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Abstract

Three-dimensional (3D) integration is a promising way to sustain Moore’s Law be-
yond device- and interconnect-scaling limits. 3D technologies enable the integration
of heterogeneous fabrication processes, and provide high-speed interconnects, high
device-integration density, and low power consumption. Today’s 3D technologies
can broadly be classified into two categories based on the integration process: (i)
3D die/wafer stacking, in which separately manufactured dies/wafers are integrated
onto the same package, and (ii) monolithic 3D (M3D) integration, in which transistor
layers are processed sequentially on the same wafer. Through-silicon-vias (TSVs) are
used to connect dies to each other in a 3D stacked integrated circuit (IC). In contrast,
M3D ICs use inter-layer-vias (ILVs) of much smaller dimensions to connect a metal
line in one transistor layer to a metal line in another transistor layer.

TSV-based 3D stacked ICs can be manufactured without requiring substantial
changes to the existing fabrication flow. Considerable research efforts have there-
fore been directed towards the development of TSV-based 3D stacking technology,
and products based on this technology have been successfully introduced into the
marketplace, e.g., the AMD Fiji chip. However, the keep-out-zone (KOZ) required
for TSVs and limitations on the die alignment precision impose limits on the device
integration density that can be achieved using TSV-based 3D stacking. A minimum
KOZ of 3 um is required for ICs fabricated at the 20 nm technology node, and the

die alignment precision is currently limited to 0.5 pm.
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The above limitations on integration density can be overcome by adopting M3D
integration. High-density integration in M3D is enabled by the alignment precision of
ILVs, which is determined by the lithography stepper accuracy and has been reported
to be 10 nm for the 22 nm technology node. In addition, the size and pitch of an ILV
are typically one to two orders of magnitude smaller than those of a TSV. Therefore,
M3D integration can result in reduced area and higher performance when compared
to 3D die stacking.

Due to the above benefits of M3D integration, there is growing interest in in-
dustry towards the adoption of this technology. However, test challenges for M3D
integration have remained largely unexplored. This thesis is focussed on four key
test challenges for M3D integration: (i) performance variations due to high-density
integration, (ii) defect analysis and modeling, (iii) defect isolation and yield enhance-
ment, and (iv) yield loss due to voltage droop. For each test challenge, we motivate
the need to study its impact on an M3D IC, analyze the effectiveness of existing test
solutions, and develop new solutions.

This dissertation first addresses challenges (i) and (ii). We quantify the impact
of electrostatic coupling and wafer-bonding defects on the threshold voltage of a
top-layer transistor in an M3D IC. In addition, we show that wafer-bonding defects
can lead to a change in the resistance of ILVs, and in some cases, lead to an open
in an ILV or a short between two ILVs. We also study the impact of these defects
on path delays and on the effectiveness of delay-test patterns for large benchmarks.
Our results show that the timing characteristics of an M3D IC can be significantly
altered due to coupling and wafer-bonding defects if the thickness of its inter-layer
dielectric is less than 100 nm.

Next, this dissertation presents a new DfT solution for M3D ICs based on dedi-
cated test layers, which are inserted between functional layers. We evaluate the cost
associated with the proposed DfT solution and compare it with that for a potential
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DST solution based on the proposed IEEE Std. P1838. Our results show that the
proposed DfT solution is more cost-efficient than the P1838-based DfT solution for
a wide range of ILV density, ILV yield, and defect density. We also present a test
scheduling and optimization technique for wafer-level testing of M3D ICs.

This dissertation then presents an ILV BIST solution for M3D ICs to address
isolation of ILV defects and yield enhancement. In the proposed ILV BIST solution,
interface-register cells in a test layer are stitched into a TRC using their functional
outputs and the ILVs. We show that the proposed solution detects all hard opens
and shorts in the ILVs. We validate the detection of all hard opens and shorts using
HSpice simulations. We also implement an artificial neural network-based diagnosis
framework to estimate the size of ILV defect and show that the prediction accuracy
of the proposed framework is extremely high.

Finally, this dissertation describes an optimization approach for reliable power
delivery in M3D ICs to address challenge (iv). We analyze the voltage droop during
testing and compare it with that observed during functional operation. We also
quantify the impact of voltage droop during testing on yield loss. Our results show
that the proposed power delivery optimization approach significantly reduces the
worst-case voltage droop and yield loss due to voltage droop compared to a baseline.

In summary, the dissertation targets important design and optimization problems
related to testing of M3D ICs. This research has led to theoretical insights, significant
academic and industrial collaborations, simulations results using advanced process

design kits, and a set of test and DfT solutions.
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1

Introduction

The semiconductor industry has been able to meet the demand for high-performance
integrated circuits (ICs) with added functionality by relentlessly scaling device sizes.
However, it is becoming increasingly difficult to sustain device scaling in an eco-
nomically viable manner [7]. Such escalating costs are mainly due to the challenges
associated with: (i) lithography of small features, (ii) interconnect scaling, and (iii)
reducing and mitigating process variations.

Three-dimensional (3D) integration is a promising way to achieve high-performance
ICs with more functionality and reduced die footprint. The improvement in perfor-
mance and device-integration density is mainly due to the decrease in interconnect
length compared to conventional ICs. 3D technologies also enable the integration of
heterogenous fabrication processes, thus paving the way for complex systems such as
memory-on-logic [8], 3D optical sensors with a coprocessor [9], and 3D CMOS-MEMS
ICs [10]. Today’s 3D integration process is primarily based on die/wafer stacking
since it does not require substantial changes to the existing fabrication flow. In this
process, separately manufactured dies/wafers are integrated onto the same package,

and through-silicon-vias (TSVs) are used to connect dies to each other. Considerable
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research efforts have therefore been directed towards the development of TSV-based
3D stacking technology [8, 9, 11], and products based on this technology have been
successfully introduced into the market, e.g., the AMD Fiji chip [12]. However, the
keep-out-zone (KOZ) required for TSVs and limitations on the die alignment pre-
cision impose limits on the device integration density that can be achieved using
TSV-based 3D stacking. A minimum KOZ of 3 um is required for ICs fabricated at

the 20 nm technology node [13], and the die alignment precision is currently limited

t0 0.5 um [14].
" I
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F1cURE 1.1: Alignment accuracy versus 3D contact width in TSV-based 3D and
M3D integration approaches [3].

Monolithic 3D (M3D) integration is an emerging technology in which transistors
are processed layer-by-layer on the same wafer. Sequential integration of transistor
layers enables high-density vertical interconnects, known as inter-layer vias (ILVs).
Fig. 1.1 presents a comparison of the inter-layer interconnect width between TSV-
based 3D and M3D integration approaches. The size and pitch of an ILV is typically
one to two orders of magnitude smaller than those of a through-silicon via (T'SV) [3].
Therefore, M3D integration can result in significantly reduced area and higher per-
formance when compared to 3D die stacking. Another key benefit of M3D integration

is that it allows transistor-level partitioning of a design, i.e., placement of P-channel



transistors in one layer and N-channel transistors in another layer. Such a placement
is not feasible in 3D die stacking technology due to the large keep-out zones for TSV,
necessitated by TSV-induced stress and the limitations in alignment precision.

Due to the above benefits of M3D integration, there is a growing interest in
industry towards the adoption of this technology [4, 7, 10, 15]. In order to en-
sure that M3D integration is primed for use when industry is ready to adopt it,
researchers have started investigating solutions to various problems related to the
design and fabrication of M3D ICs. For instance, a low-temperature process to
fabricate high-performance top transistor layers without degrading the performance
of bottom transistor layers was proposed in [1]. A process to manufacture field-
programmable gate-arrays using gate-level M3D integration was demonstrated [3].
Design techniques to reduce the interconnect length, critical path delay, and die area
were presented in [16, 17]. Despite these advances, test challenges for M3D inte-
gration have remained largely unexplored, as highlighted at the 2015 IEEE 3D Test
Workshop [18]. A recent patent on M3D testing [19] is insightful, but it does not
consider any of the important technology-specific details of M3D such as the sequen-
tial processing of device layers and the high density of inputs and outputs in each
layer.

In this chapter, we introduce the M3D technology and provide motivation for the
thesis research. Section 1.1 presents an overview of the M3D fabrication flow and
computer-aided design of M3D ICs. Section 1.2 describes the challenges associated
with testing an M3D IC and motivation for the thesis research. An outline of this

dissertation is provided in Section 1.3.
1.1 M3D Technology Overview

In this section, we present an overview of the M3D fabrication flow and design-

partitioning strategies.



1.1.1 Fabrication Process

M3D integration involves sequential processing of transistor layers on the same wafer.
Fig. 1.2 illustrates the steps involved in the fabrication of an M3D IC. First, the
bottom-layer transistors and their associated interconnects are processed using a
standard high-temperature process, e.g., silicon-on-insulator (SOI), FinFET, or bulk
CMOS technology. Next, a thin silicon layer is created over the bottom layer. The
top-layer transistors are then processed under a strict thermal budget. Finally, ILVs
are processed to connect the two layers. The last three steps are repeated to fabricate
additional layers.

Sequential integration of device layers would not have been possible without the
development of: (i) a low-temperature process to create a thin silicon film over the
bottom layer, and (ii) a process to realize top-layer transistors without damaging
the underlying interconnects and degrading the properties of the bottom-layer tran-
sistors. Several approaches have been proposed in the literature to create a thin
silicon film at low temperatures: (i) thin-film polysilicon deposition [20] (which is
based on the method used to create thin-film transistors and is currently for 3D-
NAND flash memories), (ii) pulsed-laser crystallization of amorphous silicon [21],
(ili) excimer laser crystallization [22], (iv) epitaxial layer transfer (ELTRAN) [23],
(v) wafer bonding followed by grinding and etchback [5], and (vi) modified Smart-
Cut process [6] (originally used to manufacture SOI wafers). The M3D technology
developed by CEA Leti, which is know as CoolCube™ and has attracted the atten-
tion of companies such as IBM, ST Microelectronics, and Qualcomm, uses the last
two techniques for creating a thin silicon film over the bottom layer [4].

Dopant activation, which is usually performed at temperatures higher than 800
°C' , is one of the key steps in forming transistors. However, dopant activation at

such high temperatures to realize top-layer transistors can damage the underlying
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FIGURE 1.2: Steps involved in the fabrication of an M3D IC [3-6].

interconnects and degrade the properties of the bottom-layer transistors. Several
process flows have been proposed in the literature to perform dopant activation at low
temperature: (i) solid-phase epitaxy at 600 °C' along with the use of tungsten back-
end-of-the-line (BEOL) in the bottom layer [5], (ii) recessed channel array transistor

(RCAT) process flow [24], and (iii) pulsed laser annealing along with a shielding



layer between the top- and bottom-layer [25]. The last two processes achieve dopant
activation at temperatures below 400 °C'; therefore, these processes are compatible

with Cu/low-k BEOL in the bottom layer.
1.1.2  Low-Temperature Wafer Bonding

A key enabler for M3D integration is the ability to create a defect-free thin silicon
film over the bottom layer. Low-temperature wafer bonding is a key step in most
of the techniques to realize such a thin silicon film. It is therefore important to
carefully understand the bonding process. To illustrate the wafer-bonding process,
we describe the method to sequentially stack device layers based on the Smart-Cut
process. Fig. 1.3 illustrates the key steps in this process. A silicon-on-insulator (SOI)
wafer is used as the carrier wafer during the bonding process, and the handle wafer
consists of the bottom-layer transistors and their associated interconnects.

The first step in the bonding process is to deposit the bonding surfaces. Oxide
layers are the prime candidates for these layers due to the presence of hydroxyl
(OH) groups that lead to high bond strengths. An oxide layer can be grown or
deposited over the carrier wafer, which is the wafer on which the top-layer transistors
will be processed. However, thermal oxidation at 1000 °C' cannot be used to grow
an oxide layer over the handle wafer (on which bottom-layer transistors have been
processed) due to the strict thermal budget constraints. Therefore, techniques such as
plasma-enhanced chemical vapor deposition (PECVD) and atomic layer deposition
(ALD) are used to deposit an oxide layer over the handle wafer at temperatures
below 400 °C' [26].

Silicon atoms are implanted into the carrier wafer to form an amorphous layer.
Hydrogen ions are then implanted to create a fracture plane. The energy of hydrogen
implantation is chosen such that the fracture plane is formed below the amorphous

layer. The condition of the bonding surfaces plays a crucial role in achieving a defect-
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free bond. Chemical mechanical planarization (CMP) is therefore performed after
the oxide layers have been deposited to ensure that the flatness and smoothness
requirements of the bonding surfaces are met. The oxide layers are then treated
with nitrogen, oxygen, or argon plasma to activate their surfaces. Plasma treatment
enables us to achieve high bond strength at low temperature, without which we
would require a high-temperature anneal (incompatible with M3D integration) after
bonding to achieve sufficient bond strength.

Next, the carrier wafer is flipped and bonded to the handle wafer in ambient air
at room temperature. Since plasma activation leads to an increase in the number

of hydroxyl groups at the bonding surfaces, the wafers bond spontaneously when



brought in contact. The bonded wafers are then annealed at 200 °C' for one to two
hours. This post-bond annealing step is required to achieve sufficient bond strength.
An appropriate force is then applied to break the wafer at the fracture plane. Finally,
solid phase epitaxy is performed to re-crystallize the amorphous layer, and CMP is

then carried out to remove end-of-range defects.
1.1.8  Computer-Aided Design of M3D ICs

An M3D IC can be partitioned at the core-level, at the block-level, at the gate-level,
and at the transistor-level. Core-level and block-level design-partitioning approaches
do not fully utilize the high integration density offered by M3D. The transistor-level
design partitioning approach is illustrated in Fig. 1.4(a). In this approach, the P-
channel and N-channel transistors are placed on different layers, thereby allowing
the fabrication process to be optimized separately for each layer. The gate-level
design partitioning approach is illustrated in Fig. 1.4(b). In this approach, all the
transistors in a standard cell are fabricated in one layer. Note that 3D standard cells
have to be designed for transistor-level M3D integration. However, existing design
automation tools can be reused to place and route these 3D standard cells [17]. On
the other hand, 3D-aware physical layout tools are required for gate-level design
partitioning [27].

The floor-planning for M3D ICs is performed in two steps: (i) 3D placement, and
(ii) MIV insertion [28]. 3D placement algorithms for M3D ICs that re-use existing
2D placement tools have been proposed in [27] and [29]. 3D routing and clock-
tree synthesis algorithms for TSV-based 3D ICs can be re-used for M3D ICs with
minimal changes [30]. The 3D power-network design algorithms for M3D ICs focus

on reducing routing congestion while satisfying IR drop constraints [31].
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FIGURE 1.4: Design partitioning: (a) Transistor-level; (b) Gate-level.

1.2 Test Challenges for M3D ICs

In this section, we first present four test challenges for M3D integration: (i) timing
variations due to high-density integration, (ii) defect analysis and modeling, (iii)
defect isolation and yield enhancement, and (iv) yield loss due to voltage droop. For
each test challenge, we motivate the need to study its impact on an M3D IC, analyze

the effectiveness of existing test solutions, and develop new solutions.
1.2.1  Timing Variations due to High-Density Integration

In order to realize high-density vertical interconnects , the inter-layer dielectric (ILD)
thickness in M3D ICs is being aggressively scaled [10, 17], which leads to electrostatic
coupling between device layers. Electrostatic coupling was first observed in SOI
transistors in which the front- and back-gates compete to induce charge in the silicon
film (body); therefore, the electrical state of the silicon film at any point in time
depends on the bias at both these gates. As a result, transistor parameters such
as the threshold voltage and drain current depend on the bias at both these gates.
Transistors in non-bottom layers in an M3D IC are SOI transistors since those layers
are separated from their underneath layer by a dielectric. Therefore, transistors in
non-bottom layers can be influenced by transistors underneath them.

The structure of an M3D IC partitioned at the transistor level is shown in
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FIGURE 1.5: Structure of a partitioned M3D IC: (a) transistor level; (b) gate level.
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Fig. 1.5(a). In such an M3D IC, the front-gate of a bottom-layer transistor acts
as the back-gate for a top-layer transistor, and the ILD acts as the back-gate dielec-
tric. Moreover, the front- and back-gates of a top-layer transistor will be connected
to each other if all the standard cells are designed using static CMOS logic. There-
fore, a top-layer transistor in an M3D IC partitioned at the transistor level can be
regarded as a double-gate SOI transistor. Note that the double-gate transistor is
asymmetric, i.e., the front- and back-gate work functions and dielectric thicknesses
are different. Since the electrical state of the silicon film in a top-layer transistor de-
pends on the voltage applied at the gate of the transistor below it, these transistors
are coupled to each other.

Fig. 1.5(b) shows the structure of an M3D IC partitioned at the gate level. In
such an M3D IC, a metal line (typically, the uppermost metal line) from the BEOL
of the bottom layer acts as the back-gate for a top-layer transistor, and the ILD acts
as the back-gate dielectric. The back gate will vary from transistor to transistor, and
the actual 3D layout of the IC has to be examined to determine it. However, we can

broadly classify the types of back gates we will encounter as follows: (i) a metal line
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FI1GURE 1.6: The three types of back gates encountered in gate-level integration:
(a) complete overlap with the channel, (b) partial overlap with the channel, and (c)
no overlap.

from the BEOL of the bottom layer which completely covers the channel, (ii) a metal
line from the BEOL of the bottom layer which partially covers the channel, and (iii)
a metal line from the BEOL of the bottom layer that overlaps with the channel is
far away. Fig. 1.6 illustrates the three types of back gates. In the first two cases, the
top-layer transistor can be regarded as an asymmetric double-gate SOI transistor in
which the front- and back-gates are independent of each other. In the third case, the
top-layer transistor can be viewed as conventional SOI transistor with a very thick
bottom oxide, where the thickness of the bottom oxide depends on thickness of the
BEOL of the bottom layer, and the transistor is not coupled to the bottom-layer
devices. However, in the first two cases, the voltage on the metal line impacts the
electrical state of the channel in a top-layer transistor, thereby coupling the top and

bottom device layers.
1.2.2  Defect Analysis and Modeling

The condition of the bonding surfaces plays a crucial role in achieving a defect-free

bond during the wafer-bonding step in the fabrication of an M3D IC. Oxide layers
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FIGURE 1.7: Bond defects: (a) SAM image of bonded wafers showing mm size
voids [32], (b) SAM image of bonded wafers showing um size voids [33], (c) TEM
image of bonded wafers showing sub-pm size voids [33].

are the prime candidates for bonding surfaces due to the presence of hydroxyl (OH)
groups that lead to high bond strengths. These oxide layers also act as the ILD.
Therefore, defects that arise during the wafer-bonding step can impact the top-layer
transistors, as well as the ILVs. It is important to understand and analyze wafer-
bonding defects, and develop methods to test for these defects.

The defects during the wafer-bonding process occur at the bond interface. Defects
can often be attributed to voids, delaminations, and foreign particles [32-37]. Fig. 1.7
shows scanning acoustic microscopic (SAM) and transmission electron microscopic
(TEM) images of bonded wafers with defects due to voids [32, 33]. The size of these
defects can be in the mm to nm range. Considerable research has been reported on
the root-cause analysis and methods to reduce the occurence of these defects [32-37].

The major factors that affect the quality of the bond can be summarized as follows:

e The root-mean-square value of surface roughness of the wafers to be bonded

must be less than 0.5 nm.

e The total thickness variation of the bonding surfaces needs to be less than 5

wm.

e The warpage of the wafers prior to bonding has to be less than 50 um.
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e Accidental particle contamination or process-related residuals, e.g., from the
CMP step, can degrade the bond strength. In addition, the presence of particle
contaminants can result in large unbonded areas. Therefore, particle contami-
nation levels are tightly controlled during the bonding process, and the wafers

are cleaned thoroughly prior to the bonding step.

e The condition of the equipment used to handle the wafers has to be checked
continuously. Equipment wear-out can lead to a variation in the initiation of
contact between two wafers and the bond initiation force. Initiation of contact
at more than one point will lead to the propagation of multiple bonds fronts,
thereby resulting in voids. A very high or a very low bond initiation force
can lead to defects in the bonded wafer or misalignment between the wafers,

respectively.
1.2.8  Defect Isolation and Yield Enhancement

Industry presentations have highlighted concerns about defects that may arise in the
bottom layer in an M3D IC when additional layers are processed [15]. In addition,
non-bottom layers are susceptible to process variations [38] and electrostatic coupling,
and the ILVs are prone to defects that arise during wafer bonding. Therefore, there
is a need for low-cost design-for-test (DfT') solutions to enable defect isolation and
yield enhancement.

Recently proposed DIT solutions for M3D, such as [39] and [19], suffer from several
drawbacks. For example, [19] does not consider technology-specific details of M3D
such as the sequential processing of device layers and the high density of I/Os in each
layer. In [39], Cu-fuse structures are proposed to isolate the bottom layer. Cu-fuses
not only impose considerable area overhead but also introduce feedback loops in the
bottom layer. Such loops introduce sequential behavior to otherwise combinational

logic, thereby necessitating the use of sequential ATPG. Feedback loops may also
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FI1GURE 1.8: Test insertions associated with M3D integration.

lead to races and hazards, resulting in unpredictable behavior.

In the manufacturing of an M3D IC, tests can be applied at multiple stages, e.g.,
on a partial assembly of layers and on the full assembly with all the layers. Tests
can also be applied after the full assembly is diced and packaged. During partial-
assembly or full-assembly test, individual layers can be tested, or their testing can
be omitted. Fig. 1.8 shows the typical integration flow for a three-layer M3D IC; it
involves the incremental assembly of one layer at a time, and test insertions can be
associated with these steps. These tests can cover the intra-layer logic, as well as
inter-layer interconnections.

