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General Introduction

Since the transistor invention, a lot of microelectronics components have been developed in
academic laboratories or in semi-conductor companies. One of the most used microelectronic
components is the memory circuit. The memory business has started to increase at the beginning
of the 70’s with the arrival of the first microprocessor (4004) developed in 1968 by Intel.
Nowadays, semi-conductor memories are not only used in microprocessors but also in each
electronic device developed for information or communication application fields. The memory
market has continued to increase drastically in the last years and now achieves 25% of the total
microelectronics market. This growth is due to the high demand of customers for personal
computers, mobile phones and other high technology devices available on the market since 2000.
However, in memory chips many factors have to be considered to analyze their growth and their
presence in electronic devices. We know that DRAM memories are present in stand alone
packages in a personal computer for instance. Similarly, high density Flash memories are used in
stand alone for data storage in camera or mobile phones whereas low density embedded Flash
memories are present in microcontroller to store the embedded operating systems or application
codes. Therefore, the memory market must be divided according to two main families, namely
the stand alone and the embedded memory families. To illustrate the memory market growth, the
stand alone Flash market represented close to 20 billions dollars in 2005. This market has grown
faster than any other market in all the semi-conductor history due to the high demand of storage
capability in mobile phones, MP3 players and cameras. Concerning the embedded memories
market, the volumes are less important compared to stand alone memories but remains very
important for semi-conductor actors who propose special embedded systems solutions to their
customers. The interest for embedded memories is confirmed by the SIA Roadmap which
forecasts a memory content approaching 94% of System on Chip (SoC) silicon area in the next

years [SIAO3].
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In addition, semi-conductor memories are considered as a vehicle for CMOS process
technology development. Thus, advances in their fabrication, through the scaling for higher
densities and faster speeds, is helpful for the performance establishment of other digital circuits.
For all the above reasons, there is a need to develop accurate methods and solutions to design,
manufacture, and test semiconductor memories. Design and manufacturing of semiconductor
memories represent a consequent part of microelectronics research contributions whereas an
effort must still be done in the field of memory testing [SIA06].

Considering the above context, the main focus of this thesis is on memory testing. A
particular type of semiconductor memory called Flash has been investigated, and particularly
Flash memories embedded in complex System-on-Chip (SoC) like a MCU (Microcontroller Unit)
or an ASIC (Application Specific Integrated Circuit). This type of embedded memories has the
particularity to be non volatile and thus to keep its memory content without any supply source.

Nowadays, a large portion of the SoC area is dedicated to memory circuits. Embedded Flash
(eFlash) memories are very used in SoC due to their flexibility that allows to program and erase
memory content electronically. Consequently, the test of embedded Flash memories is becoming
a very important step in SoC testing. The high integration density of eFlash memories and their
particular manufacturing process steps based on the floating gate principle make them more and

more prone to inter or intra core cell defects. In addition to its high integration density, the non-
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volatile nature of eFlash memory requires a high electric field during the programming mode.
According to its sensitivity, such high electric field may disturb the content of an eFlash core cell
and in some cases may lead a logic flip.

Tests currently used for eFlash validation are very time consuming and the fault tested are
not always realistic. Moreover, the most known solutions currently used to test RAM memories,
which focus on the detection of static faults, like Stuck-At Faults, Transition Faults or Coupling
Faults, are not applicable to test eFlash memories due to the slow programming time of such
memories.

Therefore, the objective of this thesis has been to develop new and efficient solutions for
testing most of actual defects occurring in eFlash memories.

This objective has required the initial study of actual defects and related failure mechanisms
occurring in eFlash memories and particularly in eFlash memories built with FloTOx (Floating
gate Tunnel Oxide) core cells.

This thesis is organized as follows:

Chapter 1 is dedicated to the presentation of the various types of memories existing today
and gives details about technologies and design of these components. Volatile memories
corresponding to the RAM family are simply described whereas Flash and EEPROM memories
are more detailed. Some comparisons between non-volatile memories with respect to criteria like
size, speed or reliability, are carried out. Finally, an overview of our work environment based on
embedded Flash memories built with FloTOx core cells is shown.

Chapter 2 provides a general background of memory fault modeling and testing.
Conventional RAM and eFlash test approaches are compared and the eFlash testing specificities
are highlighted. With the help of a home made fault simulation tool, fault coverage measures
obtained with eFlash test solutions, currently used in industry, are provided. These measures
reveal the need to develop new and efficient test solutions for current eFlash memories.

In Chapter 3, we analyze actual defects and related failure mechanisms occurring in eFlash
memories and especially in the core cell array. Then, we explain the interest of developing a
SPICE-like model for faulty behavior prediction and how to develop such model. Next, with the
help of our FloTOx SPICE-like model and by performing electrical simulations, a classification
and a modeling of the faulty behaviors resulting from actual defects in eFlash are provided. We

then discuss the test solutions that can be used for these defects and conclude on the need to
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provide dedicated test solutions for oxide thickness variations and address decoder faults.

In Chapter 4, the case study of a hard to detect actual defect and the related test strategy are
proposed. This defect relates to a variation of the oxide thickness in the floating gate transistor
performing the memory action. Such a defective mechanism has been modeled as a State
Coupling Fault. The solution to detect such defect uses the coupling phenomenon existing
between two adjacent bit lines and is based the application of two patterns (CKB and CKBI) to
sensitize and observe the fault.

In Chapter 5, a particular fault model called Address decoder Fault (AF) is studied. The AFs
are the most constraining faults in an eFLash test flow because their detection is very time
consuming. Once again, a test solution based on the eFlash specificities is proposed to reduce the
number of programming operations and to considerably reduce the total testing time. Moreover,
we explain the advantages of our proposed solution to detect others fault models that are
currently tested with others functional test flow. A comparison with a typical eFlash test flow is
provided and shows significant improvement in test time and efficiency.

This work has been carried out in collaboration with ATMEL (Rousset), a company
specialized in ASIC, MCU and embedded Flash memory designs, under the framework of a
CIFRE contract. This partnership has allowed an industrial validation of the results obtained in
this thesis. This work has also been validated by several publications in international conferences

specialized in the test domain.
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CHAPTER 1: IN THE FIELD OF NON-VOLATILE MEMORIES

This first chapter is dedicated to the volatile and non-volatile memory descriptions. First, the
available and most often used semiconductors memories are described. Volatile memories
(SRAM, DRAM...) are quickly described whereas non-volatile memories (FLASH, EEPROM...)
are treated in more details. According to functionality criteria, we compare the different types of
non-volatile memories. This is a hot topic of interest due to the high efforts carried out by
industry and academia to develop a low cost (small size and reduced process steps) and reliable
(high endurance and infinite retention time) non-volatile memory technology. On another hand,
this non-volatile memory technology must be adapted for fast applications (low programming
time) and be CMOS process compliant. Nowadays, almost all memories are able to fit with few of
all previous criteria but some efforts remain. Then, the chapter is concluded by a top down
overview of our work environment based on embedded Flash memories built with FloTOx

(Floating gate Tunnel Oxide) core cells [YARS2].

1.1  SEMICONDUCTOR MEMORIES: STATE OF THE ART

Since the arrival of the first integrated circuits in 1959, a lot of memories have been
developed. This wide panel of available memories is due to the high demand of storage in a lot of
applications and systems. In addition, according to the system or to the application, several
specificities to store data are needed. Sometimes, the data retention and the current consumption
must be considered but sometimes the target is the memory core cells size or the access time.
There are a lot of existing different memories proposed by researcher. Note that the solution of a
given type of memory for a given application is performed with respect to the system design

specifications.



tel-00194584, version 1 - 6 Dec 2007

Fault Modeling and Testing of Flash Memories 11

Semiconductors memories can be divided in two families, the volatile memories RAM
(Random Access Memories) and the non-volatile memories based on the ROM concept (Read

Only Memories).

1.1.1 VOLATILE MEMORIES

Volatile memories (RAM) have the particularity to lose their memory content (logic data)
when they are disconnected from the supply voltage. In the RAM family, there are two kinds of
memory, namely the Static RAM (SRAM) and the Dynamic RAM (DRAM).

1.1.1.1 SRAM

Compared to other semiconductor memories, the SRAM is the fastest one but it remains the
most expensive to produce. The SRAM is designed with the well known six transistors structure
(inverters loop with select transistors) and keeps its memory cell content as long as a supply
voltage is provided to these six transistors. Nevertheless, the logic data stored in this memory
does not require refresh mode compared to a DRAM for example. In almost all cases, the SRAM
is used as a shadow or a cash memory, where the requirements are to have a fast but small size

memory.

1.1.1.2 DRAM

The DRAM is built with one MOS transistor and one capacitance (Figurel.l). To program
the DRAM memory cell with a logic ‘1’ or a logic ‘0, the desired logic value must be applied on
the bit-line and an activation voltage has to be applied on the word-line. Thanks to the word-line
activation, the MOS transistor is ‘on’ and the capacitance is loaded with the desired logic data,
either ‘1’ or ‘0’. To read the memory cell content, the MOS transistor must be activated and the
capacitance voltage must be directly applied to the bit-line node. With a specific peripheral

circuitry called Sense Amplifier, the capacitance potential is interpreted as a logic ‘1’ or a logic
‘0.
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Figure 1.1: 1TT-DRAM.

Bit Line

This DRAM structure is a low cost solution due to its small size allowing a high integration
density. However the DRAM memory cell features two problems. The first one is due to the read
principle during which the capacitance is discharged, and thus leading to the memory content
loss. To avoid this problem, designers use particular circuitry to rewrite the logic content in the
DRAM cell after the read operations. The second problem is related to the capacitance leakage
involving once again the loss of the memory cell content. Thanks to a periodic data refresh

system, this problem is avoided.

1.1.2 NON-VOLATILE MEMORIES

Unlike to volatile memories, the main advantage of non-volatile memories is the long storage
duration (up to 10 years) of logical data even without supply energy. In most cases, non-volatile
memories are evaluated according to their technology limitations, to the customer demands and
economical constraints. In this section, the major non-volatile memories, that are the most often
used in recent systems and applications, are described. There are four main kinds of non-volatile
memories, namely the Read Only Memories (ROM), the Programmable ROM (PROM), the
Erasable PROM (EPROM) and the Electrical EPROM (EEPROM). Note that Flash memories
belong to the EEPROM memories family and their difference is based on their data access

granularity.

1.1.2.1 Rom

The ROM memory is accessed only for read operations. There are two kinds of ROM
technologies, the pre-diffused ROM and the programmable ROM. The ROM is programmed
either during the production process or by the user thanks to fuse-based structures. This memory
is often used to store microinstruction codes data in microprocessors or in microcontrollers but

also to store user application codes in OTP (One Time Programming) microcontroller.
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1.1.2.2 EPROM

The EPROM is electrically written and is erased by UV beam thanks to a special window
present on its packaging. The duration of the write operation takes 100us to 1ms whereas the
erase phase duration takes more than 20 minutes under UV beam [BRO98]. To write an EPROM
core cell we use a particular programming mechanism called Hot Electron Injection (HEI)
[SHA97] through the oxide between the floating gate and the channel of the EPROM core cell.
Note that the EPROM core cell is only built with a double gate transistor represented in Figure
1.2. Thanks to this property, an EPROM has the same integration capability as a DRAM
[MAES9].

Word Line
oy Floating gate
Bit Line

Figure 1.2: Scheme of EPROM core cell

1.1.2.3 EEPROM
The main drawback of the EPROM is the erase duration that takes close to 20 minutes under
UV beam. To avoid this problem there is a particular memory core cell called EEPROM which is

based on the EPROM principle but that can be written and erased electrically.

Bit Line
(BLj)

Word Line AI SEL-transistor
(WLi)

Control Line <«— FG-transistor
(Vrefi) AIH

Source Line
(Vss)

Figure 1.3: EEPROM core cell.
Figure 1.3 presents an EEPROM core cell composed of two serial transistors. One of the two
transistors is the select transistor (SEL-transistor) allowing to select the core cell from the bit-
line. Note that this transistor is built with a standard NMOS transistor. The second one is the

floating gate transistor (FG-transistor) that performs the memorization of the logic data [YARS82].
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Unlike to the EPROM which is built with a single transistor, the EEPROM needs more area due
to the presence of two transistors. Consequently, this memory is never chosen for applications

that require high integration density.

1.1.2.4 FLASH

To deal with Flash memories is not an easy talk because describing this kind of memory
requires to consider several parameters. Flash memories are not linked to a technology but to a
structure and more precisely to a granularity. In fact, the name Flash comes from the particularity
of such memory to erase a block or a page in one time. However, in almost all cases the Flash
memory is built with a particular core cell technology based on a floating gate transistor. This
core cell technology offers the advantage to a reduced area and can be compared to the EPROM
scalability. To write a logic content in this floating gate transistor, the HEI phenomenon is used
whereas to erase this core cell, the tunneling effect called Fowler-Nordheim [SHA97] is

preferred. This typical Flash core cell is presented in Figure 1.4 during the write and erase

operations.
Vgs>0v
VS=OV I ] Vd<Vgs
I |
o Z— T
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I | V4=0v
L . ®
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V >0v
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Figure 1.4: Flash core cell written by HEI (a) and erased by Fowler-Nordheim tunneling effect (b).
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Note that the Flash memory can also be built with the same core cell as the EEPROM (2
transistors) and this particular case is used for instance to design Flash memories for embedded

systems.

1.1.3 FUTURE NON-VOLATILE MEMORIES

Researchers try to develop a new non-volatile memory technology taking into account all
advantages from the previous described non-volatile memories (data retention, endurance ...) but
also from the volatile ones (high integration density, fast write speed ...). Two types of memory
technology seem have many of these advantages, namely the FeERAM for Ferro-electric RAM

and the Phase Change RAM also called Ovonic Unified Memory (OUM).

1.1.3.1 PHASE CHANGE MEMORIES

The phase change memories (PCRAM) or OUM are one of the most interesting future non-
volatile memories. The PCRAM uses the particular behavior of chalcogenide glass that can
switch between two states (crystalline or amorphous) thanks to a heat application. The
chalcogenide [YAMO91] belongs to the same material family than that used to build re-writable
optical media as CD-RW or DVD-RW. In optical media disc, a low power laser beam focuses the
media to locally heat its surface and switch the material from a crystalline to an amorphous state.
This phase change from a crystalline to an amorphous state corresponds to a binary data. The
difference between these two states is sensed in an optical way based on the reflectivity behavior
of the memory point which is either written or erased. In the PCRAM the principle of erasing and
writing the core cell is different because the logic data corresponding to the material state is
obtained electrically. In fact, the PCRAM undergoes a phase change (crystalline to amorphous)
due to a current passing through the material and involving a joule effect. This kind of core cell is
represented by a cross-section scheme in Figure 1.5. Before the joule effect, the material has a
low resistance whereas after the joule effect, the material has a high resistance value due to its
amorphous state. To switch the material from one state to the other, it takes less than 30ns and

some prototypes built by Samsung Company achieve a phase change speed close to 5ns.
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Figure 1.5: Cross section of a PCRAM core cell.

To forecast the endurance of a PCRAM core cell a lot of cycling tests have been carried out
by researchers and have shown that after 10 cycles the resistance value of the material is almost
unchanged. Note that this endurance has never been achieved with other non-volatile memories.
Since 2001, research teams develop phase change memories prototypes [LAIO1] [GILO2] and
they are facing two main problems which are the programming current reduction and the design
of high density array. Currently, a few companies begin to design PCRAM array containing more

than 512Mbits.

1.1.3.2 FERAM

The Ferroelectric RAM (FeERAM) cell is designed with the same elements as those widely
used DRAM cells, namely the access transistor and the cell capacitor. Note that this cell structure
is called 1T-1C. In a DRAM, the cell capacitor is built with a linear dielectric whereas in
FeRAM, the cell capacitor is based on a dielectric structure including ferroelectric material,
typically Peroveskite Zirconate Titanate (PZT). Figure 1.6 describes the FeERAM core cell.

Word Line
-1

/ Cre

Figure 1.6: 1T-C FeRAM core cell.

Bit Line

Operationally, a FeERAM is similar to a DRAM. To write the FeRAM cell, an electric field is
applied across the ferroelectric layer by charging the plates on each side of it. The presence of the
electric field forces the atoms inside into a up or down orientation according to the polarity of the

charge applied and thereby a binary information can be stored, a logic ‘1’ or ‘0’. Reading the
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FeRAM cell is different than reading a DRAM cell because thanks to the access transistor, the
FeRAM cell is forced into a particular state, called ‘0’. If the FeRAM cell already contains a
logic ‘0’, nothing occurs at the output lines. If the cell contains a logic ‘1°, the re-orientation of
the atoms in the material causes a brief pulse of current through the output line as they push
electrons out of the metal on the down side. The presence of this pulse is sensed and interpreted
as a logic ‘1’. Moreover, the read operation has to be considered as aggressive because after this
operation, if the FeRAM cell contains a logic ‘1°, this value will be over-written and replaced by
a logic ‘0’. To repair the read operation the FERAM cell rewrite to a logic ‘1’ has to be
performed. However, note that in a FERAM memory, write and read operations are quite similar
to DRAM. In a near future, due to its high integration density, to its fast write and read speed but
also to its high endurance and data retention characteristics, the FeERAM could be very

interesting.

1.2 NON-VOLATILE MEMORY TECHNOLOGY

The non-volatile memory principle is to keep data information without any electrical supply
voltage. Researchers have found a lot of solutions to develop non-volatile memory core cells that
are compliant with CMOS technology. The most known solutions are based on electrical charges
storage for modulating the electrical characteristics of a custom transistor such as its threshold
voltage value. For instance, if two different threshold voltage values are reached in a transistor
two different logic states are obtained, a logic ‘1’ or a logic ‘0’. Then, thanks to a particular
polarization these two states are sensed in an electrical way. Currently, there are two charge
storage technologies for non volatile memories [BRO98], the floating gate technology and the
charges trap technology. In the near future, other type of storage technology for non-volatile
memory, like the ferroelectric technology mentioned in the previous section, will be possibly

used in production.

