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Zusammenfassung

Diese Arbeit beschäftigt sich mit neuartigen Methoden und Techniken zur Steigerung der
Produktionstesteffizienz von in Mikrochips eingebetteten Speicherbausteinen.

In den letzten Jahren hat sich aufgrund der Anforderung zu schnelleren und energie-
sparenden Zugriffen auf zunehmend größere Datenmengen der Anteil sowie die Anzahl
eingebetteter Speicher in modernen Mikrochips kontinuierlich erhöht. Speicherbausteine
besitzen die höchsten Integrationsdichten einer Fertigungstechnologie und stellen deshalb
hinsichtlich der Komplexität möglicher Fertigungsdefekte sowie aufgrund besonders aus-
geprägter Transistoralterungsphänomene spezielle Herausforderungen bei den Produk-
tionstests dar. Dies erfordert effiziente Verfahren zur Erkennung von zunehmend sub-
tileren Fertigungsdefekten bei gleichbleibend niedrigen Testkosten. Zudem werden zur
Vermeidung alterungsbedingter Ausfälle während des Betriebs genaue Modelle über die
Auswirkungen der stärker werdenden Transistoralterungsmechanismen auf die Leistungs-
merkmale der Speicherbausteine benötigt und, darauf aufbauend, Techniken zur Identi-
fikation besonders alterungsempfindlicher Speicherzellen. Bei der Testandwendung er-
höht sich aufgrund einer größeren Anzahl spezialisierter Testalgorithmen der Verifika-
tionsaufwand, was wiederum nach automatisierten Verifikationsverfahren verlangt. Nicht
zuletzt steigt auch die Notwendigkeit die Stromaufnahme der Mikrochips während der
Speichertestphase zu reduzieren um eine möglichst hohe Parallelität bei der Anwendung
der Testalgorithmen zu ermöglichen und stabile Testbedingungen bereitzustellen.

Diese Doktorarbeit befasst sich mit allen diesen beschriebenen Herausforderungen beim
Entwurf und der Anwendung von Herstellungstests für eingebettete Speicherbausteine.
Sie analysiert den Einfluss von Transistoralterungseffekten auf die Speicherperipherie-
schaltungen welche im Vergleich zu den Speicherzellen bisher wenig Beachtung fanden.
Des Weiteren wird die Verwendung von in modernen Speichern integrierten Hilfsschal-
tungen zu Testzwecken untersucht. Diese Hilfsschaltungen werden gewöhnlicherweise
dazu verwendet die Funktionsfähigkeit der Speicher unter niedrigeren Spannungen zu
unterstützen, können aber auch, wie in dieser Arbeit dargelegt, während dem Produkt-
ionstest dazu verwendet werden, um unzuverlässige Speicherzellen auf effiziente Weise
frühzeitig zu identifizieren sowie kleinere Fertigungsfehler zu erkennen. Hinsichtlich
der Testanwendung wird ein softwarebasiertes Verfahren zur automatischen Verifikation
von Speichertestalgorithmen vorgestellt. Zudem wird, um die Leistungsaufnahme der
Mikrochips während des Testablaufs zu senken, eine neue Methodik vorgeschlagen welche
nur genau diejenigen Speicherbausteine aktiviert, welche gerade getestet werden sollen.
Aufgrund der inzwischen hohen Speicherleckströme kann dadurch der Stromverbrauch
während der Speichertestphase signifikant gesenkt werden.

Die Wirksamkeit der vorgestellten Methoden wird in einem industriellen Umfeld an-
hand produktionserprobter Transistor-, Speicher- und Chipmodelle dargelegt und deren
Vorteile gegenüber dem aktuellen Stand der Technik herausgearbeitet. Diese Arbeit wurde
in Zusammenarbeit mit der Firma Intel Deutschland in München angefertigt welche auch
die industriellen Modelle zur Verfügung stellte.





Abstract

This work presents novel methods and techniques for improving the efficiency of embed-
ded memory manufacturing tests.

Due to the need for fast and energy-efficient accesses to growing amounts of data, the
share and number of embedded memories inside modern microchips has been continu-
ously increasing within the last years. Since embedded memories have the highest integra-
tion density of a fabrication technology they pose special test challenges due to complex
manufacturing defects as well as strong transistor aging phenomena. This necessitates effi-
cient methods for detecting more subtle defects while keeping test costs low. In addition, to
avoid aging-induced failures during chip operation lifetime, accurate models of transistor
degradation effects on memory performance and, based on that, techniques for screening
out aging sensitive memory cells are required. During test application more memory types
and fault mechanisms require a larger amount of specialized test and debug algorithms.
This causes high verification effort and thus demands for automated verification solutions.
Furthermore, higher memory shares necessitate to reduce chip power consumption during
memory test phase to allow for more test parallelism and stable test conditions.

This doctoral thesis deals with all of those described challenges in the design and appli-
cation of manufacturing tests for embedded memories. It analyzes the influence of tran-
sistor aging effects on the peripheral memory circuitry which has received little attention
compared to the memory core-cells. It also examines the use of memory assist circuits
for test purposes. These circuits are intended to provide reliable memory functioning at
lower voltages but can, as shown in this work, also be employed during manufacturing
tests to efficiently sensitize unreliable memory cells or to detect subtle fabrication defects.
With regard to test application, a software-based technique for the automated verification
of memory test algorithms is presented. Moreover, to reduce power consumption during
memory test phase, a new approach is proposed which activates solely those memories
which are scheduled for testing. Due to meanwhile high memory leakage currents, this
solution can significantly reduce the chip’s power dissipation during memory test phase.

The efficacy of the proposed methods is demonstrated in an industrial setting based on
production-proven transistor, memory as well as chip models and their benefits over the
current state-of-the art is worked out. The work was conducted in collaboration with Intel
Deutschland in Munich which also provided the aforementioned models.
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1
Introduction and Motivation

Advances in semiconductor technology have enabled the integration of all components and
functions of electronic systems into a single silicon chip. These System-on-Chips (SoCs)
contain numerous digital as well as analog IP cores such as microprocessors, GPUs, mem-
ories, RF modules, etc. which used to be placed separately on a circuit board before. Due
to their high level of integration and extensive reuse of IP blocks, SoCs feature various
benefits such as short design times, smaller form factors, high performance and, most im-
portantly, low power consumption [1]. Therefore, they have found wide applications in
many electronic products ranging from low-cost mobile phone chips to high-end server
platforms.

Moreover, high data rates of today’s feature-rich applications place heavy demands on
storing and accessing large amounts of data. Overall performance of modern SoCs relies
therefore strongly on the storage capacity and access speed of memories. Since embedding
the memories on-chip allows for better system performance and lower power consumption
compared to off-chip solutions, SoCs have moved from logic-dominant to memory domi-
nant devices. As shown in Figure 1.1, embedded memory blocks already account for most
of the chip die area and their share is still expected to increase.

Among them, Static Random-Access Memories (SRAMs) are predominant due to their
advantage regarding speed and compatibility with CMOS logic over other memory tech-
nologies. SRAMs have the fastest access times allowing them to even match processor
speed. Moreover, they are fully compatible with CMOS logic process technology and op-
eration voltages, which allows a seamless integration into on-chip logic circuits [2]. As
these benefits come at the expense of lower storage density, SRAMs are mainly found at
the upper end of the memory hierarchy such as in register files and caches. In contrast to
that, dynamic RAMs (DRAMs) provide higher capacities but their manufacturing process
is not CMOS logic compatible which complicates on-chip integration. Moreover, they offer
only moderate access speeds as read operations in DRAMs are destructive, i.e. the stored
logic states along the accessed memory row are lost and need to be rewritten at the end
of every read event. In addition to that, the stored logic state also needs to be periodically
refreshed every few milliseconds to compensate for capacitor charge leakage. DRAMs are
therefore typically used in systems with large off-chip main memories where access speed

1



2 CHAPTER 1. INTRODUCTION AND MOTIVATION

Figure 1.1: The trend of embedded memory content in high-end SoCs.

and power consumption is less critical. Non-volatile memories such as Flash which do
not lose their state when power is switched off can also be integrated on-chip. However,
these types of memories offer little endurance i.e. the number of erase operations is limited
and rewriting them is comparatively slow. Therefore, they find little application in general
purpose SoCs but are rather used as secondary storage elements or in application-specific
micro-controllers to store the program code.

Due to these advantages, SRAMs are currently the most prevalent on-chip memory type
consuming the vast majority of transistors in many of today’s SoCs. Additionally, to re-
duce die area, SRAMs are also aggressively scaled and designed at the limits of a technol-
ogy which makes them the densest chip component. As a result, they are most affected
by emerging semiconductor challenges such as transistor parameter variability, increasing
power and thermal densities as well as device wear-out mechanisms [3, 4]. As a conse-
quence, SRAMs govern many aspects of modern chips ranging from power consumption
and reliability over test costs to manufacturing chip yield.

The trend towards higher and denser SRAM content causes particularly serious concerns
for the development and application of chip manufacturing tests. First, the extreme inte-
gration density of memories in conjunction with complex manufacturing processes result
in subtle lithographic imperfections which demand increasingly effective test solutions to
guarantee low DPPM (defective parts per million) rates while keeping test costs low. In
terms of reliability, accurate knowledge about the time-dependent performance degrada-
tion of whole memory libraries is essential to select effective test stresses for safeguard-
ing transistor wear-out effects without causing unnecessary chip yield loss. During design
phase, more and more on-chip memory test and debug algorithms need to be implemented
and verified to cope with the growing number and variety of memory instances as well as
more subtle failure mechanisms. This requires highly automated verification solutions to
meet design time budgets. Moreover, memories are a major contributor to power dissipa-
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tion during manufacturing tests where the chip’s power consumption and heat dissipation
is much higher than during functional operation. The growing number of memory in-
stances aggravates power dissipation which in turn limits test parallelism and can result
in unstable test conditions or even chip damage. Thus, efficient methods to reduce power
during memory manufacturing test phase are highly desired.

This thesis pushes the state-of-the-art forward by proposing new ways and methods to cope with
these emerging challenges. It analyzes the use of existing on-memory circuits as test solutions to
improve memory test efficiency in the face of strong transistor variability and wear-out effects. It
also gives new insights into the aging-induced degradation of whole memory libraries by particu-
larly working out how wear-out effects of various memory sub-components interact with each other.
Furthermore, this work presents a new automated technique for the verification of memory test al-
gorithms as well as an approach for SoC power reduction during memory test phase.

1.1 Contribution by the Author

As outlined above, this thesis addresses the growing challenges with the design and appli-
cation of modern chip memory manufacturing tests. In particular, the novel contributions
are:

• An analysis of the effects of peripheral memory circuit aging: In contrast to mem-
ory core-cells, the effects of transistor aging inside the peripheral logic of SRAM archi-
tectures have received little attention. This work studies how BTI (Bias Temperature
Instability) and HCI (Hot Carrier Injection) induced wear-out of the peripheral SRAM
circuitry impacts various performance metrics of an industrially used memory library.
It shows that the degradation of the peripheral logic is the dominant driver for access
speed loss while it tends to slightly lower memory read margin and leads to minor
improvements of write margin. It furthermore demonstrates that in terms of access
time margin the degradation of SRAM control circuitry counteracts aging effects inside
core-cells and sense amplifiers. Moreover, this work reveals that wear-out of peripheral
circuitry can even improve access time margin in case the relative magnitude of PBTI is
much lower compared to NBTI, a surprising result.

• The use of built-in circuits to improve SRAM testability and reliability: Advanced
SRAM architectures involve additional built-in circuitry to provide reliable low-voltage
operation at the face of growing transistor variability. This work analyzes how these
circuit solutions can be exploited for test purposes in order to resolve emerging test
challenges and eliminate or greatly reduce the need for additional design for testability
logic. In particular, it proposes to use assist circuits and the inherent memory self-timing
mechanism to increase the coverage of small resistive-open defects as well as to specif-
ically screen out those core-cells which are most susceptible to long-term BTI aging. A
detailed fault-injection study demonstrates that the range of detectable resistances for
cell-internal open defects increases by up to 30% and potentially unreliable cells prone
to BTI aging are screened out.
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• An automated methodology for verifying memory test algorithms: The emergence
of programmable memory BISTs (Built-in Self Tests) that support user-defined test algo-
rithms offer high flexibility at the expense of complexity and vulnerability to errors. The
traditional approach to ensure that a design meets its functional requirements is based
on large automatically generated testbenches, but it falls short of comprehensive seman-
tic verification for user-defined test algorithms, which remains a very tedious task that
often has to be performed manually. First, this work demonstrates at the example of the
Transient Voltage Collapse (TVC) assist technique that advanced memory architectures
require non-standard test algorithms whose implementation need to be verified. Next,
it presents a verification flow that bridges the resulting gap of verification automation.

• A novel technique to reduce SoC test power: High memory transistor count in conjunc-
tion with increasing off-state leakage currents due to technology scaling make the on-
chip memories a main contributor to overall SoC power consumption. This aggravates
during manufacturing test phase where chip switching activity is highest and functional
power saving mechanisms are generally not enabled. This work proposes a novel ap-
proach to save power at the memory level during memory manufacturing tests. The
solution exploits the fact that only a small fraction of all memories can be tested in paral-
lel. It only powers on those memories which temporarily need to be active and prevents
all currently untested memories from dissipating both static as well as dynamic power.
Power simulations on an industrial SoC design demonstrate the technique’s capability
to substantially reduce memory test power dissipation.

1.2 Structure of this Work

The rest of the thesis is organized as follows: The next chapter reviews the benefits of
SRAMs over other embedded memory technologies, describes their functioning and de-
sign challenges as well as test methods. Chapter 3 introduces basic failure mechanisms of
CMOS technology with a special focus on SRAMs. These two chapters provide the back-
ground information required for understanding the remainder of this work. Chapter 4
studies how aging of memory peripheral logic influences various performance character-
istics of embedded SRAM architectures while Chapter 5 proposes and analyzes the use of
built-in memory circuits to improve SRAM testability and reliability. Chapter 6 shows at
the example of the TVC write-assist technique that higher memory complexity can lead to
novel SRAM failure mechanisms which require custom-tailored test algorithms to be sensi-
tized. It furthermore presents an automated verification technique to ensure the functional
correctness of these user-defined test algorithms. Chapter 7 proposes a novel method to
reduce memory power consumption during manufacturing tests. Finally, Chapter 8 sum-
marizes and concludes the thesis.



2
SRAM Functioning, Design

Constraints and Test

This chapter starts with an overview of different memory technologies that can be embed-
ded in modern microchips and outlines the current benefits of SRAMs over them. It then
reviews SRAM functioning by describing the behavior of SRAM core-cells and the role of
their peripheral circuitry during read and write operations. It furthermore describes the
trade-offs involved in designing both high performance as well as reliable SRAMs, gives
important metrics to measure and characterize their sensitivity to failures and presents
state-of-the-art circuit techniques for improving their robustness. The last part of this chap-
ter presents the foundations and current practices in testing embedded SRAMs.

2.1 Embedded Memory Technologies

Embedded memories are non-stand-alone memories that are integrated on the same die as
the system they are interacting with. As shown in Figure 2.1, they can be broadly classi-
fied according to their volatile and non-volatile storage characteristics as well as the effort
required to rewrite them.

Figure 2.1: An overview of embedded memory technologies.

5
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Volatile memories require power to retain the stored information and are commonly clas-
sified into Static Random Access Memories (SRAMs) and Dynamic Random Access Mem-
ories (DRAMs). Among all memory types, SRAMs have highest access speeds and are
therefore mainly used to buffer information at the upper end of the memory hierarchy, i.e.
close to the processor. Moreover, as they are based on two cross-coupled inverters, they can
be manufactured using standard CMOS fabrication steps which greatly simplifies on-chip
integration. On the contrary, the elementary storage element of DRAMs consists of a capac-
itor and a transistor through which the capacitance needs to be periodically charged to not
lose its content. This induces overhead and wait states for refreshing cell content. DRAMs
can therefore not achieve the same high access speeds as SRAMs but provide much higher
density and lower costs-per-bit due to their simple structure. Moreover, in terms of on-chip
integration, DRAMs are less CMOS process compatible than SRAMs and directly porting
DRAM modules on-chip requires additional mask layers and fabrication steps which in-
crease overall manufacturing costs. More logic process friendly DRAM versions have been
developed for building highly-dense on-chip caches which became known as embedded
DRAMs (eDRAMs). However, due to their CMOS-process compatible access transistors
and capacitors, eDRAMs have higher leakage currents than conventional DRAMs which
necessitates more refresh cycles and therefore further limits memory access speeds. For
example, in [5] the retention period of an eDRAM was reported to be 40 µs compared to 64
ms of a classical DRAM module. As a consequence DRAMs are either used as large caches
further down in the on-chip storage hierarchy where high density is more important than
fast access speed or as off-chip stand-alone memory modules.

Compared to volatile memories, non-volatile memories maintain the stored information
even when they are not powered. However, this often comes at the expense of very little
endurance, i.e. the number of rewrite operations is limited. Read-only-memories (ROMs)
cannot be reprogrammed at all or only with comparatively high effort. For example, Mask
ROMs are one-time programmed by the manufacturer through masking off chip regions
during the lithography process, and thus their content cannot be modified afterwards. This
results in a very dense and low-cost storage solution but at the expense of low flexibility. In
case the stored data is incorrect due to design errors lithography masks need to be regener-
ated causing substantial cost and time penalties. Programmable ROMs (PROMs) offer more
flexibility as the data is stored not during but after the manufacturing process by blowing
electrical fuses but still remain one-time programmable. Other non-volatile memory types
such as EPROM (erasable programmable read-only memory) allow to modify their con-
tent after they have programmed but the number of erasing and reprogramming cycles
is strongly limited. EPROMs are exposed to ultraviolet light to erase their content while
EEPROMs (electrically erasable programmable read-only memory) can be erased electri-
cally which makes them much easier to use. Furthermore, non-volatile ROMs have to be
completely erased before being reprogrammed.

Non-volatile RAMs such as Flash memories were developed to provide high storage
density in combination with erase operations at a finer spatial granularity. A Flash mem-
ory cell is based on a transistor that either contains a floating gate or a charge trapping layer
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between its control gate and channel [6]. This allows to trap variable charge inside the gate
which controls the threshold voltage of the transistor. Thus, a Flash memory cell can be
written and erased by injecting or removing charge from the control gate. As a write oper-
ation is only capable of changing data bits if the Flash cell is in a certain logic state (either
from 0 to 1 or vice versa) Flash memory requires costly erase operations which set large
blocks of memory to the desired state. Techniques such as Flash Translation Layers [7]
are employed to hide the existence of erase operations to upper software layers. Never-
theless, the erase overhead in addition to the low write-endurance make Flash memories
unsuitable for caches. They find mainly application for storing on-chip configuration data
that rarely needs to be updated or, due to their high density, as an external storage device.
Moreover, Flash memory technology scaling faces increasing challenges as higher density
strongly degrades important performance characteristics such as write endurance, energy
efficiency and data retention time [8].

A very active field of research is therefore the development of alternative non-volatile
random access memory technologies. Unlike conventional memories, these technologies
implement memory functioning by altering and sensing values of electrical resistances
rather than electrical charge. For example, Ferroelectric RAMs (FeRAMs) have a similar
structure as DRAMs with the difference that they exploit the polarization properties of fer-
roelectric films instead of capacitor charges [9]. A binary logic value is represented by either
the positive or negative polarization direction of the ferroelectrical layer. Just as DRAMs, a
disadvantage of FeRAMs is the destructive nature of read operations while there is no need
for refresh cycles to hold memory states. Thus, power is only consumed during read and
write operations. FeRAM endures a high number of write cycles, requires only a low num-
ber of additional masks for fabrication and exceeds the performance of current Flash mem-
ories. However, FeRAMs have not yet been demonstrated at speeds of volatile memories
such as SRAMs or DRAMs. They are therefore only considered as a promising alternative
to traditional embedded nonvolatile memories, such as Flash and EEPROMs [10].

Phase Change Memories (PCMs) change the structure of a phase-change material be-
tween an amorphous phase (disordered phase) where it has high electrical resistance and a
crystalline phase (ordered phase) with low electrical resistance. The contrast between these
resistances is large enough to even program more than one bit per cell leading to extremely
high storage densities. A PCM cell is set into low resistance state by applying an electric
pulse which heats the phase change material above the crystallization temperature. To re-
set the cell an even larger electrical pulse needs to be applied and abruptly cut off to melt
the phase change material and to leave it in the disordered, low-resistance state. In contrast
to Flash, PCM has direct write capability without requiring to first erase an entire block of
cells. However, storage density scaling is currently limited by the size of the access transis-
tors which need to be large enough to drive sufficient currents for resetting the cell without
compromising write speed. Moreover, long-term drifts of resistance in the phase change
material also restrict the number of bits that can be reliably stored [11]. Unlike PCMs,
Resistive RAMs (RRAMs) change the resistance states of a dielectric solid-state material by
forming and disrupting filaments or conducting paths in the that material. This technology
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offers lower write energy but is still in its initial development stage as fundamental issues
such as sneak-path currents in the resistive material need to be properly addressed [12].

Another very promising future memory solution are Magnetoresistive RAMs (MRAMs)
which hold data in elementary storage elements called magnetic tunneling junctions (MTJs)
consisting of two ferromagnetic layers separated by an insulating layer. The magnetiza-
tion of one ferromagnetic layer is always fixed while the other one can be manipulated.
Depending on whether both ferromagnetic layers are in the parallel or anti-parallel mag-
netization state, the MTJ features either minimum or maximum resistance. The differ-
ence between both resistance values is high enough to be sensed during a read operation.
Several MRAMs have been proposed which mainly differ in their method of modifying
the orientation of the free magnetic layer. In spin-transfer torque based MRAMs (STT-
MRAMs) write operations are based on spin-polarized current flowing through the MTJ
while thermal-assisted switching based MRAMs (TAS-MRAMs) heat the MTJ up during
write events [13, 14]. MRAMs offer practically unlimited write-endurance in combination
with the fast access speed of SRAM, the non-volatility of Flash and the high density of
DRAM. As they are also fully compatible with CMOS manufacturing process, they have
the potential to become a universal memory solution.

Even though PCMs, FeRAMs and MRAMs are currently in commercial production they
remain limited to niche applications and are still many years away from competing for
widespread industry adoption. Critical attributes such as write endurance, scalability, dy-
namic power consumption and, most importantly, production costs need to be further im-
proved until they are superior to existing technologies in order to drive industry adoption
on a mass scale [15]. Thus, for the near future conventional memory solutions, in particu-
lar SRAMs, will remain commonplace in embedded systems while, at the same time, their
behavior is increasingly affected by technology-scaling driven process uncertainty. The fol-
lowing sections provide the necessary background for understanding SRAM functioning
and the challenges involved in its design.

2.2 SRAM Functioning

The fundamental SRAM storage element comprises a pair of two equivalent cross-coupled
inverters which are connected to the bit lines BL and BLB via two NMOS access tran-
sistors. The stored bit is represented by the complementary voltage levels of the internal
storage nodes S and SB. This structure is known as 6-transistor (6-T) core-cell and de-
picted in Figure 2.2. The complementary bit lines BL and BLB act as input/output (I/O)
lines carrying a data bit value from and to the memory cell while the word line signal WL

controls the access during read and write operations.
The memory core-cells are arranged to rows and columns and form, together with pe-

ripheral I/O as well as control logic, a complete SRAM architecture as depicted in Figure
2.3. Large memories contain several core-cell arrays which are selected by address pre-
decoders inside the control logic block. During read or write operations row decoders and
column multiplexers select the core-cells of the accessed memory word and connect it to
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Figure 2.2: The transistor-level design of a 6-T SRAM core-cell and its electrical behavior
during read as well as write operations highlighted in red and blue color, re-
spectively.

the I/O circuitry. To save area one I/O block is shared among all bit line pairs inside a
column multiplexer block. Thus, each bit of a memory word is located within a separate
column multiplexer block. Furthermore, each memory column contains pre-charge logic
which charges the bit lines to VDD.

At the beginning of each memory operation the pre-charge circuits of the accessed
columns are deactivated leaving the corresponding bit lines in a floating state. Next,
the write driver and sense amplifier inside the I/O blocks set the bit lines to the desired
differential state during a write operation or sense their voltage difference during a read
operation, respectively. Moreover, SRAM architectures contain additional control logic
which receives all input signals such as the clock (CLK), the read or write signal (RWB),
the memory address (ADDR) as well as additional control signals (CTRL). During a
memory operation it tunes and orchestrates the interaction of the sub-components. The
detailed functioning of these individual building-blocks at SRAM hold, read and write
operations is explained below.

Hold Operation
During standby or hold mode the word line is driven low and access transistors (also
often referred to as pass gates) disconnect the memory cell from the bit lines. The
cell internal feedback inverters reinforce each other and the storage nodes hold their
state as long as they are supplied with power. This represents the most stable state
of the cell which allows to lower the cell supply voltage level and to power down the
peripheral circuitry since no memory operations are performed. Generally, to save
leakage currents, complete SRAM blocks are put in standby mode if they are not accessed
for longer time. The minimum supply voltage at which an SRAM maintains its data is
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Figure 2.3: The arrangement of core-cells to arrays as well as their connection to the periph-
eral read and write circuitry.

referred to as Data Retention Voltage (DRV) and represents an important design parameter.

