy = {<0w0/1/—->}, with FP #3,
and WDF; = {<1wl/0/—>}, with FP #6.

. 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: IRFp = {<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, = {<0r0/1/0>}, 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 (RDF), then the corresponding behavior is
described as {<1r1/1/0>} U {<070/1/1>} = IRF; U
RDFj.

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, but in order to reduce simulation time, not all
30 FPs are considered. We choose only to target the 4 dy-
namic SOS’s Qw0r0, Owlrl, 1w0r0 and 1wlrl (in short
zwyry), because in memory devices, an isolated write op-
eration may not be sufficient to detect a fault since, exter-
nally, 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: RDFgg
{<0w0r0/1/1>}, RDF;; = {<lwlrl/0/0>},
RDFg, {<0wlr1/0/0>}, and RDFjo
{<1wlr0/1/1>}.

Dynamic incorrect read fault (IRF,,) is a fault
whereby an zwyry SOS returns the logic value §
while keeping the correct state of the cell. Four types
of dynamic IRF exist: IRFpy = {<0w0r0/0/1>},
IRFy; = {<1w1r1/1/0>}, IRFy; = {<0w1r1/1/0>
}, and IRFyo = {<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: DRDFgq
= {<0w0r0/1/0>}, DRDF;; = {<1wlrl/0/1>
}, DRDFy; = {<0wlr1/0/1>}, and DRDF,
{<1w0r0/1/0>}.

4 Simulated defects

In this section we discuss the defects to be injected in the
eDRAM model.

4.1 Classification of 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. The effect of
bridges has been addressed in an earlier paper [Al-Ars00].

Opens represent unwanted impedances on a signal line
that is supposed to conduct perfectly, while shorts repre-
sent unwanted impedances between a signal line and Vpp
or GND. For an open defect, the impedance value is given
by Z,p and is predominantly resistive (i.e., Cop &= 0 mak-
ing Zop &= R,p). The open resistance may take any value
in the resistance domain, which gives 0 < Z,, < oo .
The fact that opens result in negligible capacitive coupling
between the broken nodes has been substantiated by Hen-
derson[91]. For a short, the impedance value is denoted
by Zg, and may have resistive and capacitive components.
The value of Ry, for a short may again have any value
(0 < Rgp < o0 ), while Cyy, is bounded by some given
realistic imits (Crin < Csp < Cpuag). The lower bound
of the short capacitance is taken to be O F (Cypin = 0 F),

Table 2. Single-cell FFMs and complementary FFMs.

Fault model Complementary {Fault model Complementary
SFo SF IRFgo IRF1;
IRFo IRF, DRDFgo DRDF;;
DRDFy DRDF; RDFgo RDF1;
RDFq RDFy IRFg IRF1q
WDFp WDF, DRDFp: DRDFjp
TF? TF} RDFo1 RDFi9

- while the maximum bound is considered to be equal to the
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bit line capacitance in the memory (Cpaz = Cp). The rea-
son 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.

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. A defect DI at a given position
shows the complementary faulty behavior to 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. Table 2 lists the single-cell
FFMs defined in Section 3 and their complementary coun-
terparts.

4.2 Locations of opens

The locations of opens within memory cells (OC), along
bit lines (OB) and on word lines (OW) are enumerated and
provided with a label for future reference. All possible dif-
ferent opens are taken into consideration which eliminates
the need to use layout information.

Opens within a memory cell (OC) can occur at any
node within the storage cell. Figure 3(a) shows one mem-
ory cell where the three possible defect locations are in-
dicated. The choice has been made to simulate the opens
within a cell on the true bit line (BT), and these defects
are therefore labeled as OCzs (’s’ for simulated, see Ta-
ble 3). Consequently, the faulty behavior of an open in a
cell on the complement bit line (BC), which is labeled as
OCzc (’¢’ for complementary), may be derived from the
corresponding simulated one because it shows the comple-
mentary faulty behavior.

Opens along a bit line (OB) can occur anywhere on the
bit line. Figure 1 shows a complete cell array column with
BT and BC together with the bit line opens. The bit lines
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Figure 3. One eDRAM cell with possible locations of (a) opens and (b)
shorts.

Table 3. Simulated and complementary opens within a cell.

OCon BC

OCon BT Description

OCls OCic Pass transistor connection to bit line
broken

0C2s 0C2c Pass transistor connection to storage
capacitor broken

0OC3s 0C3c Cell connection to ground broken

are divided into 10 regions, each of which may contain an
open. Every open on BT has its complementary open on
BC and vice versa. Thus, only opens present on BT are
simulated. Every defect on BT is given the name OBxzs,
while its counterpart on BC is given the name OBzc.