The IEEE Std P1838 can potentially be extended for M3D ICs. P1838 man-
dates the insertion of a die wrapper register for TSV-based 3D ICs that provides
controllability and observability [40]. A similar register for M3D can enable modular
testing by supporting inward-facing and outward-facing test modes. Such a regis-
ter can enable modular testing by supporting inward-facing and outward-facing test
modes. However, the overhead due to this register at the boundary of every layer
can be significant since the number of ILVs in M3D ICs is expected to be an order
of magnitude higher compared to TSV-based 3D ICs [3].

Although the extension of P1838 to M3D enables reuse of methods developed for
TSV-based 3D ICs, new test solutions are needed due to the significant differences
between M3D and TSV-based 3D in terms of design, fabrication, failure modes, and
test constraints [3]. Moreover, a die (including the TSVs) can be tested pre-bond and
a known-good die can be used for a TSV-based 3D stack [40]. On the other hand,
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ILVs are absent in the uppermost layer during partial-assembly test. For layers other
than the top layer, there is no functional interface through which tests can be applied.
The ILVs are not fabricated until the next silicon layer is assembled and the front-end
is processed. Therefore, even if we insert probe pads on the uppermost layer, the
logic connected to the ILVs will still remain untested. Wrapper cells are required for
each ILV in order to test the connected logic. However, since the number of ILVs in
an M3D IC can be very large, the area overhead due to wrapper cells for each ILV
will be high.

1.2.4  Yield Loss Due to Voltage Droop

Fig. 1.9 presents an overview of a typical power-delivery network (PDN) for M3D
ICs. Significant resources from the uppermost metal layers in each tier are dedicated
for power delivery depending on the number of supply voltages used in the design.
In addition, the uppermost metal layer in the bottom tier is used to design landing
pads for power vias from metal-1 (M1) in the top tier. Significant routing blockages
can occur in the uppermost metal layer of the bottom tier if it is heavily used for
power delivery. Because of these blockages, the signal MIV count and wire length
get impacted, thereby adversely affecting performance.

Voltage droop during testing is a major concern for M3D ICs since it can cause
defect-free chips to fail on the tester, i.e., yield loss. Voltage droop is typically
higher in magnitude during testing when compared to functional operation due to
high switching activity during scan shift or capture [41]. Several power-aware test
solutions have been proposed to carry out testing without violating specified power
budgets [41, 42]. However, there is no previous work that analyzes voltage droop
during test in M3D ICs.

Reliable power delivery is challenging in M3D ICs due to high power density and

current demand per unit area. In addition, the high susceptibility of interconnects in
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FIGURE 1.9: Overview of a typical PDN for M3D ICs.

M3D ICs to electromigration (EM) and stress migration (SM) increase the complexity
of PDN design. Although several recent studies on power delivery for M3D ICs have
been reported [31, 43, 44], the reliability of PDN in M3D and its impact on testing

has not been explored.
1.3 Outline of Dissertation

The adoption of M3D technology by the industry can be impeded due to an insuf-
ficient understanding of test issues and the lack of DfT solutions. These concerns
provide a strong motivation for research in testing of M3D ICs. In this dissertation,
we carefully study the test challenges identified in Section 1.2 and develop solutions
to tackle them. We first present the analysis of the test challenges, then we move to
the test solutions. The remainder of this dissertation is organized as follows.

In Chapter 2, we first analyze electrostatic coupling in M3D ICs. We then analyze
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defects that arise due to voids created during wafer bonding, a key step in most
M3D fabrication processes. We quantify the impact of these defects on the threshold
voltage of a top-layer transistor in an M3D integrated circuit. We also show that
wafer-bonding defects can lead to a change in the resistance of ILVs, and in some
cases, lead to an open in an ILV or a short between two ILVs. We then analyze the
impact of these defects on path delays using HSpice simulations. We study their
impact on the effectiveness of delay-test patterns for multiple instances of IWLS’05
benchmarks in which these defects were randomly injected. Our results show that
the timing characteristics of an M3D IC can be significantly altered due to coupling
and wafer-bonding defects if the thickness of its inter-layer dielectric is less than 100
nm. Therefore, for such M3D ICs, test-generation methods must be enhanced in
order to take M3D fabrication defects into account.

Chapter 3 presents a new DfT solution for M3D ICs based on dedicated test
layers. The proposed DfT solution consists of a set of cooperating test layers, one for
each interface between two functional layers. We describe the operating modes and
configurations supported by the test layers. We also derive a cost model accounting
for the additional steps involved in the fabrication of an M3D IC. We then compare
the cost of the proposed DfT solution with the cost of a potential test solution
based on P1838. We also present a test scheduling and optimization technique for
wafer-level testing of M3D ICs.

Chapter 4 presents an ILV BIST solution for M3D ICs since conventional scan-
based test pattern generation do not provide the diagnostic resolution to diagnose and
characterize ILV faults. In the proposed ILV BIST solution, interface-register cells
in a test layer are stitched into a TRC using their functional outputs and the ILVs.
We show that the proposed solution detects all hard opens and shorts in the ILVs.
We validate the detection of all hard opens and shorts using HSpice simulations. We

also propose an artificial neural network-based framework to estimate the size of ILV
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defect and show that the prediction accuracy of the proposed framework is extremely
high.

Chapter 5 describes an optimization approach for reliable power delivery in M3D
ICs. We leverage genetic programming to explore the design space to optimize power
delivery for M3D. We also analyze voltage droop during scan-based testing and
compare it with that observed during functional operation. We then quantify the
impact of voltage droop during scan-based testing on yield loss. Our results show
that the proposed PDN design significantly reduces the worst-case voltage droop and
yield loss due to voltage droop compared to a baseline.

Finally, Chapter 6 summarizes the contributions of the dissertation and identifies

directions for future work.
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2

Analysis of Coupling and Wafer-Bonding
Defects

In this chapter, we analyze electrostatic coupling between device layers in M3D ICs
and quantify its impact on circuit timing. We carry out detailed device simulations
to understand the impact of coupling on the threshold voltage of a top-layer tran-
sistor for both transistor- and gate-level integration. We also study the impact of
wafer-bonding defects on the threshold voltage of a top-layer transistor and on the
ILVs [45-47]. We use HSpice simulations to quantify the change in path delays due to
electrostatic coupling between device layers and the presence of defects at the bond
interface. We also analyze the impact of coupling and wafer-bonding defects on the
effectiveness of delay-test patterns using the statistical delay quality level (SDQL)
metric [48]. This metric is correlated to the test escape rate due to small-delay
defects (SDDs).

The remainder of the chapter is organized as follows. A study of the impact of
coupling on the threshold voltage of devices is presented in Section 2.1. Section 2.2
presents a study of the impact of wafer-bonding defects on the threshold voltage of

top-layer transistors. Section 2.3 discusses the impact of wafer-bonding defects on
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ILVs. Section 2.4 and Section 2.5 analyze the impact of coupling and wafer-bonding
defects on path delays and test quality, respectively. Finally, Section 2.6 concludes

the chapter.
2.1 Impact of Coupling on Threshold Voltage

Due to the coupling between the top and bottom transistor layers, the threshold
voltage of a transistor in the top layer can differ considerably from that of a con-
ventional transistor (SOI or bulk CMOS), and depends on the bias and properties
of the back gate. We carried out device simulations to accurately evaluate the im-
pact of coupling on the threshold voltage of a top-layer transistor. Simulations were
performed using Silvaco Atlas, a physics-based numerical device simulator.

We simulated two device structures using Atlas: (i) an asymmetric double-gate
SOI transistor to study the impact of coupling in transistor-level M3D integration,
and (ii) an asymmetric double-gate SOI transistor in which the front- and back-
gates are independent of each other to study the impact of coupling in gate-level
M3D integration. In transistor-level M3D integration, a top-layer transistor cannot
be regarded as a double-gate transistor in all cases, especially if the design consists
of pass-transistor and dynamic CMOS logic. However, in most practical circuits,
pass-transistor and dynamic CMOS logic form a small part of the total chip area;
therefore, neglecting the impact of coupling in such transistors can be justified.

The values of various parameters for the devices in our simulations were obtained
from [1], and they are listed in Table 2.1. In our simulations, we have included

physical models such as Shockley-Read-Hall recombination, Lombardi’s mobility,

Table 2.1: Device parameters obtained from [1].

Gate HfO, Poly-Si Layer | TiN Layer | Silicon Film | Buried-Oxide
Length | Thickness Thickness Thickness | Thickness Thickness
50 nm 2.5 nm 50 nm 5 nm 10 nm 23 nm
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and Selberherr’s impact ionization. To get realistic results, we calibrated the model
parameters using experimental values of on- and off-currents reported in [1]. The
values of the work functions of the front and back gate in P- and N-channel transistors

were adjusted during the calibration process.
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FIGURE 2.1: Plot of drain current as a function of front-gate voltage showing the
shift in the threshold voltage in: (a) linear bias range, and (b) saturation bias range.
Voltage notations used in this figure are illustrated in Fig. 1.5.

Fig. 2.1 presents several plots of the drain current (Ip) as a function of the front-
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gate voltage (Vrg) for double-gate transistors used to analyze the impact of coupling
on transistor- and gate-level M3D. Each of these plots also include the Ip — Vg plot
for a conventional SOI transistor. The thickness of buried oxide in the SOI transistor
was chosen to be 500 nm. We chose this value since the back-gate does not impact
the state of the channel for this oxide thickness. We observe that the I'p — Vpq plots
for a top-layer transistor in transistor- and gate-level M3D integration are shifted
from those obtained for a conventional SOI device, in both linear and saturation
bias ranges. Therefore, we expect a shift in the threshold voltage of these devices
from a planar SOI device.

In the following paragraphs, we present the threshold-voltage values obtained
from our simulations. The threshold-voltage values are calculated from Ip — Vig
plots using the constant-current threshold voltage extraction method [49] for a drain-
source bias of 100 mV. In this method, threshold voltage of a device is the gate-source
voltage at which the drain current is equal to a constant current (/pg) multiplied by
the ratio of gate width to gate length. The value of Ipg is process dependent, and
it typically ranges between 50 and 500 nA.The value of Ipg was chosen to be 300
nA for N-channel and 70 nA for P-channel transistors. These values for obtained
from fab measurements for 32-nm partially-depleted SOI technology [49]. Note that
the absolute value of the threshold voltage obtained using this method may not be
accurate since the Ipg values used in this work have not been optimized for M3D
technology. Nevertheless, the shift in threshold-voltage values that we report will
still be accurate.

2.1.1 Impact of Coupling on a Top-Layer Transistor (Transistor-Level
Partitioning)
Table 2.2 shows the threshold-voltage values of a double-gated device created to

simulate a top-layer transistor in the case of transistor-level M3D integration. For
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Table 2.2: Threshold-voltage values of a double-gated device for transistor-level M3D
integration.

Channel | Conventional Perfect Misalignment
Type SOI Alignment 5 nm 10 nm 15 nm 20 nm
N 0.117V 0.168 V 0.167V | 0.166 V | 0.164V | 0.161 V
P -0.058 V -0.109 V | -0.109 V | -0.108 V | -0.106 V | -0.104 V

the N-channel double-gate transistor, the threshold voltage is 0.168 V in the ideal
case in which the front gate and the back gate are perfectly aligned with each other,
which is 51 mV greater than the threshold voltage of a conventional-SOI transistor
(obtained to be 0.117 V). For the P-channel double-gate transistor, the threshold
voltage is -0.109 V in the ideal case in which the front gate and the back gate are
perfectly aligned with each other, which is 51 mV less than the threshold voltage of
a conventional-SOI transistor (obtained to be -0.058 V).

In addition, there can be some changes in the threshold voltage of a top-layer
transistor due to the misalignment between the front and back gates. The misalign-
ment between these gates results from the limitations of the lithography stepper
accuracy, and the extent of this misalignment can be as high as 40% of the mini-
mum feature size in current technology nodes [1, 50]. We observe that the change in
threshold voltage for the case in which the back-gate is shifted towards the drain is
similar to the case in which the back-gate is shifted towards the source. Nevertheless,
our results show that misalignment between the front and back gates does not have

a significant impact on the threshold voltage (only a 7 mV change in the worst case).

2.1.2  Impact of Coupling on a Top-Layer Transistor (Gate-Level
Partitioning)

Table 2.3 shows the threshold-voltage values of a double-gated device created to
simulate a top-layer transistor for gate-level M3D integration. For this transistor,

the threshold voltage depends on the layout of the metal line, which in this case acts
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Table 2.3: Threshold-voltage values of a double-gated device for gate-level M3D
integration.

Channel | Conventional | Back-gate Perfect Misalignment
Type SOI Voltage | Alignment | 10 nm 30 nm 50 nm
N 0117V 0.0V 0.161 V 0.158 V | 0.147V | 0.126 V

1.0V 0.052 V 0.067 V | 0.082V | 0107V
0.0V -0.004 V -0.008 V | -0.030 V | -0.054 V
1.0V -0.109 V -0.106 V | -0.090 V | -0.070 V

P -0.058 V

as the back gate, as well as the voltage on the metal. We observe that the change in
threshold voltage for the case in which the metal line is shifted towards the drain is
similar to the case in which the metal line is shifted towards the source.

For the N-channel double-gated device, we observe a 44 mV increase from the
threshold voltage of a conventional-SOI transistor for the case in which the metal line
overlaps completely with the top-layer transistor. In addition, the threshold-voltage
value decreases by 65 mV when the voltage on the metal line changes from 0 V to 1
V (assuming that the power supply voltage is 1 V). However, the change in threshold
voltage due to a change in the voltage on the metal line decreases when the metal
line does not completely overlap with the transistor.

For the P-channel double-gated device, we observe a 54 mV increase from the
threshold voltage of a conventional-SOI transistor for the case in which the metal
line overlaps completely with the top-layer transistor. In addition, the threshold-
voltage value decreases by 51 mV when the voltage on the metal line changes from
0 V to 1 V. However, the change in threshold voltage due to a change in the voltage
on the metal line decreases when the metal line does not completely overlap with the

transistor.
2.1.3 Impact of ILD Thickness on Threshold Voltage

Thus far, we have evaluated the impact of coupling on the threshold voltage of a
top-layer transistor by considering a 3D benchmark with an ILD thickness of 23 nm.
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Although the usage of a thin ILD enables high-density ILVs and high-quality wafer
bonding, we showed that it can lead to a significant shift in the threshold voltage
(AVyy,) from that of a conventional SOI transistor for both transistor- and gate-level
M3D integration. We next vary the ILD thickness to evaluate the impact of ILD

thickness on the AV}, due to coupling.
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FiGURE 2.2: Change in the threshold voltage from that of a conventional SOI tran-
sistor for: (a) transistor-level M3D, and (b) gate-level M3D.

Fig. 2.2(a) shows the |AV},| of a double-gated device created to simulate a top-
layer transistor in the case of transistor-level M3D integration. For both N-channel
and P-channel double-gate transistors, the |AVy,| was obtained to be 51 mV for
an ILD thickness of 23 nm. However, for an ILD thickness of 100 nm, the |AV,|
reduces to 7 mV and 9 mV for N-channel and P-channel transistors, respectively.
Therefore, we conclude that for ILD thicknesses greater than 100 nm, the impact of
bottom layer on threshold voltage of a top-layer transistor in transistor-level M3D
is minimal. For ILD thickness less than 50 nm, the impact of coupling on threshold
voltage of a top-layer transistor is significant, and cannot be ignored.

Fig. 2.2(b) shows the |AV};| of a double-gated device created to simulate a top-
layer transistor in the case of gate-level M3D integration. For the N-channel double-
gate transistor, the |AV},| was obtained to be 44 mV and 65 mV for a back-gate

(metal line from bottom layer) voltage of 0 V and 1 V, respectively. However, for
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an ILD thickness of 100 nm, the |AV},| reduces to 9 mV and 13 mV for a back-
gate voltage of 0 V and 1V, respectively. Similarly, for the P-channel double-gate
transistor, we observe that the impact of a metal line from the bottom layer on the
threshold voltage of a top-layer transistor is minimal for ILD thickness greater than
100 nm. Therefore, we conclude that for ILD thickness greater than 100 nm, coupling
between the top- and bottom-layers is minimal. For ILD thickness less than 50 nm,
the impact of coupling on threshold voltage of a top-layer transistor is significant,

and cannot be ignored.

2.2 Impact of Wafer-Bonding Defects on Device Threshold
Voltage

Although the occurence of bond defects can be reduced by tightly controlling the
factors described in Section 1.2.2, it is not possible to completely prevent them from
occuring due to increasing process variations at nanoscale technology nodes. It is
especially difficult to control the occurence of nm size voids since they can easily
form with a small variation in the surface roughness. It is therefore important to
understand these defects, and analyze their impact on the functionality and perfor-
mance of an M3D IC. Such an analysis will provide insights into the test methods
required to screen defective and marginal M3D ICs.

The presence of a void at the bond interface impacts the threshold voltage of top-
layer transistors. The oxide layers, which act as the bond interface, form the inter-
layer dielectric (ILD). If a void is present in the back-gate dielectric of a double-gate
transistor, the back-gate capacitance will be lower compared to the defect-free case,
since the dielectric constant of air is lower than that of a dielectric material such as
SiOy or Al;O3. Let us consider a void that is perfectly aligned with the channel of
a top-layer transistor as shown in Fig. 2.3(a). We assume a void in the shape of a

ellipsoid of revolution (oblate spheroid) since most voids reported in the literature
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were observed of that shape [51]. We also assume the diameter of the void to be
greater than the channel length of the transistor under consideration but not large
enough to affect transistors in other gates. This is a valid assumption since voids
that impact transistors in multiple gates lead to catastrophic faults, and they can
be easily detected using existing test methods. We are interested in analyzing the
impact of voids that cause parametric faults as they are more difficult to test. With
these assumptions, the effective back-gate dielectric capacitance can be expressed as
the capacitance of the void in series with the capacitances of the dielectric layers

above and below the void:

1 t] tvoi t
— box 4 void + box (2 1)
Oeffective €ox €void €ox

/

bop AN

where tp,, is the thickness of the back-gate dielectric in the absence of a void, ¢

7

bor e the thicknesses of the dielectric layers above and below the void, respectively,

/

' oiq 1s the thickness of the void, and €,, and €,;, are the dielectric constants of the

ILD and void, respectively. From (2.1), we can conclude that the effective back-gate
dielectric capacitance (Ceffective) Will be less than the capacitance of the back-gate
dielectric in the absence of a void (tpeg/€or) SINCE €4pia < €4 The dielectric constants
corresponding to the ILD and a void are 3.9 and 1, respectively.

Fig. 2.3(b) and Fig. 2.3(c) show the case in which a void is not perfectly aligned
with the channel of a top-layer transistor. In this case, computation of the effective
back-gate dielectric capacitance is more complex since the potential across the back
interface is not constant. However, the effective back-gate dielectric capacitance in
this case will lie between that for the perfectly aligned case and the defect-free case.
Therefore, we will observe maximum shift in the threshold voltage when the void is
perfectly aligned with the channel of a top-layer transistor.

We carried out device simulations to evaluate the impact of a void on the threshold

voltage of a top-layer transistor. In Section. 2.2.3, we concluded that the impact of
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FIGURE 2.3: Alignment of a void with the channel of a top-layer transistor: (a)
perfect alignment, (b) positive misalignment, and (c) negative misalignment.

coupling on threshold voltage of a top-layer transistor is minimal for ILD thickness
greater than 100 nm. Since the impact of a void on the threshold voltage of a top-
layer transistor depends on the extent of coupling between the top layer and the
bottom layer, we carry out simulations for an ILD thickness of: (i) 23 nm, and (ii)
100 nm.

Fig. 2.4, Fig. 2.5, Fig. 2.6 and Fig. 2.7 present several plots of the drain current
(Ip) as a function of the front-gate voltage (Vi) for double-gate transistors used to
analyze transistor- and gate-level M3D, respectively, for: (i) defect-free case, and (ii)
the case in which a 12.5 nm thick void is present in the back-gate dielectric. Each
of these plots also include the Ip — Veg plot for a conventional SOI transistor. We
observe that the Ip — Vpg plots for a top-layer transistor in transistor-level M3D
integration with a void in the back-gate dielectric have shifted to the left and to the
right from those obtained for a defect-free transistor for N- and P-channel devices,
respectively. This shift occurs for both linear and saturation bias ranges. For a top-
layer transistor in gate-level M3D integration, we observe that the direction of shift
of the Ip — Vrg plot depends on the back-gate voltage of the transistor in addition
to the channel type.

Therefore, we expect a shift in the threshold voltage of these devices from the
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FIiGURE 2.4: Plots of drain current as a function of front-gate voltage showing the
shift in the threshold voltage for a top-layer transistor in transistor-level M3D in

linear bias range for an ILD thickness of:

defect-free device for transistor- and gate-level M3D. In the following paragraphs,

we present a detailed analysis of the threshold-voltage values obtained from our

simulations. The threshold-voltage values

the constant-current threshold voltage extraction method [49] for a drain-source bias

of 100 mV.

2

)

(a) 23 nm; (b) 100 nm.

are calculated from the I'p —Vpg plot using

9
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saturation bias range for an ILD thickness of: (a) 23 nm; (b) 100 nm.