Read Operation
Before a read operation, the SRAM pre-charge circuitry along the accessed columns is
disabled which leaves the respective bit lines in a floating state. Next, the word line is
driven high to activate the NMOS pass transistors that connect the cross-coupled inverters
to the pre-charged bit lines. This discharges the bit line at the side of the cell whose internal
storage node holds ’0’ through the path formed by the access and pull-down transistor.
After that, the sense amplifier transforms the developed small voltage difference between
the bit lines to a full-swing output signal which is interpreted as either logic ’0’ or ’1’.

Write Operation
A memory write operation starts by disabling the pre-charge circuits of the accessed bit
line pair and connecting it to the write driver. Depending on the data input bit the write
driver sets the bit lines to the desired differential voltage levels of ’0’ and ’1’. After that,
the access transistors are enabled and the internal cell nodes connected to the bit lines.
During a transition write operation the storage node charged to ’1’ is discharged through
the access transistor which is, however, counteracted by the restorative pull-up current
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through the PMOS transistor. In order to flip the cell state the potential of that node needs
to be pulled below the voltage trip point of the opposite inverter.

Even though many other SRAM cell topologies have been proposed, the 6-T cell design
is still the method of choice for larger on-chip memories due to its advantageous trade-offs
between cell area and performance.

Smaller cell topologies such as the 4-T cell topology [16] which replaces both PMOS load
transistors with resistances yield much smaller cells but also cause higher standby currents
and lower stability. A 5-T cell design featuring only one access transistor and a single-
ended read scheme is also attractive for reducing cell area [17], however, comes at the ex-
pense of error-prone write operations due to the lacking support of the second differential
bit line. Moreover, several other core-cell designs involving a higher number of transis-
tors have also been proposed to improve certain memory characteristics such as reliability,
speed or power efficiency [18–21]. Among them, mainly the 8-T memory core-cell topology,
which is discussed in Section 2.4, has found widespread attention for small and specialized
high-performance registers. Moreover, by incorporating access transistors the 6-T SRAM
cell design can be easily adapted to support multi-port memory architectures which are,
however, not the focus of this work.

2.3 Functional SRAM Margins

The capability of SRAMs to perform the functional operations described above is charac-
terized in terms of margins. SRAM margins measure the sensitivity to noise and transistor
parameter fluctuations and therefore provide the basis for bit cell optimization. This sec-
tion introduces the most common static and dynamic memory margins and describes how
they can be obtained.

2.3.1 Static Noise Metrics

Static noise metrics characterize the bit cell stability in terms of immunity to static noise
sources. They are easy to simulate using DC measurements, capture fundamental cell
properties such as transistor mismatches and are thus widely used to quantify overall bit
cell robustness.

Static Noise Margin
The robustness of a memory cell during hold mode is traditionally characterized by the
static noise margin (SNM). The SNM is a figure of merit describing the largest differential
voltage noise that can be tolerated by the cell or, in other words, the minimum amount of
voltage noise that needs to be introduced at the output of the two inverters to flip the cell
state. Figure 2.4 shows the measurement circuitry for obtaining a cell’s static noise margin.
It involves two voltage noise sources Vn at the internal cell storage nodes which are swept
from 0 to VDD. The lowest voltage level where the cell flips gives its SNM.
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Graphically, the SNM can be obtained by plotting the two voltage transfer characteristics
VTC and VTC−1, of the involved pair of inverters. This gives the state space of the cross-
coupled inverters also known as the butterfly curves The intersection points at the tips of
both lobes are the stable points of the latch, whereas the crossing in the center denotes
the meta-stable point. The side length of the largest possible square that can be nested
into the lobes of the butterfly curves represents the SNM of the memory cell [22]. Hence,
the SNM value gives exactly the extent to which each of the transfer characteristics can
be shifted, e.g. due to external noise, until both curves intersect in only one point. Any
further noise means that the cell is mono-stable and has lost its data. In an ideal SRAM
cell the back-to-back inverters have identical characteristics and both lobes of the butterfly
curve are perfectly symmetrical. However, intrinsic imbalance between the cross coupled
inverters causes the two lobes of the butterfly curve to be unequal. In that case the SNM of
the memory cell is defined as the minimum value of both lobes.

Figure 2.4: The measurement circuitry for obtaining a cell’s SNM (left) and the graphical
approach using the butterfly plot (right).

Summarized, the static noise margin measures how well a core-cell design can maintain
its state at the presence of DC noise. It improves with high Vth devices or higher voltage
supply levels, however, at the expense of lower performance and higher power consump-
tion, respectively.

Read Noise Margin
During a read access the bit line at the side of the cell node storing ’0’ discharges through
the path formed by the cell’s access and pull-down transistors. As these devices form a
voltage divider the cell node storing ’0’ rises to a voltage level higher than ground, the so
called Read Disturb Voltage. If this voltage exceeds the trip point of the opposite inverter,
the cell inadvertently flips. The Read Noise Margin (RNM) measures the SNM of a memory
cell during a read event and describes its robustness against read upsets. The measurement
circuit is similar to Figure 2.4, with the only difference that the word line is active during the
DC sweep of the voltage noise sources Vn. For stable read operations it is desirable to keep
the Read Disturb Voltage as low as possible. This is achieved by ensuring that the pull-
down transistors are stronger than the pass gate transistors to lower the voltage dividing
effect at the internal storage node. Thus, a cell’s read stability is mainly determined by the
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ratio of these both device strengths, referred to as β-ratio.

β-ratio =
(Width/Length)PD

(Width/Length)PG

(2.1)

The β-ratio describes the balance between cell performance and stability. Higher values
reduce the risk of read disturbances but also penalizes performance.

Write Noise Margin
During a transition write operation the bit line at the storage node holding ’1’ is connected
to ground. This discharges that cell node through the access transistor which is, however,
counteracted by the restorative pull-up current through the active PMOS transistor. To
discharge a cell node below the voltage trip point of the opposite inverter the NMOS pass
gate transistors need to be much stronger than the PMOS pull-up transistors. The ratio of
both devices is referred to as γ-ratio and quantifies the write ability of the cell.

γ-ratio =
(Width/Length)PG

(Width/Length)PU

(2.2)

The corresponding DC transmission curves of the butterfly plot should therefore contain
only one cross point indicating that the cell is mono-stable which allows to write new val-
ues into its storage nodes. The extend of the instability determines the write robustness
of the cell, measured by the Write Noise Margin (WNM). It is given by the length of the
smallest square that can be embedded between the two curves.

2.3.2 Dynamic Noise Metrics

Traditionally, SRAM stability analysis is based on static criteria. However, due to their static
nature these metrics disregard the dynamic nature of memory operations and noise effects
and therefore do not accurately reflect the true failure behavior of memories. For example,
in [23] static stability criteria are shown to overestimate read failures by 10-100 X while
greatly underestimating write failures. This stems from the fact that static analysis methods
assume an infinitely long word line pulse and therefore neglect the time dependency of
memory operations. In addition to that, static noise margins also don’t account for the
transient behavior of noise and ignore the fact that disturbances with amplitudes higher
than the SNM do not necessarily cause cell flips if present for a sufficiently short period of
time.

Thus, by using nonlinear system theory dynamic noise margins (DNM) have been
introduced to provide insight into SRAM stability at the presence of temporarily noise
events [24, 25]. These methods model the transient behavior of noise by injecting or
removing current from the internal node capacitance showing that both amplitude and
duration of the current disturbance determine whether a cell flip occurs. In particular, it
reveals that for a given noise amplitude In there exists a critical pulse width Tcrit below
which a bit cell can tolerate that noise disturbance and recover from it. The duration of
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Tcrit is a function of In which also depends on cell characteristics such as node capacitance,
leakage currents and transistor mismatches. Understanding the dynamic behavior of
memories becomes increasingly pronounced with the reduction of cell access times and
the use of so-called memory assist-circuits where well-timed signal or voltage pulses are
applied to improve functional memory margins. This results in more dynamic behavior of
memory operations which needs to be accounted by appropriate failure metrics. These are
commonly expressed in terms of the likelihood that a memory cell design is prone to one
of the following failure modes:

Read stability failure: During a read event the voltage level of the cell node storing ’0’
increases to a positive value. If it exceeds the trip point of the opposite inverter the cell
flips and a read stability fault occurs.

Access time failure: An access time fault occurs if the time to develop a sufficient
differential bit line voltage ∆VBL (typically 10% of VDD) is higher than a maximum
tolerable limit.

Write failure: A write failure happens if the time required to discharge the cell node
storing ’1’ below the trip point of the opposite inverter is higher than a pre-specified limit.

Hold failure: A hold failure occurs if a cell requires a higher minimum supply voltage
to store a data value than the one applied during stand-by-mode.

Above failure mechanisms are referred to as parametric failure modes as they are mainly
caused by both time-zero and time-dependent transistor parameter fluctuations. The indi-
vidual probabilities of these failure events are usually derived through transient SPICE sim-
ulations. As SRAM cells require extremely low failure probabilities, conventional Monte
Carlo methods require a prohibitive number of simulation runs to estimate the likelihood
of failures with reasonable accuracy. Advanced statistical simulation techniques such as
most-probable failure point analysis [26], importance sampling [27] and statistical block-
ade [28] have therefore been developed and applied for fast and accurate estimations of
SRAM yield.

2.4 SRAM Design Challenges

In general, SRAM designs struggle to balance important performance criteria such as sili-
con area, power consumption, speed and yield. As these optimization objectives are con-
flicting none of them can be optimized without negatively affecting at least one of the oth-
ers. This section describes the fundamental trade-offs in SRAM design in more detail. It
furthermore presents circuit solutions which are applied to mitigate conflicting design op-
timization targets.
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SRAM bit cell optimization traditionally aims to reduce overall memory area while pro-
viding sufficient functional design margins to guarantee reliable and high-performance
operation of large memory arrays. This involves proper bit cell transistor selection (width,
length, Vth) to optimize cell margins as well as memory density. However, due to several
fundamental design conflicts of the 6-T SRAM cell this requires very complex trade-offs
posing non-trivial optimization tasks. Most importantly, achieving high read stability and
write-ability have opposite requirements on access transistor strengths. On the one hand,
these transistors need to be chosen strong enough to overpower the restoring strength of
the cell pull-up devices during write operations for achieving high γ- ratios. On the other
hand, they have to be weak enough to provide high β-ratios to maintain cell stability dur-
ing read operations. Furthermore, to increase the speed of read operations stronger pass
transistors are desired to increase Iread current for fast bit line discharge which, however,
also increases the risk of bit-flips due to lower cell β-ratios. Similar trade-offs exist for
choosing Vth values of the cell internal transistors. High Vth devices increase a cell’s write
trip point which in turn improves cell stability but also degrades write-ability [29].

These inherent design trade-offs are further worsened by the increasing process variabil-
ity of modern semiconductor technology. Parametric device variations impact balanced
cell transistor strengths which leads to wider distributions of individual cell stability and
write-ability metrics across large memories. Variation tolerant memory designs require
therefore even higher read and write margins to ensure acceptable memory yield. Simul-
taneously, device scaling has also caused leakage currents to become a large fraction of the
total power consumption. Since SRAMs tend to consume most transistors of a typical SoC,
they are also the main contributor to its overall static power consumption. Thus, lowering
the memory supply voltage (VDD) is critical to achieve SoC power savings. However, sup-
ply voltage scaling also increases the impact of process variations and further deteriorates
memory margins. As a consequence, SRAM VDD scaling is limited by the vanishing func-
tional margins, which are increasingly required for reliable memory operation in the face
of growing process variability of modern technologies.

2.4.1 Assist Circuits

Driven by the growing demand for portable devices, power efficiency is one of the
main objectives in the design of today’s digital circuits. To reduce power consumption,
aggressive voltage scaling techniques are employed which require embedded memories
to operate at increasingly lower supply-voltages [30]. Several circuit solutions, known
as assist circuits, have been introduced to allow for further reductions of the minimum
memory operating voltage Vmin. They enhance the functional margins of memories by
dynamically pulsing supply voltage, ground, word or bit lines to different voltage levels
when read or write operations are performed. The most common SRAM assist techniques
for enhancing read stability and write-ability under lower voltages are briefly introduced
in the following paragraphs. At high performance modes they are typically deactivated
to avoid performance loss. An in-depth analysis of the effectiveness of various assist
techniques using both static and dynamic metrics can be found in [31, 32].
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Figure 2.5: The implementation of the WLUD assist circuit and its influence on word line
window amplitudes.

Word Line Underdrive (WLUD)
During read operations the voltage level of the cell node storing ’0’ inevitably increases
due to the charge injected from the bit line. To improve read stability, word line underdrive
(WLUD) is a widely adapted stability assist technique [33, 34]. As shown in Figure 2.5 it
lowers the word line voltage below VDD to reduce the drive strength of access transistors
during read operations and thus also the currents traversing the core-cells. The implemen-
tation of the WLUD assist feature comprises several pull-down transistors with low drive
strength attached to the word line, in the depicted implementation there are only two.
When the WLUD assist circuit is activated, the transistors are enabled through the control
signals Ctrl_WLR1 and Ctrl_WLR2, respectively, forming a voltage divider which reduces
the voltage level of the word line WL. Moreover, by activating only a subset of these tran-
sistors, the strength of the WLUD feature can be fine-tuned to various read stability assist
settings.

When performing a memory operation the pre-charge circuits of all unselected columns
are commonly left on to avoid recharging the bit lines afterwards. Therefore, all cells on
the same word line as the accessed cell are exposed to the pre-charged bit lines as their
access transistors are also enabled. These cells need to fight against the pre-charged bit
lines to retain their data and undergo a so-called Read Equivalent Stress (RES) [5]. To reduce
the disturbances caused by RES, the WLUD assist also needs to be enabled during write
operations.

Negative Bit Line Boost (NBL)
During a memory write operation the bit lines are set to the desired differential voltage
levels of logic ′0′ and ′1′ depending on the data that is to be written. In case of a transi-
tion write, the internal cell node charged to VDD needs to be discharged through the access
transistor which in turn is counteracted by a restorative pull-up current through the PMOS
device. One option to aid flipping the cell is to increase the drive strength of the access tran-
sistor by decreasing the voltage applied to its source terminal. Thus, a negatively driven
bit line supports memory write operation by creating a larger VGS on the access transis-
tor. That technique is commonly referred to as Negative Bit Line Boost (NBL) [35, 36].
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Figure 2.6: The negative bitline boost assist circuit

The negative bit line voltage is
typically generated by a cou-
pling capacitor (CC), which is
connected to the bit lines inside
the write driver, as illustrated
in Figure 2.6. During a write
operation, the write driver pulls
the respective bit line BL to
ground by activating the signals
Ctrl_MP and Ctrl_MN. At the end
of the write operation, the signal
Ctrl_MN makes a transition from high to low causing the discharged bit line to drop below
ground due to the capacitive coupling effect.

Figure 2.7: The TVC write assist technique [37].

Transient Voltage Collapse (TVC)
To protect non-accessed memory
cells from Read-Equivalent-Stress
the word line underdrive assist
circuit is commonly also enabled
during write operations. As WLUD
lowers the drive strength of the ac-
cess transistors while the NBL write
assist technique aims to increse it
both techniques have counteracting
effects and do not accord well. The
Transient Voltage Collapse (TVC)
assist technique avoids this con-
flict and improves memory write
margin by dynamically weakening
a cell’s internal pull-up transistor
to eliminate contention between
that device and the cell’s access
transistor [37–39]. As depicted in
Figure 2.7, this is achieved by briefly collapsing the power supply along the memory
column of an accessed cell during write operations from the nominal voltage VDD,logic

to a lower value VDD,cell. The state of non-accessed memory cells along the column is
maintained by controlling duration and depth of the voltage droop. Moreover, by dynam-
ically degrading the pull-up device strength during write operations the TVC effectively
mitigates the impact of PMOS transistor variability on cell write-ability. Hence, the TVC
assist provides a powerful and industrially used method to ensure variation-tolerant
memory functioning [40].



18 CHAPTER 2. SRAM FUNCTIONING, DESIGN CONSTRAINTS AND TEST

Figure 2.8: An 8-T cell architecture with the extra logic of the separate read path highlighted
in red color allowing cell disturb free read operations.

2.4.2 8-T SRAM Architecture

Although memory assist circuits are efficient methods to boost functional memory mar-
gins they can only mitigate but not eliminate the fundamental problem of 6-T SRAM cells,
i.e. conflicting requirements for cell transistor strengths during read and write operations.
Thus, several other cell architectures have been proposed to separate read and write ports
from each other [19]. Among them, the most prevalent one is the 8-T cell architecture which
is depicted in Figure 2.8. It decouples memory read and write operations by adding two
stacked NMOS transistors, as well as an extra word line (RWL) and bit line (RBL) to form
a separate read path. In that way, it frees the standard 6-T cell from read stability disturbs
providing read stability margins that are equivalent to the hold margin (SNM) of its cross-
coupled inverters. This allows the 8-T SRAM cell to operate at significantly lower supply
voltages than their 6-T counterpart. Moreover, by separating read and write access logic
the transistor strengths of the internal inverter pair can be optimized for write operations
while a separate read path allows for fast read operation through strong NMOS devices.

Since the supply voltage of 6-T cell designs cannot be scaled down to the same low volt-
age level as of logic their use would limit the minimum processor operation voltage in case
memories and CPU cores share the same voltage rails. Consequently, 8-T memories have
replaced conventional 6-T cells for small high-performance caches inside microprocessors
which need to operate at processor speed and support ultra low power modes [41,42] even
though they come at an additional silicon area overhead of about 30% [43]. Nevertheless,
due to their lower area costs 6-T memory designs are still the method of choice for bigger
caches. However, their replacement by 8-T cell architectures inside critical parts of com-
mercial processors further underlines the growing challenges involved in their design and
how hard these are to circumvent.
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2.5 SRAM Manufacturing Tests

This section overviews the basic concepts, models and algorithms of memory manufac-
turing test. For an exhaustive introduction to that field please refer to the standard litera-
ture [44–46].

2.5.1 Fault Modeling

The field of memory test has undergone a long evolutionary process. Since then, many
memory test methods have been developed and introduced. Early test algorithms were
rather based on intuition than on formal fault models. These methods became known as
ad-hoc tests since large test patterns, typically of order O(n2) where n is the addressable
size of the memory, have been applied in the hope of detecting as many memory faults as
possible. Due to the lack of an underlying fault model, these patterns are rather inefficient.
Nevertheless, derived versions of them are still used in practice due to their ability to detect
unique faults [47].

To reduce test time, fault models have been introduced along with memory test algo-
rithms targeting them. Fault models restrict the set of considered faults which allows to
optimize test algorithms for certain fault types and, additionally, to formally proof their
fault coverage, i.e. the percentage of detected faults out of a set of modeled faults. For-
mally, a fault model is specified as a non-empty set of so-called fault primitives (FP) which
in turn capture the deviation of an observed memory behavior from the expected one after
applying a certain operation sequence. A fault primitive consists of a triple 〈S/F/R〉, in
which S ∈ {0, 1, 0w0, 1w1, 0w1, 1w0, 0r0, 1r1} denotes the sensitizing operation sequence,
i.e. the sequence of memory operations which activates the fault. The symbols ′0′ and ′1′

describe the bit value stored in the cell, ′xwy′ denote a write ′y′ operation to a cell contain-
ing ′x′ and ′xrx′ denotes a read ′x′ operation from a cell which contains ′x′ (x, y ∈ {0, 1}).
F is the value of the faulty cell (F ∈ {0, 1}) andR specifies the value which is read from the
memory cell (R ∈ 0, 1,−). Please note that R does not necessarily correspond to the data
which is stored inside the cell. The ′−′ symbol denotes that no data appears at the memory
output which is the case when S does not contain a read operation. Most importantly, fault
primitives allow the description of all faults which could possibly appear in memory [48].

To give an example, the well-known transition fault model (TF) capturing a failing tran-
sition write operation consists of two fault primitives 〈0w1/0/−〉 and 〈1w0/1/−〉. In the
first FP the sensitization sequence ‘0w1′ denotes that a transition write operation is applied
to a cell storing bit value ′0′. As the operation failed, the faulty state of the cell F remains
logic ′0′ and since no read operation is applied also no memory output value is observed
and R is set to ’-’. The second FP denotes the same faulty memory behavior using opposite
data values.

In particular, the fault primitive formalism allows to categorize memory faults into dif-
ferent classes or fault spaces:

Simple vs. linked: Memory faults can be separated in either simple or linked faults de-
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pending on how they manifest themselves. Linked faults consist of two or more sim-
ple faults influencing each other’s fault behavior which in turn might lead to fault
masking. In contrast to that, simple faults do not change the behavior of other faults.

Static vs. dynamic: Memory faults can also be divided according to the number of oper-
ations they require to be activated, i.e. the length of the sensitization sequence S.
Static faults are activated by either the state of the cell (i.e. no operation) or at most
one memory operation whereas dynamic faults manifest themselves only after ap-
plying at least two sequential operations.

Single vs. multi-port: In contrast to single-port faults, activating multi-port faults requires
sensitization sequences which are performed via two or more ports simultaneously.
As this thesis solely deals with the more common single-port memory architectures,
multi-port fault models are not further considered. A fault primitive based analysis
of multi-port memories is given in [45].

In the following, each category of memory faults is described in more detail to ease their
understanding:

Simple Static Fault Models
Depending on the number of involved cells simple static faults can be separated into sin-
gle cell faults and multiple cell faults whereas the analysis of the latter one is commonly
restricted to two-cell faults since a higher number of cells is very rare.

The single-cell simple static fault space consists of 12 possible fault primitives. All of
them could be proven to exist in real designs. These FP are arranged to six functional fault
models which are given in Table 2.1. They describe all possible memory faults that affect
only one cell and can be sensitized by a single operation. For more details on these fault
models such as their underlying physical defects please refer to [45, 49].

Two-cell simple static faults, often also referred to as coupling faults, express the effects
two memory cells can have on each other. In particular, they consider the fact that a
sensitizing operation or a state of an aggressor-cell can lead to a faulty behavior of another
so-called victim cell. They can be caused by resistive bridging defects between cells or
capacitive coupling effects. Using the fault primitive notation coupling faults are denoted
by 〈Sa;Sv/F/R〉 in which Sa (Sv) describes the sensitizing operation or state of the aggres-
sor (victim) cell, F states the faulty value stored in the victim cell and R holds the value
appearing on the memory output. Similarly, two-cell static fault primitives are arranged
to fault models and summarized in Table 2.2. The historically important idempotent
coupling fault (CFid) and inversion coupling fault (CFin) are not listed explicitly, since the
CFid is a subset of the disturb coupling fault and the CFin has never been shown to exist
in real designs [50].
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State Fault (SAF) 〈1/0/−〉, 〈0/1/−〉
Transition Fault (TF) 〈0w1/0/−〉, 〈1w0/1/−〉
Write Destruction Fault (WDF) 〈0w0/1/−〉, 〈1w1/0/−〉
Read Destructive Fault (RDF) 〈0r0/1/1〉, 〈1r1/0/0〉
Deceptive Read Destructive Fault (DRDF) 〈0r0/1/0〉, 〈1r1/0/1〉
Incorrect Read Fault (IRF) 〈0r0/0/1〉, 〈1r1/1/0〉

Table 2.1: Single-cell simple static fault models together with their fault primitives.

State Coupling Fault (CFst) 〈0; 0/1/−〉, 〈0; 1/0/−〉, 〈1; 0/1/−〉, 〈1; 1/0/−〉
Transition Coupling Fault (CFtr) 〈0; 0w1/0/−〉, 〈1; 0w1/0/−〉, 〈0; 1w0/1/−〉, 〈1; 1w0/1/−〉
Disturb Coupling Fault (CFdst) 〈xwy; 0/1/−〉, 〈xwy; 1/0/−〉, 〈rx; 0/1/−〉, 〈rx; 1/0/−〉
Incorrect Read Coupling Fault (CFdst) 〈0; 0r0/0/1〉, 〈1; 0r0/0/1〉, 〈0; 1r1/1/0〉, 〈1; 1r1/1/0〉
Read Destructive Coupling Fault (CFrd) 〈0; 0r0/1/1〉, 〈1; 0r0/1/1〉, 〈0; 1r1/0/0〉, 〈1; 1r1/0/0〉
Deceptive Read Destructive Coupling
Fault (CFdrd)

〈0; 0r0/1/0〉, 〈1; 0r0/1/0〉, 〈0; 1r1/0/1〉, 〈1; 1r1/0/1〉

Table 2.2: Two-cell simple static fault models together with their fault primitives.

Simple Dynamic Fault Models
In contrast to static faults, dynamic faults require the application of more than one oper-
ation to be sensitized. In theory, the universe of dynamic faults is infinite if the length of
their sensitizing sequence is not restricted. To detect a dynamic single-cell fault involving
m-operations a suitable test sequence needs to have at least m+ 1 consecutive operations,
m operations to activate the fault plus an additional read operation to observe it. Thus,
generally spoken, more complex dynamic faults demand longer test patterns and therefore
entail higher costs. In practice, however, it has been shown that the probability of dynamic
faults decreases with an increasing length of the sensitizing sequence [51]. As a result,
the analysis of dynamic faults is commonly restricted to two-operation faults, as the low
occurrence probability of dynamic cells involving more than two operations does usually
not justify their high testing costs. Moreover, dynamic faults can be further subdivided
into simple and linked faults, i.e. depending on whether they interact and hide each other
or not. The universe of simple dynamic two-operation faults is analyzed in [52]. It can
be easily proven that two sequential memory operations can generate 18 possible sensi-
tization sequences which are described as Si = xwywz, xrxrx, xrxwy, xwyry, whereby
x, y, z ∈ {0, 1} and r (w) denote read (write) operations. Dynamic single-cell fault models
capture all faults which can be sensitized by applying such a pattern to a single cell under
the assumption that there is no fault interaction with other cells.