1.2.1 FLOATING GATE TECHNOLOGY

The floating gate principle is to catch electrical charges into an isolated gate of a double gate
MOS transistor. Note that this isolated gate, called floating gate, is built with a conductor or
semi-conductor. This structure is represented in Figure 1.7. With the stored electrical charges, the
threshold voltage value of the MOS transistor is modulated. In almost all cases, charges are

injected through a dielectric built with an oxide like SiO,. This oxide is located between the



tel-00194584, version 1 - 6 Dec 2007

Fault Modeling and Testing of Flash Memories 18

floating gate and the channel of the double gate transistor. A second gate, called control gate, is
placed under the floating gate and corresponds to the basic gate of a MOS transistor. These two
gates are separated by a thick oxide layer called ONO (Oxide-Nitride-Oxide) [BRO98].
Programming a memory core cell built with the floating technology can be done by using two
types of charges injection. The first one is the Hot Electron Injection (HEI) used by the
technology SIMOS (Stacked gate Injection MOS) often used to build EPROM. In this technology
SIMOS, the floating gate and the control gate are built in polysilicon [ROS77]. The floating gate
of this SIMOS cell is charged by HEI and the charges are removed by performing UV beam
insulation. During an HEI operation there is a consequent current consumption due to the
conduction state of the SIMOS core cell. Moreover, the efficiency of the programming operation
by HEI is related to the doping quantity present in the bulk, to the channel length and to the
overlap size between the floating gate and the drain diffusion [BRO98].

The second mechanism allowing to program a floating gate core cell is the Fowler-Nordheim
tunneling effect. This is a quantum phenomenon that allows injecting charges in the floating gate
through a thin oxide of about 8 to 10nm. This programming mechanism is used for the specific
FloTOx core cell (Floating gate Tunneling Oxide) in EEPROM. Note that a mixed solution is
used to program ETOX (EPROM Tunnel Oxide) core cells used to build Flash memories. In this
case, a HEI is performed to erase the core cells and a Fowler-Nordheim tunneling effect is

performed to write the core cells.

Drain diffusion Source line
Control gate

| Poly-silicon |
ONO
| Poly-silicon |

) L

Bulk P type

Figure 1.7: Cross section of a basic floating gate structure

Figure 1.8 details a FloTOx structure in which the Fowler-Nordheim principle is used to
inject or remove charges from and into the floating gate. This quantum charge injection principle

was used initially in a non-volatile RAM core cell [HAR78] and was the first step before the
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development of the EEPROM at the beginning of 80’s. The FloTOx technology can be either
double or simple polysilicon but the most often used in EEPROM is the double polysilicon
technology.

Control gate

Word line |

Bit line WL
BL GND

SEL-transistor FG-transistor

Figure 1.8: FloTOx core cell with double polysilicon technology.

In the FloTOx structure built with double polysilicon technology the second polysilicon gate,
called control gate, is above the floating gate and separated from this one by an oxide called
ONO (Oxide Nitride Oxide). Whatever the technology used to build FloTOx core cells, there is
always a tunnel window in which the oxide is thinner (8 to 10nm) in the oxide between the
floating gate and the channel. Electrons go through this thin oxide layer tanks to the tunneling
effect when an electric field is applied between the floating gate and the drain diffusion.
According to the value of the electric field, electrons are injected or removed into and from the
floating gate. Hence, this charge quantity increases or decreases the threshold voltage value of the

FloTOx core cell.

1.2.2 CHARGE TRAP TECHNOLOGY
In this section, the non-volatile memory technology based on the charge traps principle in

insulator is described. There are two main memories built with this particular technology namely

the MNOS and SONOS memories [SHA97].

1.2.2.1 MNOS TECHNOLOGY

Concerning the MNOS (Metal Nitride Oxide Semiconductor), instead of storing electrical
charges in a floating gate, charge traps situated in a nitride layer are used. The electrons are
injected through a thin oxide layer of about 1.5nm to 3nm thickness thanks to a tunneling effect.

Once the electrons are trapped, the threshold voltage value of the MNOS core cell is modified.
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Figure 1.9 describes an EAROM core cell (Electrically Alterable semiconductor ROM) in MNOS
technology. Like basic transistors, this EAROM core cell has a control gate in metal. The charges
are injected through the central oxide layer between the channel and the nitride layer SizNa.
However, this kind of non-volatile memory core cell features some drawbacks, such as its low
speed, its limited density and the using of several electric potentials to run it.

Gate in Al

| Y, | /Si3N4

Sio,

P+ P+

N type bulk

Figure 1.9: EAROM core cell based on MNOS structure.

In the 80’s, the MNOS technology has been improved with the SNOS technology (Silicon
Nitride Oxide Silicon) based on the LPCVD (Low-Pressure Chemical Vapor Deposition) method
that stacks the polysilicon on the nitride layer and the pre-metallization by an hydrogen annealing

at a high temperature to enhance the nitride to thin oxide interface [BRO98].

1.2.2.2 SONOS TECHNOLOGY

The SONOS (Silicon Oxide Nitride Oxide Silicon) technology has been developed in order
to reduce the charge injection from the gate to the nitride compared to the MNOS technology. An
oxide layer of about 2nm to 3nm is introduced between the nitride and the polysilicon gate
[CHE77]. This oxide layer is obtained by nitride oxidation, thus reducing its thickness. However,
this nitride thickness reduction involves a hole leakage to the gate. In fact, as the trapping length
in the nitride is higher for holes (15 to 20nm) than for electrons (5 to 10nm), reducing the nitride
thickness (<20 nm) makes that the holes are trapped at the nitride to gate interface whereas the
electrons are caught in the nitride. Several holes are lost through the gate even in presence of a
thin oxide layer between the nitride and the gate. This involves a decrease of the threshold

voltage value.
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Figure 1.10: SONOS technology comparison between the old (a) and the new SONOS concept (b).

To avoid this trapped holes leakage through the gate, there is a new concept of SONOS
structure keeping the same specificities [SUZ83] [CHAS87] [DELS87]. This new concept of the
SONOS structure layers is presented in the right part of the Figure 1.10. This new structure is
thus composed by a thin oxide layer, a thin nitride layer (<10nm) and a thicker oxide layer
(>3nm) [SUZ83] [DEL87]. These new characteristics allow to considerably reduce the SONOS
structure thickness (Figure 1.10) and thus the necessary programming voltage (<5V). Moreover,

the retention and the structure reliability are enhanced.

1.3 EMBEDDED FLASH (EFLASH) MEMORIES BUILT WITH FLOTOX CORE CELLS
1.3.1 EFLASH MEMORIES ARCHITECTURE

The functional scheme of an eFlash memory is presented in Figure 1.11. Like all other
memories, the eFlash is composed of a core cell array (CORE), data latches (DLATCH), bit-line
and word-line decoders and sense amplifiers. In addition, eFlash memories need two particular
building blocks to perform dedicated functions: a Charge Pump device for the High Voltage
Generation (HVG) allowing the write and erase operations and a Sense Reference Voltage used
during the read operation.

Two types of core cell array can be used to realize an eFlash memory; NOR and NAND-
based structures [SDC91]. Here, only the NOR-based structure is presented as this is the most
often used structure in high-speed applications. In a NOR-based eFlash, core cells are placed in
parallel as shown in Figure 1.12. A word-line (WLi) is shared by all the cells in the row. All the

cells of one row are addressed together to form a page.
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Figure 1.11: Functional scheme of eFlash memories
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Figure 1.12: NOR eFlash structure

The eFlash core cell is based on the floating gate (FG) concept. As discussed previously,
there are two typical mechanisms to transfer electric charges from and into the FG: hot carrier
injection (HCI) [SHA97] and the Fowler-Nordheim (FN) tunneling effect [SHA97]. The FN
tunneling effect is used for charge injection or removal in FloTOx core cells. In our work, we

consider the FloTOx core cell structure presented in Figure 1.13 [SDC91] [SHA97]. The memory
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cell is composed of a select transistor (SEL-transistor) and a floating gate transistor (FG-
transistor). The SEL-transistor having the word line connection (WL) allows the selection of the
targeted cell. It also avoids disturbances from the high voltage on the bit-line when the cell is not

selected. The FG- transistor contains the floating gate (FG) and the control gate.
Bit Line
,_+ (BLj)

Word Line <«——SFL- i
WL AI SEL-transistor

Control Line <«—— FG-transistor
(Vrefi) AIH]

Source Line
(Vss)

Figure 1.13: 2T-FloTOx core cell

1.3.2 EFLASH MEMORY FUNCTIONING

Three different operations can be performed on an eFlash: Erase, Write and Read. In the
following, the cell(i,j) in the NOR-based array in Figure 1.12 is considered as the target cell. The
different voltage levels required for the erase, write and read operations of cell(i,j) are reported in
Table 1.1. The Erase operation consists in injecting charges in the FG with a specific high voltage
combination. To inject charges in the FG, the high voltage must be applied on the Vrefi node of
the sense transistor while its drain must be maintained at ground. During the Erase operation, the

core cell is 'on' and allows the node BLj to be pulled-down at the Vss potential.

ERASE WRITE READ

BLj Ov Vpp lv
BLx Ov HZ HZ
WLi 15v 15v 3.3v
WLy Ov Ov Ov

Vss Ov 1.2v Ov
Vrefi Vpp Ov 0.7v
Vrefy HZ HZ HZ
with x#j and y#I Vpp = 12.5v

Table 1.1: Voltage levels for Erase, Write and Read operations

At this point, it is important to notice that the erase operation is performed simultaneously on
all the cells of the same page, equivalent to all core cells belonging to a word line, and not cell by
cell. At the end of the erase operation, charges in the FG have changed the VT of the sense
transistor to a high VT (VTH in Figure 1.14). From a functional point of view VTH corresponds

to logic 'l".
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The Write operation consists in removing charges from the FG by putting the Vref node at
ground while maintaining BL; at a high voltage (see Table 1). With this operation, charges of the
FG are removed and so, the sense transistor has a low VT (VTL in Figure 1.14) which
corresponds to logic '0'". The difference between VTH and VTL is called VT window.

As for all other kinds of memory, the read operation is performed by a sense amplifier but
this time working in a current measurement mode. The Vref node is set around 0.7v during the
read operation (see Table 1.1). If the sense transistor has a low VT (VTL), it delivers a current
(between 10pA to 30puA) and the sense amplifier provides a logic '0' on its output. On the other
hand, with the same Vref value, if the sense transistor has a high VT (VTH) there is no current

through the bit-line and hence the sense amplifier gives a logic '1".

D C S
Tunnel
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fan -
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VTL VTH Control gate
Charged 000 * * voltage
Floating Gate I—l |QFG| =0 |QFG| >>0

Figure 1.14: VT modulation with charge quantity

1.4 CONCLUSION

In this first chapter an overview of volatile and non-volatile memories has been presented.
All these memories have several specificities and characteristics and allow to cover a large panel
of electronic systems and applications. To summarize this overview, Table 1.2 presents a
summary of embedded RAM and embedded Flash memories performances and, in Table 1.3
there is a characteristics comparison between actual Flash memories and future non volatile
memories.

The unique memory able to be used in all of electronics systems does not exist yet and
researcher work hardly in this field. Moreover, this chapter has introduced the context of our
work which is related to embedded Flash memories (eFlash) built with FloTOx core cells. Due to

its low access time, low power consumption and to its high density, this kind of non-volatile
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embedded memory is popular for portable devices. However, the high integration density of the

eFlash memories and their particular process steps make them more and more prone to inter or

intra core cell defects that will be analyzed in the next chapter.

eDRAM eSRAM eFLASH
Cell size 25-30F 120-140F° 15-30F
Extra masks +5 0 +10-12
Read Speed Up to 200MHz Up to 1GHz Up to SOMHz
(4Mbits&90nm) (512Kbits&90nm) (4Mbits&90nm)
Comments Large amounts of cache to Leakage issue requiring process Low speed
justify process cost options (VT, Tox) for potable programming
Large overhead applications
Potential issues Leakage Leakage Tunnel oxide
Stack capacitance value SNM L scaling with HEI

Soft errors: SEU

Gate coupling

Solutions to push
the limits

High K materials
MIM cap
ECC

ECC
materials

Design techniques

3D structures
High K materials
Design techniques
ECC

ITRS prospects

(2015)

Cell size: 0.0038u”
Up to 10Gbits

Cell size: 0.15u”

Cell size: 0.013u°

Table 1.2: Summary of embedded RAM and Flash performances

and write time

Flash MRAM FeRAM PCRAM
Current status
Cell size 2.3-40F” 20-60F° 15-200F* 12-40F°
Write time us <100ns <100ns <100ns
Mask count(*) +5-10 +2-4 +2-3 +5-6
Endurance 10°-10° >10" 10" 10"
Maturity 130nm Volume Prod 180nm Limited prod Test chips
Test chips 0.35um
Scalability FAIR 7 77 Good
Down to 45nm
R&D SONOS TAS 1T,1C stacked cell, Decrease reset
Nanocristal CIMS 2D-3D FeCAP current
Improve scalability Improve scalability Improve scalability Materials

(*) depends on technology and high voltage requirements, does not reflect automatically the process complexity (MTJ stack complexity
on MRAM for example)

Table 1.3: Comparison between emergent non volatile memories and Flash
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CHAPTER 2: GENERAL ASPECTS ON MEMORY FAULT MODELING AND TESTING

In the previous chapter, we have seen that stand alone memory market increases drastically
and that embedded memory resources are continuously increasing and will approach 94% of the
System on Chip (SoC) silicon area in the next ten years [SIAO3]. These statements highlight the
main issue that we are currently facing in the field of memory design and test. In fact, because of
their high density, memories are considerably impacting test time and for the embedded ones
they are becoming the main contributor of the overall SoC yield loss. Consequently, efficient test
solutions and repair schemes for these memories are needed. This chapter proposes a summary
of existing state of the art solutions for memory testing. Special interest will be given to eFlash

memory testing.

2.1 BACKGROUND OF RAM FAULT MODELING AND TESTING
The high integration density of memories and their particular manufacturing process steps
make them more and more prone to defects. Memory device failures can be classified according
to three families [SHA97]:
¢ the infant mortality failures associated to designs errors or to process defects and to
bad process steps during the production flow,
¢ the usage failures caused by a reliability missing, an electro-migration phenomenon
or a perturbing event like a SEU (Single Event Upset),
e the wear-out failures due to operational conditions, to the aging effect of electrical
contacts for instance or to mechanical stress during the device use.
To detect these failures in integrated circuits or systems, the use of comprehensive fault
models is required and adequate stimuli to detect these faults have to be found. Note that fault
models can be defined according to different abstraction levels as behavioral, functional,

structural or electrical description levels. From a memory modeling point of view, the functional
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scheme of a RAM (Figure 2.1) can represent almost all semiconductor memories because the

operations performed are always the same, i.e. writing a data in a core cell, storing a data or

providing a data read-out from a random core cell location.

Address Column
latch decoder
Memory -
Row Write
cell ) ]
decoder driver
array

Data
Sense amplifiers }-—' |

T register
|

*
v I

Data out Data in

Read/write
and chip enable

Figure 2.1: Functional scheme of a RAM chip.

2.1.1 RaAM FAULT MODELS

In semiconductor memories and more especially for the RAM family, several types of

physical faults can appear in a chip. Based on the general memory scheme described in Figure

2.1, we can expect to observe functional faults in different parts of a memory device:

Cells stuck, a memory cell storing a binary value can be stuck to a logic ‘0’ or
to a logic ‘1°.

Read/write lines stuck, the lines driving the read or write signals can be stuck
to a logic value ‘0’ or ‘1’ so that inhibits the read or write operations.

Chip select line stuck, the signal ‘Chip select’ that switch ‘on’ the memory
device can be stuck to a logic value and thus the memory chip can be selected
or unselected every time.

Wrong memory access, this fault induces a decoding problem in the address
decoder logic and access problems occur during the write or read operation
performed on victim memory cells.

Etc ...
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This functional fault description is not enough to test precisely memory device like RAM
and this is the reason why a logical fault modeling has to be performed. This modeling allows not
only to test memories but also to examine precisely the physical causes of the fault based on a
logical comparison with the known good dies. Note that a physical examination of the fault in a
memory is not always easy due to the high cost of examination process and equipments.

In the RAM testing literature [VANOO] [ALAOI1], there are two main families of fault
models. The first family relates to a static faulty behavior whereas the second relates to a
dynamic faulty behavior.

* Static faults are sensitized with only one operation (read/write). The most known fault of
this family is the simple Stuck-At Fault (SAF) model that can alter the content of a core cell. For
instance, imagine that a core cell Cx is Stuck-At zero (SAF0). This means that irrespective of the
operation acted on cell Cx, its contents will remain at ‘0’. To sensitize this fault, only one
operation has to be applied, a write ‘1’ in the faulty core cell. In fact, at the end of the write ‘1’
operation, the core cell has not flipped from a logic ‘0’ to a logic ‘1’, as expected. To observe the
result of the write ‘1’ operation, a read ‘1’ of the core cell Cx is needed and due to the SAFO the
expected ‘1’ will never be read.

This family includes some type of other fault with a faulty behavior that can be harder to
detect. There are the Address decoder Faults (AFs) present in the address decoder circuitry of a
memory chip. In this fault model several combinations of addresses are possible at the same time,
involving multiple core cells to be addressed simultaneously. There are also fault models
involving a unique core cell at a time, like the Stuck-At Faults (SAFs), the Stuck-Open Faults
(SOFs), the Transition Faults (TFs) or the Data Retention Faults (DRFs). Then, there are the fault
models describing a coupling phenomenon between two core cells, an aggressor and a victim.
This sub-family includes the so called Coupling Faults (CFs).

Note that the static fault models can be more complex if we consider for example that two
coupling faults with two different aggressor core cells can be linked and affect the same victim
core cell. The faults that occur in this configuration are called Linked Static Faults.

* Dynamic faults are sensitized with at least two operations (read/write). These faults are
harder to detect compared to the previous static faults because they appear after a particular
sequence of read/write operations performed on the memory cells. These faults are currently

among the main problematic in the field of RAM fault testing and a lot of research works have
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been done to primarily address the problem of dynamic fault modeling [BORO5]. The well
known dynamic fault models are the Address Decoder Open Faults (ADOFs), the dynamic Read
Destructive Faults (ARDFs), the dynamic Data Retention Faults ({DRFs), the Un-Restored Write
Faults (URWFs) and the Un-Restored Read Faults (URRFs).

To illustrate this particular fault family, the most known dynamic fault, called dynamic Read
Destructive Fault (dRDF), is described. First of all let us consider the definition of dRDFs
established by [VANOO]:

e A cell is said to have a dRDF if a write operation immediately followed by a read
operation performed on the cell changes the logic state of this cell and returns an
incorrect value on the output.

