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Abstract

As integrated circuits (ICs) continue to scale to smalleratisions, long interconnects have
become the dominant contributor to circuit delay and a ficant component of power
consumption. In order to reduce the length of these interecis, 3D integration and 3D
stacked ICs (3D SICs) are active areas of research in both m&dend industry. 3D
SICs not only have the potential to reduce average interabmeegth and alleviate many
of the problems caused by long global interconnects, buwt taa offer greater design
flexibility over 2D ICs, significant reductions in power congotion and footprint in an
era of mobile applications, increased on-chip data banttividough delay reduction, and
improved heterogeneous integration.

Compared to 2D ICs, the manufacture and test of 3D ICs is significenore complex.
Through-silicon vias (TSVs), which constitute the densdieal interconnects in a die
stack, are a source of additional and unique defects notlsefene in ICs. At the same
time, testing these TSVs, especially before die stacksugdognized as a major challenge.
The testing of a 3D stack is constrained by limited test axdest pin availability, power,
and thermal constraints. Therefore, efficient and optithiest architectures are needed to
ensure that pre-bond, partial, and complete stack testengat prohibitively expensive.

Methods of testing TSVs prior to bonding continue to be adliftiproblem due to test
access and testability issues. Although some built-inteslf (BIST) techniques have been
proposed, these techniques have numerous drawbacksntat tkem impractical. In this

dissertation, a low-cost test architecture is introduceehiable pre-bond TSV test through



TSV probing. This has the benefit of not needing large anasgdomponents on the die,
which is a significant drawback of many BIST architectures. flediwith an optimization
method described in this dissertation to create paraklgeoups for TSVs, test time for
pre-bond TSV tests can be significantly reduced. The pretippabing methodology is
expanded upon to allow for pre-bond scan test as well, tolerkdth pre-bond TSV and
structural test to bring pre-bond known-good-die (KGD} texler a single test paradigm.

The addition of boundary registers on functional TSV pa#tigiired for pre-bond prob-
ing results in an increase in delay on inter-die functioradhp. This cost of test architecture
insertion can be a significant drawback, especially comnsigehat one benefit of 3D in-
tegration is that critical paths can be partitioned betwdies to reduce their delay. This
dissertation derives a retiming flow that is used to recoleradditional delay added to
TSV paths by test cell insertion.

Reducing the cost of test for 3D-SICs is crucial consideriraj thore tests are nec-
essary during 3D-SIC manufacturing. To reduce test costtdht architecture and test
scheduling for the stack must be optimized to reduce test tioross all necessary test
insertions. This dissertation examines three paradigm3Dantegration - hard dies, firm
dies, and soft dies, that give varying degrees of controt @iZetest architectures on each
die while optimizing the 3D test architecture. Integer inprogramming models are de-
veloped to provide an optimal 3D test architecture and t@stdule for the dies in the 3D
stack considering any or all post-bond test insertions. Eeshow that the ILP models
outperform other optimization methods across a range of&@iztbmark circuits.

In summary, this dissertation targets testing and desagitest (DFT) of 3D SICs. The
proposed techniques enable pre-bond TSV and structutallds maintaining a relatively
low test cost. Future work will continue to enable testing838f SICs to move industry

closer to realizing the true potential of 3D integration.
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1

Introduction

The semiconductor industry has relentlessly pursued smaddivice sizes and low-power
chips in a broad range of market segments, ranging from iseivenobile devices. As tran-
sistors continue their miniaturization march through demgkechnology nodes, the limits
of device scaling tend to be reached. Interconnects, péatly global interconnects, are
becoming a bottleneck in integrated circuit (IC) design.c8imterconnects do not scale as
well as transistors, long interconnects are beginning taidate circuit delay and power
consumption.

To overcome the challenges of scaling, the semiconductiustny has recently begun
investigating 3D stacked ICs (3D SICs). By designing circuitdwnore than one ac-
tive device layer, large 2D circuits can instead be crease8lacircuits with significantly
shorter interconnects. 3D SICs will therefore lead to a rédadn the average intercon-
nect length and help obviate the problems caused by longbieterconnects [33, 38, 39].
This not only leads to large reductions in latency, but can &ad to lower-power, higher-
bandwidth circuits with a higher packing density and smmdtetprint. Since dies in a 3D
stack can be manufactured separately, there are also lsdpdfie heterogeneous integra-

tion of different technologies into a single 3D stack.
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This introduction will serve as an overview of testing andinaie the need for 3D DT
and test optimization. The remainder of this dissertatiovides in-depth description,
results, theoretical advances, architectures, and ggtion methods for 3D circuit test as
developed in this dissertation.

Chapter 2 provides a solution for pre-bond TSV test througW pfobing as opposed
to built-in-self-test (BIST) or other techniques. A disdossof present probe card tech-
nology and the limitations of TSV probing are presentednglwith die and probe card
architectures for enabling pre-bond parametric TSV tesie fBasibility and accuracy of
probing are analyzed in detail. An algorithm for reducing-pond TSV test time through
testing multiple simultaneously TSVs through a single prabedle are also examined.

A variety of optimizations for reducing the overhead and test of pre-bond testing
are introduced in subsequent chapters. Chapter 3 demasshav the architecture pre-
sented in Chapter 2 can be reused for pre-bond structuralAesimplete analysis of the
feasibility, speed, and drawbacks of the method is providélsapter 4 shows how novel
applications of register retiming and new retiming flows barused to minimize the delay
overhead of the designs in Chapter 2 and 3.

Finally, Chapter 5 presents a unified co-optimization for3Beest-access-mechanism
(TAM) and 2D TAMs to minimize test time through optimal testlaitecture design and
test scheduling. The optimization can account for all g@espost-bond test insertions.
Furthermore, it covers a variety of 3D-specific test comstsasuch as the number of ded-
icated test TSVs that can be added between any two dies.

This introduction will now continue with a general overvie circuit testing as it

pertains to 3D SICs.



1.1 Basics of Testing

Testing of manufactured ICs by applying test stimuli and @atahg test responses is a nec-
essary part of an IC manufacturing flow. This enables defeeesing to discard or repair
faulty products for low product return rates from customé@essting of ICs is an expansive
topic and we will cover only the basics in this section. Toibewe will look at the four
categories of testingverification testing manufacturing testingburn-in, andincoming
inspection[1]. We will then examine the differences between functlpstructural, and

parametric tests.
1.1.1 Categories of Testing

Verification testing is applied to a design prior to prodouti Its purpose is to ensure that
the design functions correctly and meets specification. ctkomal and parametric tests,
which will be discussed later, are generally used for chiaremation. Individual probing
of the nets in the IC, scanning electron microscopes, and otle¢hods not commonly
performed during other tests, may also be used. During ithis, tdesign errors are cor-
rected, specifications are updated given the charactaristithe design, and a production
test program is developed.

Manufacturing, or production, test is performed on evenyp groduced [1]. It is less
comprehensive than verification test, designed to ensategecifications are met by each
chip and failing those that do not meet standards. Sinceyergp must be tested, manu-
facturing tests aim to keep test costs low, which requirastést time per chip be as small
as possible. Manufacturing tests are generally not exiveustiming instead to have high
coverage of modeled faults and those defects which are ekt to occur. In the rest of
this dissertation, discussion is limited to manufactutiegting.

Even when manufacturing tests are passed and the chipsiutespecification, some

devices will fail quickly under normal use due to aging aneité defects. Burn-in tests,



which are often run at elevated voltages and temperatum@stcapush such devices to
failure. This process removes chips that experienfant mortality.

Incoming inspection test takes place after devices arepstdipnd may not always be
performed [1]. During incoming inspection, the purchadahe device tests it once again
before incorporating it into a larger design. The detailshafse tests vary greatly, from
application-specific testing of a random sample of devicete$ts more comprehensive
than manufacturing tests, but the goal is to ensure that ekiek function as expected

prior to integration into a larger system when test beconggsfecantly more expensive.
1.1.2 Functional, Structural, and Parametric Testing

Functional tests aim to verify that a circuit meets its fumeal specifications [1]. Generally,
functional tests are produced from the functional model ofreuit in which, when in a
specific state and given specific inputs, a certain outpwps&ed.

A benefit of functional testing is that the tests themsehass e easy to derive since
they do not require knowledge of the low-level design. Sipatterns used in verification
testing are similar to functional tests, the patterns caredmly converted to functional
patterns, which reduces costs in test development. Fuantirer, functional tests can detect
defects that are difficult to detect using other testing mash

Despite these benefits, functional testing suffers froroasrdrawbacks [1]. In order
to test every functional mode of a circuit, every possiblenbmation of stimulus must
be applied to the primary inputs. Thus, functional testmgriohibitively long unless, as
is usually the case, a small subset of possible tests is ud@d, however, leads to low
defect coverage for functional tests. There is no known ggmeethod for efficiently and
accurately evaluating the effectiveness of functiondlpagterns.

While it has its drawbacks, functional test is usually inéddn product testing along
with structural tests. Unlike functional testing, struetitests do not treat the circuit itself

as a black box, instead generating patterns based on fasj&cific areas of the netlist [1].

4



There are a number of fault models, the specifics of which areliscussed here, that can
be used in generating structural tests. These models aflioilé testing of specific critical
paths, delay testing, bridging tests, and more. Produdingtsre-aware patterns leads
to high fault coverage and generally reduces test time,césfyecompared to functional
tests. Since specific models are used, structural testsecarote easily evaluated for fault
coverage. The drawbacks of structural tests are that gagd-knowledge of the circuit is
needed and that structural tests sometimes fail good tsrdue to overtesting.

Parametric tests aim to test the characteristics of a denri@part thereof, and are
generally technology-dependent [1]. Parametric testdbeaseparated into two categories
— DC test and AC test. DC tests can include leakage testsubdtpre current tests,
threshold levels, static and dynamic power consumptids,taad the like. AC tests include

setup and hold tests, rise and fall time measurements, amldistests.
1.2 Design for Testability

Given the complexity of today’s IC designs, comprehensagting is impossible without
specific hardware support for testiigesign for TestabilityDFT) refers to those practices
that enable testing of VLSI ICs. In this section, we examind B#ehniques that enable the
testing of digital logic circuits. Other methods are usedtifi@ testing of memory blocks,

analog, and mixed-signal circuits, but these will not bedssed.
1.2.1 Scan Test

The vast majority of today’s ICs are sequential circuits tiefit on flip-flops and clocking

to produce functionality. Testing of sequential circugsvery difficult because flip-flops
must be initialized, must save states, and tend to have &&dbThis greatly impacts
both controllability, which is the ease with which a system can be placed in a desire
state through its primary inputs, awtbservability which is how easily internal states of

the circuit can be propagated to primary outputs. In ordeskitain controllability and
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observability at flip-flops, scan chains are commonly design the circuit.

Scan chains are based on the idea that an IC can be designadet@ lspecific test
mode, separate from functional mode, to which it can be $w&dc In test mode, groups of
flip-flops are connected together to form a shift registeledascan chain In order to do
this, each flip-flop is designed as a scan-flop, which multggéoetween a functional input
and a test input when in test mode. The test input is eithemagpy input for the circuit
under test (CUT), or the previous scan-flop in the scan chain.

Scan chains enable controllability and observability a&rgwcan-flop in the circuit.
Test vectors are scanned into the scan chain from the inpgtdiv at a time, with these
bits shifted into scan-flops further in the chain. Test resgs are then latched, and the
response is scanned out through the output of the scan dWaitiple scan chains can be
tested in parallel to reduce test time, though each requg&svn input and output in the
CUT. There are overheads associated with scan test, inglgdite, area, and performance

overheads, but the benefit to testability makes scan testhoonmn most VLSI ICs.
1.2.2 Modular Test, Test Wrappers, and Test Access Mechanisms

A modular test approach to DFT separates a large systenmipn8OC), which may be
composed of billions of transistors, into many smaller tastdules. These modules are
often partitioned based on functional groups, ranging feanentire core to analog circuit
blocks. These modules may be considered stand-alone t##sefrom the rest of the
modules in an SOC. This partitioning allows tests to be deeddor each module inde-
pendent of other modules in the SOC, which greatly reducésyéseeration complexity
compared to developing tests for the top-level SOC. Furtbesgntest reuse is possible if
the same module is instantiated multiple times within thees&OC or between multiple
IC designs. This also enables the purchase of modules frodighrties for incorpora-
tion into an SOC, such that tests for the module are providednanknowledge of the

implementation of the module is needed.



In order to easily test each module, the module must presstatnalardized test inter-
face to the SOC integrator. It is for this reason that testdsieds, such as the IEEE 1500
standard [25], were developed. tAst wrappelis used to provide controllability and ob-
servability at the boundary of the module. The test wrappehér enables appropriate test
modes for the module and organizes scan chains in the mazhttest pattern delivery. We
will briefly examine the 1500 standard as an example of wragesign.

The 1500 test wrapper contains a wrapper instruction &g{8IR) which can be
configured to place the wrapper into specific functional et teodes. This is configured
through the wrapper serial interface port (WSP) which castéine wrapper serial input
(WSI), the wrapper serial output (WSO), wrapper clock (WRCK),wper reset (WRSTN),
and other signals. A wrapper boundary register (WBR) is prasémivhich patterns can
be shifted for either external test of the logic between nheglor internal test through
the module’s scan chains. A wrapper bypass register (WBY)alli@st patterns or test
responses to bypass the module on route to other modules 8QK or to be output at the
external SOC pins. Though all tests may be performed usmgM8P, many wrappers also
contain wrapper parallel in (WPI) and wrapper parallel out @YBusses. These consist
of two or more bit lines for loading and unloading multipléemal scan chains at the same
time. This design reduces test time, but requires moredesurces.

In order to route test data from the external test pins to alfluhes in the SOC, a test
access mechanism (TAM) is required. There are many wayshitect a TAM, including
multiplexing, daisychain, and distribution designs [46ptimization of the TAM and test
wrappers to minimize test time using limited test resouttEs been the subject of much

research and will be discussed later in this dissertation.



1.3 3D Integration Technology

A number of 3D integration technologies have been consitjéng two main technologies
have emerged -monolithicintegration angtackingintegration [4]. Although the research
presented in the following chapters is based on a stackipgpaph, in which 2D circuits
each with their own active device layer are bonded one on tdpeoother, we will first
briefly examine monolithic technology.

Monolithic integration was proposed as an alternative &ulshg, because the mask
count and process complexity increases significantly watthestacked die. With mono-
lithic 3D ICS, the processing for the creation of active desits repeated on a single wafer,
resulting in the 3D stacking of transistors. Since the devnd their wiring are processed
on a single substrate, the added manufacturing complgxfie¢hinning, alignment, and
bonding and the need for through-silicon vias (TSVs) areer@mtent.

Because monolithic integration involves the creation oficewvin the substrate above
devices that have already been manufactured, significamges in fabrication processes
and technologies would have to take place [5]. The heat ctiyrenvolved in active de-
vice processing is high enough to damage deposited trarsishd melt existing wiring.
Therefore, advances in low temperature processing techies are needed. Some recent
advances in these technologies [6, 7] have allowed momotisigns to be realized in the
laboratory [5].

Unlike monolithic integration, the active device layerstacking-based integration are
manufactured in separate substrates. Thus, each setwd detiice layer and associated
metal layers are processed on wafers using current falemciichnologies, and substrates
are then stacked one on top of the other to produce a 3D cirBaitause no significant
changes are required in fabrication technologies, stgeased integration is more practi-
cal than monolithic integration and has therefore beendbed of 3D research [4].

Stacking-based integration can be further separated hnée tcategories based on the



method of 3D stacking — wafer-to-wafer, die-to-wafer, ane--die stacking [4]. In
wafer-to-wafer stacking, two or more wafers, each with maopies of a circuit, are
stacked on top of one another and the resulting 3D stackisdived to create the individ-
ual 3D stacked-ICs (SICs). In die-to-wafer stacking, two w&bere once again produced
but one wafer is diced into individual dies, which are thextked on the other wafer. More
dies can be stacked after this process. In die-on-die stgcluafers are diced into indi-
vidual dies and then stacked. Die-to-die stacking is dekras it allows for testing of
individual die prior to being introduced to a stack. Asidenfr being useful for increasing
stack yield by discarding bad dies, die-to-die stackingvedl for binning of dies to match
a stack for performance and power.

Some method must exist in a 3D SIC for dies in the stack tocdpterect to one an-
other. A number of methods have been proposed for this io@ection, including wire
bonding, microbump, contactless, and TSVs [33]. Wire bogdnakes connections be-
tween the board and stack or between dies themselves, tivaogdh can only be on the
periphery of the stack. Wire bonding thus suffers from lowmgdty, a limit on the number
of connections that can be made, and the need for bondingagaalss all metal layers due
to the mechanical stresses of the external wires. Microlsuang small balls of solder or
other metals on the surface of the die that are used to codiectogether. They have
both higher density and lower mechanical stress than wingling. Microbumps do not,
however, reduce parasitic capacitances because of thememde signals to the periphery
of the stack to reach destinations within it. Contactless@gughes include both capacitive
and inductive coupling methods. Though resulting in fewecpssing steps, manufactur-
ing difficulties and insufficient densities limit these madls. TSVs hold the most promise
as they have the greatest interconnect density, thoughateeyequire more manufacturing
steps [38]. We assume stacking-based integration, whetifer-to-wafer, die-to-wafer, or

die-to-die, with TSVs for the rest of this dissertation.
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FIGURE 1.1: Example of a face-to-face bonded 3D SIC with two dies.

TSVs are vertical metal interconnects that are processedisubstrate at some point
during manufacture. In a front-end-of-the-line (FEOL) eggxch, TSVs are implanted into
the substrate first, followed by active devices and metarayIn a back-end-of-the-line
(BEOL) approach, the active devices are processed firsbwelll by the TSVs and metal
layers [3]. In certain limited stacking approaches, TSVy @go be manufactured later
in the process (post-BEOL). This can be done before bondiiag first) or after bonding
(vias last).

In all TSV manufacturing approaches, the TSVs are embeduedei substrate and
need to be exposed. TSVs are exposed through a process ‘thifedng”, in which the
substrate is ground away until the TSVs are exposed. Tipgesellts in dies that are much
thinner than conventional 2D substrates, and are thus fragde and are commonly at-

tached to carrier wafers before 3D integration. In orderg@ttached to other dies in a 3D
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stack, a die must go through “alignment” and “bonding”. Dgrialignment, the dies are
carefully placed such that their TSVs make direct connastio one another. During bond-
ing, the dies are permanently (current technology doesummat “unbonding” of dies)
connected to one another, making contact between TSVs. Bgmdin be done through
a variety of methods, including direct metal-to-metal biogd direct bonding of silicon
oxide, or bonding with adhesives [3]. The processes of algm and bonding continue
until all thinned dies are integrated into the 3D SIC.

There are two different approaches to stacking dies — fadade and face-to-back.
In face-to-back bonding, the outermost metal layer of oedtthe face) is connected to the
TSVs on the substrate side (the back) of the other die. Fabadk allows for many die
layers to be bonded in a stack. In face-to-face stackingigites of two die are connected
to one another. This can reduce the number of TSVs neededforections, but can
support only two dies in a stack unless face-to-back bonidinged for other dies. Though
back-to-back bonding is conceivable, this is not a commamaaxh.

To better illustrate 3D integration, Figure 1.1 shows amgpia of a 3D SIC. This is an
example of a stack with two dies bonded face-to-face. OngyDihas TSVs to connect to
external 1/0 bumps, and so it is thinned while Die 1 is not. Ath&nk is attached to the
outside of the stack.

Commercial products using 3D stacks with TSVs are availahl8]] but are limited to
stacked memories. Due to the relative ease of test and rfeparemory devices, built-in
self-repair and wafer matching techniques can result inisogintly high product yields.
Faulty stacks that cannot be repaired are discarded. Im twdlealize the full potential of
3D integration — memories stacked on cores, 3D cores, megthblogy, and the like —

testing techniques have to be developed for use during 3facturing.
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1.3.1 3D Testing

Compared to the testing of 2D ICs, 3D SICs introduce many newesigds for testing.
Yield loss for each die in a 3D SIC is compounded during stagkso stacking of untested
die leads to prohibitively low product yields. This motigatthe need fopre-bondtesting,
or the testing of dies prior to being bonded to a 3D stack. BH@wvs for the stacking
of die that are known to be defect-free and also enables diefnimg, so that dies in the
same stack can be chosen based on metrics such as speed pcpaswenption. It is also
important to perfornpost-bondtests — testing of either a partial stack to which all dies
have yet to be bonded or testing of the complete stack. Rost-testing ensures that the
stack is functioning as intended and that no errors have beste or new defects have
been introduced during thinning, alignment, and bonding.

Pre-bond testing of dies offers many design-for-test (DEfgllenges. First, thinned
wafers are far more fragile than their non-thinned courstesp so a small number of con-
tacts must be made during probing and low contact-forceqe@le a necessity. Because
of design partitioning in 3D stacks, a die may contain onlgtipblogic and not completely
functional circuits. Currently, this limits the number o$te that can be applied to a circuit
with partial logic, though future breakthroughs may malesthdies more testable. TSVs
also present problems of pre-bond testing because hightigesnand small sizes make
them difficult to probe individually with current technokpgLimitations on dedicated test
TSVs, oversized test pads for probing and test signals, lathe availability of 1/0O pins
only through one end of the stack make design and optimiz#ébiols important for proper
test-resource allocation. Such resource constraintsrasept post-bond as well.

Like pre-bond testing, post-bond testing also presentedlifies not present in 2D IC
testing. In order to ensure that no new defects are intratldaeing stacking, testing of a
partial stack is needed. This requires a test architectutleappropriate optimizations to

ensure that test time remains small and partial stack testpassible. Embedded cores

12



and other parts of the stack may span multiple dies, furtberptdicating test. Few test

TSVs are available to the stack, since each additional TSdee restricts the number of
active devices and most TSVs are needed for clocks, powemther functional signals.

Furthermore, limitations in test access are present frowrdfsdicated test pins that provide
test access through only one end of the stack.

In [50], a die-level wrapper and associated 3D architectmeepresented to allow for
all pre-bond and post-bond tests. This approach proposegwil wrappers and it lever-
ages current standards, IEEE 1149.1 and IEEE 1500. In addii functional and test
modes, die-level wrappers allow bypass of test data to and frigher dies in the stack
and reduced test bandwidth during pre-bond tests. Whilepttogides a practical look at
test architectures in 3D-SICs — what 3D wrappers and TAMS nealykie — it offers no
insight into optimization and test scheduling.

Other considerations may also impact the choices made fdBI8Dtesting. Thermal
constraints may limit which modules on which dies may beatalstat any given time, or
require low-power pattern generation. The stacking of sates and oxide layers greatly
increases the difficulty of heat dissipation, particulddy die farther from the heat sink.
This leads to complications especially during test, whengtack is often heating faster
than under functional operation.

TSVs themselves may also impact the operation of surrogrdkrices. Since a 'keep-
out’ area around each TSV may have a significant impact on & everhead of 3D
integration, active devices may be placed close to TSVanduayout. The stresses in
the semiconductor crystal caused by the presence of a TSValtayelectron and hole
mobility near the TSV. Depending on the distance and ortemtaf transistors near TSVs,
this may cause them to run slower or faster than normal. Sow$iderations are important

for test development.
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1.3.2 Die Wrappers for Standard Test Access of 3D Stacked ICs

In order for a die-level wrapper to be utilized, every diehe stack should be wrapped in
accordance with the standard. The die wrapper supportsiagdebandwidth pre-bond test
mode, post-bond testing for both partial and complete staankd board-level interconnect
testing. The die wrapper is compatible with both the 1500 &FAlG 1149 standards, and
is therefore modular in design. In other words, each dieerbedded test modules, TSV
inter-die interconnects, and external pins, can all beeteseparately. In this way, the
scheduling of pre-bond, post-bond, and board-level testide flexible depending on the
tests needed for a particular manufacturing flow. Althoughdie wrapper standard is still
under development through the IEEE P1838 test work-grdngpdie wrapper discussed in
this section will be referred to as the P1838-style standaigghper for convenience.

The P1838 wrapper assumes that external connections teaitle are available only
on either the top or the bottom of the stack. While it is pogstbl have 1/0 connections
elsewhere in the stack, for example via wire-bonding, itksly in the immediate future
that I/O will be available only through the bottom of the $taln this section, it is assumed
that this is the case in order to simplify explanations,altjh by switching references from
the bottom of the stack to the top of the stack the reader cdarstand how the wrapper
would be implemented were 1/O available through the top efdtack.

The P1838 wrapper is designed to accommodate a variety dige and post-bond
test scenarios. For example, after the fabrication of ammgecompany may want to perform
pre-bond KGD test, including the test of all internal moduli@tra-die circuitry, and TSV
test (although pre-bond TSV testing is not explicitly suped by the wrapper, Chapter 2
provides a possible solution). The company may then shigdloe dies to a second com-
pany for integration into a stack, and the second companydiiie to perform post-bond
testing of the partial and complete stack, perhaps retestminternal modules of each die

as well as the TSV interconnects between dies. The die wrapparther integrated with
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the 1149.1 standard for board-level test.

Each die in the stack is assumed to be equipped for scangesén scanable digital
logic, BIST circuits, etc. The wrapper interfaces with thiemal scan chains, test control
architectures (such as 2D TAMs), compression circuits, letorder to accommodate the
wrapper and its functions, the addition of TSVs to the desigiy be necessary to allow for
communication between the dies during test. These dedites¢ TSVs are referred to as
test elevatorsnd will be discussed in more detail later.

Due to the availability of external pins only on the bottom {@p) of the die, all test
signals must be routed to and from each die in the stack valdiger in the stack. In
other words, all test control signals and test data must btedothrough the bottom die
of the stack. When these signals are routed to or from the dwlicch they are intended
without moving further in the stack, it is called@st turn The die wrapper is tier-neutral
in that a die equipped with the wrapper may be placed anywheaaestack. Furthermore,
the wrapper does not limit the number of dies that can be iackst

Similar to test standards for 2D circuits, the P1838 wrapgpscalable as required by
the designer. A one-bit serial TAM is required, with an opabmulti-bit parallel TAM.
The serial TAM is utilized for debug and diagnosis. Similarthe 1500 serial ports, it
provides a low-cost, low-bandwidth method of loading instions for test configuration
and routing test data. The serial ports can be used aftetabkis integrated onto a circuit
board. The optional parallel TAM provides a method for higilume production testing.
While more costly to implement, it can significantly reducedrction test time.

Due to the modularity of the P1838 wrapper, various testdegrerformed at different
times or not at all—there is no requirement to test the stack single entity. All of the
possible interconnect tests between dies and the dies éhezasre considered as separate
test insertions. Each die can be made up of any number of etelledst modules, and

these too may be treated as separate entities in regard.t® hesbenefit of such a modular
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approach to test is in ease of integration of IP modules @, die ability to optimize test
for different fault models depending on the circuit undet tand the freedom in designing

and optimizing the best test flow for any given stack.
The Die Wrapper Architecture

Each die in a stack is equipped with a die wrapper, and the perapof each die work
together to enable test as shown in Figure 1.2. Figure 1\dee a conceptual overview
of the die wrapper in a three-die stack soldered onto a ¢ilmard, where each die in
the stack is wrapped. The pins on the bottom die of the stamkigher both functional 1/0
and, in this example, test inputs. Two types of TSVs existvbet each die—FTSVs are
functional TSVs, while TTSVs are dedicated test TSVs forlwgséhe die wrappers, which
are also referred to d@sst elevatorsr TestElevatorsEach die contains some number of test
modules that are individually wrapped via the 1500 wrapged, each die contains its own
2D TAM connecting the internal test modules to one anothertae modules to the die
wrapper. The modules do not need to be wrapped—they canmalsmle test compression,
BIST, or other testable modules. An 1149.1 compliant tesesg port (TAP) exists on the
bottom die to enable board test.

The die wrapper added to each die in the stack is the additidffaarchitecture that
makes up the P1838 standard. The wrapper consists of g€rifdrl configuring the wrap-
per test mode and possibly parallel test interfaces as walbws show the movement of
test data throughout the stack, and test turns exist on eath @ccept data from and return
data to the I/O pins on the bottom die. Large, dedicated ppalos are shown to enable a
reduced-bandwidth pre-bond test mode. These large padsip@landing point for probe
needles to individually contact TSVs for test applicatiamidg pre-bond test. Architecture
extensions discussed in Chapter 2 and Chapter 3 provide citepaternatives to these
probe pads. The test elevators are used to route test sigmalsd down the stack from the

bottom I/O pins. A 3D TAM, which consists of the test turnssttelevators, and a control
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FIGURE 1.2: A conceptual example of a three-die stack using die peep

mechanism for setting the individual die wrapper test madesoptionally the embedded

module test modes also exists as part of the die wrappers.
1500-based Die Wrapper

The die wrapper can be designed to interface with either 50® br 1149.1 standard. To
save space, only the 1500 implementation is discussed. &uthplementation is shown
in Figure 1.3 for a three-die stack. Similar to 1500, it camehtwo test access ports—
a mandatory single-bit serial port with a wrapper serialWiS|) and wrapper serial out
(WSO) port used for providing instructions to the wrapper &rdlow-bandwidth test,

and an optional parallel access port for high-bandwidth t&ke parallel port can be of
arbitrary size, depending on the needs of the designer. itheftithe wrapper instruction

register (WIR), combined with the wrapper serial control (WSiQhals, determine the
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FIGURE 1.3: An example of a three-die stack utilizing 1500-basedwdiappers.

mode of operation that the wrapper is in at any given momeine Virapper boundary
register (WBR) is used to apply test patterns and capture respdar both internal tests
to the die itself intes) and external tests for circuitry between diestés}, such as TSVs.

A bypass path exists to route test data past a die withoungetbie die or needing to utilize
the WBR. Intest, extest, and bypass comprise three of the p@ssdxles of operation in
P1838, and are analogous to their 1500 counterparts.

As can be seen in the stack of Figure 1.3, the WSC control sigaral broadcast to
all the die WIRs. The serial and parallel test buses are dé&iayred through the stack.
The highest die in the stack does not utilize test elevatmshere is no die above it. All
external I/O pins are on the bottom die, as is an 1149.1 TARalber to provide for board
testing. The serial interface of the die wrapper on the bottce is connected to the TAP.
The only additional pins required for the P1838 wrapper hose for the standard JTAG
interface as well as optional parallel ports.

There are four significant features of P1838 that differ fdB00 and are unique to 3D

SICs. These features are:

e Test turns—Modifications are made to the standard 1500 interface, lwéxists on
the bottom side of each die and is made up of WSC, WSI, WSO, WPI, and.WPO
Pipeline registers are added at the output ports (WSO, WPOdtide an appropri-

ate timing interface between dies or the stack and the board.
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e Probe pads—All dies on the stack except for the bottom die, which isathgequipped
with the I/O pin locations for the stack, have oversized prphds added to some of
their back-side TSVs or face-side TSV contacts. These geoxilocation for current
probe technologies to touchdown on the die and individuadiytact each probe pad.
In P1838, these probe pads are required on WSC, WSI, and WSO, velpicdsent
the minimal interface for the die wrapper. Probe pads maylasadded on any or all
of the WPI and WPO pins as necessary. If fewer probe pads are éaidere-bond
test than there are parallel access ports for post-bondatestitch box is utilized to
switch between a low-bandwidth pre-bond test mode and aehigandwidth post-
bond test mode. The state of the switchbox is controlled leyVHR. While the
probe pads are currently necessary for testing throughi¢herdpper in the P1838
standard, previous chapters have discussed methods fadipigpa test interface that

requires few probe pads while providing for pre-bond TSV soah test.

e Test elevators-Additional, dedicated test TSVs for the die wrapper areessary
for routing test data and instructions between dies. Th&é&sTare referred to as test

elevators.

e Hierarchical WIR—In the 1500 standard, each embedded test module on each die i
equipped with its own 1500-compliant wrapper. In order tovte instructions to
these internal wrappers, a hierarchical WIR is necessarygrder to load all WIRs,
the WIRs are chained together similarly to scan chains. Thetheaf the WIR
chain depends on the number of dies in the stack, the numbEsGff-compliant
test modules per die, and the summed length of the WIR ingingtin P1838, the
die wrapper WIRs are equipped with an extra control bit to byphs WIRs of the

embedded test modules on the die in order to only load dieperayy/IRs.

Figure 1.4 shows the possible operating modes of the P18388pe&r. To read the dia-

gram, start from either the serial or parallel test mode atidw a path to the end of the
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FIGURE 1.4: A diagram of the possible modes of operation for the BIB&8 wrapper.

diagram. Each path that can be made is a possible operatidg.nk@r example, several
possible modes of operation inclu8erialPrebondintestTugriParallelPrebondintestTurn
ParallelPostbondExtestTurmndSerialPostbondExtestTurhere is a total of 16 operat-
ing modes, with four pre-bond modes and twelve post-bondasod

Each die may be in a different operating mode, depending catt vehtested within
the stack at any given time. For example, any or all dies matesied simultaneously.
Likewise, any or all interconnect tests between dies cangopned simultaneously. To
give an example, consider a four-die stack in which the aatlenects between Dies 2 and
3 are tested in parallel with the internal circuitry of Die All of these tests take place
utilizing the parallel access ports. In this example, eaelercept for Dies 2 and 3 will be
in a different operating mode. Die 1 will be PParallelPostbondBypassElevatorode, as
it is being utilized as a bypass to route test data up and dbenstack. Die 2 and Die 3
are placed irParallelPostbondExtestElevatonode, as they are performing their external
test on the TSVs between them as well as routing test dataefudp the stack. Die 4 is
in ParallelPostbondIntestTurmode, performing its internal module tests and turning test

data back down the stack.
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1.3.3 Conclusion

This chapter has provided an overview of the testing chg#erthat must be overcome
before 3D SICs can be widely adopted by industry adn the tastatds that are currently
being developed. Optimization techniques are needed te rtinekbest use of limited re-
sources, both in terms of test access and test schedulingnié¢hods and breakthroughs
are needed to make TSV testing economical and to enablestiegef partial logic. Each
chapter from this point on will provide in-depth examinatiof individual 3D SIC testing
topics as well as describe prior work that allows understandf research advances in an

appropriate context.
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2

Pre-Bond TSV Test Through TSV Probing

2.1 Introduction

Pre-bond testing of individual dies prior to stacking isaal for yield assurance in 3D-
SICs [60, 58]. A complete known-good-die (KGD) test requiesting of die logic, power
and clock networks, and the TSVs that will interconnect ditsr bonding in the stack.
This chapter, and Chapter 3 after it, will focus on pre-bon® Té&st. In this chapter, we
explore a probing technique for the rapid, pre-bond paraoieist of TSVs.

TSV testing can be separated into two distinct categorieg-bpnd and post-bond
test [60, 58]. Pre-bond testing allows us to detect deféetisdre inherent in the manufac-
ture of the TSV itself, such as impurities or voids, while pbend testing detects faults
caused by thinning, alignment, and bonding. Successfdbpnel defect screening can al-
low defective dies to be discarded before stacking. Becawtbads to “unbond” die are
yet to be realized, even one faulty die will compel us to diddhe stacked IC, including
all good dies in the stack.

There are further benefits to pre-bond TSV testing beyonthdisng faulty dies. Pre-

bond testing and diagnosis can facilitate defect locatmaand repair prior to bonding,
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FIGURE 2.1: Examples with electrical models for (a) a fault-freeVI &) a TSV with a
void defect, and (c) a TSV with a pinhole defect.

for example in a design that includes spare or redundant TS\BV tests that can be
performed after microbump deposition can also test forasfiat arise in the microbump
or at the joint between the TSV and the microbump. Furtheemndies can be binned for
parameters such as power or operating frequency and thehedaduring stacking.