Similar to static faults, simple dynamic faults can also involve multiple memory cells.
In order to reduce complexity, analyses are usually restricted to two-cell faults which are
also considered as the most relevant case. Such faults can be sensitized by sequentially
performing two operations on either the same memory cell or two different ones.
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The fault primitive notation FP = 〈S/F/R〉 can be used to describe this fault type,
whereas depending on the sensitizing order, the following four cases of S need to be dis-
tinguished:

• Saa: Both operations Saa are sequentially applied to the aggressor cell while the vic-
tim cell is in a certain state Sv. Faults caused by this sequence manifest themselves
as bit flips in the victim cell and are denoted using the fault primitives 〈Saa/F/R〉 =

〈Saa;Sv/F/R〉.

• Sav: Performing the first operation Sa to the aggressor cell and the second one Sv to the
victim cell may sensitize a fault in the victim cell which can be denoted as 〈Sav/F/R〉 =

〈Sa;Sv/F/R〉.

• Sva: An operation on the victim cell Sv is immediately followed by an operation on
the aggressor cell Sa which in turn may cause a fault in the victim cell. The notation
〈Sva/F/R〉 = 〈Sv/F/R, Sa〉 is used to indicate that the victim cell needs to be accessed
before the aggressor cell.

• Svv: Both operations Svv are sequentially applied to the victim cell while the aggressor
cell remains in a certain state Sa. This may sensitize a fault in the victim cell which can
be described by 〈Sa;Svv/F/R〉.

An exhaustive list of all fault primitives for both the single-cell as well as the two-cell
simple dynamic fault space is given in [52] together with the fault models to which they
are compiled to.

Linked Static Fault Models
Linked faults take place when two or more fault primitives which have counteracting ef-
fects on the same victim-cell are sequentially sensitized in memory. Thus, one fault primi-
tive can hide the fault effect of the other and a memory test algorithm might fail to detect
that fault. Linked faults are therefore an important fault type since they can significantly
reduce the fault coverage of test patterns unless these are explicitly designed to cover them.
An in-depth analysis of the space of linked faults (LFs) can be found in [50]. Linked faults
are assumed to be composed of two simple faults which in turn are either single or two-
cell faults. Since the vast majority of simple memory faults involve either one or two cells,
the presence of LFs involving a higher number of cells is very unlikely. A linked fault
can therefore be defined upon the FPs of the underlying simple faults. Two simple faults
FP1 = 〈S1/F1/R1〉 and FP2 = 〈S2/F2/R2〉 are said to be linked (denoted as FP1 → FP2)
if they share the same victim cell and satisfy the following conditions [50]:

• C1: Neither FP1 nor FP2 are detectable by read operation in S1 or S2, respectively.
Otherwise, if the faults are already observed, no fault masking could take place at all.

• C2: FP2 hides the fault effect of FP1, i.e. F2 = F1
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• C3: FP2 is compatible with FP1 i.e. FP2 can be sensitized after activating FP1. In
particular, this requires that the sensitizing sequence S1 leaves the aggressor or victim
cell in a state such that S2 can be applied.

Moreover, the notation FP1 → FP2 also implies that FP2 is activated after FP1. The
order in which FP1 and FP2 are sensitized is important for the occurrence of a linked
fault FP1 → FP2 since FP1 is not always able to hide the fault effect of FP2. By checking
all combinations of single-cell and two-cell simple faults for fulfilling the requirements
C1 − C3 a universe of realistic linked faults is established [50]. This fault space can be
further divided into several sub-categories depending on the number of involved cells.

Linked Dynamic Fault Models
So far, the analysis of linked faults has been restricted to static fault primitives, i.e. those
which can be sensitized by a single memory operation. However, a static fault might be
also linked to a dynamic one or two dynamic faults might have mutual influence when
sensitized one after the other. Even though, these faults are for now just of theoretical in-
terest, they might possibly become important for future technologies. Thus, test patterns
have been developed that catch that kind of faults such as March LSD (’linked static dy-
namic’) [53].

2.5.2 Algorithms and Application

The most widely used deterministic test algorithms are March tests [44]. They consist of a
finite sequence of March elements, which in turn comprise a series of basic read or write
operations performed on every cell of the memory before proceeding to the next cell. Ev-
ery March element traverses the memory cells either in increasing (⇑) or decreasing (⇓)
addressing order. The m symbol indicates that either of them can be used. March tests have
proven to be superior in terms of fault coverage and test time, thus, they have emerged as
the method of choice for testing memories. [44].

Modern march tests are designed based on the concept of fault primitives and ensure
that a certain set of fault models are sensitized using a minimum number of memory op-
erations. Figure 2.9 gives an example of two March algorithms, namely March LR [54] and
March AB [53]. The first one targets only those linked faults involving simple faults that
are considered realistic. For example, simple CFins are regarded as very unlikely and thus,
linked faults involving CFins are even more unlikely to occur and are therefore not covered.
The second one detects all dynamic faults which occur in a victim cell after performing a
read-after-write operation sequence to the aggressor cell or the victim cell. The complexity
of the algorithms is given in terms of n, denoting the memory-size for bit-oriented memo-
ries or the number of words for word-oriented memories, respectively.

In industry, memory test algorithms are usually applied using different stress com-
binations since they were shown to have great impact on their fault coverage [55]. The
same algorithm is usually run several times combined with different stresses since their
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March LR (14n):
m(w0)
⇓(r0,w1)
⇑(r1,w0,r0,w1)
⇑(r1,w0)
⇑(r0,w1,r1,w0)
⇑(r0)

March AB (22n):
m(w1)
⇓(r0,w1,r1,w1,r1)
⇓(r0,w1,r1,w1,r1)
⇑(r1,w0,r0,w0,r0)
⇑(r0,w1,r1,w1,r1)
m(r1)

Figure 2.9: Examples of two March algorithms.

effects are still not completely understood, i.e. there is no model which predicts the impact
of a used stress on an algorithm’s fault coverage. Stress combinations can be divided
into two categories: algorithmic stresses which modify the operation sequence applied
to the memory and non-algorithmic stresses which are environmental parameters such
as clock frequency, supply voltage and the temperature at which the test is performed.
Algorithmic stresses are usually set by using different addressing schemes which specify
the address sequence in which the test algorithms access the memory cells or different
data backgrounds which invert or non-invert the data written to them. Non-algorithmic
stresses are not further considered here since they do not influence the read and write
sequences generated by a test algorithm but rather describe environmental conditions to
which those operations are exposed.

Data Backgrounds
A data background (DB) is a pattern of ones and and zeros that either inverts or non-inverts
the data written to memory. The most widely used data background types are solid, row
stripe, column stripe and checkerboard. They are illustrated in Figure 2.10 using a simple
4x4 array. Data backgrounds are particularly important for the detection of coupling

a) solid b) column stripe c) row stripe d) checkerboard

Figure 2.10: Data background patterns

effects between adjacent cells or bit lines. The appropriate data background to be used
depends not only on the targeted fault or defect type but also requires in-depth knowledge
of the underlying memory structure such as the bit line arrangements. If that knowledge
is not fully available, test algorithms are often run using several data backgrounds to
compensate for that.
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Addressing Schemes
Addressing schemes specify the address sequence in which test algorithms access the
memory cells. These sequences are either performed in ’up’ or ’down’ addressing order
which is defined by the test algorithm itself.
The most commonly used addressing schemes are outlined below.

• Fast-x: Fast-x (fast-row) addressing increments the row before the column addresses.

• Fast-y: Fast-y (fast-column) addressing increments the column before the row ad-
dresses.

• Gray code: A gray code addressing sequences is used for accessing the memory. It has
the property that two successive addresses have a Hamming distance of one i.e. they
differ in exactly one bit.

• Address complement: An address complement sequence is incremented by one at ev-
ery even address step and inverted at every odd step. This leads to a sequence in which
two successive elements have maximum hamming distance.

Figure 2.11 illustrates the physical memory cell accesses (0...F) which are defined by the
above-mentioned addressing schemes on a 4×4 cell array whereas the physical memory
addresses correspond to the fast-x addressing diagram. Since it is generally assumed that
the mutual influence of adjacent cells is higher than that of more distant ones, fast-x and
fast-y schemes are mainly used for sensitizing faults in the memory cell array. Gray code
and address complement sequences find their application in stressing the combinational
logic of peripheral memory circuits such as the address decoder.

a) fast-y b) fast-x c) gray code d) address
complement

Figure 2.11: Addressing schemes

Memory Built-in Self Tests (MBISTs)
Since embedded memories are getting more and more deeply integrated into SoCs, apply-
ing test patterns off-chip using external test equipment is impractical due to the lack of
dedicated I/O pins for controlling a memory’s input and observing the outputs. Instead,
extra circuitry is placed on the die which runs the memory test algorithms. Those circuits
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have become known as memory built-in-self test architectures. They are the most widely
used test solution due to their low costs and ability to provide at-speed tests which are
required to detect certain memory faults. Classical MBIST designs equip memory cores
with dedicated BIST units which run one or more predetermined test algorithms when the
chip is in test mode. To do so, multiplexers switch between functional inputs from the chip
logic and signals from the BIST engine. An address counter and a sequence generator cre-
ate the address and data values which are written to the memory and are expected to be
read back. A simple comparator matches the memory output data to the expected reference
values and sets a flag in case of mismatches to indicate a memory failure.

Today’s MBISTs have become highly flexible to master the memory test requirements
of modern SoCs. For example, analysing industrial test results has proven that the type
and likelihood of memory faults are strongly design and technology dependent and also
become increasingly complex [56]. So, along with the introduction of new technologies or
fabrication processes, not only novel defects might appear which demand the development
of custom fault models and algorithms, but also the occurrence of already known faults
needs to be re-evaluated. In case unexpected fault mechanisms are detected after fabrica-
tion additional algorithms need to be added to the BIST engine while simpler or fine-tuned
algorithms can be used to reduce test time once the manufacturing process is stable. Be-
sides that, modeling memory fault behavior also becomes an increasingly challenging task
due to more and more subtle defects which are discussed in the next chapter.



3
CMOS Failure Mechanisms

Understanding the failure mechanisms of modern CMOS manufacturing technology is the
foundation for circuit failure modeling and semiconductor testing. This chapter provides a
general background on major sources of manufacturing flaws, aging-induced degradation
effects, power-induced noise and outlines how these are handled during test. Moreover,
it highlights the differences between logic and memory testing with a special focus on the
challenges of the latter field. Similar to [57], CMOS failure mechanisms can be classified
into manufacturing defects, process variation-induced faults and time-dependant reliabil-
ity failures as shown in Figure 3.1. Each of these groups is reviewed and discussed in detail
in the following sections.

Figure 3.1: An overview of CMOS failure mechanisms.

3.1 Manufacturing Defects

Physical spot defects caused by undesired particles or lack of material deposition may oc-
cur during chip manufacturing process and detecting them has been at the core of semi-
conductor testing. Examples of such physical imperfections which lead to unintended dif-
ferences between a fabricated device and its verified design layout are partially filled vias,
open contacts, the presence of extra material between metal lines, missing trench isolation,
etc. In order to abstract from their individual number and complexity, the behavior of these
defects is generally modeled by resistive open and bridging faults at the electrical level.

27
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Figure 3.2: Examples of physical manufacturing defects due to broken metal lines (left),
missing vias (middle) and particle-induced spot defects (right) [58].

Bridging faults are unintended connections between two circuit nodes that form a volt-
age divider and drive the bridged circuit nodes to an intermediate voltage level (between
0V and VDD) depending on their value of resistance. High-ohmic bridges might there-
fore degrade signals by discharging them below VDD while lower values of resistance even
drive a circuit node below the input threshold of the subsequent logic gate. The highest
resistance value that leads to an incorrect logic output at the successive gate is referred to
as critical resistance Rcrit of the bridging fault. Thus, when analyzing the fault effect of
resistive bridges it only needs to be considered whether the value of resistance is within
the interval [0, Rcrit] or not. This allows treating the whole continuum of restive bridge de-
fects from 0 Ω to infinity by a finite number of discrete intervals [59]. Through propagation
of the resistance interval to a circuit output a so-called analog detectability interval (ADI)
can be determined specifying the detectable bridge resistance range. The ADI needs to be
defined with respect to a given fault and a test pattern. It was shown that in combinational
circuits the ADI can become discontinuous unions of intervals [60] and may also have non-
trivial behavior for sequential circuits [61] or feedback faults [62]. Finally, by computing the
ADI for each output and test vector, a range of resistances can be determined for which a
bridging fault is detectable. Several resistive bridging fault simulators have been proposed
which are either based on electrical equations [61] or look-up tables [63] for obtaining the
values of Rcrit. Moreover, it has been demonstrated that the coverage of resistive bridg-
ing faults increases drastically with lower supply voltages [64, 65]. The detection of bridge
defects is also highly temperature sensitive. Depending on the temperature-resistance rela-
tionship of the bridging material the detectable range of resistance values can be increased
by testing at either high or low temperatures. As bridging defects form an unintended con-
ductive path from VDD to ground they cause a CMOS circuit to draw large amounts of cur-
rents even when its inputs are stable. This observations is used by so-called IDDQ testing,
a method to screen out defective devices by measuring their quiescent leakage currents.
However, with the strong increase of off-state leakage currents due to technology scaling,
this method has become less feasible as IDDQ distributions of faultless chips widen which
makes it harder to discriminate them from defective chips [66,67]. This holds especially for
the memories which consume a major part of leakage currents in modern SoCs.
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Similarly, resistive open faults model defect mechanisms which are caused by complete
or partial breaks in electrical connections such as contaminated vias, open contacts or sili-
cide cracks. These types of defects result in higher circuit resistances which increase circuit
delays leading to timing related faults. Obviously, the detectability of open faults increases
with the value of resistance. Strong resistive opens cause signals to be tied or be ’stuck at’
certain logical values and are modeled by the so-called stuck-at faults at the inputs and
outputs of logic gates. In contrast to that, the transition fault model covers weaker defects
that only lead to slower signal changes in the circuit (slow-to-rise or slow-to-fall) but still
assumes that the extra delay caused by the fault is large enough that the transition will
not reach a primary output of flipflop within the clock interval [68]. In other words, a
transition fault can be observed independent of whether it propagates through a short or
a long path to the observation point. Moreover, as higher voltages decrease circuit delay
while having little impact on the delays induced by interconnect open defects, the faults
introduced by resistive opens are easier to observe during high-VDD tests [69]. In terms of
temperature dependence similar observations as for resistive bridges apply i.e. the optimal
test temperature depends on the material of the resistive open defect.

Particle-induced resistive open and bridging failures are well-covered by today’s semi-
conductor test methods. Classical fault models such as stuck-at and transition faults ab-
stract from specific physical defect locations by capturing their fault effects at the functional
level. However, over the years clean room technologies have continuously improved while
at the same time lithography has become more and more complex and challenging. This
has lead to a shift from easy-to-detect gross functional faults towards subtle lithography-
induced defects which show increasingly marginal fault behavior [70]. As a result, new
failure mechanisms such as small delay defects, i.e. timing-related defects which are very
small in magnitude, pose new semiconductor test challenges. Missing these types of de-
fects either directly leads to test escapes or causes reliability risks since their effects might
further aggravate during device lifetime. Such small-delay faults are not adequately cov-
ered by test sets based on stuck-at and transition faults [71] as they might only slightly
reduce the timing slack of logic paths. As longer paths have the lowest timing slack the
induced small delays need to be propagated over the longest possible path in order to de-
tect the fault effect. This results in the path-delay fault model [72] which assumes that
the cumulative delay along a combinational logic path exceeds the clock interval. As the
lengths of the paths vary in different manufactured instances of a circuit sensitizing this
fault model requires to determine the K longest paths through a fault site (e.g. an output of
a logic gate) for which a few efficient methods have been proposed [73, 74]. Moreover, au-
tomatic test pattern generation approaches [75, 76] have been developed to create test sets
to sensitize such faults as well as methods to calculate their performance [77]. Detecting
subtle small delay defects is a major challenge for semiconductor manufacturing testing.
Generating appropriate test patterns is time-consuming and enormously increases the test
set size. It furthermore requires to operate the circuit-under-test at its speed limits which in
turn makes it more subtle to voltage supply noise and crosstalk effects. Also techniques to
run test pattern at significantly higher frequencies than at normal operation have been an-
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alyzed which are known as faster-than-at-speed tests [78]. They reduce the positive timing
slack of logic paths making them more sensitive to additional delays caused by defects but
might also induce timing violations on faultless paths that result in the false identification
of faultless chips.

With respect to memories, resistive open and bridging defects have been exhaustively
studied across various technologies [79, 80] and many functional fault models have been
developed targeting physical manufacturing gross defects inside core-cells, between cells
as well as inside the memory peripheral circuits [81–84]. Similar to logic testing, marginal
delay faults pose a big challenge as the standard fault models fail to thoroughly cover
subtle memory defects. Detecting these faults often requires to apply several sequential
memory operations which leads to the class of dynamic memory fault models [85]. Never-
theless, as industrial test data shows [47, 86] there exists still memory fault behavior which
cannot be explained with the currently available fault models. Modeling subtle memory
defects is inherently difficult as it cannot be distinguished whether a fault is caused by de-
fects inside the core-cell array, the combinational logic of the peripheral circuits such as the
address decoder or the interplay of both of them. In contrast to logic testing where scan is
the method-of-choice to provide sufficient controlability and observability of logic paths, in
memory testing the controllability is limited to the input ports of a memory while the ob-
servability is restricted to its output ports and the state of the core-cells. Thus, in the worst
case detecting marginal defects requires to sensitize a logic path of the periphery in combi-
nation with a core cell. This requires pattern which increase quadratically with the size of
the memory and cause heavy burden on test run times. Currently, subtle memory defects
are handled by applying a large amount of memory test patterns at production ramp up
and by reducing them based on statistical data as production proceeds [86]. Nevertheless,
in case of sufficiently many complex defects this approach reaches its limits. Therefore,
either more accurate memory fault models or techniques which impose higher test stress
aiming to sensitize subtle delay defects will be required to reduce the amount of test pat-
terns without sacrificing test quality.

3.2 Process Variations

Process variations are deviations of transistor device parameters from their nominal spec-
ification which naturally occur during IC fabrication. They have become prominent due
to more and increasingly complex fabrication steps which make it also more difficult to
precisely control the manufacturing process. Most importantly, as technology scaling has
continuously decreased transistor feature sizes while simultaneously reaching the atomic-
scale nature of matter and charges, their comparative effects have become more and more
significant and represent now a serious concern. For example, limitations in the lithogra-
phy and etching process unavoidably result in random device parameter deviations due
to extra and/or missing material, also known as Line-Edge Roughness (LER) [87]. In ad-
dition to that, effects which were considered as negligible in the past such as variations in
transistor gate oxide thickness [88] or Random Dopant Fluctuations (RDF) [89] caused by
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the discreteness of dopant atoms in the channel region have become considerable. These
variations of physical device parameters lead to shifts of electrical transistor characteristics
and increasingly non-ideal behavior of CMOS logic.

In [90], Pelgrom et. al. analyze and measure variations of electrical transistor properties
of identically designed MOSFETs. They observe that mismatches in threshold voltage Vth,
i.e. the minimum gate-source voltage required to generate a conducting path between the
transistor source and drain terminal, dominate overall transistor performance fluctuations.
This makes Vth a key parameter for the analysis of random process variations. Furthermore,
this work also establishes that the variance of threshold voltage is inversely proportional
to transistor area, i.e.

σVth =
AV T√
WL

where AV T is the technology-specific area proportionality constant for Vth, W and L are
the width and length of the transistor, respectively. This fundamental relation has become
well known as Pelgrom’s Law.

In [91] and [92], the standard deviation σVth is studied in more detail as a function of
basic process parameters and can be expressed as
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where q3εsi, q3εox permittivity of the silicon and oxide, φB accounts for the surface poten-
tial, q is the elementary charge, Tox is the gate oxide thickness, N is the channel dopant
concentration, as well as Leff and Weff describe the effective device length and width, re-
spectively. By summarizing all process specific parameters to a constant AV T this equation
can be brought in accordance to Pelgrom’s Law. Most importantly, these relations show
that random, non-ideal behavior of MOSFETs increases with miniaturization and becomes
therefore worst inside the chip’s memories which generally employ the smallest devices of
a technology.

Dependent on their physical range, process variations are classified into local (random)
and global (systematic) variations. Global variations exhibit strong spatial correlations and
change the physical characteristics of nearby transistors across a lot, wafer or die in the
same way. These drifts are mainly attributed to manufacturing equipment related fluc-
tuation effects. Systematic variations cause some dies to have significantly different per-
formance characteristics in e.g. transistor speed or leakage than others. Generally, these
shifts are captured in skew-corners and provided by foundries through process corner spe-
cific transistor model cards. Traditionally, correct circuit functionality over all worst-case
process skews is ensured by performing corner-based timing analysis. However, as tran-
sistor parameter variances increase with the spread of global process corners, deterministic
worst-case timing sign-off methods become less viable since they lead to overly pessimistic
design margins. As a consequence, statistical timing analysis approaches such as [93, 94],
which replace individual gate delays with probability distributions, become necessary.

In contrast to global process variations, which can be attributed to specific repeatable
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mechanisms, local process variations are unpredictable in nature and result in mismatches
between two closely spaced transistors within a single die. Local variations are mainly
caused by atomic-scale fluctuations such as the number and position of atoms in the gate
channel and have become the dominant variation component in highly scaled technologies.
They are typically modeled by normal distributions around the mean transistor parame-
ter value. Figure 3.3 depicts their physical origin and how they further worsen the (not
necessarily Gaussian distributed) global transistor parameter shifts.

Figure 3.3: A schematic view of intrinsic physical device imprecision due to RDF and LER
(left) [95] and the resulting effects on global and local Vth distributions (right).

Parametric transistor fluctuations can ultimately lead to so-called parametric yield loss,
i.e. the chip is functionally correct but fails to fulfil required performance or power spec-
ifications. To guarantee high manufacturing yield, transistor parameter variations need
to be handled at both design as well as test stage which in turn requires accurate estima-
tions of their magnitude. Therefore, ring oscillator structures are commonly distributed
across a die to determine global die-to-die variations by reading out the maximum oscilla-
tion frequency [96]. As their sensitivity to local variations averages out with the number
of cascaded gates, measuring local mismatches of identical adjacent devices requires more
complex structures such as [97].

SRAMs are particularly affected by random process variations since their functioning de-
pends on identically matched pairs of minimum-sized devices. Additionally, as shown in
Figure 3.3, also systematic variations affect SRAMs by further shifting transistor parameter
spreads towards extreme corners. Thus, generally spoken, local variations determine the
SRAM performance characteristics of a single die while global variations set it across whole
wafers. In addition to that, the demand for low-power memory operations further exac-
erbates the effects of transistor parameter fluctuations since noise margins, i.e. variation
tolerance, decreases with lower supply voltages.

Reducing design uncertainty while maximizing performance is one of the major chal-
lenges of semiconductor industry and requires careful process-circuit co-optimization
across all manufacturing stages. In terms of SRAMs, process variations are mitigated at
the physical layout level by shifting from a ’wide’ core-cell design to a ’tall’ design which
eliminates diffusion corners and makes the cell easier to manufacture [96]. At design stage
additional logic, so-called assist circuits, are added to improve SRAM noise margins during
read and write operations. Furthermore, during manufacturing tests, more adaptive flows
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are needed to individually trade-off various memory margins [98,99] or apply tailored test
stress [100] depending on a die’s underlying process characteristics.

3.3 Reliability

With continuously shrinking technologies and higher on-chip integration densities while
simultaneously reaching the limits of supply voltage scaling circuit reliability has become
a major concern [101]. Since transistor threshold voltages cannot be further lowered due
to exponential increases in leakage currents, a further scaling of supply voltages would
deteriorate transistor overdrive voltages and thus switching speed. This trend results in
larger internal electrical fields across the transistor channel as well as elevated chip temper-
atures which accelerate transistor aging effects. Moreover, with shrinking sizes of transis-
tors and interconnections, semiconductors become naturally more susceptible to transient
noise sources. Their effects are further aggravated by the need for low-voltage operations
reducing overall design noise margins. Both time dependent wear-out mechanisms as well
as transient noise effects make chip reliability a growing concern.This chapter describes
both failure modes in more detail.

3.3.1 Aging

Transistor aging has been observed for several decades [102, 103] but until recently its
impact has not been a predominant concern. However, as outlined above, the side ef-
fects of technology scaling accelerate transistor wear-out mechanisms which further exac-
erbate variability-induced non-ideal CMOS behavior. As a consequence, transistor aging
has reached a point where it severely reduces circuit performance and becomes a limiting
factor in CMOS technology scaling. The main transistor degradation mechanisms are Bias
Temperature Instability (BTI), Hot Carrier Injection (HCI) and Time-Dependent Dielectric
Breakdown (TDDB) which are all related to defects inside the gate oxide layer. BTI and HCI
result in gradual shifts of transistor performance parameters while the TDDB phenomenon
forms a conductive path through the gate oxide that eventually leads to permanent transis-
tor failure. BTI and HCI can therefore be safeguarded in the form of extra design margins
while TDDB is better handled by mean-time-to-failure (MTTF) analysis. As BTI and HCI
phenomena are cited as most dominant [104], they are examined in detail in the following
sections. Understanding their physical origin and impact on circuit operation is crucial for
chip design and test to ensure high circuit reliability without over-designing or over-testing
them.