To well understand this particular fault, the analysis of what are their probable origins is
required. In [DILOS] an exhaustive analysis of actual resistive open defect occurring in an SRAM
core cell has been carried out. In this work, authors shown that a particular location of a resistive
open defect in an SRAM core cell could impact the logical core cell behavior and can be modeled
as a dRDF. Moreover, the author showed that according to the resistive open values, the number
of read operations (read destructive) required to change the logic state of the cell, is different.
This statement confirms that such resistive defect configuration involves a dynamic fault.

As explained previously, dynamic faults such as dRDF are harder to test than static faults
due to their nature and particular behavior. They are currently the main problematic in RAM

testing.

2.1.2 RAM TEST ALGORITHMS

In the previous sections the various fault models available for memories, especially for
RAM. In this section we deal with methods to test these fault models. Remember that a memory
is a particular chip having a large quantity of internal states related to its size, i.e. 2" with n the
number of bits in the memory. Because of time constraints, the test of all possible internal states
of memory is not possible. Currently, memories achieve more than 1Gbits of storage capacity.
For instance, with a O(nz) test procedure, a 4Mbits SRAM would be tested in 500 hours. Thus,
based on their regular structure and on their functional fault models, researchers have developed
new test methods and algorithms with a O(n) complexity.

The first test method with a O(n) complexity was just based on a unique pattern consisting in
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writing in all the memory chip. In this test category, there are the Checkerboard Pattern and its
inverse used to test direct shorts between topological adjacent core cells. There are other patterns
like Column Bars or Row Bars. Although simple to implement and test time advantageous, these
patterns present a low fault coverage and only the SAF detection is guaranteed [VAN98a].

For these reasons researchers have developed new methods, called March tests, achieving a
high coverage for SAF, TF, AF or CF. March algorithms have a low complexity (O(n)) and more
flexibility thanks to their Degree of Freedom (DOF) [NIG98]. We assume the definition of a
March test described by [SUK81]:

A March test consists of a finite sequence of March elements. A March element is a
[inite sequence of operations applied to every cell in memory before proceeding to the
next cell. The latter can be done in either one of two address orders: an increasing (/)
address order (e.g. from address 0 to address n - 1), or a decreasing ( (A address order
which is the opposite of the [l address order. When the address order is irrelevant the
symbol | is used. An operation can consist of: writing a ‘0’ into a cell (w0), writing a ‘1’
into a cell (wl), reading a cell with expected value ‘0’ (r0), and reading a cell with
expected value ‘1’ (rl). Note that all operations of a March element are performed at a
certain address, before proceeding to the next address.

To illustrate the definition of March test algorithms, the well known March C- [MARS2]
used by several semiconductor companies to test RAM is described. This is a 10N linear test,
which is effective to detect Stuck-At Faults, Transition Faults and Coupling Faults. March C- has
the structure shown in Figure 2.2.

T(w0) ; No,w1) ; Nl,w0) ; bxo,wl) ; Url,w0) ; $(10)
Figure 2.2: March C- structure

However, to test each kind of fault model described previously, a March test must satisfy
certain conditions. For instance, to build a March test allowing to detect a Transition Fault <1/1>,
a particular sequence of predefined elements has to be implemented. Let us consider the state
diagram presented in Figure 2.3 and Figure 2.4, the first diagram shows the good behavior of a
memory cell whereas the second scheme describe a memory cell presenting a Transition Fault

<t/1>.
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Figure 2.3: State diagram of a fault free SRAM core cell.
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w0

Figure 2.4: State diagram of a faulty SRAM cell presenting a TF.

By looking at these two state diagrams, we can easily develop the particular sequence to

implement in the March algorithm in order to detect a TF <1/1>:
e (...,wlrl,..)

Indeed, the presence of a TF<{/1> on a victim memory cell can be detected by performing a
write ‘1’ on the victim cell immediately followed by a read ‘1’ operation of the same cell. So that
all TF<1/1> are detected, the element (..., wl,rl, ...) must be in the March test algorithm. Note
that the dots (...) correspond to any operation before and after the element “w1, r1” detecting the
TF<1/1>. For each fault model like Stuck-At, Coupling Fault, etc..., we have to reproduce the
same reasoning as for the TF<{/1> and find elements to implement March test algorithm.

Table 2.1, presents a list of four March algorithms with their respective fault coverage for
SAF, AF, TF and CF. We have also given the test time if we apply each algorithm in a 1Mbits
SRAM.
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Fault Coverage Test Time
March Algorithms SAF | AF TF CF Complexity | 1Mbits
SRAM

MATS+ 100% | 100% 5n 0.52s
T(w0) ; N0,wl) ; U(rl,w0)
MATS++ 100% | 100% | 100% 6n 0.63s
T(w0) ; ﬂ(rO,wl) ; U(rl,wO,rO)
March C- 100% | 100% | 100% | 100% | 10n 1s
T(w0) ; ﬂ(rO,wl) ; ﬂ(rl,wO) ; U(rO,wl) s Ur1,w0) ; 1(r0)
March LR 100% | 100% | 100% | 100% | 14n 1.5s
T(w0) ; J@o,wl) ; Nel,w0,:0,wl) ; Nrl,w0) ;
ﬂ(rO,wl,rl,wO) N (r0)

Table 2.1: Comparison of four different March algorithms.

2.2 BACKGROUND OF FLASH MEMORY FAULT MODELING AND TESTING

Exploiting their similarities with RAM, some fault models have initially been adapted to
Flash memories [SHA97]. As there are structural differences between RAM and Flash memories,
all RAM fault models are not realistic transposed in a Flash context. Only four main fault models
can be found in the Flash test literature: the Stuck-At Fault model, the Transition Fault model,
Address decoder Fault and State Coupling Fault. Note that certain Coupling Fault models like the
Idempotent Coupling Fault model are not present due to the specificities of Flash memories
allowing to avoid such faults. In this field, there is only few research works dealing with Flash

fault modeling as well as Flash testing.

2.2.1 THE 7-PATTERNS TEST SEQUENCE
To test their Flash memories, semiconductor companies exploit several functional patterns
which exercised the chip to detect any address sequencing and data pattern sensitivities. In the
literature we often find the most known 7-patterns sequence allowing to test Flash memories (or
EEPROM) like a Static RAM by performing the following programming (erase and write) and
read operations:
e Write all Os and Read all Os — This pattern ensures the operability of the EEPROM or
Flash memory page mode. Moreover this pattern preconditions the memory for the
next pattern, i.e. GalPat0.

e GalPatO (Galloping Pattern) — All the memory is set to “0” by the previous pattern.
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Thanks to the GalPatO the read disturbances is tested between byte or word by
reading “00” alternately in byte or word sharing the same column or row.

¢ Bit Checkerboard —At first, a succession of ‘0’ and ‘1’ is written to obtain an opposite
state between two adjacent core cells in the memory array. Then, there is a second
pattern corresponding to the complement of the previous one. The Bit Checkerboard
pattern ensures that every cell can be written to a ‘1’ or ‘0’ but also that the adjacent
core cells which are written with an opposite state do not affect the state of the cell
under test.

e Columns Pattern — This pattern writes alternating columns composed of a byte or a
word with “00” and “FF” to precondition the memory for the next pattern.

e DRAD (Diagonal Read of Alternating Data) — During the DRAD, no write operations
are performed but only read operations. Indeed, in this pattern only the bytes or word
belonging to the memory array diagonal are read. This configuration is extreme
because for each read cycle the address decoders change and the data read is the
complement of the previous one. Moreover, this pattern is often used for AC
parametric test because it corresponds to the worst case of read access time.

e Bit unique test — This pattern verifies that every bit within a byte is unique and
ensures that two bits are not shorted

e March element — Based on a byte or word write operation granularity, this pattern
writes a March algorithm element in the entire Flash or EEPROM memory chip.
Considering the March LR algorithm, this March element pattern could be executed
using the element ﬂ(rl,wO,rO,wl) . However, as the Flash or EEPROM granularity is
byte even word, the March element is performed with a data background “FF” or
“00” instead of ‘1’ and ‘0’ respectively. The March element is used to test address
uniqueness and multiple selections.

The functional Flash test based on a 7-patterns sequence is time consuming. To reduce test
time, some special functions allowing the mass (parallel) chip erase/write modes have been
implemented in Flash or EEPROM. However, these particular programming modes present some
limitations in the detection of CF for example due to the limited number of combinations
performed in one time. Moreover, due to the particular address decoder configuration and to the

electrical features required during these parallel programming modes, some new failures
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mechanisms can appear. To avoid this type of problematic, accurate electrical characterizations

and estimations of these modes have to be performed.

2.2.2 THE 5-STEPS TEST SEQUENCE

From a test point of view, because of the intrinsic very low speed of programming
operations, Flash memories are very different from other types of memories. Only a very limited
number of patterns can be used to test Flash memories in order to keep the testing cost
acceptable. Assuming a Functional Write mode (FW) with 2ms to erase and 2ms to write, it takes
4ms to program a data in a word. Note that almost all Flash memories have also a Page Write
mode (PW) allowing to program a page in the same duration than for a FW.

For instance, if we consider a 256 bytes per page architecture, 512 pages are necessary to
build a 1Mbits memory. Using a Page Write (PW) mode, close to 2 seconds are mandatory to
write one pattern to the 1Mb Flash. Consequently, programming a set of basic patterns such as
“00”, “FF”, checkerboard and inverse checkerboard using PW mode will result in a testing time
close to 10s per die. Decreasing the testing time per die is technology dependent, as parallel
access to full or large portions of the array is possible to speed up the programming of test
patterns. Programming a huge number of cells in parallel is only possible if a very low current
programming mode such as FN tunneling is used. This is the case in embedded Flash (eFlash)
built with FloTOx core cells. By executing dedicated test modes, a one time programming of
large sectors to “00” or “FF” is possible in a few milliseconds. A Checkerboard pattern can also
be programmed in a few ms using a Concurrent Chip Write Pattern (CCWP) that allows
programming in one time the data loaded in the Flash page buffer in several memory blocks. For
the Checkerboard pattern, the CCWP selects either odd pages or even pages to program in one
time and reduces the global programming time. In any case, even if only one test pattern is
programmed using the user mode (FW), testing time of medium to large Flash memories will be
in the range of seconds, to compare with milliseconds in ROM testing.

In many companies, a 5-steps test sequence is typically used to test eFlash memories. From
an algorithmic point view, the 5-steps testing flow is composed as follows:

e 1%step: Wcewp CKI + Read CKI
e 2"gtep: Wpw CKB + Read CKB
e 3%step: Wrw Diag0 + Read Diag0
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e 4"step: CE+Readall ‘I’
e 5™step: CW +Read all ‘0’

Note that CKB (CKI) stands for checkerboard (inverse checkerboard), and Diag0 is a
diagonal pattern of ‘0’. Wccwp 1s a test mode allowing high speed programming of the CKB
(CKI). Chip Erase (CE) and Chip Write (CW) are specific test modes allowing one time
programming of the full array to ‘FF’ and ‘00’ respectively. Wgw is the Functional Write mode
which corresponds to the user mode.

The fault coverage analysis of this 5-steps sequence is summarized in the last section of this
chapter but we can anticipate that this kind of sequence can reach a good coverage to test Stuck-
At Faults, Stuck-Open Faults, Addressing decoder Faults and Transition Faults. But due to the
particular programming mode used during 5-steps test sequence, the difficulty to detect more
complex faults can be easily imagined. Indeed, the writing of a large amount of cells in parallel
does not allow testing particular coupling faults. For example, we can imagine that all
combinations of State Coupling Faults (SCF) are not detected by the 5-steps test sequence. Now,
if we consider the 1Mbits eFlash memory architecture cited above (256 bytes on 512 pages), this
5-steps sequence will take close to Ssec to test the whole memory chip. In comparison, an SRAM
memory, with the same storage capacity, is tested by a 14n March LR algorithm in 1,5s.

Such test sequence will have an impact on the test quality and cost of eFlash memories. For
instance if the previously detailed complex fault model (SCF) is considered, the 5-steps test
sequence presents some limitations to detect this kind of fault. In this 5-steps test sequence, the
patterns CKB and CKI have the ability to detect certain SCF but these patterns do not perform all
possible SCF combinations in the matrix due to the particular programming modes used. In
Figure 2.5, the application of the two first patterns (CKI and CKB) from the 5-steps test is

presented in a small array of 3*3 core cells.



tel-00194584, version 1 - 6 Dec 2007

Fault Modeling and Testing of Flash Memories 36

11111 Initial State

101 1(0]1 1111 0|1]0 0j1]0 01110 W, CKB

Figure 2.5: CKI and CKB patterns from the 5-steps test sequence.

In Figure 2.5, the pattern written between two steps is represented in italic whereas the bits
changing are highlighted in bold. Note that the coordinates i and j give the position of the cell(i,j)
in the matrix, the cell (0,0) is the cell at the top left corner. Considering for instance the first page
of the memory, the SCF (0,0), in which the cell (0,0) is the aggressor and the cell (2,0) is the
victim cell, is never tested. Indeed, along the two patterns execution, these two cells are always in

the same logical state.

2.2.3 ANEFLASH FAULT SIMULATOR TO EVALUATE A BAsIC TEST FLow
Due to the long programming time of an eFlash memory, an optimized solution or algorithm
to test this kind of memory has to be chosen. For this purpose, a functional fault simulator has
been developed to evaluate the quality degree of different sequences used to test actual fault
models occurring in eFlash and the possibility to optimize the global test sequence. The quality
degree of a test sequence is essentially given by the coverage of this sequence when a particular
list of faults is considered. Due to the huge number of faults to consider, an assumption is made
that only one fault at a time can occur at once during the fault simulation process. This simulator
has been developed in C language and is composed of:
e A fault dictionary with the actual list of faults in eFlash described previously: SAF,
SOF, TF, AF and SCF.
e A pattern dictionary containing the basic patterns present in the 5-steps test sequence
detailed previously (CKB, CKI, Diag0, Diagl ...).
¢ A predetermined eFlash memory topology that can be modified according to the user

requirements.
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Moreover, the simulator presents the possibility to customize the patterns or the test
sequences to apply to the eFlash memory in order to give more flexibility to the user. Now thanks
to this simulator we are able to evaluate and analyze more precisely different sequences or
algorithms used for eFlash memories testing.

With this fault simulator the 5-steps test sequence, presented in the previous subsection, has

been analyzed for a predetermined list of fault models. This is summarized in Table 2.2 below.

Fault Models Combinations Coverage rate (%)

SAF 0 100
1 100
SOF 0 100
1 100
TF 1 100
! 100

SCF <0,0> 25
<0,1> 100

<1,0> 25

<1,1> 25
AF All combinations 100

Table 2.2: Fault coverage rates of the 5-steps test sequence.

In this table, all basic faults like SAFs, SOFs, TFs and AFs are tested by the 5-steps test
flow. However, this table shows us that the weakness point of the 5-steps test sequence states in
the SCF detection and more precisely for SCF configurations <0,0>, <1,0> and <1,1>. The bad
detection of such faults is directly related to the concurrent methods used during pattern
programming operations. In the next chapter a proposition to enhance the detection of possible

SCF will be done based on eFlash electrical specificities.

2.3 MARCH ALGORITHMS APPLIED TO EFLASH MEMORY
In this section, the difficulties to transpose the SRAM or DRAM test methods in the eFlash
context due to their technology differences are presented. First, RAM and Flash memories are

compared. Then, a March algorithm applied in the Flash memory context is evaluated.

2.3.1 EFLASH COMPARED TO RAM
From a technological point of view, RAM and Flash memories are very different (see
Chapter 1). As their core cells (memory points) are different, the failure mechanisms are different

and the resulting fault models are quite different. Moreover, the use of a high voltage during the
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eFlash programming operations involves an increase of device stress, especially for their gate
oxide, that does not occur in RAM. Concerning the coupling phenomena involved by the
technology over scaling in RAMs, this occurs in Flash but the activation mechanisms are not the
same due to the difference of electrical conditions between RAM and Flash. From a functional
point of view, all coupling fault models available in RAM are not directly applicable in an eFlash
context and some restrictions have to be done.

We also know that writing a Flash core cell takes much more time than writing a RAM core
cell (about 2ms for a Flash memory compared to few ns for a RAM). This implies that fault
models which are likely to occur have to be targeted first if the global test time of the memory
chip has to be optimized. Thus, an exhaustive approach to test Flash memories is not suitable.

From an architectural point of view, we have seen that the functional scheme of a RAM
corresponds to the one of an EEPROM or a Flash memory. Thus, the peripheral circuits of a
Flash memory can be subject to the same functional faults than those of a RAM. However, an
important issue to consider with the Flash architecture is the granularity. In fact, Flash memories
are always word-oriented even page-oriented, compared to RAM that are bit-oriented or
sometimes word-oriented. This means that the test strategy will consider inter-word or inter-page

possible faults but also intra-word or intra-page possible faults.

2.3.2 EVALUATION OF MARCH ALGORITHMS IN EFLASH
Now, let us consider a particular fault model that can occur in a eFlash memory context and
which is listed in the previous section. The State Coupling Fault (SCF) model is chosen. In the
case of a SCF, one core cell Ci is called coupled (victim) if this core cell is forced to a logic value
x when the aggressor cell Cj is in a particular state y [DEK90]. Here, the four possible SCF
configurations between two core cells Cj and Ci are
e <1,0> - when the cell Cj contains a logic ‘1’ the cell Ci is Stuck-At a logic ‘0’.
e <1,1> - when the cell Cj contains a logic ‘1’ the cell Ci is Stuck-At a logic ‘1°.
e <0,1> - when the cell Cj contains a logic ‘O’ the cell Ci is Stuck-At a logic ‘1°.
e <0,0> - when the cell Cj contains a logic ‘0’ the cell Ci is Stuck-At a logic ‘0’.
From a test point of view, to detect all possible combinations for this kind of fault, the use of
March algorithms [VANO96], that is the most often used in a RAM context, is mandatory.