TSVs play the role of interconnects, hence there are a nuofle-bond defects that
can impact chip functionality [53]. Figure 2.1 provides el example defects and their
effect on the electrical characteristics of a TSV. Figurg(@. shows a defect-free TSV
modeled as a lumped RC circuit, similar to a wire. The reseganf the TSV depends
on its geometry and the material that makes up the TSV pHar.example, if we assume
without loss of generality a TSV made from copper (Cu) withfeudion barrier of titanium

nitride (TiN), the bulk TSV resistancé&{sy) can be determined as follows [35]:

4pcyh

prinh
Rrsv= - (2.1)

| 1T(d 4 trin) tTin

whereh s the height of the TSV pillad is the diameter of the pillatyjy is the thickness of
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the TiN diffusion barrier, ang@c, andprin are the resistivity of copper and titanium nitride,
respectively. The resistance of the TSV is determined agpénellel resistance of the
resistance of the copper pillar and the resistance of taeitim nitride barrier. Generally
speaking, the diameterof the TSV pillar is much larger than the thickneégs of the TiN
barrier, andoriy is almost three orders of magnitude larger tipgp. Therefore Rrsy can

be approximated as:

Rrsv~ 2 (2.2)

The capacitance of the TSV can be similarly determined frioengillar and insulator
materials and geometries. Once again we assume a coppergsivell as silicon dioxide
(SiOy) for the dielectric insulator. For the TSV shown in Figur&(), which is embedded
in the substrate with insulator on the sides and bottom ofiltar, the bulk TSV capaci-

tance can be calculated as follows [35]:

Coe 27Eoxhe TTE k02
TSV In[(d+2toy) /d] | 4ty

(2.3)

wheretoy is the thickness of the insulator algl is the dielectric constant of SO The
bulk capacitanc€r sy is the maximum capacitance under low-frequency, high geltap-
eration. In Equation 2.3, the first term on the right modeés plarallel plate capacitance
formed between the TSV pillar and the sidewall. The secomd ten the right models the
capacitance between the TSV pillar and the bottom disk. dfiBV is embedded in the
substrate without insulation along the bottom, or aftertidiening which exposes the TSV

pillar, the TSV capacitance becomes:

G 2TTEoxNc
TSV In[(d + 2toy) /d]

(2.4)
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Defects in the TSV pillar or the sidewall insulator alter #lectrical characteristics of
the TSV. Figure 2.1(b) shows the effect of a microvoid in tH&VTpillar. A microvoid
is a break in the material of the TSV pillar and can be causethéymplete fills, stress
cracking of the TSV, and other manufacturing complicatiohBese microvoids increase
the resistance of the TSV pillar and, depending on the sgwefrthe defect, can manifest
as anything from a small-delay defect to a resistive openthéncase of high resistance
and open microvoids, the bulk capacitance of the TSV as seanthe circuit end may be
reduced as a large portion of the TSV that contributes to éipacitance may be separated
from the circuit. This is shown in Figure 2.1(b), as TSV bukistance and capacitance are
each broken into two separate teriRgg\n andRy sy, andCr syt andCr sy, respectively.

Figure 2.1(c) shows a pinhole defect of the sidewall insulad pinhole defect refers
to a hole or irregularity in the insulator around the TSV thegults in a resistive short
between the TSV and the substrate. Pinhole defects may lseaéy impurities trapped
in the insulator, incomplete insulator deposition, stfesstures in the insulator, and more.
Depending on the severity of the defect, the leakage of thé M8y significantly increase
due to the leakage path to the substrate.

Microvoid, pinhole, and other TSV defects that exist befboading may be exac-
erbated over time. Electromigration, thermal, and phystass can lead to early TSV
failures. Many defects cause increased power consumptidrhe@ating and can increase
physical stress before and after bonding, further aggrayatarly and long-life failures.
A thorough pre-bond KGD test should include a burn-in tesfli®Vs to screen for these
types of failures.

Pre-bond TSV testing is difficult due to a variety of factoRre-bond test access is
severely limited due to TSV pitch and density. Current pramhhology using cantilever
or vertical probes requires a minimum pitch of B, but TSVs have pitches of 4/4m

and spacings of 0.am [69]. Without the introduction of large probe pads onto a/T&
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similar landing pads on the face side of the die [37], curpgabe technology cannot make
contact with individual TSVs. Adding many landing pads islesirable, as they signifi-
cantly decrease the pitch and density of TSVs and TSV langiasg. Thus, the number of
test 1/0O available to a tester during pre-bond test is sigguifily reduced compared to the
I/O available during post-bond test. Furthermore, TSVssangle-ended before bonding,
meaning that that only one side is connected to die logic hadther side is floating (or
tied to the substrate in the case of a deposited TSV withatbimansulation). This com-
plicates TSV testing because standard functional andtstal¢est techniques, for example
stuck-at and delay testing, cannot be performed on the TSV.

BIST techniques also suffer from drawbacks. No current BIShiggcture for pre-
bond TSV testis capable of detecting resistive defectsorearthe end of the TSV furthest
from the active device layer. This is due to the fact thatehesistive defects result in no
significant increase or decrease to the TSV capacitanceibetae bulk of the TSV closest
to the test architecture is intact. Furthermore, BIST tegphes do not provide an avenue for
TSV burn-in tests, and so cannot screen for TSVs that woyp@mance infant mortality
failures. The test circuits utilized by BIST techniques,tsas voltage dividers or sense
amplifiers, cannot be calibrated before hand and are subjgcbcess variation on the die.
This can impact the accuracy of parametric tests.

To address the above challenges and offer an alternativestb t8chniques, this chapter
presents a new technique for pre-bond TSV testing that igatiblie with current probe
technology and leverages the on-die scan architecturesthiaed for post-bond testing. It
utilizes many single probe needle tips, each to make coni#ltimultiple TSVs, shorting
them together to form a single “TSV network”. The proposeg@rapch highlights the
relevance of today’s emerging test standards and test raguiy and the important role
that tester companies can play in 3D SIC testing. Becausertipoged method requires

probing, it is assumed in this chapter that the die has ajrbaén thinned and that it is
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supported by a rigid platter (carrier) to prevent mechdmaaage during probing. During
test, the probe needle must be moved once to allow testintj 6&s in the chip under
test. This method also allows for the concurrent testingafyil SVs to reduce overall test
time. Furthermore, significantly fewer probe needles ageired to test all TSVs, which

reduces the cost and complexity of probe equipment.
2.2 Prior Work on BIST Techniques and their Drawbacks

Although interest in 3D-SIC testing has surged in the paat y@d a number of test and
DFT solutions have been proposed [50, 51, 52, 54, 67, 66Jppnel TSV testing remains
a major challenge. Recent efforts have identified some pessiltutions to pre-bond TSV
testing. A discussion of TSV defects and several methodpr®r and post-bond testing
are presented in [53]. In this work, twelve different TSV efeftypes are highlighted, five
of which can arise post-bond from errors in alignment, bogdor stress, while the rest
involve defects that arise prior to bonding. A number of fldsgesistance and capacitance
tests are shown, including average measurements takefsdhmatrices to tests on TSV
chains. Direct leakage tests and AC tests assisted by omrdi@scillators or phase-lock
loops are also described. These methods are however caategecific architectures,
implementation details, and thorough characterizatioe loeen left for future work.

In [56], an on-chip voltage divider is connected to each T&\W additional test cir-
cuitry is utilized. A sense amplifier is tuned such that onlseatain range of voltages on
the divider are acceptable, with these values being encasledl or 0, and these digital
values can then be scanned out. During normal operatiorsetige amplifier can be used
to restore the signals from TSVs that are affected by onlyomiesistive defects. This
method only detects TSV defects that result in large resists Capacitive defects and
those defects that result in a small increase in resistaumh (@s small-delay defects) are

not detected. Furthermore, the need for tuning and the emth@ariability of on-die sense

27



amplifiers and voltage dividers may make accurate faultatiete more difficult.

Another application of on-chip sense amplification was psgal in [59] for detecting
capacitive TSV faults. Each TSV is treated as a DRAM cell thatiarged and discharged.
Atuned sense amplifier determines whether the capacitaniteed SV is within an accept-
able range. As with [56], the sensitivity of on-chip cireyifor detecting small capacitive
changes is limited. Not only must bounds on TSV capacitarec@rie-determined, but
errors due to circuit variability must be accounted for irednready sensitive environment.

Two more methods for detecting TSV defects are evaluategBin [The firstis a leakage
current sensor to detect the resistance between the TSVharslibstrate. This approach
utilizes a comparator connected to the TSV. The second rdettids a capacitive bridge
to each TSV, using a filtered clock signal to compare the T)acaance to a reference
capacitance. Alhough more sensitive than sense ampldigatiis method requires more
die area per TSV. It is also sensitive to variability in théerence capacitor, which must
have a value in the tens of fF.

The BIST techniques examined in this section help to enaldebpnd TSV test by
alleviating test access issues, e.g. limited externabisstss and probe technology limita-
tions. A significant downside of these BIST techniques is they suffer from limitations
in terms of observability and the measurements that arébleasviany BIST techniques
cannot detect all types of capacitive and resistive TSVidaaind no BIST technique can
detect resistive defects toward the far end of the TSV piliat is embedded in the sub-
strate. Furthermore, BIST techniques require careful eitn and tuning for accurate
parametric measurement, but this is often infeasible, bleno exacerbated by BIST cir-
cuits themselves being subject to process variation. Eortbre, BIST techniques can
occupy a relatively large die area, especially when comnisigehe thousands of TSVs that
are predicted per die [60] and that TSV densities of 10,08®/or more [58] are currently

implementable.
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In this chapter, we combine capacitance, resistance, deakend stuck-at pre-bond
TSV tests in a single unified test scheme. Our goal is to migenthe amount of on-
die circuits for measurements. We also avoid adding anadagponents or components
that need considerable tuning. We achieve this goal by ngosemsing circuitry off-chip,
where it can be well characterized prior to use, which altmwal us to use larger analog
components that are not feasible for on-chip implementatige further utilize the existing

on-die test infrastructure that enables post-bond extézsa
2.2.1 Probe Equipment and the Difficulty of Pre-bond TSV Probing

A TSV is a metal pillar that extends into a silicon substratetigh the active device layer.
A “keep out” area where no active devices may be includedasefiore associated with
each TSV [58]. Prior to wafer thinning, the TSV is embeddethim substrate and is in-
accessible to external probing. During thinning, part & sbstrate is removed, thereby
exposing the TSVs. There are additional considerationsatteaimportant when probing
thinned wafers. Due to the fragility of a thinned wafer, iede to be mounted on a carry
platter for testing. Probe cards that use low contact foncag also be required. Further-
more, the probe must not touch down too many times duringntgsas this may cause
damage to both the TSVs and the wafers. Many devices alsat@ckuffers needed to
drive automated test equipment, particularly through TSMuus, probe cards with active
circuitry are necessary; this has been articulated recastbeing a focus of research at a
major tester company [69].

Although interest in 3D-SIC testing has surged in recentyyaad a number of test and
DFT solutions have been proposed in the literature [50, 31558, 67, 66], pre-bond TSV
testing remains a major challenge. Recent efforts haveiftlghsome possible solutions
for pre-bond TSV testing. A discussion of TSV defects andssvmethods for pre- and
post-bond testing are presented in [53] and [58]. In [53¢lwe different TSV defect types

are highlighted, five of which can arise post-bond from ertiaralignment, bonding, or
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stress, while the rest involve defects that arise prior twdbay. Thus, many defects can be
targeted at a pre-bond stage. For example, a microvoid im$wincreases the resistance
of the TSV, while a pinhole defect causes leakage betweeh$heand the substrate, thus
increasing the TSV capacitance. Most of the pre-bond TS¥aldf/pes are resistive in
nature [53].

In pre-bond probing of TSVs, surface planarity of the TSVsmcrobumps impacts
the consistency of contact between the probe needles antSi¥ie. Therefore, “spring-
loaded” probe technologies can facilitate pre-bond pr@lhTSVs by providing varying
degrees of individual control of contacts involving proleedles. Much attention has been
devoted to the manufacturing of spring-loaded probe nedgé@, 77, 100, 101], as sur-
face non-planarity and other issues have made this a disiethnology for achieving
good contact during wafer probing. Proposed techniqudadecmembrane probe cards,
thermally-actuated probe needles, and probe needles lsittr@static actuators. Further-
more, because non-planarity also impacts TSV connecti@derduring bonding, recent
research has explored the planarization of microbumps|[I0&s approach can also re-
duce non-planarity when it is used for the testing of TSV iwiticrobumps.

Itis also important to examine the contacts and contacttasies that may be expected
between a probe card and a TSV/microbump. In [97], low-fametacts were made be-
tween probe needles and microbumps, and a worst-case toas&tance of 132 was
obtained. This is well within a reasonable range to achieeeiate parametric measure-
ments for TSVs. In [74], the effect of probe needle wear ortactrresistance is reported.
The length of the needle decreased over time as material wasaway by touchdowns,
adversely affecting contact force and the quality of cantbBlowever, the reported results
show that even with extensive wear after many touchdown#acbresistances remained
below 3Q at 30°C for certain needle heads, with worst-case resistancey arhigher

than 40Q. If these findings are extended to the problem of contactim@¥ network, in
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() (b)
FIGURE 2.2: Example of the (a) pyramid probe card and (b) NanoPiétgeobe card for
pre-bond TSV probing.

which contact quality will be worse for some TSVs, similaaalges in contact resistance
can be expected.

Novel probe card architectures to enable pre-bond TSV pgohbre currently being
examined in the literature. Cascade Microtech Inc. hasduoited a pyramid probe card
that has been demonstrated at a;40 array pitch [97]. An illustrative example of this
probe card is shown in Figure 2.2(a) with four probe needléd® needles are deposited
on a membrane substrate to allow for individual actuatiooaimpensate for surface non-
planarity between TSVs. The needles themselves preseritsagflare probe head. Form
Factor Inc. has introduced the NanoPiéfecontact head for 3D TSV probing, similarly
demonstrated at a 40m array pitch [98]. An illustrative example of this probe das
shown in Figure 2.2(b). The probe needles are grown from ndange nanofibers that act
together to make a contact. Both probe cards utilize lowefgmobing and show minimal
microbump damage.

Despite these new advances in probe card technology, therdgrated pitches and
array placement of needles limit TSV placement and densitydividual contact with
each TSV required. Furthermore, scaling these probe cargstito be demonstrated,

and it appears that microbumps may scale faster than prabedmgy. For example,
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in [103] microbumps have already been manufactured at sizésum with a 10 um
pitch, compared to the 4Qm pitch in [97, 98]. Furthermore, even if every TSV on a
die can be contacted individually, the issue of routing tiga to and from a probe card
with the thousands of probe needles required to contacy &\&Y is likely prohibitive. If
the number of probe needles is instead reduced to a more ealaghumber, then many
touchdowns may be needed to test every TSV on a die, sigriffcacreasing test time
and the likelihood of damaging the thinned die or wafer. Ttubjmg technique introduced
in this chapter ensures that probe technology, regardfesgenand pitch, will be capable
of testing TSVs with or without microbumps.

The rest of this chapter examines a novel combination ofierathitectures, pin elec-
tronic architectures, and test optimizations to enable ges-bond parametric TSV test.
Section 2.3 introduces a cutting-edge test architecturpribond probing and testing of
TSVs. It discusses the benefits and drawbacks of TSV promdgdamonstrates the ef-
fectiveness of the pre-bond probing architecture. Se@idrpresents a heuristic approach
to reducing pre-bond TSV test time by organizing TSVs in& tgoups in which multi-
ple TSVs within the same TSV network are tested simultarigodsexamination of the
considerable reduction in test time possible through pragV test is provided. Finally,

Section 2.5 concludes this chapter.
2.3 Pre-bond TSV Testing

In the pre-bond test method discussed in this chapter, a @uofbiTSVs are shorted to-
gether through contact with a probe needle to form a netwbrkS)/s. The network

capacitance can be tested through an active driver in tHeepreedle itself, and then the
resistance of each TSV can be determined by asserting ea¢hoiit® the shorted net.
More details on TSV testing are given in Subsection 2.3.1thig section, the new test

architectures used for pre-bond TSV testing will be disedss
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For post-bond external tests, a 1500-style die wrapper saéim-based TSV tests has
been proposed [50]. It is assumed in this section that diel-l@rappers are present. To
enable pre-bond TSV probing, the standard scan flops that oqakhe die boundary reg-
isters between die logic and TSVs are modified to be gatedfigas(GSFs), as shown in
Figure 2.3. Alternative methods to accessing a TSV on a die haen reported as in [62],
but these methods are not compatible with die wrappers, @agesnot considered in this
chapter as die wrappers are likely to be utilized in futuresdarks. As seen at the block
level in Figure 2.3(a), the gated scan flop accepts eithenetifunal input or a test input
from the scan chain; the selection is made depending on opesbmode. A new signal,
namely the “open signal”, is added; it determines whethermtltput Q floats or takes the
value stored in the flip-flop.

In the GSF design, shown at gate-level in Figure 2.3(b) arichasistor-level in Fig-
ure 2.3(c), two cross-coupled inverters are used to stdee daansmission gates are in-
serted between the cross-coupled inverters and at the (Bp@nd output (Q) of the flop
itself. The widths of the transistors in the first cross-dedpnverter stage are greater than
the widths of those in the second cross-coupled invertgiessach that the second stage
takes the value of the first stage when the buffer between ihepen and they are in con-
tention. An internal inverter buffer is added before thepomitransmission gate such that
the gated scan flop can drive a large capacitance on its augputithout altering the value
held in the flop. The “open” signal controls the final transsiga gate.

It is important to distinguish between sending and recgivi§Vs and their impact on
test circuitry. Sending TSVs are TSVs that are being drivenogic prior to bonding,
whereas receiving TSVs are floating before bonding and nmeashtve logic on their as-
sociated die. In both cases, the GSF can be utilized. Foegimg of sending TSVs, the
GSF is used to drive the TSV during probing. In functional moithe gate remains in its

low-impedance state. In the case of receiving TSVs, the G&Fdaives the TSV during
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test. However, in functional mode, the gate remains in gefimpedance state because the
TSV will be driven by logic on another die. The functional put of the GSF associated
with receiving TSVs, if needed, can be connected to nodesfd@enoted in Figure 2.3(b).

A controller is needed for determining which gates are opghe TSV network at any
given time. One such controller may be a centralized gat&aiter that is routed through
a decoder to control gates in each TSV network simultangasishown in Figure 2.4.

Because each network is contacted by a separate probe nibedlESVs in one network
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FIGURE 2.4: Overview of an example control architecture.

can be tested in parallel with the TSVs in each other netwhdch TSV is driven by its
own GSF.

For the example controller shown in Figure 2.5, a synchrengu counter based on
J/IK flip-flops is used that can also be utilized as a shift tegisThe example controller
includes four bits; it only needs lggn) bits, wheren is the number of gated scan-flops in
the largest TSV network during test. During normal opergtithe controller counts up,
cycling through the gated scan-flops in each network for tdst specific TSV must be
tested or special test codes must be sent to the decoderththeppropriate data can be
shifted into the controller. A limitation of using a centi@ntroller is that outputs from
the decoder must be routed to each TSV network. Howeverukedais only necessary to
have as many wires leaving the decoder as there are TSVs largest network, routing
can be greatly simplified, especially when compared to BIShrigues.

To determine the capacitance of the TSV network and thetagsis of each TSV, the
probe needle must be equipped with an active driver and aadethdetection. In order

to keep this circuitry simple, a design such as the one shaviigure 2.6 can be used.
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This design consists of a DC source with a voltage on the ayfidre circuit under test.
A switch, &, is used to connect or disconnect the source from a capdCiigurge Of
known capacitance. The voltage across the capacitor isncanisly monitored through a
voltmeter. A second switclgl, allows the capacitor to be connected or disconnected from
the probe needle itself.

It should be noted that the above charge sharing circuilitteteis design and analysis
in HSPICE. In practice, this circuit can be prone to measurgragor caused by leakage
currents. Therefore, an AC capacitance measurement me#mobe used to mitigate the
effects of leakage, for example with a capacitive bridgd.[70

While digital testers are usually not equipped with the devand sensors needed to
measure capacitance, analog and mixed-signal testersmavenko have these capabili-
ties [71]. Because pre-bond TSV testing requires accuram@measurements (digital
measurements are not feasible unless more complete foaktyoand I/O interfaces are
available), it is necessary to either add capacitanceirsgegcuits and drivers to digital
testers or to utilize analog testers for pre-bond TSV defexening.

In order to contact all TSV matrices, the probe card has to treechat least once. In
order to reduce the number of times the probe card must bedr{ane ensure a one-time-
only movement), a design such as that shown in Figure 2.7eatillzed. By offsetting the

probe needles as shown, the probe card has to be shifted @aarahly once in order to
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FIGURE 2.6: A charge-sharing circuit.

contact all the TSV networks. In Configuration 1, probe needlethe probe card contact
some groups of TSVs, with adjacent TSV networks lacking @@roeedle to contact.
Once the probe card is moved to Configuration 2, the probe egedhtact the previously
untested TSVs. Contacting and supplying critical signathsas power and clocks to the
die during test may require special probe needles to be addbe probe card; these are
shown as required signals in Figure 2.7 and are not placdekisame configuration as the
rest of the probe needles. Itis assumed that these will badually contacting TSVs with
large probe pads added to them.

In order to illustrate how contact is made with all TSV netkon a die, Figure 2.8
shows a partial example of two rows of probe needles above withh TSVs. The TSVs
are spaced in an irregular manner in this example and it imasg but not necessary that
the TSVs have microbumps. Figure 2.8(a) shows the initiafigaration of the probe card
and probe needles. In Figure 2.8(b), the probe card is lahand contact is made between
the probe needles and the highlighted TSVs. Each group oETc®vitacted by one of the
probe needles comprises a TSV network. The probe card islifteshand shifted to its
second configuration as in Figure 2.8(c), contacting theyighlighted TSVs. As shown
in Figure 2.8(d), a row of TSVs can be completely contactetl aisingle movement of the

probe card. The probe card design attempts to limit the nuofl@®ntacts the probe needle
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FIGURE 2.7: Two configurations of a probe card for TSV testing.

makes with each TSV to minimize damage that may occur dudsg such as scrubbing.
To prevent a single TSV from being contacted more than onci, imore than one TSV

network during test, additional control signals can beuded in the controller to close
the gates for all TSVs tested in the first test period durirgsticond test period, and vice

versa.
2.3.1 Parametric TSV Testing via Probing TSV Networks

A TSV can be modeled as a wire with both a resistance and a itapee. While a TSV

may be manufactured from a number of different materialgpeois often used for metal
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FIGURE 2.8: Example to illustrate the probing of TSV networks.

layers and polysilicon may be a non-metal alternative. Bsestance of a TSV made from
copper with a 2-5um diameter and hm height is 80-200 2. For a polysilicon TSV with
a 28-46um diameter and 5@m height, the resistance is 1.3-8X)]73]. The capacitance
of a copper TSV with a 1-1(xm diameter and 30-100m height is 10-200 fF [35].

A probe needle makes contact with a number of TSVs at a tinseesin Figure 2.9(a).
The TSVs are connected to gated scan-flops, which are cathexform a scan chain.
This circuit is modeled as seen in Figure 2.9(b). The proleelieehas a known resistance
Rp and a contact resistancB¢-Ra) with each TSV. The contact resistance depends on
the force with which the probe needle contacts each TSV, amg differ per TSV. Each
TSV has an associated resistanRe-R4) and capacitanc&e(-C,). Furthermore, a leakage
path modeled by a resistandglf-RL4) exists between each TSV and the substrate. The
value of interest is the net capacitarigg;, which is the combined capacitance of all of the

TSVs in parallelCyet can be expressed as:
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FIGURE 2.9: TSV network model.
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Cnet:C1+C2++Cn

The net resistancdyyet is then the equivalent of the probe resistance, contact-resi

tances, and TSV resistances, calculated as follows:

Rn_R+( Loy )1
TP T RAR T R+ R RitR.)

The net leakag®Let is simply all leakage resistances added in parallel.
Capacitance Measurements

The net capacitance must first be determined to charactesize TSV. From this mea-
surement the capacitance of each TSV can be estimated andetbgective resistances
measured. The charge-sharing circuit of Figure 2.6 is cctiedeo the probe needle which
shorts together multiple TSVs as shown in Figure 2.10. Theeghree steps involved in

measuring the net capacitance:

e Discharge the TSV network by loading a 0 into all gated scapsfland then opening
their gates. During this step, swit@l is open. The charge sharing circuit is discon-
nected from the TSV network, and switER is closed in order to charge capaci@harge

to a known voltag®/.

e Close all gated scan-flops and open swiih Close switct5l to connect capacitances
Ccharge @ndCret. This sets up the charge-sharing networkCasge is discharged into

Chet-

e Monitor the rate of change of1 through the volt meter until it falls below a certain
level. This level corresponds to the rate of change in a sitedlcharge curve that has
reached 1% of its maximum charge during discharge. Oncedlass reached, then a

final measurement of voltad&l across capacit@cnarge s taken.
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FIGURE 2.10: TSV network with charge-sharing circuit.

Once these steps are completed, the val@@&gfcan be determined from known values

using the following charge-sharing equation:

(V-V1)

Vi (2.5)

Chet = Ccharge‘

From the network capacitance, the average capacitancelofl&V can be determined
by dividing the network capacitance by the number of TSVshm hetwork. In this re-
spect, the presence of fewer TSVs in the network will allow dhigher resolution in
capacitance measurements, although this is not the casedigstance measurements or
stuck-at/leakage tests (described below). Among the TS¥&ctigypes described in [53],
only one of the pre-bond-testable defects results in cégrasz changes (as opposed to re-
sistance changes). This is the pinhole defect, which maylssletected through leakage
tests. Although capacitance measurement using this meibtuts only an average value,
significant increases in capacitance can be readily détecifathe number of TSVs in a
network is not too large.
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FIGURE 2.11: The process of net capacitance measurement.

Resistance Measurements

The bulk of TSV defects that can be tested pre-bond resulidreased TSV resistance.
For this reason, it is important that a pre-bond test be depdlaccurately measuring TSV
resistance. In order to measure resistance, the chargeglacuit of Figure 2.6 is once
again utilized. The capacit@gnargeWill be charged through each TSV, and the time needed
to charge the capacitor to a chosen voltage (for example, &) is recorded. Long
charge times increase the resolution in resistance meaasuatgbut they lead to higher test
time. As a tradeoff, smaller voltage levels (such as 90%;gf can be used to reduce test
times if the resolution is acceptable—see Table 2.1 in Sulose2.3.2 for more informa-
tion.

The above measurement can be carried out by recording tiéstawhen the control
signal is asserted for the TSV under test to open, then théiredcan be measured when
V1 reaches the desired voltage. In order for resistance todasuned, the probing device

must first be calibrated using a non-faulty TSV in a TSV netwdrhis calibration can be
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done off-chip prior to testing any circuits, for example k®mng a dummy silicon chip with
double-ended TSVs in which the TSVs themselves can be coefpleharacterized. One
or more TSVs on this calibration chip can be used to caliktegeequipment. The charge
time of Ceharge in this environment is determined, and charging times orteébefloor are
then viewed in relation to the calibrated time.

The test begins by loading all of the gated scan-flops withdLdischarging the TSV
network using the probe. Swit@® is opened and switcHl is closed such that the capac-
itor Cehargels discharged as well. One of the gated scan-flops is theredpatiowing the
scan-flop to charg€nhargethrough its connected TSV. Whafi reaches the pre-determined
voltage, the time to charg€:arge is recorded. It is then compared to a calibrated charge
curve for a non-faulty TSV. This process of charging and lthsging continues for each
TSV, which can be completed quickly by incrementing the cahihg counter to open each

subsequent TSV.
Leakage Tests

Leakage tests are an averaged measurement per TSV, sorgkgpdcitance tests described
earlier. In order to perform a leakage t6S8tparge i disconnected from the TSV network
and the network capacitanCge; is charged through the GSFsVgq. Next, all gates are
switched to their high impedance state and the TSV netwoldfigloating for a chosen
period of time. After this period, a voltage measurementefretwork is taken through
the probe, and the change in voltage over the floating timegés determined. This is

then compared to a calibrated curve to determine the leaiahe network.
Stuck-at Tests

Stuck-at and leakage tests, in which leakage is high enaulé similar to stuck-at faults,
can be performed together and in parallel under this sch&woestrong stuck-at 0 faults

or leakage with low resistances to ground, the TSV networklbeacharged with the gated
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scan-flops closed and its voltage measured. If the rate ohaige is abnormally high, it

can be inferred that a stuck-at O fault or a leakage-indudefgct exists on at least one
of the TSVs. A parallel stuck-at 1 test can be performed bgtdigging the TSV network

with the gated scan-flops closed and measuring the voltagjeeamet.

Individual stuck-at tests can also be performed quicklyisTi done by loading the
scan-chain with a pattern of alternating ones and zeros.vahe on the gated scan-flop
on the first flop in the control sequence for the TSV networledaines whether the net
is first charged or discharged. Then, each GSF is opened ueseg, making alternating

assertions of high or low. The pattern is then shifted by orkthe process is repeated.
2.3.2 Simulation Results for Pre-bond Probing

Simulation results are presented for a TSV network of 20 T@\ddeled in HSPICE. The
number 20 was determined based on the relative diameteritidqgs probe leads and
TSVs. Unless otherwise stated, the resistance of each T8\ @mtact resistance isQ
and the TSV’s associated capacitance is 20 fF. These nuratetssed on data reported
in the literature [73, 35]. The probe needle resistancetiats€0Q. This value is several
Q higher than contact resistances seen with probe cards {@day5] to account for the
low contact force needed and unusually small features privbeur scheme. TSV leakage
resistances for non-faulty TSVs were 1.2 Tcorresponding to a leakage of 1 pAata 1.2
V Vyq [104]. The transistors were modeled using predictive l@aw@r 45 nm models [76].
Transmission-gate transistor widths were set to 540 nm§®B and 360 nm for NMOS.
These larger widths were chosen such that the gate, when wpeid have little impact
on signal strength. A strong and a weak inverter were useti, thwe strong inverter hav-
ing widths of 270 nm for PMOS and 180 nm for NMOS, and the weakriter having
135 nm for PMOS and 90 nm for NMOS. These were chosen suchhbangjority of
transistor WI/L ratios were 2/1 for NMOS and 3/1 for PMOS. Tharge-sharing capacitor

CchargeWas modeled at 10 pF, chosen to be an order of magnitude kh@ethe fault-free
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capacitance of the TSV network. This is sufficiently largeathieve good resolution in
measurement without being so large that charge times aeasmnable or that leakage be-
comes a significant issue. The power supply voltdggefor both the probe electronics and
the circuit under test was set at 1.2 V.

Inductance is not included in the model for two reasonstfmedern probe cards have
little parasitic inductance on the probe tips [77]. Secaaipling takes place in the pin
electronics and not through the TSV network itself, so pat&bnics are the limiting factor
for high-speed sampling and not the TSV network or its cdntath the probe needle.
Probes capable of GHz sampling frequencies have been lalegita some time [78].

Figure 2.11 demonstrates the process of net capacitansineezent, with high signals
meaning that a gate is open or a switch is closed. To begin¢s\8R2 is closed, charging
Ccharge t0 V. During this time, the gated scan-flops capture a 1 (the FlquuCa signal
captures on the falling edge). The flop gates are open asatehgtthe Flop Gate signal.
The flop gates are then closed, S2 is opened, and switch Sasedcto begin charge-
sharing. Ccharge then begins discharging, and the voltage is measured &tng when
it has settled to 1.15 V. Using Equation (2.5) and the subeetogivision step, each TSV
capacitance can be determined to be 20.25 fF, very close tactiial value of 20 fF.

The determination o€yt is a robust measurement. Because the charge sharing sys-
tem set up betweeBcharge aNdCret is allowed to settle before measurements are taken,
TSV and contact resistance do not affect the result. Ongtivelly high leakage currents
prevent measurements, because the change in volt&ge.afe will remain large until the
capacitor is discharged. For example, a 100-point MonteoGamulation was conducted
assuming a Gaussian process variation withaalue of 20% around nominal TSV and
leakage resistance values. TSV capacitances ranged frdftbb0 fF, with a total net
capacitance of 550 fF. In every simulatid@ye; was calculated to be 569 fF regardless of

process variation.
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Figure 2.12 shows the charging behavior of capaggge through one TSV in the
TSV network. The TSV resistance varies fronf21to 3000Q in 500 Q intervals. V; is
recorded when the voltage acrdsgarge has reached 99% &fyq, or 1.19 V. As shown,
small variations in resistance alter the charge curve irsoredle ways. Figure 2.13 shows
the charge time to reach this voltage level for each TSV taste and for one, two, or three
TSVs under test in parallel. As can be seen, there is a liedatignship between capacitor
charge time and the resistance of the TSV under test. Foragh@cdance value of 10 pF,
each 502 increment increase in TSV resistance results in about a E@rease in charge
time when considering only one TSV under test. Assuming gpgamate of 1 GHz and
calibration at 1Q (the first waveform), a resolutionof about 25Q is achieved. In other
words, each increase in charge time of 1 ns above the cabddtarge time corresponds
to a 25Q increase in resistance on the TSV under test. In this schemaller values
of r preferable. Higher resolutions can be achieved at the ddehger charge times by
increasing the capacitance@farge However, if the capacitance is too large then leakage
could become a significant source of error. Generally, teelugion of measurement can
be determined using the formu;lﬁ’—T whereAT is a change in charge timAQ is the TSV
resistance difference for that charge time, &islthe sample rate.

Table 2.1 shows the resolution of TSV resistance measursnaer500 MHz and 1
GHz sample rates for different chosen voltage levels, asguefault-free TSV with 1Q
resistance and a faulty TSV with 5@ resistance. For example, the resolution achieved
when chargingCeharge to 99% 0fVyq implies that resistances as small as 2@.&bove
the nominal 1Q fault-free resistance can be detected. The lower the enirithe second
column of Table 2.1, the larger the resolution and detelityaloif TSV defects. It can be
seen that as the voltage level to whitfargeis charged decreases, the resolution achievable
by resistance measurements also decreases.

Table 2.2 shows the calculated TSV resistance values ofadaelty TSVs using the
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Table 2.1: Resolution of TSV resistance measurements wi@l®dvB1z and 1 GHz sample
rate for a fault-free 12 and faulty 50QQ TSV at various voltage levels.

Chosen Voltage Levell Minimum Detectable Resistance Change
(Percentage ofyq) | at1GHz (Q) | at 500 MHz (Q)

99 24.3 48.6

95 40.4 80.8

90 55.6 111.2
60 161.3 322.6
50 221.2 442.4
40 324.7 649.4
10 2777.8 5555.6

calibration curve for a single TSV of Figure 2.12. As can benséigh accuracy is achieved
for a range of faulty resistances. Higher resolutions ahgezed in the 400-60Q range,
although this is based on a curve calibrated only at every(h0Q is expected that more
data points in the calibration curve would lead to more aateuresults at other resistance
values.