3.3.1.1 Bias Temperature Instability (BTI)

Bias Temperature Instability is a transistor degradation phenomenon which takes place un-
der particular gate-source bias conditions and accelerates with increasing temperatures. Its
effects on PMOS devices under negative gate stress have been observed for a long time
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and are known as Negative Bias Temperature Instability (NBTI). With the introduction of
high-k metal gate technology a similar wear-out mechanism known as Positive Bias Tem-
perature Instability (PBTI) became significant for NMOS devices under positive gate stress.
In both cases, it gradually deteriorates the absolute transistor threshold voltage value |Vth|
which in turn results in lower drain currents and transconductance. Moreover, the Vth drift
recovers to some extent after the stress is removed which in turn results in a differentiation
between stress and recovery phase.

The BTI phenomenon is commonly attributed to charge trapping inside the gate oxide
or the interface layers between the gate oxide and the substrate. The most prevalent mod-
els describe it as a Reaction-Diffusion process [105] or by atomic-scale mechanisms based
on the capture and emission of single traps during stress and relaxation phase [106, 107].
Moreover, since BTI arises from defects inside the gate oxide or the gate/substrate interface
layers, its characteristics are strongly dependent on the gate stack processing technology as
well as the choice and thickness of layer material. This can cause largely different sensitivi-
ties between NMOS and PMOS devices. In the following, the BTI phenomenon is explained
in more detail using conventional SiO2 based gate stacks. However, similar observations
also hold for high-k gate dielectrics.

a) stress phase d) recovery phase

Figure 3.4: A schematic view of the physical BTI mechanism during (a) stress and (b) relax-
ation phase in a p-channel MOSFET [108].

The classical Reaction-Diffusion model describes BTI as an electrochemical two-phase
reaction-diffusion process. In terms of negatively biased PMOS devices, as depicted in
Figure 3.4, the holes in the inversion layer interact with hydrogen-passivated silicon atoms
(Si-H bonds)1 at the Si/SiO2 interface under the influence of strong vertical electrical fields.
This might break the Si-H bonds and liberate hydrogen atoms that diffuse away towards
the poly gate or anneal to other existing traps. As a result, the process leaves dangling
silicon atoms, i.e. electrically active carrier traps. These atomic-scale defects are referred to
as interface traps and degrade important transistor parameters such as threshold voltage
and channel mobility.

During relaxation phase, i.e. after stress removal, the freed hydrogen atoms move back

1During manufacturing process wafers are exposed to a hydrogen-rich atmosphere in order to passivate
electrically active silicon atoms at the Si/SiO2 interface. This process fills unpaired Si atoms with H atoms
generating the Si-H bonds.
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to the Si/SiO2 interface and repassivate the charged interface states which in turn lessen the
degradation effects of BTI. Initially, the generation rate of interface-traps Nit depends on
the rate at which the Si-H bonds are dissociated while at a later stage it is controlled by the
diffusion of the hydrogen away from the gate/substrate interface. This results in reaction
and diffusion limited regimes. According to [105], the reaction step can be captured by

dNit

dt
= kF (N0 −Nit)− kRNHNit (3.1)

where kF denotes the Si-H bond breaking rate, kR the rate at which they anneal back, N0 is
the initial number of Si-H bonds andNH is the total hydrogen concentration at the interface
between the channel and the gate dielectric The diffusion of freed hydrogen atoms into the
gate dielectric can be described by

dNH

dt
= D

d2NH

dx2
(3.2)

where D is the diffusion constant.
Additional assumptions on the initial amount of interface traps as well as their initial

generation rate yields a closed form Nit(t) of these equations describing the number of
generated interface traps after time t. As interface traps oppose the applied gate stress,
they cause a shift in the transistor threshold voltage. The magnitude of the shift ∆Vth(t)

after time t can be quantified by ∆Vth(t) ∝ q ∆Nit(t)

Cox
where q is the elementary charge and

Cox the capacitance at the gate oxide.
The reaction-diffusion model has been the dominant explanation for the BTI phe-

nomenon for several decades. However, recent studies showed that it falls short to explain
all aspects of the experimentally observed recovery behavior of BTI [109]. As a conse-
quence, new BTI models have been developed which assume its origins rather in the cap-
ture and emission of carriers at point defects inside the oxide [106, 107]. Nevertheless, the
exact physical mechanisms causing BTI are still not fully understood and a topic of active
research.

3.3.1.2 Hot Carrier Injection (HCI)

In general, the term ’hot carrier’ refers to particles that gain high kinetic energy when trav-
elling through an electric field. In MOSFETS, these are energetic electrons or holes that
were accelerated through strong lateral electrical fields across the transistor channel. Near
the drain end, their energy might be high enough to surmount the energy barrier of the
SiO2/Si interface and inject into the gate oxide or they might collide with silicon atoms
within the substrate and initiate an impact ionization process. This process generates high-
energetic electrons or holes which are attracted towards the gate-oxide. As shown in Figure
3.5, some ’lucky’ carriers might become trapped in the gate substrate interface where they
pose atomic-scale charge traps [110]. Since electrons have higher mobility than the heav-
ier holes, HCI effects are more severe in n-channel MOS devices. Moreover, depending
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on transistor stress condition, the modes of HCI are subdivided into Channel Hot Electron
(CHE) injection, Drain Avalanche Hot Carrier (DAHC) injection, and Secondary Generated
Hot Carrier (SGHC) injection [102].

Figure 3.5: The Hot Carrier Injection (HCI) mechanism in an n-MOSFET. [111]

Most common HCI lifetime models are based on the ’lucky electron’ model. It relates
hot carrier induced device degradation, i.e. the amount of generated interface traps ∆Nit

after a transient stress time t, to the maximum electrical channel field Em in a power-law
relation

∆Nit(t) = C1

[
Ids
W

exp

(
− Φit,e

qλeEm

)
t

]n
(3.3)

where C1 is a process constant, W is the width of the device, Ids is the drain-to-source
current, Φit,e is the critical energy an electron must possess in order to create an interface
trap and λe is the hot electron mean free path2 [112]. The parameter n accounts for the
dynamics of interface trap growth. At initial state and smallNit, the rate is reaction limited
causing Nit(t) ∝ t while at later stage and large Nit, the rate is diffusion limited with
Nit(t) ∝ t0.5. This makes n variable in the range between 0.5 and 1 [113].

As indicated by the formula, stronger electrical channel fields resulting from higher tran-
sistor drain-source voltages in combination with short gate lengths worsen HCI-induced
device wear-out. Although HCI is an old phenomenon which has been observed since
the early time of MOSFETs [102] its impacts have become increasingly significant because
supply voltages have stopped to scale at the same rate as transistor channel lengths.

3.3.1.3 Aging Impact On CMOS Logic

As discussed above, both BTI as well as HCI aging gradually increase the absolute value
of transistor threshold voltage. This negatively affects switching times leading to longer
signal delays and circuit performance degradation over time. However, the contributions
of these aging mechanisms to the delay of individual signal paths differ. As high drain-
source voltages across the transistor channel imply an output change in the corresponding
CMOS logic gate, HCI aging gets worse with higher gate switching activity as well as circuit
clock frequency. In contrast to that, BTI wear-out is frequency independent and relies on the

2The mean free path is the average distance a particle travels between collisions.
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transistor’s duty factor which is defined as the relative time a transistor is in its conducting
state. This is illustrated in Figure 3.6 showing the BTI and HCI stress phases of an inverter
gate. It can be clearly observed that HCI and BTI have different stress time windows. HCI
occurs only during switching events whereas BTI imposes stress when the device is in its
conducting state. Thus, in CMOS technology a powered up logic gate degrades through
transistor aging at any time period. However, the individual contributions of wear-out
phenomena differ with state and switching activity. This makes workloads an important
factor in analyzing circuit aging.

Figure 3.6: BTI- and HCI-induced stress phases during the operation of an inverter gate.

Transistor aging mechanisms affect both logic and memories but due to small transistors
and long stress periods the aging-induced degradation tends to be worse inside the mem-
ories. In both cases, the effects of transistor aging are safeguarded by additional design
margins, i.e. extra timing slacks for logic paths or sufficient read, write and access margins
for memories. Providing adequate aging guardbands without overdesigning a circuit re-
quires knowledge about their time-dependant degradation. This is especially challenging
for memories due to the interaction of several sub-components and more complex fail-
ure mechanisms. Moreover, guaranteeing reliable circuit operation requires to safeguard
or mitigate these long-term aging phenomenons at various abstraction layers. Thus, aging-
aware design and analysis frameworks such as [114,115] are developed to predict wear-out
behavior of large circuits and architectures. In addition to that, as all previously discussed
aging mechanisms occur simultaneously in the gate dielectric of MOSFETs, they might as
well interact with each other. Therefore, models for their interdependencies need to be
developed which presents another field of active research [116].

3.3.2 Transient Noise

In contrast to aging mechanisms, transient noise effects occur at unpredictable times and
result in non-permanent failures by temporarily upsetting logic signal states. For example,
these types of intermittent errors might be provoked by energetic particle strikes due to
cosmic radiation or electrical noise phenomena such as parasitic capacitance coupling. Fur-
thermore, with device scaling the comparative effects of Random Telegraph Noise (RTN)
which cause temporal, unpredictable jumps in the drain current amplitude of MOSFETs,
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become stronger and present another growing source of soft errors [117].
Thus, to prevent incorrect system output circuits need to have sufficient soft error-

tolerance. In terms of logic several selective ’hardening’ approaches have been proposed
which intend to reduce a circuit’s sensitivity to transient noise effects, e.g. by transistor up-
sizing or logic redundancy, while minimizing overall additional hardware costs [118, 119].
With respect to on-chip memories, hardening techniques mainly focus on adding ECCs
(Error Correction Codes) to detect and correct bit flips. In conjunction with that, memory
architectures generally feature an interleaved array structure, i.e. the core-cells belonging
to one memory word are not located next to each other but rather scattered between other
words along the same memory row [120]. This aims to reduce their sensitivity to multi-bit
flips within a memory word as well as the need for stronger multi-bit error correction codes
which require more check-bits and induce higher latency. Furthermore, another design so-
lution focuses on hardening the core-cells themselves by adding extra nodal capacitances.
This lifts the cell’s critical charge Qcrit, i.e. the minimum amount of charge that is required
for upsetting its state [121].

In general, soft-error resiliency needs to be primarily addressed during chip design stage
rather than at test phase since the wide variety of soft errors mechanisms that might poten-
tially occur can hardly be provoked. Nevertheless, testing might as well induce other types
of soft errors which barely occur when operating the chip in-the-field. In particular, these
types of soft errors are related to excessive chip power consumption during manufacturing
tests. In the next section their physical origin is presented in more detail.

3.3.2.1 Voltage Supply Noise

The chip’s power network aims to distribute stable power and ground voltages from the
power pad locations to all circuit nodes. However, parasitics within the interconnects of the
network as well as large and instantaneous current demands of individual circuit blocks
cause transient voltage drops and surges which in turn results in voltage supply noise at
internal circuit nodes. The two main components of supply voltage noise are IR-drop and
L(di/dt) noise which are depicted in Figure 3.7.

Figure 3.7: The IR-drop mechanisms (left) and L(di/dt) noise (right).

IR-drop describes a drop in the available voltage at an internal circuit node due to elec-
trical resistance in the supply network. The amount of decrease Vdrop is proportional to the
current I that flows through the supply rail and its resistance R. Thus, larger wire resis-
tance per unit length due to wire dimension scaling as well as higher currents drawn by
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a growing number of transistors aggravate on-chip IR-drops. L(di/dt) refers to inductive
noise due to parasitic inductance inside the power delivery network and chip package. It
also leads to transient voltage drops on internal circuit nodes whose magnitude is depen-
dent on the inductance L as well as the magnitude of current variation L(di/dt). Similarly,
inductive noise worsens with higher current loads and switching speed. Moreover, voltage
supply noise aggravates during manufacturing tests where large amounts of instantaneous
currents are drown by an enormous simultaneous switching activity and functional power
saving mechanisms such as clock-gating and power-gating are deactivated. As a conse-
quence of more aggressive low-power design practices the gap between functional power
and test power has dramatically widened [122]. This makes power supply noise a main
concern during manufacturing tests as it reduces circuit noise margins and can result in
screening out non-defective chips.

Several commercial tools are available to optimize and identify critical areas of the power
delivery network [123, 124]. However, as these tools do not consider gate switching activ-
ities a test pattern delay simulation requires electrical simulations which are prohibitive
expensive for large circuits. A first attempt towards a mixed-mode simulation algorithm
for IR-drop induced delays in the circuit is proposed in [125] by combining gate-level and
electrical SPICE simulations. Moreover, numerous methods for the reduction of instanta-
neous peak power during manufacturing tests have been proposed. In logic testing power
consumption is highly pattern dependant and they mainly focus on minimizing switch-
ing activity of test vectors [126, 127]. These approaches do not require any changes in the
circuit-under-test but degrade test pattern compaction which in turn yields to an inflation
of test data. Moreover, identifying power-critical test patterns is very challenging which
further complicates the application of that method. In contrast to that, the power con-
sumption of memories is highly predictable and already known at design stage. Thus, the
maximum number of memories that can be tested in parallel without violating power bud-
gets can be easily determined and several power-aware scheduling methods have been pro-
posed [128–132]. Nevertheless, due to the strongly increasing number of embedded memo-
ries new schemes are required that not only efficiently exploit the available test power bud-
get but rather reduce chip power consumption in order to increase the potential amount of
test parallelism.





4
Analyzing the Aging Effects of

SRAM Peripheral Logic

Modern System-on-Chips rely heavily on the performance of their embedded memories
which are also most susceptible to the increasing reliability challenges of today’s nanoscale
technology nodes. Time-dependent degradation mechanisms such as BTI and HCI exac-
erbate memory design margins and ultimately lead to functional failures. Thus, in order
to avoid overly pessimistic memory margins without compromising SRAM reliability ac-
curate understanding and predictions of aging effects on memory failure mechanisms are
essential. The degradation of SRAM read and write margin is mainly driven by core-cell
transistor strengths and has already been thoroughly analyzed in previous works [133,134].

On the contrary, memory access margin relies not only on the core-cell but to a large
extent also on the SRAM peripheral circuits which are affected by aging as well. For ex-
ample, accurate statements on SRAM access margin require to study not only the sense
amplifier but also the core-cell and control circuitry driving its inputs. Previous works
have already investigated aging effects inside various SRAM peripheral sub-components
such as sense amplifier [135], write driver [136], timing control logic [137] as well as along
internal memory paths [138,139]. However, results from studies on completely or partially
isolated building blocks cannot be extrapolated to complex SRAM libraries and the indi-
vidual aging rates can hardly be interrelated to identify the most critical sub-components.
Conclusions on overall SRAM failure mechanisms require a simultaneous analysis of all of
these components. It is therefore still an open question whether the concurrent wear-out of
the SRAM peripheral logic tends to aggravate or mitigate core-cell aging effects.

This chapter studies how BTI and HCI induced wear-out of the peripheral SRAM cir-
cuitry impacts various performance metrics of an industrially used memory library [140].
It shows that peripheral logic degradation is the dominant driver for access speed loss
while it tends to slightly lower memory read margin and lead to minor improvements of
write margin. It furthermore shows that in terms of access time margin the degradation
of SRAM control circuitry counteracts aging effects inside core-cells and sense amplifiers.
Surprisingly, wear-out of peripheral circuitry can even improve access time margin in case
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when the relative magnitude of PBTI is much lower compared to NBTI. Based on the ex-
ample of an embedded memory library, the study further underlines the importance to
analyze aging mechanisms at system level rather than for its individual interacting sub-
circuits.

4.1 Preliminaries

This section presents the framework used to simulate the effects of transistor aging on
SRAM circuit operation as well as the underlying memory model. It also describes the
self-timing behavior of SRAMs which has, as will be shown later, decisive influence on the
degradation of memory access margin.

4.1.1 Simulation Framework

The effects of HCI- and BTI-induced transistor aging [141] on circuit performance are pre-
dicted using the Cadence RelXpertTM reliability simulator. In general, the RelXpert frame-
work comprises two phases which each involve pre- and postprocessing steps linked by a
SPICE simulator. In the first phase, the stress simulation, the framework computes tran-
sistor degradation information which is then fed to the second phase, the age simulation,
to generate an aged circuit netlist. The complete reliability simulation flow is depicted in
Figure 4.1. Its individual steps are described in more detail below.

The stress simulation requires a transistor-level circuit netlist, its corresponding technol-
ogy library, applied stress factors such as voltage, temperature and operation time as well
as aging models describing the characteristics of transistor degradation. RelXpert uses its
proprietary AgeMOS model to calculate the drift of a transistor parameter ∆P based on
the function

∆P = f(P0, sign, age, d1, d2, n1, n2, s)

where P0 is the nominal transistor parameter, sign is the parameter changing direction and
age is the degradation period. The values d1, d2, n1, n2 and s are AgeMOS specific transis-
tor characteristics which are generally obtained through SPICE model extraction platforms
such as BSIMProPlus [142]. The AgeMOS model parameters used in this study have been
extracted from silicon stress measurements on MOSFETs manufactured in 28nm high-k
process technology. Moreover, as the underlying AgeMOS version does not feature a prob-
abilistic aging model but a temporal deterministic one, the simulation results are not given
in terms of probability distributions but as average values.

The RelXpert flow starts with the stress simulation phase where, in the first step, a pre-
processor reads in the required files and prepares the circuit for reliability simulation. Next,
a transient simulation is run to extract the voltage and current stress that each transistor ex-
periences for the given circuit input stimuli and operation condition. This information is
used by the postprocessor to compute for each device a table containing the degradation
of characteristic transistor parameters, e.g. Vth drifts. Moreover, by conducting SPICE sim-
ulations the performance characteristics of the ’fresh’ or unaged circuit can be extracted
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Figure 4.1: The RelXpert framework for circuit reliability simulation.

in this step. During the age simulation phase, a preprocessor (’Preprocessor 2’ in Figure
4.1) transforms for each transistor the wear-out information to new SPICE model parame-
ters. This results in an aged circuit netlist reflecting the circuit behavior after applying the
defined stress parameters. Its electrical characteristics under varying operation conditions
can be obtained through additional transient SPICE simulations and compared to its ’fresh’
behavior.

4.1.2 SRAM Timing Behavior

The underlying memory of this study is an industrial embedded single-port SRAM library
for low power applications manufactured in 28nm high-k metal gate technology. The mem-
ory features several performance modes and was run at a nominal operation frequency of
500 MHz. Advanced SoCs easily contain a four-digit number of such memory instances in
varying sizes and dimensions. Figure 4.2 depicts the memory floorplan as well as the main
sub-components and their interaction during a read operation.

The memory peripheral circuits are placed centrally to lower the capacitance and resis-
tance of bit- and word lines. The memory is set to read mode by the RWB signal while
ADDR defines the address of the accessed memory word and the clock signal CLK starts
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Figure 4.2: The left picture depicts a floorplan of an embedded SRAM block with the pe-
ripheral circuitry highlighted in gray. The right picture shows a simplified block
diagram of a read operation with the signal paths for starting and ending the
operation marked in blue and red color, respectively.

a read operation by emitting the internal control signals BLEN and WLEN (bit line and
word line enable signals, respectively). These traverse column and row decoder stages to
activate the respective word lineWL and the corresponding read circuitry (i.e. the bit lines
of the accessed core-cells are stopped from being pre-charged) using the signal BLS. In
parallel, the control unit also triggers a replica bit line based feedback delay path as indi-
cated by the signalsWLSDUM andBLDUM . This times the activation point of the sense
amplifiers (’Read circuitry’ in Figure 4.2), driven by the IREN signal, as well as the sub-
sequent deselection of the word line and the read circuitry. The sense amplifier activation
period in turn is generally timed by much simpler internal gate delay chains as it is con-
sidered less critical. The read operation ends by interpreting the output signal of the sense
amplifier as logic ’0’ or ’1’ and buffering it to make it accessible from the memory ports.

One important property of virtually all embedded memories is their self-timing feature.
That is, as outlined above, a rising clock edge initiates memory operations and the memory
ends the operation itself using internal timing delay paths without considering the falling
clock edge. This allows the memory to adapt itself to various process, temperature and
voltage conditions to avoid overly conservative timing margins. The self-timing mecha-
nisms inside the studied memory module is presented and described in Section 5.1. For the
course of analysis it is important to keep in mind that the self-timing feature causes signals
which end a memory operation to have much longer logic paths than those starting the op-
eration. As this behavior has fundamental effects on the aging characteristics of memory
libraries, it is depicted in more detail in the timing diagram of Figure 4.3.

The timing diagram shows how central internal memory control signals interact during a
read operation. It reveals the central behavior of the control logic for triggering the end of a
memory operation and, furthermore, highlights that the falling clock edge has no dedicated
function. Similar observations hold for write operations.
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Figure 4.3: Timing diagram of an SRAM read operation.

4.2 Degradation of SRAM Access Speed

Embedded memory blocks are often performance bottlenecks of critical circuit paths.
Therefore, memory access speed, i.e. the minimum amount of time required to read a
data value, is an important performance parameter. This section analyzes how BTI and
HCI aging mechanisms impact SRAM access speed under various workloads, voltages and
temperature conditions.

Workloads define the switching activity and duty cycles of individual transistors and
thus the extent to which they are affected by aging. In order to determine the most critical
workload profiles for access speed degradation, various March stress patterns are applied
to the memory. They are run at a supply voltage of 1.1 V, 125◦ C environmental temperature
and a simulated stress time of 108 s (which corresponds to approximately three years). The
March patterns were executed on a 2x2 section of the core-cell array. This ensures that all
relevant paths inside the SRAM library are stressed while keeping simulation time within
acceptable limits. Figure 4.4 depicts the applied test sequences and their impact on memory
access speed. Each sequence consists of write (w) and read (r) operations which traverse
all cells of the memory section in increasing address order (⇑) before the next operation is
performed. The notation in denotes n idle clock cycles.

The figure shows that workloads W1-W3 which access the memory on average at one
percent of all clock cycles (four memory accesses for every read and write operation to-
gether with 792 idle cycles) cause substantially less degradation than the opposite work-
loads W4-W6 accessing the memory every single clock cycle. Moreover, comparing work-
loads W1 and W2 (W4 and W5) reveals that the data value stored inside a core cell has only
minor impact on memory access speed. As the data value determines the wear-out of the
internal cell transistors this suggests that overall access speed degradation is driven by the



46 CHAPTER 4. ANALYZING THE AGING EFFECTS OF SRAM PERIPHERAL LOGIC

W1 W2 W3 W4 W5 W6

1

2

3

4

5

6

A
cc

es
s

Sp
ee

d
D

eg
ra

da
ti

on
[%

]
Workload Profiles:

W1: ⇑w0 ⇑r0 i792 ⇑w1 ⇑r1 i792

W2: ⇑w0 ⇑r0 i792 ⇑w0 ⇑r0 i792

W3: ⇑w0 ⇑r0 i792 ⇑r0 ⇑r0 i792

W4: ⇑w0 ⇑r0 ⇑w1 ⇑r1

W5: ⇑w0 ⇑r0 ⇑w0 ⇑r0

W6: ⇑w0 ⇑r0 ⇑r0 ⇑r0

Figure 4.4: The influence of workloads on SRAM access speed degradation.

peripheral memory logic rather than the core-cell. The figure also reveals that workload W3
(W6), which has the highest percentage of read operations, only induces marginally higher
degradation than other workload profiles. This indicates that overall memory speed degra-
dation is primarily driven by common logic paths inside the memory rather than circuitry
which is specifically dedicated to either read or write operations. Both observations rein-
force the important role of the memory periphery for memory access speed degradation.

Next, it is investigated how various voltage and temperature conditions influence access
speed degradation using the worst-case workload profile W6. During that, memory oper-
ation frequencies have been adapted to the respective performance modes of the memory.
The results are depicted in Figure 4.5 showing that lower supply voltages and temperatures
are efficient means to mitigate memory speed degradation. Besides that, the last two col-
umn groups of the chart reveal that most severe performance impacts occur after switching
from high- to low-VDD mode. This represents the most critical case as operating the mem-
ory at high-performance mode induces maximum Vth drifts while lowering the supply
voltage afterwards makes the transistors most sensitive to the induced Vth drifts [143].

In total, the results presented here point out that overall access speed degradation is
driven by the peripheral circuitry of the memory. Therefore, SRAM aging mitigation tech-
niques such as bit flipping schemes [134] which focus on lessening core-cell wear-out are
little useful to reduce access speed loss. As the most-severe path delays occur after switch-
ing from high- to low-VDD mode one potential mitigation scheme might be to postpone
transitions into low-performance modes after the memory has experienced intense stress
to better exploit BTI recovery effects. However, this can hardly be handled at circuit level
and needs to be addressed by cross-layer approaches. The next two sections study the
SRAM periphery wear-out in more detail and examine how it affects functional read, write
and access margins of memory architectures.
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Figure 4.5: The impact of various operation conditions on memory access speed when ap-
plying workload profile W6.