Opens on a word line (OW) can only be at one position
between the row decoder and the gate of the pass transis-
tor of a memory cell. The behavior of the cell with an
open on its word line is the same for every cell on BT and
complementary to that on BC. Therefore, only one open
is simulated, namely that on WLO, which is called OW1s.
The open located on WLI is called OWic.

4.3 Locations of shorts

The possible locations of shorts within memory cells (SC)
and along bit lines (SB) are enumerated and provided with
a label for future reference. All possible shorts are ana-
lyzed with the exception of: 1) shorts between Vpp and
ground since they are power shorts, and 2) gate oxide
shorts (GOS’s) since they are layout defects that are mod-
eled at the electrical level as bridges [Al-Ars00].

Shorts within a memory cell (SC) can be injected
within the storage cell at only one node between the
pass transistor and the storage capacitor, as shown in Fig-
ure 3(b). This gives two possible shorts, SC1 which is a
connection between the cell and Vpp, and SC2 which is
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a connection between the cell and GND. Every short in a
cell on BT has its complementary short in a cell on BC
and vice versa. Thus, only shorts in cells on BT are sim-
ulated. Shorts in cells on BT are called SCzs, while their
counterparts on BC are called SCzc.

Shorts along a bit line (SB) can connect each of BT and
BC to either Vpp or GND. A bit line short to Vpp is called
SB1, while a bit line short to GND is called SB2. Every
short on BT has its complementary short on BC and vice
versa. Thus, only shorts along BT are simulated. Shorts
on BT are called SBxs, while their counterparts on BC are
called SBzc.

5 Simulation methodology

This section discusses the simulation performed for opens
and shorts. The simulator used is called Pstar, which is a
spice based analog simulator used by Philips.

5.1 Simulation of opens

The behavior of the eDRAM is studied after injecting
and simulating each of the opens defined in Section 4.2.
The analysis considers open resistances within the range
(10 £ Rop < 10MQ) on alogarithmic scale using 5 points
per decade, in addition to Ry, = oo Q. Each injected
open in the memory model creates floating nodes, the volt-
age of which is varied between Vpp and GND on a linear
scale using 10 points. When an interesting faulty behav-
ior is observed, more detailed simulations are performed.
Determining the floating node resulting from each injected
open depends on the type of the open. For opens along bit
lines, the floating node is always taken to be the one con-
nected to column access devices, not the one connected
to the precharge devices since this node is precharged to
a known voltage at the beginning of each operation. The
floating node for opens within memory cells is taken to be
the node connected to the cell capacitor. For opens on word
lines the floating node is the node connected to the memory
cell.

For each value of the open resistance (R,p) and of the
initial floating node voltage (U;p;;), 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 opens is
represented as regions in the (Uinie, Rop) plane. Each re-
gion contains a number of sensitized FPs that describe the
FFM of the memory in this region.

As an example, the results of the fault analysis per-
formed on OCls (see Figure 3(a)) are given in Fig-
ure 4, which shows the observed faulty behavior in the



(Uinit, Rop) plane. In the figure, TFd stands for TF|, TFu
stands for TFf, while V;,,;, is the mid-point voltage (the
threshold voltage between logic 0 and logic 1). The fig-
ure shows a number of different fault regions for different
combinations of Uj,i; and R,p. The fault regions may be
classified according to the initial floating node voltage un-
der which they can be detected as follows:

A. Faults detectable with U;ni: = Vpp

Al. Fault region TF} U RDF}g
A2. Fault region RDF19

B. Faults detectable with U,;,;; = GND

B1. Fault region IRFp U TF1 U IRFgo U DRDFp;
B2. Fault region:IRFg U TFt U IRFgg

B3. Fault region:IRFg U TF{ U RDFqq

B4. Fault region RDFgp U RDFgo

BS. Fault region:TFt

C. Faults only detectable with GND < U;n;; < Vpp

Cl. Fault region RDFg U WDFp U RDFgo
C2. Fault region RDFp

(A1)
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Figure 4. Summary of the fault analysis results of the defect OCls in the
(Uinit, Rop) plane under T = 27° C.

Inspecting the faulty behavior shown in the figure re-
veals that there are two fault regions C1 and C2 not de-
tectable at a Ujp;; equal to either Vpp or GND. Moreover,
the fault region C1 contains the FFM WDF; which cannot
be detected in any other fault region. This indicates that
performing the fault analysis with all possible Uiy val-
ues is important if all the sensitized FFMs resulting from a
given defect are to be established.