Previously we have seen that eFlash memories are always word-oriented or page-oriented , and in
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order to detect intra-word Coupling Fault, a ‘Bit Oriented Memory’ (BOM) March test could be
converted to a “Word Oriented Memory’ (WOM) March test. This could be done by replacing the
bit wide operations (‘r0', “r1', "w0' and “w1') by operations reading and writing a data background
of n bits [VAN9S8D]. In the case of SCF detection, the number of data background (NBpg;) to
apply to the memory has to be defined. In [VAN98b] the formula giving the number of data
background to detect all SCF is the following:

NBpg| = 3 + 3*logx(B) where B is the number of bits in a word (D)

Note that a WOM March is the concatenation of the inter-word March test with the intra-
word March test. This means that for each write or read operation in a March element, the values
‘0’ and ‘1’ are replaced by the different data background. Now, let us consider a Flash memory
composed of 64K words of 32 bits. The memory has 1024 pages of 64 words composed of 32
bits. To detect all possible coupling faults occurring in a semiconductor memory, a general
solution is given in [VANO98b] to modify any BOM March test in WOM March test. Finally the
number of data backgrounds (NBpg;) to generate is the following:

NBpg> = (10 + 6*log,(B)) where B is the number of bits in a word 2)

To simplify our eFlash example, a global page can be considered as a word in order to save
test time because writing a page takes the same duration as a word. Thus, if B corresponds to
2048 bits, according to the general expression (2) the number of data backgrounds to generate is
76. If we choose a March C-, described previously, to test our eFlash, we know that its length is
10N with N the number of bits in a memory and 10 corresponding to 5 read and 5 write
operations. In an eFlash context due to its specificities, the read operation duration is always
negligible compared to the write operation. Based on a page programming approach with a
duration close to 4ms (erase + write), the test of our 64K words of 32 bits eFlash with the March
C- will take: 4ms*1024*76*5=1556sec with 1024 the number of pages in the memory example.
From this estimation, it is evident that March algorithms are not a cost effective solution to test
Flash memories even if its coverage rate is 100% for all actual faults occurring in eFlash. In
[YEHO2], the authors have developed a solution called March-FT algorithm based on the March
tests but oriented to Flash memories. Their solution, allowing the testing of almost all basic faults
in Flash, requires only 2 write operations and 2 mass erasures of the memory chip. Once again
because of the Flash granularity this approach is still unsuitable and compared to the March C-

solution evaluated below, the testing time is just reduced by a factor 2.5.
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2.4 CONCLUSION

Among the contributors to the eFlash memory development costs, testing cost must be
carefully evaluated. This is mainly due to the intrinsic characteristics of the FG device, resulting
in a very low speed programming operations. As a result, the eFlash testing problematic is the
following: how to guarantee acceptable fault coverage with a limited number of programming
operations?

First, the March algorithms have been evaluated in an eFlash context and the conclusion was
the unfeasibility to use this kind of algorithms to test high density Flash even with particular
minimizations of write operations [YEHO02]. Secondly, to find optimal test solutions this requires
a very good understanding of eFlash particular defects, resulting in a realistic list of faults, to be
considered for the test pattern generation. These aspects will be illustrated in the next chapter by
detailed descriptions of failure mechanisms related to an eFlash core cell matrix. The fault
coverage based on a cost effective 5-steps test sequence has been provided for particular list of

faults known in the literature and its weakness points have been highlighted.
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CHAPTER 3: ANALYSIS AND MODELING OF ACTUAL EFLASH DEFECTS AND
RELATED FAILURE MECHANISMS

In this chapter we first introduce actual defects and related failure mechanisms occurring in
embedded Flash memories (eFlash) built with FloTOx core cells. The objective of such a study is
to perform a functional fault modeling based on faulty behaviors involved by defects. During the
functional fault modeling process, we need to perform electrical simulations to accurately
describe a failure mechanism. So, the development of an electrical model of a FloTOx core cell is
proposed and detailed in the second part of this chapter. Then, typical defect injections with
electrical simulations are presented and a list of functional fault models is reported.

The last part of this chapter is dedicated to the detailed analysis of a defect that corresponds
to the defectiveness of the tunnel window oxide. We show that this defective oxide thickness
impacts erase or/and write operations as well as retention and reliability of FloTOx eFlash
memories. A fault model and a solution to detect such a defective oxide are proposed. The

detection method is based on the coupling phenomenon existing between bit lines.

3.1 QUALITATIVE ANALYSIS OF FAILURE MECHANISMS IN FLOTOX CORE CELLS EFLASH
In this part, actual failure mechanisms that may appear in eFlash memories built with
FloTOx core cells are described. We begin with a presentation of the experimental conditions and

then, possible defects that may appear in eFlash are reviewed.

3.1.1 EXPERIMENTAL SET-UP AND FAILURE CLASSIFICATION
The defect and failure mechanism analyses have been done on a 150nm FloTOx eFlash
technology provided by a Semiconductor Company. Let us have a look to Figure 3.1 describing a

3*3 FloTOx core cells array with a NOR arrangement of core cells.
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Figure 3.1: Small eFlash array (3*3) built with FloTOx core cells.

In Figure 3.1, the cell(i,j) is the cell corresponding to word line WL; and bit line BL;. Note
that in our experimental conditions, the cell(i,j) will be the only one on which write or read
operations will be applied. For our analysis, the specific voltage values given in Table 3.1 for the
Erase, Write and Read operations are used. For example, a Write operation on cell(i,j) requires
14v on WL; and 12v on BL;;, 1.2v on Vss and Ov on Vref;. The other bit lines (BLx, x#j) and Vref
lines (Vrefy, y#1) of the array must be set to high impedance (HZ) and the other word lines
(WLy, y#1) must be set to Ov.

ERASE WRITE READ

BLj Ov 12v 1v
BLx Ov HZ HZ
WLi 14v 14v 3.3v
WLy Ov Ov Ov

Vss Ov 1.2v Ov
Vrefi 12v Ov 0.7v
Vrefy HZ HZ HZ

Table 3.1: Experimental voltage conditions

Another important value is the VT window (VTW) defined as the difference between VTH
and VTL (Chapter 1). In almost all eFlash memories the VTW value is close to 4v or 5v and the
measurement of this value must be carried out to ensure good erasing and writing operations. All

these important parameters have been used to analyze the functional impact of physical defects in
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eFlash. The defects we were looking for represent the most frequently encountered ones. These
defects are divided in four classes according to their nature and their origin:
e Hard defects: pure open and short defects in the array.
¢ Resistive defects: resistive open and resistive short defects in the array.
¢ Floating gate transistor defects: oxide thickness variation or defectiveness.
¢ Disturb phenomenon: disturbances induced by the over scaling between two bit lines.
In the next subsections, each defect family is detailed and their possible faulty behavior are

analyzed.

3.1.2 HARD DEFECT RELATED FAILURES
According to layout dependencies and defect probability related to the manufacturing
process, open and short defects have been injected on the 3*3 NOR-based eFlash memory array

as shown in Figure 3.2.

! BL;, ! BL; ! BLi

‘ ) ‘ ) |
wi L | L
Vref;;

Vss_¢— I —
Vref; 1 L ——
Cell | | 1

WL (i) I -
w, 1 B

Vrefiy

Vss T—l +_l T—l_

Figure 3.2: Hard defects in a NOR-based eFlash memory.

Df1 - Opened contact on the bit line

In the layout view, two adjacent core cells share the same bit line contact. With this contact
opened (R = «Q), the drain junction of two adjacent SEL-transistors are disconnected from the
bit line. In presence of such a defect, the erase operation remains possible but the write cannot be
performed. Moreover, during a read operation, whatever the cell data content, no current will be
delivered and thus a logic ‘1’ will be observed for the two cells: cell(i,j) and cell(i+1,j). From a
functional fault point of view this corresponds to simple fault called: Stuck-At ‘1’ Fault (SAF1).

Df2 - Short between 2 bit lines (at the 1% metal layer)
According to operating conditions shown in Table 3.1, this kind of defect is only sensitized
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during a write operation concerning one of the core cell driven by one of the two shorted bit line.
In fact, during the cell(i,j) write operation, the targeted bit line BL; (see Table 3.1) is fixed to 12v
and all the other bit lines to HZ. In presence of Df2, 12v is also applied to the shorted bit line

BL,. and implies a write operation on cell(i,j+1).

In this case the functional fault modeling is harder due to the implication of two adjacent
core cells. Thus, Df2 induces a Coupling Fault (CF) due to the presence of an aggressor and a
victim core cell. More precisely, this is a State CF (SCF) due to the implication of the aggressor
core cell state on the victim core cell state. As the faulty behavior occurs during the write
operation, the fault model is a State Coupling Fault (0,0). Remember that an erase operation is
performed simultaneously in a whole eFlash page (see Chapter 1) and thus the opposite SCF

behavior occurring during the erase operation (SCF(1,1)) is avoided.

Df3- Contact source opened

As for Dfl, two core cells, cell(i,j) and cell(i-1,j) share the same Vss contact point. In
presence of this open defect, the erase and write operations are still possible but as the source line
contacts are disconnected, no current can be measured by the sense amplifier during the read
operation. The two cells always present a logic ‘1’ and this can be functionally represented by a

SAF1 as for DfI.

Df4- Floating gate short (at the 1** poly-silicon layer)
Due to the aggressive scaling between two floating gate transistors along a word line, two

adjacent floating gate (FG) can be shorted. It implies double cells or multiple cells with the same
state along the considered word line WL;. As for Df2, a write operation on cell(i,j) induces a
write on cell(i,j+1). The related fault model for this defect is a SCF(0,0) if the same reasoning as

for Df2 is performed.

3.1.3 RESISTIVE DEFECT RELATED FAILURES

In this section, the cell(i,j) behavior is analyzed in presence of resistive shorts in the array.
The defect injection is performed on the 3*3 NOR-based eFlash memory array described in
Figure 3.3. From a layout point of view, such defects may occur on the same layer (poly/poly, i.e.
resistive defect between WL and Vref); this corresponds to defects Df§ and D19, or between two

different layers (metal/poly, i.e. resistive defect between WL and BL); this corresponds to defects
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Df5 to Df7. Note that each defect configuration involves a net (bit line or word line) belonging to

the target core cell of our study, i.e. cell(i,)).
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Figure 3.3: Resistive short defects in a NOR-based eFlash memory

In order to analyze the eFlash behavior in presence of a resistive short, five defects (see

Figure 3.3) have been injected:

DfS: resistive short between WL; and BL;. This defect concerns the cell(i,).

Df6: resistive short between WL; and BL. This defect concerns the cell(i,x) sharing the
same word line than cell(i,j) but not on the same bit line. In our case, the defect between
WL; and BL;, has been injected.

Df7: resistive short between WL, and BL;. This defect concerns a cell(y,i) sharing the
same bit line than cell(i,j) but not on the same word line. In our case, the defect between
WLi_; and BL; has been injected.

Df8: resistive short between WL; and Vref;. This defect concerns all the cells sharing
the same word line and the same control line.

Df9: resistive short between WL; and WL;,;. As for Df8, this defect concerns all the

cells sharing the same word line.

However, note that a resistive defect between two Vref lines is not represented in Figure 3.3.

This is due to the particularities of eFlash memories in which all Vref lines are driven in a

concurrent way and thus no failure mechanism can be related to a resistive short between these

two nets. Now, based on this defect injection configuration, a qualitative analysis of the failure

mechanisms related to these defects in the 3*3 eFlash array is performed. This analysis was

carried out for the three following operations:
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e Erasing WL, (erasing all cells € WL)
e  Writing cell(i,j)
® Reading cell(i,))

Erasing word line WL;

During the erase operation, 14v is applied on WL; and Ov on BL;;. Then, in presence of Df5, a
high current pulse may appear that involves a drop of the high voltage generation (HVG < 14v).
Consequently, the erase operation is not well performed on the cell(i,j) because less charges are
injected in the FG. The VTH of cell(i,j) is affected. For example, a defect Df5 of about 500
decreases the HVG (14v) of about 1v that impacts the VTH of 860mV. The same behavior occurs
in presence of Df6 because this defect also produces a resistive short between the HVG and the
ground. On the other hand, Df7 and Df8 have no impact on the entire memory behavior. Note
that, the presence of Df§ even enhances the erase operation on the entire word line. Concerning
Df9, a drop on the high voltage apply to WL; during the page selection can occur depending on

the defect size. This results in a bad page erasing.

Writing cell(i,j)

During a write operation, the presence of Df5 has no impact on the state of cell(i,j) because
the high voltage is applied on both lines WL; and BL,. On the other hand, with Df6, the word line
voltage of WL; may be transmitted on BL;,;. Depending on the defect size, the voltage level of
BL;,1 may be efficient enough to operate a write action on cell(i,j+1) but without impact on the
content of cell(i,j). Df7 has the same impact than Df5 in erase mode. In fact, it makes a resistive
short between the HVG and ground that may fall-down the HVG and so, impact the VTL. Df8
disturbs the write operation on cell(i,j) because it loads the control line (Vref;) node to a high
voltage and thus reduces the electric field between the floating gate and the drain diffusion of the
cell(i,j). Finally, Df9 induces (as for the previous operation) a drop of the high voltage generation

and thus the write operation on the cell(i,j) is not well acted.

Reading cell(i,j)

In presence of Df5, the node BL; is charged by the current through the defect. This charge
may mask the read only when cell(i,j) contains a logic ‘0’. In that case, the current consumed by
cell(i,j) (due to the logic 0) may be masked by the current flowing through Df5. Then, no current

may be measured by the sense amplifier and so, a logic ‘1’ may be read instead of ‘0’. The
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current consumed by the defect is equivalent to the current consumed by the cell when DfS is
about 100kQ on the ATMEL technology. Df6 involves an increase of the WL; load (capacitance)
as it makes a resistive short between WL; and BLj,;. Then, the time required to set WL; at 3.3v
will be higher in presence of this defect. The read operation is thus delayed. Such a defect
induces a dynamic fault. On the other hand, Df7 may lead to a faulty behavior but only in the
case where cell(i,j) contains a logic ‘1’. In that case, no current has to be measured by the sense
amplifier. But, as the defect makes a resistive short between BL; and the ground, the resulting
current is measured by the sense amplifier. Then, a logic ‘0’ may be observed instead of ‘1°.

Finally, Df8 and Df9 have no impact on the entire memory behavior.

3.1.4 FLOATING GATE TRANSISTOR RELATED FAILURES

This kind of failures should not have immediate impact on the eFlash behavior. In fact, these
defects may change some parametric characteristics of the eFlash memory and thus impact their
reliability. These characteristics are the data retention, the endurance and the stability of the
VTW (VT window). With the help of the cross section of a FloTOx core cell presented in Figure
3.4, an analysis of related defects has been performed. Two possible process variations are
analyzed: the tunnel window thickness and the oxide nitride oxide (ONO) short. As for previous
defects, these possible process variations may occur on actual eFlash due to their high integration
density but also to the high accuracy required to perform the particular process steps used to build
a FloTOx core cell.

Control gate

) Vref
Word line |

Bit line WL
BL

Floating gate
(FG)
GND

SEL-transistor FG-transistor

Figure 3.4: Cross section of a FloTOx core cell
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Df10- Tunnel Window

In the tunnel window, the tunneling effect occurs under a high electric field. When this
tunnel window is not well defined due to a non-nominal process step, the write or erase operation
cannot be efficient [PAR9S8]. If there is no tunnel window designed between the floating gate
(FG) and the channel, the single bit fails due to the inhibition of the write and the erase
operations. The cell remains close to its virgin state with a standard threshold voltage. On the
other hand, with a short between the FG and the channel, there is a very good bit programming
but there is no data retention because the floating gate is not isolated.

The two previous cases are extreme ones because in almost all practical cases there is only a
little variation +ATox or -ATox of the tunnel oxide thickness. In the case of -ATox (small
reduction of the tunnel window), a bad retention of charges by the FG is achieved but a good
VTW. It means that the duration of the stored information is not maximal. Moreover, a little
negative ATox variation can increase the stress of the oxide and so, affect the reliability of the
core cell. When the tunnel window thickness variation is positive (+ATox), the electric field is
smaller and the charges are less injected or removed in the FG. So, the read margin defined by

the VTW parameter (VT window) is affected.
Df11- ONO Short (inter poly-silicon oxide)

When a ONO (Oxide Nitride Oxide) short occurs, the two poly-silicon layers, floating gate
and control gate, are shorted. The result of this defect is a single bit failed because the poly-
silicon does not keep the trapped charges and a gate leakage current occurs. The threshold

voltage of the core cell remains virgin due to the leakage of the FG charges.

3.1.5 DISTURB PHENOMENON

Until now, all analyses of disturb mechanisms have been done on Flash memory
architectures built with ETOX core cells [MOHO1] [MOHO03a] [MOHO3b]. In this section, we
show that a disturb phenomenon may also appear in NOR-based eFlash architectures with
FloTOx core cells.

A disturb phenomenon appears in a memory array when a Write, Erase or Read operation on
a targeted cell affects the state of its neighborhood. Most of the time, the disturbances are due to
the presence of a high voltage on the core cell nodes. Thanks to its structural specificities, the

eFlash memories built with FloTOx core cells may be affected by only one disturb mechanism.
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This disturb is due to the bit line coupling between a targeted core cell and a victim core cell
sharing the same word line (Figure 3.5). The aggressive over-scaling of eFlash technology
enables two adjacent bit lines (at a layout point of view) to create a non negligible coupling
capacitance (C1). This coupling phenomenon creates a capacitive divider bridge with the
equivalent bit line capacitance (C2) and thus induces a disturb voltage on the unselected bit line
node. Note that this disturb occurs only during a write operation (logic ‘0’) on the targeted core

cell whereas the victim core cell is at a logic ‘1’ (VTH).

BL;, = HZ BL; = 14y
) ) Targeted cell
9 -
-
WLi= 14y | 1A
el
ov_—H u
R | Iy
Vss /‘ . .

Not selected cell

Figure 3.5: Bit line coupling phenomenon between FloTOx core cells.