4.3 Impact of SRAM Periphery Degradation on Access
Margin

Functional SRAM failure margins are naturally affected by transistor wear-out and drift
over the operational lifetime of memories. While read and write margins are mainly deter-
mined by internal cell transistor strengths access margin additionally depends largely on
the performance of the peripheral memory components. This section analyzes how aging
of a complete memory library affects its access margins.

4.3.1 Metrics

During memory read events the accessed cell discharges one of its pre-charged bit linesBL
orBLB developing the differential voltage signal ∆VBL. Subsequently, the sense amplifier
is activated and amplifies ∆VBL to a full-swing differential signal which is then interpreted
as a logic value by the data output circuit. An access failure occurs if the weak differential
bit line voltage cannot be translated to a full-swing signal within a given time period. This
happens if ∆VBL is not sufficiently high or the sense amplifier is too slow. Thus, the degra-
dation of access margin is governed by the aging rate of the sense amplifier and the drift of
∆VBL. Accurately predicting memory access margin requires therefore the analysis of all
interacting memory components driving these parameters: the timing control circuitry, the
sense amplifier as well as the memory core-cells. To quantify their individual impact the
following metrics are used:

Sensing delay (SAdelay): The sensing delay defines the time period between the activation
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Figure 4.6: An illustration of the sense amplifier delay, sensing time margin as well as ∆VBL

metrics used to characterize memory access margin degradation.

of the sense amplifier and the point when the weak differential input voltage has been
converted to a full swing output signal.

Sensing time margin (SAmargin): The sensing time margin defines the time period be-
tween the generation of the full swing output signal and the deactivation point of the sense
amplifier.

Bit line voltage swing (∆VBL): The input voltage difference of the sense amplifier at its
activation point. It needs to exceed the sense amplifier’s minimum offset voltage in order
to prevent sensing faults.

These metrics are illustrated in Figure 4.6. The signals WL and SA_en denote the word
line and sense amplifier activation signal, respectively, which are both driven by the SRAM
control circuitry. SA_out and SA_outb are the full swing differential sense amplifier output
signals while BL and BLB denote the bit line voltages of the accessed cell. All measure-
ments are performed when the respective trigger or target voltage levels reach 50% of VDD.

4.3.2 Sense Amplifier Speed

As has been discussed above, the sensing delay quantifies the speed of the sense amplifier,
whereas the sensing time margin describes the remaining time period between the success-
ful sensing operation and the deactivation point of the sense amplifier. Thus, it allows to
assess the severity of sense amplifier speed degradation. It is important to note that the
sensing delay solely depends on the sense amplifier itself while the sensing margin is de-
termined by the interaction of sense amplifier and timing control circuitry. The underlying
memory design employs a standard latch-type voltage sense amplifier which is depicted in
Figure 4.8. The input signals SAin and SAinb are connected to the bit lines of the accessed
cell and SAen enables the sensing operation. The full swing output signals are denoted by
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Figure 4.7: Peripheral circuit aging improves the sensing time margin which compensates
for higher sensing delays.

SAout and SAoutb. Moreover, its pull-down transistors are several times stronger than the
pull-up devices (the exact transistor dimensions cannot be disclosed).

Figure 4.8: The voltage sense amplifier.

In order to specifically work out the effects of
aging on these performance metrics the most
critical stress setting from Figure 4.5 is ap-
plied, i.e. the memory is stressed in high-
performance mode and analyzed how this af-
fects its operation under lower voltages. Work-
load profile W6 is used as it maximizes the
sense amplifier degradation due to its high
percentage of read operations of the same data
value. Moreover, random process variations
are injected into the core-cells and sense am-
plifier circuitry. Due to high simulation over-
head, the analysis is restricted to 100 Monte
Carlo samples, however, this small set already
reveals a clear trend as depicted in Figure 4.7.
The figure shows how the mean values of sens-
ing delay and sensing time margin develop
with longer stress periods. The sensing delay
increases only slightly over an operation time
of 108s while, at the same time, the sensing margin does not worsen but even improves to
a much larger extent due to the simultaneous wear-out of the SRAM control logic. It turns
out that aging slows down the internal gate delay chain deactivating the sense amplifier
much more than it worsens its sensing speed. This can be explained by cumulative aging
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Stress Distribution
NMOS Vth drift

5 mV 10 mV 15 mV 20 mV 25 mV

balanced 0.20 mV 0.70 mV 0.63 mV 0.90 mV 1.34 mV

unbalanced 5.47 mV 11.02 mV 16.53 mV 22.00 mV 27.13 mV

Stress Distribution
PMOS Vth drift

5 mV 10 mV 15 mV 20 mV 25 mV

balanced 0.25 mV 0.55 mV 1.23 mV 1.24 mV 1.57 mV

unbalanced 0.39 mV 0.90 mV 1.27 mV 1.84 mV 2.54 mV

Table 4.1: The shift of mean sense amplifier minimum offset voltage for various NBTI- and
PBTI-induced Vth drifts.

effects along that delay path which greatly exceed the degradation of the sense amplifier
transistors. Since every read operation causes concurrent stress on the sense amplifier as
well as the timing logic controlling its activation pulse width, both components are exposed
to equivalent workloads. As a result, the aging of the SRAM control circuitry offsets sense
amplifier speed degradation in terms of access margin.

4.3.3 Sense Amplifier Offset Voltage

Another important parameter for the characterization of SRAM access time margin is the
minimum offset voltage of the sense amplifier. If the bit line voltage swing ∆VBL can-
not exceed it, read operations will fail despite a sufficiently large sensing time margin as
its cross-coupled inverters remain in their meta-stable state. The following Monte Carlo
experiment is conducted to analyze how transistor wear-out shifts the sense amplifier’s
minimum offset voltage: First, a sense amplifier design is subjected to process variations
by injecting random transistor Vth fluctuations. Then, various PBTI and NBTI induced Vth

deviations are added to model transistor wear-out. These steps are repeated for several
aging stress settings. For each of them, 1000 simulation runs are performed and µ and σ

of the sense amplifier’s minimum offset voltage distribution are extracted. Table 4.1 shows
the shifts of the mean of the distributions. The standard deviation σ was found to be nearly
constant.

The first column of the table denotes the workloads to which the internal sense amplifier
transistors are exposed to during a read operation. In the balanced case, reading ’0’ and
’1’ is equally probable. This leads to balanced transistor degradation which does not, as
shown in the table, cause major degradation of minimum offset voltage. It also reveals that
the sense amplifier’s offset voltage is very susceptible to asynchronous PBTI stress of its
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pull-down transistors while the effects of NBTI inside the pull-up devices are minor. This
behavior stems from the fact that both bit lines are close to VDD when the sense amplifier
is activated which causes the NMOS device pair to immediately operate in saturation re-
gion while the PMOS devices are turned off. Hence, device mismatches inside the NMOS
transistors have dominant influence for the sense amplifier’s decision to exit its metastable
region while those inside PMOS devices are less important [144]. The behavior observed in
Table 4.1 is important for modeling the wear-out of sense amplifiers because it makes PBTI
the commanding effect for the degradation of their offset voltage by further worsening
initial transistor mismatches.

4.3.4 Bit Line Voltage Swing

The voltage difference between the bit lines ∆VBL is measured at the point when the sense
amplifier activates; it depends on the degradation of the accessed core cell as well as the
control logic which times the activation point of the sense amplifier. Triggering the sense
amplifier too early causes read failures while activating it unnecessarily late leads to longer
read cycles and higher power dissipation. Therefore, replica bit line based self-timing tech-
niques are commonly used which tightly track the bit line discharge delay over various
memory sizes and PVT conditions [145]. Through aging of the timing control path the ac-
tivation of the sense amplifier gets delayed. This gives the bit lines more time to discharge
and results in a higher differential voltage ∆VBL. However, at the same time PBTI effects
on pull-down cell transistors counteract this trend and weaken the path over which bit
lines discharge. Depending on SRAM workload and cell transistor duty factors, core-cells
and peripheral circuits degrade with different rates and therefore both need to be analyzed
separately.

First, the peripheral circuits of the SRAM architecture are exclusively subjected to aging
stress in order to specifically work out how their wear-out influences the bit line swing
metric. Moreover, as the memory cell type determines the discharge path of the bit lines
the analysis also includes a low-power cell design having a stronger pull-down device
with transistor size ratios 1:1:2. The simulation results for both high-density as well as
low-power cells when applying the worst case setup from Figure 4.5 are depicted in Figure
4.9. Most importantly, it shows that degradation of the SRAM periphery improves the
differential bit line swing and therefore access margin due to the reasons described above.
Higher memory workloads even amplify this trend.

Next, the extent to which aging of the internal core-cell transistors counteracts that be-
havior is evaluated. Using the same simulation setup, this time only the core-cells are sub-
jected to various PBTI-induced Vth drifts degrading the strength of the NMOS pull-down
transistor and therefore the bit line discharge path. The impacts on the bit line voltage
swing metric are depicted in Figure 4.10. Comparing both figures shows that cell-internal
aging effects cause the worst bit-line swing decrement in high-density cell designs, but the
simultaneous improvements due to aging of the periphery circuitry are also highest for this
cell type. Moreover, the figures reveal that aging of the SRAM peripheral circuits has the
potential to offset strong core-cell internal PBTI effects in terms of memory access margin.
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Figure 4.9: Aging of the SRAM peripheral logic improves the bit line swing metric for both
low-power (left) and high-density (right) cell designs.
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Figure 4.10: PBTI-induced core-cell degradation in terms of access margin.

4.3.5 Evaluation

The discussed results show that SRAM control logic wear-out compensates for aging ef-
fects inside SRAM core-cells and sense amplifiers. It widens the sense amplifier activation
window which offsets slower sense amplifiers in terms of access time margin. Further-
more, it increases the differential bit line voltage swing which counteracts degrading sense
amplifier offset voltages and weaker core-cell discharge paths. As every memory opera-
tion induces stress on the control circuitry, higher workloads even amplify this trend. Most
importantly, the wear-out of SRAM control logic is susceptible to both NBTI as well as
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Figure 4.11: Aging extends the word line pulse width of SRAM architectures.

PBTI effects while the degradation of sense amplifier offset voltages and internal core-cell
discharge paths is solely dominated by PBTI. Thus, this behavior can cause aging to even
improve overall access margins provided that the relative magnitude of PBTI is sufficiently
low compared with NBTI.

4.4 Impact of SRAM Periphery Degradation on Read and
Write Margins

This section briefly analyzes how aging of the SRAM peripheral circuits impacts memory
read and write margins. It only works out the trend direction as these margins are primarily
determined by the internal core-cell transistor strengths and worsen with higher variability
and lower supply voltages.

4.4.1 Read Margin

During a read event the word line activates and exposes the core-cell to the pre-charged bit
lines causing the voltage level of the cell node storing ‘0‘ to increase to a positive value. If
it exceeds the trip point of the opposite inverter the cell flips and a read or stability fault
occurs. Such types of failures are are attributed to both NBTI as well as PBTI whose ef-
fects tend to magnify each other and cause severe loss of internal core-cell stability [146].
The simultaneous wear-out of the SRAM peripheral circuitry leads to delays in memory
operation and shifts the word line activation. As depicted in Figure 4.11 its deactivation is
shifted by a much greater extent as the respective triggering mechanism involves a longer
timing path which in turn also experiences higher cumulative aging delays. Due to this
fundamental behavior SRAM aging enlarges the word line window length and therefore
also the time period the core-cell is exposed to the bit lines. In terms of read margin, this
causes higher cell disturbance as more current traverses through the access transistors into
the cell. Consequently, SRAM periphery wear-out worsens memory read margins. To esti-
mate the amount of degradation, a SRAM core-cell is subjected to different word line pulse
lengths during a read operation and the failure probability is determined. The underlying
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VDD

Word Line Pulse Width

400 ps 600 ps 800 ps 1000 ps 1500 ps

0.65 V 6.386 σ 6.311 σ 6.288 σ 6.265 σ 6.248 σ

0.70 V 6.608 σ 6.570 σ 6.560 σ 6.549 σ 6.542 σ

0.75 V 6.825 σ 6.805 σ 6.799 σ 6.793 σ 6.790 σ

Table 4.2: SRAM read stability margins for various word line pulses and operating voltages.

cell design has transistor ratios 1:1:1 making it most susceptible to read disturbances. The
read margin is measured by the number of standard deviations σ of combined transistor
Vth variations from the nominal design point to the most probable point of failure. An
in-depth description of this method is provided in Section 5.3.3. The results in Table 4.2
demonstrate that longer word line pulses only cause minor degradation of read stability
underlining the fact that cell stability is primarily set by transistor Vth values.

4.4.2 Write Margin

Generally, the write-ability of SRAM core-cells improves with aging as NBTI effects reduce
PMOS device strengths and thereby the contention between pull-up and access-transistor
during the discharge of the storage node holding ’1’ [147]. In terms of write operations,
SRAM periphery degradation mainly affects the write-driver [136] which drives one of the
bit lines to zero before the word line is activated as well as the timing control circuitry. Sim-
ilar to the improvements in sensing time margin, the delay of the write driver transistors
can be neglected in comparison to the much longer delays along the timing paths of the
SRAM control circuitry. This leads to longer word line windows which gives the memory
more time to discharge the storage node holding ’1’. Thus, the wear-out of SRAM periph-
eral circuits does not degrade write margins but tends to slightly improve it in addition to
the dominant aging effects of core-cell transistor strengths.

4.5 Conclusion

This chapter analyzed how aging of the SRAM periphery affects important memory per-
formance metrics based on transistor aging models extracted from 28nm technology. It
showed that SRAM peripheral logic wear-out is the main driver for access speed degrada-
tion while the impact of core-cells on that metric can be neglected. The worst-case speed
loss occurs when memories experience high stress before being operated at lower VDD

modes. It also described at the example of memory access margin that, even though aging
degrades the performance of each individual memory sub-component, their interaction
compensates for these effects at system level. In that way, wear-out of the SRAM con-
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trol logic can offset aging effects inside sense amplifiers and core-cells. Higher memory
workloads even amplify this behavior. Moreover, SRAM peripheral circuit aging tends to
slightly degrade SRAM read margin and further improve write margin. Furthermore, this
chapter also highlighted that aging analyses of larger systems require to consider PBTI as
well as NBTI separately, as some components might be exclusively prone to one of these
mechanism. The described effects are caused by the fundamental fact that signals which
are triggered later within a memory operation cycle have longer timing paths and there-
fore stronger aging-induced delays. Thus, the results presented here can be generalized to
all self-timed memory architectures. Most importantly, the presented results help to better
understand the behavior of SRAM peripheral circuit wear-out, to select appropriate miti-
gation schemes and to set aging guardbands more accurately.





5
Improving Testability and

Reliability of SRAM
Architectures

As process technology continues to scale, test quality, yield and reliability of modern
System-on-Chips increasingly depend on their embedded SRAM blocks. Their extreme
integration density in conjunction with complex manufacturing processes result in subtle
lithographic imperfections which demand increasingly effective test solutions. At the same
time, SRAMs are particularly affected by scaling-driven reliability challenges and address-
ing them by large aging guard-bands further deteriorates SRAM yield.

More specifically, random process parameter variations lead to increasing threshold volt-
age deviations within an SRAM core-cell and its corresponding I/O circuitry. This causes
asymmetric transistor strengths which degrade SRAM design margins and lead to para-
metric failures under lower supply voltages. In addition, the presence of device variability
also degrades the defect coverage of various memory test sequences. For example, [148]
shows that the minimum size of resistive-open defects which is detected with maximum
probability doubles under variability. Hence, a large range of defects does not manifest
itself as a gross functional failure and might therefore escape standard tests under typi-
cal operation conditions. Thus, additional stress needs to be applied during test phase to
guarantee the detection of these hard-to-detect marginal defects.

Simultaneously, lower design margins due to voltage scaling and aforementioned pro-
cess variations make newer technologies also more prone to the effects of long-term aging
mechanisms. Among them, Bias Temperature Instability (BTI), which gradually deterio-
rates transistor current drive-strength by shifting the absolute threshold voltage value |Vth|,
is often cited as the most dominant one [104, 149]. To account for these time-dependent
wear-out mechanisms, SRAMs are generally safeguarded by large Vmin aging guard-bands.
However, establishing them during test phase uniformly degrades all functional SRAM
margins [150] whereas the BTI mechanism affects them non-uniformly. Consequently, test
solutions which stress the SRAM design margins individually can help to lower pessimistic
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Vmin test guard-bands and thereby reduce overall manufacturing yield loss.
This chapter shows that many built-in design features of modern SRAMs can be used

as test solutions to cope with these upcoming challenges. They allow to impose further
test stress beyond traditional VDD guard-banding and mitigate the need to include extra
DFT (design for test) logic. Exploiting these existing circuits gives significant advantages
in terms of memory area and performance as it does not, in contrast to many previously
proposed DFT solutions [151–155], require modifications of SRAM designs. In particular,
this chapter proposes to use the inherent memory self-timing mechanism to increase the
coverage of small resistive-open defects inside core-cells. A detailed fault-injection study
on an industrial 28nm technology demonstrates that the range of detectable resistances for
cell-internal open defects increases by up to 30%. Additionally, this chapter also proposes
to exploit the word line underdrive assist circuit to detect those core-cells which are most
susceptible to long-term BTI (Bias Temperature Instability) aging. It demonstrates that this
technique screens out potentially unreliable cells prone to BTI aging more specifically than
traditional voltage guard-bands. Finally, a test flow which applies the introduced tech-
niques in an industrial MBIST (memory built-in self-test) environment is suggested.

5.1 SRAM Timing Control and its Use for Testing

Today’s embedded memories need to operate under a wide range of temperature and sup-
ply voltages from high performance to ultra-low VDD operation modes while being at the
same time exposed to strong process variations. Operating SRAMs across such a wide
range of VDD, temperature and process conditions results in varying skews of the internal
memory control signals which might cause failures. To avoid overly pessimistic timing
margins, memories need to automatically adapt to these timing variations. The internal
read and write control signals are therefore generated by self-timing circuits which accu-
rately reflect changes in process, voltage and temperature (PVT) conditions. Virtually all
high-performance memories are self-timed as this technique allows for tighter timing mar-
gins while still guaranteeing robust operation. Since the discharge delay of SRAM bit lines
is the most critical timing path self-timing circuits are generally based on so-called replica
or dummy bit lines which mimic the RC characteristics of conventional bit lines [145]. Nev-
ertheless, the increasing effects of process variations in deep nanometer scale technologies
require the flexibility to further fine-tune the memory design margins based on silicon re-
sults. Therefore, replica based self-timing circuits have become adjustable, which allows to
balance speed, power and yield.

To understand their functioning consider Figure 5.1 depicting a programmable self-
timing circuit as presented in [156]. It comprises a replica bit line with several replica core-
cells attached to it and a programmable driver consisting of several branches of stacked
NMOS transistors of different sizes to control the discharge current of the replica bit line.
These devices represent the characteristics of core-cell access and pull down transistors.
The PMOS device PRE charges the dummy bit line to VDD before memory operations are
performed whereas the signal RWB allows to adopt the discharge time to read or write op-
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Figure 5.1: A controllable SRAM self-timing circuit.

eration, respectively. Furthermore, gates g1 and g2 mimic the word line signal controlling
the cell access transistors.

Memory operations are initiated by rising clock edges causing the SRAM control block to
emit the respective control signals WLEN and BLEN (word line and bit line enable signals,
respectively, which are not shown in Figure 5.1 for simplicity). In case of read operations,
BLEN disconnects the accessed bit lines from the pre-charge logic, while it induces the pull-
down of a bit line when the cell is written. In both cases, WLEN activates the corresponding
word line to access the cell. Self-timing circuits time the end of memory operations. Af-
ter emitting the WLEN and BLEN signals, the memory control block drives the dummy
word line select signal WLSDUM high to initiate the discharge of the replica bit line. The
RPST (read programmable self-timing) and WPST (write programmable self-timing) pins
fine-tune the discharge time and make it adjustable to the respective memory operation as
defined by the RWB signal. The dummy bit line signal BLDUM is fed back to the SRAM
control block to close the timing loop. When its delayed discharged voltage reaches the
target voltage level, the SRAM control block triggers the activation of the sense amplifier,
the deselection of the word line and the activation of bit line pre-charge circuits. Thus,
replica-based timing circuits form a closed-loop feedback control mechanism to accurately
time SRAM operations which reduces their sensitivity to varying PVT conditions. In other
words, they represent a programmable, self-adaptive delay element controlling the length
of memory operations.

As the settings of the self-timing circuit are controllable via the memory pins they can
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Figure 5.2: The effect of the RPST pin setting.

Figure 5.3: The effect of the WPST pin setting.

be dynamically modified during test phase and therefore be considered as test parameters.
As outlined above, during read operations the RPST pins define the point when the sense
amplifier is activated or, equivalently, the length of the word line pulse. Since longer word
line activation windows result in a higher differential voltage ∆VBL between bit lines, this
mechanism provides direct control over the access time margin of the memory as illustrated
in Figure 5.2. Simultaneously, longer word line pulses also induce higher cell disturbance
as more current traverses through the access transistors into the cell, i.e. the cell is more
susceptible to read stability faults. Similarly, the WPST pins define how long the word line
is maintained active during a write operation. It sets the time duration in which the bit
cell is exposed to the desired charged bit lines to make it flip. This directly relates to the
definition of memory write margin as shown in Figure 5.3. Obviously, shorter word line
pulses degrade write margins and cause memory cells to be more susceptible to transition
faults.

Moreover, in contrast to assist features, which are solely activated during low-power
modes, the inherent memory self-timing behavior is used throughout all memory operation
modes. Thus, compared to assist circuit based test solutions such as [157], it can also be
exploited during high-VDD testing which is the most critical test condition for hard-to-
detect speed-related faults. The impact of the proposed test solution on these faults is
analyzed next.
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5.2 Sensitizing Marginal Delay Defects

A growing concern during SRAM manufacturing tests are dynamic or timing-related faults.
They are caused by subtle manufacturing imperfections such as partially filled vias, ill-
formed contacts or variations in the shaping of complex features causing circuit delays in
SRAM core-cells or inside the memory peripherals. These defects are generally modeled
by resistive opens and manifest themselves during high-voltage and high-speed testing
when timing is most critical and the extra delay induced by these defects is easiest to ob-
serve. Furthermore, with advanced technology nodes and increasingly complex manu-
facturing process steps these lithographic imperfections become more subtle and hard-to-
detect. They occur mainly at transistor layer and lower interconnects where lithography
is most challenging [70]. In contrast to manufacturing gross defects which manifest them-
selves irrespective of test parameter settings marginal defects can only be detected under
certain test conditions i.e. specific ranges of frequencies, voltages or temperatures. This
suggests the use of additional design-for-test solutions to improve the detectability of these
circuit marginalities. This section studies how the inherent self-timing mechanism of em-
bedded memories can be leveraged to better sensitize subtle defects inside the core-cells
and their peripheral circuitry [158]. It specifically targets resistive-open defects as they are
notoriously hard-to-detect [159].

5.2.1 Preliminaries

As outlined in Section 5.1, the programmable memory self-timing setting provides a mech-
anism to control the falling edge of the word line. Thus, any RPST or WPST configuration
deviating from the nominal setting either shortens or lengthens the word line activation
window during read and write operations, respectively. Please note that the rising edge of
the word line signal is fixed and depends on factors such as gate delays in the row decoder.

To illustrate this, consider Figure 5.4 depicting the memory clock signal and the word
line signal during a read event for different RPST settings. In that case study the SRAM
is accessed at a frequency of 500 MHz and a supply voltage of 1.1 Volt. It can be seen
that there is still margin to push the falling clock edge further towards its limit set by the
internal memory cycle under RPSTnom setting. This shows that the SRAM frequency can
still be increased or, equivalently, the word line activation window can be safely extended.
However, in case the SRAM itself is running at maximal speed it might, depending on its
design, be unable to sustain additional stress under nominal operating conditions.

Nevertheless, during high-VDD testing voltage guard-bands are applied to account for
variations in test equipment. The inherent property of the self-timing circuit to automati-
cally adjust the internal memory cycle to higher voltages gives then again sufficient margin
to widen the word line activation window. This is illustrated in Figure 5.5. The RPST set-
tings are identical to those in Figure 5.4, but the memory is subjected to a voltage that
is 10% higher than the nominal voltage typically applied at test stage. Comparing both
figures shows that higher supply voltage causes the memory control block to end the read
operation around 100 ps earlier than under nominal conditions. Thus, even when the mem-
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Figure 5.4: A simulated word line signal under different RPST settings at VDD=1.1V.

Figure 5.5: A simulated word line signal under different RPST settings at VDD=1.21V.

ory operates at its limits this behavior provides additional margin to lengthen the word line
window. Please note that the SRAM operation frequency might only restrict extending the
word line activation window but does not constrain reducing it.