The test time for TSV resistance measurements can be estirffratn the voltage level
to whichCenargeis charged and the number of TSVs and TSV networks that mustsbed.
For example, consider a die with 10,000 TSVs and 20 TSVs gerank, for whichCenarge
is charged to 99% 0¥y4. Due to bandwidth and current limitations of the probe cérd,
is assumed that only 100 TSV networks can be tested in pbaaléetime. From simula-
tions of fault-free TSVs, maximum currents of 4@\ are sunk through each probe needle
during resistance measurement. This is well within theentriimits of the smallest probe
needles [79]4120 mA for tip diameter of 1.0 mil angt400 mA for tip diameter of 5 mil),
and it is thus likely that in these circumstances, more that TSV networks could be
tested at a time. The time required for measuring the resistaf all TSVs in this example
is 80 us, not including the time required to move the probe card.

It is also possible to test the TSV resistance of multiple $8Vparallel at the cost of

resolution of the result. Figure 2.13 shows charge timeswitve or three parallel TSVs
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FIGURE 2.12: Capacitor charging through TSVs of varying resistance

Table 2.2: Measurement accuracy at varying faulty TSV tasces.

| Actual Resistance Q) | Measured Resistance@®) | Percent Difference|

100
200
300
400
500
600
700
800
900
1000

110.8
207.3
304.3
401.8
499.1
596.8
695.0
793.4
891.8
990.8

10.8
3.7
1.4
0.5
0.2
0.5
0.7
0.8
0.9
0.9

are under test. In each case, the resistance for all TSVseimgribup tested in parallel

increases from Q to 3000Q in increments of 50@. A loss of resolution is experienced

on two fronts. The first is that the difference in charge tirbesveen the chosen TSV

resistances decreases to 10 ns for two TSVs in parallel arglférrthree. This loss of

resolution can be overcome to an extent with a larger capamBCehnarge although larger
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FIGURE 2.13: Capacitor charge time through one, two, and three T8 0HDOVg.

capacitances are more susceptible to error from leakage.s&bond reason for loss of
resolution lies in the averaging that must take place betviee resistances of the TSVs
tested in parallel. This problem cannot be easily alledatsing the proposed method.
Some averaging may be desirable in the test environmenthichvease it would be faster
to test groups of TSVs in each TSV network in parallel with amether. The controller

can be designed appropriately.

The robustness of TSV resistance measurements in a 20-T@Mnkeunder process
variations is examined next. The TSV under test is consitierdave a resistive fault with
a total resistance of 5Q. Resistances on the other TSVs in the network are simulated
with a Gaussian distribution in which &8-is a 20% spread from the nominal value of21
All TSV capacitances are simulated with a similar Gaussiatridution using a nominal
value of 20 fF, and leakage resistances are distributechdrainominal 1.2 0. Charge

times are then compared to a calibrated curve. As can be searaf100-trial Monte Carlo
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FIGURE 2.14: 100-point Monte Carlo simulation of TSV resistance saeaments with
20% variation in the TSV resistance, leakage resistance,capacitance of fault-free
TSVs.

simulation in Figure 2.14, the resolution of resistance sneaments remains high under
process variations, with a mean measurement of 8lad a standard deviation of &b
The accuracy of TSV resistance measurements in a TSV netmlogke more than one
TSV is faulty is explored. The Monte Carlo simulations of Fig2.14 are repeated, this
time assuming that each TSV is defective with a Gaussiangtibty density function.
For this example, let the 8-value for defective TSV resistance be 1Q0around a 150
Q nominal value. It is assumed that thes3value of the TSV capacitance under process
variation is 30f fF, with a nominal value of 20 fF. The leakagsistance 3r value was
400 (& around a 1.2 W nominal value. Figure 2.15 presents results for a 100i@hte
Carlo simulation in this scenario. Good resolution in regise measurements continues to
be achieved, with a mean of 141 and a standard deviation of 8 While the defective
TSVs are severe, their impact on resistance measuremeathised because a capacitance

C1 that is orders of magnitude larger than the TSV capacitsndgosen. The charge time
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FIGURE 2.15: 100-point Monte Carlo simulation of TSV resistance sueaments for
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of this capacitor dominates the much smaller changes igettane caused by varying RC
values in the TSV network.

Finally, the accuracy of TSV resistance measurements iniane8vork when the con-
tact resistance varies between TSVs is examined. Many prebdles are not flat, for
example they may terminate at tapered plateaus. Threeafffenodels of TSV contact
resistance are explored. The first (static) profile assuimgscontact resistance is inde-
pendent of TSV location in the TSV network, with a Gaussiastrdiution for contact
resistance with a & value of 10Q around a 40 expected value. The second (linear)
profile increases contact resistance linearly within th& T®twork the further a TSV is
from the center of the theoretical probe needle. The lineafilp varies contact resistance
with a Gaussian function per TSV with aBBvalue of 2Q around a X expected value for
the innermost TSVs to a 8-value of 15Q around a 3@ expected value for the outermost

TSVs. The last (exponential) profile increases contacstasce exponentially within the
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TSV network the further a TSV is from the center of the netwdrke exponential profile
varies contact resistance with a Gaussian function per TEvan8-o value of 5Q around

a 5Q expected value for the innermost TSVs to @ 3alue of 20Q around a 10 ex-
pected value for the outermost TSVs. A 100-point Monte Cantmtation was performed
for each profile in an attempt to measure abfaulty TSV. Contact resistance is additive
to TSV resistance, so the expected value of the contactaasis is subtracted from the
measurement to obtain the TSV resistance. The results éostdtic profile are shown in
Figure 2.16, with a mean measured faulty resistance valt@.8f2 and standard deviation
of 3.3Q. The simulation results for a linear profile are shown in FégR.17, and results
for an exponential profile are shown in Figure 2.18. The jardsistance measurements
for these simulations were a mean of 5Q@&nd standard deviation of 07 for the linear
model and a mean of 50@ and standard deviation of 1(7 for the exponential model.
As can be inferred, as long as the expected value of contsistaace is near to the actual
contact resistance, accurate measurements of TSV resastam be obtained due to the
additive nature of contact resistance.

Similar to the calibration curves for TSV resistance meassuents, calibration curves
can be determined for leakage resistance as shown in Figl®@e Zhis calibration plots
the voltage ofC,¢; after 8us of the TSV network left in a floating state on the x-axis. The
y-axis consists of the corresponding total leakage ragstBL, ;. Due to the non-linear
property of capacitance discharge, a calibration curve axated from this data using a
logarithmic fit in base 10.

The effect of process variation on leakage resistance maasmts is shown in Fig-
ure 2.20. As before, 100-point Monte Carlo simulations wesggmed. A Gaussian
distribution was used with TSV resistance, leakage resistaand TSV capacitance vary-
ing with a 3.0 of 20% around their nominal values. One faulty TSV was assignleakage

resistance of 100 K. As can be seen, this leakage was accurately determinedviorke
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resistance measurements, with a mean of 10@bdvid a standard deviation of 1.4
2.3.3 Limitations of Pre-bond TSV Probing

This section presented DFT and ATE-compatible measuremetttods for pre-bond prob-
ing of TSVs. Several enhancements to this basic approagtoasgble. The need for aver-
aging across all TSVs in a network implies that the resotuitiocapacitance measurement
may be reduced in larger networks. This problem is not seyewever, as resistance
and leakage tests can be used to detect most pre-bond def@@¥%'s presented in [53].
The proposed method also requires that more than one cdogantide with the thinned
wafer during testing; therefore, it is important to minimithe number of times the probe
needle must be moved during testing to avoid damage and tieeddst time. Pinpointing
which TSVs in a network contribute to averaged errors, siscbapacitance and leakage,
is difficult with this method. Therefore, it is an open prahléo identify and repair faulty
TSVs.
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The addition of an analog tester to the test flow and the needde probe card de-
signs add to the test cost. Moreover, the need to move a diebattesters will inevitably
increase test cost. Next-generation testers might prahieleequired measurement capa-
bilities. Furthermore, there is an area overhead assdcvdta the proposed architecture,
although existing test structures are reused where pesdilitimately, the yield of TSVs

versus the cost of test will have to be considered beforatebttecture decisions are made.

2.4 Reducing Test Time Through Parallel TSV Test and Fault Local-
ization

Section 2.3 introduced a DFT architecture and techniquepri&bond probing of TSVs
for thinned wafers. The key idea in this probing techniquéisise each probe needle

to simultaneously contact multiple TSVs, forming a “TSVwetk”. Recall Figure 2.13,

which demonstrated that, within a TSV network, multiple ©3An be tested in parallel
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FIGURE 2.20: 100-point Monte Carlo simulation of leakage resistameasurements with
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to decrease test time, but at the expense of reduced resphitanalog measurements for
each TSV. In order to carry out diagnosis and TSV repair usieghods such as those
described in [55, 105], it is necessary to identify the imtlinal TSVs that are faulty out of
those TSVs that are tested simultaneously within a TSV ngtwo

In this section, an algorithm will be developed for designparallel TSV test sessions
such that TSV test time is reduced and a given number of fauty's within the TSV
network can be uniquely identified under parallel test. Tigerithm returns the sets of
TSVs to test in parallel within a network. The algorithm if@ént and fast, and therefore
can be used as a subroutine in a more general algorithm foniaptg TSV networks.

As the number of TSVs tested in parallel increases, thereagaction in charge time
for Ceharge for both fault-free networks and networks with a single 1@D€@aulty TSV, as

shown in Figure 2.21. The difference in charge times betveefaulty and fault-free net-
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work decreases as more TSVs are tested in parallel (Figi83, 2vhich adversely affects
resolution. Therefore, while larger TSV networks allow ediSVs to be tested simultane-
ously to reduce test time, the number of TSVs per test sessiomot be increased beyond
a limit due to resolution constraints.

Consider a TSV network consisting of six TSVs. A simple saoltior testing is to test
each TSV individually, resulting in six test sessions. Hearesignificant savings in test
time can be achieved if multiple TSVs are tested in parahel the repair mechanism can
target the faulty TSVs in an individual network. Consider @per limit m on the number
of faulty TSVs that need to be identified in each network. Timst would be defined
based on the capability of the on-die repair architecturerothe desired level of fault
localization. If the goal of TSV test is to pinpoint only oreufty TSV in a TSV network,
then each TSV needs to be in two test groups such that the TSVs in the firgtanktfor i
are different from the TSVs in the second networkifdn other words, le§; andS, be the
set of TSVs that are grouped witln the first and second test sessions, respectively. Then
SSNS =0. If m= 2, then three unique test sessions are needed for each Ttibguish
m faulty TSVs. Thus, the number of unique test sessions negeledSV is equal tan +
1.

The above reasoning can be explained conceptually usingxtimaple ofm = 2. Any
fault-free TSVi may be in a test session with faulty TS, faulty TSV f,, or in a test
session without eithef; or fo. Hence,i can be in 3 different test sessions. In a worst-
case scenario, two of the test sessions feill contain one off; and f,. Thus, these two
sessions will fail. However, the third test session can tteriain neitheif, nor f, and will
pass, indicating thatis fault-free. It is important to note that the condition ggated above
is sufficient but not necessary, as it is possible that notileeofest sessions forcontain f;

or fy.

Table 2.3 shows an example of test groups that can be designachetwork of six
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Table 2.3: Parallel tests needed for pinpointing defeat®f@ and two faulty TSVs in a
6-TSV network.

Test Session Test Groups Created Test Groups Created
Number (m=1) (m=2)
1 {1,2,3 {1,2,3
2 {1,4,5 {1,4,5
3 {2,4,6 {2,4,6
4 {3,5,6 {3,5,6
5 — {1,6}
6 — {2,5}
7 — {3,4}

TSVs in which at most three TSVs can be tested in parallel. @ol@ shows test groups
if only one faulty TSV needs to be pinpointed, and Column 2 shmsults for two faulty
TSVs. Whenm = 1, the number of tests needed can be reduced by 2 with aingsult
significant decrease in capacitor charging time, creatif6§.83% reduction in test time,

based on Figure 2.21. Fan= 2, one more test session is needed per TSV but a 31.19%
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reduction in test time is still possible. If three or morelfa’ SVs need to be identified per
network, then for this example separate testing of the T8&\&sretwork is the best choice.

With the above example as motivation for parallel testing 8¥s, a formal problem
statement can be developed. The problem of parallel-testpgcreation for TSV networks
is defined as follows.

Given the number of TSVs to be tested)( the tester bandwidtB (the number of
probe needles that can be active at one time, which detesrhio@ many TSV networks
can be tested in each test period), aBef the test times associated with testing different
numbers of TSVs in parallel, the number of faulty TSWsthat must be identified per
TSV network, and a minimum resistance resolutipdetermine the parallel test sets for
each TSV network in order to minimize overall test time wikeping the resolution of
measurements at or aboveand ensuring that up tm faulty TSVs in any given TSV

network are uniquely identifiable.
2.4.1 Development of an Algorithm for Parallel TSV Test Set Design

Before describing the optimization algorithm, several ¢t@ists can be derived from the
problem definition. These are done during algorithm iretion. First, for the purpose of
this section, the TSVs are evenly distributed to network# e largest network having
(%1 TSVs. The “2” in the denominator results from the two sepatast periods for all
the TSV networks. This does not alter the generality of tige@hm, as the algorithm can
be utilized for TSV networks of any size given the design & tonstraints of an actual
3D design. The constanumTestsakes the value ah-+ 1, the number of test groups that
are needed for each TSV. The variable#Res which keeps track of the maximum number
of TSVs that the algorithm tries to test in parallel with eather, is initialized tq num;'l'est

or r, whichever is lower. In most networksurReswill equal r, except in small networks
wherer is a significant fraction of the TSVs in the network when conegéo the number

of test groups needed for each TSV. In these cases, combifkg into test groups at the

60



1 2 3 4

2 3 41 )

34 1 2 setMatrix

4 1 2 3
[1100][2110]
1 2 3 4 — 2 3 4
— 3 4 1 - 3 4 -
3 4 1 2 - 4 — 2
4 — 2 3 - - 2 3
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maximum resolution will result in sub-optimal test groups.

To keep track of each TSV and those TSVs that it has already tes&d with, & xXT
matrix, setMatrix is initialized. In this matrix, the TSVs are labeled fronoIlt, with each
column offset by a value of one from the previous column, asvshin Figure 2.22 at the
top for a TSV network withl' = 4.

A vector, used is also initialized with lengthl, to track how many times each TSV
has been used in a test group. All values in this vector atlized to 0. A number of
functions that act osetMatrixandusedare further defined. The functidongintersect(a)
takes a set of columns fromsetMatrixand returns the set of values formed from the
intersection of all of the columns. This function, if acting N columns withT TSVs,
has a worst-case time complexity©fN - T). The functionbestintersection(b)takes one
column,b, of setMatrixand determines which other column results in a set with thetmo
intersections and contains the first value in each colummvilltstop immediately if the
number of intersections is equal to or greater thafihe complexity of this step is @f).

The functionupdateUsed(cYakes a set of TSV numbers, nullifies corresponding values
in setMatrixcolumns represented in the set, and incrementsiskeevalue for each TSV.

If the usedvalue for a TSV equalsumTeststhen that column irsetMatrixis removed

completely from consideration in future test groups. Thépgemoves the TSV number
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associated with the column from all other columns. For eXanfagure 2.22 shows two
different iterations of the vectarsed(above each matrix) areketMatrixfor a network with

T =4 andm= 1. On the bottom left, TSVs 1 and 2 have been added to a tagp gogether.
Therefore, thaisedvalue for each has been incremented to 1 and the TSV numbess ha
been removed from column 1 and 2. On the bottom right, TSV llsequently added
to a test group with TSV 3. This incremenisedfor TSV 1 to 2 and for TSV 3 to 1.
Because TSV 1 has reached the valuawhTeststhe entire column associated with TSV
1 is nullified and is removed from all columns. TSV 3 would a&xremoved from column

1; however, the column was deleted when TSV 1 was placed sedsnd session.

Two other functions need to be defined. The functatNull(setMatriy returns the
number of columns irsetMatrix that have not been nullified. The functisaduce(d)
takes a vectod and reduces the number of values in it to be equaludRes This is
done with respect to intersection sets. The function pvesathe TSV numbers in the set
corresponding to the TSVs tested and returnetidstintersection()

Now, the algorithntreateTestGroupscan be described, (Algorithm 1). The algorithm
begins with initializations, including the creation tstGroupsa set containing sets of
TSVs that are tested in parallel. The algorithm runs iteeftithrough each TSV starting
with TSV 1, assigning them to test groups until their coroegpngusedvalue is above
numTestsTo determine which TSVs have not yet been tested with edmdr,ohtersections
betweersetMatrixcolumns are determined.

The finalif statement in the algorithm exists to reduce the valueurResthat the
algorithm is trying to match to avoid sub-optimal group gasnents for the final TSVs in
a network. For example, consider that for a network Witk 20, TSVs 17, 18, 19, and
20 remain to be testedurResis 4, andmis 1. The algorithm attempts to place all the
TSVsinto a test groupl7,18,19, 20}, incrementing theiusedvalues to 1. However, each

usedvalue must equal 2 becausamTestss 2. Therefore, each TSV must then be tested
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Algorithm 1 createTestGroup§(B,P,m,)

Create and initialize setMatrix, used, numTests, curRes;
testGroups H};
fori=1toTdo
while used[i] < numTestslo
inter «<— bestintersection(i);
if (curRes> 4) AND (size(inter)geg4) then
for each seb of curRes TSVs in intedo
bestinter ={};
if size(longinterb)> size(bestinterlhen
bestintex— longinter(b);
if size(bestinter} curResthen
break;
end if
end if
end for

else ]
bestinter— inter;

end if
ifh(T 3 bestinter) AND (used(TXx numTests - 1) AND (notNull(setMatrixy curRes - 1)
then

curRes« | curRes/ 2];

next;

end if

reduce(bestinter);

testGroups— testGroups + bestinter;
updateUsed(bestinter);

end while
end for

individually, even after testing them together. To avoid tburRess instead decremented
to 2 and the algorithm tries again. Decrementing could cometiif needed, but at 2 this
yields the test group$§17,18}, {17,19}, {18 20}, and{19,20}, which reduces test time
compared to testing each TSV individually.

The above procedure guarantees that1 unique test groups are created for each TSV
and that each faulty TSV can be uniquely identified. Tisedvector ensures that each
TSV is placed inm + 1 unique test sessions. The one exception to this rule isahe
TSV is placed in a test session with no other TSVs, in whicle ¢tais single test session is
sufficient for determining whether or not the TSV is faultp dnsure that each test session
contains a unique combination of TSVs, gsetMatrixand associated column intersections
identify those TSVs that have and have not been tested wgdfach intersection returns
those TSVs that can still be combined to form unique tesicess

An example underlying the iterative nature of this algartts shown in Figure 2.23
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FIGURE 2.23: A step through ofreateTestGroupswith T =6, m= 1, andr = 4.

forT =6,m=1, andr =4, i.e., up to four TSVs may be tested in parallel. Tisedvector

is shown on top, wittsetMatrixbelow. After initialization, the value ofurResis four.

The first iteration adds the sét, 2, 3,4} to testGroupswith usedandsetMatrixupdated

appropriately. The second set producedliss, 6}, followed by{2,5}, {3,6}, and finally

{4}. This results in five test groups compared to six for a seesll tase, and results in a

test time reduction of 44.40%.

2.4.2 Evaluation of the createTestGroups Algorithm

In this section, simulation results for TSV networks withrywiag values ofT, m, andr

are presented. In order to determine test times, simuktismg HSPICE were done on a
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TSV network of 20 TSVs. The resistance of each TSV and coméststance is 0 and
the TSV’s associated capacitance is 20 fF. These numbebsiaeel on data reported in the
literature [73, 35]. The probe head resistance i€21his value is severdl higher than
contact resistances seen with probe cards today [74, 76¢tat for the low contact force
needed and unusually small features probed in our scheme trdihsistors are modeled
using predictive low-power 45 nm models [76]. Transmissjaite transistor widths were
set to 540 nm for PMOS and 360 nm for NMOS. These larger widttievehosen such
that the gate, when open, would have little impact on sigtmahgth. A strong and weak
inverter were used, with the strong inverter having width&/® nm for PMOS and 180 nm
for NMOS, and the weak inverter having 135 nm for PMOS and 9GamNMOS. These
were chosen such that the majority of transistor W/L ratiosav@¢1 for NMOS and 3/1 for
PMOS. The charge-sharing capaci@harge Was modeled at 10 pF, chosen to be an order
of magnitude larger than the fault-free capacitance of tBe metwork. This is sufficiently
large to achieve good resolution in measurement withourtgoso large that charge times
are unreasonable or leakage becomes a significant issu@oWee supply voltag®yq for
both the probe electronics and the circuit under test waatgeP V.

All test time reductions shown in this section refer to théustion in test time com-
pared to the case of testing each TSV individually. Thisties reduction considers only
the time needed to char@gnharge and not the time needed for control signals or the move-
ment of the probe card. A reduction of 0% means that the dlgarcould not determine
a solution that resulted in test times lower than the sedaleteisting baseline case. To
simplify the presentation, the resolutions given as the maximum number of TSVs that
can be tested in parallel.

Figure 2.24 lists the test time reduction versus the numbéadty TSVs that must
be pinpointed, for different resolution values in a 20-TSAtwork. It can be seen that, in

general, increasingnresults in less reduction in test time. This is expectedj@somting
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more faulty TSVs requires more test groups. For the 20-TStWaork, an increase in
resolution tends to result in a decrease in test time. THis¢gause there are enough TSVs
in the network to capitalize on larger test groups. An exoepdccurs for a resolution of
four TSVs withm = 1, which results in a larger reduction in test time than @ltgsn
of five TSVs withm = 1. Although both of these optimizations produce 10 testigsp a
resolution ofr = 4 creates 10 test groups, each with four TSVs. For a resolatir =5,
only six test groups contain five TSVs, with two test groupshoée TSVs and two test
groups of two TSVs. Overall, this results in higher test tir@air algorithm allows for the
entire design space to be quickly traversed, allowing thegnting of optimal values of
r, given a limit on the maximum allowable resolution, to mirEmtest time.

The above effect can be seen more clearly in networks of f@&afs. Figure 2.25
reproduces the data from Figure 2.24 for an 8-TSV networkcasbe seen, a resolution
of r = 4 leads to significantly shorter test times when comparedté form= 1. This is

because for = 4 the algorithm produces, on average, larger as well asrf@gegroups

66



70.00%

4 j .
N ] -
E,, ﬁ %r=A4
e \ 7= =

FIGURE 2.25: Reduction in test time for a 8-TSV network.

than forr = 5. Due to adjustments that the optimization algorithm mideurReson
account of the small size of the TSV network, test groups fginér resolutions and larger
values form were the same. Compared to the data for a 20-TSV network, higihees
of mwere a larger portion of the TSVs in the network. Thus seqakt@sting was more
effective form> 3.

It is necessary to examine the effect of the number of TSVHiéenrntetwork on test
groups. Figure 2.26 shows the reduction in test time witpeestom at a fixed resolution
of r = 3 and various values far. For a given resolution, larger reductions in test time are
achieved when the values ®fandm are such that most test groups contain the maximum
number of TSVs that can be tested in parallel. For 1, this situation occurs for seven
TSVs, i.e.T =7. Form= 2 andm= 3, the greatest reduction in test time is obtained for 11

and 15 TSVs, respectively. These results further motivageneed for careful design and
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optimization of all parameters. Automated design toolsussnthe fast algorithm described
in this section for this purpose. The generation of an arfalata across values af from
510 20,mfrom 1 to 5, and from 2 to 5 took less than 3 seconds of CPU time.

Finally, the number of test groups produced during optitdrais explored. Fig-
ure 2.27 shows the number of test groups produced with regpexat a resolution of = 4
and for various values &f. Data points are not shown for valuesofndT for which the
algorithm could not reduce test time relative to the basatase of sequential TSV testing.
For smaller values aim, the algorithm often produced fewer test groups when coatpar
to the number of tests needed for each TSV individually. Watlger TSV networks, it is
possible to reduce test time while increasing the numberaifgs needed. This reduction
in test time (but with more test groups) increases contralhe routing complexity. It re-
mains an open problem to determine the best trade-off byidermsg implementation cost

for the test application scheme.
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2.4.3 Limitations of the createTestGroups Algorithm

Though thecreateTestGroupscan provide significant reductions in test time, it does not
create optimal test groups in every design situation dugelarto its greedy nature in as-
signing TSVs to test groups. Consider again the example afr&ig.23 wherel = 6,
m= 1, andr = 4. The algorithm begins by placing four TSVs in the test{se®, 3,4}.
Unable to create any more 4-TSV test sets, it then produeetett sef{1,5,6}. It once
again is unable to create at test set at resolutien3, and so creates the test s€gs5}
and{3,6}. Finally, it can only place the last TSV alone in the test{gBt This does result
in a considerable reduction in test time over serial TSMngg®¥4.40%), but this is not an
optimal test time.

Further reduction in test time could be achieved if the tess §1,2,3}, {1,4,5},
{2,4,6}, and{3,5,6} were used instead. These tests result in a significant 63r83%

duction in test time over the serial test case, and a 35.18uUcti®n over the test solution
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developed by the algorithm. It should be noted that the dlyarcan produce the more
optimal test set if its parameters are instead sét to 6, m= 1, andr = 3, but this ex-
ample does demonstrate the sub-optimality of the algordfienall and how results can be

improved if the algorithm is utilized as part of a larger optiation framework.

2.5 Conclusions

This chapter has examined novel on-die DFT methods and mexasut techniques com-
bined with pin electronics that allow probing-based prebtesting of TSVs. It has been
demonstrated how a probe card can be used together with tha@Ritecture to measure
resistance and capacitance, as well as to perform stuakdaeakage tests. These para-
metric tests are applied to a network of TSVs, and HSPICE sitimu results highlight
the effectiveness of this approach. It is possible to tesionty multiple TSV networks
in parallel, but also several TSVs in each network in parélsome loss of resolution in
the measured data is acceptable. The test method yieldbleesind accurate results even
in the presence of process variations and multiple defedisVs. The proposed method
highlights the relevance of commercial testers and thethaetester companies can play
in the maturation of 3D SIC test methods. It also demonstihie need for cheap, effective
low-force probe techniques to minimize touchdowns and dgata dies and TSVs as well
as to keep the cost of probing reasonable when compared totBtBmiques.

Furthermore, the problem has been formulated of idengfyaulty TSVs when using
pre-bond probing to test TSVs within the same TSV networkusiameously. This prob-
lem can be described in terms of test time, resolution folt etection, and the number
of test groups required to localize a given number of defectiSVs. An efficient algo-
rithm has been introduced for calculating test groups foalpel TSV testing within TSV
networks. Results have been provided to highlight the samti reductions in test time

achievable with parallel test. The test time reduction depeon the number of TSVs in
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a network, the number of faulty TSVs to detect, and the mimmrasolution needed for
measurements. The results highlight the need for a genedstobjective framework in

which the proposed algorithm can be an important component.
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3

Pre-Bond Scan Test Through TSV Probing

3.1 Introduction

Previous chapters have discussed the need for pre-bond K&Da ensure high stack
yields. Chapter 2 briefly discussed BIST methods and examinéeitail probing to enable
pre-bond TSV test. While TSV test is important for KGD testcdvers only a small
fraction of the tests that must be performed to achieve ceta{GD test. In particular,
the majority of die area is dedicated to logic and associateshory.

Many test architectures are discussed in the literaturedBpto enable pre-bond test,
including the die-level standard wrapper. However, theshitectures rely on the depo-
sition of oversized probe pads on either or both of those TH¥rp or face-side TSV
contacts that will be utilized for pre-bond logic test. Tegsobe pads are sized to allow
single contact of probe needles to a TSV. They require afsignt amount of space and
considerably limit TSV pitch and density. Therefore, onlynaited number of probe pads
are utilized for pre-bond test. This significantly limitetpre-bond test bandwidth available
for logic test, increasing test time and cost.

To address the above challenges, this chapter exploresed method for pre-bond
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testing of die logic through backside probing of thinnedsdik extends the test architec-
ture discussed in Chapter 2. While the probing technique of h&focused only on
TSV test, this chapter focuses on scan-test of die logizung scan chains that can be
reconfigured for pre-bond test to allow scan-in and scartfoough TSVs. This method
does not require many oversized probe pads, save for a feeatsignals such as power,
ground, and test/functional clocks. A significant benefthefmethod outlined in this chap-
ter is that, coupled with the architecture described in Gévapt it enables both pre-bond
TSV/microbump test as well as pre-bond structural test uadengle test paradigm. Fur-
thermore, probe pads do not limit the test bandwidth of pmeeltest, so a high-bandwidth
pre-bond test can be performed quickly through the methatlied in this chapter. Sev-
eral different scan configurations are examined in this t@rapach providing varying de-
grees of test parallelism depending on design constradntsriety of simulations will be
discussed that demonstrate the feasibility of scan testitiir TSV probing, including area
overhead, power/current delivery needs, current densifySVs, and scan clock frequen-
cies.

The rest of this chapter is organized as follows. Sectiore®dmines the architecture
of Chapter 2 in context of pre-bond scan test, and introdugesew kinds of GSFs de-
pending on the type of TSV they are driving. Subsection 3r2rbduces the proposed scan
architecture and test method for performing pre-bond sesin Subsection 3.2.2 presents
HSPICE simulation results for a number of dies with TSVs agtes logic-on-logic 3D
benchmarks, highlighting the feasibility of the methodgeneted discussed in this chapter.

Finally, Section 3.3 concludes the chapter.

3.2 Pre-bond Scan Test Through TSV Probing

In Chapter 2, a measurement and DFT technique was introdocexable the pre-bond

test of TSVs through probing. This method utilized a die vpepsimilar to that discussed
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FIGURE 3.1: An example gate-level design for a bidirectional gatesh flop with receiv-
ing path highlighted.

in the Introduction but replaced the boundary scan flops wéted scan flops (GSFs).
For pre-bond scan test, the directionality of TSVs in a TSWwoek is important, so it is
necessary to distinguish between GSFsendingandreceivingTSVs. A sending TSV is
a TSV that is driven by logic on its own die during functiongleoation and sends a signal
to another die. A receiving TSV is a TSV that is driven by logit another die during
functional operation and receives a signal.

Figure 3.1 shows the gate-level design of a bidirectiondt.d®e receiving path of the
GSF is highlighted with an arrow. As discussed in Chapter 25& @ultiplexes between a
test input and a functional input and can be connected ta @B&s to form a scan chain.
The difference is that the GSFs include a buffer of two irmextand a transmission gate
at the output of the flop, which accepts an ‘open’ signal tadwbetween a low- and a
high-impedance output. This design effectively allowsTi®/ to be driven by the GSF or
to be left floating. GSFs on receiving TSVs must be bidirewldcSFs because the GSF
must be able to drive the TSV during pre-bond TSV test.

In Chapter 2, the GSFs were included before each TSV to enadlegnd probing of

TSVs. It was shown that by using probe needles larger thandividual TSV, groups of
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FIGURE 3.2: The assumed post-bond scan architecture: (a) scanscaad logic; (b)
movement of test data.

TSVs can be deliberately shorted together to form a singtiiticalled a TSV network.

Using the GSFs, the resistance of each TSV can be accuratggnined, along with the
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average capacitance of each TSV. Contact force and vamsatiotontact quality between
TSVs were shown to have little effect on the ability to acteisacharacterize TSVs.

To enable pre-bond scan test using the same architectarechains are reconfigured
into a pre-bond test mode in which scan inputs and scan eugyet connected to TSV
networks. This allows the probe station to apply test pastéo the die and to read test
responses through the scan chains and pre-bond TSV scaf k€Y. advantage of using
TSVs for pre-bond scan test is that not all TSVs need to beacted for die logic test. Itis
necessary to contact only those TSVs that are required é&sbpnd scan. Results for a 3D
benchmark that will be discussed further in Subsectior2ZRow that for 100 scan chains
for pre-bond test, as few as 10.7% of the TSVs need to be dexdtatherefore, only one
touchdown is likely needed for pre-bond scan test, and #isbe the second touchdown
required for pre-bond TSV test to allow for scan test afteml8Vs have been tested to be

fault free.
3.2.1 Performing Pre-Bond Scan Test Through TSV Probing

This section describes the test architecture and methqdgee to perform pre-bond scan
test [113]. A post-bond scan architecture is assumed toanhipatible with the die wrapper
discussed in the Introduction, as shown in Figure 3.2. [EduR(a) shows a single scan
chain and a number of boundary scan flops. The scan chainst®os$itypical scan flops
(SFs), while boundary scan registers at the TSV interfae&&8Fs. As with die wrappers,
some landing pads must be supplied for providing esserigabks to the die, such as
power, ground, and clocks. The post-bond scan input andadpnt for a scan chain enter
the die through the boundary register. In the bottom die itaeks this interface is through
external test pins or a JTAG test-access port. For otheridiéise stack, scan I/Os are
connected to the dies below them in the stack. Parallel hgadf the boundary registers
decreases test time, but serial scan test is also availgtghitiing through the boundary

scan chain. This is illustrated in Figure 3.2(b), which shdte post-bond movement of
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test data. Test data can be shifted not only through thenaltscan chain, but also around
the boundary registers. All scan flops interact with diedogi

Multiplexers are added to the scan path to allow scan chaibe teconfigured to a pre-
bond mode in which their scan-in and scan-out connectianthaough TSVs, as shown in
Figure 3.3(a). A receiving GSF is chosen for the reconfigweah-in and a sending GSF
is chosen for the scan-out. Because many boundary scarersgige logically separated
from internal scan chains in the post-bond mode, they nebé &iitched to the scan path
in pre-bond mode to enable testing. Multiplexers are addegsifew places as possible
to achieve access to all internal and boundary scan flopsdier @0 minimize hardware
overhead.

Consider the multiplexers added to a single scan chain inr&ig18(a). The receiving
GSF, which now acts as the pre-bond scan input, is enablecttptits functional input
driven through the TSV. Its scan output is then multiplex&d the boundary scan chain.
This is done such that the sending GSF used as a pre-bond sian and the receiving
GSF used as a pre-bond scan input will interface with scars fllogt are adjacent to one
another in the post-bond scan chain. The output of the bayrstan flop that is used
to feed the pre-bond scan input is then multiplexed into d@nshain. The post-bond
scan output, post-bond scan input, and other boundaryteegjiare stitched into the scan
chain. Finally, the sending GSF used as a pre-bond scantastpwltiplexed to the end
of the scan chain. The pre-bond movement of test data is sioWwigure 3.3(b). The
combinational logic is not shown so as to retain claritysithe same as in Figure 3.3(a).
Arrow color changes in the figure so as not to confuse the appihg arrows.

The reconfigured pre-bond scan chain in Figure 3.3 demdestame of several pos-
sible pre-bond scan configurations (Configuration A). In gxample, the pre-bond scan
chain’s scan-in and scan-out terminals are part of the sa®\é rletwork. Under these

conditions, the scanning in of test data and the scanningfdast responses must be done
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FIGURE 3.3: Reconfigurable scan chains for pre-bond test: (a) addétptaxers; (b)
movement of test data.

separately. This is because, in order to scan in test dadrahsmission gate on the re-
ceiving GSF must be set to its low-impedance state whileth#rogates must be set to their

high-impedance states. Likewise, while scanning out, émelisig GSF’s gate must be set
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to low impedance while all others are set to high impedanceaBse scan-in and scan-out
occur on the same network, the maximum number of scan chaasan be tested in a
single touchdown is equal to the number of TSV networks farmin other words, the
number of scan chains can at most be equal to the number of pexdwles. Furthermore,
if current or power limits cause the maximum scan clock fexry to be different for scan
input and scan output, then the appropriate frequency naugsed for the corresponding
operation.