501

The fault region A2 only contains the FFM RDFy,
which means that 1w0r0 is the only failing SOS in this
region. This, in turn, means that performing the traditional
static analysis on this fault region reveals no improper
memory behavior. Only by applying dynamic SOS is it
possible to detect this improper behavior. This shows.the
significance of performing the dynamic analysis on mem-
ory devices. ‘

5.2 Simulation of shorts

The behavior of the eDRAM is studied after injecting and
simulating each of the shorts defined in Section 4.3. The
short impedance can have a resistive and a capacitive com-
ponent. The short resistor and short capacitor are con-
nected in parallel between the defective node and the power
supply. The short resistance (Rsp) is varied in the same
way as R,p, while the short capacitance (Cs) is varied
between O F and C on a linear scale using 10 points.

For each value of Ry, and Csy, 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 shorts is

_represented as regions in the (Cyp, Rgp) plain.

As an example, the results of the fault analysis per-
formed on SC1s (short between memory cell and Vpp) are
shown in Figure 5, where TFd stands for TF]. According
to the figure, the faulty behavior of SCls depends more on
Rgp, than it depends on Cp,. There are two fault regions
shown in the figure, listed next with increasing Ry, value.

1. Fault region SFo U RDFg U WDFy U TF} U RDFpo U RDF g

2. Fault region RDFp U WDFg U TF) U RDFgg U RDFjo

The figure shows a relatively simple faulty behavior of
the short defect SCls as compared with that of the open
defect OCls of Figure 4. As the short resistance increases,
the number of faulty SOS’s decreases until the memory
starts to function properly with Ry, > 400 kQ when
Csn = O F On the other hand, the faulty behavior is, to
a large extent, independent of the value of the short capac-
itance. Nevertheless, as the defect capacitance increases,
the regions of faulty behavior decrease slightly in size,
while the size of the region of proper operation increases.
Generally, the faulty behavior resulting from a short re-
mains almost the same as long as C,, remains less than
the storage capacitance of the memory cell C;.

6 Simulation results

All opens and shorts defined in Section 4 have been
injected, simulated and analyzed. The analysis results
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Figure 5. Summary of the fault analysis results for the SCls short to
Vpp inthe (Cyp, Ry ) plane under 7" = 27° C.

of opens are organized in figures depicting parts of the
(Uinit, Rop) plane, while the analysis results of shorts are
organized in figures depicting a part of the (Csp, Rsn)
plane [Al-Ars99]. In the following, the results of opens
are discussed first, then the results of shorts.

6.1 Results of opens

Table 4 gives a summary of the detected FFMs for each
open defect within memory cells, along bit lines and on
word lines. The first column in the table specifies the an-
alyzed defects (in case a number of defects sensitize the
same FFMs they are listed together), while the second and
third columns list the FFMs detected for the simulated and
complementary instances of these defects, respectively. In-
specting the table reveals that all FFMs defined in Section 3
are present and result from at least one defect.

The table shows that all opens within cells cause the
same faulty behavior, while the behavior caused by opens
on bit lines changes significantly by changing the position
of the open. Moreover, some opens can cause a faulty be-
havior more easily than others (i.e., with less open resis-
tance). The most sensitive position for an open is that at
OB?7, where an open with an open resistance as low as 200
2 can result in a faulty memory behavior. The table shows
that all defects cause static FFMs, and that most opens re-
sult in 2-operation dynamic FFMs (with the exception of
OB1, OB2 and OB3).

It is important from a testing point of view to state the
detected fault regions that only show dynamic faulty be-
havior, since for these regions testing for static faulty be-
havior cannot detect the defect. Table 5 lists all strictly dy-
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Table 4. Summary of the observed FFMs for each open.

Open Simulated Complementary

0OC1-3 TFf, TFl, WDFg, RDFp, IRFg, TF|, TFt, WDFy, RDF;, IRF;,
RDFgo, RDFq1, RDF10, IRFgp, RDF11, RDF19, RDFo1, IRFyy,
DRDFo1 DRDF19

OBi-3 RDF; RDFo

OB4-5 TFt, WDF:, RDF,, DRDF,, TF|, WDFy, RDF,, DRDFg,
RDFg1, RDF11 RDF; 0, RDFgg

OB6 TF|, WDFg, RDFg, RDF;, TFt, WDF;, RDF;, RDFg,
IRF1, RDFo1, RDFyy, IRFo3, IRFp, RDF1g, RDFoo, IRFg,
IRF;;, DRDFgo, DRDF;o IRFgo, DRDF,;, DRDFg;