2.2.1 Impact of Voids on a Top-Layer Transistor (Transistor-Level
Partitioning)

Table 2.4 shows the threshold-voltage values of a double-gate transistor used to study
the impact of a void on the threshold voltage of a top-layer transistor in transistor-
level M3D integration. In this design partitioning approach, we use the threshold-
voltage values of a defect-free top-layer transistor as the baseline since the Ip — Vig
curves obtained for defect-free transistors match those obtained for conventional SOI

transistors.
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For the defect-free P-channel double-gate transistor, the threshold voltage was
obtained to be -0.109 V and -0.067 V for an ILD thickness of 23 nm and 100 nm,
respectively. We observe a 8 mV increase from the threshold voltage of a defect-free
double-gate transistor when the simulation was carried out for an ILD thickness of
23 nm and the back-gate dielectric capacitance was modified to account for a 2.5 nm
thick void. The change in threshold voltage increases to 35 mV when the simulation
was carried out for a 12.5 nm thick void. On the other hand, the change in threshold
voltage from the defect-free case was obtained to be only 2 mV when the simulation
was carried out for an ILD thickness of 100 nm for a 12.5 nm thick void.

For the defect-free N-channel double-gate transistor, the threshold voltage was
obtained to be 0.168 V and 0.124 V for an ILD thickness of 23 nm and 100 nm,
respectively. We observe a 10 mV decrease from the threshold voltage of a defect-
free double-gate transistor when the simulation was carried out for an ILD thickness
of 23 nm and the back-gate dielectric capacitance was modified to account for a
2.5 nm thick void. The change in threshold voltage increases to 32 mV when the
simulation was carried out for a 12.5 nm thick void. On the other hand, the change
in threshold voltage from the defect-free case was obtained to be only 3 mV when the
simulation was carried out for an ILD thickness of 100 nm for a 12.5 nm thick void.
Therefore, our results show that the presence of a void in the back-gate dielectric can

have a notable impact on the threshold voltage of a top-layer transistor in an M3D

Table 2.4: Threshold-voltage values of a double-gated device for transistor-level M3D
integration.

ILD Channel | Defect-Free Bubble thickness
Thickness | Type Case 2.5 nm 5 nm 7.5 nm 10 nm | 12.5 nm
93 1m P -0.109 V| -0.101 V | -0.089 V | -0.083 V | -0.077 V | -0.074 V
N 0.168 V 0.158 V | 0.151V | 0.146 V | 0.139 V | 0.136 V
100 nm P -0.067 V| -0.066 V | -0.066 V | -0.065 V | -0.065 V | -0.065 V
N 0.124 V 0.123V | 0123V | 0.122V | 0.121V | 0.121 V
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Table 2.5: Threshold-voltage values of a double-gated device for gate-level M3D
integration.

ILD Channel | Back-Gate | Defect-Free Bubble thickness

Thickness | Type Voltage Case 2.5 nm 7.5 nm | 12.5 nm
P ov -0.004 V | -0.016 V | -0.031 V | -0.041 V

93 nm N ov 0.161 V 0.154 V | 0.143V | 0.136 V
P 1V -0.109 V | -0.101V | -0.085V | -0.077 V

N 1V 0.052 V 0.066 V | 0.082V | 0.094 V

P ov -0.052 V | -0.052 V | -0.053 V | -0.054 V

100 nm N ov 0.126 V 0.125V | 0.123 V | 0.123 V
P 1V -0.070 V. | -0.069 V | -0.068 V | -0.067 V

N 1V 0.104 V 0.106V | 0.106 V | 0.107 V

IC partitioned at the transistor-level (35 mV and 32 mV change in the worst case
for P- and N-channel devices, respectively) when the ILD thickness is as small as 23
nm. However, their impact on threshold voltage is minimal when the ILD thickness

is greater than 100 nm.
2.2.2  Impact of Voids on a Top-Layer Transistor (Gate-Level Partitioning)

Table 2.5 shows the threshold-voltage values of a double-gate transistor used to study
the impact of a void on the threshold voltage of a top-layer transistor in gate-level
M3D integration. In this design partitioning approach, we use the threshold-voltage
values of a conventional SOI transistor as the baseline since the Ip — Vrg curves
obtained for defect-free transistors do not match those obtained for conventional
SOI transistors. This mismatch is due to the electrostatic coupling between the top
and bottom layers.

For the defect-free P-channel double-gate transistor, the |AV},| from that of a
conventional SOI transistor was obtained to be 54 mV and 6 mV for a back-gate
voltage of 0 V for an ILD thickness of 23 nm and 100 nm, respectively. The |AVy,|
is 51 mV and 12 mV, respectively, when the back-gate voltage is increased to 1 V.

We observe that the |AV},| decreases to 43 mV when the simulation was carried out
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for an ILD thickness of 23 nm for a back-gate voltage of 1 V and when the back-gate
dielectric capacitance was modified to account for a 2.5 nm thick void. The |AVj|
decreases to 17 mV when the simulation was carried out for an ILD thickness of
23 nm for a 12.5 nm thick void. On the other hand, the |AV},| is not impacted
when the simulation was carried out for an ILD thickness of 100 nm. A similar
trend in the threshold voltage values was obtained when we carried out simulations
for the N-channel double-gate transistor. Therefore, we conclude that the changes
in threshold-voltage values due to wafer-bonding defects are significant for gate-level
M3D integration when the ILD thickness is as small as 23 nm. However, their impact

on threshold voltage is minimal when the ILD thickness is greater than 100 nm.
2.3 Impact of Voids on Inter-Layer Vias

We now analyze the impact of wafer-bonding defects on ILVs. In the M3D fabrica-
tion flow, ILVs are etched after the top-layer transistors have been processed. The
CoolCube™ technology uses tungsten for the ILVs and in the BEOL of the bottom
layer due to its ability to withstand higher processing temperatures [5, 27]. Copper
is used for the interconnects in the top layer. In order to make the M3D fabrica-
tion flow compatible with copper interconnects in the bottom layer, low-temperature
steps to process the top-layer transistors are currently being developed [24, 25]. We
therefore analyze the impact of wafer-bonding defects on copper ILVs.

Copper interconnects in today’s ICs are processed using the dual-damascene pro-
cess. In this process, both the metal line and the via are filled with copper in a
single step. If the dual-damascene approach is used in the fabrication of an M3D
IC, the ILVs are processed along with the first metal layer of the top layer. The
key steps in the dual-damascene process are: (i) resist deposition and patterning,
(ii) reactive-ion etching, (iii) deposition of barrier and seed layers using atomic-layer
deposition (ALD), (iv) electroplating to fill the etched pattern with copper, and (v)
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chemical-mechanical planarization to remove excess copper.

The presence of a void in the dielectric at the position where an ILV is being
etched impacts the electroplating process. To fill trenches and vias completely, with-
out any voids or seams, a superconformal deposition of the barrier and seed layers
is required [52]. However, if a void is present in the dielectric, superconformal de-
position may or may not happen depending on the size of the void; thus, leading to
the formation of voids or seams, and resulting in an increase in the resistance of the
ILV. In some cases, the void can be large enough to cause an open defect in the ILV.
On the other hand, if the size of the void is large enough to impact two neighboring
ILVs, then it leads to a resistive short between the two ILVs. The resistance of the
defect depends on the thickness of the void. ILVs are affected by voids since they

are processed after the wafer-bonding step.
2.4 Impact on Path Delays

We carry out HSpice simulations on a small design to analyze the impact of coupling
and wafer-bonding defects on path delays. We use the Leti-UTSOI2.1 model in these
simulations [53]. This model has been developed for ultra-thin body and buried-oxide
SOI transistors, and they offer the flexibility of applying different front- and back-
gate voltages, work functions, dielectric thicknesses, and dielectric constants. We
calibrated the model parameters using experimental values of on- and off-currents
reported in [1]. The purpose of this analysis is to show that path delays in an M3D
IC depend on the extent of coupling between device layers, and on the number,
location, and size of defects that arise during wafer bonding.

Fig. 4.6 shows the design on which we performed our analysis. We partition this
design into two layers as shown in Fig. 4.6 in order to simulate the case of gate-
level design partitioning. In the case of transistor-level design partitioning, all the

N-channel transistors are placed on the top layer and all the P-channel transistors
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FIGURE 2.8: Design used to study the impact of bond defects on path delays.

are placed on the bottom layer. As shown in Fig. 4.6, constant DC voltages were
applied to all the inputs, except on one input, on which a rising transition with a
rise time of 5 ps was applied. The delay in propagating this transition to the output
nodes was calculated.

We carry out simulations on 100 instances of the above design, which are created
by randomly injecting defects on the gates in that design. In the case of transistor-
level design partitioning, we inject four defects that include voids, which impact
top-layer transistors (N-channel), and at the most one ILV defect. We only consider
resistive opens and intra-cell shorts for the ILV defects. We do not consider inter-
cell shorts as they are less likely to occur. The defect sizes considered for resistive
opens (4 K-Ohm and 40 K-Ohm) and shorts (80 K-Ohm and 400 K-Ohm) in our
simulations were obtained from those considered for regular vias [54]. For gate-level
design partitioning of our design, there are only two ILVs (highlighted in the figure),
if we neglect the ILVs for routing the inputs and the power supplies from the top
layer to the bottom layer. We inject four defects even in this case that include voids,
which impact top-layer transistors, and at the most one ILV defect (resistive open

in one of the two ILVs or a resistive short between the two ILVs). We assume that a
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void impacts a complete gate in gate-level design partitioning, i.e., we consider the
same defect size for both N- and P-channel transistors in a gate. We also vary the
back-gate voltage of top-layer transistors to take into account the impact of coupling
on path delays in a gate-level partitioned design.

Fig. 2.9(a) and Fig. 2.9(b) show the propagation delay to the output nodes for
transistor-level design partitioning of the design under consideration for an ILD
thickness of 23 nm and 100 nm, respectively. For transistor-level partitioning, we
showed that the threshold voltage of top-layer transistors is different from that of
conventional-SOI transistors due to coupling if the ILD thickness is less than 100 nm.
However, this shift in the threshold voltage can be determined by carrying out care-
ful simulations at design time since the variation due to misalignment is very small.
Therefore, we select a defect-free transistor as the baseline for these simulations.

For each output, the delay in propagating the input transition to that node for
the case in which no wafer-bonding defects were considered, and the case in which
defects were considered, are shown in Fig. 2.9(a) and Fig. 2.9(b). Note that the
propagation delay to all the four outputs are impacted since a defect can arise in
any gate in the design. We observe that the path delays do not change significantly
when the simulation was carried out for an ILD thickness of 100 nm, except when
ILV defects are considered. This is expected as the impact of voids on the threshold-
voltage of a top-layer transistor is not very significant. In addition, all the defects
are not necessarily injected on the same path. However, we observe a notable change
in the path delays when the simulation is carried out for an ILD thickness of 23 nm.
For a few circuit instances, the ranking of the path delays is different from the case
in which no wafer-bonding defects were considered. Such results were obtained when
ILV defects were considered.

Fig. 2.10(a) and Fig. 2.10(b) show the propagation delay to the output nodes for
gate-level partitioning of the design under consideration for an ILD thickness of 23
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FIGURE 2.9: Propagation delay of the transition to the output nodes for the design
shown in Fig. 4.6 for: (a) transistor-level partitioning for an ILD thickness of 23 nm;
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(b)

(b) transistor-level partitioning for an ILD thickness of 100 nm.

nm and 100 nm, respectively. For each output, the delay in propagating the input
transition to that node for the case in which wafer-bonding defects were considered,
and the conventional SOI case, are shown in this figure. For gate-level partitioning,
we use a conventional-SOI transistor as the baseline case since the path delays can

vary even in the defect-free gate-level design partitioning case due to variations in

the back-gate voltage.
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FIGURE 2.10: Propagation delay of the transition to the output nodes for the design
shown in Fig. 4.6 for: (a) gate-level partitioning for an ILD thickness of 23 nm; (b)

gate-level partitioning for an ILD thickness of 100 nm.

We observe that the change in path delays is more significant when the simulation
was carried out for an ILD thickness of 23 nm compared to when the simulation was
carried for an ILD thickness of 100 nm. In the former case, the change in path delays
is notable even when ILV defects are not considered. For example, the average change
in path delays over 10 circuit instances was obtained to be 4.57 ps and 2.64 ps for
an ILD thickness of 23 nm and 100 nm, respectively. This is expected as the impact

of voids, in combination with variations in the back-gate voltage, on the threshold-
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voltage of a top-layer transistor is significant for gate-level partitioning. Moreover,
for the circuit instances in which all the defects were injected on the same path, or
the instances in which ILV defects were considered, the impact on the path delays is
significant. For these circuit instances, the ranking of the path delays can be different
from the conventional SOI case. Therefore, coupling and wafer-bonding defects can
cause a change in the path delays, thereby causing a significant change in the timing

of the circuit, especially when the ILD thickness is less than 100 nm.
2.5 Impact on the Effectiveness of Delay-Test Patterns

SDDs have become a major concern at the nanoscale technology nodes due to in-
creasing process variations. SDDs are difficult to screen because they only cause an
error if the length of the path affected by them exceeds the clock period. However,
effective screening of SDDs can be ensured by generating patterns specifically for
those defects. Timing-aware automatic test pattern generation (ATPG) tools can be
used to target the longest sensitizable path for each fault. Such ATPG tools rely on
circuit timing information to generate path profiles. We showed that coupling and
wafer-bonding defects significantly impact the path profiles in a gate-level-integrated
M3D IC. If these changes are not considered, the ATPG tool will propagate faults
through paths that are much shorter than the long paths. This will decrease the
effectiveness of patterns used to screen delay defects, resulting in lower test quality.

Note that delay-test methods that consider process variations, e.g., the test-
pattern selection method for screening SDDs [55], are unlikely to be effective for
M3D ICs. We cannot obtain the delay distributions for the gates in an M3D IC by
considering die-to-die, wafer-to-wafer, and lot-to-lot variations for different process
parameters as proposed in [55] for conventional ICs. This is because the threshold
voltage of top-layer transistors depends on the voltage on the uppermost metal line in
the bottom layer, in addition to the number and size of the wafer-bonding defects. The
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FIGURE 2.11: Tool flow used to analyze the impact of coupling on test quality.

technique presented in [55] (and other related prior work such as [56]) does not
address such voltage-dependent variations.

Statistical static timing analysis (SSTA) based ATPG methods such as [57] take
into account the effect of process variations on path delays. These methods rely
on variability-aware delay data to generate test patterns to effectively screen SDDs.
However, these methods require considerable computation time to generate test pat-
terns. For example, in [57], each test pattern requires multiple dynamic timing
analysis runs. The Gaussian pin-to-pin delay distributions are randomly sampled
and provided as input to the timing analysis runs. Since the test data volumes of

today’s ICs are extremely high, SSTA-based ATPG methods will be inefficient.
2.5.1 Simulation Setup

We use three IWLS’05 benchmarks to analyze the impact on the effectiveness of
delay-test patterns. These benchmarks were synthesized and scan-inserted using
the Nangate open cell library for the 45 nm technology node. We assumed that
each benchmark design constitutes the top layer in an M3D IC. In order to carry out
this analysis, we developed a tool flow based on conventional library characterization,
timing analysis, and ATPG tools: Synopsys SiliconSmart, Synopsys PrimeTime, and
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Synopsys TetraMax, respectively. An overview of the tool flow is shown in Fig. 2.11.

We start with an open-source timing library such as the Nangate open cell library.
The SPICE model used to characterize the standard cells in this library, and the
netlists (post-parasitic extraction) of the standard cells can also be obtained. We
then modify the SPICE model based on the threshold voltage values obtained in
Section 4 to take the impact of coupling into account. The timing libraries for the
gates in a defect-free M3D IC can be obtained by recharacterizing the nominal timing
library with the modified SPICE models using SiliconSmart. We also generate the
defect-aware timing libraries by injecting wafer-bonding defects (transistor and ILV)
in the SPICE models of a defect-free M3D IC and the netlists of the standard cells,
and then recharacterizing the timing library. We only consider resistive opens and
intra-cell shorts for the ILV defects. We do not consider inter-cell shorts as they are
less likely to occur. The range of defect sizes considered in our simulations are 4
K-Ohm - 40 K-Ohm and 80 K-Ohm - 400 K-Ohm for opens and shorts, respectively.

We use the nominal timing library to generate the test patterns for a conventional
design. To generate these test patterns, we extract the slack data using PrimeTime,
and then carry out timing-aware transition-fault ATPG. We use statistical delay
quality level (SDQL) as the metric to evaluate the effectiveness of these test patterns
to screen SDDs in an M3D IC. We carry out fault simulation and compute the SDQL
values using TetraMax with: (i) the nominal slack data and the test pattern set as
input, and (ii) the slack data for a defective M3D instance and the test pattern set
as input. This procedure is repeated for multiple defective M3D instances, which are
created by randomly assigning the defect-aware timing libraries to at most 10% of
gates and the defect-free timing libraries to the rest of the gates in the design. The
SDQL value computed for each M3D instance is compared with that obtained in the
conventional case. We used the default values in TetraMax for the defect-distribution
parameters used to compute SDQL. We repeated the simulations using a different
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set of parameter values and obtained similar results.

2.5.2 SDQL Results

We obtained the SDQL values for 50 instances of: (i) vga_led, (ii) leon3mp, and (iii)
ethernet. The results are presented in Fig. 2.12. We normalized these SDQL values
with respect to the SDQL value obtained using the nominal timing library for the
standard cells in the corresponding benchmark. For most defective M3D instances
of these benchmarks, we observe that the SDQL values obtained are greater than
those obtained using the nominal timing library when the simulation was carried out
for an ILD thickness of 23 nm. For example, the SDQL values for defective M3D
instances of vga_lcd are upto 10% greater than those obtained using the nominal
timing library. Such an outcome is possible if there is an increase in the range of
defect sizes for most faults in the benchmark that are not tested by test patterns
generated using the nominal timing library. For each fault, the range of untested
defect size is defined as the difference between the slack on the longest-sensitizable
path and the slack on the path being sensitized by the test patterns. These results
show that coupling and wafer-bonding defects increase the range and size of defects
that are not tested by timing-aware ATPG patterns, and therefore, the likelihood of
delay-defect test escapes.

For some circuit instances, we also observe a decrease in SDQL. Such an outcome
is possible if for most faults in the benchmark, the range of untested defect size
decreases. For a fault, the range of untested defect size decreases if the slack on the
path being sensitized by the test pattern decreases. Since we showed in Section 8
that the delay of a path can increase or decrease due to coupling and wafer-bonding
defects, the slack on the path being sensitized by the test patterns can decrease in
some cases, resulting in a lower SDQL value.

We also note that the change in SDQL value of vga_led is more significant com-
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FIGURE 2.12: Normalized SDQL values for IWLS’05 benchmarks: (a) vga_led (23
nm thick ILD), (b) leon3 (23 nm thick ILD), (¢) ethernet (23 nm thick ILD), (d)
vga_lcd (100 nm thick ILD), (e) leon3 (100 nm thick ILD), (f) ethernet (100 nm thick
ILD).

pared to leon3 and ethernet. SDQL is calculated as the sum of the probability of
a delay fault being undetected and escaping the test over all the faults in a design.
The probability of a delay fault being undetected depends on the range of untested
defect size. Since the slack on a path depends on the circuit, the impact on SDQL
is also circuit dependent.

When the simulations were carried out for an ILD thickness of 100 nm, we ob-
served that the change in SDQL is minimal. For example, we observe only upto a
1% change in the SDQL values obtained for defective M3D instances of vga_led from
that obtained using the nominal timing library. Therefore, we can conclude that cou-
pling and wafer-bonding defects decrease the effectiveness of existing test-generation

methods for screening SDDs when the ILD thickness is less than 100 nm.
2.6 Conclusions

We have analyzed the impact of electrostatic coupling and wafer-bonding defects

on timing characteristics of an M3D IC. We carried out detailed device simulations
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to understand the impact of coupling and wafer-bonding defects on the threshold
voltage of a top-layer transistor for both transistor- and gate-level integration. We
then carried out HSpice simulations to understand their impact on path delays. We
also showed that the presence of defects at the bond interface can lead to a change in
resistance of an ILV, and in some cases, lead to an open in the ILV or a short between
two ILVs. We then analyzed the impact of coupling and wafer-bonding defects on
the effectiveness of delay-test patterns to screen SDDs. Our results show that test
patterns generated using conventional ATPG tools are not effective for screening
small-delay defects in M3D ICs that have been fabricated with an ILD less than 100
nm thick. For such M3D ICs, existing test-generation methods must be enhanced in

order to take M3D fabrication defects into account.
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3

DfT Solution Based on Dedicated Test
Layers and Test Scheduling

In this chapter, we propose a new DfT solution for M3D ICs based on dedicated test
layers, which are inserted between functional layers [58-60]. These layers provide
controllability and observability to signals at the interfaces of functional layers. The
main features of a test layer are: (1) a low-bandwidth serial interface, and a higher-
bandwidth parallel interface, (2) dedicated probe pads on all layers, except the top
layer, to enable partial-assembly testing, and (3) test structures to enable modular
testing of the assembled layers.

The addition of test layers to the M3D assembly can potentially lower chip yield
because of more candidate defect locations. However, the improvement in test cover-
age and defect-isolation capability offsets this concern. Moreover, the dedicated test
layers can be manufactured using a mature technology and the number of back-endof-
the-line (BEOL) layers can be minimized to reduce the impact on die yield. The im-
pact on chip performance is also minimal since the size of an ILV that connects logic

in the test layer to logic in the functional is comparable to that of a conventional
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via.