A second possible pre-bond scan configuration (Configur&)anvolves the scan in-
put and scan output on separate TSV networks, an examplecti vgrshown in Figure 3.4.
In this case, test responses can be scanned out while testggaire scanned in. The max-
imum number of scan chains that can be tested per touchdovediged to half of the
number of probe needles (or half of the number of TSV networB®th scan input and

scan output operations must occur at the lower of the passitdn frequencies, because
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both operations occur simultaneously. It should be notatighe-bond functional test can-
not be conducted while using TSV networks, because it is osgiple to supply individual
inputs to TSVs within a network at the same time.

Pre-bond scan configurations can also be designed suchwihatr tmore scan inputs
and/or scan outputs belong to the same TSV network. Suchfeyaaation is desirable in
a number of scenarios. Design constraints such as routimgleaity or layout difficulty
may prevent the routing of a scan chain’s pre-bond I/0O to dapendent TSV network. In
such a case, the scan chain may be required to share a predsnohput, output, or both,
with TSV networks that already have pre-bond scan I/O rotd¢idem. In another scenario,
there may exist more post-bond scan chains than there aflgopce TSV networks in a
single touchdown. Because realigning the probe card andnparig a second touchdown
significantly increases test time, it is preferable to tésican chains in a single touchdown.
In this case, sharing TSV networks between pre-bond scarcdf©Oresult in test times
shorter than if two scan chains are stitched together to tosingle, longer scan chain.

Figure 3.5 shows a pair of examples where two separate se@anscthare TSV net-
works. In Figure 3.5(a), the pre-bond scan inputs and ositptiboth scan chains are
routed to the same TSV network (Configuration C). In Figurel8,5€configurable scan
chains 1 and 2 share a TSV network for their pre-bond scartsnput have independent
TSV networks for their scan outputs (Configuration D). Whemsztains share a TSV net-
work across their pre-bond scan inputs, patterns can besdping a broadcast method to
reduce test time. During the broadcast of test patternsdhe chains must receive unique
shift signals such that one or both can shift in bits dependmwhich bit is applied to the
TSV network. Test patterns for both scan chains can then indio@d into single patterns
that require fewer test clock cycles to scan in than scannitige patterns serially. When
scan outputs share a TSV network, test responses must beeslcamt serially. Therefore,

the configuration of Figure 3.5(a) must utilize either aaeor broadcast scan-in and a
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FIGURE 3.5: Reconfigurable scan chains with two pre-bond scan inputee same TSV
network and (a) scan outputs on the same TSV network or () saputs on separate
TSV networks.

serial scan-out, and scan-in and scan-out operations tanoor simultaneously. For the

configuration of Figure 3.5(b), scan-in must occur seriallyhrough broadcast, but scan-
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out from the two scan chains can occur in parallel. Scan-thsaman-out operations can
occur simultaneously.
From a test time perspective, it can be determined whichgorétion is best to use for

a given design. The following design constraints are @iliz

e s- The number of pre-bond scan chains created during recoatigo.
e p- The number of patterns to be applied during pre-bond sedn te

e m - The number of scan cells in the longest pre-bond scan ché@ims value is
assumed to be constant across touchdowns for determirghgntes in this chapter,

though it need not be.

e |i - The number of bits in the length of tit pattern, where= 0 is the first pattern of
a pattern set. This variable is only required for configuradi3 and 4, which utilize
broadcast patterns. Thus, each pattern can be of a varyigthland will generally

be larger thamn.
e n-The number of probe needles available for TSV networks erptbbe card.
e t - The time required for the alignment and touchdown of théprecard.
¢ fiy - The maximum scan-in clock frequency that can be used.

e fout - The maximum scan-out clock frequency that can be used.

The objective is to determine an equation for the test fimequired for each configura-
tion given the constraints above and choose the configurtitad results in the shortest test
time. Because the time required for alignment and touchdengenerally much longer
than the time required to perform scan tests, it is oftenebett use configurations that

require only a single touchdown.
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For configuration A, scan-in and scan-out operations oceguantially because scan
I/O utilize a shared TSV network and probe needle. To speidptiocess, scan-in op-
erations can use the maximum scan-in frequefigyand scan-out operations can use the

maximum scan-out frequendyut. The equation for the test time for Configuration A is:

[s m-p m-p S
Tae H( FP m)*H t 3.1)

The number of touchdowns required to perform pre-bond seshis given by[2].

This is then multiplied by the time required to apply all teettpatterns and receive all test
responses for each touchdown and added to the time reqaipedform all alignment and
touchdown operationg £] - t).

For Configuration B, scan-in and scan-out operations can ocquarallel, which re-
duces the time required to apply patterns and receive tggbnses when compared to the
time required by Configuration A. However, Configuration B cateiface with half-as-
many scan chains per touchdown as Configuration A. The testfomConfiguration B is

written as:
_[2s m-(p+1) S
o= | 2| (mit ) | 52

Configuration C allows for significant consolidation of scdrains across TSV net-
works, allowing for the test of twice as many scan chains peclidown as Configuration
A and four times as many as Configuration B. Scan-in and scaogmrations are per-
formed sequentially, requiring two scan-out cycles forescan-in cycle due to the need to
scan out two scan chains worth of responses for each TSV rletwarthermore, patterns
are of variable length due to the compression required tergé® broadcast patterns. The

test time for Configuration C is thus calculated as:
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Lastly, Configuration D allows for parallel scan-in and scan-operations while al-
lowing for the test of more scan chains per touchdown than Gordtion B. It utilizes the

broadcast pattern set, and its test time is found to be:

3s| (3ol (p+1) 3s
To = {Zﬂ : ( mir?{ o fo] ) + {%w t (3.4)

Though these equations can act as a guide in determininghwbiafiguration to use

for a design, they only encompass test time consideratmms €ating the reconfiguration
architecture. In reality, design and technology constsasuch as routing complexity, area
overhead, and so forth, will also influence which configunadi are feasible for a given
design.

Figure 3.6 shows the test times of Configurations A, B, C, and Dewrarying the
number of probe needles available for TSV network creatiomf10 to 200. Parameter
values were chosen to show the difference between the coatiigus, withs of 50, p of
1000, m of 300, eacH; value set to 400fi, of 150 MHz, andfy, of 100 MHz. The
alignment and touchdown timefor Figure 3.6(a) is 1.5 ms, which is relatively fast but
is used to ensure that the test times of the die are not edlipgeto provide a complete
picture of the various configurations. Figure 3.6(b) is pmed whert = 100 ms, which
is significantly longer than the time required to perfornustural test using the given
parameters, and provides a realistic look at the differeietween the configurations in
practice.

As Figure 3.6(a) demonstrates, there is pareto-optimafitgng the configurations with
regard ton. For low values ofn, Configurations C and A tend to result in lower test
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times as they provide a higher compression ratio for scamstamong TSV networks.

At higher values oh, Configurations B and D result in lower test times as they pi®vi
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higher test parallelism with regard to pattern applicatiéigure 3.6(b) shows these effects
in a more realistic environment, where utilizing the confegion that best matches the pre-
bond scan test bandwidth and utilizes only a single toucindoas the greatest impact on
test time. Which configuration will provide the lowest testéis depends on both the design
parameters and the probe card constraints. Section 3.Réxplore this issue further with

results from benchmark circuits.
3.2.2 Feasibility and Results for Pre-Bond Scan Test

This section addresses a number of key criteria needed tortgmte the feasibility of the

proposed method:

e The current needed to be delivered to the device under testgdpre-bond scan test

must fall within the current-carrying capacities of TSVsigrobe needles.

e The speed at which highly capacitive TSV networks are clthagel discharged must be

reasonable such that the pre-bond scan test time is low.

e The area overhead of the proposed method must be small.

e That boundary scan registers are necessary to achieve tnghage in pre-bond scan

test.

Simulation results are presented demonstrating the fiéigsdf the methods presented
in this chapter. Simulations were conducted in HSPICE on tidddgjic-on-logic bench-
marks. The resistance and capacitance used for each TSYmfdameter were ©Q and
20 fF, respectively [73, 35]. Transistors were modeledgisipredictive low-power 45 nm
model [76] except where otherwise noted. Transmissior-ggahsistor widths were set to
540 nm for PMOS and 360 nm for NMOS. These larger widths weoseh such that the
gate, when open, would have little impact on signal strengtir each GSF, a strong and
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weak inverter were used, with the strong inverter havinghgaf 270 nm for PMOS and
180 nm for NMOS, and the weak inverter having 135 nm for PMO&3hnm for NMOS.
These were chosen such that the majority of transistor Wibgatere 2/1 for NMOS and
3/1 for PMOS. The power supply voltage for both the probe &edcircuit was taken to be
1.2 V.

3D IC Benchmarks

Because 3D IC benchmarks are not available in the public dgrh@o benchmarks were
created from cores available through the OpenCores set ahbwarks [106]. A Fast
Fourier Transform (FFT) circuit and a Reconfigurable Compmu#aray (RCA) circuit
were utilized. Both are synthesized using the Nangate opéehbcary [123] at the 45nm
technology node [76]. The total gate count after synthes299,273 with 19,962 flip-flops
for the FFT circuit, and 136,144 gates with 20,480 flip-flops the RCA circuit. Both
designs were partitioned into 4 dies, with the gate coungsah die of the FFT stack being
78,752, 71,250, 78,367, and 70,904, respectively. For the R&¢&K, gate counts for each
die were 35,500, 34,982, 32,822, and 32,840, respectiVlly.logic gates in each die are
placed using Cadence Encounter, and TSVs are inserted iukarégshion, using a min-
imum spanning tree approach [107]. Back-to-face bondingssimed, which means that
TSVs are present only in the first three dies. The TSV coumtsdoh die in the FFT stack
are 936, 463, and 701, respectively, and for the RCA stack &e382, and 394, respec-
tively. The TSV diameters are pm. The circuits were routed such that each TSV has a
small microbump sized at @m, and the total TSV cell size including the keep out zone is
8.4 um, which corresponds to six standard cell rows. Each diegis tbuted separately in
Cadence Encounter. The bottom die of the FFT 4-die layoutas/sshn Figure 3.7, with
TSVs in white and standard cells in green.

Boundary scan cells were added at the TSV interface. The rmeadgerting bound-

ary registers at the TSV interface can be motivated by exaiidie O of the 4-die FFT
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TSV

FIGURE 3.7: Layout of die O of the 4-die FFT benchmark, with standagits in green and

TSVs in white.

benchmark. Without boundary scan registers, the pre-btua#-st fault coverage is only

44.76%. With boundary registers added, the coverage isesda 99.97% for stuck-at test

patterns and 97.65% for transition test patterns. This igrifcant increase, especially

considering that the die only contains 936 TSVs, and an ingdgsign may contain tens

of thousands of TSVs.

The area overhead of the boundary scan GSFs and scan chamfigacation circuits

is shown for the FFT dies with TSVs in Table 3.1 and for the RCAsdigth TSVs in

Table 3.2. These results show area overheads between 1.6 26%% of the total number

of gates. Generally, the area overhead was higher for the R@é&hbeark because the

benchmark contains significantly fewer gates per die thaf-t#I benchmark, while at the
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same time containing nearly as many flops and without a sogmifireduction in TSVs.
This means that many boundary scan cells need to be added ®GA dies, and there
is a similar number of scan chains that need reconfigurati@muitty between the two

benchmarks.
Simulation Results

The feasibility of performing scan test through probe negd$ first examined in terms
of sourcing and sinking currents. To determine an uppet lbmithe current drawn, scan
chains were inserted into the benchmark. In order to maregeamplexity of circuit-level
HSPICE simulation, scan chains were limited to a length of &1{érnal scan cells and
two boundary scan cells for pre-bond scan I/O per chain)dchalie in each benchmark.
Stuck-at and transition test patterns for this design wemerated using a commercial
ATPG tool and ordered based on toggle activity. Test geiwergtelded the toggle activity
for each test pattern. For each die, two scan chains andiassiblogic were extracted for
simulation in HSPICE based on toggle activity for the highatvity pattern and for an
average activity pattern in the generated pattern set. Bycaged logic, it is meant that
fan-in and fan-out gates for the scan cells of that scan cleane simulated in HSPICE up
to primary I/O or other flip-flops. For the pattern with highpsak toggle activity, the scan
chain and associated logic that yielded the largest numbgrwsitions for that pattern
were simulated. For the average pattern, a scan chain aodiates! logic based on the
average number of toggling bits was simulated.

Figure 3.8 shows the current drawn for shifting in the higpesver stuck-at pattern
for the worst-case scan chain and shifting out test resjgaats2s, 40, 50, 60, and 75 MHz
shift frequency. The figure gives data for Die O of the FFT wiic At 50 MHz, current
drawn averaged at around 3@ and, at all frequencies, peaked at almost 1 mA for about
a tenth of a nanosecond. For a high toggle-activity tramsii@ult pattern using launch-off-

shift and a 1 GHz functional clock for the same die, an avecagent of 432uA is drawn
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during capture and peak current similar to that of stuckadtigpns.

Table 3.1 shows the peak current and average currents doamimefworse-case stuck-
at and transition pattern for the three dies with TSVs in th@ Benchmark. For transition
test, an average current draw is shown both for the shift aptlce cycles, with all scan-in
shift cycles averaged together. Only a single peak cursestiown because the results were
nearly identical for stuck-at and transition patterns. |&&h2 shows the same results for
the first three dies of the RCA benchmark. The simulations wertopned with a scan-
shift frequency of 50 MHz and a functional clock of 1 GHz. Besawmeither the driver
strength nor the TSV network size were changed for theselaiimns, maximum scan-in
and scan-out frequencies were equal for the dies. TablenglJable 3.4 show the same
results for the average scan-chain and test pattern.

As is evident from the tables, the highest worst-case aeecagrent drawn for the

stuck-at pattern was 327A, as experienced by Die 2 of the FFT benchmark. For the tran-
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sition pattern, the highest worst-case current was482n Die 0 of the FFT benchmark
during capture These worst-case currents were significigs for the RCA benchmark,
reaching as high as 288A for the stuck-at pattern and 334A during capture for the tran-
sition pattern. The average currents for the average s@nshnd patterns were lower, as
expected, though there is little change in the peak curnent.d

It has been reported in the literature that a TSV can handleramt density higher than
70,000 A/cn? [108]. Published work on TSV reliability screening indieathat a sustained
current density of 15,000 A/cfris possible through a TSV without damage [109]. To
sustain a peak current of 1 mA through a singlgrd TSV in the pre-bond test method
would require the TSV to be capable of handling a current itien$ 5093 A/cn?. To
handle a 30QuA average current, a TSV must be capable of sustaining ardutemsity of
1528 A/cnt. Both these numbers are well below the maximum allowablesotidensity.

In addition to the current density limits of the TSVs, it isportant to consider the
amount of current that the probe needles can deliver. It as bhown in the literature that
a 3 mil (76.2um) cantilever probe tip is capable of supplying 3 A of currirta short
pulse time (less than 10 ms) [110, 79]. In the worst case,naisguthat all scan chains
and logic in the FFT benchmark draw the peak current at oheepttobe tip would have
to supply 3 A of current for less than 0.1 ns. This falls witlie probe current-supply
specification. If current supply from the probe is an issugreety of well-known methods
can reduce peak and average test power on die during tdstimg partitioning the circuit
into separate test modules, clock gating, and low-poweepet [111, 112, 114].

Table 3.5 shows the results of low-power pattern generdtioDie O of the 4-die RCA
benchmark in order to reduce test power. Column one showaithetipeak toggle activity
as a percentage of the unconstrained worst-case pattagle tactivity. Column two and
column three provide the increase in pattern count as a p&@@e of the unconstrained

pattern count and reduction in coverage as a percentagee afrttonstrained coverage,
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Table 3.1: A comparison of the worst-case results of three dith TSVs in the FFT 3D

| Test Parameter (FFT Stack) | DieO | Diel | Die2 |

Peak Current
Avg. Current (stuck-at)
Avg. Shift Current (transition)
Avg. Capture Current (transition
Area Overhead

1mA
300 uA
387 uA
)432 UA

2.2%

1mA
294 uA
300 1A
341 uA

1.0%

1.1 mA
327 UA
335uA
383 LA

1.2%

Table 3.2: A comparison of the worst-case results of thres dith TSVs in the RCA 3D

| Test Parameter (RCA Stack) | DieO | Diel | Die2 |

Peak Current
Avg. Current (stuck-at)
Avg. Shift Current (transition)

Area Overhead

Avg. Capture Current (transitior

0.8 mA
279 uA
287 uUA
)327 UA

29%

0.8 mA
288 UA
321 uA
331 uA

1.7%

0.8 mA
242 uA
261 uA
300 LA

19%

Table 3.3: A comparison of the average-case results of thesewith TSVs in the FFT 3D

| Test Parameter (FFT Stack) | DieO | Diel | Die2 |

Peak Current
Avg. Current (stuck-at)
Avg. Shift Current (transition)

1mA
289 uA
370 uA
)412 uA

1 mA
274 uA
281 uA
305uA

1 mA
291 A
296 LA
344 uA

Avg. Capture Current (transition

Table 3.4: A comparison of the average-case results of tie=ewith TSVs in the RCA
3D stack.

| Test Parameter (RCA Stack) | Die0O | Diel | Die2 |

Peak Current
Avg. Current (stuck-at)
Avg. Shift Current (transition)
Avg. Capture Current (transition

0.8 mA
270 uA
277 UA
)298 LA

0.7 mA
270 uA
291 uA
317 uA

0.7 mA
241 uA
246 uA
261 uA

respectively. Column 4 gives the peak current draw for thestwoaise pattern using the

same scan chain from the simulations from Table 3.4. As caebn from the table, peak
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Table 3.5: Low-power pattern generation results for Die thef4-die RCA benchmark.

| Activity Target (RCA Stack) | Pattern Inflation | Coverage Los$ Peak Current

90 % 1.4% 0% 0.75 mA
80 % 3.9% 0% 0.71 mA
70 % 8.1% 0% 0.66 mA
60 % 16.3 % 3.5% 0.58 mA

toggle activity can be significantly reduced (to roughly 76%¢he unconstrained toggle
activity, resulting in a 0.66 mA peak current) without a lassoverage and with at worst
8.1% additional patterns. A reduction to 60% results in soowerage loss (3.5%), but can
reduce peak current draw to 0.58 mA. These results demomstoav low-power pattern
generation can be used to reduce test power if it exceeds THkobe constraints.

Figure 3.9 and Figure 3.10 show the average stuck-at cuioeriRie O of the 4-die
FFT benchmark with regard to changing TSV resistance andati@mce, respectively. In-
creases in TSV resistance resulted in an almost negligigiease in current draw, with
a high TSV resistance of Q resulting in only a 0.13% increase over the baseline current
draw of 300uA. As seen in Figure 3.10, an increase in TSV capacitance hsigjlatly
greater, though still minor, effect on stuck-at currentgnaith a 500 fF TSV capacitance
resulting in a 1.6% increase over the baseline current drenese results indicate that
power consumption during test is dominated by die logic amidtiee TSVs. The current
draw is greater for capacitance increases than resistaomsases because the capacitance
of all TSVs in a TSV network impacts test, due to an increaseeircapacitance, whereas
only the resistance of TSVs in use in the TSV network impaeds t

The feasibility of the proposed method from a test-time pecsive can also be dis-
cussed. The frequency at which scan-in and scan-out caplage depends on a number
of factors. Scan-in speed depends on the strength of thepreédle driver, while scan-out
speed depends on the strength of the TSV driver in the se@#tgused as a scan output,

which is the twin-inverter buffer shown in Figure 3.1, and thidth of the GSF transmis-
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sion gate. Both the GSF driver and the probe driver must betaldbarge and discharge
the TSV network capacitance quickly enough to meet the smtdghold times of the scan
flops given the test clock frequency. Therefore, the numbdrcapacitance of TSVs in a
network also influence maximum scan clock frequency.

Scan frequency simulations were performed on Die 0 of the lbdfichmark assuming
a probe card with 100 probe needles [97]. The design con®@63 SVs and it is assumed
that TSV networks are roughly balanced, so a worse-caseonetyi 11 TSVs was simu-
lated. This results in a network capacitance of 220 fF. Satms were performed using
both the 45 nm low-power technology model and a 32 nm low-pde&hnology model.
It is assumed that drivers in the probe needle can be sigmifycstronger than drivers on
the die itself, so simulations were performed only for th@sout frequency as this would
be the limiting factor to test time. The widths of the invertgiver and the transmission

gate were varied and a maximum scan frequency was calcldgteeasuring the amount
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of time required for a rising or falling signal to charge oscharge 75% or 25% a&fdd,
respectively. The results of these simulations are shoviingare 3.11 for the 45 nm tech-
nology node and in Figure 3.12 for the 32 nm technology node.

As can be seen from Figure 3.11 and Figure 3.12, maximum ggtfrequency de-
pends strongly on both the width of the inverter buffer whitives data onto the TSV
network and the width of the transmission gate. Small trassion gate widths limit the
amount of current that can pass through the gate even imitsripedance state, drastically
reducing the shift frequency even at large driver width&eliise, a small driver width lim-
its scan frequency even at large gate widths because itapafde of sourcing or syncing
enough current to quickly charge or discharge the TSV ndtwapacitance.

As expected, at similar widths the 32 nm technology resuftddwer shift frequency

when compared to the 45 nm technology, but both models shthiagdeasonable shift
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frequencies can be achieved without significant increas#sel buffer or gate W/L ratios.
For example, for an NMOS WI/L ratio of 2/1, at 45 nm the maximurhiezable shift
frequency is 71 MHz, while at 32 nm the maximum shift frequeiscd4 MHz. Increasing
the ratio to 3/1 results in shift frequencies of 86 MHz and 39aVirespectively, and at 4/1
the frequency becomes 98 MHz and 62 MHz, respectively.

The size of the NMOS and PMQOS transistors in the TSV driver marfine-tuned to
coincide with the scan frequency achievable from the autedi@st equipment. The max-
imum scan frequency of the pre-bond scan test increaseéicagnly with driver size. To
achieve a scan frequency of 200 MHz at 45 nm requires NMOS &i@d3width to length
rations of about 5/1. After a point, the drivers are made togd and there is a signifi-
cant drawback in the higher power consumption and parasafi@citance of the drivers.
However, Figures 3.11 and 3.12 show that scan frequencee®&®0 MHz are achievable
without significantly larger drivers.

Next, the effect of scan configuration on test time is disedssn Section 3.2.1, sev-
eral possible scan configurations were described—one inhathie scan 1/Os for a scan
chain are on the same TSV network (Configuration A), one in whiey are on sepa-
rate networks (Configuration B), and one in which multiple schains share the same
TSV networks. While there are many possible ways that thisl tbonfiguration can be
constructed, this section will examine two examples, whth éxample from Figure 3.5(a)
being Configuration C and Figure 3.5(b) being Configuration e $can frequency, scan
chain length, number of scan chains, and number of TSV n&saetermine which con-
figuration results in a lower test time. Three examples agsqated to highlight this issue,
with test times determined as per equations 3.1, 3.2, 3d33ah

For Die 0 of the 4-layer FFT benchmark, if 50 scan chains agated, the result is
a maximum scan chain length of 402 cells and 633 stuck-aptstrns. It is assumed

that a probe card with 100 probe needles for contacting TSWarks is utilized. 1t is
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further assumed that Configurations A and C utilize the marinsaan-in (185 MHz) and
scan-out (98 MHz) clock frequencies. Configurations A and & use different scan-in
and scan-out frequencies because these two shift opesaiennot performed in paral-
lel. However, scan-in and scan-out are not overlapped. Qmatigns C and D utilize a
broadcast scan-in, where patterns for each scan chainmt@red to form a single, longer
pattern. In this case, Configuration A requires 4.0 ms to cetepthe stuck-at scan test.
Configuration B, operating only at 98 MHz, requires 2.6 ms bseatucan scan out test
responses while scanning in the next test pattern. Configar@trequires 7.2 ms, because
larger test patterns and the need to serially scan out tveoasdest responses requires
significantly more test time. Configuration D requires 3.9 bex;ause broadcast scan-in
requires additional test clock cycles that require moretihan the simultaneous scan-out
operations. In this example, Configurations A, B, C, and D redpf, 100, 25, and 75 TSV
networks, respectively. Thus, if the probe card only sumgabr5 TSV networks instead of
100, then Configuration D would result in the shortest tesetbacause Configuration B
would require multiple touchdowns.

On the other hand, if the die has 100 scan chains, the maxinmamchain length is
202 cells and ATPG results in 640 stuck-at patterns. BecausggDeation A can handle a
maximum of 100 scan chains in a single touchdown, it needentact the die only once.
This results in a test time of 2.0 ms. Configuration B requivestbuchdowns; each time
it is only capable of loading and unloading 50 scan chainss #issumed that the die is
partitioned into separate test modules each of 50 scanskath that coverage remains
high. In this case, Configuration B requires 4.6 ms for tess fihe time required to align
the probe card and for the second touchdown. Configuration@res 3.7 ms and a single
touchdown. Configuration D requires 6.6 ms and two touchdowns

Our final example contains 150 scan chains, with a maximum sbain length of

134 cells and 637 stuck-at patterns. Under these condjti@osfiguration A requires
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Table 3.6: Percentage of TSVs that must be contacted for,@ie & function of the number
of scan chains and scan configuration.

Scan Chain| % of TSVs to be Contacted
Number | ConfigA | Config B

25 2.7 5.3
50 5.3 10.7
75 8.0 16.0
100 10.7 21.4

two touchdowns, Configuration B requires 3 touchdowns, andfi@amation D requires

5 touchdowns. Therefore, test times utilizing these confions will be significantly

larger than for Configuration C. Discounting the number of tmlewns required by Con-
figurations A, B, and D, they have test times of 2.6 ms, 2.7 md,6ah ms, respectively.
Configuration C needs only 1.6 ms for test, and because itnejonly a single touchdown
it will be the most cost-effective configuration for perfang pre-bond scan test.

As stated earlier, not all TSVs need to be contacted for dieltesting. This is an
important advantage, especially if TSV or microbump dandgeto probing is a concern.
Table 3.6 shows what percentage of TSVs must be contacteshdeyg on the number of
scan chains present on the die and the scan configuration isegrsize probe pads are
used with the same number of scan chains, significant overheat be incurred due to the
large number of probe pads (even with test compressionieof)t If the number of probe
pads is limited, the test time will be higher because of gansts on the number of scan

chains.

3.3 Conclusions

An extension of the TSV probing architecture of Chapter 2 hsenlintroduced that can
be used not only for pre-bond TSV test, but also for full-spegtbond die logic test. Scan
chains are reconfigured into a pre-bond state to use TSV niedvior scan I/O while pre-

serving significant test parallelism and not requiring mawgrsized probe pads. HSPICE
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simulation results highlight the feasibility and effeeiness of this approach. Simulations
show that the current needed for testing can be suppliedighrd SVs and probe needle
tips. Test clock frequencies also remain relatively higarewith the increased TSV net-
work capacitance. The clock frequency can be tuned by adgugte strength of drivers of
the TSV network. The area overhead of this approach was @&#tiimio be between 1.0%
and 2.9% across the dies with TSVs for the two 4-die logidamie 3D stacks presented

in this chapter.
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4

Timing-Overhead Mitigation for DfT on
Inter-Die Critical Paths

4.1 Introduction

As discussed in previous chapters, 3D ICs require both pnelbad post-bond testing to
ensure stack yield. The goal of pre-bond testing is to enthatonly known good die
(KGD) are bonded together to form a stack. Post-bond tesireashe functionality of the
complete stack and screens for defects introduced in aggihind bonding. In order to
enable both pre- and post-bond testing, die level wrap@ars been proposed in the litera-
ture [50, 115]. These die wrappers include boundary scas &igthe interface between die
logic and TSVs to add controllability and observability ae tTSV. Chapter 2 and Chap-
ter 3 described how modified boundary scan cells, calleddgatan flops (GSFs), can be
used along with pre-bond probing for pre-bond TSV and stmat¢tiogic tests. Together,
published work such as [50, 97, 115, 116] shows that die veeppan not only be used as
a standard post-bond test interface, but also for pre-bdaD kests.

Figure 4.1 gives an example of a two-die logic-on-logic ktathere TSVs are utilized

as fast interconnects between logic on two separate diesofthe drawbacks of inserting
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FIGURE 4.1: Example of a two-die logic-on-logic stack.

die-boundary cells is the adverse timing impact on these fli@gtional paths. A reduction
in latency using short TSV interconnects is one of the keyedsifor 3D technology in both
logic-on-logic and memory-on-logic applications. Addimgundary flops to TSVs between
two layers adds two additional clocked stages to a functipath, which would otherwise
not exist in a two-dimensional (2D) design. Bypass paths @added to the boundary
scan cells to multiplex the functional input between beiatghed in the flop or being
output directly to/from the TSV. During functional modegthypass path is active and a
signal traveling across dies is never latched in the boynamyister; however, the bypass
path still introduces additional path latency. It is im@mt to note that additional latency
is added by test architectures not just to logic-on-logaciss, but also to memory-on-logic
and memory-on-memory stacks that contain dies with die peapoundary registers.

Retiming is an algorithmic approach to improving multiplgo@sts of circuit design
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post-synthesis by moving the positions of registers wipeet to combinational logic
while preserving circuit functionality [117]. Retiming nietds have been developed to tar-
get a number of circuit features, including minimizing dqeeriod [118], reducing power
consumption [119], and improving testability by reduciegdback dependency [120]. Pre-
vious literature focuses on retiming in 2D circuits aftenthesis but before test insertion.
This is because before synthesis, the RTL behavioral tincodel does not contain register
locations.

This chapter extends the concept of retiming to utilizematg algorithms to recover
the latency added by boundary scan cell bypass paths in a 3Rdtiming in this case
is performed after synthesis and 3D boundary cell insertibiwo-dimensional retiming
methods can be reused after test-insertion by fixing thetitotaf die wrapper boundary
flops so that they remain at the logic/TSV interface durintymi&g. This requirement
ensures that die logic is not moved across dies when retimipgrformed on a complete
stack. A bypass path is added to each register so that inibma¢tmode, data does not
need to be latched, thereby replacing extra clock stagds adtled latency. Retiming
is then performed to recover the added latency of the bypasg ahe TSV path. An
additional step is added to standard retiming methods, etdlyecomplex logic gates that
prevent register relocation due to latency violations aeothposed into their basic logic
cells from the circuit library. Furthermore, a logic redistition algorithm, whereby certain
logic cells on a critical path can be moved from one die to dgeent die, is applied to
die-level retiming in order to provide better delay redactresults. This step can allow for

a redistribution of circuit delay to non-critical pathsrindow-slack paths during retiming.
4.1.1 The Impact of Die Wrappers on Functional Latency

Die wrappers are a means for standardizing the test inteefadie level for pre-bond and
post-bond test. Die wrappers leverage many of the featurésedEEE 1500 standard
wrapper for embedded cores [25]. A Wrapper Instruction Reg®WIR) is loaded with
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instructions to switch the wrapper between functional mauaie test states. Switch boxes
multiplex between a post-bond test mode and a reduced pintgoe-bond test mode. A

Wrapper Boundary Register (WBR) consists of scan flops at the didace between the

next die in the stack (or the primary inputs and outputs inctee of the lowest die in the

stack) and the die’s internal logic.

The WBR provides the means to enhance pre-bond test coveragagpre-bond scan
test, die boundary registers provide controllability abgervability at each TSV. Without
boundary registers, untestable logic exists betweennd@rial scan chains and TSVs. In
a 3D benchmark circuit without boundary registers, stucéral transition fault coverage
for a die was shown to be as low as 45% [116]. With the additfaieoboundary registers
on the same die, the fault coverage for the die was shown tbdeee9%.

Although boundary registers, with or without GSFs, are ssagy for pre-bond fault
coverage, prior work has not addressed the latency ovetheatboundary registers con-
tribute to the signal paths that cross die boundaries. Omleechdvantages of 3D stacked
ICs is the reduction in interconnect delay gained by utiizhort TSVs in place of long 2D
interconnects. For example, in a memory-on-logic stadkniey on the TSV path directly
impacts memory access time. In logic-on-logic stacks tiskek paths are split between
die layers to increase operating frequency [61, 62].

In 3D circuits, especially logic-on-logic stacks, the fatg improvements of 3D inte-
gration are most relevant when critical paths are split betwtwo or more dies. The use
of low-latency TSVs instead of long 2D interconnects insemathe slack of critical paths
and therefore allows for a faster functional clock. Unlikeapping 2D test modules, for
example as per the 1500 standard, if die-level WBRs are adde@@ocacuit, they must
be unavoidably on critical paths. This is because they wilsteon every path that uti-
lizes a TSV or has to interface with a TSV on another die. Tamoves slack from the

same critical paths that are split between dies. Througjmirgg, slack can be redistributed
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FIGURE 4.2: An example gate-level design of a gated scan flop withpasy path.

throughout a circuit in such a way that cross-die criticdhpaan meet their pre-wrapper-
insertion timing requirements.

In this chapter, it is assumed that a bypass path is addee @3 boundary registers
of the die wrapper, as shown in Figure 4.2. In functional mdidke bypass signal is asserted
to route the functional input directly to the TSV, circumviag the need to latch functional
data in the boundary registers. However, even when usingassypath, the addition of
boundary registers still increases latency on TSV pathss dliipter introduces methods

to recover this latency through register retiming.
4.1.2 Register Retiming and its Applicability to Delay Recovery

Register retiming is a post-synthesis, algorithmic apgndaccircuit optimization first in-
troduced in [117]. While retiming can be used to target a nurobapplications, including
reducing power consumption [119] or enhancing testalilidd], most retiming algorithms
focus on clock-period reduction. During retiming, slacknsved from paths with excess
slack to least-slack paths without altering the functiorth&f circuit by moving the loca-
tion of registers in relation to combinational logic. Tréorsns are defined to limit how and
where registers can be moved by retiming algorithms to pvesgrcuit functionality [118].
In the simplest algorithms, retiming is performed by reprémg a circuit as a directed

graph where vertices represent logic gates and edges eap@sinections between logic
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elements [117]. The weight of each edge represents the mohisgisters present between
two logic elements. The propagation delay through eaclexestcalculated as a function
of the number of logic elements through a directed path tbasdot contain a register.
During retiming, registers are moved between graph edgesdiace the delay values for
graph paths, a step that leads to a reduction in the cloctgheri

While most retiming algorithms are used after synthesigj@tely approximating path
delay from a structural circuit definition is difficult withib placement. Furthermore, the
movement of registers can alter interconnect lengths. &tleanges are difficult to account
for with only a structural description of a circuit. The aoth of [121] carry out retiming
after performing an initial placement in order to model rntennect delay more accurately.
During retiming, it is assumed that combinational logicgelaent remains unchanged but
that a retimed register would be placed at a range aroundetb@etric center of its fan-in
and fan-out cones based on slack.

Retiming has been utilized in the literature to recover tHaydadded to a path where
a standard flip-flop is converted into a scan flip-flop [122].e Extra delay is caused by
the addition of a multiplexer to select between a functi@mal test input. Retiming is then
performed to move the flop portion of the scan flop in relationhte added multiplexer.
This method is not applicable for die-boundary registeosydver, as these registers cannot
be moved. Furthermore, in functional mode, the wrapper Baonregisters are not used
to latch data and are instead set to a bypass mode that iseindieqt of the multiplexer
required to select between functional and test inputs.