5.2.2 Defects inside the Cell Array

To quantify the additional test stress which can be imposed when using the self-timing
mechanisms as a design-for-test technique the general defect injection and fault model-
ing framework is employed. The underlying memory used for this study is an industrial
SRAM design fabricated at 28nm process technology. First, resistive-open defects Df1-Df6
are injected into a core-cell as shown in Figure 5.6. Due to cell symmetry effects Df1-Df6
allow an exhaustive analysis of all resistive-open defects inside SRAM cell arrays. Next, the
faulty behavior induced by these defects is modeled at the functional level by the following
fault models which were shown to capture the injected defects [81]:

• Transition fault (TF) [48]: A core-cell is said to have a TF if it fails to undergo a transition
(’1’→ ’0’ or ’0’→ ’1’) when a write operation is performed on it.
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Figure 5.6: Resistive open-defects inside a SRAM core-cell.

• Incorrect read fault [48]: A core-cell is said to have an IRF if a read operation performed
on a such core-cell returns the incorrect logic value while keeping the correct data stored
previously.

• Read destructive fault (RDF) [48]: A core-cell is said to have a RDF if a read operation
performed on the core-cell changes its contents and returns an incorrect logic value.

• Deceptive RDF (DRDF) [48]: A core-cell is said to have a DRDF if a read operation
performed on it returns the correct logic value but changes the contents of the core-cell.

• Dynamic RDF (dRDF) [85]: A core-cell is said to have a dRDF if a write operation
immediately followed by m read operations cause the core-cell to flip its content and
the incorrect logic value is observed at the SRAM output.

• Dynamic deceptive RDF (dDRDF) [85]: A core-cell is said to have a dDRDF if a write
operation immediately followed by m read operations causes the core-cell to flip its
contents and the correct logic value is observed at the SRAM output.

To evaluate the influence of the self-timing circuit configuration on the coverage of
resistive-open defects, defect resistance values ranging from 0 Ω to 1 GΩ are simulated at a
temperature of 25◦ C. In order to reduce simulation time, an iterative simulation approach
was applied which starts with interval sizes of 100 MΩ and at each step divides the inter-
val of interest into smaller ones. Then, for each RPST/WPST setting the lowest detectable
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Defect Fault
Write Word Line Pulse Widths

model WPSTmin WPSTnom

Df1 TF 86K (+2%) 88K

Df5 TF 3.1M (+21%) 3.9M

Df6 TF 3.9M (+19%) 4.8M

Read Word Line Pulse Widths

RPSTmin RPSTnom RPSThigh

Df2 RDF/DRDF 822K (-17%) 702K 597K (+15%)

Df3 RDF/DRDF 270K (-11%) 243K 214K (+12%)

Df4 dRDF/dDRDF (m=5) 177M (-16%) 153M 119M (+22%)

Df5 IRF 5.7M (+19%) 7.0M 9.6M (-37%)

Table 5.1: The maximum detectable resistance values at VDD=1.1V.

resistance value is determined, referred to as critical resistance Rcrit [160], indicating the
defect coverage under the respective self-timing circuit configuration.

Table 5.1 summarizes the minimum detectable defect sizes for each fault model under
nominal test conditions (VDD = 1.1V), whereby the self-timing circuit configuration which
maximizes defect coverage is highlighted in bold. The applied RPST settings are shown
in Figure 5.4. The influence of the WPST setting on the word line window length is not
depicted, however, the WPSTmin setting was measured to shorten it by 70 ps with respect
to WPSTnom. The WPSTmax configuration is not further considered as it was found not to
improve test efficiency.

The simulation results show that longer word line activation windows improve the de-
tection of delay faults caused by Df2 or Df3 by 15% and 12% , respectively whereas in case
of Df4 the improvement even amount to 22%. Since both static and dynamic RDF/DRDF
capture cell stability, a higher read disturbance as imposed by the RPSTmax setting eases
their detection. On the contrary, a shorter word line window increases considerably the
coverage of incorrect read faults as shown at the example of Df5. The WPSTmin pin set-
ting reduces the write margin of the memory and thus enhances the detection of transition
faults. An increase of 21% and 19% was observed for the defect coverage of Df5 and Df6,
respectively, whereas it has little impact on the detection of Df1.

Table 5.2 lists the minimum detectable resistance values of the same experiment but sub-
jected to a 10% higher voltages stress as typically applied at test stage. The corresponding
word line signals during read operations are depicted in Figure 5.5. During write opera-
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Defect Fault
Write Word Line Pulse Widths

model WPSTmin WPSTnom

Df1 TF 73K (+3%) 75K

Df5 TF 2.8M (+20%) 3.5M

Df6 TF 3.3M (+18%) 4.0M

Read Word Line Pulse Widths

RPSTmin RPSTnom RPSThigh RPSTmax

Df2 RDF/DRDF 214K (-8%) 198K 179K (+10%) 168K (+15%)

Df3 RDF/DRDF 81K (-7%) 76K 73K (+4%) 69K (+9%)

Df4 dRDF/dDRDF (m=5) 119M (-16%) 103M 89M (+14%) 72M (+30%)

Df5 IRF 4.7M (+29%) 6.6M 9.2M (-39%) 13.1M (-98%)

Table 5.2: The maximum detectable resistance values at VDD=1.21V.

tions the WPRSTmin setting was measured to shorten the word line window by 60 ps with
respect to WPRSTnom. Comparing the simulation results of Table 5.1 and 5.2 proves once
more the effectiveness of higher supply voltages for the detection of resistive-open defects
but also reveals that the proposed test solution similarly improves the defect coverage in
both setups. Moreover, analyzing the defect coverage of Df2-Df4 shows that even when the
memory operates at its frequency limit (indicated by RPSThigh), the proposed methodology
still significantly increases cell stability stress since during test stage the RPSTmax configu-
ration can be applied. Furthermore, the experimental results show that the proposed test
solution increases the detectable size of resistive-open defects by up to 30% dependent
on their location. Moreover, the improvement in terms of defects degrading cell stabil-
ity is largely related to the available margin between the memories internal cycle and the
applied clock frequency. The sensitization of incorrect read faults and transition faults is
thereby not affected. Please note that resistive bridging faults have not been considered in
this study as their coverage can be improved by reducing the supply voltage [161] which
is generally less critical than increasing it since it imposes no limits on the chip and the test
equipment.

In total, the above results show that the configuration of the self timing circuitry is a
powerful mechanism to enhance the coverage of weak cell-internal resistive open defects.
How this behavior can be exploited to increase the efficiency of commonly applied March
algorithms is analyzed next.
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5.2.3 Enhancing Memory March Tests

As the RPST and WPST settings are dynamically modifiable via the memory pins, they can
be set accordingly to maximize the detection of functional memory fault models (FFMs).
Table 5.1 and 5.2, show that applying WPSTmin improves the detection of TFs and that the
RPSTmax setting enhances the defect coverage of both static as well as dynamic RDFs and
DRDFs. On the contrary, IRFs are better sensitized using the RPSTmin configuration. This
highlights the inherent trade-off between stressing cell stability and incorrect read faults.
It stems from the fact that longer word line pulses induce higher cell read disturbance but
at the same time also allow a higher voltage difference between the corresponding bit line
pair. Thus, the self-timing circuit cannot augment a single read operation to better stress
stability faults without simultaneously losing coverage on incorrect read faults. State-of-
the-art test algorithms are highly optimized and designed to maximize the coverage of
single cell as well as coupling cell fault models while also reducing the number of mem-
ory operations. The RPST/WPST values must therefore be carefully chosen for non-trivial
algorithms.

Nevertheless, industrial memory test sets include also a large number of test patterns
which were not developed based on coverage of fault models such as Hammer or Scan [86].
The proposed method can be easily integrated into those sequences to make them more
effective. This is examplified using the Partial Moving Inversion (PMOVI) algorithm [162]
which is shown in Figure 5.7. In the first March element the algorithm writes the cell array
to the all zero state. Each of the remaining March elements is composed of a write operation
surrounded by two read accesses. This ensures that all write operations function correctly
and no cell state is disturbed by a write or read operation on another cell.

PMOVI algorithm:
⇓(w0)
⇑(r0, w1, r1)
⇑(r1, w0, r0)
⇓(r0, w1, r1)
⇓(r1, w0, r0)

Pin configuration:
WPSTnom
RPSTmin, WPSTmin
RPSTmax, WPSTnom
RPSTmax, WPSTnom
RPSTmin, WPSTmin

Sensitized FFMs:
-
IRF, TF
(d)RDF, (d)DRDF
(d)RDF, (d)DRDF
IRF, TF

Figure 5.7: The specification of the PMOVI algorithm and potential RPST/WPST settings to
enhance the sensitization of FFMs.

The effectiveness of the PMOVI algorithm can be significantly improved by adjusting the
margins of its read and write operations using the proposed methodology. A potential con-
figuration of WPST/RPST pins that equips every memory operation with additional stress
is shown in Figure 5.7. The setting in the first, initializing march element is irrelevant. IRF
as well as TF of both data values 0 and 1 are better detected by the second and fifth march
elements. The third and fourth march elements target cell stability faults. By executing
the algorithm in fast-column addressing order, read equivalent stress [163] ensures the de-
tection of read destructive and dynamic fault behavior. As a result, the above enhanced
algorithm checks that every cell operates reliably under adverse operation conditions and
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that no cell state is disturbed by higher read or write disturbances on another cell.

5.2.4 Overtesting

The presented results show that exploiting the memory self-timing mechanism for test pur-
poses improves the coverage of cell-internal resistive open defects. However, as with many
other DFT solution, this method applies test stress which cannot occur in normal operation
mode. Thus, overtesting might occur and needs to be addressed. This section provides an
analytical approach to determine the extent to which the proposed DFT technique overtests
core-cells, i.e. screens them out due to redundant defects that do not cause failure under
nominal conditions. Similar to [160], it is based on the concepts of critical resistance Rcrit

and detectability intervals. For each modeled cell defect, the maximal detectable range of
resistance values is computed under nominal test settings [Rcrit_nom,∞] as well as when
exploiting the programmable self-timing feature [Rcrit_pst,∞]. The probability P (Df) that
the self-timing feature overtests a core-cell which is affected by the resistive-open defect
Df is then given by

P (Df) =

∫ Rcrit_nom

Rcrit_pst

ρ(r)dr/

∫ ∞
Rcrit_nom

ρ(r)dr (5.1)

where ρ(r) describes the probability density function of the open resistance r which needs
to be extracted from manufacturing data. Moreover, by assuming a uniform distribution of
the resistive-open defect sizes the overtesting probability P (Df) can be approximated by
the percentage decrease of Rcrit which is given in the Tables 5.1 and 5.2. It is important to
keep in mind that this type of overtesting is an efficient practice to sensitize latent defects
which might aggravate and cause early-life failures. It is therefore often regarded as a
feature rather than a problem.

5.2.5 Defects inside the Memory Periphery

Naturally, the peripheral logic around the core-cells is also susceptible to manufacturing
defects. Thus, hard-to-detect, timing related memory faults might emerge by the interplay
of small delays inside a core-cell and its periphery. Since, in contrast to many other DFT
solutions, the technique proposed in this work considers the whole internal memory cycle
rather than solely focusing on the core-cell array, it can induce also higher test stress on
the memory periphery. Memory test patterns which need to be applied to sensitize defects
inside the memory peripheral circuitry are presented in [164]. This section works out how
the programmable self-timing behavior of SRAMs can enhance them with further paramet-
ric stress to make them more susceptible to marginal delays. Due to the enormous amount
of potential defect locations, this section is based on the electrical fault effects and their
observability instead of defect injection.
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5.2.5.1 Bit Line Imbalance Fault

In nanoscale technologies leakage currents have increased drastically due to transistor
threshold voltage scaling. In terms of memory operations, this mainly impacts read events
since leakage currents through the pass gates of unselected cells along the accessed column
might disturb the differential bit line voltage. The worst case leakage current effect occurs
when all cells along the column contain a different value than the accessed cell. This might
lower the developed bit line swing and decrease access margin. As the RPSTmin setting
stresses cell access margin it also enhances the detection of bit line imbalance faults and
makes them easier to observe through incorrect read faults.

5.2.5.2 Slow Pre-charge Circuit Fault

Before every read or write operation the pre-charge logic charges the bit-lines of a memory
column to VDD. However, defects inside this circuit block might cause the voltage levels
to be unbalanced. This particularly affects read operations since they rely on perfectly
equalized bit lines. The most stressful data pattern for defective pre-charge circuits is a
write operation immediately followed by reading an opposite value on the same memory
column. Again, by applying the RPSTmin setting, the read operation has lower access
margins and is therefore more sensitive to subtle defects inside the pre-charge logic.

5.2.5.3 Slow Write Driver Fault

When writing a cell the write driver pulls one of the pre-charged bit lines down depending
on which value is to be written. In case the write driver is too slow, e.g. due to a defect in
the circuitry, the discharge of the bit line might be insufficient or delayed. This reduces the
write margins and can, depending on the size of the defect, even cause transition faults.
Applying the WPSTmin setting further lowers cell write margins and therefore improves
the detection of slow write driver faults.

5.2.5.4 Slow Sense Amplifier Fault

At the end of a read operation the sense amplifier translates the weak differential voltage
between the bit lines to a full swing digital output signal. However, the sense amplifier
might be too slow or affected by mismatches causing variations in its input offset voltage.
This decreases cell access margins which might result in incorrect read faults. As an ear-
lier activation of the sense amplifier lowers the differential voltage between its inputs, the
RPSTmin setting induces higher test stress on slow sense amplifier faults.

5.2.5.5 Address Decoder Faults

Subtle delay defects inside the address decoder might result in a late activation of the core-
cell or its corresponding I/O circuitry which shortens the time left for performing the mem-
ory operation. This decreases both access and write margins. On the contrary, a too late
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deactivation of the accessed core-cell might lower its stability margin [165]. As the num-
ber of logic paths inside the address decoder increases quadratically with the number of
addressable words, testing all path delays inside the address decoder is very time con-
suming. Nevertheless, changing the programmable self-timing setting during the test still
generates higher test stress on access decoder delays as it lowers the respective memory
margins and thus amplifies the fault effect. Often row and column decoders are tested sep-
arately to balance quality and test time. A dedicated March test for the row decoder excites
all address transitions along a single memory row while another March test sensitizes all
paths inside the column decoder. It reduces the test time complexity for address decoder
faults from n(n−1) to c(c−1)+r(r−1) where n denotes the number of memory bits, c the
number of columns and r the number of rows but also assumes that there is no interaction
between defects in both decoders and the core-cell array.

5.2.6 Evaluation

Above discussion shows that speeding up the internal memory cycle by applying the
RPSTmin setting is an intuitive and promising DFT method to better sensitize hard-to-
detect small delay defects inside the memory periphery. The principle is similar to faster-
than-at-speed tests in logic [78], however, with the difference that higher memory clock
frequencies do not speed up the internal memory operation cycle length and therefore the
self-timing behavior needs to be altered to do so. Moreover, the results in Tables 5.1 and 5.2
indicate that modifying the timing of SRAMs also allows to better sensitize subtle memory
delay defects inside the core-cell array without the need to further increase supply volt-
age stress. Higher supply voltages during test aggravate the excessive memory test power
consumption caused by high switching activity in the clock network in combination with
the chip’s leakage currents. Thus, higher voltages during test phase are often not a viable
option in order not to overheat and damage the device. However, it needs to be mentioned
that modifying the self-timing behavior of the memory for test purposes has influences on
the dynamic power consumption inside a memory block during test phase. Wider word
line activation pulses increase it since the internal bit line capacitance discharge to a lower
level while shorter word line pulses reduce it due to the opposite effect. These fluctuations
are significant in relation to the total test power which is dominated by switching activity
and leakage of components across the whole chip. The SoC power analysis of Section 7.3
underlines this.

When it comes to applying the proposed DFT solution it is important to keep in mind
that due to the inherent trade-off between stressing cell stability and incorrect read faults
the self-timing mechanism cannot augment a single read operation to stress one of these
margins without losing coverage on the other. Therefore this method needs be carefully
integrated into memory test sequences to make them more effective. Alternatively, an aug-
mented test pattern can simply be added to the memory test set without removing the
original one at the expense of additional run time. This ensures high test quality and the
presence of memory noise margins exceeding those established by VDD guard-banding.
Whether adding such enhanced algorithms can reduce the overall test set size by sensitiz-
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ing large parts of marginal defects which would allow to remove other patterns still needs
to be worked out based on silicon experiments. Moreover, as the self-timing circuit intro-
duces an additional test parameter modifying it provides another mechanism to balance
test quality and yield.

5.3 Reducing VDD Aging Guardbands

Opposed to high-voltage testing which primarily targets speed-related faults, low-voltage
memory tests aim to reduce design noise margins in order to detect those core-cells with
insufficient Vmin i.e. the minimum required supply voltage below which an SRAM cell
cannot be operated. In order to account for effects causing Vmin degradation throughout
device lifetime, the SRAM operating voltage in the product is safeguarded by large volt-
age guard-bands. These safety margins reduce the screening voltage during low-VDD test
phase and increase the likelihood of parametric cell fails. This section proposes a new assist
circuit based methodology to decrease the yield loss at this stage by lowering the part of the
voltage guardbands accounting for BTI aging effects without compromising test quality.

5.3.1 General Methodology

During low-VDD testing large guard-bands need to be applied to protect the SRAM against
several intrinsic and extrinsic effects degrading Vmin. Traditionally, these voltage margins
mainly targeted noise sources such as tolerances of the power management unit or IR-
drops on the chip. However, in deeply scaled technologies large extra guard-bands need
to be added to ensure that core-cells have sufficient margin to cope with global process
variations, RTN (random telegraph noise) [166] and aging mechanisms. Moreover, in case
all tests are performed at room temperature further guard-bands are applied to account for
temperature effects. These safety guard-bands considerably decrease the screening volt-
age during low-VDD tests resulting in diminishing margins between test voltage and the
minimum voltage at which memories work reliably [167]. This is illustrated in Figure 5.8
showing that higher voltage guard-bands increase SRAM parametric failure rates which
leads to subsequent yield loss if not repaired through redundancy.

In terms of aging guard-bands, applying them degrades all functional SRAM margins
whereas the dominant BTI mechanism primarily worsens read stability as will be pointed
out in the next section. This suggests to better safeguard BTI by dedicated test solutions
which specifically stress read stability. Consequently, less conservative aging guard-bands
can be applied. This results in higher low-VDD test voltages which prevents test algorithms
from screening out access or write limited core-cells that are less susceptible to fail due to
BTI aging. However, implementing such a test strategy requires dedicated circuits to stress
read stability as lowering the supply voltage during the run of specific test patterns would
induce costly synchronization effort between the parallelly tested memory instances. This
work proposes to use the word line underdrive assist circuit for safeguarding BTI. Com-
monly, the WLUD feature is activated during low-power modes to lower cell read dis-
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Figure 5.8: The application of voltage guard-bands and their effects on yield.

turbances. Thus, deactivating or weakening the WLUD assist during low-VDD operations
stresses cell read stability. At high-VDD or high performance mode this assist feature is
commonly deactivated to avoid speed loss due to weaker access transistors.

Previous works have already proposed to exploit the WLUD feature to adapt memory
margins to a die’s systematic process variations. This maximizes yield by balancing read
stability and writability to the given process skew corner. In [98] and [99] on-chip sensors
determine whether the die’s minimum memory operation voltage is constrained by either
read or write operations and apply an optimized WLUD strength from a fixed set of con-
figurations. In contrast, this work considers the WLUD feature as a test solution. It focuses
on modifying the WLUD strength during manufacturing tests to safeguard the emerging
aging-induced degradation of memory cells. This technique captures unreliable cells more
specifically than conventional aging test guard-bands and thus reduces unnecessary yield
loss.

The next sections study how the built-in WLUD feature can be exploited to specifically
screen out read stability limited cells and also compare the method with the commonly
applied voltage guard-bands. First, the influence of BTI on SRAM margins is analyzed in
more detail and the simulation methodology which is used to quantify that influence is
presented. Next, a case study is performed to evaluate the whole methodology including
the consideration of process corners and temperature effects.

5.3.2 The Influence of BTI on SRAM Failure Mechanisms

Due to high workloads at the cell-internal transistors when storing data values BTI-induced
variation has been identified as the dominant SRAM wear-out mechanism [134,168]. NBTI
(Negative Bias Temperature Instability) causing Vth drifts in PMOS devices under negative
gate stress poses the limiting reliability issue in SiO2 dielectric technologies. Since NBTI
weakens the drive-strength of pull-up transistors it severely degrades SRAM stability. At
the same time, though, it also improves write-ability by alleviating contention between that
device and the access transistor during the discharge of the storage node holding ’1’ [147].
Its impact on cell access time is negligible since NBTI does not affect the NMOS pull-down
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and access transistors determining cell access speed.
With the introduction of high-k metal gate technology PBTI (Positive Bias Temperature

Instability) that degrades the threshold voltage of NMOS devices under positive gate stress
has also became a significant reliability concern. This makes SRAM pull-down and access
transistors also prone to BTI wear-out whereas, due to much longer stress phases, the pull-
down transistor experiences much higher degradation. This further worsens SRAM read
stability. It also affects memory access margin which is determined by the current flowing
through the path formed by the access and pull-down transistors. Whether access margin
degradation is a major reliability constraint depends on several factors such as the type of
core-cell (i.e. the size of the pull-down transistor), the magnitude of PBTI as well as the
access speed of the memory. Moreover, as shown in Chapter 4, the simultaneous wear-out
of peripheral SRAM circuits counteracts access margin degradation.

In total, Vth drifts inside the cross-coupled inverter structure primarily cause severe loss
of memory read stability over lifetime since NBTI and PBTI effects tend to magnify each
other [146]. Due to the recovery effect of BTI, the worst case condition for read operations
is a read event immediately after the cell has hold the same value for a long time. In terms
of write operations, BTI stress was shown to generally improve memory write margins
by weakening the pull-up transistors. Even the worst-case operation, which is the second
of two alternating write events after the cell has long stored the same logic value, suffers
only from a marginal worsening of cell writeability [133]. Hence, BTI-induced writability
degradation is not considered as a major concern. In [169] similar results were reported for
emerging FinFET based SRAMs.

These observations once more make clear that BTI primarily worsens SRAM read stabil-
ity while causing much less degradation of access and write margins. Therefore core-cells
with low read stability pose long-term reliability risks and test solutions for screening out
such cells without overstressing write- and access-limited cells are required.

5.3.3 Statistical Simulation Approach

Due to their high number, SRAM core-cells require extremely rare failure probabilities in
order to not impair chip yield. Conventional Monte-Carlo methods involve no approxima-
tions about the distribution of the failure metric and therefore need a prohibitively large
number of experiments to estimate these low-probabilities with reasonable accuracy. Thus,
statistical techniques such as most probable point of failure (MPP) based methods are used
which approximate a system’s failure probability by the most likely failure point in its de-
sign space [26]. In terms of SRAMs, random process variations, which are considered to be
independent, zero mean Gaussian distributions, have dominant impact on overall cell ro-
bustness. This results in a six-dimensional normal design space for the standard 6-T SRAM
cell in which each dimension represents a cell transistor’s Vth value. The MPP gives the
configuration of individual transistor Vth shifts which is most likely to cause cell failure.
Mathematically, it is defined as the point on the fail/no fail boundary sphere which has
minimum distance to the origin. Finding it represents an optimization problem which can
be solved by an incremental search algorithm. Moreover, the number of standard devia-
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Figure 5.9: The degradation of SRAM cell read-ability due to BTI aging effects.

tions (cell sigma σ) to the most probable failure point gives a measure of the amount of
process variations a core-cell design can withstand. In other words, it describes failure
probability of a memory cell. Thus, in the following sections it is used as a figure of merit
to quantify overall memory yield.

5.3.4 Simulation Results

This section evaluates how various operation voltages, BTI-induced transistor Vth drifts as
well as the WLUD settings influence read and write cell margins using the previously pre-
sented MPP simulation methodology. All simulations were performed at typical process
corner, ambient room temperature of 25◦ C and using a 6-T high density SRAM cell with
transistor size ratios 1:1:1. Moreover, the simulation setup also includes the effects of read
and write assist techniques which are typically applied at lower supply voltages. For cell
read stability simulations the most critical case is a cell storing the same logic value for a
long time before being accessed. This causes BTI to asymmetrically degrade cell transistor
strengths. Figure 5.9 depicts the effects of various levels of BTI induced Vth drifts on read
stability. It shows a strong degradation of read stability which either lowers the minimum
supply voltage under which an SRAM cell can reliably operate or causes higher yield loss.

On the contrary, as shown in Figure 5.10, the same BTI effects greatly improve cell write-
ability by shifting margins towards higher tolerance levels when assuming the best-case
setup for cell write-ability, i.e. a core-cell holding the same logical value for a long time
before being written. Even in the worst stress condition, which is the second of two al-
ternating write operations after the cell has hold the same value for a long time, the write
margin was found not to degrade but rather closely coincide with the ’no aging’ curve of
Figure 5.10. Furthermore, both figures also reveal that lower test voltages do not account
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Figure 5.10: The improvements of SRAM cell write-ability due to BTI aging effects.

for these opposing BTI effects on read and write margins. Applying voltage guard-bands
to safeguard read margins simultaneously stresses write margins even though BTI does
not degrade them during lifetime. The next section investigates how a more selective test
technique can lower potential yield loss caused by overstressing write-limited core-cells.