In the proposed solution, functional layers can have DfT structures such as scan-
chains, test data CoDeCs, IEEE Std. 1500 wrappers, and test access mechanisms.
However, all the layer-level test structures are located on the dedicated test layer.
The placement of test structures for modular testing of M3D ICs on a separate
layer is realistic since M3D integration enables significantly higher integration density
compared to TSV-based 3D integration. Such high device density is achieved by using
an extremely thin inter-layer dielectric (ILD) and silicon layers [3]. The dedicated
test layers can be manufactured using a mature technology to reduce the impact on
cost due to the additional processing steps.

The cost-per-die in M3D is impacted by the addition of DfT structures. The DfT
structures can be placed on the functional layer, e.g., IEEE Std P1838 extension to
M3D, or on a dedicated test layer.In order to justify the practicality of the proposed
method, we carefully evaluate the DfT cost. We derive a detailed cost model by
modifying the cost models for wafer-to-wafer stacked 3D ICs to account for the
additional steps involved in M3D integration. We then carefully analyze and quantify
the impact of the above test solution on yield and cost. Our results, for a 65 nm
technology reported in the literature and an advanced foundry process, show that
the proposed DfT solution is more cost-efficient than the P1838-based solution for a
wide range of ILV density, ILV yield, and defect density.

We also propose an efficient test-scheduling technique for wafer-level partial-
assembly or full-assembly testing of M3D ICs. The goal is to determine an optimal
test schedule for wafer-level testing of an M3D IC such that the test-application time
is minimized and the number of probe pads required to carry out the test does not
exceed a given limit, while meeting power-budget constraints. To the best of our
knowledge, this is the first test-scheduling approach reported for M3D integration.

The rest of the chapter is organized as follows. Section 3.1 describes the proposed
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DST solution. Section 3.2 analyzes the cost associated with the DT solution. Section
3.3 presents test scheduling for wafer-level testing of M3D ICs. Section 3.4 presents

the simulation results.Finally, Section 3.5 concludes the chapter.
3.1 Proposed DfT Solution

We consider M3D ICs that contain at least two functional layers. We refer to the
layer that is processed first as the bottom layer, and the layer that is processed at
the end as the top layer. We start with the assumption that the external I/O pins
are located on the top layer. The proposed DfT architecture can also be used for an
M3D IC in which the I/O pins are located on the bottom layer. The signals going
from a particular layer to another layer in the direction of external 1/Os is referred to
as the primary interface, and the collection of signals going to a layer in the direction
opposite to the external 1/Os is referred to as a secondary interface corresponding to
this layer. Fig. 3.1 shows the primary interface and the secondary interface for the
middle layer in a three-layer M3D IC.

Fig. 3.2(a) illustrates the impact of wrapper cells on die footprint. This figure
presents an example M3D IC consisting of two functional layers that implements
a test solution based on P1838. The external I/Os of the IC are all located on the
uppermost test layer, and are wrapped by IEEE 1149.1 boundary scan. We illustrate
through this figure that the area overhead due to the insertion of wrapper cells can
be prohibitively large.

The DT solution proposed in this paper is based on dedicated test layers, which
provide controllability and observability to the signals at the interfaces of functional
layers. A register is added to the test layer to control and observe the signals at the
interface of two functional layers. We refer to this register as the interface register.
By placing the interface register on a dedicated test layer, we are not adding any

test structures to the functional layer apart from conventional test structures.
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An overview of the architecture is presented in Fig. 3.2(b). The figure shows an
example M3D IC consisting of two functional layers and two test layers. The test
layer for the uppermost functional layer is optional, and the IEEE 1149.1 boundary
scan can be placed in the uppermost functional layer itself. A limited number of
additional pins are required for boundary scan, of which two (TDI and TDO) are
shown. The functional layers have intra-layer DfT such as scan-chains, test data
CoDeCs, IEEE Std wrappers, and test-access mechanisms (TAMs). However, all
the layer-level DfT is located in the test layer, thus facilitating the reuse of test
structures.

We advocate the use of a dedicated test layer for all functional layers except the
top layer since they can be processed using different technologies. Therefore, we may
need to isolate and test each layer separately. In order to do that, we will require a
test layer per functional layer except for the top layer. The test layer can be common

for multiple functional layers if they are processed using the same technology and
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FIGURE 3.2: Overview of: (a) DfT solution based on P1838; (b) proposed DT
solution.

do not require isolation. However, we may lose test coverage in that case. In order
to achieve good test coverage and die yield, we need to add a test layer for each
functional layer.

The proposed DIT solution enables testing of a partial assembly of layers, and
also of the full assembly with all the layers. During partial-assembly testing, the
logic directly connected to the ILVs can now be tested before new functional layers
are assembled since the ILVs at the primary interface of the uppermost layer are
fabricated before a test layer is assembled over it. To perform partial-assembly
testing, dedicated probe pads are required for each new layer.

Probe pads can be inserted on all test layers that will be used to carry out partial-
assembly test and not just the top layer. In order to probe M3D ICs at a fabrication
facility, low-force vertical probe cards are now available [61]. These probe cards,
unlike cantilever probes, cause negligible damage to the probe pads. In addition, a
standard clean-up step can be carried out as a part of the test protocol. Note that

the probe pads have to be covered with a SiN passivation layer before a new layer is

51



stacked upon the existing layers.

Tests can also be applied after the full assembly is diced and packaged into in-
dividual ICs. The typical integration flow for an M3D IC involves the incremental
assembly of one layer at a time, and test insertions can be associated with each of
these steps. These tests can cover the intra-layer logic, as well as inter-layer inter-
connections. In order to facilitate board-level testing, we assume a IEEE 1149.1
compliant package interface for the full assembly. We also assume that each layer in
an M3D IC is scan-testable.

The operating modes supported by a test layer are:
1. Partial-assembly test: test access via dedicated probe pads;
2. Full-assembly test: test access via external 1/O pins;

3. Primary test: test the functional layer for which the test layer forms the primary

interface;

4. Secondary test: test the functional layer for which the test layer forms the

secondary interface;
5. Bypass: only the bypass register is included in the test access chain;
6. Interconnect test: test the interface register;
7. Turn: the TAM turns upwards from the test layer;

8. FElevate: the TAM goes downwards towards the next layer.

3.1.1 Serial Test Mode

We designed the serial test mode based on IEEE Std. 1149.1. In order to enable

the serial test mode, each test layer is equipped with an IEEE 1149.1-compliant
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test access port (TAP), consisting of four input terminals TDI, TCK, TMS, and
TRSTN, and an output terminal TDO. This layer also contains an IEEE 1149.1
TAP controller.

Fig. 3.3 shows the proposed TAP interface for a test layer. The registers that are
included in a test layer are: (i) an instruction register to program the test mode, e.g.,
Intest, Extest, Bypass, etc., and to select a test data register to be active between
TDI and TDO; (ii) configuration registers to determine the TAP configuration; (iii)
bypass register that is used to bypass a test layer.

We propose the following instructions for the instruction register: (i) INTER-
FACE: to select the interface register between TDI and TDO; (ii) CONFIG: to
configure the TAP; (iii) PRIMARY: to transport test data to the functional layer for
which the test layer forms the primary interface; (iv) BYPASS: to bypass the test
layer; (v) SECONDARY: to transport test data to the functional layer for which the
test layer forms the secondary interface.

The configurations supported by the configuration register are: (i) COMPLETE-
ASSEMBLY-TURN, (ii) COMPLETE-ASSEMBLY-ELEVATE;, (iii) PARTTAL-ASSEMBLY-
TURN, and (iv) PARTTAL-ASSEMBLY-ELEVATE. In the PARTTAL-ASSEMBLY
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and COMPLETE-ASSEMBLY configurations, the test access is via dedicated probe
pads and ILVs, respectively. The TURN and ELEVATE configurations are used to
program the serial path of an assembly. These configurations determine if a test-data
register (TDR) of the functional layer for which the test layer forms the primary in-
terface is included in the serial path. If a test layer is programmed to work in TURN
mode, that register is not included in the serial path. If a test layer is programmed
to work in ELEVATE mode, that register is included in the serial path. Multiplexer

M4 determines whether that TDR is included in the serial path or not.
3.1.2  Parallel Test Mode

We have designed the parallel interface of a test layer based on the flexible parallel
port (FPP) described in the proposed IEEE Std P1838. However, the test mechanism
of the proposed parallel interface is significantly different from that of P1838 FPP.
In P1838, die wrapper registers are inserted at the boundary of each die. On the
other hand, interface registers are inserted at the primary and secondary interface
of each functional layer in the proposed DfT solution. Therefore, grouping of scan
chains and test control mechanism will be significantly different.

Fig. 3.4 shows the proposed parallel interface for a test layer. Since the I/O ports
in an M3D IC are located on the uppermost layer, the downward parallel bus, i.e.,
the bus that runs from the uppermost layer to the bottom layer, transports the test
stimuli to the target layer, and the upward parallel bus, i.e., the bus that runs from
the bottom layer to the uppermost layer, transfers the test responses back to the I/O
ports. An FPP can be configured to be a part of the downward parallel bus or the
upward parallel bus. Each FPP has four bi-directional terminals: (i) FPP_Pri_Chain;
(ii) FPP_Pri_Test_Layer; (iii) FPP_Sec_Chain; (iv) FPP_Sec_Test_Layer. There are
two additional terminal, From_Side and To_Side, which serve as input and output,

respectively. The bi-directional terminals can be configured to serve only as input
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or output.

The control signals needed to control the multiplexers and tri-state buffers are
held in a configuration register. We refer to this register as the parallel port (PP)
configuration register. The serial interface of a test layer is used to program the PP
configuration register. The number of bits in the PP configuration register depends
on the width of the parallel interface. A configuration hold bit is also included in
the PP configuration register to block the reset signal from being propagated to the
PP configuration register.

For transporting the test stimuli to a functional layer, all the FPPs, except those
in the test layers at the primary and secondary interface of the target functional layer,
are configured to bypass scan chains. Once the test patterns reach the test layer at
the primary interface of the functional layer, they are transported from the input port
(FPP_Pri_Test_Layer) in the primary test layer to the input port (FPP_Pri_Chain)
in the secondary test layer through the scan chains in the functional layer. The
test responses are transported back from FPP_Pri_Chain port in the secondary test

layer to the output port (FPP_Pri_Test_Layer) in another FPP in the same test layer
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through the To_Side port.

The From _Side and To_Side ports of an FPP are used to turn the TAM upwards
from a test layer. Here, we assume that the TAM originates from the uppermost layer.
The TAM goes downward from a test layer and bypasses scan chains in the functional
layer at the secondary interface of that test layer by using the FPP_Sec_Test_Layer
as an output port. The TAM goes upward from a test layer and bypasses scan
chains in the functional layer at the primary interface of that test layer by using the

FPP_Pri_Test_Layer as an output port.

3.2 DIT Cost Analysis

In order to understand the cost associated with the proposed DfT solution, we de-
velop a detailed cost model. We start with the cost models for wafer-to-wafer stacked
3D ICs and then account for the additional steps involved in the fabrication of an
M3D IC. We use the cost model to compare the cost of the proposed DfT solution
with the cost of a potential test solution based on P1838.

We assume that spot defects arise at the same rate on all device layers. In
addition, we also assume that these defects tend to affect the device layer they are
on, and not the layers above or below them. The first assumption is justified if we
assume a homogenous M3D IC in which each device layer is processed using identical
steps. A slight adjustment would be necessary for the first device layer since the
processing steps would be slightly different between the first layer and the rest. We
also realistically assume that spot defects that arise during the wafer-bonding step
can only impact the ILVs, and not the devices in the layers above or below [46].

In a typical semiconductor manufacturing process, the cost-per-die of an IC (Cy;.)

can be expressed as:

O = Ster (3.1)



where Cyqfer is the total cost incurred in processing a wafer, Ny, is the number of
dies-per-wafer, and Y.g is the effective wafer yield [2].

In order to process a wafer of M3D ICs that contain N layers, we need to process
N device layers sequentially. In addition, we need to perform N — 1 wafer-bonding
and ILV processing steps. Therefore, the total cost incurred in processing a wafer

(Cwafer) can be expressed as:

N
Cwafer = Z Clayer + (N - ]—) X CbOnding + (N - 1) X Cvia—layer (32)
i=1

where Ciqyer is the cost incurred in processing a device layer in an M3D IC, Chonging
is the wafer bonding cost, and Cliq—jayer is the cost incurred in processing one ILV
layer.

Since we assume realistically that spot defects that arise while processing the
device layers only affect the layer they are on and those that arise during wafer
bonding only impact the ILVs, the effective yield of an M3D wafer (Y.¢) can be

expressed as:

N
Yog = HYi X (Yoonding+via) " (3.3)

i=1
where Y; and Yjonding+vie are the ith device-layer die yield and ILV process yield,
respectively. Note that the ILV process yield is the effective yield after taking into
account the defects that arise during wafer bonding and ILV processing.

We now combine (3.1), (3.2), and (3.3) to obtain an expression for the cost-per-die
of an M3D IC:

Cd' _ Zf\il Clayer + (N - 1) X Cbonding + (N - 1) X Cvia—layer (3 4)
Ndie X Hi\il Y; X (YE)ondinngvia)N_l

From (2], the cost incurred in processing a device layer on a silicon wafer can be
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o Zzzil CFEOL + Nmetal X Cmetal + (N - 1) X Cbonding + (N - 1) X Cvia—layer

Ciie =
e TX(Pwafer/2 2 TX(Pwafer N e —a _
(( X Adfe £2) - j/(ZXA;-e)) X Hi:l (1 + L aXDO) X (YEJOnding—&-via)N !
(3.9)
expressed as:
Clayer = C’FE‘OL + Nmetal X Cmetal (35)

where Crgor, is the FEOL process cost for each M3D layer, C,,eia is the cost of
processing a metal layer, and N, is the number of metal layers. We also obtain

the expression for the number of dies-per-wafer from [2].

T X (¢wafer/2)2 X (¢wafer)

N, ie —
! Adie V 2 % Adie

(3.6)

where Ny is the number of dies per wafer, ¢qfcr is the diameter of the wafer, and
Agie 1s the die area.

In order to derive an expression for the cost-per-die of an M3D IC, an accurate
yield model is required. Recent studies based on actual silicon data have shown
that the defects on a wafer tend to form clusters, and can be modeled using the
gamma density distribution [62, 63]. Therefore, by assuming a gamma defect-density
distribution, the relationship between the die area (Ag.) and the die yield (Yge) can

be expressed as:

I Agie X Dy

}/;lie = (1
(6%

)¢ (3.7)

where Ay, is the die area, Dy is the average defect density, and « is a parameter that
can be used to account for defect clustering. The final expression for the cost-per-die
of an M3D IC can be obtained by combining (3.4), (5.4), (3.6), and (3.7). It is shown
in (8).
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3.3 Test Scheduling for Wafer-Level Testing

Wafer-level testing, also referred to as wafer sort, is extremely important for M3D 1Cs
to screen defective wafers prior to assembling additional layers or packaging, thereby
improving yield and reducing package costs. Wafer-level testing can be carried out
on a partial assembly or full assembly of layers using probe pads. Package test
refers to the tests that are applied after dicing and packaging. Test planning and
optimization is typically carried out for package test because the package test time
is higher compared to wafer sort.

Significant research efforts have been directed towards test-access architecture
and test scheduling optimization of 3D stacked ICs. In [64], ILP models for test
architecture design of 3D stacked ICs are presented. However, this approach does
not consider the reuse of die-level TAMs. An integer-linear programming formulation
for 3D TAM and test schedule optimization considering any or all test insertions is
presented in [65]. These optimization methods can be extended to M3D ICs since the
post-packaging test-access architecture and test scheduling optimization problems are
similar for 3D stacked ICs and M3D ICs. However, a constraint on the number of
test elevators is not required since M3D integration enables one to two orders of
magnitude higher interconnects between any two layers.

Although several test architecture design and optimization methods exist for pre-
bond testing of 3D stacked ICs, they cannot be reused for M3D ICs because of the
following reasons: (i) unlike 3D stacked ICs, wafer-level testing for M3D ICs can be
carried out on an assembly consisting of one or more layers, (ii) number of probe
pads that can inserted per die is significantly smaller for M3D ICs due to smaller
die sizes, and (iii) test power reduction is extremely critical for M3D ICs due to
limitations in heat removal caused by high density integration.

Traditional test solutions for wafer-level testing of core-based system-on-chip
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(SoC) are ineffective for M3D ICs. Althought the test length and TAM optimization
method proposed in [66] is effective for core-based SoC, it is not applicable for M3D
IC because of: (i) the limited power budget for testing M3D ICs, and (ii) the higher
complexity associated with testing M3D ICs because of their hierarchical nature, i.e.,
an M3D IC can have multiple layers, and each of them can consist if multiple cores.
We therefore focus on TAM optimization and test scheduling for wafer-level testing
of M3D ICs.

The objective here is to schedule tests such that the time required for wafer-
level testing of M3D ICs is minimized. Test time can be reduced by using length of
longest chain and power consumption for embedded cores to guide test scheduling.
Moreover, reduced pin-count testing (RPCT) is desirable at wafer sort to reduce the
number of probe pads or IC pins that need to be contacted by the tester and yield
loss arising from contact problems with the wafer probe. RPCT further reduces
test cost by enabling the reuse of old testers with limited channel availability. We
therefore impose a constraint on the maximum number of probe pads that can be
used during wafer sort.

Test scheduling refers to the problem of scheduling the embedded cores in different
test sessions. Embedded cores in the same session are tested concurrently. We assume
that the total TAM width is shared among all the cores in the same test session.
Therefore, grouping of cores into the same test session is done based on fault coverage
and power budget constraints. The number and length of test sessions determine the
total test time.

We assume that each layer contains multiple IEEE 1500 wrapped cores. We
choose 1500-style wrappers since they make no assumptions on the TAM and allow
for greater flexibility. The test modes associated with a 1500-style wrapper, such as
bypass, map naturally to the test modes associated with the proposed DfT solution.
The proposed optimization technique does not make any assumptions on the specific
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test method being utilized. Therefore, any appropriate test method can be used with
the proposed optimization method.

We show using an example the need for an optimization technique. In this ex-
ample, we attempt to optimally schedule tests for an M3D IC with two functional
layers and one test layer. We assume that the bottom layer consists of two cores A
and B, and the top layer consists of two cores C and D. We impose a power budget
of 100 arbitrary units for each layer and total power budget of 250 arbitrary units
since excessive test power can significantly damage the chip, especially for M3D ICs.
We also assume that the power consumed by test layers is negligible. We assume
that the maximum number of probe pads, i.e., TAM width, available for wafer sort
is 8.

If all the cores are tested in parallel, we can use four of the eight lanes to transport
test stimuli to each core and the other four lanes to transport responses back to test
pins. However, such a test schedule will violate the power budget constraint. On the
other hand, if all the cores are tested in series, the test application time would be
prohibitively large. Therefore, we need to find an optimal test schedule that meets
the power-consumption requirements.

With the above example as motivation for better optimization methods, we now
formally state the problem addressed in this work. The problem of test scheduling
for wafer-level testing of M3D ICs is defined as follows.

Problem We are given an M3D IC under test consisting of a set of N layers and
total number of probe pads 2W,,,, available for test. For each layer n € N, we are
given a set of cores C),, and power budget P,. We are also given that the power
consumption during each test session cannot exceed P,,,,. The goal is to determine
an optimal test schedule for wafer-level testing of the given M3D IC such that the
sum of test-application times of all the scheduled test sessions is minimized and the

TAM width does not exceed 2W,,,4., while meeting the power-budget constraints.
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We develop an integer-linear programming (ILP) model for solving the test-
scheduling problem. Although ILP models are computationally intractable, they
are still feasible for small problem instances. Since practical M3D ICs consist of
two or three layers, the problem instance is small enough for ILP. To facilitate our
discussion of the ILP model, we use the following notations: (i) S represents a set of
test sessions; (ii) s; represents a test session belonging to S; (iii) ¢/, represents a core
in layer n; (iv) % is a binary variable indicating whether core ¢/ is tested in test

ij

4 is 1 when ¢/ is tested in test session s; and z% is 0 otherwise; (v) W

session S;, T
represents a set of TAM widths that can be associated with all the cores; (vi) wy is
a candidate TAM width (wy € W); (vii) ¥ is a binary variable indicating whether
core ¢ is tested with TAM width 2wy, y/* is 1 when ¢/ is tested with TAM width
2wy, and yi* is 0 otherwise; (viii) #/* represents a test-tuple that describes the test

case when TAM width wy, is associated to core ¢/ with the associated test length

» represents test length for the test case t7%; (x) P

and power consumption; (ix) L f

t]
represents power consumption for the test case t/%; (xi) L,, represents the test length
of s;; (xii) P? represents the power consumption of layer n in test session s;.

As described above, t/* represents a test-tuple that describes the test case when

TAM width 2wy, is associated to core ¢ with the associated test length L. and

power consumption P;e. Therefore, t/* is a four-tuple:
t]k (C] W, L k> Ptﬁk) (39)

Test patterns can be generated for this test case and the power consumption P

associated with those test patterns can be estimated. Let N (#F) denote the number
of test patterns and C'L? denote the longest chain length associated with this test

case. The test length L« for this test case can be estimated as:

Lyt = ((CL, + 1) x N(#)})) + CL}, (3.10)
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Since all the cores in a test session s; are tested concurrently, the length of that

session 1s:

L, = max {L» X Yk x 29}, (3.11)

where n € {1,...,|N|}, j € {1,...,|Cy|}, and k € {1,..., Wy} Equation (3.11)
implies that the test length of a test session equals the maximum test length of all
the cores in that test session.