In this chapter, retiming is utilized after synthesis argl-@rchitecture insertion in a 3D
stack to recover the additional delay added to a TSV path bpdary registers. In order to
present simulations results, the retiming algorithm of @gys Design Compiler is used,
which performs retiming first to minimize clock period anétito minimize register count.

This is followed by a combinational logic optimization st@pview of changes to loading
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on cells and critical paths that may have occurred after thement of registers. An addi-
tional step of logic decomposition is added to the retimingcpdure—if a complex logic
gate is preventing further retiming on a critical path thet¢sl not satisfy slack constraints,
then the gate is decomposed into simple gates from the bediri that together perform
the equivalent Boolean function. Retiming is then performgairato determine if logical
decomposition further reduces latency. Furthermoregclogn be shifted between dies to
achieve better retiming results.

The rest of this chapter is organized as follows. Sectioprb2ides a motivating exam-
ple for post-test-insertion retiming and outlines themitig methods used in this chapter.
Subsection 4.2.1 provides a detailed description of thertsertion and retiming flow used
to recover delay overhead. Subsection 4.2.2 discusse®signdlow and algorithm used
to redistribute logic during die-level retiming. Subseatié4.2.3 presents retiming results
for two-, three-, and four-die stacks with TSVs in logic-amgic 3D benchmarks as well as

a modular processor benchmark. Finally, Subsection 4.8ledes the chapter.
4.2 Post-DfT-Insertion Retiming in 3D Stacked Circuits

Figure 4.3 illustrates retiming performed on an exampleusiron the bottom die of a 3D
stack. Figure 4.3(a) shows the circuit prior to wrapperiitise and retiming. Inputé, B,

C, andD are primary inputs. The circuit contains four flip flops (FlEheledf; through

f4. Several logic gates exist between the flops and the TSV tmatect to the next die in
the stack. These are part of an incomplete logic circuiteitithe connected logic in the
other stack tiers and are not observable during pre-bondtesa Basic and complex logic
cells are annotated with a delay value representing defaydn the cell as a fraction of
the clock cycle. For example, a value of 0.5 means that riddahdelays from the inputs
to the output of a logic gate is half of one clock period. Thiaraple, and the timing data

presented, is simplified for demonstration and does notidensdditional data such as
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FIGURE 4.3: Boundary register insertion and retiming (includingitocdecomposition): (a)
design before register insertion, (b) design after registertion, (c) first register move-
ment, (d) logic decomposition and second register movement
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interconnect delay, fan-out, clock skew, or flop setup ard times. It is assumed for this
example that no path from a primary input or flop to another éopo the TSV can have
a delay greater than one clock period. In Figure 4.3(a),dhgdst delay is 0.95 of a clock
period from flopf, to the TSV, so this timing constraint is satisfied.

In order to provide controllability and observability, atalpresent a standard test in-
terface, a wrapper is next added to the die. For the exammpeitgia boundary GSF is
inserted between the die logic and the TSV as shown in Fig@(@®) In its bypass mode,
the GSF contributes an additional 0.4 delay to any path tiivékne TSV. For the path from
flop f, to the TSV, this is acceptable, because the overall patly élanly 0.9 clock cy-
cles. However, three paths now violate the timing constisaithe paths fronf; and f4 to
the TSV at a delay of 1.35 clock cycles each, and the path BPdmthe TSV at a delay of
1.2 clock cycles.

Retiming is performed to recover the latency added to patbsitiih the TSV by moving
registers to ensure that no path violates the timing constia the first retiming step, flops
fz andf4 on the AND gate inputs are pushed forward to its output as sliwigure 4.3(c).
The AND gate’s inputs now come directly fro@ and the complex AOI gate without
latching, and its output is instead latched. This requinesaddition of an extra flofis
at the AND gate’s output. The extra flop is created becauseyg i} is still required on
the feedback loop from the AOI gate to fldpin order to preserve functionality. Likewise,
a flop (f3) is still required betwee@ and the XOR gate. Now the path from flégto the
TSV satisfies the timing constraint with a delay of 0.9 cycl@s the other hand, the path
from flop f2 to flop f5 now violates the constraint with a delay of 1.15 clock cycles

At this point, further retiming cannot satisfy the timingnstraint. If f, is pushed to
the output of the AOI gate, then the path fragkxto fo will violate timing constraints. If
fs iIs moved to the inputs of the AND gate, then the circuit resutm its state in Fig-

ure 4.3(b). The AOI gate does not allow any further retimisg,in an effort to provide
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greater flexibility to the retiming algorithm, it is decongsal into basic logic gates from
the cell library—an AND and NOR gate. Compared to its decoregagates, the AOI
gate provided for a shorter delay for the Boolean functioreifgrmed and required less
die area. However, the basic logic gates allow more averwrefiming. Flopsf; and
f, can now be pushed from the inputs of the to the output of the Ajdi2 added after
decomposition, as shown in Figure 4.3(d). All paths nows$athe timing constraint and
retiming is complete. Although there is less slack in thewiroverall after the addition of
the boundary GSF and the decomposition of the AOI gate, #ok $ redistributed among
all paths so that no single path experiences a timing viiati

It is important to note that the delay values given for GSKsgates in the motivational
example is only meant to illustrate why and how retiming mayukilized. These do not
present realistic delay values. In simulation, the delayhef GSF in bypass mode that
is added to each die on an inter-die path amounted to 3-4tergedesigned in the same
technology node. Therefore, a path that spans one bondadhice between dies has an
additional delay equivalent to 7 inverters. If a path cregs@ bonded interfaces, the ad-
ditional delay is equivalent to 10-11 inverters, and sofofthe additional delay caused by
the GSFs in any given design will depend on the design of thie & the manufacturing
technology used.

The rest of this chapter refers to a metric designated as ‘I#y decovered” to denote
the quality of retiming results. This does not refer to theepatage of recovered paths. The
delay recovered is calculated from the actual operatiaeguency of the circuit. Three
minimum timing values are produced for a given design. Trst @riginal) value is the
frequency of the circuit before DfT insertion. The secomdé€rted value is the frequency
of the circuit after DfT insertion, which in all examined lmmarks was less than the
original frequency due to slack violations. The thiret(med value is the frequency of the

circuit after retiming, after which slack is redistributedan attempt to allow the circuit to
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run at the original frequency value. From these variablesgetjuations

a= inserted— original

b = retimed— original

are defined and % delay recovered is calculated as

ﬂ.loo_
a

Wheninsertedequalsretimed then 0% of the delay is recovered. Whetimedequals

original, then 100% delay is recovered.
4.2.1 Method for Die- and Stack-level Retiming

Retiming can be performed either at the die- or stack-lewvethé example of Figure 4.3,
retiming was performed at the die-level, or in other wordsacsingle die of a 3D stack
without knowledge of the circuitry on other dies. Die-levefiming allows greater control
over the redistribution of slack throughout the stack. Fameple, a designer may not want
to move any registers on a particular ddebut would still like to recover the additional
latency of adding a wrapper to that die. In this case, aduligdummy) delay can be
added to the TSV paths on the dies adjacem.t&retiming can then be performed on the
adjacent dies in an attempt to recover the additional patyakie to the wrapper cells in
the adjacent dies and the wrapper cell®of

A flowchart of the steps required for post-wrapper inserti@level retiming is shown
in Figure 4.4. First, the design is synthesized into a stmattcircuit definition. In die-
level retiming, paths crossing the TSV interface are incletepand the total delay across
these paths cannot be considered. Because paths crossingudidaries are likely to be
the least-slack paths in a 3D stack [61, 62], the clock peibothe stack may be too large
to provide a tight timing constraint when considering a Brgje. In order to determine
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FIGURE 4.4: Flowchart for retiming of a 3D stack at either die- orcktéevel.

an appropriate timing target, timing analysis is perforrteedientify the amount of slack
on the least-slack path of the die. The target clock periodgtiming is incrementally re-
duced until the least-slack path has no positive slack. Waaimgertion is then performed,
adding delay to the TSV paths equal to the bypass path thraugiundary GSF. During
retiming, boundary GSFs are fixed so that the retiming aflgordoes not consider them as
movable registers nor does it attempt to move logic or otegisters past the GSFs. Tim-
ing information for the logic gates, flip flops, and GSFs areasted from the cell library.
After the retiming algorithm has executed, timing analysiggain performed to determine
if all paths in the die satisfy the target timing constraititthey do not, the path that has

the most negative slack is examined to determine if complgicigates on the path may be
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FIGURE 4.5: Logic redistribution example showing: (a) design befcegister insertion,
(b) design after register insertion, (c) die-level retimiyefore logic redistribution, (d) die-
level retiming after logic redistribution.

preventing retiming. If complex logic gates are preventi@gming, they are decomposed
into simple logic cells from the cell library and retimingpsrformed again. This process
continues until all paths meet the timing target or no compdgic gates are restricting
retiming. Finally, scan insertion and ATPG are performadiie die.

While die-level retiming does not consider the total pathagdbr paths that cross
die boundaries, stack-level retiming can exploit this addegree of freedom. In stack-

level retiming, the complete stack is retimed as a monaliénitity. The boundary GSFs
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are once again fixed during retiming to prevent the movemeéiagic from one die to
another. During stack retiming, the intended clock freqyeior the stack can be used
as a timing target because all circuit paths are known. Whédeayel retiming provides
more control over slack redistribution, stack-level retighprovides greater leeway to the
retiming algorithm. To illustrate this point, consider agé-die stack where each boundary
GSF adds an additional 0.2 clock period delay to a path. A gatssing all three dies from
the bottom to the top of the stack would experience an additi6.8 clock period delay
after wrapper insertion—0.2 delay from both the bottom apldies and 0.4 delay from
the middle die. In die-level retiming of all the dies in thack, 0.2 clock periods of delay
would have to be recovered in each of the top and bottom didseaftack, and 0.4 delay
would have to be recovered in the middle die. In stack-legghring, extra slack can be
redistributed to the path regardless of which die can suhy@slack. To recover the entire
0.8 clock period of delay added to the path, 0.1 delay candmvezed from the lowest die,
0.3 from the middle die, and 0.4 from the top die.

The flow for stack-level retiming is similar to the die-levetiming flow of Figure 4.4.
Because the clock period of the stack is known, it can be usedtiasing constraint for
retiming. For this reason, no timing analysis or tightenaighe clock period must be
performed before wrapper insertion. Retiming, logic decositpon, scan insertion, and
ATPG are performed as they were for die-level retiming.

The drawback of die-level retiming—namely that a die-lesegiming may result in
inter-die paths that continue to violate timing constraiatter wrapper insertion when a
stack-level retiming solution would satisfy timing coratits—motivates the need for an
enhancement to die-level retiming. In this chapter, a logdistribution algorithm, which
is described in detail in Subsection 4.2.2, is introduceletber make use of excess slack
during die-level retiming. Consider, for example, the irdex path shown in Figure 4.5

between flip-flop A (FEA) on Die 0 and flip-flop B (FEB) on Die 1 in a hypothetical
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stack. Figure 4.5(a) shows the example path before wrapgertion or retiming. The
full path consists of 10 logic cells, each with a delay of 1 asd two TSVs, each also
with a delay of 1 ns. The entire path has a delay of 12 ns, andatioip the circuit can
have a delay greater than 13 ns. Each die contains five log&aed one TSV of the
path. There exists enough slack on Die 0 such thafFfan be moved toward its TSV by
one logic cell, and on Die 1 there is enough slack forB-Fo be moved toward its TSV
by four logic cells. Figure 4.5(b) shows the path after wiexpgell insertion, where each
wrapper cell (GSF) contributes 3 ns of delay in functionatleoNow, the full path requires
18 ns for signal propagation, well above our limit of 13 ns.riDg die level retiming of
Die 0, as shown in Figure 4.5(c), E& can only be moved to regain 1 ns of delay, thus
violating its timing constraints. For Die 1, BB will be moved to regain 3 ns of delay,
recovering all of the additional delay. Thus, with die-leretiming, the path violates the
overall timing constraint by 1 ns, even though there is aoitii slack on Die 1 that would
be appropriately allocated during stack-level retimingdié-level solution to this problem
would be to move one logic cell, the grayed cell, from Die 0 ie D by pushing it across
the die boundary as shown in Figure 4.5(d). Now, when dietleztiming is performed,
Die 1 will recover 4 ns of delay as in Figure 4.5(d) and the tighconstraint for the path
will be met.

In all of the benchmarks presented in this chapter, the itktiave been partitioned for
timing optimization. Before DfT insertion, the most critigaath in each benchmark is an
internal path in a die, since paths that would be criticahm$tacked circuits utilize TSVs
where available and are no longer critical paths. After Df3eirtion, at least one inter-die
path becomes the most critical path of the design and cansieg tviolations that were not
present in the pre-test-insertion design. The retiminghoetescribed and utilized in this
chapter does not attempt delay recovery on every path. it ieeative process where the

least-slack path that violates the timing constraint i fe§med, and then the next, and so

115



Decompose
complexlogic

a critical path.

Wrapper Insertion

Retiming

Comple
Logic Prevents
Retiming?

Timing
Target Met?

Recovery
Improvement?

Logic Redistribution

Scan Insertion
and ATPG

FIGURE 4.6: Flowchart for die-level retiming with logic redisttibon.

forth until the timing constraint is no longer violated oetburrent least-slack path cannot
be made to satisfy the timing constraint. Paths that do rd&ta the timing constraint after

DfT insertion are not affected except in certain cases wiiesg may be altered to retime

4.2.2 Algorithm for Logic Redistribution

Figure 4.6 shows the insertion of the logic redistributitgoathm into the die-level retim-
ing flow. A logic redistribution algorithm is inserted afteomplex logic decomposition.
If timing targets are met, then no logic redistribution ic@gsary and scan insertion and
ATPG can take place. If, on the other hand, timing targetsnatemet after die-level re-

timing, then logic redistribution can be performed in ae@ipt to achieve additional delay
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recovery. Logic redistribution is performed, followed l@timing and logic decomposition
if necessary, until either no recovery improvement is agkdein which case scan insertion
and ATPG are performed on the last netlist that resultedlsydecovery improvement, or
until all timing constraints are met.

For any given iteration, the logic redistribution algonthattempts to shift logic one
cell at a time on the most critical inter-die path from one wiets adjacent die. Retim-
ing is then performed again, and if necessary another iveratf the logic redistribution
algorithm takes place. This allows the algorithm to targites the same path for further

improvement or a new path if that path becomes the predornangical path.

Algorithm 2 LogicRedisDieA, DieB, CritPathA cellLibrary)

cellToMove= getCel(DieA, CritPathA);
fanln= getFaniiDieA cellToMovecellLibrary);
controlSig= getControlSigndtellToMove cellLibrary);
All variables are initialized at this point.
if fanln OR controlSigthen

return {DieA, DieB};

else

{DieA DieB} = movelLogi¢DieA, DieB, CritPathA);
end if
return {DieA DieB};

The pseudocode for the logic redistribution algorithm (lc&edis) is given in Algo-
rithm 2. The algorithm requires as input the netlists for ties,DieA andDieB, that are
adjacent to another and share the critical gatiPathA The library of standard cells,
cellLibrary, is also needed. The algorithm attempts to move one logliéroet the critical
path onDieAto DieB.

The LogicRedis begins by identifying the logic cell that mbsetmoved through the
getCellfunction. This function takes the netlist fBieA and the critical path identification
and finds the logic cell on the critical path BieAclosest to the TSV and returns its unique
name and standard cell type, which are assigned to the dat&usecellToMove Itis then
necessary to determine whether or not the cell can be moveeti

Logic redistribution is limited by the fact that TSVs betwee adjacent dies cannot
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be added to or subtracted from the stack design. Whetheradeljis being moved from a
transmitting die to a receiving die or vice versa, a logi¢wéh a fan-in greater than one or
that requires a control signal (such as a transmission gatgjot be moved without adding
or removing TSVs. There are two exceptions to this rule. TiseiB a logic cell with fan-in
greater than two but with all inputs except for the TSV inpetitto eithen/yq or ground.
The second is a logic cell with a control signal that is tieWg or ground. ThegetFanin
function returns true if the logic celcéllIToMove passed to it has a fan-in greater than
one and at least two fan-in nets are not connect&ld@r ground. ThegetControlSignal
function returns true if the passed logic cell requires arabsignal and that signal is not
tied toVgyq Or ground.

If moving the logic cell would violate our constraint that V'S cannot be added or
removed—that is, if eithefanin or controlSigis true—then the input netlis@ieA and
DieB are returned without modification. If, instead, the logidl can be safely moved
from DieA to DieB, then themovelLogic function performs the logic redistribution and
returns new netlists foDieA andDieB. These new netlists are then returned in order to
perform die-level retiming once again such that the newisietinay lead to better delay
recovery.

TheLogicRedisalgorithm terminates under two circumstances. The firsités anov-
ing a single logic cell, in which case boffaninandcontrolSigare false and thBieA and
DieB netlists are updated with the moved logic and returned.el&tigorithm is terminated
in this way, then retiming is performed again and the resuthiecked to see if the timing
target is met or if there is recovery improvement as per leiguB. The second termination
criterion is that no logic cell can be moved without addingobtracting a TSV, in which
case either or both of thiEanlnandcontrolSigvariables will be true. In this case, tBeeA
andDieB netlists are returned unchanged and no further retimingssiple.

The algorithm for logic movement is of complexity(n) with regard to the size of the
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netlist of DieA. The getCell function is&'(n) as it must search the netlist for the cell to
be retimed, whose inputs and outputs match those of thealriiath identification. The
functionsgetFanin andgetControlSignalare constant-time, as they only require checking
the inputs and outputs of a standard cell definition. LikewtiemoveLogicfunction is
constant time as it requires adding or removing the prelyadsntified logic cell and two
wire definitions from each netlist.

The limitation on adding or removing TSVs during logic redtsution limits how close
die-level retiming can come to stack-level retiming. Cossid worst-case retiming sce-
nario in a two-die stack where a cross-die critical pathtexssich that most of the path
logic is on Die 0 while only a single logic cell of the path is Die 1. During stack level
retiming, the burden of recovering the timing latency of plah is almost entirely on Die
0, while the retiming of Die 1 may not consider the path to bced at all if only a small
portion of the path is on Die 1. In this case, it is beneficianmve some of the path logic
from Die 0O to Die 1 to evenly distribute the retiming burdenvieen the dies, or to move
all of that path logic to Die 1 if Die 1 has a significant amouhslack that can be moved
onto the path while Die 0 has none. If the entire path acro$is thes consists of logic
cells that satisfy our TSV constraints—that is, if any oradlls can be moved between
the dies—then die-level retiming can achieve the sametseaslstack-level retiming for
that particular path. This is because a logic distributian be found such that each die is
capable of providing all the extra slack it can to that patihrdal circuits, however, it is
likely that only some logic on some critical paths will mee fTSV requirements for logic
redistribution, and therefore stack-level retiming wilitperform die-level retiming.

To implement the retiming flows in practice, the retimingltablized in this chapter
(Synopsys Design Compiler) reports which gate on the ldaskpath is preventing further
retiming when a timing target is not met. If the timing targgetot met and a gate is

identified, the decomposition algorithm implemented irs tthissertation checks to see if
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the gate is a complex gate. If so, the gate is decomposed aming is attempted again.
If no gate is flagged and the timing target is met, then 100%ydecovery is achieved and
the retiming algorithm terminates. If the timing target & met, but there was a recovery
improvement over the previous retiming result, then logitistribution is attempted. Only
in the case where logic decomposition is not necessary ajid tedistribution has been
performed with no delay recovery improvement over the neviretiming attempt does

the retiming algorithm terminate without 100% delay reagve
4.2.3 Effectiveness of Retiming in Recovering Test-Architecturdnduced Delay

In this section, the effectiveness and impact of post-Dfertion retiming is examined in
the context of several benchmark circuits that have beettipaed into two-, three-, and
four-die stacks. Two benchmarks are used—the performaptigtized data encryption
standard (DES) circuit and the Fast Fourier Transform (F&Euit from the IWLS 2005
OpenCore benchmarks [106]. The DES circuit contains 26,a88sgand 2,000 flops, while
the FFT circuit contains 299,273 gates with 19,962 flops. yTéentain no embedded,
wrapped modules or black boxes, so retiming can target ar@gs ga flops in the design.
The DES circuit was partitioned into two-, three-, and fdie-stacks and the FFT circuit
was partitioned into two- and four-die stacks using the Namgpen cell library [123] and
a placement engine that optimized timing.

A third OpenCore benchmark—the OpenRISC1200 (OR1200) 32-ddasRISC processor—
is used as a benchmark with modules that cannot be retimeel OR1200 has a 5 stage
integer pipeline and IEEE 754-compliant single precisioatihg point unit. The OR1200
implementation used in this chapter contains a one-waydimapped 8 KB data cache
and one-way direct-mapped 8 KB instruction cache. The smrecontains 15,000 cells
with 1850 flip-flops and utilizes a 250 MHz clock frequency.

No 3D modular benchmarks yet exist in the open literaturea d@nchmark for this

chapter was created by partitioning the OR1200 processosstwo dies. Many mod-
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ules were fixed, meaning that they could not be retimed, and placed in their entirety
on one die or the other. Fixed modules generally include resdwhere retiming may
move critical registers that can interfere with timing clos such as the decode, execute,
memory, and writeback stages of the processor pipeline.nfddules that were allowed
to be retimed are the debug unit, exception logic, floatingtaait, freeze logic, instruc-
tion fetch, load/store unit, programmable interrupt colter, power management, and SPR
interface. These modules were split across the dies in sughyahat logic that may be
retimed existed on both sides of each TSV. This was done bec&arring interconnects,
no logic existed between modules. The modules that may beeetin this benchmark
take the place of complex logic between modules. If a fixed utedere on either side
or both sides of a TSV belonging to a critical path, then retgrmay have no impact on
delay recovery.

To approximate the bypass mode delay of a GSF, a GSF wasaira#SPICE using
a low-power 45 nm process [76]. Input-to-output rise anttifales were determined using
simulation. To model wrapper insertion, a number of inuarfeom the cell library were
added before each TSV and each face pad for TSV bonding t@xpgate the delay of
bypass mode GSFs. All of the data given in this section eslithe inverter delay approx-
imation for the GSF. In all benchmarks presented, the delaiieo GSF was significant
enough to cause slack violations after DfT insertion.

Table 4.1 shows retiming results for the (a) two-, (b) threed (c) four-die DES stacks.
The columns present data first for die-level retiming, stgrwith the lowest die in the
stack (Die 0) and moving to the highest die in the stack. Thedalumn shows data for
stack-level retiming. The first row of the table lists theqmat of delay recovered during
retiming on the least-slack TSV path. A value of 100 meantétaelay on all TSV paths
was recovered. The second row indicates the area overh&dd ofsertion as a percentage

of total area, or the sum of cell area and interconnect argardonnect area is estimated
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Table 4.1: A comparison of delay, area, and pattern countteefor die- and stack-level
retiming for the DES logic circuit partitioned across (aptwb) three, and (c) four dies.

(a) Two-Die Stack
| Die 0| Die 1| Complete Stack|

% Delay Recovered | 100 | 100 100
% Area Overhead Post- 16.3 | 16.4 18.7
Wrapper Insertion
% Area Overhead 12.4 | 134 16.6
Post-Retiming
% Change in —-7.4| 3.0 10.9
Pattern Count

(b) Three-Die Stack
| Die 0 | Die 1 | Die 2 | Complete Stack]

% Delay Recovered | 100 | 100 | 100 100
% Area Overhead Post- 20.0 | 29.8 | 26.2 26.2
Wrapper Insertion
% Area Overhead 19.7 | 29.1 | 24.2 25.0
Post-Retiming
% Change in 3.3 6.2 | —1.4 12.7
Pattern Count

(c) Four-Die Stack

| Die 0| Die 1] Die 2 | Die 3 | Complete Stack]
% Delay 100 | 100 60 100 100
Recovered
% Area
Overhead 22.7 | 35,5 | 356 | 28.5 31.9
Post-Wrapper
Insertion
% Area
Overhead 16.1 | 34.1| 34.6 | 25.9 27.5
Post-Retiming

% Changein|| —2.5| —4.2| 0.8 5.3 8.1
Pattern Count

from wire load models included with the cell library. Therthrow indicates the percentage
of total area overhead after retiming. The last row presbetpercentage change in pattern
count for stuck-at patterns between ATPG before DfT-ingerand ATPG after retiming.

A negative value indicates that pattern count decreasdie %a2 shows similar results for
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Table 4.2: A comparison of delay, area, and pattern countteefor die- and stack-level
retiming for the FFT logic circuit partitioned across (ajptand (b) four dies.

(a) Two-Die Stack
| Die 0| Die 1| Complete Stack|

% Delay Recovered | 100 | 100 100
% Area Overhead Post- 0.9 1.1 1.2
Wrapper Insertion
% Area Overhead 1.1 1.1 1.2
Post-Retiming
% Change in 39 | -3.0 6.4
Pattern Count

(b) Four-Die Stack

| Die 0 | Die 1| Die 2| Die 3 | Complete Stack|
% Delay 100 | 100 | 100 | 100 100
Recovered

% Area
Overhead 2.1 2.3 2.5 1.9 2.4
Post-Wrapper|
Insertion
% Area
Overhead 2.0 2.1 2.4 1.5 2.2
Post-Retiming
% Change in| 1.1 51 0.8 | -04 7.8
Pattern Count

Table 4.3: Change in SDQL and pattern count before and aftiening for the (a) two-,
three-, and four-die DES stack and (b) two- and four-die Ra€ls

(a) DES Stack

# of Dies | Pre-retiming | Post-retiming | % Change | % Change in

in Stack SDQL SDQL in SDQL | Pattern Count
2-Die 183 172 -6.0 2.1
3-Die 182 185 1.6 0.7
4-Die 178 182 2.2 3.0

(b) FFT Stack

# of Dies | Pre-retiming | Post-retiming | % Change | % Change in

in Stack SDQL SDQL in SDQL | Pattern Count
2-Die 52385 51861 -1.0 0.9
4-Die 51977 52741 2.5 2.8

the FFT two- and four-die benchmarks.
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Table 4.3 shows the change in pattern count and change indtistisal delay quality
level (SDQL) reported by a commercial tool for small-delafetts. Table 4.3(a) provides
results for the two-, three-, and four-die DES stacks andeTal3(b) provides results for
the two- and four-die FFT stacks. Each row shows results &taek of different size. The
first column shows the SDQL after boundary cell insertion befbre retiming. Column
Il shows the SDQL after retiming, with column Il providingpercent-change in SDQL
between the pre- and post-retiming values. Column IV pravttie overall percent-change
in pattern count between pre- and post-retiming ATPG.

Table 4.4 provides retiming results for the four-die FFT ddenark when one or two
dies are fixed, meaning that they cannot be retimed. Becaaseithadded latency to the
inter-die critical paths on the fixed dies, tighter timingistraints are added to the dies that
may be retimed. This makes retiming more difficult on the dies ensures that the added
delays on the fixed dies are taken into account during regimirne first column displays
which dies are fixed, and the results given are for percendatpy recovery. Table 4.5
shows results from the simulations of Table 4.4 with the taldiof the algorithm to move
logic between dies in an attempt to improve results. Restdtgigen only for simulations
where two adjacent dies are unfixed, as logic cannot be maovieced dies.

As can be seen from the results, retiming recovered 100%eddiditional GSF bypass
mode delay in most cases. The one exception to this is Die Reofaur-die stack under
die-level retiming.

For the benchmark circuit used in this simulation, retimoggomes more difficult as
the circuit is partitioned across more dies. During bothldiel and stack-level retiming,
slack can only be redistributed from within a die, becausggcland registers will not be
moved between dies. As the circuit is partitioned betweerend@s, there are fewer paths
on each individual die from which to take excess slack. Furttore, more paths will

cross die boundaries and be subject to additional delay Gfs¢-s are added during DfT-
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insertion. This increased difficulty of retiming is refledt® the lower recovered delay of
Die 2 of the four-die stack.

Table 4.1(c) and the results of Tables 4.4, 4.5, and 4.6 asaodstrate the greater
effectiveness of stack-level retiming versus die-levéhtag with regard to slack redis-
tribution. For example, if the DES four-die stack were to Isseanbled after die-level
retiming, an additional delay would exist on some of the pdlkfat cross into Die 2 from
Dies 1 and 3. This delay would be no worse than 40% of the ddlay@SF in bypass
mode. This delay exists because not enough positive slablk pae present on Die 2 or
because the extra slack present on Die 2 could not be didiva TSV paths that violated
timing constraints during retiming. During stack retimjrigje 2 would present the same
difficulties to the retiming algorithm. However, becaudel@s are retimed simultaneously
and complete paths that cross dies are known, slack couktsnibuted on the other dies
in the stack to make up for the restrictions of Die 2.

For the DES benchmark and die partitioning used in this @rafite area overhead of
DfT-insertion ranged from 16.3% for Die 0 of the two-die 4o 35.6% for Die 2 of the
four die stack. Area overhead decreased with retiming, @sdtiming algorithm retimes
for area minimization after clock period minimization. Taeea overheads are relatively
large because with die partitioning many paths crossed diresso many TSVs were in-
troduced to the circuit. Compared to the number of cells ot geaatitioned die before
DfT-insertion, the number of GSFs added after DfT-inseraccounted for a large number
of the total number of cells. As can be seen from the FFT beackywhich is much larger
and therefore has a larger cell to TSV ratio, the area oveeheere significantly lower,
with 2.5% being the highest area overhead for Die 2 of the-theFFT stack.

As the number of dies in a partition increased, the numbeeld on each die before
DfT-insertion decreased with an often corresponding aseein TSV count. Thus, the

area overhead of DfT-insertion generally increased astduk decame larger. The area

125



Table 4.4: A comparison of delay recovery with fixed dies F& four-die FFT logic circuit
partitioned considering (a) one and (b) two dies cannot timeel.
(a) One Fixed Die

Delay Recovery when Retimed for:
| Fixed Die|| Die 0| Die 1 | Die 2 | Die 3| Complete Stack

Die O — 100 | 100 | 100 100
Die 1 875 | — 100 | 100 100
Die 2 100 | 100 | — 100 100
Die 3 100 | 100 | 100 | — 100

(b) Two Fixed Dies

Delay Recovery when Retimed for:
| Fixed Dies| Die 0| Die 1| Die 2 | Die 3| Complete Stack

Dies0,1 | — — | 75.0| 825 100
Dies2,3 | 50.0 | 625 | — — 71.9
Dies0,2 | — | 625 — | 825 84.4
Dies1,4 | 375| — | 500| — 68.8

overhead was also generally shown to be worse for the inesradia stack, as these require
GSFs both on TSV paths and on paths that contain face-sidetpatiwill be bonded to
TSVs on another die during stack assembly.

To illustrate this effect, consider the DES circuit evenlgtdbuted among dies in a four
die stack. In this case, each die would have about 6500 éesime that each die has 500
connections with each adjacent die. The Die 0 and Die 3 oftdeksvould each need 500
GSFs, or 8% of the cells on the die. In comparison, Die 1 and2Dvweuld each need 1000
GSFs, which is over 15% of the cells on the die. The area impfa@iSF insertion would
be significantly less if the dies themselves were more complith a higher cell count
relative to the number of TSVs per die. For example, if a dietamed one-million cells
and 10,000 TSVs, then adding GSFs to a die would only accourit-£% of the number
of cells on the die, depending on whether or not the die wetiedmmiddle of the stack.

Tables 4.4(a) shows that, generally, there is enough skadept in the FFT circuit such
that three of the four dies are capable of recovering their bming overhead as well as

that of the fixed die. This is not the case when two dies are fixedeen in Tables 4.4(b),
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although better stack-level retiming results hold truehis tase. Furthermore, the logic-
movement algorithm to push logic cells between dies can ke ts improve die-level
retiming under two fixed dies as seen in Table 4.5. In the cd$g¢ieo1 when Dies 2
and 3 are fixed, there is a delay recovery improvement frofs%2ecovery without logic
movement to 75% recovery with logic movement, or a 16.7%ease in delay recovery.
In the case where Dies 2 and 3 are fixed, logic movement hadew.aftilizing the logic-
movement algorithm to push logic cells between dies canongdie-level retiming under
two fixed dies as seen in Table 4.5. In the case of Die 1 whenDaasl 3 are fixed, there
is a delay recovery improvement from 62.5% recovery witHogic movement to 75%
recovery with logic movement, or a 16.7% increase in delapvery. In the case where
Dies 2 and 3 were fixed, logic movement had no effect.

This example of logic redistribution provides insight intben logic redistribution can
improve results and how much improvement can be expecteddeAsnstrated by Ta-
ble 4.5, stack-level retiming, in general, produces batsults than die-level retiming
even with logic redistribution, and logic redistributionats not change stack-level retiming
results. This is because stack-level retiming alreadyidensthe complete inter-die paths,
so logic redistribution will never result in delay recovemyprovements (or delay recovery
reductions), and at best die-level retiming can only matabkslevel retiming.

Additional insights are gained when considering the eféécedistribution with Die O
and Die 1 fixed, or Die 2 and Die 3 fixed. In the former case, noraw@ment is seen as
the critical paths contain no logic that could potentialeyrhoved. In the latter case, there
is improvement in the delay recovery on Die 1, as some loginased to Die 0, which
contain some additional slack to be provided to the path. édew there is no improvement
on Die 0 because its most critical path has no movable lodierdfore, it is demonstrated
that logic redistribution is useful only when two conditeoare satisfied—there is movable

logic on a die’s most critical path, and there is additiohatk on the adjacent die’s portion
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Table 4.5: A comparison of delay recovery with fixed dies dmel dadditional use of the
logic movement algorithm for the four-die FFT logic circuiith two fixed dies.

Delay Recovery when Retimed for:

| Fixed Dies|| Die 0| Die 1 | Die 2 | Die 3 | Complete Stack
Dies0,1 | — — | 75.0| 825 100
Dies2,3 | 50.0 | 75 — - 71.9

of that path.

Delay recovery is also more difficult in a circuit with modsitdhat cannot be retimed,
as shown in Table 4.6 with the OR1200 results. Although dretleetiming provided less
delay recovery compared to other benchmarks, with 37.5%vezg for Die 0 and 50%
recovery for Die 1, stack-level retiming still provided gbeesults, with an overall 92%
delay recovery.

The effect of DfT-insertion and retiming on stuck-at fawtiern count was found to be
negligible. In some cases, such as Die 0 of the two die DE% stabie 2 of the three die
DES stack, this resulted in fewer test patterns after regmin other cases, such as Die 1
of the two die DES stack or Die 0 and Die 1 of the three die DE&kstatiming incurred
a small increase in pattern count. It should be noted thatwhan insertion is performed
for the complete stack, scan chains are allowed to spanpteulie layers. This is not
the case when scan insertion is performed on a per-die basiss, there is a significant
difference in the number of test patterns produced aftexkdtvel scan insertion when
compared to die-level scan insertion. Variability is seepattern count because registers
can be added/removed as well as moved throughout the diourity retiming, there can be
significant changes in controllability/observability chg scan test. This can have a wide
range of impact on ATPG, and this impact produces the pattaunt changes.