5.3.5 Case Study

Based on the above-discussed simulation data this section exemplifies how the built-in
WLUD feature can be exploited to lower potential yield loss by stressing cell margins more
selectively than conventional voltage guard-bands. Provided that safeguarding BTI re-
quires 50mV additional Vmin aging guard-bands the overall low-VDD test voltage reduces
from 0.75V to 0.7V. This lowers read stability margin to 7.1 σ and screens out those read-
limited core-cells which are most susceptible to fail during operational lifetime. However,
at the same time, the voltage guard-bands also reduce cell write margin from about 7.1 σ
to 6.5 σ. This unnecessarily increases cell-write failure probability which directly translates
to yield loss.

To evaluate how the built-in WLUD feature can deliver a more selective stress, the same
statistical read stability analysis, however, subjected to various WLUD settings is per-
formed. The results, which are depicted in Figure 5.11, show that deactivating the WLUD
is a powerful read stability test technique allowing to impose up to 1.5 σ higher test stress
over all voltage levels. With regard to the case study, the same read stability stress can
therefore be imposed by lowering the WLUD from 0.9 to 0.92 VDD. Replacing the BTI
guard-bands by a custom WLUD configuration allows therefore to perform low VDD tests
at higher screening voltages. This maintains the same stress on read-limited core-cells with-
out overstressing write-limited cells.
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Figure 5.11: The impact of various WLUD settings on SRAM read stability.

5.3.6 Process Corner and Temperature Effects

This section evaluates the effects of global process and temperature corners on the pro-
posed test method. Systematic fabrication parameters deviations shift electrical transistor
characteristics which move the careful balance between cell read- and write-ability. The
skewed FS process corner, i.e. fast NMOS (strong pass transistors) and slow PMOS de-
vices (weak pull-up transistors), degrades read margin while facilitating write operations.
Similarly, the SF corner, i.e. slow NMOS and fast PMOS, lowers cell write margin while
enhancing read margin [29]. Thus, towards the SF corner more and more core-cells are
write-limited rather than read-limited. This means that lowering the test voltage to safe-
guard BTI effects on read stability causes highest yield loss at the SF corner. In other words,
yield loss savings when using the WLUD instead of conventional voltage guard-bands in-
creases the more a die is skewed towards the SF process corner. Furthermore, as illustrated
in Figure 5.12, varying WLUD configurations stress read stability very consistently over
different global process corners. This facilitates its use for test purposes since it does not
selectively stress certain process corners.

Moreover, as carrier mobility and transistor threshold voltage are strongly dependent on
temperature, testing at different temperature corners further influences the effectiveness
of the proposed test method. Higher temperatures significantly degrade cell stability by
lowering NMOS transistor threshold voltages while lower temperatures represent the most
critical case for cell write-ability [29]. This indicates that using the WLUD circuit to detect
read-limited cells is most beneficial over conventional voltage guard-bands during low-
temperature tests.
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Figure 5.12: Modifying the WLUD settings induces consistent stress over all process cor-
ners at VDD=0.75V.

5.3.7 Evaluation

The simulation results discussed above show that modifying the WLUD assist setting is
a very powerful test technique to specifically stress read stability during low VDD testing.
The maximum possible stress depends on the default setting. However, even small modi-
fications allow high stresses. The achievable yield savings of this test technique depend on
the severity of the BTI effects, i.e. the magnitude of the applied aging guard-bands, as well
as on the failure mode of Vmin limiting bit cells. The more write-limited cells the higher the
yield savings. Moreover, this technique needs to be used carefully, because deactivating or
lowering WLUD during low-voltage tests also reduces test stress on write and access mar-
gins. For example, it can be used in an extra run of a test algorithm. As is the case for any
DFT solution that stresses cell margins in a non-uniform way, this test strategy may result
in higher test times. However, there is no hardware overhead, as modern memories already
contain all circuitry required for this strategy. Additionally, above observations on the non-
uniform impact of BTI on cell margins as well as their strong dependence on temperature
and process corners underline the increasing need for more adaptive test flows.

5.4 Implementation and Conclusion

In terms of memory area the proposed methods do not induce any additional costs, how-
ever, to estimate the total overhead their effects on the memory test circuitry need to be
considered as well. Commonly, the memory assist circuit configuration is controlled by the
system’s power management unit which adapts them to the respective performance mode.
The optimal configuration of the self-timing circuit is determined based on silicon test chip



CHAPTER 5. IMPROVING TESTABILITY AND RELIABILITY OF SRAM ARCHITECTURES 77

Figure 5.13: A potential test flow to increase the stress of specific memory test patterns
without the need to modify VDD.

results and fused into a control register. In order to use these features efficiently during
memory test phase both need to be made directly controllable by the memory built-in self
test (MBIST) logic. This requires a few extra multiplexers and a separate control signal al-
lowing to decouple these on-memory structures from their default settings and adjusting
them by the MBIST during the run of certain test patterns. This implementation allows to
run such test flows as shown by the flow chart in Figure 5.13 without having to interrupt
the MBIST procedure (between MBIST_go and MBIST_done). Not interrupting the MBIST
to modify these settings during the run of certain test patterns is especially important in or-
der to avoid time-consuming synchronization steps between the various MBIST instances
and the external test equipment. The proposed implementation meets that requirement
and makes the on-memory structures accessible for test purposes in a very cost-effective
manner.

In summary this chapter pointed out that modern memories contain sufficiently complex
circuits that can be exploited to handle emerging SRAM test challenges of deeply scaled
technologies. In particular, it presented how configurable self-timing circuits can be used
to stress subtle delay faults inside core-cells or their peripheral logic. Such defects are of
special importance as they are assumed to be the root-cause for many hard-to-detect mem-
ory faults. Furthermore, it proposed to use memory assist features to specifically detect
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those core-cells which are most prone to the effect of BTI aging. This allows to lower con-
servative aging guard-bands which would erroneously impose stress on write limited cells
that are not prone to BTI aging. It further showed how these design features can be used
to implement test strategies that induce higher stress than the conventional voltage stress.
Exploiting these built-in circuitry for test purposes greatly mitigates the need for extra DFT
logic inside the memory. As any other memory DFT circuitry the proposed test techniques
introduce additional parameters which have to be carefully tuned to balance test quality
and yield. Moreover, to evaluate the true capabilities of the proposed methods they need
to be evaluated on a large scale silicon study which could not be realized in the course of
this work.



6
Automating Memory Test

Pattern Verification

With technology scaling and aggressive design rules, memory defects have also become
more subtle demanding dedicated test and debug algorithms to ensure proper function-
ing [170]. During manufacturing yield ramp up information about the location and type
of manufacturing defects in the memory needs to be extracted to allow for timely yield
improvements. Thus, more complex and diagnosis-oriented algorithms are necessary to
obtain additional diagnostic information about arising defects. Once the manufacturing
process is stable, simpler or fine-tuned algorithms can be used to reduce test time. In case
novel defect types become evident during fabrication, new test patterns might need to be
added. Modern memory built-in self test architectures have become highly flexible to ac-
commodate these requirements. They do not only support a large number of user-defined
test algorithms but also allow selecting and programming them in the field. This flexibility
inevitably leads to complexity and the need to verify the correctness of the test algorithm
implementations. The traditional approach to ensure that a design meets its functional re-
quirements is based on large automatically generated testbenches. However, it falls short
of comprehensive semantic verification for user-defined test algorithms, which remains a
very tedious task that often has to be performed manually.

This chapter describes the challenges involved in the verification of memory test pat-
terns and presents approaches to address some of them. The first part demonstrates, based
on the SRAM TVC-assist technique, how higher memory complexity leads to novel, non-
standard memory test algorithms whose implementation needs to be verified [171]. The
second part presents a methodology to bridge that gap of verification automation [172].
The proposed approach generates a sequence of memory commands from a high-level
test algorithm specification and compares them against the actually applied signals at the
memory. It supports different types of memory blocks and various test algorithms in com-
bination with algorithmic stresses. Additionally, it also greatly facilitates the debugging of
incorrectly implemented test algorithms.

79
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Figure 6.1: The TVC circuitry including the injected resistive-open defects.

6.1 Test Methods for the TVC Write-Assist Technique

This section demonstrates how higher memory complexity leads to extra memory algo-
rithm verification effort by investigating the TVC write-assist technique from a testing
point of view. Potential resistive inter and intra-gate defects are injected into the TVC cir-
cuitry, their fault effects analyzed and requirements formulated to sensitize them by dedi-
cated memory March tests whose implementation needs to be checked for correctness.

As described in Section 2.4.1 the SRAM TVC assist technique is a powerful and indus-
trial used circuit solution to support reliable low-power memory write operations. How-
ever, these benefits come at the expense of higher complexity and vulnerability to failures.
To avoid data retention faults, the transient voltage droop requires careful control using
dedicated circuitry. This adds a significant portion of logic to the memory periphery which
might be affected by manufacturing defects. Conventional components of memory pe-
ripheral logic such as address decoder, write driver and sense amplifier have already been
thoroughly analyzed [83,84,173]. The impact and resulting fault behavior of defects inside
these circuits has been studied and efficient test solutions have been proposed. However,
due to its novelty, no such study has been reported covering defects inside the TVC circuit.

Figure 6.1 depicts the TVC circuit implementation as proposed in [39] as well as the lo-
cations of potential resistive-open defects which are injected into the design. The TVC cir-
cuitry is replicated and placed at the edge of every memory column to control the supply
voltage VDD,col of all cells along that column. The active-high signal SRAM_AWAKE

indicates whether the memory is in active or in inactive power saving mode. The
COL_SELECT signal is driven high by the column decoder when the respective memory
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column is selected. A TVC operation is initiated by a rising TV C_PULSE signal which
generates together withCOL_SELECT the active-lowCOL_PULSE. This signal simul-
taneously disconnects the column supply voltage VDD,col from VDD and drives it to ground
through the NMOS device. The falling edge of the TV C_PULSE finishes the operation
and restores VDD,col to VDD. This produces a temporary suppression of VDD,col.

The amplitude and slew rate of the collapsed voltage level can be adjusted via several
PMOS devices connected to VDD,col, which in turn are controlled by the TV C_BIAS pins.
These bias currents clamp the maximum depth of the voltage collapse to a fixed interme-
diate level. This method of operating the TVC circuitry is referred to as SB-TVC (strong
bias). It provides accurate control of the TVC behavior but at the expense of a static current
flow which strongly depends on SRAM operating frequencies as well as collapse ampli-
tudes. As an alternative, the collapse depth can also be controlled by carefully defining the
pulse width of the TV C_PULSE signal resulting in a P-TVC (pulsed TVC) approach. This
eliminates bias currents and thus significantly lowers write-energy overhead compared to
the SB-TVC but is also more difficult to implement over a wide range of memory config-
urations [174]. The P-TVC approach is especially beneficial for realizing shallow voltage
collapses which would require highest static bias currents. As the circuit topology in Figure
6.1 can be used to realize SB-TVC as well as P-TVC techniques both of them are considered.

6.1.1 Experimental Results

Next, the faults induced by the injected resistive-open defects on the functioning of the
TVC write-assist technique are studied. Only one defect of Figure 6.1 is considered at
a time since the presence of a larger number of defects is very unlikely in a circuit of
this size. Furthermore, the injected resistance values range from the order of several
KΩ producing small signal delays to high resistance values in the order of several
MΩ acting as strong open defects. Since the TVC circuitry controls the column sup-
ply voltage VDD,col its fault behavior can be characterized based on the output shaping
of that signal. The resulting fault behavior can be classified into the following three groups:

1. Defects with negligible impact on VDD,col

Defects belonging to this group do not manifest themselves by faulty memory oper-
ations as the signal driving the corresponding lines does not change during the TVC
operation. Examples are Df4 or a broken source of the pull-up transistor controlled by
SRAM_AWAKE inside gate g2.

2. Defects mitigating the extent of the VDD,col collapse
Defects of this group weaken the extent of the voltage collapse if they are low-resisitve,
while higher values of resistance can prevent it from occurring at all. This can result in
failing write transition operations due to the lacking support of the assist circuitry. This
fault behavior can be caused by a range of defects including inter-gate defects Df3, Df5,
Df8, Df15, Df16 and Df17. Since the defects mentioned cause write transition faults they
can be easily detected using standard March algorithms.
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Figure 6.2: VDD,col for a fault-free and defective P-TVC.

3. Defects increasing the extent of the VDD,col collapse
The presence of this type of defects increases the depth and/or duration of the transient
voltage collapse. Examples of potential defects are Df7, Df9, Df18, and, for the SB-TVC
approach, also Df10 and Df11, which model broken bias transistors. Members of this de-
fect group impose higher stress on the state of non-accessed cells while facilitating write
operations. As long as the collapsed voltage level recovers in good time before the start
of the next memory operation this might result in data retention faults along the accessed
column. However, if the temporarily lowered voltage does not reach full VDD until the
beginning of the next clock cycle, the subsequent memory operation is exposed to a lower
supply voltage causing cell instability and making it more sensitive to parametric mem-
ory faults [175]. Please note that parametric write faults are not observable as lower cell
supply voltages facilitate write operations but, in case the corrupted value of VDD,col does
not remain well beyond the data retention voltage, parametric hold failures might occur. It
furthermore becomes clear that VDD,col recovers from its degraded state which underlines
the dynamic nature of these faults.

In case the depth of the voltage collapse is not limited using high bias currents a cumula-
tive fault effect can be observed which gradually lowers VDD,col with every write operation
along that column. This is shown in Figure 6.2 for a P-TVC approach which controls the
magnitude of the voltage collapse solely using the TV C_PULSE signal. In presence of
Df7 having a resistance of 25 kΩ several consecutive write operations lead to a significant
lower level of VDD,col. Similarly to above, this increases the risk or parametric failures for
subsequent memory operations along the same column. However, a more complex sensi-
tization sequence is required introducing the following novel fault models:

• TVC-induced read-stability fault: A core-cell is said to have a TVC-induced read sta-
bility fault if a read operation immediately preceded bymwrite operations on the same
column causes the cell to flip its content.

• TVC-induced access-time fault: A core-cell is said to have a TVC-induced access time
fault if a read operation immediately preceded by m write operations fails to develop a
sufficient differential bit line voltage.

• TVC-induced retention fault: A core-cell is said to have a TVC-induced retention fault
if m write operations on the same column cause the cell to lose its state.
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Figure 6.3: A test for sensitizing TVC-induced memory faults.

6.1.2 March Test Solution

As previously shown, some potential defects inside the TVC circuitry introduce novel dy-
namic memory fault behavior by temporarily degrading the supply voltage VDD,col of the
subsequent operation. It is important to know that these defects require successive write
operations on the same column to be properly stimulated since write operations on a differ-
ent column or any read event allow VDD,col to recover. Based on that, Figure 6.3 proposes
a March test targeting all TVC-related fault models. To excite these defects, m consecutive
write operations might be required while the value of m trades off test quality with test
time. The read operations at the beginning of March element three and five capture the
effects of read stability faults as well as data retention faults while the final read operation
ensures the detection of access time faults. The data background is not relevant for this
algorithm while running it with row-after-row addressing order is of crucial importance.
Moreover, due to the dynamic behavior of the targeted fault models high frequencies im-
prove overall efficiency of this test. The next section covers the challenges involved in the
verification of such non-standard test and diagnosis patterns.

6.2 Automated Verification

During memory manufacturing tests MBIST engines apply custom-designed algorithmic
test patterns to the memories. These patterns need to be implemented in a MBIST vendor
specific low-level syntax and the implementation needs to be checked against the specifi-
cation for correctness. Programmable MBISTs offer high-flexibility to support user-defined
or non-standard test patterns which is, as shown in the previous section, required to ensure
the detection and diagnosis of certain memory defects. However, due to the complexity of
some test patterns, the low-level syntax in which they are defined as well as differences be-
tween the physical and logical memory structure their implementation might be erroneous
and not correctly capture the behavior defined in the original specification. As commonly
used testbench based verification approaches do not include semantic checks misbehaving
test patterns are not detected. This results in a verification gap that might overlook incor-
rectly implemented test algorithms and puts manufacturing test quality at risk by missing
certain fault types.

This section outlines the challenges involved in the verification of user-defined test al-
gorithms and proposes a method to overcome them. It describes the deviations between
physical and logical memory layout which greatly complicate manual verification and also
gives an overview of various programmable memory BIST architectures and their capabil-
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ities. Finally, it presents a new methodology for the automated verification of user-defined
test and diagnosis algorithms which ensures that their implementation correctly captures
the specification.

6.2.1 Physical Memory Structure

As fault models are defined upon the faulty electrical behavior of underlying circuits, spe-
cific electrical stimulus need to be applied to excite them. However, due to memory design
optimization the actual physical memory layout is often different to the assumed logical
layout. Thus, to preserve the test stimuli, i.e. the data patterns and addressing sequences,
the underlying physical memory structure of memories needs to be taken into consider-
ation when applying them. This complicates manual verification of test patterns as the
logical address and data values which are applied during test do not correspond to the
physical ones. The main causes why there is no one-to-one mapping between the physical
and logical memory layouts are address and data scrambling which are described below.

6.2.1.1 Address Scrambling

Address Scrambling refers to the fact that the logical address sequence applied to a mem-
ory does not correspond to the physical address sequence which is actually used to access
the data words within a chip. This means that logically adjacent memory words may be
physically scattered around the memory cell array. Whether and what type of address
scrambling is implemented depends on the structure of the address decoder which trans-
forms logical to physical addresses. Generally, scrambling is used to built more compact
decoders since it allows to optimize its design in terms of silicon area.

6.2.1.2 Data Scrambling

Besides the physical cell address, also the electrical data value stored inside a memory cell
might differ from its logical counterpart. That situation is referred to as data scrambling
and mainly caused by aggressive design rules within the cell array. To exemplify this,
consider Figure 6.4 which depicts the topological layout of a 6-T SRAM cell as proposed
in [176]. Due to its aspect ratio, which reduces the length and thus also the capacitance of
bit-lines, that design is commonly known as thin-cell layout.

When arranging multiple thin-cells to columns and rows, they are mirrored horizontally
and vertically, respectively. This allows neighboring cells to share the contacts along the
cell boundaries as well as the underlying doped well regions on the substrate. In that
way a very tight cell array is obtained, however, at the expense of regularity. That cell
arrangement is illustrated in Figure 6.5 showing a scanning electron microscope (SEM)
photography of a 0.1 µm2 6-T SRAM cell array with the boundary of a single cell marked by
a yellow-dashed box. The image was taken at an early stage of fabrication after implanting
the active diffusion regions (horizontal shapes) and patterning the metal transistor gates
(vertical structures).
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Figure 6.4: Topological layout of a 6-T SRAM cell. Figure 6.5: Top-down SEM
image of a 6-T SRAM cell [177].

6.2.2 Programmable Memory BISTs

Classical BISTs are directed by a finite state machine (FSM) based controller which im-
plement a fixed set of test patterns. As they are hard-wired into the design and non-
customizable to certain memory architectures the silicon area overhead is minimal [178].
However, the flexibility of such BISTs is very limited since the FSM might get very com-
plex with an increasing number of test algorithms and, above all, modifying test patterns
requires a redesign of the whole controller.

As a consequence, several programmable MBIST designs have been proposed which dif-
fer mainly in terms of programmability and silicon area overhead [179–183]. They can
be characterized as either FSM-controlled or microcode-based. Finite-state-machine con-
trolled MBISTs have been made programmable by representing March elements as states
which are combined to several algorithmic-specific FSMs resulting in a set of built-in test
algorithms. The execution of the algorithms is initiated by the external automatic test
equipment ATE which sends simple codes referred to as ’macro-commands’ [179, 180].
They select certain test algorithms at run-time. However, they must be composed of the
pre-defined March elements which in turn restricts the flexibility of that approach. In
contrast to that, microcode-based MBISTs encode the basic read or write operations of
test algorithms in so-called micro-instructions. These are stored inside the MBIST engine
in a separate instruction word register from where they are loaded, decoded and exe-
cuted. This architecture gives the flexibility to load any March algorithm from the ATE
without affecting the hardware, but at the expense of additional area costs of the MBIST
unit. Many highly programmable, microcode-based MBIST architectures have been pro-
posed [181–183] which provide a wide variety of data backgrounds and memory address-
ing schemes. Beyond that, the support of multi-level nested loops allows users to im-
plement complex, non-March test algorithms such as galopping or butterfly patterns [44]
which access memory cells along a column, row or neighborhood depending on a specific
base cell address.
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It is important to note that throughout the entire verification process of a test algorithm,
the underlying MBIST engine is treated as a black box. Thus, the proposed methodology
can be applied to any of the architectures described above.

6.2.3 The Verification Process Flow

Memory test programs and their corresponding algorithmic stresses are implemented in
so-called algorithm files using a special low-level syntax provided by the MBIST tool ven-
dor. These files are compiled to micro-instruction words or FSMs controlling the MBIST.
The characteristics of the memories, to which the BIST functionality is to be added, are de-
scribed in so-called ’memory views’ containing the physical structure including data and
address scrambling functions as well as memory port descriptions. The MBIST insertion
step itself is fully automated and generates the register-transfer level (RTL) test circuitry
and memory interfaces according to the data in the above mentioned files.

Usually, large automatically created testbenches are used to check the functional correct-
ness of the MBIST logic and to ensure that it implements the test algorithms as specified
in the algorithm files. However, due to the complexity of some test patterns, the low-level
syntax in which they are defined and a non one-to-one mapping between the physical
and logical memory structure the algorithm files themselves might be erroneous and not
correctly capture the behavior defined in the original specification. As testbench based
verification approaches do not include semantic checks, misbehaving test patterns are not
detected. This results in a verification gap as indicated in Figure 6.6.

Due to this lack of automation, it still needs to be verified manually whether the imple-
mentation of a test algorithm behaves in accordance with its specification which is a tedious
and error prone process. This section describes a software-based approach to bridge that
verification automation gap, i.e. to additionally check the semantics of an algorithm file.
The presented technique maps the actual behavior of a test algorithm implementation to
an intermediate-level sequence of so-called ’memory commands’. Then, a high-level spec-
ification of the implemented test algorithm is transformed to the same representation and
both are matched.

Memory command sequences describe the series of read and write operations which
are actually applied or expected to be applied to the memory under test. Each memory
command specifies a memory read or write operation including the timestamp when that
operation was applied. They can therefore be expressed as tuples holding the following
data:

(read/write, address, data value, timestamp)

The first element specifies either a read or a write operation. The second element denotes
the logical memory address which is accessed by that operation while the third one holds
the data pattern which is written or read from the memory. The fourth element contains
the timestamp when the operation was applied by the MBIST.

Memory commands pose an appropriate level of abstraction since they are easily compa-
rable and provide enough insight into the behavior of algorithms to facilitate debugging.
The following sections further describe how the memory command sequences are obtained
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Figure 6.6: The MBIST algorithm verification process flow. The red arrow indicates the
verification gap which needs to be bridged.

from both, its actual implementation inside an algorithm file and its high-level specifica-
tion, and matched against each other.

6.2.3.1 Specifying a Reference Test Program

To obtain the correct reference command sequence, test algorithms need to be formally
specified in a syntax which obviously captures the meaning of the original specification.
Thus, a syntax which is very close to the standard March algorithm notation was chosen.
To give an example, the Partial Moving Inversion (PMOVI) algorithm [162], an industrial
standard test pattern, is specified in Figure 6.7.

Data_Background: SOLID
Addressing_Scheme: FAST-COLUMN

v(w0)
ˆ(r0, w1, r1) ˆ(r1, w0, r0)
v(r0, w1, r1) v(r1, w0, r0)

Data_Background: SOLID
Addressing_Scheme: FAST-ROW

ˆ(w0)
ˆ(w1, cellsInColumn(rl0, r1), w0)
ˆ(w1)
ˆ(w0, cellsInColumn(rl1, r0), w1)

Figure 6.7: Two high-level specifications of a March (left) and a non-March (right)
algorithm for the proposed verification tool.
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The algorithm itself comprises five March elements, each starting with an addressing
order operator (ˆ for ⇑ and v for ⇓) followed by a list of memory operations. Reading
(writing) of the zero data value is denoted as r0 (w0), while operations on the inverse data
value are expressed by r1 or w1, respectively. Moreover, the specification also requires to set
algorithmic stresses such as data background and addressing scheme since they influence
data and address values of the memory operations defined by the algorithm.

More complex, non-March test algorithms additionally access one or more memory cells
as a function of an underlying cell address. To be consistent with the naming used in [182],
these functions are referred to as local loop patterns, whereas the surrounding outer loop
is defined as the base loop. The proposed high-level notation features various pre-defined
local loop patterns in order to facilitate the implementation of complex test programs.

For instance, the cellsInColumn() pattern references all cells which are in the same col-
umn as a specific base cell. It is used to specify the Galopping Column algorithm whose
high-level description is shown in Figure 6.7. The first March element initializes the entire
cell array to a known data background. The second one starts with inverting the first base
cell (w1), before the local loop cellsInColumn() performs a read operation (rl0) on each col-
umn cell followed by an alternate read of the base cell (r1). Please note that memory read
or write zero operations acting on local cells are denoted as rl0 or wl0, respectively, to dis-
tinguish them from those performed on the base cells. Next, the base cell is restored to its
original value (w0), incremented and the March element is executed again until all base cells
have been traversed. The third and fourth March element repeat that procedure using the
opposite data values.

The tool provides many more pre-defined local loop patterns such as cellsInRow(),
cellsInDiagonal(), topCell() and leftCell() whose function is self-explanatory. Figure
6.7 shows that, by using these local loop patterns, even complex test algorithms can be for-
mally defined in a syntax that can easily be verified to capture their specified behavior and
therefore eliminates potential human-introduced errors at that stage.