In our experiment performed with a 150nm eFlash memory technology, we have measured
C1 =0.11 fF and C2 = 0.2 fF. Based on these two values, the contribution of the coupling effect
on the drain voltage can be easily calculated. For example, when the bit line BL; is set to 14v thus

inducing a non negligible voltage on the bit line BL;;, there is:
BL.; =[(0.11)/(0.11 + 0.2)] * BL;=4.97v

Moreover, as the select gate of the victim cell is ‘on’, the disturb voltage due to the
capacitive divider bridge on the bit line is directly applied on the drain of the FG-transistor. This
voltage creates a variation of the electric field between the floating gate and the drain diffusion
(BN™) (see Figure 3.4). To have a well understanding of this phenomenon, the Fowler-Nordheim
current equation (1) which realizes the programming operation in a FloTOx core cell must be

taken into consideration:
IFN =A*o* Ezox * exp ('B/on) (1)

with:
A = Tunnel window area
o. = Fowler Nordheim constant

B = Fowler Nordheim constant
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Eox = Oxide electric field

The threshold voltage (VT¢.) of the core cell depends on the charge quantity stored in the
floating gate. This quantity is given by the integration of the Fowler-Nordheim tunneling

equation (1) during the write time Tp:
VTeen = VT — (Qrc / Co) (2)

with:
Qrc = Qroo + [ Iendt
VTy= Initial threshold voltage of the FloTOx core cell
C. = ONO (Oxide Nitride Oxide) capacitance

The interest of these two previous equations is to create a direct relation between the VT
variation of a victim erased (AVTH) core cell with the disturb voltage and the exposition
duration. Based on this relation, we want to know the VTH variation whatever the disturb voltage
value and its duration. However, note that equations (1) and (2) describe a continuous
phenomenon and to develop a first order numerical model of the core cell behavior, these two
expressions have to be digitized. After the expression digitization, the new theoretical and
analytical model has been calculated with the help of constant extracted from 150nm FloTOx
silicon data. This first order model (Table 3.2) has been compared to measurements done on a
150nm eFlash technology (Table 3.3) and for different experimental set-up. In Tables 3.2 and 3.3,
the first column gives the disturb duration and the next ones give the VTH values for different
disturb voltages. The original state of the victim core cell is erased (logic ‘1’) with a VTH fixed

at 2.5v.

Time VTH VTH VTH VTH VTH
(sec) BL;,=3.5V BL;,=5V BL;.=6V BL;,=7V BL;,=8V
0.001 2.5 2.49 2.49 2.44 1.95
0.01 2.5 2.49 2.48 2.15 1.27
0.1 2.49 2.49 2.38 1.61 0.62
1 2.49 2.48 2.03 1.06 0.06
10 2.49 2.40 1.58 0.58 -0.41

Table 3.2: Theoretical estimation of VT disturb due to bit line coupling
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Time VTH VTH VTH VTH VTH

(sec) | BLu=3.5V BL;,=5V BL;,=6V BL;.=7V BL;,=8V
0.001 249 249 249 246 202
0.01 2.49 2.49 248 224 1.53
0.1 248 2.49 239 181 1.03
1 248 247 211 138 0.58

10 248 237 175 0.98 0.17

Table 3.3: Measurement of VT disturb due to bit line coupling

From these values we can validate our model to estimate the VT variation due to a disturb
voltage because the error between experimental and theoretical data is very low. Moreover, these
results show that the VT value is more sensible to the variation of the disturb voltage than to the
exposition duration. In fact, with a disturb voltage of about 3.5v or 5v, the VT remains close to its
initial value whatever the exposition duration. Whereas with a high disturb voltage (i.e. high bit

line coupling value, C1 in Figure 3.5) of about 7v or 8v, the core cell state is changed.

3.2 A SPICE-LIKE FLOTOX ELECTRICAL MODEL FOR FAULTY BEHAVIOR PREDICTION

In the previous section, a qualitative analysis has been proposed on actual defects that may
occur in an eFlash memory array built with FloTOx core cells. The faulty behaviors associated to
the hard defects can be easily modeled without the use of electrical simulations.

Conversely, electrical simulations have to be performed in order to validate the possible
faulty behaviors of the eFlash in presence of defects such as resistive shorts. Electrical simulation
models are needed to perform such evaluations during the read operation but also during the write
and erase operations. The read operation is easy to simulate as it consists in a current
measurement through the core cell. This operation can be simulated with a SPICE-like
description including different VT values (VTL and VTH) of the floating gate transistor and
appropriate voltage levels on core cell nodes. On the other hand, erase and write operations have
to be performed in presence of defects. In this case, the electrical simulation model has to take
into account the Fowler-Nordheim tunneling effect which is more difficult to represent.

In [MOHO1] [MOHO3a], a SPICE electrical model based on 1T Flash bit-cell is presented to
evaluate the Program Disturb Fault in Flash memories. This model implements the two possible
mechanisms (Channel Hot Electron Injection and Fowler-Nordheim tunneling effect) to write and
erase a FG-transistor. This model is limited to a static description of write and erase operations
represented by a fixed current and voltage sources. Therefore, with such a model, it is impossible

to simulate successive operations (write and/or erase) performed on a core cell. Others academies
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proposed a dynamic solution to simulate a FloTOx core cell behavior based on a MOS Model 9
[PORO2]. This model achieves good performances but requires complex set-up parameters. In
this section, the development of a SPICE-like FloTOx model writable and erasable by Fowler-
Nordheim tunneling effect is proposed. Our proposed simulation model will have a dynamic and
autonomous electrical behavior depending on the voltages applied on its nodes. In the following,
the proposed electrical model is described and then, comparisons with silicon data to validate this

model are provided.

3.2.1 DESCRIPTION OF THE SIMULATION MODEL

To develop such a model, the eFlash FloTOx core cell presented in Figure 3.6 is considered.

Bit Line
(BLj)
Word Line H SEL-transistor
(WLi)
Control Line <«—— FG-transistor
(Vrefi) AI Hj
Source Line
(Vss)

Figure 3.6: eFlash FloTOx core cell.

From this scheme, the development of the model consists in representing the SEL-transistor
and the FG-transistor.

The SEL-transistor is modeled by a particular device with high voltage properties and
available in almost all eFlash memories in a 150nm technology. This particular transistor will be
called NMOSHYV for NMOS High Voltage.

Concerning the FG-transistor, the description is more complex due to particular coupling
effects and to the Fowler-Nordheim tunneling phenomenon.

To model the coupling effects, the double-gate device presented in the cross-section of
Figure 3.4 is considered. One gate is a floating gate (FG) and the other is the control gate (CG)
that is connected to the Vref node. Due to the ONO (Oxide Nitride Oxide) dielectric between the
two gates, a part of the voltage applied on the Vref node (CG) also occurs on the FG. This

phenomenon is called the gate coupling effect. This effect is characterized by the ratio of the
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ONO capacitance over the total capacitance of the FG-transistor. This ratio is referred to here as
Kg. To have a good understanding of this coupling effect, Figure 3.7 represents the different
capacitances of the FG-transistor. The different nodes of the FG-transistor are also represented,
i.e., the control gate, the floating gate, the drain, the bulk and the source nodes.

Due to the gate coupling effect, the high voltage applied to the control gate during the erase
operation is important enough to create a high electric-field between the floating gate and the
drain node. In presence of this electric-field, the Fowler-Nordheim tunneling effect can occur.
The other capacitances (Cs and Cg) do not contribute significantly to the floating gate voltage due
to their low values. The drain coupling effect (Cp) is due to the oxide tunnel window drawn
above the drain diffusion where the oxide thickness is very small (see Figure 3.4). It is referred to

here as Kd.

Vee Cror =Cono +Cs+Cp +Cp
CONo—L CONO
Tve ke = Cono_

_L CB_L CD_L Cror
T T T Kd:C_D

Vs Vb C TOT

Cs

Figure 3.7: Coupling effects in the sense transistor

We have seen the importance of capacitive effects in order to model the FG-transistor. Now,
the charge injection or removing mechanisms in the floating gate is described. Remember that the
erase or write operations of a FloTOx core cell use the Fowler-Nordheim tunneling effect to
modulate the charge quantity in the floating gate and thus the threshold voltage value of the FG-
transistor. The FG can be easily represented by a capacitive charge quantity varying with the
Fowler-Nordheim tunneling effect. Following the law Q = C * U, the voltage of this capacitance
is proportional to the charges injected or removed. From a physical point of view, the equivalent
capacitance value (Cror) represents the total capacitance of the FG-transistor.

We have seen in the previous section that the charge quantity stored in the FG impacts the
VT value of the FG-transistor. When the core cell is erased, a high VT (VTH) is achieved and
when the core cell is written, a low VT (VTL) is obtained. Thus, to create the model, a transistor
whose VT value changes according to the quantity of charges stored in Cror is required. This
principle can be easily implemented in an electrical SPICE-like model.

Now, the physical phenomenon of Fowler-Nordheim charge transfer in the floating gate is
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described. The equation (1), explained previously in this chapter, describes the Fowler-Nordheim
tunneling effect. This tunneling effect is equivalent to a current source controlled by an electric-
field (Eox). This electric-field is due to the voltage between the drain diffusion and the floating
gate at the tunnel window interface. In a SPICE-like simulator, such current source can be easily
described if all parameters of expression (1) are known. From silicon measurements on the
150nm eFlash technology, all these parameters have been extracted; A, a,  and the oxide
thickness of the tunnel window used to calculate the electric field Eox.

With all these elements a first order SPICE-like has been implemented of which the block

scheme is presented in Figure 3.8.

BL;
FLOTOX core-cell |
WL, %
Kd |
Vref; | Ke Vig0 N Vdrain_on

Vss ®

Figure 3.8: FloTOx electrical simulation model

For the SEL-transistor, as mentioned before a NMOSHYV transistor is used. The blocks Kg
and Kd represent the coupling factors due to the different capacitances. The capacitance Cror is
used to store the charges provided by the block FN representing the Fowler-Nordheim tunneling
effect. We sum these three effects (Sum block) to control the gate of a high voltage transistor
NMOSHYV representing the FG-transistor. The voltage Vfgl represents the equivalent floating
gate voltage of a FloTOx core cell under Fowler-Nordheim and coupling effects. As seen
previously, the VT value of an erased or written FloTOx core cell depends on the charge quantity
stored in its floating gate. This charge quantity is represented by the Vfgl potential in the
proposed model. During an erase operation, as charges are injected to the floating gate, Vfgl
becomes negative. Conversely, the Vfgl potential becomes positive during a write operation as
charges are removed from the floating gate. From a read operation point of view, when Vfgl is
negative, a high voltage on Vref; is needed to create a population inversion in the NMOSHV

device and hence appearance of a current through the bit line. The VT value is high and the cell is
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erased (VTH). When Vfgl is positive, even a small voltage on Vref; node allows the NMOSHV
device conduction, thus corresponding to a low VT value (VTL). Note that the model is
represented as a linear feedback system because the electric field depends not only on the drain
voltage but also on the floating gate voltage which varies with the Cror charge quantity and thus

with floating gate potential.

3.2.2 EXPERIMENTAL VALIDATION OF THE MODEL

To validate our proposed FloTOx core cell model, some simulations have been performed
for erase, write and read operations. These results are presented in Figure 3.9. In this figure, the
five waveforms represent WLi, Vref;, BL;, Vfgl and the current through the bit line (Igy;)
respectively.

The first 2ms of the simulation corresponds to an erase operation. This operation consists in
applying a high voltage to WL; (=14v) and Vref; (=12.5v) nodes, and in assigning Vss and BL;
nodes at ground. At the beginning of the erase operation, due to the coupling effects (Kg and Kd),
the floating gate voltage (Vfgl) follows the Vref; node (Vfgl = Kg * Vref;). Afterwards, the
Fowler-Nordheim tunneling effect begins and induces a charge injection in the floating gate. In
the model, charges are stored in Cror that leads to a negative voltage level at Vg0 node. Thus,
the resulting level of Vfgl decreases until the end of the erase operation. The erase operation is
followed by a standby phase of Ims duration. During this phase, the Vfgl level is measured
about -1.32v, which corresponds to the VT value (VTH) of an erased FloTOx core cell.
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Figure 3.9: Electrical simulations of Erase, Write and Read operations

In the next phase (from 3ms to 5ms) which is a write operation, nodes WL; and BL; are set to
a high voltage (=14v and =12.5v respectively) while nodes Vref; is set to ground. At the
beginning of this write operation, the coupling effects (Kg and Kd) and the voltage levels on the
core cell nodes make the floating gate level close to its previous level. Then, the Fowler-
Nordheim tunneling effect starts to remove charges stored in the floating gate. According to the
model, charges are removed from Cror. The Vfgl level increases as a capacitance loading. The
following phase, as previously, is a standby phase. The Vfgl level measured in this phase is
about 2.19v which corresponds to the VTL of a written FloTOx core cell.

Finally, the last operation (from 6ms to 6.5ms) corresponds to a read operation. The different
nodes of the core cell are set as follows: =3.3v for WL;, =1v for BL;, =0.7v for Vref; and ground
for Vss. As the core cell has been written (VTL), it contains a logic ‘0’. In this case, during the
read operation the sense amplifier has to measure a current through the bit line. The sense
amplifier measures the current through the bit line, with an error below 10%. An erase operation
followed by a read has been also simulated (not represented in Figure 3.9). In this case, the core
cell is erased (VTH which represents a logic ‘17). The simulation confirms that no current passes
through the bit line.

After these basic simulations of the FloTOx core cell model, we now present some
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comparisons with silicon data obtained on the 150nm eFlash technology. The VTH and VTL
values are analyzed after the erase and write operations for different programming times and
voltages. Table 3.3 gives a representative set of these comparisons between Silicon data and the
proposed model. In this table, the two first columns give the programming time (Tp) and voltage
conditions (Vpp). The following columns present the VT window (VIW = VTH — VTL)
obtained after an erase and a write operation for both our model (SPICE-like Model) and
measurements (Silicon Data). The last column of the table gives the difference between the
model and silicon data. VTH and VTL values obtained with the model and measured on an
eFlash memory are not reported on this table for confidentiality reasons.

These comparisons show that for a Vpp value close to the nominal condition (12.5v), the
SPICE-like model and silicon data are always quite similar (the error is less than 2%) irrespective
of the considered programming time (from Ims to 5ms). To comment these results, it is
important to notice that the establishment of the model has required the extraction of the Fowler-
Nordheim constants from silicon data measurements. These constants have been calculated from
erase and write operations in nominal conditions; a programming time of 2ms and a high voltage
Vpp of 12.5v. So, the matching between the model and silicon data was quite predictable for a
nominal value of Vpp. Even if this proposed model is a first order model, the resulting simulation

represent, with good accuracy, the electrical behavior of FloTOx core cells.

Timing and voltage Threshold voltage VT (v) Error (%)
conditions SPICE-like | Silicon Data | (VTWm — VTWd)/VTWd*100
Tp Vpp VTWm VTWd

Ims 12.5v 3.67 3.64 0.82
Ims 12v 2.69 2.77 -2.89
Ims 11.5v 1.84 1.90 -3.16
Ims 11v 1.15 1.04 10.58
2ms 12.5v 4.28 4.19 2.15
2ms 12v 3.26 3.32 -1.81
2ms 11.5v 2.32 2.45 -5.31
2ms 11v 1.52 1.58 -3.8
Sms 12.5v 4.98 4.88 2.05
Sms 12v 3.93 4.00 -1.75
Sms 11.5v 2.93 3.13 -6.39
Sms 11v 2.04 2.26 -9.73

Table 3.3: Characterization of the FloTOx model.
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3.2.3 FURTHER IMPROVEMENTS OF THE MODEL

The objective of our model was reached for nominal conditions as there is a good matching
with silicon data measurements. However, our characterization study of the proposed model can
be extended to other conditions. These conditions could be those of new Flash memory
utilization or those induced by the presence of a particular defect. Thus, some simulations with a
Vpp not in nominal conditions (see Table 3.3) have been performed. For these extremes
conditions, the decrease of the Vpp voltage involves a bad matching of the proposed model with
silicon measurements. This is true especially when we measure VTH and VTL obtained with the
model and silicon data. As for the nominal conditions characterization, these results were
predictable. In fact, the Fowler-Nordheim constants calculation has been performed in nominal
conditions and silicon measurements show that their values can depend on the electrical
conditions applied on the FloTOx core cell. For example, the B parameter of (1), which depends
on the SiO2 energy barrier at the tunnel window interface, varies with the initial electric-field
Eox intensity and so, with the Vpp value. These discrepancies of the model do not appear when
the VT window (VTWm and VTWd) is only considered as presented in the last column of Table
3.3 where a maximum error of 10.6% is obtained. This phenomenon can be explained by an
offset problem for which the value is correlated to the extremes Vpp and Tp conditions.

A possible improvement of this work would be to focus on the setting up of a new model
matching more precisely the silicon measurements irrespective of the experimental conditions.
Due to the high voltage, the FloTOx environment is aggressive and thus requires the use of
particular devices (NMOSHYV) to realize the model. A model could be proposed where these
NMOSHYV devices could be characterized for a larger range of operations. Moreover, our
proposed model takes place in the 150nm eFlash technology model card; this induces a low speed
simulation that can be improved using a compact model [PORO02].

Nevertheless, it is important to emphasize that the model proposed in this paper is pertinent
enough to describe the electrical behavior of a FloTOx core cell under defect injection or for

failure analysis.

3.3 RESISTIVE DEFECT INJECTION IN THE FLOTOX CORE CELL ARRAY
In Section 3.1, the qualitative analysis of possible defects occurring in the FloTOx core cell

and in the eFlash array has been performed. All these resistive defects have been reported from a
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150nm eFlash technology.

From this first analysis, we have seen that resistive defects in the core cell array involve
complex behaviors during erase, write and read operations. Now, with the help of the first order
electrical model of a FloTOx core cell, resistive defects have been injected and their
corresponding behaviors have been analyzed. The objective in this section is to demonstrate the
interest of our electrical model for defect analysis and faulty behavior prediction useful to give
comprehensive fault models. In fact, the proposed model is used to simulate the erase, write and
read operation in presence of defects. These simulations allow the evaluation of electrical levels
on important nodes of the core cell, i.e. Vigl and Igy;. These levels allow predicting the resulting
faulty behavior of the core cell and the range of defects that involves this faulty behavior.

In the following, we first present the resistive defect injection and the simulation
environment used to simulate the considered defects with our model. Then, each defect with
electrical data has been analyzed in detail and a functional fault model is proposed for each faulty

behavior.

3.3.1 DEFECT INJECTION SET-UP

First, a simulation environment is configured close to the silicon reality. A 3*3 eFlash core
cell array based on our FloTOx electrical model is described. Moreover, in this description two
blocks are added; a logic decoder and a high voltage generator. The logic decoder drives the high
voltage on the WL, Vref; and BL; nodes according to the operation acted on the selected core
cell. Details on this circuit are not given here as it is composed of standard decoder circuits using
pass-gates with high voltage properties.

In eFlash memories, a charge pump based on the Dickson principle [DIC76] is embedded for
high voltage generation. In order to simplify the simulation environment, the equivalent scheme

of the charge pump (Figure 3.10) is used.