Since all the cores in a test session share the TAM width, we apply the following

constraint:

Vs;i€ Sty Z Z 2wy, X y2F) X 7)) < 2Winaa (3.12)

n=1 j=1 =

Equation (3.12) implies that for each test session s; € S, the TAM width cannot
2Wmaac'

Moreover, for each core, yi* should satisfy the following constraint:

Wmaz

Vel Yyl =1, (3.13)
k=1

where n € {1,...,|N|} and j € {1,...,|C,]|}.
Since each layer in an M3D IC has to satisfy a power budget for every test session,

we apply the following constraint:
‘C | Wmax

Vsi € S,ne {1, N[} (( Z o X yik) x all) < P, (3.14)
J=1 k=1

Constraint (3.14) implies that the power consumption of each layer cannot exceed
the maximum corresponding to that layer for all test sessions.

Since we also impose a constraint on the overall power consumption for every test
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session, the following constraint must be satisfied:

Vs; €S ZZ Z Py x y2F) x 27) < Prrga (3.15)

n=1 j=1 =

Constraint (3.15) implies that the power consumption of each test session cannot
exceed the maximum power consumption P,,;.

To ensure that each die is tested only once, the following constraint must be

satisfied:
sl
Ve {l,.. IN}je{l,...,[Cl}: ) alf =1 (3.16)
i=1
Now, the total test length L over all test sessions is:
L= max{Ly x ylf x 21}, (3.17)
i=1

where n € {1,...,|N|}, 7€ {1,...,|Cu|}, and k € {1,..., Wpa}

We obtain the following objective function from equation (3.17):
Minimize: L, (3.18)

The minmax objective in (3.18) can be linearized as follows: Minimize: Z'i'l 2,
where z; > (Lx X Yk xai)y ne{l,...,|N|}, ie{l,..,|Cl}, ke {1,..., Whael,
and 7 € {1,...,|5]}.

Therefore, we obtained an ILP formulation to minimize the test time of all test

sessions. This model can be solved using an ILP solver.
3.4 Simulation Results

In this section, we compare the cost of the proposed solution with that of P1838-
based solution, discuss the timing overhead introduced by the proposed solution, and

present test-scheduling results.
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3.4.1 Cost Comparison

We compare the cost of the proposed DfT solution with the cost of a potential
solution based on P1838. In [2], the relationship between the die area and the gate
count has been described as: Agic = Nyate - Agate, Where Nyq is the gate count, and
Agate 1s an empirical parameter that shows the proportional relationship between
area and gate counts. Therefore, the die area of an M3D IC with DfT based on
P1838 is larger compared to that without any DfT. Since the number of ILVs in an
M3D IC is an order of magnitude higher compared to TSV-based 3D ICs, the impact
on the die area can be significant. This increase in area impacts the die yield and
the number of dies-per-wafer leading to an increase in the cost-per-die.

For P1838, we assume that a wrapper cell, which requires at least three gates [40],
is added at the two ends of each ILV. We also assume a TAP interface for the external
I/Os, located on the uppermost layer. A wrapper cell based on 1149.1 requires at
least four gates [67]. We express the cost per die with DfT based on P1838 as shown
in (3.19), where N,,, and Y; are the number of dies-per-wafer and the die yield after

7

taking into account the area overhead due to the wrapper cells.

N
1 Clayer + (N — 1) X Chona + (N — 1) X Chia—tayer
csss _ izt Clayer + (N = 1) X Coona + (N = 1) e (3.19)

Nc‘lie X sz\il Yvi‘ X (YE)ond+via)N71

For the proposed solution, we assume that a test layer is added at each interface
between two functional layers. We also assume realistically that a test layer is not
added for the external I/Os, and the wrapper cells required for the TAP interface are
added to the uppermost layer. Therefore, (N — 1) test layers are added to an M3D
IC with N layers. We update the cost-per-die expression to account for the cost of
performing (N — 1) additional wafer-bonding and via-etch steps. We also consider
the impact of these steps on die yield. The updated cost-per-die expression of an

M3D IC with the proposed DfT solution is shown in (3.20).

65



OP _ Zz]\;l Clayer + 2 X (N - 1) X Cbond +2 X (N — 1) X C’uia—laye?“ (3 20)
di@ - ¢ — ¢ .
Ndie X H?ivl ' Y; X (YE)ond+via)2N_2

We perform the cost comparison analysis for three benchmarks (two IWLS and
one custom 128-bit multiplier). In [38], block-level partitioning of these benchmarks
into two layers was performed, and the details are presented in Table 3.1. The
partitioning tool assumes that both the layers have identical transistors and inter-
connects. The floor-planning algorithm considers inter-layer variation in M3D ICs
and minimizes the weighted sum of wirelength, area, and longest path delay. The
floor-planning algorithm does not minimize the number of ILVs since the ILVs are
smaller in size compared to TSVs.

In order to carry out the cost comparison analysis, we obtain the values for the
parameters in the cost model from [68]. These values were obtained for a 65 nm
CMOS technology with 11 metals layers and wafer diameter of 300 mm (Table 5.1).
We estimate the cost of smart-cut process by comparing the cost of a raw SOI wafer
with the cost of a conventional wafer. Smart-cut, which has been used to manufacture
SOI wafers for the past 15 years, is the most popular method to form crystalline-Si
layers for monolithic 3D-ICs [4]. To manufacture an SOI wafer using smart-cut, a
thin silicon layer is created over a blank silicon wafer instead of a processed one with
transistors and wires as in the case of M3D integration. Therefore, we can get an
estimate for the cost of smart-cut process by comparing the cost of an SOI wafer

with that of a conventional wafer. Since the data in Table 5.1 was obtained for

Table 3.1: Block-level partitioned M3D benchmarks.

Number | Number Number
Benchmark of of of Footprint
I/0s ILVs Gates (mm?)
oD | 82300 0.398
b19 76 13460 | \iap | 80620 0.204
2D | 68900 0.328
Des3 303 3750 \isp | 66200 0.156
2D | 251000 1.096
Mul128 p12 72611 \isp | 245000 | 0.550
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Table 3.2: Parameters in the cost model [2].

Parameter Value

Cost of raw CMOS watfer (A) $300

Cost of raw SOI wafer (B) $300
Cost of smart-cut (B-A) $1700
FEOL + BEOL process cost (C) | $12600
Wafer diameter 300 mm

Process cost for via layer $160

an older process technology, the cost estimated for smart-cut is higher compared to
the current cost of smart-cut, estimated to be less than $60 for a wafer [69]. We
also carried out the cost comparison analysis using data obtained for an advanced
foundry process'.

Fig. 3.5 and Fig. 3.6 present the cost-per-die of the three M3D benchmarks de-
scribed in Table 3.1 as function of the ILV yield. For b19, we observe that the
savings in cost-per-die is as high as 40% for the proposed DfT solution compared to
the P1838-based DfT solution. On the other hand, for Mull128, we observe up to
11% increase in the cost for ILV yield less than 0.99. For ILV yield greater than 0.99,
we observe that the cost per die for the proposed DT solution is lower. The slight
increase in cost for Mull128 for ILV yield less than 0.99 is due to lower ILV density.
We explain the impact of ILV density on cost-per-die of an M3D IC towards the end

of this section.
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FiGUurE 3.5: Cost per die of an M3D IC obtained using data from a 65 nm CMOS
process for several ILV process yield values for: (a) b19, (b) Des3, and (c¢) Mul128.

I Process data withheld due to confidentiality reasons.

67



O Cost Per Die (P1838-based DfT) @ Cost Per Die (Proposed DfT)

11.00¢ 6.00¢ 18.00¢

5.80¢
10.00¢ 5.60¢ 17.50¢
5.406 17.00¢
2 )
55200 3 16.50¢

5 2
a 5.00¢ & 16.00¢

2 TN HHTTTTRE LT

4.00¢
0.9 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1 0.9 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1 0.9 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1
ILV Yield ILV Yield ILV Yield

(@) (b) (©)
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F1GURE 3.6: Cost per die of an M3D IC using data for an advanced foundry process
for several ILV process yield values for: (a) b19, (b) Des3, and (¢) Mul128.

Since the footprint of a typical die ranges between 500 mm? and 1000 mm? [14],
we also analyze the test cost of three handcrafted benchmarks. Each of these three
benchmarks are created by placing thousand dies of b19, Des3, and Mul128, respec-
tively (Table 3.3). We assume that those thousand dies do not interact. Therefore,
the footprint of each of the three handcrafted benchmarks is thousand times the
footprint of the benchmark that was used to create them.

Fig. 3.7 and Fig. 3.8 present the cost-per-die of the three handcrafted benchmarks
as function of the ILV yield. For b19_H, we still observe that the savings in cost-per-
die is as high as 40% for the proposed DIT solution compared to the P1838-based
DIT solution. On the other hand, for Mul128_H, we observe up to 11.11% increase
in the cost for ILV yield less than 0.99. For ILV yield greater than 0.99, we observe

that the cost per die for the proposed DfT solution is lower.

Table 3.3: Handcrafted M3D benchmarks.

Number | Number Number
Benchmark of of ILVs of Gates | Footprint
I/Os (x103) (x10%) (mm?)

2D 8230 398

b19_H 4094 13460 M3D 3062 204
2D 6890 328

Des3_H 4094 3750 M3D 6620 156
2D 25100 1096

Mul128_H 4094 7261 M3D 24500 550
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We next evaluate the ratio of the cost for the P1838-based solution to that for
the proposed solution for a two-layer M3D IC in order to understand the impact of
ILV density, ILV process yield, and defect density on the cost-per-die. The cost ratio
can be obtained by dividing (3.19) by (3.20):

1 " Nt‘iie " (Yaie)® 1

x (3.21)

CostRatio = Vo r Vi '
die die bonding+via

1 _I_ Cbonding"‘NiiaSXQvia
2% (Clayer+cbondi7Lg +N17;'ias 'Cvia)

In (3.21), the terms %L and % depend on the ratio of the die area for the
die die

P1838-based DfT solution to that for the proposed solution. The ratio of the die

area for the P1838-based DfT solution to that for the proposed solution is:

Adze(P1838) . G + Nvias X 3+ Nios X 4 (3 22)
Agie(Proposed) G + N,,s x 4 ’

where G and N,;,s are the gate count and via count, respectively, for the second
layer, and Nj,; is the I/O count. Since the number of gates per layer is proportional
to the area of the die, the ratio of Ay (P1838) to Ag(Proposed) is proportional to
number of ILVs per unit area. We refer to the number of ILVs per unit area as the
ILV density.

From (3.21) and (3.22), we can conclude that the savings in cost obtained by
implementing the proposed DT solution depends on: (i) cost of wafer bonding and
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FiGure 3.7: Cost per die of an M3D IC using data from a 65 nm CMOS process
for several ILV process yield values for: (a) b19_H, (b) Des3_H, and (¢) Mul128_H.
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F1cURE 3.8: Cost per die of an M3D IC using data for an advanced foundry process
for several ILV process yield values for: (a) b19_H, (b) Des3_H, and (¢) Mul128_H.

via etching compared to total cost of processing a layer, (ii) ILV density, (iii) defect

density, and (iv) ILV process yield. Since defect density and ILV yield are process

dependent, and the cost of wafer bonding and via etching is expected to be low

compared to the total cost of processing a single M3D layer [69], we evaluate the

cost ratio for Mul128_H by varying ILV density, which is the only design parameter.

Fig. 3.9(a) presents the cost ratio for Mull28_H obtained by varying the ILV
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FIGURE 3.9: Cost ratio obtained for Mull28_H as function of ILV density for: (a)
an advanced foundry process and (b) 65 nm CMOS process.
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density using data for the foundry process. To obtain these results, we assume a
defect density of 250 defects/m? and an ILV process yield of 0.99 [68]. We observe
that the cost per die of the proposed method is lower compared to that of the P1838-
based method for all values of ILV density greater than 20,000 ILVs/mm?. Fig. 3.9(b)
present the cost ratio for Mul128_H obtained using data for the 65 nm CMOS process
by varying the ILV density. We make the same assumptions as we made to carry
out the analysis using the 65 nm CMOS process, and the results are similar to that
obtained for the foundry process.

3.4.2  Querhead Analysis

We now analyze the timing overhead introduced by the proposed DfT solution. First,
we analyze the overhead introduced by a test layer when it is programmed to work
in the serial mode. The serial mode of a test layer requires two IR-DR cycles: (i)
to set the TAP in the appropriate configuration, and (ii) load the test data into the
appropriate TDR. Since control data is loaded in the first IR-DR cycle, and test
data is loaded in the second IR-DR cycle, the timing overhead introduced in the
serial mode is one IR-DR cycle. An IR cycle consists of the following instruction: (i)
Select’ IR (1 cycle), (ii) Capture’ IR (1 cycle), (iii) Shift' IR (16 cycles), (iv) Exit' IR
(1 cycle), and (v) Update'IR (1 cycle). The controller stays in the Shift'IR state
for 16 cycles since we assume a 16-bit instruction, which is sufficient to cover all
possible modes. Therefore, total number of clock cycles for one IR cycle is 20. We
can similarly compute the total number of clock cycles for one DR cycle to load
the configuration register in a test layer. This number depends on the size of the
configuration register. If we assume a 16-bit configuration register, which is sufficient
to cover all the configurations of a test layer, the total number of clock cycles for one
DR cycle is also 20. Therefore, we need 40 clock cycles to load the control data in

the serial mode.
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In the serial mode, the TDR is typically one long scan chain, which is obtained
by daisy-chaining all the internal scan chains of embedded cores. Therefore, such a
TDR can contain thousands of scan cells. For example, consider an M3D IC with
two layers crafted using IWLS’05 benchmarks. Let us assume that one layer consists
of leon3mp and the other layer consists of netcard, which have 80,238 and 97,797
scan cells, respectively. Therefore, the total number of clock cycles required to load a
scan chain that connects both the layers is 178,035. Therefore, the timing overhead
to apply the control data is only 0.022%, which is negligible.

Next, we analyze the timing overhead introduced by a test layer when it is pro-
grammed to work in the parallel mode. Before the parallel interface of a test layer
is used, the serial interface is used to program the PP configuration register. There-
fore, we use one IR-DR cycle to program the PP configuration register. Therefore,
we need 40 cycles to configure the parallel interface. Let us again consider the above
example M3D IC. The length of the longest internal scan chain in leon3mp and net-
card are 5,027 and 4,823, respectively. The number of test patterns for leondmp and
netcard are 29,017 and 47,495, respectively. If we assume that the benchmarks are
tested concurrently, the time for testing both the benchmarks is determined by the
benchmark with the largest test cube, which is product of number of test patterns
and longest internal scan chain. The total number of clock cycles to apply the test

set is 229,068,385. Therefore, the timing overhead is 0.00002%, which is negligible.
3.4.3 Test Scheduling Results

In order to evaluate the ILP model proposed test scheduling, we consider two two-
layer M3D designs. The first design (Design A) consists of four IWLS’05 benchmarks,
vga’'led and wb'conmax on the top layer, and des'perf and ethernet on the bottom
layer. The second design (Design B) consists of six IWLS’05 benchmarks, vga'led,

wb’conmax, and pci'bridge32 on the top layer, and des'perf, Ethernet, and DMA
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on the bottom layer. Table 3.4 presents the details about each of the above bench-
marks. We assume that each benchmark has 20 scan chains. These benchmarks were
synthesized using the Nangate 45 nm technology library and Cadence RTL compiler.

For each benchmark, we generated multiple scan configurations corresponding to
different numbers of TAM width using the Combine algorithm [70]. We used Synop-
sys TetraMAX to generate test sets for these configurations. The power consumption
for each benchmark was estimated using Cadence RTL compiler. We solved the test-
scheduling problem under constraints on maximum power consumption and TAM
width. The ILP solver Xpress-MP was used to solve the ILP problem and obtain
optimal test schedules.

There are two user-defined parameters in the ILP formulation, namely maximum
power budget P,,,, and maximum TAM width 2W,,,.. Both these parameters impact
test scheduling. We therefore study the impact of each of these parameters on the
generated test schedules. Fig. 3.10 presents the test time as a function of W,,., and
Praz for two M3D designs. For both these designs, we notice that the test time
decreases as we increase the maximum TAM width. However, RPCT is desirable at
wafer sort to reduce yield loss arising from contact problems. Therefore, the trade-off
between test time and TAM width should be carefully explored.

We next study the relationship between test time and P,,,,. A higher power bud-
get indicates that more cores can be test concurrently in each test session. However,

a higher power budget does not directly translate to reduction in test time since we

Table 3.4: Details of IWLS’05 benchmarks.

Benchmark Number of | Length of Longest Fault
Patterns Scan Chain Coverage

wb_conmax 739 39 99.98%

pci_bridge32 1,078 165 99.99%
vga_led 5,347 890 100%
ethernet 3,549 557 99.96%
des_perf 318 441 100%

DMA 21,451 86 100%
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FIGURE 3.10: Test time as a function of TAM width and maximum power budget
for: (a) Design A and (b) Design B.

assume that the TAM width is shared by all the cores. Test time only decreases
when the TAM width is non-pareto optimal for one or more cores [71]. Note that
high power dissipation during testing will increase chip temperature, which can lead
to reduced reliability or yield loss. Hence, the trade-off between test time and power
budget should be carefully explored. We observe that the test time decreases as
we increase the power budget when W,,,, is higher than 15 since more cores can be
tested concurrently as we increase the power budget. Therefore, P,,,, is an important

factor for wafer-level testing of M3D ICs.
3.5 Conclusions

We have presented a DfT solution for M3D ICs that enables testing of a partial
assembly as well as a full assembly with all layers. The proposed solution consists of
a set of cooperating test layers, one for each interface between two functional layers.
We described the operating modes and configurations supported by the test layers.
We also derived a cost model accounting for the additional steps involved in the
fabrication of an M3D IC. We then compared the cost of the proposed DfT solution
with the cost of a potential test solution based on P1838. Our results have shown

that the proposed solution is more cost-efficient than the P1838-based solution for a
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wide range of ILV density. We have also presented a test scheduling and optimization

technique for wafer-level testing of M3D ICs.
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4

Inter-Layer Interconnect BIST and
Diagnosis Solution

In this chapter, we propose a post-assembly ILV built-in self-test (BIST) and di-
agnosis solution [72]. The proposed solution assumes a DfT architecture based on
dedicated test layers. In the proposed ILV BIST solution, interface-register cells in
a test layer are stitched into a twisted-ring counter (TRC) using their functional
outputs and the ILVs. The interface-register cells are connected to form a long
shift register, and the complement of the output of the last interface-register cell is
connected to the input of the first interface-register cell.

A test is launched from one interface-register cell and captured on another interface-
register cell. A metal wire is used to connect those two interface-register cells through
a multiplexer. The multiplexer is inserted to switch between functional and ILV-test
modes. Therefore, it is important to minimize the length of wires used to connect
interface-register cells so that the impact on functional performance is minimized.
The problem of minimizing the wire length can be mapped to the problem of finding

a minimum-cost Hamiltonian circuit in a complete bipartite graph. The weighted
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Hamiltonian circuit problem is NP-Complete on complete bipartite graphs. There-
fore, we propose a heuristic technique for solving this problem efficiently.

Diagnosis of ILV BIST fails is essential to analyze yield-limiting systematic defects
and design issues. If an M3D IC fails ILV BIST, we need to find the defect type (open
or short), location, and size. The defect type and location can be diagnosed based on
the interface cells that captured an incorrect value using an effect-cause analysis [73].
However, diagnosing the defect size is not straightforward. We therefore propose a
framework to diagnose the size of a resistive open or a resistive short ILV defect. The
proposed diagnosis framework is based on an artificial neural network (ANN) and
developed at design time using data obtained by simulating the ILV BIST. We use
features such as clock frequency during test application and the Hamming distance
between the defective and defect-free states of the ILV BIST to train the ANN.

We show that the proposed solution detects all hard opens and shorts in the ILVs.
We validated the detection of all hard opens and shorts using HSpice simulations.
The worst-case time complexity of the proposed wire-length minimization heuristic
is O(n?), where n is the number of interface-register cells. We also highlight the
effectiveness of the proposed heuristic by comparing the total wire length required to
form a TRC using the proposed method with a baseline that connects the interface-
register cells in a greedy manner. The total wire length required to form a TRC
using the baseline is 15% to 22% higher compared to the proposed method. We also
evaluated the proposed diagnosis framework using simulation data for four IWLS’05
benchmarks. Our results show that the proposed framework can estimate the size
of defect in an ILV with extremely high accuracy (exceeds 0.93 where 1.0 indicates
perfect prediction).

The rest of the chapter is organized as follows. Section 4.1 describes the proposed
BIST solution. Section 4.2 describes the proposed wirelength-minimization heuris-

tic. Section 4.3 presents the proposed diagnosis solution. Section 4.4 presents the
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simulation results. Finally, Section 4.5 concludes the chapter.
4.1 Proposed ILV BIST

Although ILVs are comparable in size and pitch to conventional vias, they differ
significantly in terms of fabrication steps and yield. The yield for processing ILVs
is speculated to be much lower compared to a conventional via. Yield learning is
especially important for a new technology such as M3D integration. Due to aggressive
scaling of ILD thickness, the ILVs are prone to shorts, opens, and delay defects
[46, 47]. Incomplete metal filling or voids in an ILV increase resistance and impact
circuit timing [47, 54]. Large voids in the ILV can result in an open path, thereby
causing a catastrophic failure. Impurities may increase resistance and interconnect
delay. ILVs are also affected by voids that arise in the ILD since they are processed
after the wafer-bonding step. Such voids lead to an increase in ILV resistance. If
the size of a void in the ILD is large enough to impact two neighboring ILVs, then it
leads to a resistive short between the two ILVs. The resistance of the defect depends
on the thickness of the void.