OB7-8 TFl, WDFy, RDF;, IRF,, TFt, WDF;, RDFgy, IRFg,
DRDFg, RDFpi, RDFj;, DRDF;, RDFyy, RDFqo,
IRFo1, IRF1,, DRDFgg, IRFjo, IRFyo, DRDFy,,
DRDF0 DRDFy;

OB9 RDFg, IRFg, DRDFgg, RDFy, IRFy, DRDFi;,
DRDFi¢o DRDFy;

OB10  TFl, IRFg, RDF,g, DRDF;g TF1, IRFy, RDFg,, DRDFgy

owl SFo., TFT, TF), RDFy, IRFo, SFy, TFt, TF}, RDF;, IRF;,

RDFgo, RDF9, IRFgo, IRF19  RDF11, RDFgy, IRF, 1, IRFg;

Table 5. Strictly dynamic fault regions resulting from opens.

Open Simuatated Complementary Region

0C1-3 RDFyg RDF(y | 150 k2 < Ry, < 450 kQ
0B4-$5 RDFpy RDF; o 10 kQ < Ryp < 20 k2
0B6 RDFg1 RDF) o 25 k2 < Rop < 75 k2

RDFg) URDF}; RDFjg URDFgp 75 k2 < Rgp < 125 kQ

namic fault regions detected in the analysis. The first col-
umn states the open resulting in the fault region, the second
column describes the faulty behavior of the dynamic fault
region, and the third column gives information about the
fault region in the (Uinit, Rop) plane. According to the ta-
ble, there are four 2-operation FFMs that appear in fault
regions with strictly dynamic behavior; they are the four
types of the dynamic read disturb fault (RDF.y).

6.2 Results of shorts

Table 6 gives a summary of the detected FFMs for each
short defect within memory cells and along bit lines. The
first column in the table lists the analyzed shorts, while the
second and third columns list the FFMs detected for the
simulated and complementary instances of these defects,
respectively. Inspecting the table reveals that, contrary to
opens, not all the FFMs defined in Section 3 result from
short defects. The table shows that all shorts cause both
static and 2-operation dynamic FFMs.

The only strictly dynamic fault region detected in the
analysis of shorts is caused by SC2. The simulated faulty
behavior of this region is RDFy; U RDFy;, while the
complementary faulty behavior is RDF;o U RDFgg. This
strictly dynamic region spreads across 300 k{2 < R, <
1.2 M) with a short capacitance of O F. Just like the case
with opens, the FFMs present in this fault region are the
four types of the dynamic read disturb fault (RDF,).



Table 6. Summary of the observed FFMs for each short.

Short Simulated Complementary

SC1 SFo, TEl, WDFy, RDFp, SFy, TFt, WDF,, RDF,,
RDFgo, RDF;o RDF11, RDFg;

SC2 SFy, TFt, WDF,, RDF;, SFo, TF{, WDFp, RDFo,
RDFo;, RDFy; RDFi0, RDF1y

SBI TFl, WDFp, RDFy, RDFgo, TFf. WDF,, RDF;, RDF1;,
RDFyp RDFp3

sB2 TFf, WDF;, RDFg, RDF;, TF}, WDFg, RDFy, RDFg,
RDFgg, RDFpi1, RDF10, RDFy1, RDFi10, RDFpy,
RDF1, RDFoo

7 Test implications

The fault analysis performed on the cell array column of
the eDRAM shows that all defined static and targeted dy-
namic FPs do occur. Moreover, some defects result in a
faulty behavior with only dynamic fault models by per-
forming certain SOS’s on a memory cell. In order to
ensure that a particular memory cell array is not faulty,
tests should be developed to sensitize and detect all static
and dynamic FFMs resulting from the sensitized FPs.
Many tests have been proposed to detect static FFMs,
such as MATS+, March C- {vdGoor98] and March LA
[vdGoor97].

In order to construct a test that uncovers dynamic FFMs,
it is important first to derive detection conditions for these
FFMs. As shown in Tables 4 and 6, all targeted dynamic
FFMs have been observed in our study. These dynamic
FFMs are RDF,,, IRF,, and DRDF,,, where z and y €
{0,1}. These dynamic FFMs can be detected by a given
march test if it contains a march element with the following
operation sequences:

1. $(..0,w0,70,70,...) for RDFqq, IRFgo & DRDFgo
. $(...0,wl,r1,rl,...) for RDFo, IRFo1 & DRDFg,
. ﬁ (1, wO, 7‘0, r0, ) for RDF1¢, IRF10 & DRDF,p
. $ (.1, wl,r1,71,..) for RDFyy, IRF;; & DRDFi;

where (...0) and (...1) specify the state of the cell before
performing the first write operations. The first read opera-
tion in the conditions above sensitizes and detects dynamic
RDF;, and IRF;,, while DRDF;,, is sensitized by the first
read operation and detected by the second.