Req Vout* to eFlash
e
Tload

Vout ITo C.lam.p
[ 2 ; circuit

Figure 3.10: Charge pump first order equivalent circuit

A charge pump allows providing a high voltage level from a standard low voltage supply by
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a capacitive energy transfer [DIC76]. There is a linear relation between the size of the charge
pump (N), the low voltage supply (Vdd) and its output voltage (Vout), Vout = (N + 1) * Vdd. In
this relation we can add a statement introducing that the charge pump device has a drop voltage
when its load becomes too important:

e Vout=(N+1)* Vdd - (Iload * Req).

Note that the charge pump equivalent resistance (Req) depends on the size of its building
elements and on its working frequency [DIC76]. In our simulation environment, an equivalent
charge pump circuit embedded in a 2Mbits eFlash memory is used. The equivalent resistance of
this charge pump is 42k and the output clamped voltage is about 15V. For the defect injection
simulation, especially for resistive shorts, the previous statements on the electrical charge pump
characteristics must be considered.

With the complete simulation environment, including the core cell array, the logic decoder
and the charge pump, the considered defects can be injected and thus the prediction of their
impact on different node voltages is possible. This was done for different defect values but also
for the following sequence of operations:

Op.1: Erasing WL; and Writing cell(i,j)

Op.2: Reading cell(i,j), cell(i,j+1) and cell(i-1,j)

Op.3: Erasing WL,

Op.4: Reading cell(i,j), cell(i,j+1) and cell(i-1,j)

Note that only cell(i,j) is written in Op.1 and the other cells of the array are considered as
erased (VTH — the cells contain a logic ‘1’). Moreover, in Op.1 an erase of the entire word line
WL, is performed before a write on cell(i,)). In the functional work of a FloTOx core cell, a write
operation is always preceded by an erase operation. Only the first erase operation is performed
from a pseudo-virgin state where the core cell has its threshold voltage between VTH and VTL.
Concerning the read operation, the neighborhood cells of cell(i,j) sharing the same word line are
also read to analyze the possible coupling effect induced by each resistive defect. Moreover,
simulations have been performed with the following parameters:

® Process: fast
e Supply voltage: 1.8V for logic parts
¢ Temperature: 25°C

e Programming time (erase and write operations): 2ms
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In the following, the impact of each resistive defect is detailed during the four operations
(Op.1 to Op.4). Simulations have been performed on a 3*3 eFlash array built with our proposed
FloTOx model for which the following electrical values have been extracted:

®¢ Vm corresponds to the charge pump output voltage
e WL, Vref;, and BL; correspond to the inputs of cell(i,j)
e VT value (VTH or VTL) calculated from the floating gate voltage Vfg

e g value corresponding to the read current of a cell viewed by the sense amplifier

3.3.2 RESISTIVE SHORT BETWEEN METAL AND POLY-SILICON LAYERS
In this part, the resistive defects corresponding to the configuration Df5, Df6 and Df7

described in Section 3.1.3 are analyzed. These three defects are represented again in Figure 3.11.

: BLi, | BL; | BLn
wo T T
)
Vref; |
I
Vss — *—
Vref; 1 1
Cell(i,j)l |
WLi 1 1
o +— '1_; '1_;
Vrefi,
Vss ¢— *— *"—
1

Figure 3.11: Resistive defects configuration between metal and poly-silicon layers
Df5-Aanalysis
The impact of defect Df5 (resistive short between WL; and BL;) on the behavior of cell(i,))

and its neighbors cell(i,j+1) and cell(i-1,j) is analyzed. Electrical measurements provided by the

model are reported in Table 3.4.
Op.1: Df5 impact during a Write operation

In presence of Df5 during a write operation, the voltage of BL; node increases. This effect is
due to nominal conditions for which the WL, voltage is always higher than the BL; voltage. For
small defect size, Df5 = 10Q for example, the BL; voltage becomes equivalent to the WL; level.

Concerning the VTL value of cell(i,j), we see in Table 3.4 that whatever the size of Df3, it
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remains stable around -1.1v. Cell(i,j+1), sharing the same word line as cell(i,j), has its VTL value
that begins to be impacted for Df5 less than 100k, from 2.66v to 1.47v. The VTL of the cell(i-

1,j) remains unchanged whatever the size of Df5.
Op.2: Df5 impact during a Read operation

For Op.1, we have seen that the VT value of the defective written core cell (VTL) keeps its
expected value. During the read operation, the current that passes through the core cell must
correspond to this VTL value, i.e. the core cell must provide a current between SuA to 30puA. But
the current induced by the defect may mask the current provided by cell(i,j). Thus, a logic ‘1’
may be read instead of a logic ‘0’. As shown in Table 3.4, such a faulty behavior does not occur
when Df5 is higher than IMQ. A faulty behavior of the read operation on cell(i,j) begins to occur
for a defect size less than IMQ. During Op.2, the current read through the cell(i,j+1) corresponds
to a logic ‘1’ whatever Df5 size as the defect has no influence on the bit line j+1. On the other
hand, during the read operation of cell(i-1,j), the current that passes through the defect makes the

sense amplifier providing a logic ‘0’ instead of a logic ‘1’ (for Df5 < 100kQ).
Op.3: Df5 impact during an Erase operation

During the erase operation, Df5 involves two main impacts on cell(i,j); the first one on the
BL; node and the second one on the high voltage generation Vm. Without defect during the erase
operation the two transistors of the core cell are on. As Vss node is set to ground, BL; is pulled-
down to this level. Now, in presence of Df5, and depending on its size, BL; is pulled-up to the
WL; level. As the two core cell transistors are on (linear mode), a part of the BL; voltage is
present on the drain node of the sense transistor. When the BL; level becomes equivalent to the
WL level, the select transistor becomes saturated and starts to deliver a current through the core
cell. This current passes through the core cell but also through the defect. The charge pump
delivers this defective current. When it reaches a certain value, a drop on the high voltage
generation is observed. In Table 3.4, we observe the increase of the BL; node and the drop on the
high voltage generation, i.e. Vm node. For a defect size of about 10k the clamp of the Vm level
is observed. With the increase of BL; level, the drain level of the FG-transistor increases too. This
involves a reduction of the electric field Ex used in the current tunnel equation. Consequently,
the Fowler-Nordheim tunneling effect is not enough efficient to inject charges in the floating

gate. Due to this bad electric field, the VT value of cell(i,j), obtained at the end of the erase
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operation, remains close to its previous state (VTL). The core cell does not reach the expected
VTH (about +2.66V for a fault free core cell). For example, with Df5 = 10Q, the electrical model
gives a VTH of about -1.04V. The VT values of cell(i,j+1) and cell(i-1,j) remain unchanged, i.e.

the ones obtained with Op.1.

Node levels during Opi DIS value ()
10 100 1E+3 1E+4 1E+5 1E+6 1E+7 oo
vm(V) 15.2 15.2 152 15.2 152 152 15.2 152
WLi(V) 14.4 14.4 14.4 14.5 14.6 14.6 14.6 14.6
Vrefi(V) 0.351 0351 0.351 0.351 0.351 0.351 0.351 0.351
WRITE BLj(V) 14.4 14.4 14.4 14.2 12.8 125 12,5 125
Op.1 Vigl(V) 1.76 1.76 1.76 1.77 1.8 1.86 1.86 1.86
VTL(V) -1.04 -1.04 -1.04 -1.05 -1.09 -1.16 -1.16 -1.16
VTL(V) of cell(i,j+1) | 1.47 1.47 1.47 1.47 2.11 2.66 2.66 2.66
VTL(V) of cell(i-1,j) | 2.66 2.66 2.66 2.66 2.66 2.66 2.66 2.66
WLi(V) 2.04 2.07 2.29 2.96 3.26 33 33 33
Vrefi(V) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
READ BLj(V) 2.03 2.01 1.8 1.23 0.991 0.958 0.955 1
Op:2 Ibli(A) 59E-4 | -5.75B4 | -4.66E-4 | -142BE-4 | 556BE-6 | 2.6E-5 28E-5 | 2.8E-5
Ibl of cell(i,j+1) 729E-8 | 729E-8 | 7.29E-8 | 7.29E8 | 0 0 0 0
Ibl of cell(i-1.j) 298E-4 | 2.9E-4 232E-4 | 7.6E-5 997E-6 | 997E-7 |0 0
Vm(V) 10.7 10.7 10.7 10.9 14.6 152 15.2 152
WLI(V) 9.44 9.44 9.24 9.64 135 14.5 14.6 14.7
Vrefi(V) 8.78 8.79 8.82 8.95 122 12.8 12.8 12.8
ERASE BLj(V) 9.44 9.42 9.24 731 1.45 0.147 0 0
Op.3 Vigl(V) 1.76 1.76 1.76 1.76 0.033 -1.17 -1.27 -1.28
VTH(V) -1.04 -1.04 -1.04 -1.04 1.06 2.53 2.65 2.66
VTH(V) of cell(ij+1) | 1.47 147 1.47 147 2.11 2.66 2.66 2.66
VTH(V) of cell(i-1,j) | 2.66 2.66 2.66 2.66 2.66 2.66 2.66 2.66
WLi(V) 2.04 2.07 23 2.96 3.26 33 33 33
Vrefi(V) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
READ BLj(V) 2.03 2.01 1.81 123 1.03 1 1 1
Op4 Iblj(A) 5.89E-4 | -5.75E-4 | -4.66E-4 | -142E-4 | -2.02E-5 | -229E-6 | -2.3E-7 | 0
Ibl of cell(i,j+1) 729E-8 | 729E-8 | 7.29E-8 | 7.29E8 | 0 0 0 0
Ibl of cell(i-1.j) 298E-4 | 2954 232E-4 | 7.6B-5 997E-6 | 997E-7 |0 0

Table 3.4: Electrical simulation results for Df5 injection

Op.4: Df5 impact during a Read operation

According to Df5 values, the expected VTH can never be reached by cell(i,j) and thus keeps
its previous state, i.e. a low VT. As in read mode the control gate voltage is 0.7v, a positive
current must be observed through the core cell. Due to the presence of Df5 and to the voltage

conditions between WL; and BL;, we do not observe this current caused by the bad erasing of
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cell(i,j). But a negative current through Df5 is observed with a value depending on its size.
According to Df5 size, this defective current may inhibit the current delivered by the core cell. In
Table 3.4, we observe that the current read through the bit line never exceeds the sense amplifier
threshold. The sense amplifier always reads a logic ‘1’ and that for any Df5 values. Concerning

cell(i,j+1) and cell(i-1,j), the same explanation as for Op.2 can be done.
Conclusion and fault modeling

From a quantitative point of view, the presence of Df5 is always problematic whatever its
size. In fact, a faulty behavior occurs for both small and high defect values. Based on the
electrical simulation performed with the proposed model, the different faulty behaviors can be
associated to functional fault models.

For cell(i,j), as shown before, the write operation is correctly acted while, due to a drop on
the high voltage generation, the erase operation is not performed. A read operation after a write
will provide a logic ‘1’ due to the current through the defect even if the core cell has alow VT. In
the same way, a logic ‘1’ is read after an erase operation even if the core cell has a low VT. Thus,
Df5 behaves like a Stuck-At ‘1’ Fault (SAF1).

The presence of Df5 has no impact on cell(i,j+1) behavior while it impacts cell(i-1,j). Cell(i-
1,j) is erased (VTH) but any read operation will give a logic ‘0’ as the sense amplifier measures
the defective current that passes through the defect. Then, a Stuck-At ‘0’ Fault (SAFO) occurs on
cell(i-1,j).

Df6- Analysis

In this section, the impact of defect Df6 (resistive short between WL; and BL;,;) on the
behavior of cell(i,j) and its neighbors cell(i,j+1) and cell(i-1,j)) is analyzed. Electrical

measurements provided by the model are reported in Table 3.5.
Op.1: Df6 impact during a Write operation

The presence of Df6 in the eFlash array during a write operation does not impact the
behavior of cell(i,j). The threshold voltage of cell(i,j) remains almost unchanged with the
decrease of Df6 size: VTL varies from —1.16v for Df6 = 10MQ to -0.98v for Df6 = 10Q2. On the
other hand, the VT of cell(i,j+1) is affected during the write of cell(i,j) with a minimum value of -

1.43v for Df6 = 100kQ. Finally, cell(i-1,j) is not impacted by the defect and thus its VT remains
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unchanged.
Op.2: Df6 impact during a Read operation

We have seen in the previous operation analysis that the VT value (VTL) of cell(i,j) keeps
roughly its expected value. During the read operation, the current that passes through the core cell
corresponds to this VTL and its value is around 20uA. However, we can observe that the word
line potential WL; goes down with the decrease of Df6 and thus induces a small decrease of the
read current provided by cell(i,j). From a logic point view, cell(i,j) after a write operation and in
presence of Df6 gives a logic ‘0’ whatever the defect size.

The impact of Df6 on the read operation of cell(i,j+1) is more complex. As seen previously,
the write performed on cell(i,j) has impacted the VT of cell(i,j+1). This corresponds to a flip from
VTH to VTL. Thus, the read operation of cell(i,j+1) should provide a logic ‘0’. Data reported in
Table 3.5 show that the cell provides a current that corresponds to a logic ‘0’ for a defect size of
about 100kQ. For lower defect sizes, the current that passes through the defect masks the current
of the cell and then a logic ‘1’ is read. This phenomenon is represented in Figure 3.12 where
waveforms of VT and Igp of cell(i,j+1) are drawn. From these waveforms, we show that a logic
‘0’ is read when 100kQ < Df6 < 400kQ.

For read operations performed on cell(i-1,j), no current is provided by this cell through the

bit line and thus a logic ‘1’ is always read.
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Op.3: Df6 impact during an Erase operation

Like for Df5 injection, the high voltage generation falls down with the decrease of Df6
during the erase operation. In Table 3.5, the voltage drop of the Vm node for a defect less than
10k€ is observed. This voltage drop on Vm induces a reduction of the electric field Eox used in
the current tunnel equation. Consequently, the Fowler-Nordheim tunneling effect is not effective
to inject charges in the floating gate. Due to this bad electric field, the VT value of cell(i,j)
obtained at the end of the erase operation (VTH) remains close to its previous state. The core cell

does not reach the expected VTH (about +2.66V for a fault free core cell).

Node levels during Opi DI6 value (€2)
10 100 1E+3 1E+4 1E+5 1E+6 1E+7 o
vm(V) 15.1 15.1 15.1 15.2 15.2 152 15.2 15.2
WLI(V) 14.4 14.4 14.4 14.5 14.6 14.6 14.6 14.6
Vrefi(V) 0.351 0.351 0.351 0.351 0.351 0351 | 0351 | 0351
WRITE BLj(V) 12.3 12.3 12.3 12.3 12.4 12.4 12.4 12,5
Op.1 Vigl(V) 171 171 1.72 1.72 1.78 1.86 1.86 1.86
VTL(V) -0.98 -0.98 -0.992 -0.992 -1.07 116 | -1.16 -1.16
VTH(V) of cell(ij+1) | -1.38 -1.38 -1.38 -1.38 -1.43 138 1.81 2.66
VTH(V) of cell(i-1,j) | 2.66 2.66 2.66 2.66 2.66 2.66 2.66 2.66
WLi(V) 2.04 2.07 2.29 2.96 326 33 33 33
Vrefi(V) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
READ BLj(V) 0.969 0.969 0.966 0.96 0.957 0955 | 0955 |1
Op.2 Ibli(A) 1.8E-5 1.9E-5 2.1E-5 2.5E-5 2.67E-5 | 2.8E-5 | 2.8E-5 | 2.8E-5
Ibl of cell(i,j+1) -6E-4 58E-4 | -48E-4 | -144E4 | 72E-6 |0 0 0
Ibl of cell(i-1.j) 0 0 0 0 0 0 0 0
vm(V) 10.7 10.7 10.7 10.9 14.6 152 15.2 15.2
WLi(V) 9.52 9.52 9.56 9.64 13.5 14.5 14.7 14.7
Vrefi(V) 8.86 8.86 8.89 9.02 12.2 12.8 12.8 12.8
ERASE BLj(V) 0.18 0.18 0.18 0.18 0 0 00 0
Op3 Vigl(V) 159 159 158 155 0715 | -125 | -128 | -1.28
VTH(V) -1.04 -1.04 -1.04 -1.04 1.06 2.53 2.65 2.66
VTH(V) of cell(ij+1) | -1.02 -1.02 -1.02 -1.02 1.02 2.64 2.98 2.98
VTH(V) of cell(i-1,j) | 2.66 2.66 2.66 2.66 2.66 2.66 2.66 2.66
WLi(V) 2.04 2.07 23 2.96 3.26 33 33 33
Vrefi(V) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
READ BLj(V) 0.969 0.969 0.966 0.96 0.957 0955 | 0955 |1
Op4 Iblj(A) 1.83E-5 | 1.86E-5 | 2.03E-5 | 2.34E-5 | 0 0 0 0
Ibl of cell(i,j+1) 58E-4 | -57B-4 | -46E4 | -14E4 | 2E5 3E6 |0 0
Ibl of cell(i-1.j) 0 0 0 0 0 0 0 0

Table 3.5: Electrical simulation results for Df6 injection
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For example, with Df6 = 10 Q, the electrical model gives a VTH of about -1.04V. The VT

values of cell(i,j+1) and cell(i-1,j) remain close to the ones obtained after Op.1.
Op.4: Df6 impact during a Read operation

We have seen that the expected VTH can never be reached by cell(i,j) for values of Df6
lower than 100k€2 and thus the core cell keeps its previous state. Then, when a voltage close to
0.7v is applied on the control gate of cell(i,j), a current close to 20uA, corresponding to the low
threshold voltage of the core cell, is observed. This phenomenon occurs when Df6 is less than
10k and corresponds to a VT of about -1.04v on cell(i,j). However, note that Df6 also induces a
drop of the WL; net voltage limiting the current delivered by the core cell but not enough
efficient to inhibit it. When Df6 is less than 10k, a logic ‘0’ is read instead of an expected logic
‘1’ on cell(i,j). Concerning cell(i,j+1) and cell(i-1,j), the presence of Df6 does not induce a faulty
behavior and a logic ‘1’ is always read on these cells even if cell(i,j+1) has a low VT. In that

case, the current that passes through the defect masks the current of the core cell.
Conclusion and fault modeling

As for Df5, a functional fault modeling can be performed with the help of electrical data
provided by our FloTOx model. The presence of Df6 does not disturb the write operation on
cell(i,j). The following read gives a logic ‘0’ that corresponds to a low VT. However, due to a
drop on the high voltage generation, Df6 prevents the erase operation, so that the cell remains
with a low VT. The read operation on the erased cell will provide a logic ‘0’ instead of a logic
‘1’. This faulty behavior corresponds to a transition fault (from a logic ‘0’ to ‘1°) as the cell(i,j)
remains at a low VT after a write operation.