Similar conclusions can also be drawn for path delay tesep®, as evident in Ta-
ble 4.3. The effect of retiming on SDQL was generally greatehe relatively small DES
stacks than the much larger FFT stacks. For the DES stackydnge-case change in

SDQL is a 6% reduction, while for the FFT stacks at worst a 18ucéon is seen. The
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Table 4.6: A comparison of delay, area, and pattern countteefor die- and stack-level
retiming for the OR1200 processor partitioned across tws.die

| Die 0 | Die 1 | Complete Stack|

% Delay Recovered | 37.5 | 50 92
% Area Overhead Post- 6.1 4.6 7.2
Wrapper Insertion
% Area Overhead 5.2 4.4 6.3
Post-Retiming
% Change in 0.1 0.6 2.9
Pattern Count

greater volatility of SDQL for the smaller stack implies thevhen dies are larger, most
die-internal paths are untouched by retiming. Since thexéza fewer die-internal paths in

the DES benchmark, changes in paths at or near the die bgum#de up a change in a

larger percentage of the total die paths. Changes in SDQleisdme design depending on
stack size is due to differences in logic partitioning, whadters which paths are targeted
for test by the statistical ATPG model.

Run times for the retiming algorithm were generally in mirsyper die, but were longer
for a complete stack and larger benchmark. For exampleuthtme for the complete four-
die DES stack was 12.4 minutes. For each die, the run timesigates) were 3.5, 2.7, 2.6,
and 2.2 for Die 0, Die 1, Die 2, and Die 3, respectively. ForFRd four-die benchmark,
run times in minutes for die-level retiming were 9.4, 10.6,21 and 9.1 for Die 0, Die 1,

Die 2, and Die 3, respectively, while stack-level retimieguired 41.5 minutes.

4.3 Conclusions

The methods and results discussed in this chapter showetiratmg can be used to recover
the delay added to circuit paths that cross die boundariesgidie DfT-insertion. Retim-
ing has been demonstrated at both the die-level and staek-igith stack-level retiming
providing an upper limit on die-level retiming. Retiming véts on a DES circuit and an

FFT circuit partitioned into two, three, and four die 3D blemarks are provided. In most
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cases retiming can recover 100% of the delay added by diari38rion when all logic
and dies are unfixed and in cases where a quarter of dies anafbad. It is further shown
that, for modular benchmarks and benchmarks in which hathefdies are not unfixed,
stack-level retiming outperforms die-level retiming imntes of delay recovery. However, a
logic redistribution algorithm can be utilized to improvedevel retiming results in some
cases. It has also been demonstrated that test patterrs@entot significantly impacted

by DfT-insertion or retiming.
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5

Test-Architecture Optimization and Test
Scheduling

5.1 Introduction

Previous chapters have discussed issues associated e4biopd KGD test and test stan-
dards for pre-bond and post-bond test. Post-bond testing nsany ways a less com-
plex issue than pre-bond test, because external test pirisecatilized for test access and
TSVs in bonded dies can be treated as interconnects dushfatthough testing the TSVs
themselves may require testing for failure modes uniqueS¥srand neighboring active
devices). Nevertheless, new constraints for post-bortish¢esf a 3D stack must be consid-
ered, such as limited test access to dies depending on thstrgm in the stack, multiple
post-bond test insertions, and limitations on the addivibiest TSVs between dies. Just as
for pre-bond test, optimizations are needed to design 3Catekitectures and test sched-
ules to minimize the cost of post-bond test in order to achmst-effective KGD, partial
stack, and known-good-stack (KGS) test throughout the fiaatwre flow of a product.
Memories are easier to stack compared to logic due to higllsyigfter repair and

simplified testing and design [10], and as such 3D memorkstaave already been manu-
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factured [10]. Stacks that include memory stacked on logd¢ r multiple logic dies [65]
are likely to be seen in the near future. Although 3D desigd-st automation is not yet
fully mature for commercial exploitation, it is well on itsay [13] and many commercial
design tools are beginning to support varying degrees of&pd. These tools need to be
able to exploit the benefits of 3D technologies while takimg iaccount the various design-
related trade-offs. For example, in a TSV-based 3D-SIC, timeler of TSVs available for
test access is limited because of their associated chipcasts. Most TSVs are likely to
be dedicated to functional access, power/ground, and ctading.

Post-bond testing of core-based dies in 3D-SICs brings falwaw challenges [60,
58]. In order to test the dies and associated cores, a Tests8ddechanism (TAM) must
be included on the dies to transport test data to the coresae8D TAM is needed to
transfer test data to the dies from the stack input/outpas.piTAM design in 3D-SICs
involves additional challenges compared to TAM design fOr 20Cs. In a 3D-SIC, a
test architecture must be able to support testing of indalidlies as well as testing of
partial and complete stacks, and it is for this reason thatieist standards discussed in
the Introduction are being developed. These standard#escpmpatible test architecture
optimizations that must not only minimize the test lengtht &iso minimize the number
of TSVs used to route the 3D TAM, as each TSV has area costsiagsbwith it and is a
potential source of defects in a 3D-SIC. The test length iefoee dependent on the test
architecture and test schedule and is constrained by adimtite available test resources.

In this chapter, test architecture optimization for 3D k&at|ICs implemented using
TSVs is discussed. The optimizations are compatible witerging die wrapper standards.
A variety of design cases for 3D SICs with die-level test assftures are considered—
including dies with fixed test architectures and dies wheseadrchitectures have yet to be
designed. Over the course of this chapter, mathematicgr@numing techniques are de-

rived to create optimal solutions for a variety of architeetoptimization problems. These
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mathematical models, in addition to being immediately uls&dr optimization, provide

a clear framework for 3D optimization that serve as a foudafior future research and
applications. The optimization will first be developed foc@nplete stack test, and then
extended to include optimizations for any or all post-boest insertions as well as post-
bond TSV test. From this, it will be demonstrated that optiteat architecture solutions
and test schedules for multiple test insertions are diffifrem their counterparts for a final

stack test alone.
5.1.1 3D Test Architecture and Test Scheduling

The problem of test-architecture optimization for 3D-SI@Gasiders three different 3D in-
tegration cases—(%Tjard dies in which a test architecture already exists, 48jt dies for
which the 2D (per die) and 3D (per stack) test architectureca-optimized, and (F)rm
dies in which a test architecture already exists but seriadlpelrconversion hardware may
be added to the die in order to reduce test pin and TSV use dnevadetter test resource
allocation for stack testing. For the sake of simplicity aabe of implementation, this
chapter assumes session-based test scheduling [20ip ivehjch all tests which are exe-
cuted simultaneously need to be completed before the nebddssion is started. Methods
for minimizing the number of TSVs or test pins used for tatgst lengths are developed
for both a total stack limit and a limit on TSVs between neigtibg dies. While it is the-
oretically possible to have multiple dies on a given layeaistack, for this chapter it is
assumed that there is only one die per layer in a stack. Fumtive, a core is considered to
be part of a single die only, i.e., “3D cores” are not consdern addition to minimizing
the test length for each soft die, the test length for the detestack is minimized in all
three problem instances.

Testing of 2D SOCs and the optimization of related test-acasshitectures have been
well studied [27, 42, 46, 30]. Optimization methods havéuded integer linear program-
ming (ILP) [27], rectangle packing [27, 45], iterative refinent [46], and other heuris-
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tics [30, 47]. However, these methods were all originallyedeped for 2D SOCs, and the
added test complexities related to 3D technology were nosidered.

Recently, early work has been reported on testing of 3D-SICaurikstic methods for
designing core wrappers in 3D-SICs were developed in [14és&methods do not address
the problem of 3D TAM design. ILP models for test architeetdesign for each die in a
stack are presented in [66]. While these ILP models take iotount some of the con-
straints related to 3D-SIC testing such as a TSV limit, tipigraach does not consider the
reuse of die-level TAMs. A TAM wire-length minimization texique based on simulated
annealing is presented in [67]. A drawback of this approactinat it implies a 3D test
architecture that is not feasible in practice. Heuristidghods for reducing weighted test
cost while taking into account the constraints on test pightag in pre-bond and post-bond
tests are described in [54]. An unrealistic assumption mad®4] is that TAMs can start
and terminate in any layer.

In most prior work on 3D-SIC testing, TAM optimization is pemed at die-level
only, which leads to inefficient TAMs and non-optimal teshedules for partial-stack and
complete-stack tests. Furthermore, all previous methssisrae that the designer can cre-
ate TAM architectures on each die during optimization, \whitay not be possible in all
cases. Inthe Introduction a die-level wrapper and assatRD architecture is presented to
allow for all pre-bond and post-bond tests. This approaopgses die-level wrappers and
leverages the current IEEE 1149.1 and IEEE 1500 standar@sldition to functional and
test modes, die-level wrappers allow bypass of test dataddram higher die in the stack
and reduced test bandwidth during pre-bond tests. Thisegl#stic and practical look at
test architectures in 3D-SICs, but it offers no insight inpdimization and test scheduling.
The optimization methods presented in this chapter are atibip with die wrappers, and
they do not make any unrealistic assumptions about die verapy the 3D TAM. Pre-bond

testing is not included in the optimization in this chapiéreconfigurable scan chains as
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described in Chapter 3 are utilized, then pre-bond test canafipns for each die can be
considered as a separate optimization problem.
5.1.2 The Need for Optimization Considering Multiple Post-Bond TestInsertions
and TSV Test
Compared to two-dimensional ICs that typically require twat tesertions, namely wafer
test and package test, 3D stacking introduces a number wfah&tst insertions [58]. Be-
cause the die-stacking steps of thinning, alignment, amdling can introduce defects,
there may be a need to test multiple subsequent (partialkstauring assembly. Fig-
ure 5.1 shows an example manufacturing and test flow for a 8€kstFirst, wafer test
(i.e., pre-bond test) can be used to test die prior to stgdkirensure correct functionality,
as well as to match die in a stack for power and performancet, e 1 and Die 2 are
stacked, and then tested again. This is likely to be the firet the TSVs between Die 1
and Die 2 will be tested due to technology limitations thakenare-bond test of TSVs
infeasible [60]. This step also ensures that defects caretexéd in the stack due to ad-
ditional 3D manufacturing steps such as alignment and Imgndi he third die is added
to the stack and all dies in the stack, including all TSV catioas, are retested. Finally,
the “known good stack” is packaged and the final product iete<Optimization methods
are needed to minimize test time not only for the final stask tee., if the intermediate
(partial) stacks are not tested, but also to minimize thal test time if the final stack and
partial stacks are tested during bonding.

In Section 5.3, previously discussed optimization metifod8D-SICs withhard dies
andsoft dieswill be extended to consider multiple post-bond test ineegt. In addition to
minimizing the test time for each soft die, the test time cambnimized by considering
all possible stack tests and the complete stack, as welkasxternal tests as well. These
optimization methods allow for the efficient generation afltiple options for testing a

3D-SIC.
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Assembly and Packaging

Final Test of Complete
Product

FIGURE 5.1: 3D-SIC manufacturing and test flow with multiple testartions.

In [28], the authors presented an expanded wrapper artimiésior 2D 1Cs using mod-
ified wrapper cells in which each wrapper cell can be conmktctéwvo TAMs. As opposed
to the 1500-standard wrapper (referred to in the rest ofctigpter as a “thin” or 1500-like
wrapper), this expanded wrapper architecture, or “fat”ppex, allows for core-external
test (EXTEST) and core-internal test (INTEST) to be run irgfial. This chapter will con-
sider both types of wrappers for EXTEST optimization; intadar, the use of fat wrap-
pers in this chapter is a natural extension of die-level weap to allow for die-external
tests (TSV tests) and die-internal tests in parallel.

The rest of the chapter is organized as follows. In Secti@ndptimization techniques
are introduced for minimizing the test time for final stacktteA global limit is set on
the number of dedicated TSVs to be used for test access asttaiots are imposed on

test bandwidth due to a limited number of test pins on the &hwlee in the stack. While

136



this optimization provides a sufficient starting point fastgning a 3D test architecture, it
does not consider multiple test insertions for testing duigl stack. Furthermore, the test
time for TSVs and die-external logic is ignored in the opation framework. Section 5.3
extends the model of Section 5.2 to allow for multiple testestules and optimization for
any number of or all post-bond stack tests. The test-bartbwimhstraints use a more real-
istic model for dedicated test TSVs by considering a maximmumber of TSVs per die, as
opposed to a global limit. Furthermore, the test time foridternal and die-external tests
using both fat and thin wrappers is considered in the opttron. Section 5.6 concludes

the chapter.

5.2 Test Architecture and Scheduling Optimization for Final Stack
Test

In a 3D-SIC, which currently consist of anywhere from two tghgidies [18], the lowest
die is usually directly connected to chip I/0 pins and therefcan be tested using test pins.
To test the non-bottom dies in the stack, test data must émaugh the test pins on the
lowest die. Therefore, to test other dies in the stack, thteatecess mechanism (TAM) must
be extended to all dies in the stack through the test pinsedbtiest die. To transport test
data up and down the stack, “TestElevators” [50] need to bleided on each die except
for the highest die in the stack [58]. The number of test pimd BestElevators as well as
the number of TSVs used affect the total test length for thekst

Consider an example 3D-SIC with three dies with given tesess@rchitectures as
shown in Figure 5.2. Suppose the test lengths for Die 1, Dend, Die 3 are 300, 800,
and 600 clock cycles, respectively. The total number oflale test pins at the bottom
die is 100. Die 1 requires 40 test pins (TAM width of 20), ane&®PR and 3 require 60
TestElevators and 40 TestElevators, respectively. Thésegth for each die is determined
by its test architecture.

Figure 5.2(a) shows the TestElevator widths and the nunfbe®ds used if all dies are
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FIGURE 5.2: Example 3D-SIC with three hard dies.

tested serially. In this case, a total of 100 TSVs are usetl180 test pins are available, of
which only 60 are utilized. The total test length for the ktecthe sum of the test lengths
of the individual dies, i.e., 1700 cycles. Figure 5.2(b)whahe test architecture required
if Die 1 and Die 2 are tested in parallel. In this case, the nemd§ TSVs used is the
same as in Figure 5.2(a). However, all 100 test pins are med|tid test Die 1 and Die 2
in parallel. Also, 60 TestElevators must pass between DiedlZe 2 in order to pass a
separate 30-bit wide TAM to Die 2 for parallel testing. Foistbase, the total test length
for the stack is ma§300, 80GQ + 600 = 1400 cycles. This example clearly shows that there
is a trade-off between test length and the number of testgmdsTSVs used. Therefore, a
test-architecture optimization algorithm for 3D-SICs hagiinimize the test length while
taking into account upper limits on the number of test pird &8Vs used.
Test-architecture optimization for 3D-SICs with hard diesllustrated in Figure 5.3.
For a hard die, the 2D test architecture on the die is fixed. oFthe structure over which
the designer has control is the 3D TAM. Hard dies offer lessHlkty for optimization in

the sense that each die must have exactly the pre-definedenafibput and output TAM
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FIGURE 5.3: lllustration ofPSHD: (a) a problem instance; (b) an optimized architecture.

wires appropriated to it in the design of the 3D TAM. Therefdhe only decisions that can
be made in designing the 3D TAM is which (if any) dies can bé&stke parallel with one
another given the limitations on test pins and test TSVsdidés may be presentin TAM
design problems if vendors sell fabricated dies to a 3D natieg.

Figure 5.3(a) illustrates the variables that arise for thedtdie problem. As can be
seen, a fixed 2D TAM width is given along with the known testdifor each die. The
given constraints are the number of test piigax and the number of test TSVESVax
available. A solution, therefore, can be given as in FiguBfl§. Here, each die receives
the required and pre-defined test bandwidth, but Die 1 and2Daee tested in parallel
through the 3D TAM.

The test-architecture optimization problem for hard deslénoted agsSHD, where
“PS” stands for “problem statement” and “HD” stands for “th@lies”. The problem can
be defined as follows.
3D-SIC with Hard Dies (PSHD)

Given a stack with a sé¥l of dies, total number of test piV§y a5 available for test, and a

maximum number of TSVSI(S\hay that can be used globally (throughout the entire stack)
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for TAM design. For each dien € M, the die’s number corresponds to its tier in the stack
(Die 1 is the bottom die, Die 2 is next, and so forth), the nundjdest pins on each die
Wm (Wm < Whax required to test the die is given, and the associated tegthg,, (because
the test architecture per die is giveg,is also given). Determine an optimal TAM design
and corresponding test schedule for the stack such thabtéleest lengthl for the stack

is minimized and the number of TSVs used does not extead,ax.

Two dual problemspsHDT (the “T” stands for TSV minimization) andsHDw (the
“W” stands for test pin-count minimization), can be statedal®ws. ForPSHDT, deter-
mine an optimal TAM design and corresponding test scheduléhe stack such that the
total number of TSVs used for the stack is minimized and thgeujimits on test length
Tmaxand test pin coundyaxare not exceeded. FesHDW, determine an optimal TAM de-
sign and test schedule for the stack such that the total nuoflbest pins used for the stack
is minimized and the upper limits on test lendthax and total number of TSVSI(S\hax)
are not exceeded.

The hard-die model is based on prior work on SOC testing [1fj additional con-
straints, while the firm and soft die models are considerdbifgrent and more complex.
Besides simply adding 3D design constraints, each die musirsadered across a range of
many different possible TAM widths and many variations naestonsidered in which dies
are tested in parallel along a 3D stack. These considesatemuire the addition of many
more variables and constraints. Overall, these additiaiserthe firm- and soft-die models
significantly more complex than the hard-die model, po&digtiimiting the number of die
that can be included in the model before run time becomesigtivkly high.

The above problem statement is different for a 3D-SIC wifihdies. In the case of soft
dies, the test architecture for each die is not pre-defingdshdetermined during the test-
architecture design of the stack. In this case, both the 2D3@nTAMSs are co-designed.

Scan chains for each test module are given, but the test erspr each module and
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FIGURE 5.4: lllustration ofPssD (a) a problem instance; (b) optimized architecture.

the TAM are designed during 3D TAM design. This allows theigiesr to develop the

most efficient 2D/3D TAM designs given TSV-count and test@aunt constraints. Soft
dies model the additional flexibility available for optimizon when dies are fabricated
in-house for 3D integration.

Test-architecture optimization for 3D-SICs with soft dissliustrated in Figure 5.4.
Figure 5.4(a) shows the known quantities associated wélsdit die model, namely the
number of modules per die, the pre-defined scan-chains perddWmnax and T SVhax
Figure 5.4(b) shows the result of optimization, includingpper, 2D TAM, and 3D TAM
designs.

The test-architecture optimization problem for soft dias be formally defined as fol-
lows.
3D-SIC with Soft Dies (PssD
Given a stack with a séd of dies, the total number of test pifi,ax available for test at the
lowest die, and a maximum number of TSV ay) that can be used for TAM design.

For each diem € M, the total number of cores, is given. Furthermore, for each coce
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the number of inputg;, outputsog, total number of test patterng, total number of scan
chainssg, and for each scan chainthe length of the scan chain in flip flops, are given.
Determine an optimal TAM design and test schedule for thekstes well as for each die,
such that the total test lengihfor the stack is minimized and the number of TSVs used
does not exceetl S\hax

Two dual problemspssbTand PSSDWw respectively, can again be stated as follows.
For pssDT, determine an optimal TAM design and test schedule for theksand for each
die such that the total number of TSVs used for the stack ismmed and the upper limits
on test lengthThax and test pin couniVinay are not exceeded. Ferssbw determine an
optimal TAM design and test schedule for the stack as welbagdch die such that the
total number of test pins used for the stack is minimized aedupper limits on test length
Tmaxand total number of TSVSI(S\hay) are not exceeded.

Finally, the problem statement is developed for a 3D-SIGfirm die. In the case of
firm dies, the test architecture for each die is pre-definefdraa hard die, but additional
serial/parallel conversion hardware may be added to thivdikow for fewer test elevators
(or test pins in the case of the lowest die) to be used thareigdike of the fixed 2D TAM
width for the die. The conversion hardware is added befaértputs and after the outputs
of the die wrapper. The input hardware multiplexes a smalienber of TAM wires to
a larger number of die wrapper wires. Demultiplexers at tagput of the die wrapper
transfer test responses from a larger number of die wrappeswo a smaller number of
TAM wires. Compared to the scenario involving hard dies, fiaisnario allows the use of
fewer test pins at the expense of higher test lengths, boigdiisns additional flexibility in
test scheduling and test-time optimization.

The problem of test-architecture optimization for 3D-SIGthviirm dies is shown in
Figure 5.5. Figure 5.5(a) shows the known quantities forfittme die problem; these are

similar to those of the hard die problem except that testgiaue given for certain se-
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FIGURE 5.5: lllustration ofPSFO (@) a problem instance; (b) optimized architecture.

rial/parallel conversion bandwidths for each die. Durimgimization, one of these con-
verters (or no converter) can be used, as seen in Figure) 5FibDie 1, for example, a 3D
TAM width of 15 bits is used, although the 2D TAM was designedd width of 20 bits.

The test-architecture optimization for firm die is formatlgfined as follows.
3D-SIC with Firm Dies (PSFD
Given a stack with a sé¥l of dies, the total number of test piN,ax available for test
at the lowest die, and a maximum number of TSVSax that can be used for TAM
design. For each dimc M, a fixed 2D TAM architecture with the total number of cocgs
is given along with which TAM partitions they utilize and th&AM widths. Furthermore,
for each coren, the total number of test patterpg is given and the number of test pins
wlimp, required to test the die is given. Determine an optimal TANige and test schedule
for the stack, as well as possible serial/parallel conweersvidths for each die, such that
the total test lengtiT for the stack is minimized and the number of TSVs used does not
exceedl SVhax

The above problems are @lIP-hard (“proof by restriction”), as they can be reduced

using standard techniques to the rectangle packing probidrich is known to beNP-
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hard [21]. For example, fapsSHD, if the constraints on the maximum number of TSVs are
removed, each die can be represented as a rectangle withtfaegdal to its test length
and height equal to the number of required test pins. Nowhablé rectangles (dies) must
be packed into a bin with a width equal to the total number sff pgns and a height equal
to the total test length for the stack, which must be minimiz&imilarly, for PSSO a
rectangle must also be selected for each die from a set @fmglets with different widths
and heights, but a special case of the scenario is identcd#D. Despite theNP-hard
nature of these problems, they can be solved optimally secthe number of layers in
a 3D-SIC is expected to be limited, e.g., up to four layersehasen predicted for logic
stacks [22].

The above problems are more general than the combinatopalgm of rectangle
packing [21]. The added 3D design constraints and the grdasign freedom available,
especially for firm and soft dies, drastically increase thlatton space. Rectangle packing

is only a special and a considerably more simple case of @lrigm statements.
5.2.1 Test-Architecture Optimization for Final Stack Test

In this section, integer linear programming (ILP) is ugldzto solve the problems defined
in the previous section. Although ILP methods do not scalé wi¢h problem instance
size, the problem instance sizes Ry p andPsspare relatively small for realistic stacks,

and therefore ILP methods are good candidates for solvierg th
5.2.2 ILP Formulation for PSHD

To create an ILP model for this problem, the set of variables @nstraints must be de-
fined. Consider a binary variabig, which is equal to 1 if die is tested in parallel with

die j, and O otherwise. Constraints on variaklecan be defined as follows:
Xi=1 Vi (5.1)

Xij=Xji  Vi] (5.2)



1-Xij > Xk —Xjk >Xj—1  Vi#|j#Kk (5.3)

The first constraint indicates that every die is always aergid to be tested with itself.
The second constraint states that if dis tested in parallel with dig, then diej is also
tested in parallel with die The last constraint ensures that if dis tested in parallel with
die j, then it must also be tested in parallel with all other died #re tested in parallel with
die j.

Next, consider a second binary varialglewhich is equal to O if dieis tested in parallel
with die j on a lower layerl( > ), and 1 otherwise. The total test lengttor the stack is
the sum of the test lengths of all dies that are tested insphes the maximum of the test
lengths of each of the sets of parallel tested dies. Usingivasx;; andy;, the total test

lengthT for a stack with set of diell can be defined as follows.

T= gy, ( max {xij -t,-}) (5.4)

A proof of correctness of Equation 5.4 can be derived thrandhction as follows:
Base Case:
For the base case, consider two layers for which there argbssible optimization out-
comes. Either both die are tested in series, or both die ateden parallel. In the
case of series testing, thega = 1,x17 = 1,X12 = 0 andy, = 1,x01 = 0,02 = 1. Us-
ing this information and equation 5.4, the test length isedeined to bey; max{x;1 -
t1} + yamax{xaz - t2} = max{t;,0} + max{t,} =t; +t,. For parallel testing, the vari-
ables becomg; = 1,x11 = 1,120 = 1 andy, = 0,x21 = 1,X02 = 1. The equation becomes
1-max{ts,to} +0-max{tz} = max{ty,to}. These can both be demonstrated to be correct.
Induction Hypothesis:
It is assumed that (5.4) holds fbt die.

Recursive Step:
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It must be proven that the test length for det 1 is properly considered in the overall test
length. Either dieVl + 1 is tested in serial with regard to the die in the stack, o tested
in parallel with some die on a lower layer of the stack. WhenMli¢ 1 is tested in series,
Y+1 =1, Xm+1M+1 =1, andxym+1 andxu1n are zero for alh # M + 1. The test length

becomes

y1-max{Xiats, Xioto, - -+, Xamtm, Xe M4 1tms1} +
Y2 - max{Xpoto, Xoats, - - -, Xomtm, Xo M+ 1tm+1} +

-+ ym max{Xxmmtm } (5.5)

In this equationxnm+1 is O for alln # M + 1, so the test length of did + 1 is only added

to the total test length once, for:

YM-+1Max{Xm+1M+1tm+1 = tm+1} (5.6)

For the parallel case, dM + 1 is tested in parallel with one or more die below it. Let die
k be the die lowest in layer that is tested in parallel withMie-1. Thenyy = 1,X M1 =

1,ym+1 =0, andxy41x = 1. Then

YM-+1 Max{Xm+1,M+1tM+1} (5.7)

goes to zero, and

YieMa{ Xicidic, Xic ket 1tk 15 - Xk M+-1tM 41} (5.8)

takes into account the test length of died$/ + 1, and any other die tested in this parallel
tested set.

It should be noted that Equation (5.4) has two non-lineamelds, themaxfunction,
and the product of variablg and themaxfunction. This equation is linearized by intro-
ducing two new variables. The varialdetakes the value of themaxfunction for each die
i and the variable); represents the produgt- ¢;. The variables) andc; are defined using
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standard linearization techniques as shown in Figure $eé.lifiearized function for total

test length can be written as follows.

M|

T= _;Ui (5.9)

As the number of test pins used for parallel testing of diesikhnot exceed the given
test pinSiVmax a constraint on the total number of pins used to test allidiesparallel set
can be defined as follows. In the inequalities,refers to the TAM width for dig.

M|
=1

Similarly, the total number of used TSVs should not exceedjthen TSV limitT SVhax
The number of TSVs used to connect layéo layeri — 1 is the maximum of the number
of pins required by the layer at or above lay#rat takes the most test pin connections, and
the sum of parallel-tested dies at or above layiarthe same parallel-tested set. Based on
this, the constraint on the total number of TSVs used in aaedtitecture can be defined

as follows:
M| M (M|

%{m :X{Wk7 szj Xicj < T SVhnax (5.11)
1= =

k=

The above set of constraints can be linearized by repreggtite maxfunction by a
variabled;. Finally, to complete the ILP model fe&rsHD, constraints on binary variabig
and the relationship between binary varial@ndxj; must be defined. For this purpose,
a constanC is defined that approaches but is less than 1. It is then pgegsildefiney; as

follows:
yi=1 (5.12)
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i (%j-1)-C Vi>1 (5.13)

Equation 5.12 forceg; to 1, because the lowest layer cannot be tested in paralliel wi
any layer lower than itself. Constraint (5.13) defiyefor the other layers. To understand
this constraint, first make the observation that the objediinction (as shown in Equa-
tion (5.4)) would be minimized if eac) is zero. This would make the objective function
value equal to 0, which is an absolute minimum test lengthusJTy must be restricted to
1 only where it is absolutely necessary, otherwise the glbbgtunction can be relied on to
assign a value 0 to all unrestrictgdvariables. This equation considers the range of values
that the sum okj; can take. The fraction in the equation normalizes the sumvalue
between 0 and 1 inclusive, while the summation considegoatsible cases for a die being
tested in parallel with a die below it.

Equation 5.13 can be proven correct through induction dsvist

Base Case:

Consider for the base case a stack of 2 die. The varighike always equal to onez; =

1, andxx»>=1. There are two possible configurations for testing the dieo The first
configuration is that both die are tested serially. If thisrie, then the variables take the
values ofx;» = 0 andxy1 = 0. The equation foy, then becomes:

1

1501 —M (5.14)

y2 2

NS
IV
H
Z

(5.15)

BecauseM < 1, 1— M is some small fraction greater than zero. Thysnust be greater

than zero, and because it is binary it must take the value @f ®he second possibility is
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that both die are tested in parallel such thgt= 1 andx,; = 1. This definey, as follows:

1
> (xp1—1)— .
Vo> 75 (1= 1) =M (5.16)

v

yo > —M (5.17)

This leavesy, unrestricted, as it can only take the value zero or one anuis always
greater than a negative number. Due to the objectyeayill become zero as desired,
because it is tested in parallel with a die lower in the sthektitself.

Induction Hypothesis:
It is assumed that Equation ( 5.13) holds for the casa dfe.

Case ofm+ 1 die

For diem+ 1, Equation (5.13) becomes:

Yme1 = ﬁ([x(m—i—l)l — 1+ Xmi2 — L+

m+1 (5.18)

e+ Xmpym—1) — M

If m+ 1 is tested serially, then the summation adds the quantfitg total ofmtimes. This

results in:

Ym > %n(_m)_M (5.19)

ym>1-M (5.20)

This forcesymn. 1 to one. Now consider the range of values that can be takenebsight
hand side of equation 5.18 for parallel testing cases ofhiel by considering the ex-
tremes. If diem+ 1 is tested in parallel with only one die below it, then onehaf terms of

the summation becomes zero and the calculation becomes:

> - (~(m— 1))~ M (5.21)
PSS Sy (5.22)
—m



Objective:

Minimize Zm Uj
Subject to the Constraints:

tmax= ma '\:/I‘lti

G > Xij -t Yi,j =i..M|

u >0 Vi

Ui —tmax-¥i <0 Vi

u—-¢ <0 Vi

Ci — Ui +tmax' ¥i < tmax Vi

z‘j'\illxij - Wi < Whnax Vi

Xi=1 Vi

Xj =Xji  Vi]j

1*MXijZXik*XijXij*1 Vi#£|j#k

sMd < TSVhax Vi
d>3sMowixg  Vik=i.M]
diEWj Vi,j:i..||\/||

yi=1

yi> g 3h-)-C  Vi>1

FIGURE 5.6: ILP model for 3D TAM optimizatiorPSHD.

The fraction clearly results in a positive number less thae, @and subtractinlyl makes
this a negative value, leaving,. 1 unrestricted. In the case of de+ 1 being tested in

parallel with every die below it, every term of the summatisrzero and the calculation

becomes:
Ym > i(O) -M (5.23)
—m
Ym > —M (5.24)

Thus, for all cases of dim+ 1 tested in parallel, the right hand side is in the raﬁgﬁﬁJ —
M, —M], which are all negative values, thereby leawgg 1 unrestricted.

The complete ILP model for problersHDis shown in Figure 5.6.

A benefit of using ILP is that the dual problemmsHDT and PSHDW can be easily
tackled by appropriately modifying the model of Figure 36r bothPSHDTandPSHDW,

a maximum test length constraifihax is introduced and the following inequality is added
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to the model:
M|

Zlui < Trax
i=

As can be easily seen, the previous objective function istnaasformed into a constraint.
For PSHDT, the constraint on TSVs used is removed, which is the indgualolving
T SVhax and is replaced with the following objective function:

M|
Minimize szi
i=

For PSHDW, the constraint on the number of test pins used is removetthwh the in-
equality involvingWmax and the variablé is introduced to represent the number of test
pins used by the stack. The following inequalities defne

M|
P> Xj-w; Vi (5.25)
)

Our objective forrsHDWiIs therefore to minimizé.
5.2.3 ILP Formulation for PsSsD

The ILP formulation for 3D-SICs with soft cores is derived isimilar manner as that for
3D-SICs with hard cores. In this case, the test lemigtbr diei is a function of the TAM
width w; assigned to it. Using the variablgs andy; as defined in Section 5.2.2, the total
test lengthT for the stack with the set of soft di&s can be defined as follows.

M|

T= 2 i ma 6t (wy)} (5.26)

It should be noted that Equation (5.26) has several nordielements. To linearize this
equation, the test length function must first be defined. lemurpose, the binary variable
Oin is introduced whergi, = 1 if w; = n, and 0 otherwise. The expression is then linearized
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Objective:
Minimize SN u;
Subject to the Constraints:
tnax= ma)%!;‘]_ti
Ci > Vij Vi, j=i..|M|
vij >0 Vi,
Vij — tmax" Xij <0 Vi, j=1.|M|
~ S (g (M) +vij <O Vi
Zrk1i:1(gjn -t5(N)) — Vij +tmax Xij < tmax Vi,
u>0 Vi
Ui — tmax'yi <0 Vi
u—¢ <0 Vi
Ci — Ui +max' ¥i < tmax i
Zjk > 0 Vi, j,k
Zijk —tmax Xk <0 Vi, j,k
—Wi+zjk§0 Vi, j,k
WiM— Zjk +tmax- Xjk < tmax vi, j,k

S dh < T S\

d>3sMzig  Vik=i.M]

di > w; Vi, j=i..|M|
le'\i‘lzjijS\Mnax Vi

Xi =1 Vi

Xj=Xji  Vi]j o
1-Xj > Xk —Xk >Xj—1  Vi#Fj#k
yi=1

R = TR VIR

FIGURE 5.7: ILP model for 3D TAM optimizatiorrssn

using the variablejj for X;; -zﬁzl(gjn -tj(n)). Similarly to Equation (5.9), the variabtg
takes the value of the max function for each idéend the variable; represents the product

Yi - Gi. Becausew; is now a decision variablejj - wj is linearized using a new variable
zjk defined for alli, j,k. The max function is represented by the variatjlas before. By
using the variable;j, the TAM width that can be given to each die can be constrained
by an upper limit, which is the number of available test pifbis is represented with the

following set of inequalities. The complete ILP model fsbis shown in Figure 5.7.
M|

Z Zjij < Whnax Vi (5.27)
=

As before, alterations are made to the ILP model to solve tla¢ groblemssspTand
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PssDW For bothpsspTandpPssbw as with the hard die dual problems, a maximum test
length constrainTiyaxis introduced and the following constraint is added to thebjm:

M|
2

ForpssDT, the constraint on TSVs used is removed and the followingaibje function is

used:
(M|

Minimize %di.
i=
ForPsSHDT, the constraint on the number of test pins used is removeidhvidithe inequal-

ity involving Wmax and variableP is once again utilized. The following inequality defines

P.