The above detection conditions can be used to ex-
tend existing tests designed for static FFMs to detect 2-
operation dynamic FFMs. As an example, March LA is a
march test designed to detect some static FFMs. A number
of operations can be added to the march elements of March
LA based on the detection conditions to make it capable of
detecting the observed dynamic FFMs. Figure 6(a) shows
the conventional March LA test, while Figure 6(b) shows
the extended version designed to detect the 2-operation dy-
namic FFMs [Al-Ars99]. The operations added to March
LA are shown in the figure in bold face.
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{$(w0); 1{(r0, w1, w0, wl,rl); fi(rl, w0, wl,w0,r0);
Y(r0, wl, w0, wl,rl); J(rl, w0, wl, w0,r0); Y(r0)}
(@)

{3(w0); 1(r0, wl, w0, wl,r1,rl); N(rl, w0, wl, w0,r0,r0);
$(r0, wl, w0, wl,wl,rl,r1); Y(rl, w0, wl, w0, w0, r0, r0);

$(r0)}
®)

Figure 6. (a) Conventional March LA test. (b) Extended March LA ver-
sion designed to detect the observed 2-operation dynamic FFMs.

8 Conclusions

In this paper, the faulty behavior of an eDRAM has been
analyzed using open and short injection and circuit sim-
ulation. The fault analysis has not been restricted to the
static memory behavior, but the 2-operation dynamic be-
havior has also been included. Known static FFMs have
been observed and related to given opens or shorts in the
memory. New static FFMs (SF, and WDF, ) and a number
of new dynamic FFMs (RDF;,, IRF;, and DRDF;, ) have
been introduced and established. The analysis showed that
dynamic faulty behavior can take place in the absence of
static faulty behavior. Finally, the results of the analysis
have been used to derive detection conditions for the ob-
served dynamic FFMs.

References

{Adams96] R.D. Adams and E.S. Cooley, “Analysis of a Deceptive Destructive
Read Memory Fault Model and Recommended Testing,” in Proc. IEEE North
Atlantic Test Workshop, 1996.

[AI-Ars99] Z. Al-Ars, Analysis of The Space of Functional Fault Models and Its
Application to Embedded DRAMSs, Technical Report No. 1-68340-28(1999)-
07, CARDIT, Delft University of Technology, Delft, the Netherlands, 1999.

{Al-Ars00] Z. Al-Ars and A J. van de Goor, “Impact of Memory Cell Array Bridges
on the Faulty Behavior in Embedded DRAMS,” in Proc. Asian Test Symp.,
2000, pp. 282-289.

[Henderson91] C.L. Henderson, J.M. Soden and C.F. Hawkins, “The Behavior and
Testing Implications of CMOS IC Logic Gate Open Circuits,” in Proc. IEEE
Int’l Test Conf., 1991, pp. 302-310.

{lyer99] S.S.Iyer and H.L. Kalter, “Embedded DRAM Technology: Opportunities
and Challenges,” in IEEE Spectrum, vol. 36, no. 4, 1999, pp. 56-64.

[McConnell98] R. McConnell, U. Méller and D. Richter, “How we test Siemens’
Embedded DRAM Cores,” in Proc. IEEE Int'l Test Conf., 1998, pp. 1120-
1125,

[Nagi96] N.Nagi and J. Abraham, “Hierarchical Fault Modeling for Linear Analog
Circuits,” in Analog Integrated Circuits and Signal Processing, vol. 10, no. 1-
2, 1996, pp. 89-99.

[Naik93] S. Naik, F. Agricola and W. Maly, “Failure Analysis of High Density
CMOS SRAMS,” in IEEE Design and Test of Computers, vol. 10, no. 2, 1993,
pp. 13-23.

[vdGoor97} A.J. van de Goor er al., “March LA: A Test for Linked Memory
Faults,” in Proc. European Design and Test Conf., 1999, p. 627.

{vdGoor98) A.J. van de Goor, Testing' Semiconductor Memories,
and Practice, ComTex Publishing. Gouda, The Netherlands,
http://ce.et.tudelft.nl/-vdgoor/

Theory
1998,

[vdGoor00] A.J. van de Goor and Z. Al-Ars, “Functional Memory Faults: A For-
mal Notation and a Taxonomy,” in Proc. IEEE VLSI Test Symp., 2000, pp.
281-289.