As mentioned above, the behavior of cell(i,j+1) is impacted by the presence of Df6
especially when a write operation in performed on cell(i,j). In that case and for 100 kQ < Df6 <
400k€2, the VT of cell(i,j+1) changes from VTH to VTL. From a functional point of view, a write
on a cell (aggressor) involves the switch of another cell (victim) to a logic ‘0’. This is modeled

like a State Coupling Fault; SCF(0,0). Finally, cell(i-1,j) is not impacted by Df6.
Df7- Analysis

In this subsection, the impact of defect Df7 (resistive short between WL;; and BL;) on the

behavior of cell(i,j) and its neighbors cell(i,j+1) and cell(i-1,j) is analyzed. Electrical
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measurements provided by our model are reported in Table 3.6.
Op.1: Df7 impact during a Write operation

The presence of Df7 during a write operation induces a high drop voltage on the Vm
generation due to the potential between WLi_; and BL;. The unselected word line WL, is pulled
down to the ground whereas the bit line voltage BL; is close to the Vm potential. The current
through the defect is important and the charge pump device cannot deliver such amount of

current. That involves the VT of the cell(i,j) does not reach its expected value VTL and remains

quasi unchanged at VTH.
Node levels during Opi DI7 value ()
10 100 1E+3 1E+4 1E+5 1E+6 1E+7 o
Vm(V) 218 | 222 2.62 6 14.4 15.2 152 152
WLi(V) 215 | 2.19 2.58 5.85 13.9 14.7 14.7 14.7
Vrefi(V) 0292 | 0.293 0.296 0316 0.349 0.351 0.351 0.351
WRITE BLi(V) 049 | 0.521 0.843 3.74 114 12.4 12.5 12.5
Op.1 Viel(V) 131 | 131 131 131 0917 1.8 1.86 1.86
VTL(V) 266 | 2.66 2.66 2.66 -139E2 | -1.09 -1.16 -1.16
VTH(V) of cellj+1) | 2.66 | 2.66 2.66 2.66 2.66 2.66 2.66 2.66
VTH(V) of cell(i-1,j) 266 | 2.66 2.66 2.66 2.66 2.66 2.66 2.66
WLI(V) 33 33 33 33 33 33 33 33
Vrefi(V) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
READ  BLi(V) 051 | 0522 0.62 0.877 0.959 0.954 0.954 1
Op2  pljA) 29E-4 | 2.9E-4 2.3E-4 7.6E-5 2.6E-5 2.8E-5 2.8E-5 2.8E-5
Ibl of cell(i,j+1) 0 0 0 0 0 0 0 0
Ibl of cell(i-1,j) 6E4 | -58E4 | 48B4 | -1.6E4 22E-5 22E-6 | 23E7 |0
Vm(V) 152 | 152 15.2 152 152 15.2 152 15.2
WLi(V) 147 | 147 14.7 14.7 14.7 14.7 14.7 14.7
Vrefi(V) 128 | 12.8 12.8 12.8 12.8 12.8 12.8 12.8
ERASE BLi(V) 0 0 0 0 0 0 0 0
Op-3 Vigl(V) 155 | -1.55 -1.55 -1.55 -1.28 -1.28 -1.28 -1.28
VTH(V) 3 3 3 3 2.66 2.66 2.66 2.66
VTH(V) of cellij+1) | 2.66 | 2.66 2.66 2.66 2.66 2.66 2.66 2.66
VTH(V) of cell(i-1,j) 266 | 2.66 2.66 2.66 2.66 2.66 2.66 2.66
WLi(V) 33 33 33 33 33 33 33 33
Vrefi(V) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
READ  BLi(V) 051 | 0522 0.62 0.877 0.959 0.954 0.954 1
Op4  plj(A) 3E-4 | 2.9E-4 2.3E-4 765E-5 | 9.7E-6 1E-8 1E-7 0
Ibl of cell(i,j+1) 0 0 0 0 0 0 0 0
Ibl of cell(i-1,j) 6E4 | -58E4 | 48B4 | -1.6E4 2.2E-5 202E-6 | 23E7 |0

Table 3.6: Electrical simulation results for Df7 injection
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In Table 3.6, we see that this phenomenon occurs for Df7 less than 100kQ. For example,
when Df7 = 10kQ, the VT value of cell(i,j) is about +2.66v as the one obtained after an erase
operation. We can also observe in Table 3.6 that cell(i,j+1) and cell(i-1,j) are not impacted by the

presence of Df7. These cells keep their VT values (VTH).
Op.2: Df7 impact during a Read operation

After a write operation (Op.1), we have seen that for defect Df7 less than 100k€2 the VT
value of the cell(i,j) remains in an erased state and thus the core cell is not able to provide any
current during the read operation. However, due to the presence of this defect, a defective current
between WL, and BL; appears and masks the bad writing effect induced by Df7. From a logical
point of view, a logic ‘0’ is read even if the cell has a high VT. The bad writing of cell(i,j) is

masked. Concerning cell(i,j+1) and cell(i-1,j), the expected logic ‘1’ is read.
Op.3: Df7 impact during an Erase operation

During the erase operation, no problem occurs on the three cells. Only a small over-erase can
be observed on cell(i,j) for Df7 size less than 100k€2.

Op.4: Df7 impact during a Read operation

As explained above for Op.2, a defective current due to Df7 can be measured through the bit
line BLj and even if the cell(i,j) state is erased with a VTH value close to +2.66v. The sense
amplifier interprets this current (defective current through the defect) as a logic ‘0’ on the

cell(i,j). Df7 has no impact during Op.4 on cell(i,j+1) and cell(i-1,j) as a logic ‘1’ is read.
Conclusion and fault modeling

As previously, a functional fault modeling based on electrical data provided by our model
has to be performed. The presence of Df7 only impacts the behavior of cell(i,j). This defect
prevents the write operation on cell(i,j) but, even if the cell has a high VT after the write
operation, the sense amplifier provides a logic ‘0’ during the read. In the same way, the erase
operation is performed correctly, but the read after the erase operation gives a logic ‘0’. Thus,

Df7 behaves like a Stuck-At ‘0’ Fault (SAFO).

3.3.3 RESISTIVE SHORT BETWEEN TWO POLY-SILICON LAYERS
In this part, the resistive defects corresponding to Df8 and Df9 (short between two poly-

silicon layers) described in Section 3.1.3 is detailed. These defects are represented in Figure 3.13.
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Note that these two defects require only a faulty behavior analysis of the core cell belonging to

the word line WL;. Topologically, the defect impacts only these core cells.
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Figure 3.13: Resistive defects configuration between two poly-silicon layers
DfS- Analysis
In this part, the impact of defect Df§ (resistive short between WL; and Vref;) on the behavior
of cell(i,j) and its neighbors cell(i,j+1) is analyzed. Electrical measurements provided by our

model are reported in Table 3.7.
Op.1: Df8 impact during a Write operation

The presence of Df8 during a write operation induces an increase of Vref;. In fact, due to this
resistive short, Vref; is loaded by the potential applied on WL;. This effect begins earlier with
defect size close to 1MQQ. Due to the increase of Vrefj, the write operation is not performed and
cell(i,j) remains erased with a VTH. Moreover this defect also induces an over-erase on all core
cells belonging to WL;. Table 3.7 shows that the VT values of cell(i,j) and cell(i,j+1) achieve
until +4.84v.

Op.2: Df8 impact during a Read operation

Due to the presence of Df§ we have seen that the write operation is inhibited even for high
defect values. Thus, during the read operation, a logic ‘1’ is observed instead of an expected logic
‘0.

Op.3: Df8 impact during an Erase operation

During the erase operation, no problem occurs on core cells sharing WL;. Only a small over-
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erase can be observed on all the core cells belonging to WL; for Df8 size less than IMQ.
Op.4: Df8 impact during a Read operation
During this operation, the presence of Df8 does not disturb the read-out content. The

expected logic ‘1’ is read in all core cells sharing WL,;.

Node levels during Opi D18 value (2)
10 100 1E+3 1E+4 1E+5 1E+6 1E+7 oo
Vm(V) 2.18 222 2.62 6 144 15.2 15.2 15.2
WLIi(V) 14.7 14.7 14.7 14.7 14.7 14.7 14.7 14.7
Vrefi(V) 14.7 14.7 14.7 14.7 14.7 14.7 14.6 0.351
\(’)\’;{IITE BLj(V) 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5
Vigl(V) -3.07 -3.07 -3.07 -3.07 -3.07 -3.07 -1.1 1.86
VTL(V) 4.84 4.84 4.84 4.84 4.84 4.84 -1.16 -1.16
VTH(V) of cell(i,j+1) | 4.84 4.84 4.84 4.84 4.84 4.84 4.03 2.66
WLi(V) 33 33 33 33 33 33 33 33
Vrefi(V) 3.29 3.29 3.29 3.29 3.29 2.67 0.756 0.7
}él;gD BLj(V) 1 1 1 1 1 1 1 1
Iblj(A) 0 0 0 0 0 0 0 2.8E-5
Ibl of cell(i,j+1) 0 0 0 0 0 0 0 0
Vm(V) 15.2 15.2 15.2 15.2 15.2 15.2 15.2 15.2
WLIi(V) 14.7 14.7 14.7 14.7 14.7 14.7 14.7 14.7
Vrefi(V) 14.7 14.7 14.7 14.7 14.7 14.6 12.8 12.8
](E)l;?SE BLj(V) 0 0 0 0 0 0 0 0
Vigl(V) -3.32 -3.32 -3.32 -3.32 -3.32 -3.26 -3.05 -1.28
VTH(V) 4.82 4.82 4.82 4.82 4.82 4.82 4.82 2.66
VTH(V) of cell(i,j+1) | 4.84 4.84 4.84 4.84 4.84 4.84 4.84 2.66
WLi(V) 33 33 33 33 33 33 33 33
Vrefi(V) 3.29 3.29 3.29 3.29 3.29 2.67 0.756 0.7
ISEC‘;D BLj(V) 1 1 1 1 1 1 1 1
Iblj(A) 0 0 0 0 0 0 0 0
Ibl of cell(i,j+1) 0 0 0 0 0 0 0 0

Table 3.7: Electrical simulation results for Df8 injection
Conclusion and fault modeling

To conclude the Df8 study and to analyze this defect from a functional point of view, the
presence of Df§ can be interpreted as a Stuck-At ‘1’ Fault (SAF1). This fault model occurs when
Df8 has a size lower than 10MQQ.

Df9- Analysis

In this part, the impact of defect Df9 (resistive short between WL; and WL;;;) on the

behavior of cell(i,j) and its neighbor cell(i,j+1)) is analyzed. Electrical measurements provided by



tel-00194584, version 1 - 6 Dec 2007

Fault Modeling and Testing of Flash Memories 72

our model are reported in Table 3.8.
Op.1: Df9 impact during a Write operation

The presence of Df9 during a write operation induces a high voltage drop on the Vm
generation due to the potential between WL; and WL;;,. Indeed, the word line WLi,; is
unselected and its potential is pull down to the ground (a strong Ov) whereas the selected word
line WL is pull up to the Vm potential. The current passing through the defect is significant and
the charge pump device cannot deliver such amount of current. Note that before this Write
operation, an erase has been performed and the same problem has been observed. The high
voltage drop related to Df9 involves an impact on the VT of the cell(i,j). VT does not reach its
expected value VTL and remains quasi unchanged to the virgin value. In Table 3.8, we see that
this phenomenon occurs for Df9 less than 100k€2. We can also observe in Table 3.8 that
cell(i,j+1) is impacted by the presence of Df9 because the erase operation due to the defect
current passing through Df9 is not correctly acted. To generalize, cells belonging to WL; have
their VT window (VTW) considerably reduced due to the bad erase and write operations induced

by Df9.
Op.2: Df9 impact during a Read operation

After a write operation (Op.1), for D9 less than 100k€2, the VT value of the cell(i,j) remains
close to its virgin state and the core cell is not able to provide any current during the read
operation. Thus, a logic ‘1’is read instead of an expected ‘0’ for a Df9 size less than 100k€2. This
also true for the other cells belonging to WL; in which a logic ‘1’ is always read but note that for

these cells this is the expected value.
Op.3: Df9 impact during an Erase operation

During the erase operation, the same problem as for Op.1 occurs and impacts the VT values
of the core cells sharing WL;. All the VT potentials of these cells are close to their virgin values
due to the inhibition of the erase operation induced by the presence of Df9. This problem appears

when Df9 begins to be less than 100k<.
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Op.4: Df9 impact during a Read operation

As explained above for the previous operations, Df9 inhibits write and erase and thus the cell
remain virgin. The limit of this faulty behavior is when Df9 is less than 100k€2. Due to this

problem, a logic ‘1’ is always read on these core cells whatever the operation acted on them.

. . Df9 value (Q)

Node levels during Opi

10 100 1E+3 1E+4 1E+5 1E+6 1E+7 oo

Vm(V) 2.18 222 2.62 6 144 15.2 15.2 15.2
WLi(V) 2.15 2.19 2.58 5.85 139 14.7 14.7 14.7
Vrefi(V) 0.292 0.293 0.296 0.316 0.349 0.351 0.351 0.351

WRITE .

op.1 BLj(V) 0 0 0.2 3.55 11.6 124 12.5 12.5
Vigl(V) 0.31 0.31 0.31 0.31 0.51 1.8 1.86 1.86
VTL(V) 0.73 0.73 0.73 0.73 0.49 -1.09 -1.16 -1.16
VTH(V) of cell(i,j+1) | 0.79 0.79 0.79 0.79 2.66 2.66 2.66 2.66
WLi(V) 33 33 33 33 33 33 33 33
Vrefi(V) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7

READ -

Op.2 BLj(V) 0.954 0.954 0.954 0.954 0.954 0.954 0.954 1
Iblj(A) 0 0 0 0 6E-6 2.8E-5 2.8E-5 2.8E-5
Ibl of cell(i,j+1) 0 0 0 0 0 0 0 0
Vm(V) 2.18 222 2.62 6 144 15.2 15.2 15.2
WLIi(V) 2.15 2.19 2.58 5.85 13.9 14.7 14.7 14.7
Vrefi(V) 0 0 0.5 3.8 11.8 12.8 12.8 12.8

ERASE .

op3 BLj(V) 0 0 0 0 0 0 0 0
Vigl(V) 0.31 0.31 0.31 0.31 -0.09 -0.95 -1.28 -1.28
VTH(V) 0.73 0.73 0.73 0.73 1.2 2.26 2.66 2.66
VTH(V) of cell(i,j+1) | 0.79 0.79 0.79 0.79 2.66 2.66 2.66 2.66
WLi(V) 33 33 33 33 33 33 33 33
Vrefi(V) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7

READ -

Op4 BLj(V) 0.954 0.954 0.954 0.954 0.954 0.954 0.954 1
Iblj(A) 0 0 0 0 0 0 0
Ibl of cell(i,j+1) 0 0 0 0 0 0 0

Table 3.8: Electrical simulation results for Df9 injection
Conclusion and fault modeling
Modeling the faulty behavior induced by Df9 is very easy. When Df9 is less than 100k, a

Stuck-At ‘1’ Fault (SAF1) is observed whereas for defects above this limit the core cells are fault

free.
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3.4 SUMMARY AND DISCUSSION ON TEST SOLUTIONS

In the previous investigations, all actual defects that may induce a faulty behavior of the
eFlash core cell have been analyzed. From these different failure mechanisms, a functional fault
modeling has been performed. Table 3.9 summaries the different fault models associated to
defects and targeted cells. This allows to show in few lines the result of the previous analysis on
each failure mechanism and defect configuration. In this table, the defect sizes from which the
faulty behaviors occur are also reported except for defects Dfl to Df4 in which this is not
applicable (NA) because they are hard defects. In fact, Df1 to Df4 are either a pure open (c0€2) or
a pure short (0€2). Moreover, in Table 3.9 the cases containing a dashed line represent the fault
free-cells in presence of a defect. Note that the fault models are represented with respect to the

operations acted on the different cells.

Defect Cell(i,j) Cell(i,j+1) Cell(i-1,j)
Defect size | Fault model Defect size Fault model | Defectsize | Fault model

Df1 NA SAF1 -- -- NA SAF1
Df2 NA SCF(0,0) NA SCF(0,0) --
Df3 NA SAF1 -- -- NA SAF1
Df4 NA SCF(0,0) NA SCF(0,0) -- --
Df5 <1 MQ SAF1 -- - < 100 kQ SAFO0
Df6 < 10kQ TF(Oto 1) 100kQ < ... < 400kQ SCF(0,0)
Df7 < 100 kQ SAFO
Df8 <10 MQ SAF1
Df9 < 100 kQ SAF1

Dfl1 NA SAF1

Table 3.9: Related fault models

By looking at this table, the obtained functional fault models correspond to the memory
testing literature; SAFO, SAF1, TF and more complex coupling fault SCF(0,0). Note that the
defect Df10 and the coupling phenomenon described in Section 3.1 are not presented in Table 3.9
because they require a more accurate analysis that will be performed in Chapter 4.

From Table 3.9 results, the patterns or strategies currently used to test Flash memories, like
these presented in Chapter 2 (the 7-patterns and 5-steps test sequences), are enough efficient to
detect the established fault models. However, the 7-patterns and 5-steps test sequences present

few weaknesses (complexity, testing time...) and a test alternative is proposed in Chapter 5.
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CHAPTER 4: TESTING OXIDE THICKNESS VARIATION OF THE TUNNEL WINDOW

This chapter is dedicated to the detailed analysis of a defect that corresponds to the
defectiveness of the tunnel window oxide. We show that this defective oxide thickness impacts
erase or/and write operations as well as retention and reliability of FloTOx eFlash memories.

As these problems do not affect the functional behavior of the FloTOx core cell, they require
a specific test approach to be detected. The proposed solution to detect such defectiveness is
based on the coupling phenomenon existing between two bit lines. First, the origin of the
coupling phenomenon existing between bit lines is detailed and the influence of its resulting
voltage disturbance on a core cell state is analyzed. Finally this voltage disturbance is shown as
non aggressive for a defect free core cell whereas this voltage is very useful to detect an oxide

thickness variation in a FloTOx tunnel window.