6.2.3.2 Generating a Reference Command Sequence

A reference command sequence specifies the memory operations a test program is ex-
pected to apply to a given memory instance. The verification tool automatically creates
that sequence from a high-level reference test program, as defined above, and an underly-
ing memory view.

The simulation of a test program starts with determining its addressing scheme. Each
addressing scheme is internally realized as a pre-defined function returning a correspond-
ing memory address sequence based on the memory structure information. To simulate a
March element, that sequence is, depending on the addressing order of the March element,
either traversed in forward or reverse order. In that way a sequence of base cell addresses is
obtained. Local loop patterns are implemented as functions of the base cell returning one or
more cell addresses. This allows the extension of the base cell sequence to a more general,
non-regular address sequence. The read and write operators are also functions returning a
data value for a given cell address based on the specified data background pattern. They
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equip the address sequence with the corresponding memory operations and data values.
Moreover, to compensate for potential scrambling operations performed inside the phys-

ical memory interface, the resulting memory command sequence is further manipulated by
applying the data and address scrambling functions as defined in the memory view file. As
a result, a high-level test program specification is transformed into its representing refer-
ence command sequence.

6.2.3.3 Recording a Memory Command Sequence

Due to the high degree of automation the behavior of an algorithm implementation can
be observed on a sample design involving only an MBIST engine and a small memory
instance. To ensure that the observed MBIST signals are comparable to the reference com-
mand sequence, the underlying memory views have to be identical in both steps. During an
RTL simulation of the sample design, all waveforms applied to the memory are dumped to
a file. State-of-the-art RTL simulation tools usually include the functionality to do so. Since
the MBIST memory interface may perform some data and address manipulation to com-
pensate for scrambling, it is important to tap the signals straight from the memory pins.
Of course, any memory signal can be observed, but the following signals are usually suffi-
cient for verification purposes:

• The address bus of the memory.

• The data input and output bus.

• The clock signal.

• The circuit select signal.

• The read or write select signal.

The resulting dump file contains the signal changes occurring during an MBIST simulation
run in chronological order. To efficiently analyze them they need to be modeled at a higher
level of abstraction. This is done by parsing the dump file and compiling the observed
waveforms to a series of memory commands. They represent all operations applied to the
memory during a run of the test program and therefore accurately capture the algorithm’s
behavior.

6.2.3.4 The Sequence Matching Procedure

To finally decide whether the implementation of a test program behaves according to its
specification, the memory commands obtained from both representations need to be com-
pared. This is done using the following matching procedure:

• The memory commands obtained from the first high-level March element are slid over
the recorded sequence until a matching is reached. Any operations applied before the
first command of the matching section are marked as unexpected.
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March
element:

⇓(w0) ⇑(r0, w1, r1) ⇑(r1, w0, r0) ⇓(r0, w1, r1) ⇓(r1, w0, r0)

Expected
sequence:

(write, 255, 0000) (read, 0, 0000) (read, 0, 1111) (read, 255,
0000)

(read, 255, 1111)

(write, 254, 0000) (write, 0,
1111)

(write, 0, 0000) (write, 255,
1111)

(write, 255, 0000)

(write, 253, 0000) (read, 0, 1111) (read, 0, 0000) (read, 255,
1111)

(read, 255, 0000)

(write, 252, 0000) (read, 1, 0000) (read, 1, 1111) (read, 254,
0000)

(read, 254, 1111)

(write, 251, 0000) (write, 1,
1111)

(write, 1, 0000) (write, 254,
1111)

(write, 254, 0000)

(write, 250, 0000) (read, 1, 1111) (read, 1, 0000) (read, 254,
1111)

(read, 254, 0000)

... ... ... ... ...

Recorded
sequence:

(write, 255, 0000,
t-0)

(read, 0, 0000,
t-256)

(read, 0, 1111, t-
768)

(read, 0, 0000,
t-1536)

(read, 255, 1111, t-
2304)

(write, 254, 0000,
t-1)

(write, 0 1111,
t-257)

(write, 0, 0000, t-
769)

(write, 0,
1111, t-1537)

(write, 255, 0000,
t-2305)

(write, 253, 0000,
t-2)

(read, 1, 0000,
t-258)

(read, 0, 0000, t-
770)

(read, 0, 1111,
t-1538)

(read, 255, 0000, t-
2306)

(write, 252, 0000,
t-3)

(write, 1,
1111, t-259)

(read, 1, 1111, t-
771)

(read, 1, 0000,
t-1539)

(read, 254, 1111, t-
2307)

(write, 251, 0000,
t-4)

(read, 2, 0000,
t-260)

(write, 1, 0000, t-
772)

(write, 1,
1111, t-1540)

(write, 254, 0000,
t-2308)

(write, 250, 0000,
t-5)

(write, 2,
1111, t-261)

(read, 1, 0000, t-
773)

(read, 1, 1111,
t-1541)

(read, 254, 0000, t-
2309)

... ... ... ... ...

Verification
result:

Matched, from t-0
to t-255

Unmatched,
from t-256 to
t-767

Matched, from t-
768 to t-1535

Unmatched,
from t-1536 to
t-2303

Matched, from t-
2304 to t-3071

Table 6.1: An example verification scenario using a semantically incorrect implementation
of the PMOVI algorithm.
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• In the same way the sequences from each subsequent March element are matched one
after the other, each starting at the end of the previously matched section.

• If a March element could not be fully matched the process is continued with the next
March element until all have been processed.

This approach detects missing, redundant or incorrectly implemented March elements.
Furthermore, it helps to localize the corresponding segments within the recorded com-
mand sequence which need to be revised to find the root causes for the mismatches. The
next section further illustrates this and shows how misbehaving test algorithm can be effi-
ciently debugged.

6.2.4 An Example Scenario

As a practical example how the proposed methodology detects incorrectly implemented
test programs the PMOVI algorithm as specified in Figure 6.7 is used. Moreover, to exem-
plify potential human-introduced errors when coding test algorithms, is is assumes that
an implementation of the PMOVI algorithm misses the last read operation in the second
March element and accidentally uses an increasing addressing order in the fourth one.
Both faults degrade the fault detection capabilities of the PMOVI algorithm, but are not
detected using traditional testbench-based approaches due to their semantic nature.

Next, the proposed methodology is applied to perform a complete semantic verification
of the test program implementation. Both the actual behavior of the implementation and
the high-level specification of Figure 6.7 are mapped to an intermediate-level representa-
tion of memory commands. For the sake of clarity the underlying memory instance has
only 256 data words, each with bit-width 4, and no scrambling features. The resulting
command sequences are depicted in Table 6.1.

Section ’Expected sequence’ contains the beginning of the series of read and write oper-
ations obtained from each high-level March element. Section ’Recorded sequence’ outlines
the memory commands compiled from the actual behavior of the faulty implementation.
Each tuple additionally holds a clock timestamp denoting the point when that operation
was applied by the MBIST. The matching procedure aligns both sequences to determine
which March elements are correctly implemented and which need further investigation. It
also reports the timestamps of the non-matching MBIST operations as shown in the last row
of the table. Transforming the recorded memory signals to a higher level of abstraction, also
greatly facilitates the debugging process of incorrectly implemented test algorithms since
it eases the understanding of their misbehavior.

6.3 Conclusions

This chapter presented a methodology to automate the verification process of user-defined
memory test algorithms. The proposed approach maps a high-level specification of a test
program to the intermediate representation of memory commands reflecting the series of
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read and write operations the algorithm is expected to generate. To verify the correctness
of an implementation, its memory stimuli are recorded, compiled to the same level of ab-
straction and matched against the expected memory command sequence. In contrast to
conventional testbench-based approaches, the proposed methodology does not only verify
the functional correctness of an algorithm implementation but additionally ensures that its
semantics meet the behavior defined in its original specification. The proposed methodol-
ogy is not restricted to specific types of memories or MBIST architectures and, furthermore,
also greatly facilitates the debugging of algorithms in case a deviation from their specifica-
tion is detected.



7
Reducing Memory Test Power

With the growing number of embedded memories SoC power consumption during mem-
ory manufacturing tests has become a serious concern. Generally, in order to reduce test
time as many memory instances as possible are tested in parallel. However, the achievable
amount of test parallelism is limited by power-related constraints such as peak currents,
IR-drops as well as the chip’s heat dissipation. Thus, methods to optimize power during
memory test phase are highly desirable to improve run times, ensure stable test conditions
and to meet the power supply constraints of the test equipment.

Previous works have already extensively addressed power consumption during mem-
ory test while mainly focusing on test scheduling i.e. optimizing the physical grouping of
individual memories to BIST controllers subject to various power, area and test time limi-
tations [128–132]. However, all of these test planning methods assume a fixed upper limit
on the effective power budget which they aim to use as efficiently as possible while not
extending it. In contrast, other works proposed circuit modifications inside the MBIST and
the memories in order to lower memory test power dissipation. For example, [184,185] de-
scribe new BIST architectures with lower internal signal switching activity, or [186] makes
use of the predictability of address sequences during March tests to reduce the bit-line pre-
charge activity inside SRAM libraries. Both of these approaches require modifications of
critical BIST or memory components.

Simultaneously, lowering a chip’s power consumption during functional operation has
become a key design goal and several elaborate power saving methods such as clock and
power gating schemes are widely implemented across modern SoCs [187]. Clock gating
reduces dynamic power dissipation by pruning the clock tree while power gating shuts
off the current to whole circuit blocks that are not being used. As memories are a major
contributor to a chip’s overall power consumption they also feature dedicated power gat-
ing schemes which allow to completely power them down to counteract both dynamic as
well as leakage current dissipation. However, up to now there exists no method to use the
memory power switches efficiently during test phase.

This chapter proposes a novel low-power memory BIST methodology to exploit the in-
herent power gating mechanisms inside embedded memory architectures during manufac-
turing tests. Its effectiveness is analyzed on an industrial SoC design proving its capability
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to substantially reduce memory test power dissipation without requiring memory-internal
logic modifications.

7.1 Preliminaries

This section presents the fundamentals of CMOS power consumption as well as a sim-
ulation flow for estimating it. It furthermore describes power gating schemes which are
instrumental for reducing memory and chip power dissipation.

7.1.1 Power Simulation

Total CMOS power consumption can be subdivided into its static and dynamic compo-
nents. Static or leakage power refers to power consumption when a circuit is not in the
process of switching. As transistor leakage currents Ileak increase exponentially with the
scaling of parameters such as gate oxide thickness and threshold voltage, static power has
become a major source of power dissipation in modern technology nodes. Static power
consumption Pstatic is highly process and temperature dependent and given by the prod-
uct Pstatic = VDDIleak.

On the contrary, dynamic power is the power consumed when the circuit is switching.
It is composed of short-circuit power and switching power. The first one originates from
the current flow ISC along a momentary short circuit between the PMOS and NNMOS
transistors of a logic gate during signal transitions when both devices are simultaneously
on for a short period of time. The latter one refers to the charging and discharging of
capacitances both internal to the gate cell as well as driven by its output. Thus, the dynamic
power consumption Pdynamic of a gate is the sum of both components

Pdynamic = (VDDISC) +
1

2
(Cint + Cload)V

2
DDTtr (7.1)

where Cint is the internal capacitance of the gate, Cload is the load capacitance driven by
the cell and Ttr is the toggle rate i.e. the number of state transitions at the gate output per
unit of time also called switching activity.

Based on these equations, power analysis tools estimate the power dissipation of large
circuit designs. In this work PrimeTime PX [188], a gate-level sign-off power analysis tool,
is used to gain insight into the power consumption of a complete chip design during mem-
ory manufacturing test. The simulation flow is depicted in Figure 7.1 and comprises two
phases: the switching activity file generation followed by the power analysis.

In the first phase a gate-level simulator creates a VCD (Value Change Dump) signal activ-
ity file capturing all the circuit’s signal changes within a specified time frame. This requires
a gate-level description of the circuit, a technology library containing timing and power
characterization information for each cell, a testbench specifying the circuit input stimuli
as well as an SDF (Standard Delay Format) file holding timing information. During the
power analysis the switching activity in the VCD dump file is used to determine state- and
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Figure 7.1: The simulation flow for generating power reports.

path-dependent toggling information for all nodes within the design. If some nets are not
annotated, e.g. due to missing information in the VCD file, the switching information is
propagated through the design to these nodes. Using this approach a 100% covering rate
of switching activity could be reached providing the basis for accurate power estimations.

Together with information in the SDC (Synopsys Design Constraints) file, which captures
the design intent such as clocks or power domains and a SPEF (Standard Parasitic Exchange
Format) file specifying the parasitic load of wire interconnections the PrimeTimePX tool
calculates the circuit’s power consumption. The resulting power report gives insight into
the power consumption of individual circuit components and allows to evaluate techniques
to reduce it.

7.1.2 Power Gating

Power gated designs involve extra power switching fabric to dynamically shut off the cur-
rent to selected circuit blocks that are temporarily not in use in order to reduce on-chip leak-
age currents. Power switches split the power delivery network into a permanent power
rail and a virtual or ’gated’ rail that drives the logic and can be switched on or off. As
shown in Figure 7.2, they can be implemented either by header or footer transistors which
results in virtual ground or supply rails, respectively. The first approach switches VDD
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Figure 7.2: Header-style (left) and footer-style (right) power switches.

while the latter one switches VSS . Due to practical considerations the header style is often
preferred [187]. Designing the number and size of these transistors represents a trade-off
between providing sufficient switching current while reducing area, leakage and power
supply noise. Moreover, to control the inflowing current when powering-up large circuit
blocks, individual switches are often daisy chained and activated serially which leads to a
wake-up time ∆T . The control signals of the power switches are driven by a chip’s power
management unit (PMU) which conducts safe transitions between different power modes.

Power gates lead to multiple on-chip power domains which even operate, in case of
multi-voltage rail architectures, on different supply voltage levels. Complex SoCs involve
a sophisticated arrangement of power domains over all hierarchies of a chip design. They
are used at high-levels to power down whole circuit blocks and are also deeply nested to
offer a high-granularity of control.

Embedded memories are the main contributor to overall chip leakage currents and there-
fore also equipped with special power gating mechanisms enabling various low-power
memory operation modes [2]. Dedicated memory power switches can be implemented for
the SRAM peripheral circuitry, the memory core-cell array as well as the full memory block.
This gives room for sophisticated dynamic voltage scaling concepts. For example, decou-
pling the memory logic from the higher voltage requirements of the core-cell array allows
to scale down or even turn off the voltage of the peripheral circuits independently of the
core-cells. This provides various memory power states such as light sleep, deep sleep or
even power-off mode which can be set through the memory pins.

The next section describes how this functionality can be exploited for reducing memory
manufacturing test power.

7.2 A Power-aware Memory Test Solution

Complex SoC designs contain thousands of memories having different architectures, types,
performance characteristics and sizes. The grouping of memories to MBIST controllers is
subject to various ’hard’ constraints (e.g. memories of different frequency and power do-
mains cannot be assigned to the same MBIST or asynchronous and synchronous memories
cannot be grouped together) as well as ’soft’ constraints resulting from the size and power
consumption of individual memories. In addition, constraints of the chip’s power network
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Figure 7.3: A typical circuit arrangement for embedded memory testing.

as well as the need to optimize MBIST controller area lead to the following two observa-
tions:

• Only a small fraction of all MBISTs can be run concurrently during test phase.

• Not all memories which are allocated to one MBIST can be tested in parallel.

Since during manufacturing tests all memories are generally powered-up these observa-
tions suggest a lot of potential power savings by setting the memories not being tested
temporarily into power-off mode. However, this requires a non-intrusive and automated
control mechanism in order to avoid exhaustive scheduling and test program verification
overhead. Usually, the power state pins of the memories are connected to registers which
can be controlled through the JTAG interface during manufacturing tests. Thus, by shifting
data into these registers JTAG provides a centrally controlled access to the power states of
individual memories. However, this approach does not facilitate the generation of power-
aware test schedules as it requires an in-depth design analysis to create efficient test sched-
ules and also causes overhead for verifying them. This conventional circuit arrangement is
illustrated in Figure 7.3 showing that all memories can be put under JTAG control using a
JTAG_PWR_SELECT signal and subsequently the power state of individual memories
can be set by dedicated JTAG_PWR_OV ERWRITE signals.

Instead, fully-automated techniques for generating correct-by-construction power-aware
test schedules are desired which adapt the power state of a memory dynamically to a given
test program without requiring external scheduling. This can be achieved by extra dedi-
cated circuitry which, however, cannot be disclosed in this thesis due to confidentiality
reasons. As modern memories include functionality that allows them to be safely powered
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up and down even when their clock is switching such dynamic test schedules are feasible.
Moreover, such approaches require an extra MBIST delay before it can start generating test
stimuli in order to make sure that the respective memories are safely powered-up.

7.3 Power Simulation Results

Exploiting memory-internal power saving mechanisms during manufacturing tests is a
promising technique to reduce overall SoC test power consumption. Its gains depend
largely on the memory power dissipation during test. To evaluate its capacity for reduc-
ing SoC test power, the power dissipation of an industrial SoC design with a four-digit
number of memories is analyzed using the simulation methodology of section 7.1.1. Since
chip power consumption is highly process, voltage and temperature dependent, the power
simulations are performed at every performance sign-off corner for the nominal operation
mode. These performance corners represent the chip’s extreme PVT timing sign-off condi-
tions and therefore also give boundaries for approximating a design’s power dissipation.
As typically done during memory test phase, the full chip is powered up without enabling
any functional power saving mechanisms and all clocks are active. To obtain data that is
independent of certain MBIST setups and test algorithms the chip’s power consumption is
simulated just before the point when the MBISTs start to generate test stimuli. The main
power consumers were found to be the clock network, the combinational logic as well as
the memories. Their average power consumption, i.e. based on average signal toggles
per time-unit, is summarized in Table 7.1 for various timing sign-off corners. The Ma cor-
ner aims to model worst-case transistor delays using low voltages, a slow process corner
and low temperatures which induce highest delays due to the inverted temperature depen-
dence of MOSFETs [189]. The Mc corner induces higher metal interconnect delays by rising
the temperature. The Mf corner induces strong leakage currents by involving a fast process
corner, higher temperatures as well as higher voltages. For reasons of confidentiality the
exact process, voltage and temperature values of these sign-off corners cannot be disclosed.

The results show that memories dissipate substantial portions of power ranging from
10% of the chip’s total power consumption for low-leakage and low-performance corners
up to 49% for high leakage corners. Moreover, as the memories are connected to the ac-
tive clock, they consume dynamic power even though they are not under test. Most im-
portantly, memories are the main consumer of static power which increases with higher
temperatures and towards faster process corners. As a consequence, at the power crit-
ical Mf corner where the need for power reduction solutions during test is highest, the
memories dissipate about half of the chip’s power. Powering off these memories which
are currently not under test prevents them from dissipating both static as well as dynamic
power. The simulation results show that this can yield substantial reductions in overall
chip test power consumption. Furthermore, this also helps to mitigate local hot spots or
voltage supply noise caused by excessive current demands. These effects are very local
and mitigating them requires therefore a fine granularity of power control within an active
power domains.
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Power Group
Mc Corner

dynamic power static power total power

clock network 0.723 W 0.014 W 0.736 W (61.23 %)

combinational logic 0.129 W 0.056 W 0.185 W (15.35 %)

memory 0.103 W 0.102 W 0.205 W (17.04 %)

Power Group
Mf Corner

dynamic power static power total power

clock network 1.139 W 0.193 W 1.332 W (23.93 %)

combinational logic 0.200 W 0.911 W 1.110 W (19.94 %)

memory 0.216 W 2.529 W 2.745 W (49.29 %)

Power Group
Ma Corner

dynamic power static power total power

clock network 0.699 W 0.000 W 0.699 W (71.66 %)

combinational logic 0.125 W 0.000 W 0.125 W (12.88 %)

memory 0.093 W 0.001 W 0.094 W (9.62 %)

Table 7.1: The simulated average power dissipation inside various SoC components during
memory manufacturing test at different timing sign-off corners.

7.4 Conclusion

This chapter proposed a power-aware memory test method which exploits the fact that
only a small portion of all on-chip memories can be tested in parallel. Using the power
gating mechanism inside embedded memories all currently untested memories can be set
into power-off mode to reduce both static as well as dynamic current dissipation. Power
simulations on an industrial SoC design demonstrate substantial potential gains in SoC
power consumption during memory tests phase. The solution proved especially useful
at leakage sensitive test corners where overall on-chip power consumption is highest. In
case the trend of higher CMOS leakage currents and on-chip memories continues, such
power-aware memory test techniques will become indispensable.





8
Conclusions and Future Work

With advancing technology scaling and the requirement for higher on-chip storage capacity
the number of embedded memories has been rapidly increasing while they have become at
the same time most susceptible to subtle, hard-to-detect manufacturing defects and aging-
induced performance degradation. This makes embedded memory manufacturing tests
more challenging than ever and demands for better test solutions to ensure highest test
quality. This thesis developed and analyzed new methods and techniques to improve var-
ious aspects of embedded memory manufacturing tests.

One important contribution of this work is a study on the aging-induced degradation
of peripheral memory circuits which have received little attention compared to core-cells.
Accurate knowledge about the aging behavior of complete memory blocks is of funda-
mental importance to avoid expensive safety margins without sacrificing reliability. The
analysis in Chapter 4 demonstrates that the peripheral SRAM circuitry, notably the tim-
ing control logic, is the main driver for access speed degradation. The main consequence
of this observation is that bit-flipping techniques, which have been wideley proposed to
reduce the effects of aging mechanisms on memory-core cells [134], are of little use to cir-
cumvent memory access speed loss. This draws attention to the need for new methods
for safeguarding and mitigating memory access speed degradation. Another interesting
outcome is that aging effects inside several interacting sub-components do not necessarily
magnify each other. In particular, it showed that the degradation of SRAM timing control
logic counteracts aging effects inside core-cells and sense amplifiers in terms of memory ac-
cess time margin. This underlines the importance to analyze aging phenomena at system
level rather than for its individual interacting sub-circuits.

Chapter 5 exploits the use of built-in memory circuits for design-for-test solutions to
tackle emerging memory test challenges. It demonstrates that modifying the memory tim-
ing during manufacturing tests provides a mechanisms to detect more subtle lithographic
imperfections. A detailed fault-injection study proves that the range of detectable resis-
tances for cell-internal open defects can be increased by up to 30%. Furthermore, its ability
to impose additional test stress on defects inside the memory peripheral circuits is shown.
To assess the true capabilities of the proposed method for reducing memory test algorithm
sets by sensitizing large amounts of hard-to-detect unique faults a large silicon test exper-

101



102 CHAPTER 8. CONCLUSIONS AND FUTURE WORK

iment needs to be performed which could not be realized during the course of this work.
Moreover, this chapter also demonstrates that voltage margins which are commonly ap-
plied during test phase for safeguarding memory transistor wear-out mechanisms are sub-
optimal for guardbanding the prevalent BTI-aging phenomenon. BTI primarily degrades
SRAM read margin but also improves write margins over time whereas voltage guard-
bands do not account for that opposing trend by stressing both read and write margins si-
multaneously. As a result, some write limited memory cells might be screened out during
test phase even though they do not pose reliability risks. To overcome this, the thesis pro-
poses the use of built-in memory assist circuits to particularly stress memory read margins
without overstressing write margins. Exhaustive statistical electrical simulations based on
production-proven transistor models disclose the benefits of this approach over conven-
tionally applied voltage margins. However, similar to above, silicon experiments still need
to be performed to work out the ultimate capabilities and limits of this technique.

Chapter 6 deals with the verification of memory test algorithms. First, it shows based on
the TVC-write assist technique that additional circuitries inside memories introduce novel
fault models which require specialized test algorithms to be sensitized. This underlines the
increasing variety of memory test algorithms required for testing and debugging different
memory types. Next, it highlights an automation gap for the verification of memory test
algorithms which arose with the emergence of user-programmable MBIST engines. A large
number of custom-tailored algorithms need to be coded in an MBIST vendor-specific low-
level syntax which lacks thorough checks whether the implementation of a test algorithm
correctly captures its specification. This compromises memory test quality by missing some
potential failure mechanisms. To close the verification gap, this thesis proposes an auto-
mated software-based verification solution which is independent of specific memory types
and MBIST architectures.

Finally, chapter 7 presents and investigates a new solution for reducing on-chip power
consumption during memory manufacturing tests. Such methods are of special impor-
tance since the capacity of a chip’s power delivery network prevents higher test parallelism
by restricting the number of memories that can be simultaneously and reliably supplied
with power. This thesis proposes to dynamically power-off all currently untested memo-
ries which stops the dissipation of considerable amounts of currents during manufacturing
tests. Power simulations on an industrial chip design prove the potential of this technique
to substantially reduce overall SoC test power especially at leakage sensitive corners.

Summarized, this thesis developed innovative methodologies and techniques to tackle
many arising test challenges of embedded on-chip memories. All of these methods have
been simulated on production-proven transistor, memory or chip designs and were shown
to be effective. Even though the simulation results are expected to be very close to silicon
measurement data, the presented methods still need to be studied on real microchips to
explore their ultimate limits and capabilities which unfortunately could not be realized
during the course of this thesis and leaves room for further work. Moreover, it also needs
to be worked out to what extent the presented techniques and insights are applicable to
novel emerging memory technologies.
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