Conventional scan-based test pattern generation cannot be re-used to test ILVs
since they do not provide the diagnostic resolution to diagnose and characterize ILV
faults. We may not be able to pinpoint to a specific ILV using conventional scan-based
diagnosis since it may produce large number of candidates for one failure. Pre-bond
TSV testing methods such as [74] is infeasible for ILVs since bare ILVs cannot be be
exposed, and the state-of-the-art wafer-probe technology cannot support the pitch
requirement for ILVs (100 nm to 200 nm). Techniques proposed to carry out post-
bond TSV testing can be extended to M3D for post-assembly testing. For example,
the proposed IEEE Std. P1838 [40], which defines a standardized architecture to test
the TSVs, can be extended to M3D and used to test the ILVs. However, a wrapper

cell has to be inserted at both ends of a TSV in order to test that TSV using P1838.
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A similar memory element is needed at both ends of an ILV in order to test an ILV
by extending P1838 to M3D ICs. However, the overhead due to the insertion of
memory elements on all ILVs can be significant since the number of ILVs in M3D
ICs is expected to be an order of magnitude higher compared to TSV-based 3D ICs.

At-speed transition-based delay-fault testing facilitates the detection of hard
opens/shorts as well as resistive defects. A new test solution is required to enable
at-speed testing of ILVs. Test solutions for TSV-based 3D ICs cannot be extended to
M3D because of the following reasons. First, inserting a boundary register in every
layer to test the ILVs as stand-alone objects is not efficient for M3D since the number
of ILVs in M3D ICs is expected to be an order of magnitude higher. Second, test-
ing an ILV as a part of shore logic (e.g., in [75]) by launching a transistion along an
inter-layer path is not desirable since it requires significant changes to test-generation
flows. The size of the Extest chain will be prohibitively large since scan flip-flops
from the functional layers will be part of that chain, in addition to interface-register
cells from the dedicated test layers. Moreover, test pattern generation for the ILVs
may become harder since a higher number of care bits are required to justify a value
to an ILV; these additional constraints will make it more difficult to obtain high fault
coverage, and also result in an increase in the number of test patterns.

We propose an ILV BIST solution that enables stand-alone testing of the ILVs
without incurring significant area overhead. In the proposed solution, interface-
register cells are stitched into a TRC using their functional outputs and ILVs. Fig. 4.1
shows a four-bit TRC formed using interface-register cells. ILVs connected to the
input and output of an interface-register cell are defined as the inbound and outbound
ILVs, respectively. In a TRC, the inverse of the output of the last cell is connected to
the input of the first cell. Such a counter circulates a stream of ones followed by zeros
around the ring. For example, in a counter with an initial register value of 0000,

the repeating pattern is: 0000, 1000, 1100, 1110, 1111, 0111, 0011, 0001, and 0000.
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FIGURE 4.1: Hlustration of a four-bit TRC using interface cells.

Once a TRC is initialized to a specific pattern, the pattern in the counter repeats
every 2N clock cycles, where N is the number of cells in the counter. We show later
that we can detect all opens and shorts in the ILVs by using these patterns. We also
evaluate the size of the delay defect that can be detected by using a TRC.

In order to implement a TRC using interface-register cells, a multiplexer is in-
serted along with an outbound ILV to switch between functional and interconnect-
test modes. The control signal for the multiplexers is generated in the dedicated test
layer and fed to the functional layers. Therefore, two additional ILVs per test layer
are required to enable ILV BIST. Since a test is launched from one interface-register
cell and captured on another interface-register cell, interface-register cells have to
equipped with at-speed launch and capture capability.

For a TRC, we define two types of operations—shift and functional. A shift op-
eration is defined as a sequence of shifts controlled by the clock until the contents
of the TRC are read out from the TDO pin. In a functional cycle, the counter is

placed functional mode and clocked for one cycle. The TRC is initialized to a known
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value by shifting in data through the interface register. The counter is clocked at
functional frequency for some clock cycles and the pattern at the end of functional
cycles is shifted out through the interface register. In order to minimize the impact
of test circuitry on performance, it is essential to minimize the length of wires used to
connect interface-register cells into a TRC. This reduces capacitive-loading effects on
the nets connected to the ILVs. Subsequently, we refer to the problem of minimizing
the total length of the wires used to form the TRC as the wire-length minimization
problem. We next map the wire-length minimization problem to finding a minimum
cost Hamiltonian circuit in a complete bipartite graph.

In an M3D IC, the number of inbound ILVs (to a layer) is typically not equal to
the number of outbound ILVs (to a layer). However, we need to match an inbound
ILV with an outbound ILV to stitch the interface cells into a TRC. Therefore, we
cluster the inbound (outbound) ILVs when the number of inbound (outbound) ILVs
is greater than outbound (inbound) ILVs such that the total number of clusters
matches the outbound (inbound) ILV count. Fig. 4.2 presents the hardware inserted
to cluster three outbound ILVs. In the layer from which the signals originate, we
add inverters to invert the input from a driver interface cell. We add inverters in
such a way that all ILVs adjacent to a given ILV receive inverted value of that being
fed into the given ILV. We feed complementary values into adjacent ILVs to detect
shorts between ILVs in the same cluster. Section IV describes the method used to
determine which interface cells receive inverted input from a driver interface cell. In
the layer which forms the destination for the signals, we insert an N-input AND
gate, where N corresponds to the number of ILVs in the cluster. We use an AND
gate to aggregate the values from all the interface cells in the cluster. We feed this
aggregated value to the load interface cell. Note that signals corresponding to ILVs
which were fed an inverted input from a driver interface cell are inverted back to

their original value before the AND gate.
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FIGURE 4.2: Hardware inserted to cluster outbound ILVs to the top layer.

4.1.1  Problem Description

In order to implement a TRC using interface-register cells, we need to connect an
outbound ILV to an inbound ILV. If the ILVs are treated as nodes in a graph and
an edge between two nodes is used to denote a valid connection between two ILVs
(inbound ILV and outbound ILV), then the resultant graph is bipartite. A bipartite
graph is a graph whose vertices can be divided into two disjoint and independent
sets such that every edge connects a vertex in one set to one in another. Fig. 4.3
shows an example of a complete bipartite graph. The Manhattan distance between
an inbound ILV and an outbound ILV is used to represent the weight of an edge
between the corresponding ILVs. The wire-length minimization problem then maps
to finding a minimum cost Hamiltonian circuit in the weighted bipartite graph. The
wire-length minimization problem is different from scan-chain routing problem since
we can only visit an input (output) ILV from an output (input) ILV. There is no
such constraint for the scan-chain routing problem, which has traditionally been

mapped to the traveling-salesman problem [76]. Next, we show that the weighted
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Hamiltonian circuit problem is NP-Complete for complete bipartite graphs.
Claim: The weighted Hamiltonian circuit problem is NP-Complete for complete
bipartite graphs.

Proof: To prove that the problem is NP-Complete, we need to prove that the
problem is in NP and it is NP-Hard. To prove that the problem is in NP, we
consider the decision version of this problem, which can be defined as: Given a
graph G = (V, E) and a number k, does there exist an ordering of vertices S such
that sum of the edge weights between every edge in S is less than or equal to k.

Let S be a sequence of vertices vy, v9, v3, -+, v,. To prove that the problem is in
NP, we have to check three things: (i) every edge between two adjacent vertices v;, v;
in the sequence S is an edge in G (trivially satisfied in this case since G is complete),

(ii) the sum of these edge weights is less than or equal to k, and (iii) every vertex in
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FIGURE 4.3: Illustration of mapping a set of input and outbound ILVs to a complete
bipartite graph.

83



G is in the sequence S. Since all these three checks can be performed in polynomial
time, the problem is in NP.

To prove that the problem is NP-Hard, we use reduction from a general instance
of a known NP-Hard problem to a specific instance of the problem at hand. We
start with a directed graph G(V, E). We first reduce the problem of checking for a
Hamiltonian circuit in a directed graph (known to be NP-Hard) to that of checking
for a Hamiltonian circuit in a bipartite graph. We construct an undirected graph G*

from the directed graph as follows:

0

79

3

e Replace every vertex v; in V' by four vertices: v, v}, v2, v

e Connect the following pair of vertices with an edge: (i) (v9,v}), (ii) (v}, v?),

1) 7

(iii) (v7,v}), and (iv) (v}, v]) for all (4, j) such that (v;,v;) is an edge in G.

17 71

We can see that G* is bipartite with the following two vertex-set partitions:
Vi = {{v}Hv; € VU {v}}v; € V} and Vo = {{v}}Hv; € V U {v?}|v; € V}, where
VinVo=¢and VUV, =V.

It can be seen that G contains a Hamiltonian circuit iff G* contains a Hamiltonian
circuit. This statement can be proved by contradiction. Assume that G* does not
contain a Hamiltonian circuit and G contains a Hamiltonian circuit. Let the ordered
sequence of vertices that form the Hamiltonian circuit in G be {vy,vq,- -+, v,}. Be-
cause of the way G* is constructed from G, we can see that the ordered sequence of
vertices in G* {09, v{,v?, v} v), v3,v3 v3, - ,vg, v}z, v?l, vf;} is a Hamiltonian circuit.
We have therefore arrived at a contradiction.

We next reduce the problem of checking for a Hamiltonian circuit in a bipartite
graph to finding a Hamiltonian circuit of weight n in a weighted complete bipartite

graph. Take the bipartite graph G* = (V*, E*) and construct a weighted complete

bipartite graph G** by setting the weights of all edges in £* to 1 and the weight
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of any edge not in E* to 2. We use the method of contradiction to show that G*
contains a Hamiltonian circuit iff the weighted complete bipartite graph contains a
Hamiltonian circuit of weight n, where n is the number of vertices in G**. Assume
that G* contains a Hamiltonian circuit but G** does not contain a Hamiltonian circuit
of weight n. Let the ordered sequence of vertices that form the Hamiltonian circuit
in G* be {vy,v9, -+, v,}. Because of the way G** is constructed from G*, we can see
that the ordered sequence of vertices in G**, {vy,vg, -+ -, v, }, is a Hamiltonian circuit.
Since the weight of an edge between any two vertices in the ordered sequence is 1,
the total cost of the weight of the Hamiltonian circuit is n. Therefore, G** contains
a Hamiltonian circuit of weight n. This is a contradiction. Therefore, finding a
Hamiltonian circuit of weight n in a weighted complete bipartite graph is NP-hard.
Since we proved that the problem is in NP and it is NP-Hard, we conclude that it is
NP-Complete. L]

4.1.2  Detectability of Opens and Shorts

A short between two wires is commonly referred to as a bridging fault. It can be
detected by driving opposite values on the two interconnects that make up the bridge.
Let us consider an n-bit TRC. We assume that the TRC is initialized to by, bs, - - -, by,.
We know that an n-bit TRC has a period of 2n functional cycles, i.e., the pattern
repeats every 2n functional cycles. We can stop the functional clock after a pre-
determined number of cycles and use shift operations to read out the contents of
the TRC. The shifted-out data can then be compared with the expected response in
order to detect a fault.

We first show using an example that not all shorts can be detected if a shift
operation is performed only once after 2n functional cycles. Assume that a short
arises between the ILV connected to the input of the first interface cell, and the ILV

connecting the n' interface cell and the inverter. This fault shorts the inverter, i.e.,
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the value from the n'® interface cell is directly fed to the first cell instead of being
inverted. Since the inverter is shorted because of the fault, the value from the n'”
interface is fed to the first interface in each functional cycle without being inverted.
The period of the counter becomes n, i.e., the pattern repeats after every n cycles.
Therefore, the pattern after 2n functional cycles is the same as the initial pattern.
As a result, the fault is not detected if a shift operation is carried out after 2n cycles.

The following theorem shows that all shorts are detected if the shift operation is
performed twice in a specific manner.

Theorem 1: The sequence of patterns generated by the TRC detects all shorts
between ILVs if the contents of the TRC are shifted-out after n and 2n cycles.

Proof: The proof is by contradiction. Assume that a bridging fault arises between
the " interface-register cell and j¥ interface-register cell (‘assume i j j without loss
of generality) is not detected by the TRC. The fault can arise between the ILVs
connecting the i and (i + 1) interface cell, and the ILVs connecting the j and
the (j+ 1) interface cell. The ILVs connecting the i and (i + 1) interface cell are
the outbound ILV of the i*" interface cell and inbound ILV of the (i + 1) interface
cell. The ILVs connecting the j* and the (5 + 1) interface cell are the outbound
ILV of the j** interface cell and inbound ILV of the (j+1)™ interface cell. Therefore,
a short can arise between any combination of these ILVs.

We assume that the TRC is initialized to by,bs,---,b,. For a bridging fault to
go undetected, the two shifted-out patterns should be same as their expected value.
Therefore, the patterns at the end of n and 2n functional cycles should be b, b, - - -, b,
and by, b, - - -, b, respectively. Here, b denotes the inver of b;. However, because of a
bridging fault between the i*" interface-register cell and j** interface-register cell, the
values at the " interface-register cell and j* interface-register cell will change to:
b; & b; (wired-AND) or b; — b; (wired-OR). The state of the counter gets corrupted
if the " interface-register cell and j* interface-register cell are driven by opposite
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values. The proof for this statement is by contradiction. Let us assume that the
it" interface-register cell and j** interface-register cell are never driven by opposite
values. Therefore, i interface-register cell and j** interface-register cell have the
same value for 2n functional cycles. This implies that there is no inversion in the
TRC. This is a contradiction. So, the i interface-register cell and j** interface-
register cell will be driven opposite values for at least one functional cycle.

We proved that the state of the counter gets corrupted for at least one cycle. If this
happens, the pattern at the end of n or 2n functional is different from expected. Since
the pattern in the TRC repeats every 2n cycles, we can assume that the i** interface-
register cell and ;™ interface-register cell are driven by opposite values (b; and b;)
after the first clock pulse. So, these values will change to 0 (1) due to the wired-AND
(wired-OR) bridging fault in this cycle. After n cycles, the i interface-register cell
and j interface-register cell are driven by b; and b;, respectively. Therefore, the
i" interface-register cell and ;™ interface-register cell will change to 0 (1) due to
the wired-AND (wired-OR) short in this cycle. Hence, the pattern at the end of n
is not as expected. This is a contradiction. Hence, the bridging fault is detected.
Therefore, the sequence of patterns generated by the TRC detects all shorts between
ILVs if the contents of the TRC are shifted-out after n and 2n cycles. O

An open tends to behave like a stuck-at fault when the ILV is used to connect
gates, which is true for gate-level M3D. We next prove that the patterns generated
by a TRC can detect all opens. First, we show using a counter-example that not
all opens are detected if a shift operation is performed only once after 2n functional
cycles. Assume that an open arises on the ILV connected to the input of the first
interface cell. This fault disconnects the inverter from the first interface cell. Since
the inverter is open because of the fault, the value from the n'* interface is not
inverted and fed to the first interface in each functional cycle. The TRC is no longer

periodic and the fault may not be detected if a shift operation is carried out after
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2n cycles.

The next theorem shows that all opens are detected if the shift operation is
performed twice.

Theorem 2: The sequence of patterns generated by the TRC detects all opens on
ILVs if the contents of the TRC are shifted-out after n and 2n cycles.

Proof. The proof is by contradiction. Assume that an open arises on the ILV
connected to output of the i’ interface-register cell is not detected by the TRC. The
wire connecting the i and (i + 1) interface cell contains the outbound ILV of the
i" interface cell and inbound ILV of the (i + 1) interface-register cell. So an open
fault on these two ILVs is equivalent.

We assume that the TRC is initialized to by, bs, - - -, b,. For an open to go unde-
tected, the two shifted-out patterns should be the same as the expected state of the
TRC after n and 2n functional cycles. Because of an open on the ILV connected to
output of the i interface-register cell, the value on the (i + 1) interface cell will
not change to: b; after one functional cycle. We can show by contradiction that the
state of the counter gets corrupted if the (i + 1) interface cell does not change to
b;. Let us assume that the state of the counter does not get corrupted if the (i 4 1)
interface-register cell does not change to b;. If the (i + 1) interface-register cell does
not change to b;, the (i + 1) interface-register cell and the i + 2! interface-register
cell will have the same value after one functional cycle. This is a contradiction. So,
the state of the counter indeed gets corrupted if the (i + 1) interface cell does not
change to b;.

After one functional cycle, the (i + 1) interface-register cell and the (i + 2)™"
interface-register cell have the same value, b;,;. Therefore, after n functional cycles,
the entire TRC will have b;,1. The TRC will have the same state after 2n cycles as
well. Therefore, the shifted-out patterns will be different from their expected value

unless all the cells in the TRC are initialized to the same value. In that case, only

88



FIGURE 4.4: Algorithm for connecting interface-register cells into a twisted-ring
counter

Input: Coordinates of inbound ILVs V' = {wy,vs,...,v,} and Coordinates of outbound ILVs
U= {ulvu% ) um}
Output: A minimum cost Hamiltonian Circuit C' that traverses through all ILVs, and every
pair of adjacent ILVs in C' contains an inbound ILV and an outbound ILV
1: if (n > m) then
2:  Construct a graph G = (V,E): v; € V represents inbound ILV 7, and the distance
between inbound ILV i and inbound ILV j denotes the weight of an edge between v;
and v;

3:  Reduce V = {v1,vq,...,0,} to {v],v},...,v),} using k-means clustering, where v is the
centroid of cluster i

4: else ) )

5 Construct a graph G = (V, E): v; € V represents outbound ILV i, and the distance

between outbound ILV 4 and outbound ILV j denotes the weight of an edge between v;
and v;

6:  Reduce U = {u1,uz,...;un} to U = {uj, ub,...,ul, } using k-means clustering, where u
is the centroid of cluster 4

7: end if

8: D <+ Distance matrix between V and U

9: Construct a complete-weighted bipartite graph B = (V U U, E), where the edge weights

are given by D
10: T <~ T'SP(G), where T is a tour that traverses through all vertices in G
11: M <+ MW BM (B), where M is a perfect matching for B

12. C+~TUuM
13: return P

the pattern after n functional cycles will be different. Nonetheless, the two shifted-
out patterns will not be the same as the expected state of the TRC after n and
2n functional cycles if an open fault arises on the (i + 1) interface cell. This is a
contradiction. Therefore, the sequence of patterns generated by the TRC detects all

opens on ILVs if the contents of the TRC are shifted-out after n and 2n cycles. [
4.2 Wire-Length Minimization Heuristic

Since the wire-length minimization problem is NP-Complete, we propose an efficient
heuristic to solve this problem. The proposed heuristic can be used to carry out wire-
length optimization during the physical design phase of an M3D IC. Fig. 5.1 describes
the proposed heuristic. First, we balance the number of inbound and outbound ILVs
by carrying out k-means clustering on the set that has higher number of nodes. For

each cluster, we identify ILVs which receive inverted value from the driver interface

89



cell for this cluster using graph coloring. To construct a graph for a given cluster, we
represent each ILV in that cluster by a node. We then insert an edge between two
nodes if the distance between the corresponding ILVs is less than a given threshold.
The threshold for ILV spacing is used to identify ILVs which are likely to have a short
between them. If the spacing between ILVs is greater than the defined threshold,
those ILVs are less likely to have a short between. In the graph-coloring step, we
enforce the algorithm to use only two colors since the ILVs can only be of two types:
(i) receive input directly from driver, and (ii) receive inverted value of input from
driver. This constraint may lead to two adjacent ILVs having the same color and
result in coverage loss. However, accepting the coverage loss is a more practical
solution since re-balancing the clusters every time we obtain a graph coloring with
more than two colors will make the run time of the heuristic prohibitively large.

Next, we represent each cluster by a representative node at the center of the
cluster. We then construct a balanced-complete-weighted bipartite graph using the
resulting set of input and outbound ILVs. Next, we find a Hamiltonian circuit
in the balanced bipartite graph by using a well-known heuristic proposed in . In
this heuristic, a minimum-cost matching consisting of edges that connect input and
outbound ILVs is found using a heuristic for maximum-weighted bipartite matching
(MWBM). A minimum-cost tour that visits all the inbound ILVs is also found using
a heuristic for the traveling salesman problem (TSP). The resulting Hamiltonian
circuit consists of visiting the inbound ILVs in the sequence specified by the tour
and using the matching edges to make sure that an outbound ILV is visited after an
inbound ILV.

The worst-case computational complexity of k-means clustering algorithm is
O(nki), where n is the number of vertices, k is the number of clusters, and i the
number of iterations needed until convergence. The number of iterations until con-
vergence is often small, and the results only improve slightly after the first 10 itera-
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tions. Therefore, the number of iterations until convergence is limited to 10 in most
implementations of k-means clustering algorithm. As a result, we can consider 7 as a
constant in our analysis. We then obtain the runtime of the k-means clustering algo-
rithm as O(n?) as the number of clusters can be at most n— 1. We use the DSATUR
algorithm for graph coloring. The run time of DSATUR algorithm is O(n?) in the
worst case. Therefore, the run time of the graph coloring step for all the cluster is
O(n?) as the number of clusters can be at most n — 1.