4.1  ORIGIN OF THE COUPLING PHENOMENON

Thanks to its structural specificities and to the presence of a SEL-transistor before the FG-
transistor, an eFlash memory built with FloTOx core cells may be affected by only one disturb
mechanism. This disturbance is due to the bit line coupling between a targeted cell and a victim
cell sharing the same word line. The aggressive over-scalability of eFlash technology enables two
adjacent bit lines (from a layout point of view) to create a non-negligible coupling capacitance
(C1 in Figure 4.1). This coupling capacitance can create a capacitive divider bridge with the

equivalent bit line capacitance due to the bit line path under the PWELL block (C2).
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BL;, BL.

PWELL

Figure 4.1: Equivalent coupling capacitance

From an analytical point of view these two capacitance values can be expressed with their
geometric characteristics:

e C;=¢g,x(Lxh)/d (1)
e C,=g.x(Lxl/e (2)

In expressions (1) and (2), there are the technology dependencies caused by the design rules
but also the parameter L representing the eFlash memory density. Indeed, values of C1 and C2
depend on the number of FloTOx core cells placed in the memory array. In Figure 4.2, the
equivalent scheme of the capacitive divider bridge between two adjacent FloTOx core cells

sharing the same word line is represented.

BL,, = HZ BL; = 12.5v
— — Targeted cell
WL = 14y __1[ Jl—"/
N
11 11
YT T TG
Vss /‘ . .

Unselected cell

Figure 4.2: Disturb failure due to bit line coupling

Due to this coupling effect, the high voltage applied on the BL; node for a write operation
involves an undesired increase of the potential of node BL;.;. With advanced technology rules
(<150nm), the ratio between the coupling capacitance C1 and the bit line capacitance C2
increases drastically as C1 is in the same order of magnitude than C2. To illustrate the previous

statement, an eFlash memory of 1Mbits in the 150nm technology has a bit line coupling
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capacitance close to 110fF and an equivalent bit line capacitance around 200fF.

The resulting voltage on the unselected bit line increases to reach a value that can cause a
cell disturbance. Some measurements have been carried out on the 150nm eFlash technology
with a variable memory density and different patterns written in the memory. These

measurements show that the unselected victim bit line can reach a voltage close to 7V.

4.1.1 INFLUENCE OF THE DISTURB VOLTAGE

We have shown previously that a non negligible disturb voltage (about 7V) is present on the
unselected victim bit line. As the SEL-transistor of the victim cell is ‘on’, the disturb voltage is
directly applied on the drain node of the FG-transistor. The presence of this important voltage
creates an electric field between the floating gate and the drain diffusion (BN+) of the FG-
transistor. To have a well understanding of this phenomenon, the Fowler-Nordheim current
equation acting the programming operation in a FloTOx core cell must be considered:

o Ipy=AxaxEg’xexp(-B/Bo)  (3)

with:

A = Tunnel window area

o = Fowler Nordheim constant

B = Fowler Nordheim constant

E.x = Oxide electric field

Moreover, the threshold voltage value of a FloTOx core cell depends on the charge quantity

stored in its floating gate. This quantity is given by the integration of Equation (3) during the

write time Tp:
VTeen = VT — (Qrc / Co) (3)

with:
Qr = Qrgo + I P Ipn*dt
VTy= Initial threshold voltage of the FloTOx core cell
C. = ONO (Oxide Nitride Oxide) capacitance

In Equation (3), we see that the oxide electric field Eox takes an important part in the
Fowler-Nordheim current generation and we know that this electric field directly depends on the

voltage between the drain (BN+) and the floating gate (FG) node. With the help of Equations (3)
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and (4), a relation between the threshold voltage variation of an erased cell (AVTH) under a
voltage disturbance and its exposition duration can be established. Thus, we know that a voltage
disturbance can occur on the bit line node of an unselected core cell due to a coupling effect
between two bit lines. From a theoretical point of view, the core cell is designed to avoid a VT
changing under some considerations, i.e. a minimal electric field is required to shift the threshold
voltage of the cell. Normally, the voltage threshold of a defect free FloTOx core cell can not be
impacted by a voltage disturbance. However, in presence of a defective tunnel oxide thickness, a

large variation of this voltage is observed. This is detailed in the next section.

4.1.2 FAULT MODELING OF THE OXIDE THICKNESS VARIATION OF THE TUNNEL WINDOW

Based on the previous statements, we have analyzed the impact of a voltage disturbance on
the bit line node of an unselected cell affected by an oxide thickness variation for a nominal
programming time, Tp = 2ms. Table 4.1 summarizes the results obtained. The first column gives
the Tox variation and the following ones give the threshold voltage variation from a nominal
value (AVTH) for different disturb voltages. The nominal threshold voltage value of an erased
core cell is assumed to be close to +2.5V.

With the help of Table 4.1, we see the main impact of the disturb voltage when the tunnel
window oxide thickness is less than its nominal value (about 7510\). Indeed, even if there is an
important Tox variation (-ATox), an impact on the VTH of an erased cell is observed when the
disturb voltage is equal or higher than 7V. Note that this voltage value is realistic and has already
been measured on an unselected bit line in a memory designed in 150nm technology. In such a
case, the VT value of the erased cell can shift from a logic ‘1’ (VTH) to a logic ‘0’ (VTL) when
the VT variation is close to 2V (gray part in Table 4.1).

Disturb Voltage

S5v 6v v 8v Ov 10v
54 [0.168 | 1.145 |2.285 |3.429 |4.572 |5.716
57 10.047 10.774 11.901 | 3.044 | 4.188 | 5.332
60 |[0.011 {0.437 |1.519 |2.660 |3.804 |4.948
63 [0.003 [0.191 | 1.141 |2.277 | 3.420 | 4.564
66 |0.001 [0.065 [0.777 [ 1.895 |3.037 |4.181
69 [0.000 [0.019 [0.453 | 1.515 |2.655 |3.798
72 10.000 | 0.005 |0.214 | 1.141 | 2.272 | 3.415
75 10.000 {0.001 [0.083 [0.784 | 1.891 |3.033

Table 4.1: AVTH of a disturbed FloTOx core cell

Tunnel Oxide Thickness (A)
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Thanks to this analysis the functional model related to these two defective mechanisms is
easy to obtain. As there are the notions of victim cell and aggressor cell, we are facing a coupling
phenomenon. The faulty behavior due to the disturb mechanism can thus be modeled as a
coupling fault. From a logic point of view, this is a shift from logic ‘1’ to logic ‘0’ of the
aggressor cell that induces a shift from a logic ‘1’ to a logic ‘O’ on the victim cell. Nevertheless,
this shift of the victim cell is not irreversible because an erase of the victim cell is still possible.
Thus, the fault model related to this faulty behavior is a State Coupling Fault — SCF(0,0)
[VAN9S8a].

This fault model is well adapted to this complex phenomenon. However, if the topological
context of the disturb occurrence is considered, some restrictions have to be given to the model.
Indeed, the SCF(0,0) does not correspond, like in CMOS memories, to all possible fault
combinations between the matrix’s core cells. In the eFlash environment, the SCF(0,0) only
occurs between core cells sharing the same word line. Thus, we will note this model as

SCF(0,0)", which is a restriction of the standard fault model proposed for RAM memories.

4.2 TESTING SOLUTION FOR AN OXIDE THICKNESS VARIATION

We have seen previously that a defective oxide thickness can be detected by using the disturb
voltage due to the bit line coupling. This particular defective mechanism is modeled as a
SCF(0,0)  restricted to a word line from a topological point of view.

In this section the test patterns to apply to the memory in order to detect this particular
SCF(0,0)" is first defined. Next, we show that these two patterns have to be applied following a

particular programming mode that uses a parallel approach.

4.2.1 SENSITIZATION SEQUENCE

From an exhaustive point of view, to detect SCF(0,0)* on the same word line, all possible
combinations of such fault involving two core cells have to be considered. As this fault only
occurs between core cells of the same word line, the pattern applied to a given word line can be
applied with the help of a parallel configuration to the others word lines. This particular operating
mode is called CCWP for Concurrent Chip Write Pattern.

In Figure 4.3, the pattern sequence that detects the SCE(0,0)" is applied to an eFlash word

line containing 4bits. First of all, the whole page is erased in one time “1111”, this is called the
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initialization phase. Then, the first step is to write a logic ‘0’ into the first core cell whereas the
others remain to a logic ‘1’. During this step, the first core cell is considered as a possible
aggressor and the other core cells as victims. These two phases are repeated until all possible

aggressors are sensitized.

1 1 1 1 Initialization Phase
0 1 1 1 1* Step + Page Read
1 1 1 1 Re-Initialization
1 0 1 1 2" Step + Page Read
1 1 1 1 Re-Initialization
1 1 1 0 Last Step + Page Read

Figure 4.3: SCF(0,0) exhaustive test approach

In the literature, this approach is called Galloping Pattern [VAN98a] and its main detractor
states in the large number of patterns to generate during its application.

For this example the eFlash is considered with a page granularity and that the write / erase
operations of a page take the same time (2ms). Moreover, to simplify this illustration the read
time is considered as negligible compared to programming operations. The number of operations
to perform in our example is 4 page write and 4 page erase. Even if we use a parallel
programming approach in which we write or erase a data of a page in one time in the whole
memory chip with a duration close to a simple page programming, this test approach is time
consuming. This is due to its complexity in O(2n) with n being the number of bit lines in the
memory chip.

To define a good sequence with a minimized number of patterns, a better way will be to
consider the electrical behavior and the origin of the disturb mechanism modeled by a SCE(0,0)".
As one of the origins of SCF(0,0)" is a coupling voltage from an adjacent core cell of a victim
cell, the Figure 3.15 can be used and the coupling voltage can be expressed by the equation:

o AVp;; =AVp;X[C;/(C;+C,)] &)

With the help of Equation (5) a pattern that increases the coupling voltage contribution by a

superposition principle can be developed. Now let us consider an example of electrical
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configuration represented in the Figure 4.4.
BL;, =125V BLj=HZ BL;, =12.5V

Aggressors _*\‘* *

. ~I

WL, = 15v k %'_:'_' %'_:'_‘ %'_:'_‘
Ov JI:] JI:] JI:]
LLL N L L
Vss é//' . .

Victim
Figure 4.4: Extended coupling equivalent scheme

If we consider the victim cell on BL; in the center of Figure 4.4 and surrounded by aggressor
cells that are going to be written, the coupling voltage contribution to BL; can be increased To
illustrate this assumption we can write the equivalent capacitive divider bridge expression to the
selected bit line voltage variation AVBL,; in applying the superposition theorem:

C4

C4+C40 ©

3
L4 AVBLj = AVBLj—l Xm + AVBLj+1 X

With the help of all previous statements and considerations, two test patterns are sufficient to
sensitize all SCF(0,0)*; Column Bars (CB) and its complement (CBI). These two patterns consist
in write two complementary data in two adjacent columns namely bit lines in a FloTOx eFlash
memory. CB and CBI are defined as follows:

Pattern 1 (CB): 10101010...1010

Pattern 2 (CBI):01010101...0101

Pattern 1 allows the sensitization of all SCF(0,0)* of core cells belonging the first, third, fifth
... bit lines. In the same way, Pattern 2 sensitizes the faults of core cells belonging the second,
fourth, sixth ... bit lines. Some electrical simulations have been performed to evaluate the disturb
voltage of victim cells due to the application of the two proposed patterns. These simulations
have been carried out thanks to our SPICE-like model describing the electrical behavior of a
FloTOx core cell presented previously and the help of capacitance values measured on the 150nm
eFlash technology. The results obtained show that the disturb voltage reached on victim bit lines
is about 6.5V. With the help of data presented in Table 4.1, we can conclude that this disturb
voltage is not enough important to detect little variations of the oxide thickness as the victim cell

does not flip (AVTH < 2V). Based on this statement, the next section presents a parallel
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programming approach which allows to increase the coupling phenomenon and thus the disturb

voltage on victim bit lines.

4.2.2 PARALLEL PROGRAMMING APPROACH

In the previous paragraph, we have seen that a sequence composed of CB and CBI patterns is
a good way to sensitized SCE(0,0)". The remaining problem is the resulting disturb voltage which
is not enough important to detect little variations of the oxide thickness. In this section, a parallel
programming approach is shown as a great solution to significantly increase the disturb voltage
of victim bit lines.

Let us consider the electrical structure of a FloTOx core cell array represented in Figure 4.5

with the active equivalent capacitances.

il =i T ETei]
= i | i | i | il
WL, =15v 1:] _I:] _I:] _I:]
ov H 1 1 1
1||_| 1||_‘ 1||_‘ 1||_‘
Vss . . . .
. — =1 =1
_ 1 1 1 1
WL, = 15v 1:] _I:] _I:] _I:]
Ov H 1 1 1
LIS L LS L=
Vss Py Py Py Py
el =il S Teil STai]
- i | i | i | il
WL, =15v 1:] _I:] _I:] _I:]
ov H 1 1 1
1||_| 1||_‘ 1||_‘ 1||_‘
Vss . . . .

Figure 4.5: Equivalent core cells array in parallel selection

Using a parallel approach selecting a large amount of word lines in one time, the overlap
capacitance gate-to-drain (Cgd in Figure 4.5) of each SEL-transistor in the core cell must be
considered. In fact, due to the parallel selection, these capacitances can contribute to the increase
of each coupling voltage. In the 150nm eFlash technology, the Cgd capacitance can be close to

9E'F and becomes predominant when the number of word lines in the memory reaches 1024. In
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this case, the equivalent parallel capacitance will be close to 100fF that corresponds to the
magnitude of the bit line coupling capacitance. Then, the equivalent coupling capacitance (C3
and C4 in Equation (6)) increases, thus inducing a much more aggressive disturb voltage on the
victim cell.

As previously, electrical measurements have been performed. An eFlash memory composed
of 1024 pages (word lines) with 64 words of 32 bits has been considered. Table 4.2 reports the bit
line voltages (BO to B31) with respect to the pattern written (CB and CBI) using the parallel

programming approach.

VBL (V)

BO Bl B2 B3 B29 B30 B31
CB 6.92 125 8.15 125 12.5 8.15 12.5
CBI 12.5 8.15 12.5 8.15 8.15 125 6.92

Table 4.2: Bit line voltages using the parallel programming approach

First, all core cells of a word line are sensitized by a disturb voltage (bold values in the table)
which is high enough (about 8.15V) to sensitize little defective oxide thickness. Moreover, we
can also observe that the boarder bit lines (BO and B31) are always less sensitized (disturb
voltage is about 6.92V) than the others. This is because the boarder bit lines are subjected to the
coupling contribution of only one aggressor. This is a limitation of the proposed method that can
be solved by increasing the programming time and thus the impact of the disturb voltage on the
victim core cells. To conclude, the CB and CBI patterns applied in a parallel programming mode

are efficient to detect little oxide thickness variations of the tunnel window.

4.3 CONCLUSION

The impact of a defective tunnel window oxide (thickness variation) on the FloTOx behavior
has been analyzed. The resulting faulty behavior of such a defect has been modeled as a State
Coupling Fault (SCF(0,0)"). Based on the voltage disturbance caused by the bit line coupling
phenomenon, a test solution has been proposed. This solution consists in two patterns column
bars: CB and CBI. To be enough efficient to detect small oxide thickness variations, the increase
of the disturb voltage on victim bit lines is required. A solution has been proposed to increase this
voltage by using a parallel programming approach during the CB and CBI patterns application.

This new solution achieves a detection of oxide thickness variation close to 12A. We can imagine
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applying this proposed method in a characterization context. Indeed, different programming
modes can be defined in which the memory blocks have different size. That will allow to modify
the bit line coupling and thus to module the victim bit line potential. This new characterization
method can allow us to establish statistical data on the tunnel window oxide thickness variation

in a FloTOx eFlash array without the using of costly measurement devices.
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CHAPTER 5: TESTING FOR ADDRESS DECODER FAULTS IN EFLASH MEMORIES

Experiments on eFlash memories have shown that the most impacting faults from testing
time considerations are the Address decoder Faults (AFs). In the literature, only few solutions
exist to test such faults in eFlash and they are not optimal.

In this Chapter, the basis of Address decoder Faults (AFs) occurring in eFlash are
introduced. By exploiting the memory specificities, a new methodology to test such faults
reducing the testing time while preserving the same coverage rate compared to existing methods
is presented. With the help of a home made fault simulator, we will show how the proposed
methodology can detect almost all faults resulting from the defect analysis carried out in Chapter

3.

5.1 INTRODUCTION TO ADDRESS DECODER FAULTS (AFS) IN EFLASH

Many studies dealing with AF testing for RAM memories exist and are based on March test
algorithms [VANO8a]. AF testing for eFlash memories is much more critical as existing March
algorithms are not applicable in this context for test time reason, i.e. the slow programming time
of an eFlash. Practically, AF testing is generally done by performing a diagonal of ‘0’ in the core
cell array [SHA97]. This test pattern, called Diagonal O pattern, detects all AFs but its application
time remains very high, e.g. about 4s for a 1024 pages eFlash.

Consequently, important efforts have to be done to find efficient AF test solutions that
alleviate this test time problem. Beforehand, in this section some general basics of AFs in eFlash

memories are presented.

5.1.1 EFLASH DECODING CIRCUITRY
Like almost all memories, the address decoding is performed by using an equivalent tree of
pass-gates as represented in Figure 5.1. In this figure, an addressing path D defined from values

(100) of the address bus (AOA1A?2) through a tree of pass-gates is shown.
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Figure 5.1: Tree of pass-gates for the address decoding logic in an eFlash memory

Exploiting the structural methods to address memory core cell, the eFlash memories has
different two different operating modes: the user mode and the test mode. In the user mode, an
eFlash has two possible programming operations. The first one is the Functional Write (FW)
operation that allows writing a data into a word. This FW operation is composed of an Auto
Erase (AE) of the selected page containing the word to be written (without losing the content of
the others words) followed by the write operation of the desired data. The time needed for this
FW operation is 4ms for an eFlash designed in the 150nm technology.

The second possible programming operation is the Page Write mode (PW). The eFlash has a
page register allowing the user to program a whole page with the same duration as a FW
operation. Also in this mode, the AE operation is preliminary performed.

In the test mode, there are three possible programming operations. The two first operations
allow erasing (all 1°) or writing (all 0’) the eFlash in one step and in 10ms: Chip Erase (CE) and
Chip Write (CW). The third prog