M|
P> ) zjj Vi (5.29)
2

Our objective forrsHDTIs therefore to minimizé.
5.2.4 ILP Formulation for PSFD

The ILP formulation for 3D-SICs with firm dies is an extensidiie model for soft dies. A
constraint is added to indicate that the number of test mes fior a die cannot exceed the
number of test pins required by the fixed 2D TAM for that dieisldonstraint is expressed
as:

w; < wlim; Vi (5.30)

wherewlim; is the number of test pins required by the 2D TAM on eachidieior to
any serial/parallel conversion. In order to accuratelyedaine test lengths for the dies
using serial/parallel conversion, the control-aware TAd8idn method of [23] is modified

to allow the architecture to be fixed in terms of assignmemho@lules to TAM partitions
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(b) With Conversion
FIGURE 5.8: lllustration of TAM width reduction using serial/p#ied conversion.

for a die. The effective widths of the TAM partitions are thigsratively reduced and re-
optimized, thereby determining the optimal serial/paiaibnversion to use depending on
the bandwidth given to that die as shown in Figure 5.2.4. fei§u2.4 (a) shows a die prior
to TAM width reduction, where ten pins are required to testdie. There are two cores,
one with three wrapper chains consisting of the given nunobercan flops, and another
with two wrapper chains. The amount of time needed to test eae is dependent on the
length of the longest wrapper chain and the number of testnost required by the core.
In this example, it is assumed that both cores require thee saumber of test patterns.
Therefore, the TAM width is reduced by two and it is best to borm the wrapper chains
of length eight and twelve in the first core, resulting in agest wrapper chain of twenty

as seen in Figure 5.2.4 (b).
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1: 2126
SIC 3

FIGURE 5.9: Three 3D-SIC benchmarks.

5.2.5 Results and Discussion of ILP-based Final Stack Test Optimation

In this section, simulation results are shown for the ILP sisghresented in the previous
section. As benchmarks, three 3D-SICs (as shown in Figupeha& been handcrafted
from several SOCs from the ITC’'02 SOC Test Benchmarks as diekeitise 3D-SICs. The
SOCs used are d695, 12126, p22810, p34292, and p93791. In,She dlie are ordered
such that the lowest die is the most complex (p93791), witls thcreasing in complexity
as one moves higher in the stack. The order is reversed in S\¢hike for SIC 3, the
most complex die is placed in the middle of the stack, witls diecreasing in complexity
moving out from that die. For equal test bitwidths, the dmsdst in the stack in SIC 1
have the highest test times. In Table 1, 2126 has a sliglgllyen test time than p22810
because it has a smaller test bitwidth. P22810, howevel]ligie more complex die from
atest perspective. Because SIC 1 and SIC 2 are two extreng tasgbetter illustrate the
results that are generated. SIC 3 is included to demongéstiémes for an intermediate
case of 3D stacking, as opposed to simply the opposite eggem

To determine the test architecture and test length for angilie (SOC) with a given
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Table 5.1: Test lengths and number of test pins for dies asresjin PSHD.

L

Die

L d695i f2126 Jp22810J p34392l p93791J

Test Length (cycles)

96297

669329

651281

1384949

1947063

# of Test Pins

15

20

25

25

30

Table 5.2: Comparison of optimization results betwesriD and a greedy algorithm for

11°

SIC 1.
| PSHD (ILP) i PSHD (Greedy) || Percentage Differenc
T SVhax | Wpin || Test Length Test Test Length Test in Test Length

(cycles) Schedule (cycles) Schedule || (ILP versus Greedy)
160 30 4748920 1,2,3,4,5|| 4748920 1,2,3,45 0.0
160 35 4652620 1,2,346 4652620 1,2,346 0.0
160 40 4652620 1,2,346 4652620 1,2,346 0.0
160 45 3983290 15,2)|4,3 4001340 1,25,3/4 0.5
160 50 3428310 14,2)|3,5 3428310 14,2)|3,5 0.0
160 55 2712690 12,3|4,5 2712690 12,3|4,5 0.0
160 60 2616390 12,3||4||5 2712690 12,3||4,5 3.7
160 65 2616390 12,3||4||5 2712690 12,3||4,5 3.7
160 70 2616390 12||5,3||4 2616390 12||5,3||4 0.0
160 75 2598340 12||4,3||5 2616390 12||5,3||4 0.7
160 80 2598340 12||4,3||5 2616390 12||5,3||4 0.7
160 85 2598340 12||4,3||5 2616390 12||5,3||4 0.7
160 90 2598340 12||4,3||5 2616390 12||5,3||4 0.7
160 95 2043360 12||3||4,5 2616390 12||5,3||4 28.0
160 100 2043360 12||3||4,5 2043360 12||3||4,5 0.0

TAM width, the control-aware TAM design method in [23] hashaised. Control-aware

TAM design takes into account the number of scan-enablesgaquired for independent

testing of TAMs in the architecture. FersHD (3D-SIC with hard dies), the test lengths

(cycles) and TAM widths for different dies are listed in Tal8.1. Note that test pins

were assigned to dies based on their sizes in order to avoydarge test lengths for any

individual die.

The minimal achievable test length for the hard die stackbmseen to be 1947063

cycles, which occurs when all dies are tested in paralldt wite another. To investigate

the effect of achieving this test length for a 3D stack, co@sSIC 1 and SIC 2. For both

SICs, this architecture requires 115 test pins on the botientadr SIC 1, this requires 195

test TSVs. For SIC 2, this requires 265 test TSVs.
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Table 5.3: Comparison of optimization results betwessband a greedy algorithm for
SIC 1.

| PSSD (ILP) Il PSSD (Greedy) || Percentage Difference
T SVhax | Wpin || Test Length Test Test Length Test in Test Length
(cycles) Schedule (cycles) Schedule || (ILP versus Greedy)
140 30 4795930 12||3||4,5 7842000 12,3,4|5 63.5
140 35 4237100 12||3||4,5 7633580 13,2)|4,5 80.1
140 40 3841360 12||3||4,5 6846400 13,2)|4,5 78.2
140 45 3591550 12||3||4,5 6379510 12||3,4]|5 77.6
140 50 3090720 12||3||4,5 6041270 12||3,4]|5 95.5
140 55 2991860 12||3|/4(|5 5873430 12||3||4,5 96.3
140 60 2873290 12||3||4,5 5821900 12||3||4,5 102.6
140 65 2784050 12||3|/4(/5 5705410 12||3||4,5 104.9
140 70 2743320 12||3||4||5 5638140 12||3)|4,5 105.5
140 75 2629500 12||3||4/|5 5638140 12||3||4,5 114.4
140 80 2439380 12||3||4(|5 5496200 12||3||4,5 125.3
140 85 2402330 12||3|/4(/5 5447190 12||3||4,5 126.7
140 | 90 2395760  12|3||4/5 || 5447190  12||3||4,5 127.4
140 95 2383400 12||3||4||5 5447190 12||3||4,5 1285
140 100 2369680 12||3||4/|5 5351480 12||3||4,5 125.8

Table 5.2 compares optimal results produced using ILP witise produced using a
greedy algorithm forrsHD SIC 1. The greedy algorithm attempts to combine dies in
parallel-tested sets, starting with those that would leathé greatest reduction in test
time. If more than one combination results in the same réalugit prioritizes those com-
binations that result in the smallest test resource use. @mdgorPssbandPSFD, PSHD
is a less complex problem. Thus, the greedy algorithm isldepeE producing results that
are sometimes optimal, although it often does not resultemiinimum test time.

Table 5.3 shows the information in Table 5.2 for problessn The soft die problem
is more difficult to solve using a greedy heuristic. The h&tirialgorithm forrssbuses
the greedy algorithm frorasHDas a subroutine in test-architecture optimization. It begi
with an assignment of an equal number of test pins to eactedfi#s and optimizes the 2D
and 3D TAM under these constraints. It then randomly addseamdves random numbers
of test pins from each die, each time balancing the resulséotihe maximum number of

test pins, and optimizes again. It checks for reductiongsh time, returning to the best
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FIGURE 5.10: The test length with respectT&\axfor SIC 1 and SIC 2 with hard dies.
solution so far if no test time reduction is produced or cansts are violated. It terminates
after 10000 iterations of no improvement. As can be seempplienal ILP solution tends
to be much better in terms of test length than the heuristiatisn, simply because the
solution space is so large.

It is useful to briefly discuss how the test architecture f@o# die is built using the
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information produced from the ILP optimization. Prior tangthe ILP model, 2D TAM

architectures that minimize test time are produced for & the stack assuming a wide
range of TAM widths available to that die. In this sense, tBe&chitecture is already
completed and a choice must be made regarding which artim¢ers to be used. The
ILP formulation provides data regarding which TAM width teeufor each die and the test
schedule for testing the die, which lets the designer knovechvtiies need to be tested in
parallel. With this information, the design of the 3D TAM iementary. The integrator
simply provides the appropriate TAM width to each die, asguthat the number of test

elevators between each die is sufficient for the bandwidjbired for any parallel tests.
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09T

Table 5.4: Simulation results fersHD.

[ PSHD SIC 1 \[ PSHD SIC 2 H PSHD SIC 3 \
T SVnax | Wpin || Test Length Test Reduction|| Test Length Test Reduction|| Test Length Test Reduction
(cycles) Schedule (%) (cycles) Schedule (%) (cycles) Schedule (%)
160 30 4748920 1,2,3,4,5 0.00 4748920 1,2,3,4,5 0.00 4748920 1,2,3,4,5 0.00
160 35 4652620 1,236 2.03 4652620 12,3,4,5 2.03 4652620 15,2,3,4 2.03
160 40 4652620 1,236 2.03 4652620 13,2,4,5 2.03 4652620 15,2,3,4 2.03
160 45 3983290 15,2||4,3 16.12 3983290 13,2)|4,5 16.12 3983290 14,2)|5,3 16.12
160 50 3428310 14,2)|3,5 27.81 3428310 1,25,3/4 27.81 3428310 1,24,3|5 27.81
160 55 2712690 12,3)|4,5 42.88 2712690 1,23,4|5 42.88 2712690 1,23,4|5 42.88
160 60 2616390 12,3|4/|5 44,91 2616390 12||3,4|5 44,91 2616390 14||5,2|3 44.91
160 65 2616390 12,3|4||5 4491 2616390 12||3,4|5 44,91 2616390 14(|5,2|3 4491
160 70 2616390 12||5,3|4 4491 2616390 12||3,4/|5 44,91 2616390 12||3,45 4491
160 75 2598340 12||4,3)|5 45.29 2616390 12||3,4|5 44,91 2616390 12||3,4|5 4491
160 80 2598340 12||4,3/|5 45.29 2616390 12||3,4/|5 44,91 2616390 12||3,4|5 44,91
160 85 2598340 1214,3|5 45.29 2616390 12||3,4|5 44,91 2616390 12||3,45 44,91
160 90 2598340 1214,3|5 45.29 2616390 12||3,4|5 44,91 2616390 12||3,45 4491
160 95 2598340 1214,3|5 45.29 2616390 12||3,4/|5 44,91 2616390 12||3,45 4491
160 100 2043360 12||3||4,5 56.97 2616390 12||3,4/|5 44,91 2616390 12||3,4|5 4491
160 105 2043360 12||3||4,5 56.97 2616390 12||3,4/|5 44,91 2616390 12||3,4|5 44,91




Take for example the information provided for the ILP optiation of soft dies in
Table 5.3 wheW,, is 60. Although not shown in the table, the ILP optimizationypdes
the designer with the following widths for each die (theski®@a show the number of test
pins used by that die, so the TAM width is half the given valv#) = 30,W, = 20,\W; = 6,

W, = 4,Ws = 30. The designer sees that Dies 1-4 are tested in parallelved by Die 5.
Because the width of the top die dominates this stack, TSMnmg@imply requires 30 test
elevators between each die. Die 1, 2, 3, and 4 each utilizieaeht test pin of the 60 test
pins available, and Die 5 can utilize any 30 of the test pinsicWhin is routed to which
die is up to the best judgment of the designer, as is wiremguwtnd the like.

For a fixedT S\haxand range oW\nax, Table 5.4 presents representative resulte 84D
for the three benchmark 3D-SICs using hybrid TestRail archites [46]. Additional val-
ues forT S\hax could be considered, but they do not provide any new insigbds PSHD
and its comparison tesHD, optimizations were done using hybrid TestBus [46] architec
ture for variety. The ILP models were solved using the XPRESStool [49]. In this table,
Column 1 shows the maximum number of TSVs allow&&¥hay), while Column 2 rep-
resents the number of available test pidgax. Columns 3, 6 and 9 represent the total test
length (cycles) for the stack for 3D-SIC 1, 2 and 3 respeltiv@olumns 4, 7, and 10 show
the resulting test schedule for the 3D-SICs, where the syfiBahdicates parallel testing
of dies, and a “,” represents serial testing. Finally, Colarin8, and 11 show the percent
decrease in test length over the serial testing case fohthe BD-SICs. From Table 5.4 it
can be seen that compared to serial testing of all dies (&Giveim the table), the proposed
method obtains up to 57% reduction in test length. Note tittadagh identical test lengths
were obtained for SIC 2 and SIC 3 fdiS\hax= 160, different TAM architectures and test
schedules were obtained from the optimization algorithee (Solumns 4 and 10).

For a different number of TSV (S\hax), Figure 5.10(a) and Figure 5.10(b) show the
variation in test lengtid” with an increase in number of test pMé,axfor SIC 1 and SIC 2.
From the figures, it can be seen that bdotB\,,ax andWinax determine which dies should be
tested in parallel, and thus determine the total test lefayithe stack. For a given value of
T SVhax increasingMnax does not always decrease the test length, showing the peesén

pareto-optimal points. These have an important impactstinrésource allocation, because
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FIGURE 5.11: Variation in test length wittMyaxandT S\pax for SIC 2 with hard dies.

Table 5.5: Comparisons betweeaHDandPSFD

Optimization || Winax || Test Length| Reduction Test No. of Test Pins

Framework (cycles) (%) Schedule | used per Die
PSHD 35 4678670 0 1,2,3,45 | 30,24,24,20,14
44 4009340 0 1/(4,2,3|5 | 30,24,24,20,14
50 || 3381720 0 1)3,2||5,4, | 30,24,24,20,14
60 2658750 0 1)|5,2|3,4, | 30,24,24,20,14
80 2658750 0 1)|5,2|3,4, | 30,24,24,20,14

PSFD 35 || 3828490 | 18.17 | 1]4,2|3,5 | 28,24,10,7,14
44 || 2875900 | 28.27 | 1]2,3|4,5 | 28,16,24,18,14
50 | 2641060 | 21.90 | 1/[2,3|4]5 | 30,18,24,18,4
60 | 2335780 | 12.15 | 1)2|3||4,5| 28,16,10,6,14
80 | 1971400 | 25.85 | 1)2|3||4|5| 30,24,10,88

test resources for a target test length should be providbdtorthe extent that they align

with the first point in a pareto-optimal plateau.

Figure 5.11 shows the variation in test length for SIC 2 wheth b S\ax andWnaxare
varied. From the figure, it can be seen that a small increatbeinumber of test pindiax
for a givenT S\ihax reduces test length significantly, while to achieve the saadaction in

test length with a fixed number of test pMé,ax a large increase i S\ihax is required.
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(@) SIC1 (b) SIC 2
FIGURE 5.12: Example of optimization for SIC 1 versus SIC 2.

Figure 5.12 demonstrates the differences between SIC 11&n2 @uring optimization.
Two 3D stacks with five dies each are shown, with TAM widthtliged on each die and
the number of TSVs used between each die shown to the lefedftdck. Figure 5.12(a)
shows the number of TSVs needed to test Die 1 and Die 2 in phfallowed by Dies 3, 4,
and 5 for SIC 1. It is desirable to test Die 1 and Die 2 in parékzause they are the dies
with the longest test lengths. This requires 90 TSVs. For&ltis requires 250 TSVs as
shown in Figure 5.12(b). This demonstrates why optimizapooduces better results for

SIC 1 than for SIC 2.
Table V compares results fesHDandpPsFDfor TestBus architectures. Table V demon-

strates that by adding serial/parallel conversion of TAlguts to hard dies, a reduction in
test length as high as 28% can be obtained. This is becausernkiersion allows for an
increase in the test length of individual die in order to miiizie the overall SIC test length
during test schedule optimization. It should also be nolted the test schedules and the
number of test pins utilized for each die differ consideydidtween the hard-die and firm-
die problem instances. Compared to a hard die, a firm die regjaismall amount of extra
hardware to convert a narrow TAM at the die input to a wideridternal TAM, and vice
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versa. The area cost of this additional hardware is nedggigitbmpared to the die area and
the hardware required for the core and die wrappers.

Figure 5.13 shows comparative test lengths betwesnD and PSFD when W ax IS
varied, for two values of S\4,ax and for two SICs. It is impossible to test the hard dies in
these cases using fewer than 30 test pins without usind/parallel conversion. As fewer
test pins are used, the test lengths for individual diestlyr@ecrease, resulting in a sharp
increase in overall test length below certain value®/gkyx It is important to note that the
test length for a SIC with hard dies can never be shorter thanetst length for the same
SIC with firm dies; at best it can be equal. This is becausdyennorst case with respect
to test length, the optimization for firm dies is equivalentte optimization for hard dies,
i.e., no serial/parallel conversion is carried out. It carsben that the use of serial/parallel
conversion hardware can result in less use of test resoanceshorter test time compared
to hard dies without conversion. This observation is paldidy valid in SIC 2, where the
position of dies in the stack limits test time reduction.

Figure 5.15 showssHDT(3D-SIC with hard dies and TSV-count optimization) results
for SIC 1. Under tight test length constraints, a solutionht® optimization is unattain-
able for smaller values O\nax In Figure 5.15, for example, \Wmax value of 30 will not
produce a feasible test architecture until the test lergtibove 470000 cycles. Once an
optimized architecture is achievable, the minimum numlé&rS)Vs used is generally the
same regardless of the valueMf,ax. There are two reasons for this. The first is that there
are only a few configurations of the 3D TAM for the hard-diecktaand multiple configura-
tions will give the same minimal TSV value. This is only a peréxplanation, however, as
equal minimal-TSV values for variomax values are seen for soft dies as well. The pri-
mary reason for the results of Figure 5.15 is that in orderitamize the number of TSVs
used by the stack, the ILP solver will tend toward testinglagk in series with each other.
If this cannot be done, then it will attempt to test only thoses with the smallest TAM
width in parallel. This test configuration—tending towastial testing—also happens to
be the configuration that results in the fewest number ofgest used. This is why the
TSV-count values in Figure 5.15 overlap even for tight testgonstraints—minimizing

the TSVs used also tends to minimize the number of test pieg. uEhis is seen for both
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FIGURE 5.13: Comparison of variation in test length wi,ax for SIC 1 and SIC 2
between firm dies and hard dies.

SIC 1 and SIC 2 (Figure 5.16), although the number of TSVs egddr testing in the

less-optimized SIC 2 stack is higher. Results#sHDW (3D-SIC with hard dies and test
pin-use optimization) are also as expected—if minimizir@y/Tuse also tends to minimize
test pin use, then minimizing test pin use should also temditdmize TSV use. As such,
overlapping minimal test pin use for both tight and lods8\i,ax constraints is again ob-
served. Note that optimizing for minimum TSV or test pin useds toward serial testing.

Therefore, these optimizations result in very differest tgchitectures than optimizing for
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FIGURE 5.15: Variation in TSVs used witf,ax for SIC 1 with hard dies.

test time. In contrast, solutions that minimize test timredt®o result in the parallel testing
of many dies, as can be seen k@sDin Table 5.3.

For pssD(3D-SIC with soft dies), Pareto-optimality is almost notistent whenNax

is varied; see Figure 5.14. This is due to the fact that asidiéise stack are soft, it is
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FIGURE 5.16: Variation in TSVs used witl,ax for SIC 2 with hard dies.

always possible to find one die for which adding an extra testgduces the overall test
length. Some Pareto-optimal points can be identified for &IThis is because the most
complex dies in a stack tend to be the bottleneck in redu@sgléngth. Because these
dies are stacked toward the top of the stack in SIC 2, TSV caings are more restrictive;
the addition of test pins to these dies requires more TSVdastElevators throughout the
stack. However, fopssnp although varyinghinax does not create Pareto-optimal points,
varying T S\hax results in various Pareto-optimal points as shown in Figut&. Note that
this effect is more pronounced in SIC 2 than in the other 3DsSIThis is because the
addition of test pins to the bottleneck die (at the highegedpintroduces a larger TSV
overhead than in the other 3D-SICs. Furthermore, as lonyas is sufficient, T S\hax
is the limiter on test length. FarsHD, PSS andPSFD, the stack configuration (SIC 1)
with the largest die at the lowest layer and the smallest tibeahighest layer is the best
for reducing test length while using the minimum number oWESFigure 5.20 shows a
comparison of optimized test lengths for soft dies betweléhZand SIC 3. As shown,
SIC 3 leads to test lengths lower than or equivalent to SIC igiter values folVmax
However, under tight test pin constraints SIC 2 results itelbéest lengths.

Figure 5.18 showessDT(3D-SIC with soft dies and TSV-count optimization) results

for SIC 1. Compared to the optimizations for hard dies, lesstpeoptimality is present
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as expected, because more leeway exists in the soft modelth&aeasons described
earlier, similar results as in Figures 5.15 are seen. Simligervations are made for test
pin optimization, as seen in Figure 5.19, which shessbw(3D-SIC with soft dies and
test pin-use optimization) results for and SIC 2.

Consider the optimization of SIC 2 versus SIC 3 for problessn see Figure 5.20.
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For hard dies, as shown in Table 5.4, similar test times wiffierént architectures were
produced. This is because the hard die model is too limiteéd 8D constraints to lead
to different test times for SIC 2 and SIC 3. This is not the dasesoft dies, where the
additional degree of freedom leads to different architest@and better test times in SIC 3

when compared to SIC 2, as expected. From a design perspebtisy means that a stack

169



d695

Die-external TAM wires

2849708
Test Time (cycles)

FIGURE 5.21: Visualization of test schedule for SIC 1 with hard diES\tax= 160, and
me = 100

Die-external TAM wires
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FIGURE 5.22: Visualization of test schedule for SIC 1 with firm di#$SVhax= 160, and
me = 100

layout with lower test time can be achieved if one can gehekalep the most complex
dies in lower layers in the stack.

Figure 5.21 demonstrates the optimization for hard dies3D atack withT S\ ax Of
160 andWpin of 100. As can be seen, with fixed dies TAMs there is limitedaypmity for
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FIGURE 5.23: Visualization of test schedule for SIC 1 with soft die&S\k,ax = 160, and
me = 100

optimization given that the test lengths of each individdialcannot be altered. Thus, the
test schedule has undesirable white spaces denoting wastadsources. The use of firm
and soft dies helps to eliminate wasted resources, as séegure 5.22 and Figure 5.23,
respectively. Firm dies allow for a modest reduction in kesgth by decreasing the number
of TAM wires allotted to p22810 and utilizing those wiresteed to test all the dies in
parallel. With soft dies, even more test length is saved.

Finally, consider the scalability of the ILP-based optiatian method by determining
the stack size (number of layers) for which the ILP solveetakore than one day of CPU
time. ForPsHD, M = 16 is obtained, while forssp M = 10. Because these valueshf
are unlikely for realistic stacks, it can be concluded that proposed method is scalable

and practical.

5.3 Extending Test Optimization for Multiple Test Insertions and In-
terconnect Test

In Section 5.2, optimization techniques were introducadniiimizing the test time for
final stack test. A global limit was set on the number of detidd SVs to be used for test
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access and constraints were imposed on test bandwidth ddartided number of test pins

on the lowest die in the stack. This section extends the maheal model to allow for the
optimizer to consider any or all post-bond test insertioasireéd by the 3D test engineer.

This is a more general approach that still allows for optatian for the final stack test
alone, or any number of post-bond test insertions. Furtbeznthe test times for TSVs
and die-external logic will be considered in the extendethapation framework. Finally,
TSV limits for the 3D TAM are applied on a more realistic payér basis.

5.3.1 Modifying the Optimization Problem Definition

As mentioned earlier, the lowest die in a 3D SIC is usuallgdiy connected to chip 1/0O
pins, and therefore it can be tested using package pins.sTd¢hi other dies in the stack,
TAMs that enter the stack from the lowest die should be peido transport test data up
and down the stackest elevatorsnust be included on each die except for the highest die
in the stack [58]. The number of test pins and test elevassrasell as the number of TSVs
used, affect the total test time for the stack.

Many new manufacturing steps are needed for the producti8B51Cs than for 2D-
SICs, including TSV creation, wafer thinning, alignmentddonding. These steps can
introduce possible defects that do not arise for 2D-SICs [80th defects include incom-
plete fill of TSVs, misalignment, peeling and delaminatiang cracking due to back-side
grinding. It is difficult to carry out pre-bond testing of TS\due to limitations in probe
technology and the need for contactless probing. Thus;lpmsd partial-stack and in-stack
TSV testing are needed to detect these new defects and rddigm escapes.

The following two examples, for hard dies and soft dies, eesipely, highlight the
limitations of optimization techniques that are oblividasnultiple test insertions. In Sec-
tion 5.2, optimization decisions were made consideriny oné final stack test after all
dies have been bonded. These models cannot be directhedpploptimize for multiple
test insertions, as shown in Figure 5.24.

Examplel: Consider an attempt to optimize for two test insertions fitst with three
dies on the stack as in Figure 5.24(a) and the second witbuwlldies as in Figure 5.24(b),
by building upon the test architecture created for the fast insertion. A global TSV limit

172



10 10
Test Time ;
Die TAM Width P N Die 3 =
N

Die 3 ]

15
Test
Flevators, 1> = ~ ——T—
~ T N /50 . Die 2
/\ Die 2

25
25 25
| | = V
f E——) \/71000 =) /1000

Il ITT
1 10 30 30

(@) (b)
FIGURE 5.24: Example 1: 3D-SIC with three hard dies.

of 90 is imposed for this example. As seen in Figure 5.24(8,10s tested in series with
Die 2 and Die 3, resulting in a minimized test time of 1500 egchnd the use of 80 TSVs
as test elevators. It is then attempted to add the fourth dieewreserving the previous
architecture, but this leads to a violation of the TSV liméchuse 100 TSVs are now
needed (the test elevators marked in the figure exceed theéateahupper limit). If instead
optimization starts from the complete stack and works backg; suboptimal results for

the test time are obtained. This is because the architectaeted for the final stack test
cannot support optimal test schedules for other interntedest insertions. Therefore,

new optimization techniques are needed for partial stastingg The following example
highlights this problem.

Example2: It can also be shown that optimizing only for the final stée$t does not
result in optimum test times for multiple test insertions.n€ider an SIC with three dies
from the ITC’02 SOC Benchmarks [24] as shown in Figure 5.25. r@lage 40 test pins
available to the stack and a limit of 40 TSVs per side of eaetadithe maximum number
of TSVs to use for the test infrastructure. The test time fwhedie is determined by its
test architecture, which in this example relies on daisythg.

Figure 5.25(a) shows the resulting test elevator widthsthaschumber of TSVs used if
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the stack is optimized to reduce the test time of the finakstast after all dies have been
bonded. This architecture allows for the testing of all &dees in parallel, which results in
a final stack test time of 1313618 cycles with individual ésttimes of 1313618, 1303387,
and 658834 cycles, from top to bottom. The architecture 88esut of the 40 allowed test
pins and 64 TSVs. When both possible stack tests are condjdeith the first stack test
done after the middle die is bonded to the lower die and thé $taak test, the total test
time becomes 2617005 cycles (Die 1 and Die 2 are tested iligddoa the first stack test).

Figure 5.25(b) shows the test architecture created ifathkstests are considered during
optimization, which uses all 40 test pins and 62 TSVs. Thihigecture allows Die 1 and
Die 2 to be tested in parallel for the first stack test, and then2 and Die 3 to be tested
in parallel after Die 1 is tested for the final stack test. Téwt times for the dies from top
to bottom are 1338480, 700665, and 75004, respectivelys rHsults in a final stack test
time of 1413484 cycles, an increase in time over the prevexasnple. However, when
considering all stack tests, this architecture results fota test time of 2114149 cycles
(700665 cycles for the first stack test), a considerableatsmluover the previous example.

This example clearly shows the impact of the optimizatiogeton the architecture and test
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time. Therefore, a test-architecture optimization algponi for 3D-SICs has to minimize
the test time while taking into account 3D design constsaastwell as all of the post-bond
tests that will be run on the 3D-SIC. The resulting optimiz€dT2AM must also allow for
different test schedules for each post-bond test.

With the above examples as motivation for better optimarathethods, the problems
addressed in this section can be formally stated. The probfeest-architecture optimiza-
tion for 3D-SICs with hard dies for all stack test insertiomsléfined as follows.
3D-SIC with Hard Dies and Multiple Test Insertions (P o)

Givens include a stack with a skt of dies and total number of test pilgy,ax available
for test. For each dien€ M, its tier numbel, in the stack, the number of test ping,
(Wm < Wnax required to test the die, the associated test tigpy@nd a maximum number
of TSVs (T SV may,) that can be used for TAM design between die- 1 andm (m > 1)
are given. The goal is to determine an optimal TAM design liergtack and test schedule
for each stage of stacking such that the total test fimee., the sum of the test times for
all the desired stack tests (final stack test or multipleitessrtions), is minimized and the
number of TSVs used per die does not excCE&Y may.

For a 3D-SIC with soft dies, the test-architecture for eaehisinot pre-defined, but is
determined during the test-architecture design for thekstahis scenario provides greater
flexibility in terms of test-time optimization. The problemhtest-architecture optimization
for 3D-SICs with soft dies and multiple test insertions isfiaily defined as follows.
3D-SIC with Soft Dies P19
Givens include a stack with a gett of dies and the total number of test pWg,ax available
for test. For each dim € M, its tier numbety, in the stack, a maximum number of TSVs
(T SV may) that can be used for TAM design between die- 1 andm (m > 1), and the
total number of coresy, are given. Furthermore, for each carghe number of inputg,,
outputsop, total number of test patterns,, total number of scan chairsg, and for each
scan chairk, the length of the scan chain in flip flopg are given. The goal is to determine
an optimal TAM design and test schedule for each stage okistgcas well as for each

die, such that the total test timiefor the stack is minimized and the number of TSVs used
per die does not exceddSV may,.

175



r;:"’ E"? 'y /E‘

TA M

:
ﬁ; {} =)
r % 351”" / /EF m i

(a) (b)
FIGURE 5.26: Example of a test architecture in a 3D-SIC includirgrekternal tests.

Consider further the testing of TSVs and die-external lopagwith the cores in each
die. There are two variants to this problem; see Figure F=&fure 5.26(a) shows a three-
die stack with a test architecture using fat wrappers torall&V tests to take place in
parallel with module testing on the dies. Each die has a agpdAM for die-external
tests, both to higher and lower dies in the stack. Each TAMitsamvn width and utilizes
different test pins. In this case, test pins used for TS\Mingsare not available for die
testing. For example, internal test of Die 2 and externdldéthe TSVs and die-external
logic between Die 2 and Die 3 can occur simultaneously,zirigj a total of 23 test pins.
The second variant uses a thin wrapper which allows dieqeakéests to only take place
serially with module testing on the die as seen in Figure (B26This design allows the
TAMs for die-external test to access the full test width fog tie, but test pins are shared
between all TAMs on the die. In this architecture, the exetasts for logic and TSVs
between Die 2 and Die 3 can be carried out in parallel with tibernal test of Die 1, but
not in parallel with any other test.

Below, the problem definitions for these two variants is pnése, where [{” refers

to parallel and “—" refers to serial. The problems of testing hard dies inclgdi SV

tests for a single test insertion (final stack test only) éated below as Problem 3(a) and
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Problem 3(b), respectively.
3D-SIC with Hard Dies and (a) fat wrapper (PDHTSV”) or (b) thin wrapper ( P,S'TSV__)

A stack with a seM of dies and the total number of test p,ax available for test is
given. For each dien € M, its tier numbel, in the stack, the number of test ping,
(Wm < Wnax required to test the die, the associated test tigpy@nd a maximum number
of test elevatorsTSV may,) that can be used for TAM design between gie 1 andmare
given. Furthermore, the number of functional TSV4{) and test width given to the TSVs
(Wtnay between dien— 1 andm, and the number of test patterrify,) for the functional
TSVs between dien— 1 andm (for m > 1) are given. The goal is to determine an optimal
TAM design and a test schedule for the stack for die-inteamal die-external tests such
that the total test tim& is minimized and the number of test TSVs used per die does not
exceedl SV may.

The problems of testing soft dies including TSV tests forragl test insertion are

stated below as Problem 4(a) and Problem 4(b).

3D-SIC with Soft Dies and (a) fat wrapper (PS'TSVH) or (b) thin wrapper (PS;g,__)

A stack with a seM of dies and the total number of test p,ax available for test is
given. For each dien € M, its tier numbel, in the stack, a maximum number of test
elevators TSV may,) that can be used for TAM design between die- 1 andm, and the
number of functional TSVsT(f) between dien— 1 and diem are given. Furthermore,
the number of test patternP {,,) for the functional TSVs between dia— 1 andm (for
m > 1), and the total number of coreg are given. For each core the number of inputs
in, OUtputsoy, total number of test patterns, total number of scan chaisg, and for each
scan chairk, the length of the scan chain in flip flopg, are given. Determine an optimal
TAM design for the stack and TSVs and a test schedule for ek stuch that the total test
time T is minimized and the number of test TSVs used per die doesawet€dT SV may,.
All six problems presented above @&t€-hard from “proof by restriction” [26], as they

can be reduced using standard techniques to the rectarai@garoblem, which is known
to beNP-hard [21]. For example, for Probleﬁ,\ﬁTs, if the constraints related to maximum

number of TSVs are removed and only the final stack test iosed considered, each die
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can be represented as a set of rectangles with differenhsvadtd heights, where width is
equal to its test time for a given TAM width and height equatite number of required
test pins. Now, all these rectangles (dies) must be packedihin with width equal to the
total number of test pins and height equal to the total test fior the stack, which must
be minimized. Despite theP-hard nature of these problems, they can be solved optimally
because the number of layers in a 3D-SIC is expected to beetine.g., up to four layers

have been predicted for logic stacks [22].

5.4 Derivation of the Extended ILP Model

In this section, ILP is used to model and solve the problerfiaelin the previous section.
The problem instances in practice are relatively small éalistic stacks with anywhere
from two to eight dies. Therefore, ILP methods are good aatds for solving these

optimization problems.
5.4.1 ILP Formulation for Problem Pi;

To create an ILP model for this problem, the set of variables @nstraints must be de-
fined. To begin, define a binary variabig, which is equal to 1 if die is tested in parallel
with die j for a test insertion when there aalie in the stack, and 0 otherwise. There are
M — 1 test insertions, one for each additional die added to #Hekssuch thak ranges from

2 toM. Constraints on variabbgj, can be defined as follows:

Xik = 1 Vk,i <k (5.31)
Xijk = Xjik VK {i,j} <k (5.32)
1—Xigk > Xigk — Xjgk > Xijk —1 Yk {i,]j,q} <K/i#j#q (5.33)

The first constraint indicates that every die is always aered to be tested with itself
for every test insertion. The second constraint statesiftidée i is tested in parallel with
die j for insertionk, then diej is also tested in parallel with diefor insertionk. The last
constraint ensures that if dids tested in parallel with dig for insertionk, then it must
also be tested in parallel with all other dies that are teist@arallel with diej for insertion
K.
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Next, define a second binary varialyle which is equal to O if die is tested in parallel
with die j on a lower layerl{ > |;) for insertionk, and 1 otherwise. The total test tifficfor
the stack is the sum of the test times of all dies that aredasteeries plus the maximum
of the test times for each of the sets of parallel tested diealftest schedules at every test
insertion. Using variables jx andyik, the total test timd for all test insertions with the

set of diedM can be defined as follows.