We use the Munkres algorithm [77] to find minimum cost matching for the
balanced-complete-weighted bipartite graph. The run time of the Munkres algo-
rithm is O(n?®) in the worst case. We then use the Christofides algorithm to find a
minimum cost tour that traverses through all the vertices in one set in the balanced
bipartite graph. The worst-case run time of the Christofides algorithm is O(n?) [? ].
Finally, we obtain the minimum-cost Hamiltonian circuit by visiting the ILVs in the
sequence specified by the tour and using the matching edges to make sure that an
outbound ILV is visited after an inbound ILV. The worst-case runtime of this step

is O(n). Therefore, the runtime of the proposed heuristic is O(n?) in the worst case.
4.3 Diagnosis of Defect Size

Conventional diagnosis methods such as effect-cause analysis [73] can be used to
obtain defect type and location from the position of the interface cells in the TRC
that captured an incorrect value. However, estimation of defect size cannot be carried
out using conventional methods. We therefore propose an ANN-based framework to
estimate the size of resistive opens and resistive shorts in ILVs. In order to estimate
the actual defect size with reasonable accuracy, we need prohibitively large number
of simulation data to train the ANN. Therefore, we propose to divide the range of
defect sizes into multiple bins and use an ANN-based classifier to predict the defect

bin in which the defect lies. We can achieve significant prediction accuracy for a
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FIGURE 4.5: Training and implementation of defect-size estimation model.

defect classifier with a moderate-size data sample.

The proposed defect classifier is trained at design time using simulation data.
Fig. 4.5 illustrates the training and implementation method of the proposed defect
classifier. We use three features to train the defect classifier: (i) Hamming distance
between the expected and captured values (HD;) in the TRC before the first shift
operation; (ii) Hamming distance between the expected and captured values (H Ds)
in the TRC before the second shift operation; (iii) clock frequency at which the test
was carried out. To generate training data, simulation can be carried for different
clock-frequency values in range of clock frequencies specified for functional operation
and defects of different sizes.

In this work, we use ANNs to estimate ILV defect size since they were recently
shown to be effective for a related diagnosis problem [78]. We have utilized ANN
because of its efficiency to model complex systems and high prediction accuracy for
a wide range of applications. For training an ANN-based classifier, the input vectors
are used to adjust the weight of the neurons as learning proceeds. Prediction for new

input vectors are made using the trained neural network.
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4.4 Simulation Results

In this section, we present simulation results to show the detectability of opens and
shorts, evaluate size of minimum detectable resistive open and maximum detectable
resistive short, discuss the effectiveness of the wirelength-minimization heuristic, and

present defect size diagnosis results.
4.4.1 HSpice Simulation Results

We carry out HSpice simulations on a four-bit TRC designed using interface cells to
show the detectability of opens and shorts, and evaluate size of minimum (maximum)
detectable resistive open (short). The simulations were carried out using a 7 nm
predictive technology model [79]. The schematic of a four-bit twisted-ring counter is
shown in Fig. 4.1. The mode control signal in each interface-register cell is assigned
a DC value such that the each cell operates in functional mode (FI is selected). The
counter is initialized to the all-zero state. Such a TRC circulates a stream of ones

followed by zeros around the ring (Fig. 4.6).
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FIGURE 4.6: Simulation result for a fault-free four-bit TRC.

We next inject opens and shorts in the TRC. Fig. 4.7(a) presents simulation

results for the TRC after an open is injected at the output of the first cell. We can see
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FIGURE 4.7: Simulation results after fault injection: (a) open on output of first cell,
and (b) short between outputs of first and second cell.

that the pattern after four and eight functional cycles is 1000, which is different from
the expected patterns (1111 and 0000). Therefore, this fault is detected. Fig. 4.7(b)
presents the simulation results after a short is injected between the outputs of the
first and second cell. The pattern after four and eight functional cycles is 1111,
which is different from the expected patterns (1111 and 0000). Therefore, this fault
is detected as well.

We also evaluate the size of a defect that can be detected using the proposed
solution. We inject resistive opens and shorts at different locations in the TRC and
evaluate the size of the smallest (for opens) and largest (for shorts) defect resistance
that can be detected. The simulations were carried out for the four-bit TRC shown
in Fig. 4.1. There are five likely fault locations in that TRC—four outputs of the
interface-register cells (F1-F4) and output of the inverter (F5). An open defect can
occur at any of these five locations and a short can arise between any combinations of
these five locations. We carry out simulations for all these scenarios and the results
are presented in Fig. 4.8. We observe that the size of the detectable defect depends
on the resistance and capacitance at the fault location. For example, since the fan-
out resistance and capacitance at the output of the fourth interface cell is that of
an inverter, the size of the minimum detectable open at that location is much larger

compared to other locations.
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FIGURE 4.8: Detectable defect size in a four-bit TRC: (a) opens and (b) shorts.

4.4.2  FEffectiveness of Wirelength-Minimization Heuristic

We utilize four IWLS’05 benchmarks to evaluate the effectiveness of the proposed
algorithm. These benchmarks were implemented using the Arizona State Predictive
PDK (ASAP) 7 nm technology library. We used Cadence RTL compiler to carry
out synthesis and Cadence Innovus to carry out placement and routing. We used six
metal layers of the metal stack from ASAP 7 nm library for routing the benchmark.

Each benchmark is first partitioned into two tiers using a modified version of
Shrunk-2D [80]. We start with a placed and routed 2D design that satisfies timing

constraints. From this design, only the placement information is retained. Next, we
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scale the placement coordinates of each standard cell in the design by 1/4/2 since the
footprint of an M3D design is half the footprint of the corresponding 2D design. This
results in the overlap of standard cells. The standard cells are then partitioned into
two tiers to remove the overlap by defining regular partitioning grids, and performing
an area-balanced global min-cut [80]. We scale the placement coordinates instead
of standard cell dimensions, as proposed in [80], since this method does not require
modification to standard cell and technology LEF, which can be time-consuming and
error-prone.

In order to carry out signal ILV insertion using existing tools, we duplicate the
metal stack in the technology LEF [29]. The original metal layers now constitute
the metal stack for the bottom layer, and the duplicated metal layers constitute the
metal stack for the top layer. In addition, the standard cell LEF is also duplicated,
and the pins in the duplicated LEF are modified to the top tier metal layers. Next,
we build the power-delivery network with the full metal stack before inserting signal
ILVs. This avoids the placement of signal MIVs at the location of power ILVs. The
dimensions of the voltage-supply rails are similar to the ones defined in the ASAP 7
nm technology library.

We then determine the location of signal ILVs by routing the design with a
duplicated metal stack, and obtaining the location of vias that connect the uppermost
metal layer of bottom tier with lowermost metal layer of top tier. More details about
signal ILV insertion can be found in [29]. Note that duplication of the metal stack
will lead to cell overlap during placement, but there will be no overlap during routing.
However, we can reuse the placement of standard cells obtained from the 2D baseline.
The location of signal ILVs obtained from this step is used as input to the wirelength-
minimization heuristic.

We generate the distance matrices for each benchmark based on the ILV loca-

tions. Once the distance matrices are generated, they are provided as input to the
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FIiGURE 4.9: Ratio of total wire length obtained using the proposed heuristic and
baseline.

proposed heuristic implemented in a Python script, and the Hamiltonian circuit that
corresponds to a tour of ILVs with minimum wire length is generated. We define a
baseline method in which we start at a random ILV and pick the ILV that is visited
next in a greedy manner, i.e., an output (input) ILV nearest to an input (output)
ILV. The total wirelength required to form the TRC using the proposed method and
baseline method are denoted by W, and W}, respectively. Fig. 4.9 shows the results
in terms of the ratio W, /W,,. It can be seen that W, is 15% to 22% larger than W,,.
Therefore, the proposed algorithm reduces the total wire length required to form the

TRC.
4.4.8  Diagnosis Results

We evaluate the proposed diagnosis framework using four IWLS’05 benchmarks. In
order to generate training data for the proposed diagnosis engine, we need to inject
defects in the TRC corresponding to a benchmark. The wirelength-minimization
heuristic described above can be used to form the TRC corresponding to a bench-

mark. However, the run time for simulating TRCs with 10,000 interface cells at the
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minimum in HSpice can be prohibitively large. We therefore generate look-up tables
that consist of defect size, delay introduced by the defect, and clock frequency for all
possible driver-target-load combinations using Hspice simulations. The driver, tar-
get, and load clusters can consist of 1 interface cell at the minimum and 10 interface
cells at the maximum. We inject a defect in the target cluster and obtain the delay in-
troduced by the defect for several clock frequencies. We do not consider inter-cluster
shorts since such a short cannot be modeled using a delay element. We therefore
consider only resistive opens and intra-cluster resistive shorts. We implemented a
Python-based simulator to simulate the TRC corresponding to a benchmark for 2N
cycles, where N is the number of elements in the TRC. The look-up tables gener-
ated using HSpice simulations are provided as input to the simulator. The simulator
generates the Hamming distance between the state of the defect-free and defective
TRC after N and 2N cycles as output.

We inject defects in all clusters in the TRC corresponding to a benchmark and
simulate for several clock frequencies to generate the training dataset for each bench-
mark. This dataset consists of 4-tuples: (i) Hamming distance between the expected
and captured values (H D;) in the TRC before the first shift operation; (ii) Hamming
distance between the expected and captured values (H D) in the TRC before the
second shift operation; (iii) clock frequency at which the test was carried out, and
(iv) defect bin. The first three elements of the 4-tuples are used as features for the
machine-learning model and fourth element is used as the target. We divide the
range of defect sizes into 5 bins: (i) < 100 K€, (ii) 100 K - 200 K€, (iii) 200 K2 -
300 K, (iv) 300 K - 400 K, and (v) > 400 K.

The prediction accuracy is evaluated as the accuracy score (5), defined as follows:

Nsamples -1

Sdd)=—— 3 1d=d), (4.1)

Nsamples i—0
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where d; is the predicted defect-bin-label of the i-th sample, d; is the corresponding
true defect-bin-label, and 1(d; = d;) is the indicator function, i.c., 1(d; = d;) = 1 if
d; = d; and 1(022 =d;) =0if d; # d;. In other words, S is the fraction of correct
predictions over Ngmples- A value of ‘1’ for S shows a perfect match between the
actual defect-bin-labels and the predicted defect-bin-labels. Therefore, the closer the
value of S is to ‘17, the higher is the prediction accuracy.

In order to generate simulation data for each benchmark, we carry out simulations
by injecting defects of the following sizes in all ILVs: (i) 50 K€, (ii) 150 K, (iii) 250
KQ, (iv) 350 KQ, and (v) 450 KQ. For each defect size, we also vary the frequency
of the clocks that drives the ILV BIST as follows: (i) 2 GHz; (ii) 1.5 GHz; (iii)
1 GHz; (iv) 0.5 GHz. For each benchmark, we use 80% of the generated data to
train the diagnosis engine and 20% to test the trained model. The predictive model
constructed from the training data set is used to predict the defect-bin-label from
the input features in the test data set. A value of 1 for S shows a perfect match
between the actual defect-bin-label and predicted defect-bin-label in the test data
set across all samples.

Fig. 4.10 presents the accuracy score for four IWLS’05 benchmarks. We observe
that the accuracy score exceeds 0.9 for all benchmarks. We also note that the ac-
curacy score for prediction of resistive opens is similar to that obtained for resistive
shorts for all benchmarks. For example, the accuracy score for prediction of resistive
opens and resistive shorts in OpenRISC is 0.97 and 0.96, respectively. Therefore,
the proposed diagnosis framework can classify resistive opens and shorts in different

defect bins with high accuracy.
4.5 Conclusions

We have presented an ILV BIST solution for M3D that enables testing stand-alone

testing of ILVs without incurring significant area overhead. The proposed solution
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FIGURE 4.10: Defect-bin prediction accuracy score (S) for Leon3, OpenRISC,
vga'led, and ethernet.

can detect all opens and shorts. We proposed a heuristic to solve the wire-length
minimization problem for BIST and showed that the proposed algorithm is effective
in reducing the total wire length required for test application. We also proposed
an artificial neural network-based framework to estimate the size of ILV defect and

showed that the prediction accuracy of the proposed framework is extremely high.
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5

Reliable Power Delivery and Analysis of
Voltage Droop During Testing

In this chapter, we propose a framework to design a reliable PDN for M3D ICs.
This framework relies on accurate electrical and reliability models to guide PDN
optimization. We also analyze voltage droop during testing and propose a statistical
model for quantifying the impact of voltage droop on yield loss.

We use genetic programming (GP) to explore the design space to optimize the
PDN in order to achieve reliable operation. The objective is to minimize the voltage
droop on power-supply rails while satisfying constraints on resilience to EM and
SM. We analyze voltage droop during functional operation and compare it with that
observed during testing. We also show that the worst-case voltage droop in the
proposed PDN is significantly lower compared to a baseline PDN design (in both
functional and test modes). We quantify the impact of voltage droop on yield loss
and show that the proposed PDN design reduces yield loss.

In order to evaluate the proposed framework, we carry out the complete M3D

design flow and PDN optimization for two processor benchmarks, namely Leon3
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and OpenRISC. We also place and route a baseline design with uniformly spaced
minimum-width rails in each metal layer. Our results show that the PDN design
obtained using the proposed approach significantly increases the reliability of at
least 40% of wire segments in the PDN. We also carried out dynamic simulation to
obtain the worst-case power-supply droop when a functional workload is executed
on Leon3 for the proposed PDN and the baseline. We observed that the worst-case
voltage droop is 50.5% lower for the proposed PDN compared to the baseline PDN.

The rest of the chapter is organized as follows. Section 5.1 describes the related
prior work. Section 5.2 presents the electrical and reliability models for the PDN.
Section 5.3 describes the proposed PDN optimization flow. We report simulation

results in Section 5.4. Finally, Section 5.5 concludes the chapter.
5.1 Related Prior Work on M3D Power Delivery

An M3D IC can be partitioned at the core-level, block-level, gate-level, and transistor-
level. Significant research efforts are being directed towards gate-level design parti-
tioning since transistor-level design partitioning requires extensive redesign of stan-
dard cells [44] and block-level design partitioning does not fully exploit the benefits
of M3D. In [81], a complete RTL-to-GDSII flow for gate-level M3D was proposed
and the reduction in power compared to 2D designs was shown. However, the power
delivery challenges were not considered in that work.

A system-level PDN model for analyzing IR drop and Ldi/dt¢ drop in M3D ICs
was presented in [43]. In addition, frequency-domain and time-domain analysis was
carried out for a full-chip die model. However, this work only describes some guide-
lines for PDN design and does not address reliable power delivery. A methodology
to optimize signal, power, and thermal interconnects in TSV-based 3D IC based on
the design of experiments was proposed in [? ]. However, this work considers only
inter-die interconnects during optimization, and critical challenges associated with
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the reliability of PDN such as EM and SM were not considered. For M3D ICs, in
addition to optimization of inter-tier interconnects, tier-specific optimization needs

to carried out to address EM and SM challenges.
5.2 PDN Model

PDN design depends on the placement and routing of standard cells since power
MIVs cannot be placed over active areas. This can lead to irregular power MIV
placement, thereby causing significant IR drop in the bottom tier and increasing the
susceptibility of non-bottom tiers to EM. In addition, thermo-mechanical stress in
the uppermost metal layer during fabrication can lead to voids or exacerbate EM,
thereby impacting PDN reliability. In order to evaluate these issues, we need to
model the PDN and its reliability.

5.2.1 Electrical Model

The electrical model of the die-level PDN consists of the parasitics of the metal wires
that constitute the PDN in the top and bottom tiers, and the parasitics of power
MIVs. The die-level model can be extended with models for C4 bumps, package,
and PCB to obtain a system-level model for PDN. The C4 bumps and power lines in
the package and PCB are modeled as a series connection of resistors and inductors.
From [82] and [43], we obtain the values of these resistors and inductors: (i) Ry =
1 mQ and Lgy = 10 pH; (ii) Rpkg = 10 m€) and Lpkg = 100 pH; (iii) Rpcg = 5 mQ2
and Lpcg = 1 pH.

5.2.2 Thermal Model

In order to build a thermal model, we make the following assumptions. We assume
that a heat sink is placed below the bottom tier. Therefore, heat generated in the

upper tiers has to be transferred through the PDN and silicon layers. Layers with

low thermal conductivity, such as SiO, and isolation layers, act as thermal barriers.
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We also assume that the temperature at the heat sink is 27°C. Since the switching
activity of a cell contributes to heat generation, we extract the switching activity of
all the instances in our design. The C4 bumps and the entire PDN are modeled as

thermal resistances.
5.2.3 EM Model

Failures due to EM and SM occur due to the formation of voids in a voltage-rail
segment. These voids arise over time; therefore, EM signoff has to be carried out
as a part of PDN design in order to ensure reliable operation over the lifetime. We
obtain the worst-case current density for each voltage-rail segment using simulations
and estimate the mean time to failure (MTTF) based on the current-density values.
To facilitate our discussion of the EM model, we use the following notations: (i) 7" is
the chip operational temperature; (ii) o is the thermal stress in a metal line confined
in inter-metal dielectric when it is cooled from zero-stress temperature Tg to T'; (iii)
L is the length of the metal line; (iv) D, is the effective metal atomic diffusivity;
(v) eZ is the effective charge of migrating metal atoms; (vi) B is the effective bulk
elasticity modulus; (vii) Q is the metal atomic lattice volume; (viii) p is the metal
resistivity; (ix) j is the current density; (x) kp is the Boltzmann constant.

The time for void nucleation due to EM in a metal line can be expressed as a
function of the stress o induced in that line [83]. The void nucleation time is defined
as an instant in time when the stress at the cathode end of the metal line reaches
critical stress (o) and expressed as:

eZpjL
oo = BT 20 (5.1)
nuc 2DaBQ o + eZQ?‘)yL — Ouit .

where D, = Doexp(—(Ep — Q*0eit)/ksT). Here, Ep is the activation energy for
vacancy diffusion and Dy is the exponential prefactor. Note that this equation is
employed only if the Blech limit [84] is not satisfied, i.e., (j x L) > Qoo

eZp*
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For each voltage-rail segment in the bottom tier, we obtain the worst-case cur-
rent density using Monte-Carlo simulation and estimate the MTTF using (5.1). We
use (5.1) since metal lines develop stress due to high-temperature processing of the
top layer. Table 5.1 presents the values of the parameters used in (5.1). We estimate
the MTTF of the PDN in the bottom tier as the MTTF of the weakest link in that
tier.

For the top tier, we estimate the MTTF using Black’s equation (shown below)
since (5.1) is applicable only when an additional stress is induced. Therefore, we

express the MTTF for a metal line in the top tier as:

MTTFuse - MTTFstress(M exp{Ea(Tstress - Tuse)/kBTuseTstress})7 (52)

use

where MTTFgess is the MTTE in the accelerated-stressed condition. Here, Ty ess
is 600 K, Jjeress 18 3 MA/cm?, and E, is 0.86 eV [83]. The current density in a
voltage-rail segment is obtained using simulation and the MTTEF of the top tier is

estimated as the MTTF of the weakest link in that tier.

5.3 PDN Optimization

We employ GP to intelligently explore the design space to optimize the resources
dedicated for power delivery in order to minimize the impact on signal routing and
ensure reliable operation of PDN. GP-based design space exploration (DSE) has

been shown to be effective for architectural-level design optimizations [85]. Given

Table 5.1: Parameters used in the EM model.

Parameter Value
Ep 0.65 eV
Ocrit 47.5 MPa
ar 46 MPa
Z 10
B 7.6 x 10° Pa
Dy 6.7 x 1072 m?/s
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Input: Features ¢ for PDN designs in D, design space D, subset of design space d, performance
metrics € for PDN designs in D, function to evaluate quality of approximation @, fitness
function v, GP parameters y and p, maximum iterations Max

Output: Best approximation function f,,; for the mapping between features ¢ and perfor-
mance metrics 0
Initialization: initial approximation function Fjp, training set Z < (), iteration k < 0, an
intial set of N randomly-generated approximation function Fj

1: Generate training data: For each design PDN; in d, add (¢(PDN;), 8(PDN;) to Z
2: for each approximation function f; in Fy do

3:  Evaluate Q(f;) and ¥(f;)

4: end for

5: while max {¢(fo), ¥ (f1),...,¥(fn)} does not converge, where f; € Fy, or k < Max do
6: Select (1 — x) approximation functions from Fj and insert in Fj41

7:  Select x approximation functions from F}, pair them up, produce an offspring, and

insert in Fy41

8: Select p approximation functions from Fj,; and randomly mutate them

9:  for each approximation function f; in Fy11 do
10: Evaluate Q(f;) and ¥(f;)
11:  end for

12: k+—k+1
13: end while

14: return max {¢¥(fo),¥(f1),...,¥(fn)}, where f; € Fy

FI1GURE 5.1: Algorithm for PDN optimization using GP-based DSE.

a sample of collected performance metrics, approximation functions to predict the
global performance of all candidate designs are built. As design spaces grow, it is
more efficient to employ predictive approximation functions rather than a standard
search algorithm. We employ GP to create appropriate approximation functions,
and fit them to the collected performance metrics. Predictive models are built in
GP-based DSE using the simulation results of a small sample of designs picked in
advance.

The first step in the proposed optimization algorithm is to identify key features ¢
to represent a PDN and set the design space D. For the PDN-optimization problem,
design features such as MIV count, MIV distribution, and resources for power delivery
in the each tier can be used. The appropriate ranges for each design feature can be
defined to set D. A small subset d of the design space is chosen and the performance
metrics 0 are extracted for that subset of design points. For the PDN-optimization

problem, performance metrics such as maximum IR drop, MTTF, and total wire
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length can be used.