M|k

T= 2,2 v o ) (5.34)

It should be noted that Equation (5.34) has two non-lineamehts, thenaxfunction, and
the product ofy;k variable and thenaxfunction. This is linearized by introducing two
new variables. The variablg takes the value of the max function for each dfer test
insertionk and the variablei, represents the produg - cik. The variablesi, andcy are
defined using standard linearization techniques. Theriioeé function for total test time

can be written as follows.

M|k
T= i 5.35
kZZi;UK ( )

As the number of test pins used for parallel testing of diesikhnot exceed the given test
pinsWnax across all test schedules for every test insertion, a @instin the total number
of pins used to test all dies in a parallel set in any given itesgrtion can be defined as

follows for all k.
K

Xijk - Wj < Whax Vi <k (5.36)
=1
Similarly, the total number of used TSVs should not exceedjthen TSV limit (T SV may,)
for each die face across all test insertions. It should bedhthtatT SV max is the limit for
the upper face of die 1 and the lower face of dif 8V max is for the upper face of die 2
and lower face of die 3, and so forth. The number of TSVs usednmect layer to layer
i — 1 is the maximum of the number of pins required by the layenr @bove layei that

takes the most test pin connections, and the sum of patafiedd dies at or above layer
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in the same parallel tested set across all test insertiorsedBan this, the constraint on the

total number of TSVs used in a test architecture can be defiadollows.

k
max {w;, ZWJ- X¢j} <TSVmax  Vi>2, (5.37)
J=i

i<=k<=|M|
The above set of constraints can be linearized by repregetite max function with a
variabled;. Finally, to complete the ILP model for Proble®j; ¢, constraints on the binary
variableyj, and the relationship between binary variabtgsandxjx must be defined. For

this purpose, a consta@tis introduced that approaches but is less than 1. The varyabl

can then be defined as follows:
yik=1 Yk (5.38)

1
(Xijk - 1) -C ki <kji#1 (5.39)
1

1 2
Yik = 1-i2
i=
The first equation forcegy to 1, because the lowest layer cannot be tested in paratiel wi
any layer lower than itself. Constraint 5.39 defiygsfor the other layers. To understand
this constraint, first make the observation that the ohjedtinction (as shown in Equa-
tion (5.34)) would be minimized if eagk is zero. This would make the objective function
value equal to 0, which is an absolute minimum test time. Thusnust be restricted to
1 only where it is absolutely necessary, and then the obgetiinction can be relied upon
to assign a value 0 to all unrestrictgg variables. This equation considers the range of
values that the sum ofjx can take. The fraction in the equation normalizes the sum to a
value between 0 and 1 inclusive, while the summation consigépossible cases for a die
being in parallel with dies below it. The complete ILP modeshown in Figure 5.27.

Figure 5.28 illustrates the ILP model B} The 3D-SIC in Figure 5.28 consists of
three dies, with test times of 1333098, 700665, and 10638ksymoving up the stack.
There are 22 test pins available,\8kax is 22. T S\haxis set to 20, such that there can be
no more than 20 dedicated test TSVs between any two diedi(this the TSVs per die to
40). There are two test insertions, the first when Die 1 and®iee stacked and the second

for the complete stack. In the first test inserti&r=(2), the optimal solution that Die 1 and
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Objective:
Minimize ZLhi‘zZik:l Uik
Subject to the Constraints:
tmax= ma)%zl‘lti
Cik > Xijk -t VK {i,j} <k
Uk >0 vk, i <k
Uik — tmax- Yik < 0 vk, i <k
Uik — Cik <0 vk,i <k
Cik — Uik +tmax Yik < tmax vk, i <k
z'j‘:lxijk -Wj < Wihax vk, i <k
Xik = 1 vk, i <k
Xijk = Xjik VK {i,j} <k
1—Xigk > Xigk — Xjgk > Xijk —1 VK {i,j,a} <ki#]#q
di<TSVmax Vi#1l
o>k wi o Vi#gLk>i
diZWj Vi,j:i..“\/ﬂ
yw=1 vk
yik> 3 (i —1) —C  vki<ki#l

FIGURE 5.27: ILP model for the 3D TAM optimization ProbleR{}; <

Die 2 are tested in parallel is calculated. As sugh,», X1 22, X212, andxp » » are all equal
to 1. Die 2 is tested in parallel with a die below it (Die 1),y6@ is 0 andy; » is 1. The test
time for this test insertion is 1333098 cycles, becauyseis 1333098 andi > is O.

For the second test insertiok £ 3), the optimal solution is to test Die 1 and Die 2 in
parallel, and then to test Die 3. Because Die 1 and Die 2 ared@siparallel agairx; 1 3,
X123, X2,1,3, andx > 3 are equal to 1. For Die 3g33is 1. All otherx;j, variables are 0. As
before,y, 3 is 0 since Die 2 is tested in parallel with Die 1. The varialylesandys 3 are
1. The test time for this test insertion is 1439489uasis 1333098, 3 is 0, anduz 3 is
106391. In this architecturé, is 20 andds is 14, neither of which violate the TSV limit.
All 44 test pins are utilized.

The above ILP model is a generalization of the special cassepted in Section 5.2, in
which test-time was minimized for only the final stack testhe variablek is constrained
to take only one value, nameM, in P, then optimization will produce a test architec-

ture and test schedule that minimizes test time only for ted Btack, i.e., the objective in

Section 5.2. Optimization for only the final stack test ireéd to a$ts andPSs for hard
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FIGURE 5.28: Example of a test architecture in an optimized 3D-Sith vard dies.

and soft dies, respectively. Therefore, an advantage obptienization model proposed
here is that it is flexible—it can be easily tailored to miremiest time for any number of
stack tests, from one final test to two or more intermediageitsertions. Multiple options
can be automatically generated for testing the stack. Faomele, suppose there is interest

in two test insertions—after the second die is bonded to thedie and the final stack test.
By allowing k to now take two values, namely 2 aMl the test time for the stack can be

minimized by considering only these two insertions.

5.4.2 ILP Formulation for Problem Pg;

The ILP formulation for 3D-SICs with soft cores and multipéstinsertions is derived in
a similar manner as the 3D-SIC with hard cores above. In #gg che test time for diei
is a function of the TAM widthw; assigned to it. Using the variablgg andyik as defined

in Section 5.4.3, the total test tinfefor the stack with the set of soft did4 across all test
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insertions can be defined as follows.

IM[ K

T=2 2 vic maxet(wj)} (5.40)

It should be noted that Equation (5.40) has several nomilisements. To linearize this
equation, first define the test time function. For this puepasbinary variablgj, is intro-

duced wherai, = 1 if wj = n, and 0 otherwise. This expression is then linearized using

the variablevji for x;jy - 58 1 (gjn-tj(n)). It should be noted that, although the variak|e
can change for different test insertions depending on thiestehedule for each insertion,
there must be a single value of test pins used for each didléztran architecture that can
support all test schedules used throughout all test ilgexti Similar to Equation (5.35),
the variablecj, takes the value of the max function for each dfer each test insertiok
and the variablei, represents the produgy - cx. Becausav; is now a decision variable,
Xijk -Wj is linearized using a new variablgj. The max function is represented by the
variabled; as before. By using the varialtgyj, the TAM width that can be given to each
die can be constrained by an upper limit, which is the numbavailable test pins. This is

represented by the following inequality.
k
zzijkj < Whax vk,i <k (5.41)
|=I

The complete ILP model for ProbleRy s is shown in Figure 5.29.
5.4.3 ILP Formulations for Pg, . PSrsy_ . PSrsy ) andPSrsy_

The ILP formulations in Section 4.1 and Section 4.2 do nobant for the TAM archi-
tecture and test time needed to test the TSVs. In order todecTSV tests, the TSV

connections between two layers are treated as a “virtual”This die has a predefined test
width for hard dies or a range of possible widths with asgedigest time for soft dies, just
as an actual die for each model. In order to calculate thditestfor the TSV “layer”, the
formula [T fm/| (pins/4) || (P fm+ 1) is used, wherginsrefers to the number of test pins

available for TSV testing.
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Objective:
Minimize 3 |M|)k=2 TK ; u
Subject to the Constraints:
tmax= ma>4'\=/”1ti
Ck >Vik  Vki<ki<j<k
Vik >0 Yk {i,j} <Kk
Viik —tmax- Xijk <0 VK {i,j} <k
~ S (gin () +vik <0 Wk {i,j} <k
Zﬁ=1(gjn -tj(n)) — Vijk + tmax Xijk < tmax vk {i,j} <k
Uik >0 vk,i <k
Uik — tmax-Yik <0 vk,i <k
Uk —Cik <0 vk,i <k
Cik — Uik +tmax Yik <tmax  VKji <Kk
Zjkj > Ovk, {i,j} <k
Zjkj —tmax- Xijk < OVK, {i,j} <k
—Wj+Zzjkj < ovk, {i,j} <kvk{i,j} <k
Wj — Zjkj + tmax: Xijk < tmaxvk, {i,j} <k
JZ‘Zdi < TSVmax
dg > 55 Zijj V2<q< M[k>q,q<i<k
di > w; Vi, j >
zlj(zlzijkj < Whax vk, i <k
Xik = 1 vk, i <k
Xijk = Xjik VK {i,j} <k
1—Xigk > Xigk — Xjgk > Xijk —1 VK {i,j,a} <kji#j#q
yik=1 vk
Yic> Yl (i —1)—C  vki<ki#l

FIGURE 5.29: ILP model for 3D TAM optimization Proble®5; <

The above expression begins by taking the floopio/4. It is assumed that, between
two dies, there is any number of functional TSVs that are digedither input to the dies
or output from the dies. The TSV tips are latched and the spmeding flip-flops are
connected to form one or more scan-chains. Thus, the sgasidi@ also assumed to be
unidirectional. In order to quickly test all TSVs, shift;ighift-out, and capture on both
sides of the TSVs must be allowed for simultaneously. Thipires 4 test pins for each
TSV scan-chain, i.e., an input and output pin for each s¢emrdor both sides of the TSVs
as seen in Figure 5.30(a). As can be seen from Figure 5.3 is no reduction in test
time for stack tests if unequal numbers of TSV scan-chainsliies on either side of the
TSVs are considered, as the bottleneck in test time would bleethe die with the fewest
TSV scan-chains (TSV testing requires use of TSV scan-shairboth sides of the TSVs

184



in parallel). At least four more test pins must be added f@daiction in test time as shown
in Figure 5.30(c). Thus, test pin use is evenly divided antbeglies for TSV tests, and the
number of scan-chains on either side of the TSV i,/ | (pins/4) |]. This is multiplied
by the number of patterns required for TSV testing plus ongcttlommodate for shift-in
and shift-out operations. Without loss of generality, tlhienber of test pins required for
control signals to a die-level wrapper for TSV testing is cmsidered.

Figure 5.31 shows the difference between fat and thin wrappe Figure 5.31(a), the
die-internal and die-external TAMS utilize different teshs. Thus, EXTEST can be per-
formed in parallel with either or both INTEST of Die 1 and Die Phis is representative
of fat wrappers. For thin wrappers, Figure 5.31(b) shows tiia same test pins are uti-
lized for die-internal and die-external tests, and as sashdata must be multiplexed to
the correct TAM. In this case, the INTEST of each die can béopmed in parallel, but
EXTEST cannot be performed in parallel with INTEST on Die Doe 2 (although it can
be be performed in parallel with INTEST of other dies in theck).

The ILP formulation for 3D-SICs with hard cores including TS derived in a similar
manner as the 3D-SIC with hard cores in Problem 1. Begin by vergdahe subscripk
from all variables that account for multiple test insereronly consider the final stack
test. As stated before, consider a set of TSVs between tvarydap be a virtual die for
purposes of optimization, such that Die 1 is the lowest dibénstack, Die 2 represents the
TSVs between Die 1 and Die 3, Die 3 is the second die in the siiek4 represents the
TSVs between Die 3 and Die 5, and so on. In this way, odd-nuedbdies are actual dise
and even-numbered dies represent the TSVs between twowdHdeaned dies.

Variables and constraints must be added in order to actyiratalel the dies represent-
ing TSVs. Begin by defining the variabfg = 1 if a diei representing TSVs can be tested
in parallel with the dies below and above it and 0 otherwisghé case of fat wrapperg;
is left as a decision variable and in the case of thin wrappers forced to O for all dies
representing TSVs. For actual (even-numbered) giess, always 1. If a die representing
TSVs can be tested in parallel with the dies around it, themtiimber of test pins given
to TSV testing reduces the number of pins available to the fdietesting. Otherwise, the

TSVs can use all the test pins that are utilized by the diegrata. Define the sedie to
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FIGURE 5.30: Example of scan chains for die-external tests.
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FIGURE 5.31: Simplified illustration of fat wrappers and thin wrapg.
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contain all even-numbered dies, or the actual dies, in tekstThe following restrictions

on p; are added for fat wrappers (the first constraint applieshiorwrappers as well):

pi=1 Vi € die (5.42)
Pit1 < W — Wit Vi € die)i # |M| (5.43)
Pit1 < Wiy2 —Wit1 Vi € die)i # |M| (5.44)

This restricts; to O if all pins on a die are are shared for TSV tests, and otiserlsaves the
variable open to optimization. The varialppeis used to accurately represent the number
of TSVs and test pins utilized in the stack and uses thesdreamts to further restrict the

variablep;. The variable]; is redefined as follows:

M|
diZZij-ij Vi € dieji # M|, k=i..|M| (5.45)
J:
di > w; Vi e digji # M|, j =i..|M| (5.46)
di >wWj+pj_1-Wj_1+ Pj+1-Wj41 Viediej>i (5.47)

Thus, the test elevator use is tallied only between actues, dihile taking into account
the number of extra test elevators used for the TSV layerideriag parallel testing. For
thin wrappers, the last constraint dnis removed. For Die 1, the last constraint is instead

di > wj + pj4+1-Wji1. Test pin constraints therefore reduce to:

[M]
Z Xij - Wj < Whax Vi (5.48)
=1

Wi+ Pic1- W1+ Pir1-Wisr <Whax Vi€ diei# M| (5.49)

The constraint 5.51 accounts for the combined test pin usidsyand TSVs when they
are tested in parallel or in series. This constraint is resdder thin wrappers, and for the
first die instead reads; + pi+1-Wit1 < Wmax Vi € die)i # |M|. It is necessary to further

update the variablg; as follows:
Xit1 < piy1  Viediei#|M| (5.50)
Xip2i+1 < Pivr Viediei# M| (5.51)
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moved and added constraints as definelq;IpSVH. In this way, the ILP model foPS

Objective:
Minimize Z‘leui
Subject to the Constraints:
tmax:rnfv%'\:/l‘lti - )
Ci > Xj -t vi,j =i..M|
u >0
Ui —tmax- ¥i <0
u—¢ <0
Ci — Ui +tmax- Yi < tmax
zul\i‘lxlj - Wj < Whax Vi
Wi+ Pim1-Wim1+ Pirr-Wirr SWhax Vi € digi # [M]
Xi =1 Vi
Xij=Xji  Vi,]
1—x%j >Xk—Xjk >%j—1  Vi#j#k
Xii+1 < Pi+1 Vi € die)i # [M|

Xit2i+1 < Pisl Vi € die,i # M|
M

z!:‘zdi < TSVmax

>3y Mwjxg  Viedieiz M k=i.|M]
d>w Viediei# M|, j=i.|M|

di >Wj+pj-1-Wj-1+Pjs1-Wjp1  Viediej>i
y1=1

yiz &y ik -n-c  vi>1
pi=1 Vi e die

Pit1 < W — Wit Vi € die,i # M|
Pit1 < Wit2 —Wit1 Vi e diei # [M|

FIGURE 5.32: ILP model for 3D TAM optimization Problelﬁag'TSVH.
The complete ILP model for th';'TSVH problem is given in Figure 5.32.
For RS sy__, a further constraint is added:
Xi—1j+1=0 Viediei#{1,|M|} (5.52)

ProblemPSTSVH is formulated in a similar manner &+, with the subscripk re-

DTSV|

can be derived from the ILP model 85 sin the same way aBS'TSVH was derived from

Piirs The model forPSTSV__ forces allp; to O for dies representing TSVs. One new

linearization constraintpw; is added to represem - w;. The complete ILP model for the

[?TSVH problem is given in Figure 5.33.
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Objective:
Minimize ¥, uj
Subject to the Constraints:
tmax= ma%’\__/I;‘Lti
Ci = Vij Vi, j=i..|M|
Vij >0 Vi,j
Vij —tmax-Xij <0 Vi, j=1.|M|
— 38 (@ (M) +vij <O V]
SN 3(Gin (M) = Vij +tmae X <t Vi ]
u >0
Ui —tmax-Yi <0
u—¢ <0
Ci — Ui +max' Yi < tmax
zjx >0
Zijk —tmax Xjk <0
—Wi+zjx <0
Wi — Zijk + tmax: Xjk < tmax
Mt < T SVhax
i‘!lzdi < TSVmax
d>yMzi  viediei# M k=i.|M|
d>w  Viediei£ M|, j=i.M|
di >wj+pwj_1+pwjr1  Viediej>i
Z‘j’\illzjij <Whax Vi
Wi+ PW_1+ Wit <Whax Vi € digji  [M]
Xi=1 Vi
Xj=Xji  Vij
1—Xj > Xk — Xjk = %ij — 1 Vi#£j#k
Xit1 < pip1  Viediei# M|
Xit2i+1 < Pivt Vi € dieyi # M|
yi=1
yi> &y i -)-M  vi>1
pi=1 Vi € die
Pl <W —Wiy1  Viediei#[M|
Pir1 < Wit —Wipg Vi € die,i # [M]
pw >0 Vi
PW —Whnax- pi <0 Vi
pw —w; <0 Vi
Wi — PW +Whax: Pi < Whax Vi

FIGURE 5.33: ILP model for 3D TAM optimization Probleli?gTSVH.

5.5 Results and Discussion for the Multiple-Test Insertion ILP Model

In this section, simulation results are presented for tHe mhodels given in Section 5.4.

SIC 1 and SIC 2 as shown in Figure 5.9 from Section 5.2 areetllas benchmarks for
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Table 5.6: Test lengths and number of test pins for hard died in optimization.

[ DieName | d695 | f2126 | p22810 | p34392 [ p93791 |

Test Length | 106391| 700665| 1333098| 2743317| 2608870
Test Pins 15 20 25 25 30

this section. In SIC 1, the most complex die (p93791) is maaethe bottom, with die
complexity decreasing as one moves up the stack. The ordmréssed in SIC 2.

As before, to determine the test architecture and test tona fiven die (SOC) with
a given TAM width, the TAM design method in [23] for daisychalestRail architec-
tures [46] was utilized. For problem instances with hargdibe test times (cycles) and
TAM widths for different dies are listed in Table 5.6. Notathest pins were assigned to
dies based on their sizes in order to avoid very large testifor any individual die.

For a fixed value ofl S\j,ax and range of values O\nax Table 5.7 presents results

for Pirs and PR3+ s for the two benchmark SICs. They are compared against ofgtimiz

results for only the final post-bond stack test (referredstBt andPSy). The ILP models
were run and optimal results obtained using XPRESS-MP [4%9je TPU times for the
simulations on an AMD Opteron 250 with four gigabytes of meynwere in the range of
a few seconds to eight minutes. In this table, Column 1 ligtsojptimization model that

was run and Column 2 lists the benchmark SIC. Column 3 shows tkimmam number of
TSVs allowed for each di€l(S\hax, while Column 4 lists the number of available test pins

Whax at the lowest die. Column 5 represents the total test lengttigs) for all four post-

bond test insertions in a five-die stack. Columns 6 gives tihegpe reduction in test time
over the optimization case for only the final stack test. hettest length foF’E’S beT; and
let the test length foPS. s be T,. Then, the percentage reduction {31 — T,)/T1) - 100%.
The calculation for hard dies is performed in the same mariries percentage reductions
for PHy andPS5 are zero by default. Columns 7 through 10 show the resultstgsttnedule
for the 3D-SIC at each test insertion, where the symljdlifidicates parallel testing of

dies, and a “;” represents serial testing. Finally, Columrgil/&s the number of test pins

needed for each die. From Table 5.7 it can be seen that thegegdpnethod can provide
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considerable reductions in test time over the optimizatm@thods of Section 5.2 that are
targeted toward final stack test.

For a different number of TSV (S\hay), Figure 5.34(a) and Figure 5.34(b) show the
variation in test timel' with an increase in the number of test piigaxfor SIC 1 and SIC
2. From the figures, it can be seen that bb®\,ax andWinax determine which dies should
be tested in parallel and thus the total test time for thekstaor a given value o S\ ax
increasingMmax does not always decrease the test timeﬂ;ﬁfs, although test time never
increases. Similarly, increasiigS\ihax for a givenWhax does not always decrease the test
time. These Pareto-optimal points can easily be seen iné&ig34 for both benchmarks.
Furthermore, it can be seen that optimizing for the finallstast does not always reduce
test time when multiple test insertions are consideredadn, fit is often the case that the
test time is higher when increasing the value3 8\ ax andWmax

For optimization of 3D-SICs with soft dies, Pareto-optirais almost non-existent
whenWnaxis varied; see Figure 5.35. This is due to the fact that whes idi the stack are
soft, it is almost always possible to find one die for whichiagdn extra test pin reduces
the overall test time. When test time stops decreasing, thélifi8ts for the problem in-
stance have been reached and no further optimization ig@s®nce again, as expected,

the optimization method for multiple test insertions outpans previous models.

191



352 10
—Pl TSV =70
rF 3 H _
0 -=ePl TSV =70
S PEs TSV =80
- H _
%’ . ALY PMTS TSVmaX—BO
= [
et L.
i 1
= !.‘H i
=
--L-'--IIIII.-II
0. ' ‘ mlemimime. = m
%0 40 60 80 100 120
max
(@ sIC1
7
24X 10 ‘ ’
H -
A r —PFS TSVmaX—4O =
L . _ |
s =" -PMTS Tsvmax-40
= H "
%\ =z e F,FS TSVmax_50
Q@ S S H B
% 5 1 -I-IPMTS TSVmaX—SO ‘
E :
= =
=8 IR )
‘%’ - f— = m e mmEEEEEEEE ..
[ 1

w
max

(b) SIC 2
FIGURE 5.34: The test time with respect 10S\ax andWnax for SIC 1 and SIC 2 with
hard dies and multiple test insertions.

192



x 10
S .
A | _PFS TSVmax—SO
===P® TSV =50
ma.

e

MTS X
S =
wiwnPo. TSV, =60

S =
"'-‘PMTS TSVma =60

X

Test Length (cycles)

-

0. ‘ . ' . ‘
% 40 60 80 100 120
max

(@ sIC1
x 10

S il
w—_ TSV, 550

X

— -mm. S = |
z PS TSV _=50
°© N S =
o PS, TSV =60
~ S _
g == Prs TSV max 00|
==}
4
- \
8 ~
‘\hi
ﬁ‘-::‘:----‘:‘- R T
0. ‘ | : ‘
%0 40 60 80 100 120

(b) SIC 2
FIGURE 5.35: The test time with respect 10S\ax andWnax for SIC 1 and SIC 2 with
soft dies and multiple test insertions.

193



x 10

f o —P ey TSV, =80
'-..i e PgTsv,u TaV, o0

.i i F"gTSV,—— TSVmax=gO
: o P;TSV,” TS, s 0

Test Length (cycles)

i
e i e i

3 40 60 80 100 120

max

(a) SIC 1
' H o
PDTsv,—— TSVmax_BO |
—_ mEmm H =
$ PDTSV,H Tsvmax 60 I
2 H E
% Giit PDTSV,—— TSV, o= T0
&) ” |
=4 = PDTSV,H TSV, .,=70
E [}
(0] |
- =
7 -
— 'l =
LI
'-\_- LIV
L | -.—-q-\-l—--F“- L
420 40 60 80 100 120
w
max
(b) SIC 2

FIGURE 5.36: The test time with respect 16S\yax andWmax for SIC 1 and SIC 2 with
hard dies including die-external tests.

194



G6T

Table 5.7: Simulation results and comparisons for multiegt insertions.

Optimization Test Length| Reduction Test Test Test Test No. of Test Pins
Framework SIC TSVhax | Whax (cycles) (%) Schedule 1| Schedule 2| Schedule 3 Schedule 4 used per Die
(Die 1-2) | (Die 1-2-3) | (Die 1-2-3-4) | (Die 1-2-3-4-5)
PES SIC1 70 49 21254500 0.00 1,2 1,2|3 1,2|3,4 1/|5,2(3.,4 30,25,25,20,15
SIC1 70 50 19091000 0.00 1,2 1,2,3 1,2,314 1,2|5,3||4 30,25,25,20,15
SIC1 70 69 10819000 0.00 1|2 1)|2||3 1/|2/]3,4 1/|2/3,4/|5 30,25,25,20,15
SIC1 70 70 10819000 0.00 1/|2 1)|2||3 1/|2/|3,4 1/|2/|3,4/|5 30,25,25,20,15
Pits SIC1 70 49 12901800 39.30 1/]2 1,2|3 1//4,2|3 1//4,23.,5 30,25,25,20,15
SIC1 70 50 11042700 42.16 12 1,2|3 1/]2,3|4 1,2|5,3|4 30,25,25,20,15
SIC1 70 69 9554160 11.69 1|2 1/|2/|3 1/|3]|4,2 1/|2/|3,4/|5 30,25,25,20,15
SIC1 70 70 8959880 17.18 1|2 1)|2||3 1,2|3||4 1//4/5,2|3 30,25,25,20,15
PFSS SIC 2 50 49 13366500 0.00 1|2 1)|2||3 1//2)|3||4 1/[2/|3||4,5 22,16,6,4,28
SIC 2 50 50 12149400 0.00 1|2 1/|2||3 1/|2)|3||14 1/|2/|3||4,5 24,16,6,4,30
SIC 2 50 51 12149400 0.00 1j2 1)|2||3 1/]2||3||4 1/|2||3||4,5 24,17,6,4,30
P,aTS SIC 2 50 49 9636860 27.90 1|2 1/|2/|3 12,34 1/|2/3,4/|5 3,18,28,20,29
SIC 2 50 50 9467830 22.07 1|2 1/|2)|3 1,23||4 1//2,3/4||5 22,18,10,16,24
SIC 2 50 51 9392830 22.69 1/|2 1)|2||3 1)]2||3||4 1/12,3||4(/5 3,22,10,16,24
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FIGURE 5.37: The test time with respect 16S\,ax andWmnax for SIC 1 and SIC 2 with
soft dies including die-external tests.

It should be noted that for all optimizations with the samkii@a of T S\ ax andWinax,
the stack configuration (SIC 2) with the largest die at thénbgj layer and the smallest die
at the lowest layer is the best for reducing test time whilegighe minimum number of
TSVs. This is because the most complex dies with the longsstitnes are tested in the
fewest insertions. For example, the die at the top of thedieestack is only tested once,
while the die at the bottom is tested four times.

For PE'TSVH, two extra test pins were added to the hard die for each EXTESM on

a die. For the highest and lowest dies in the stack, this s addition of two test pins,

while for other dies it implies an addition of four test pifiiis value was chosen because
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it is the smallest addition of test pins necessary to reauleduced EXTEST times. It is
possible to perform EXTEST with only two additional pins addo a die, but this results
in unreasonably long EXTEST times. For the problem instante assumed, without
loss of generality, that each die has 10,000 functional T$&guiring 20 patterns. It has
been reported that the number of tests for TSVs is likely tmwgogarithmically with TSV

count [58]. In order to make comparisons betwBgps,, andPDHTSVH, either two or four

test pins were added to the total TAM width of the hard diesc&sbe seen in Figure 5.36,
there is a large dependence of test length on BdVWhax andWmnax These parameters
and the hard TAM widths determine whether serial testingamalbel testing of TSVs with
the dies is adopted to lower test times. For a majority of @alior T S\yax andWmax for
the TAM widths chosen, parallel testing leads to lower teses. Note here that these
optimizations apply only to the final stack test. As such, 3I@sults in longer test times

than SIC 1, as expected from Section 5.2.

S S

there is more opportunity for test-time optimization ahd t
results differ from those obtained with hard dies, as shawhRigure 5.37. Because full
control is available over both die-internal and die-exéAM widths, trade-offs for par-
allel testing are magnified. Test pins that are not utilizeddie-internal tests and instead
used to support die-external tests tend to result in longwyad) test times. This is due
to the complexity of the modules tested during die-inteteats when compared to TSV
tests. Many more patterns are needed for die-internal, stsas such, test pins devoted
to these tests reduce test time more than test pins dedicadéetexternal tests. Because it
requires at least four test pins to result in test-time rédodor a single die-external test,
this utilization of test pins does not provide much benefiherefore, thin wrappers and
serial testing of TSVs result in lower test times than fatppers and parallel testing for

3D stacks with soft dies, as seen in Figure 5.37.

5.6 Conclusions

This chapter has dealt extensively with post-bond testitmatire and test scheduling prob-
lems in the context of an ILP mathematical model and optitiomssolution. ILP solutions
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were presented for three different, but realistic, 3D #@shitecture optimization prob-
lems. These solutions produce optimal TAM designs and td&idiiles under test-access
constraints for three design scenarios, referred to as baitdand firm dies. The optimiza-
tion models are rigorously derived and their optimalityasnially established. It is shown
that these methods result in significantly decreased tastaiver heuristic methods for 3D
TAM design.

The effects of a number of parameters on the optimizationtewere examined; the
results provide insights to designers on how to design &iat®lity prior to 3D integration,
how to design the 3D stack itself, and how to best allocatdithiéed test resources for
the 3D SIC. The parameters of interest include the placenfates in a stack, the avail-
ability of test TSVs and test pins. It has been demonstrdtat given test bandwidth and
TSV constraints, pareto-optimality exists in the solutspace. This finding is especially
significant for the hard die case, although it is also presetite case of firm dies. These
results imply that, using the derived models, designersegaftore many test solutions for
the hard and firm die scenarios in order to prevent sub-opaitwcation of test resources.
Firm and soft dies are shown to provide lower test times witinarease in test resources.
Because both scenarios result in lower test times than tleeafdsard dies, designers can
consider 2D and 3D TAM design as related to optimization |enois.

Generalized and rigorous optimization methods to mininéze time for multiple test
insertions were further derived. These methods also peoepdimal solutions for several
additional problem instances of interest, e.g., final staskonly and testing of any subset
of partial stacks. This extended optimization model is defito be globally optimal in
the case of multiple test insertions. Furthermore, opttnan techniques were derived to
consider die-external and die-internal tests during tiest- minimization. Results show
that optimization methods that only consider the final stask provide significantly sub-
optimal results (higher test times) if multiple test ingars are carried out. Optimizations
for hard dies that take into account die-internal and diereal tests show that in general,
fat wrappers reduce test time more than thin wrappers. $mst the case with soft dies,
because the availability of fewer test pins for die-intémeats tends to lead to more test

time.
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6

Conclusions

This dissertation has covered an array of research reltgitige design-for-test and test
optimization for 3D SICs. These research topics aim to rediath pre-bond KGD test
and low-cost post-bond test through test optimization.bfig techniques were explored
for pre-bond TSV and scan test. Optimizations for reducesj tost were also covered,
including flows to reduce the delay overhead of DfT architext and to optimize TAM
architectures and test schedules to reduce test time. R@gehe topics covered by this
dissertation aim to make the wide adoption of 3D SICs a reality

Chapter 2 offered an alternative to BIST for pre-bond TSV tesiugh probing. The
present state-of-the-art in probe card design is provigetlyding a discussion of probing
limitations. A combination of on-die and pin electronic laitectures was explained to
enable the probing of TSVs based on emerging standards abd pmitations. This was
achieved by shorting together multiple TSVs with a singlelyer needle. Detailed results
and analysis were provided to demonstrate the feasitaligiracy, limitations, and cost of
pre-bond TSV probing. Furthermore, an optimization teghaj which reduced test time
by allowing for the accurate test of multiple TSVs shortesbtiyh the same probe needle

simultaneously, was discussed.
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Chapter 3 extended the probing paradigm presented in Chapbeerzable both pre-
bond TSV and scan test through the same probing paradigra wets achieved by utilizing
TSVs as test inputs and outputs along with reconfigurable skains. These scan chains
were switched between pre-bond test modes utilizing TS\dspast-bond test modes that
utilize the emerging die wrapper standard. An analysis eféasibility, speed, and cost of
the method was provided.

Chapter 4 explored a retiming-based test architecture gg&tian for reducing the im-
pact of the test architectures described in Chapters 3 andtBeopost-bond functional
speed of the stack. Performance improvements were achiigvewving slack in the 3D
circuit to offset the additional delay caused by test-sgldtoundary registers at the inter-
face between TSVs and die logic. A new retiming algorithm wesgeloped to allow the
limited movement of logic between dies and enable the deositipn of complex logic
gates. The effectiveness, benefits, and drawbacks of refiati both the stack- and die-
level were detailed.

Finally, Chapter 5 developed an optimization method for bdAM and test schedule
to minimize the test time for post-bond stacks. A detailed #exible ILP model was
developed that enabled test optimization for any or all{bostd test insertions, for varying
test pin and test TSV constraints, for external tests, ancemA detailed analysis of the
test time reduction achievable through the optimizatioic/uding comparisons to other

algorithms, was provided.

6.1 Future Research Directions

3D IC testing is a relatively new topic in the literature, aaglsuch there are many chal-
lenges that require new or better solutions. While this diaen mainly addressed known
fault models and parametric test, 3D-specific faults coeladiit from better modeling and

targeting testing. One example of a 3D-specific concernressirelated defects due to
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TSV formation and bonding. The stress on the substrate dduysa TSV can influence the
electrical characteristics of devices in close proximatiering properties such as threshold
voltage. To further complicate matters, the stress profileahange dramatically between
the pre-bond die and the post-bond die. Fault models to ersthictural pre-bond and
post-bond TSV test considering such 3D-specific concemd tlzae tests to capitalize on
these fault models, should be developed.

TSV probing needs further study to ensure its viability fargle-scale KGD testing.
Though the probing technique described in this dissertataes allow for TSV and struc-
tural test, there remain limitations to the method. Capac#and leakage parametric tests
are averaged across the TSVs in a TSV network, and theréfemadore TSVs in a network
the less accurate the test will be. Furthermore, probingireg more time and investment
in test equipment compared to BIST techniques. Though no BéShinique to date can
perform such a wide range of accurate testing, and all sedre timited by an inability
to detect faults at the floating end of the TSV, better BIST mégplres or a combination of
BIST and TSV contact may result in cheaper and faster pre-testd

The work in this dissertation, in both design and optimmatidoes not address the
issues of heating and heat dissipation during 3D test. Givanhone die may be bonded
between other dies with no clear route for heat dissipatest, optimization and testing
methods should be developed to prevent overheating duesty For example, the test
schedule could be designed in such a way that a high-tenpertdst is broken apart
and run interspersed with low-temperature tests. Anothgoo would be to optimize and
compartmentalize test patterns and test structures sattest equipment can dynamically
allocate tests depending on the reality of testing any gstack. Such ideas could warrant
future exploration.

In summary, this dissertation has provided solutions ferlpond and post-bond test

of 3D SICs to enable accurate and cheap test. These soluteasnaed toward enabling
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pre-bond TSV and scan test, to bring down post-bond tesbgasinimizing test time, and
to reduce the latency cost of 3D-specific test architectutes hoped that these advances

can help to enable the wide-spread adoption of 3D SICs.
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