GP is then used to find the best approximation function for the mapping be-
tween features ¢ and performance metrics #. The algorithm is structured such that
accurate candidate approximation functions are more likely to survive and be recom-
bined. The candidate approximation functions are polynomial equations represented
as expression trees. An individual node in a tree represents a design feature. The
accuracy of a candidate approximation function is decided based on the quality of

approximation () and fitness function 1.

_ SWLIA@PDN,) —0(PDN)| 0 oy
Qf) = W reEpyy VR =e et 63)

The quality Q(f;) of approximation function f; is obtained by calculating the
sum of absolute differences between the approximation function’s predictions and
the collected performance metrics for all sample design points. Note that ¥(f;) is
the fitness function, where ¢ is a constant used to control the size penalty and p is
the number of tuning parameters. The fitness function is used to penalize lengthy

expression trees and keep the equations more compact.

5.4 Simulation Results

5.4.1  Simulation Setup

Simulations were performed on the Leon3 and OpenRISC processor benchmarks
to evaluate the proposed technique. This benchmark was implemented using the
Arizona State Predictive PDK (ASAP) 7 nm technology library. We used Cadence
RTL compiler to carry out synthesis and Cadence Innovus to carry out placement
and routing. We used six metal layers of the metal stack from ASAP 7 nm library
for routing the benchmark.

We implemented the PDN before we placed and routed the standard cells using
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Cadence Innovus. We then carried out RC extraction for that benchmark. We use
the extracted RC model to carry out PDN IR-drop and reliability analysis using
Cadence Voltus. We used a Python script to extrapolate the current density values
obtained from Voltus to MTTF. This Python script implements the model described
in Section 5.1.2. We implemented the GP-based DSE algorithm in Python. The
code was run on a 64-bit Linux Server with a quad-core Intel Xeon 2.53 GHz CPU

and 12 GB memory.
5.4.2  Design Flow

First, the design is partitioned into two tiers using a modified version of Shrunk-
2D [80]. We start with a placed and routed 2D design that satisfies timing constraints.
From this design, only the placement information is retained. Next, we scale the
placement coordinates of each standard cell in the design by 1/4/2 since the footprint
of an M3D design is half the footprint of the corresponding 2D design. This results
in the overlap of standard cells. The standard cells are then partitioned into two
tiers to remove the overlap by defining regular partitioning grids, and performing
an area-balanced global min-cut [80]. We scale the placement coordinates instead
of standard cell dimensions, as proposed in [80], since this method does not require
modification to standard cell and technology LEF, which can be time-consuming and
error-prone.

In order to carry out PDN design and signal MIV insertion using existing tools,
we duplicate the metal stack in the technology LEF [29]. The original metal layers
now constitute the metal stack for the bottom tier, and the duplicated metal layers
constitute the metal stack for the top tier. In addition, the standard cell LEF is also
duplicated, and the pins in the duplicated LEF are modified to the top tier metal
layers. Next, we build the PDN with the full metal stack before inserting signal

MIVs. This avoids the placement of signal MIVs at the location of power MIVs.
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The dimensions of the voltage-supply rails are similar to the ones defined in the
ASAP 7 nm technology library.

We then determine the location of signal MIVs by routing the design with a
duplicated metal stack, and obtaining the location of vias that connect the uppermost
metal layer of bottom tier with lowermost metal layer of top tier. More details about
signal MIV insertion can be found in [29]. Note that duplication of the metal stack
will lead to cell overlap during placement, but there will be no overlap during routing.
However, we can reuse the placement of standard cells obtained from the 2D baseline.
Next, we carry out initial routing, timing characterization, clock tree optimization,
and timing-driven routing for each tier using a netlist corresponding to that tier and
signal MIV locations. We then obtain placed and routed designs for each tier. These
designs are then merged to a final M3D design, and timing analysis is subsequently

carried out.

5.4.3 PDN Optimization

We considered four features to represent the PDN design space: (i) power and ground
MIV count; (ii) maximum power and ground MIV area per placement tile; (iii)
percentage of routing resources in the top tier that is allocated for power delivery;
(iv) percentage of routing resources in the bottom tier that is allocated for power
delivery.

We next define the design space. We restrict the power and ground MIV count to
be between 1% and 5% of the total number of MIVs between two tiers. We restrict
the maximum power and ground MIV area to be between 1% and 5% of the area
of a single placement tile. We also restrict the total routing resources allocated for
power delivery in the top and bottom tier to be between 5% and 25% of the total
routing resources. We have chosen these ranges based on the values reported for

these parameters [31, 43, 44].
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We run simulations for 81 PDNs designs. These designs are obtained by setting
the above four features to their min, max, and median values. For each design, we
obtain the MTTF and worst-case IR drop. Using the above features and MTTF/IR
drop values for 81 PDN designs as input, we run the genetic-programming algorithm
to obtain the approximation functions. We then combine the two approximation
functions into a single desirability function. We then carry out a min-search on the
resulting function to obtain the features of the optimal PDN design. For the Leon3
benchmark, we obtained the features of the optimal PDN design as: (i) MIV count:
2.75%, (i) MIV density: 2%, (iii) total routing resources for power delivery in the
top tier: 11%, and (iv) total routing resources for power delivery in the bottom tier:

15%.

5.4.4 PDN Reliability

We compare the reliability of the PDN design obtained using the proposed approach
with a baseline PDN designed by uniformly spaced minimum-width rails in each
metal layer. We then carry out signoff-quality RC extraction for the baseline and
the proposed PDN designs. We use the extracted RC model to carry out PDN
reliability analysis using Cadence Voltus. The thermal stress-aware electromigration
model for M3D is given as input to Voltus for reliability analysis.

Fig. 5.2 presents the current density histogram for the baseline and proposed
PDN designs for Leon3. We observe that the proposed PDN has a higher percentage
of wire segments with current density less than 0.125 x 10° A/m? compared to the
baseline PDN. Therefore, the PDN design obtained using the proposed approach
significantly increases the time-to-failure of at least 40% of the wire segments in the

PDN. The corresponding figure for OpenRISC was 34%.
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FI1GURE 5.2: Current-density histogram for baseline and proposed PDN designs for
Leon3 benchmark.

5.4.5 Voltage-Droop Analysis

We also developed a framework to carry out dynamic simulation using Cadence
Voltus. This framework relies on simulation waveform dumps of realistic workloads.
In the proposed framework, we carry out a dynamic simulation of PDN to obtain
the voltage at every node in the design for a specified time window in the workload.
Due to tool limitations, the length of the simulation window is limited to 1000 time
steps. We executed three workloads from the MiBench benchmark suite, namely
basicmath, gsort, and crc32 on Leon3. We obtained the signal activity from the
execution of each workload in the form of a simulation dump (VCD file) generated
by performing a post-synthesis simulation in ModelSim. We read the simulation
waveform dump during dynamic simulation to obtain the switching activity for the
gates in the design.

In order to analyze voltage droop during testing, we also carry out dynamic
simulation of transition-delay patterns generated using the netlist obtained after
the place-and-route step. We write out patterns in STIL format from test-pattern

generation tool. We then convert the STIL patterns to Verilog testbench and carry
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out gate-level simulation using that testbench. We dump a VCD file when we carry
out the gate-level simulation. This VCD file contains the switching activity for gates
in the design while executing the pattern set.

We first carry out stand-alone thermal analysis of an M3D design to obtain a
thermal map. We then carry out a dynamic voltage-droop analysis to obtain on-
chip power distribution, which is then used as input for the thermal analysis. This
iterative process is repeated until the change is voltage droop and temperature is less
than 5%. Fig. 5.3 presents the temperature distribution and voltage at instance with
maximum droop obtained by carrying electrical and thermal co-simulation on a PDN
design with the following features. We observe that the peak chip temperature is 94
°C and worst-case power-supply drop is 0.1 V, where the nominal supply voltage is
0.7 V. Such high level of power-supply noise is undesirable. We therefore study the
worst-case power-supply noise for PDN designs obtained by varying power/ground
MIV count and MIV density.

Fig. 5.4(a) presents the supply voltage at the gate with maximum droop for three
PDN designs. The MIV count in these three PDN designs is 1%, 2.5%, and 5%. We
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FiGURE 5.3: Results obtained from dynamic electrical and thermal co-simulation:
(a) 2D lumped temperature distribution; (b) voltage at instance with maximum
droop.
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FIGURE 5.4: Plots of voltage at gate with maximum droop obtained by varying: (a)
MIV count; (b) MIV density.

also restrict the power and ground MIV area to 2% of the area of a single placement
tile. We observe that the worst-case power-supply drop is 0.092 V when the MIV
count is restricted to 1% of total number of MIVs. We observe a significant reduction
is the worst-case power-supply drop when the MIV count is increased to 2.5% and
5%. This reduction in the worst-case power supply drop is due to the decrease in
the effective resistance of the PDN when additional power and ground MIVs are
introduced. We also observe a slight increase in the worst-case power-supply drop
when the MIV count is increased from 2.5% to 5%. This can be attributed to the
increase in signal wirelength due to an increase in the routing congestion caused by
the introduction of additional vias. An increase in the signal wirelength leads to
higher switching power; thereby, increasing the load on the PDN and offsetting the
improvement in the voltage droop due to the introduction of additional vias.

Fig. 5.4(b) presents the supply voltage at the instance with maximum droop for
three PDN designs. The MIV density in these three PDN designs is 1%, 2.5%, and
5%. We also restrict the power and ground MIV count to 2.5%. We observe that the
worst-case power-supply drop is 0.1 V when the MIV density is restricted to 1%. We
observe a significant reduction is the worst-case power-supply drop when the MIV
density is increased to 2.5% and 5%. This reduction in the worst-case power-supply

drop can be attributed to the decrease in routing congestion when MIV density is
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FIGURE 5.5: Voltage at gate with maximum droop for Leon3.

increased; thereby, leading to a reduction in the signal wirelength and load on the
PDN.

Fig. 5.5 presents the supply voltage at the gate with maximum droop for three
MiBench workloads on Leon3. We observe that the worst-case power-supply drop
is 45 mV, 37 mV, and 59 mV for gsort, basicmath, and crc32, respectively. Fig. 77?7
compares the supply voltage at the gate with maximum droop for the proposed PDN
design and the baseline when gsort is executed on Leon3. We observe that the worst-
case voltage droop is 91 mV for the baseline PDN. Therefore, the proposed PDN
design reduces the worst-case voltage droop by 50.5%. The corresponding figure for
OpenRISC is 40.2%

Fig. 5.7 presents the supply voltage at the gate with maximum droop during scan
shift and capture phases of test application for Leon3. The power budget during scan
shift or capture limits the number of flip-flops that can toggle at the same time. As
expected, the worst-case power-supply droop reduces as we reduce the power budget
for both scan shift and capture. We also observe that this is more significant during

scan shift. This is expected since high switching activity during scan shift can cause
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FiGURE 5.6: Voltage at gate with maximum droop for the proposed PDN design
and baseline when gsort is executed on Leon3.

a significant droop in supply voltage. On the other hand, we do not observe a
significant change during capture; Leon3 is a single-clock design and the number of
flip-flops toggling per pattern is much lower than the specified budget.

Fig. 5.8 compares the supply voltage at the gate with maximum droop for the
proposed PDN design for Leon3 with the baseline when test patterns generated using
60% power budget are applied. The worst-case voltage droop is 73 mV and 59 mV
for the baseline PDN during scan shift and capture, respectively. On the other
hand, the worst-case voltage droop is only 55 mV and 41 mV for the proposed PDN
design during scan shift and capture, respectively. The corresponding numbers for
OpenRISC are 65 mV and 44 mV for the baseline PDN, and 51 mV and 33 mV
for the proposed PDN design. Therefore, the proposed PDN design also reduces the

worst-case voltage droop during testing.
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FiGURE 5.7: Voltage at gate with maximum droop for Leon3 for different power
budgets during: (a) scan shift; (b) capture.

5.4.6  Analysis of Yield Loss

We next quantify the impact of voltage droop on yield for our PDN design and
the baseline. We use a statistical model to quantify the robustness of the design to
voltage droop during scan-based testing. A design is robust to voltage droop during
testing if all the scan cells (SCs) in the design are robust to voltage droop. An
incorrect value captured at a SC can cause the chip to fail at the tester.

The robustness of a SC can be assumed to consist of two statistically independent
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FI1GURE 5.8: Voltage at gate with maximum droop for Leon3 for the proposed PDN

design and baseline for patterns generated using 60% power budget during: (a) scan
shift; (b) capture.

events: (i) robustness to voltage droop during scan shift; (ii) robustness to voltage
droop during capture. Therefore, the probability that an incorrect value is captured
at SC;, P'(SC;), can be defined as: P'(SC;) = 1—Ps(SC;) x Po(SC;), where Ps(SC;)
(or Po(SC;)) is the probability that a correct value is captured at SC; during scan
shift (or capture).

To facilitate our discussion of the statistical model, we use the following terms:
(i) shift path starts at the ) output of one SC and ends at the ST input of the next

SC in the scan chain; (ii) capture/data path starts at the @ output of one SC and
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ends at D input of the next SC. Let us consider the design presented in Fig. 5.9(a).
For SCj in this design, the path from @) of SC5 to SI of SCj is the shift path for
SCY4, and the paths from @) of SC| and SCs to D of SCj are capture paths for SCYy.

Under the assumption that all the gates in the shift path get the same supply
voltage v, we can obtain the delay distribution of the shift path ending at each SC
in the design. Since delay varies linearly with the supply voltage as a first-order ap-
proximation [86], the delay distribution for the shift/capture path ending at SC; can
be approximated as shown in Fig. 5.9(b). Let Dg(v) denote the delay distribution of
the shift path ending at SC;. Let V,,.; denote the supply voltage at which the timing
margin on the shift path becomes zero. The probability that a correct value can be
captured at SC; during scan shift can be expressed as: Pg(SC}) f‘Z‘jZ""ly Ds(
d(v).

Let Dc(v) denote the delay distribution of the capture path with the smallest
slack for SC;, where v is supply voltage to all the gates in the fan-in cone of SC;. Let
V..ir denote the supply voltage at which the timing margin on the capture path be-

comes zero. The probability that a correct value is captured at SC; can be expressed
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FIGURE 5.9: [lustration of: (a) shift and capture path for SCy; (b) delay distribution
for shift or capture path.
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as: Po(SCy) = [y De(v)d(v).
From the above equations, we express the probability that an incorrect values

can be captured at scan SC SC; as:

VSupply

PI(SC) =1 ( / " Dy(w)dw)) x ( / Do(wd(v)  (5.4)

Vc’r'it ‘/cm't

For a design with N SCs, we define the yield loss, YL, as: YL = 3.~ P'(SC)).
This metric indicates the likelihood of a good chip failing on the tester. Smaller
values of Y L are clearly desirable.

In order to obtain Y L for the proposed design and the baseline, we first obtain
the timing of all the paths in the design using Synopsys PrimeTime. We also obtain
the supply voltage at every SC for the proposed design and baseline using Cadence
Voltus and assume that all the gates in the shift and capture paths observe the same
supply voltage. We then obtain the probability that an incorrect value is captured
during shift and capture for all SCs using (5.4). We then obtain Y L for the proposed
design and the baseline as 8124.6 and 12100.2, respectively. The corresponding YL
numbers for OpenRISC are 11033.4 and 14503.7. We therefore conclude that the

proposed PDN design reduces yield loss significantly.
5.5 Conclusions

We have presented an optimization approach for reliable power delivery in M3D ICs.
We have also analyzed the voltage droop during testing and compared it with that
observed during functional operation. We have quantified the impact of voltage droop
during testing on yield loss. Our results show that the proposed design significantly
increases the reliability of at least 40% of the wire segments in the PDN. In addition,
our results show that the proposed PDN design significantly reduces the worst-case

voltage droop and yield loss due to voltage droop compared to a baseline PDN.
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6

Conclusions

It is becoming increasingly difficult to sustain device scaling in an economically viable
manner due to challenges associated with interconnect scaling, lithography of small
features, and process variations. The semiconductor industry is therefore exploring
3D integration to reduce power consumption with smaller device footprint, and higher
performance. M3D integration is an emerging technology in which transistors are
processed layer-by-layer on the same wafer. It is attractive for 3D integration because
it has the potential to achieve higher device density compared to TSV-based 3D
stacking. Sequential integration of transistor layers requires high-density vertical
interconnects, known as the ILVs. Due to the above benefits, there is growing interest
towards the adoption of M3D. However, test challenges for M3D have remained
largely unexplored. In this dissertation, we have targeted some of the challenges
related to testing of M3D ICs and proposed solutions to them.

This dissertation presents the first comprehensive test solutions for emerging M3D
integrated circuits. This research has led to theoretical insights, significant academic
and industrial collaborations, simulations results using advanced process design kits,

and a set of test and DfT solutions. Novel DfT solutions have been presented to carry
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out modular testing of M3D ICs. We have also addressed some of the key challenges
related to reliable power delivery and voltage droop during testing. We have also
made advances in modeling electrostatic coupling and wafer-bonding defects.

Chapter 2 addresses analysis and fault modeling of defects that are new to M3D
ICs. We quantified the impact of electrostatic coupling and wafer-bonding defects on
the threshold voltage of a top-layer transistor in an M3D IC. In addition, we showed
that wafer-bonding defects can lead to a change in the resistance of ILVs, and in
some cases, lead to an open in an ILV or a short between two ILVs. We also studied
the impact of these defects on path delays and on the effectiveness of delay-test
patterns for large benchmarks. Our results showed that the timing characteristics of
an M3D IC can be significantly altered due to coupling and wafer-bonding defects if
the thickness of its inter-layer dielectric is less than 100 nm.

Chapter 3 presented a new DfT solution for M3D ICs based on dedicated test
layers. The proposed DfT solution enables testing of a partial assembly as well
as a full assembly with all layers. It consists of a set of cooperating test layers,
one for each interface between two functional layers. We described the operating
modes and configurations supported by the test layers. We also derived a cost model
accounting for the additional steps involved in the fabrication of an M3D IC. We
then compared the cost of the proposed DfT solution with the cost of a potential
test solution based on P1838. Our results have shown that the proposed solution is
more cost-efficient than the P1838-based solution for a wide range of ILV density.
We have also presented a test scheduling and optimization technique for wafer-level
testing of M3D ICs.

Chapter 4 presented an ILV BIST solution for M3D ICs since conventional scan-
based test pattern generation do not provide the diagnostic resolution to diagnose and
characterize ILV faults. In the proposed ILV BIST solution, interface-register cells
in a test layer are stitched into a TRC using their functional outputs and the 1LVs.
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We showed that the proposed solution detects all hard opens and shorts in the ILVs.
We validated the detection of all hard opens and shorts using HSpice simulations.
We also proposed an artificial neural network-based framework to estimate the size
of ILV defect and showed that the prediction accuracy of the proposed framework is
extremely high.

Chapter 5 described an optimization approach for reliable power delivery in M3D
ICs. We have also analyzed the voltage droop during testing and compared it with
that observed during functional operation. We have quantified the impact of volt-
age droop during testing on yield loss. Our results show that the proposed design
significantly increases the reliability of the wire segments in the PDN. In addition,
our results show that the proposed PDN design significantly reduces the worst-case

voltage droop and yield loss due to voltage droop compared to a baseline PDN.

6.1 Future Directions

Due to complexity associated with fabrication, testing of emerging devices/technologies
is of particular concern. Existing test solutions are inadequate for emerging technolo-
gies since they do not consider technology-specific details. Therefore, defects that are
new to emerging technologies are not screened unless tests that consider technology-
specific details are included as a part of manufacturing test. New tools are to analyze,
model, and screen manufacturing defects, and DfT solutions to enable testing, defect
isolation, and yield enhancement are required. Moreover, with the emergence of new
technologies, new avenues for test-cost optimization are available. This research has

opened up the following new directions.

e Test Pattern Generation for Technology-Specific Delay Faults

We have seen in our research that scaling down of the ILD thickness in M3D ICs

leads to electrostatic coupling between device layers, and ILD defects impact
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circuit timing. Some of these defects can significantly impact the performance
of an M3D IC. Therefore, there is a need to generate a test-pattern set that
can be used to detect delay faults in M3D designs. These patterns can be used
during the characterization phase to fix process issues that are causing delay

faults.

Although several variability-aware test-pattern generation methods exist, these
are unlikely to be effective for M3D ICs. For example, the delay distributions
for the gates obtained by considering variations in process parameters are not
as useful for generating test patterns for ILD defects. Therefore, a test-pattern
generation framework that can be used to generate a small set of patterns to
screen ILD defects is needed. In order to select a diverse fault set, we need to
take into account the physical location, logic depth, and slack on longest path

for each fault.

Test Solutions for M3D ICs Partitioned at the Transistor Level

In the transistor-level design partitioning approach, the P-channel and N-
channel transistors are placed on different layers, thereby allowing the fab-
rication process to be optimized separately for each layer. The performance
boosters for each channel type, e.g., channel material, substrate orientation,
channel strain, raised source and drain strain, etc., can be optimized sepa-
rately. For example, high performance CMOS gates were designed by stacking
of III-V nFETSs over SiGe pFETs.

Since the channel material, substrate orientation, channel strain, etc., used for
the n-channel and p-channel devices can be completely different, the fabrication
process, environment, and the number of process steps can be different for
them. Therefore, the defects that arise during the fabrication process can be
different for the layer with n-channel devices and that with p-channel devices.
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Some of these defects arise due to random particle contaminants while others
may be systematic in nature. In order to understand the defects and the failure
mechanisms corresponding to those defects, we need to test each device layer
separately. Such testing will enable defect isolation, thereby enabling yield

enhancement.
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