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Abstract

This year marks 75 years since the birth of the transistor in 1947.
During this time, semiconductor technology has progressed dramatically,
continuing to miniaturize, increasing integration and improving performance
with Moore’s Law. The market for semiconductor devices has expanded
from the original large computers for industrial use to include small office
computers, personal computers, and mobiles in the pockets while changing
the shapes. The metaverse has been attracting attention as a new market
in recent years. While applications have shifted from industry to businesses,
homes, and individuals in the past, the metaverse is once again targeting
society.

In conjunction with this trend, the amount of information generated
annually is also exploding. While there are continuous attempts to increase
computational power to process this large amount of data, the increase in
power consumption is a significant obstacle. In recent years, with calls for
green and carbon neutrality, there has been a strong desire to reduce power
consumption and improve energy efficiency in computing as well.

Memory is an essential component in computing and is responsible for

storing information. Current computing systems use the von Neumann



architecture, and frequent data transfer between CPUs and memories
consumes a lot of energy and degrades performance, known as the “memory
wall” problem. Much research on parallel computing by using GPUs and the
development of accelerators for efficient computing. If information processing
can be performed inside the memory, the load on the CPU can be significantly
reduced, and power-efficient computing systems can be realized. There
is a strong requirement for a non von Neumann computing architecture
to overcome power issues. A deep neural network (DNN) has been paid
much attention to image recognition and classifications. Computing in
memory (CiM) architecture with the DNN can significantly improve energy
efficiency, and there is much research on this topic, including accelerator
development. In order to accommodate exploding data, the CiM systems
with high-capacity memory are strongly desired.

A NAND flash memory is widely used as a low-cost and high-capacity
memory element for storage. Suppose it becomes possible to provide
energy-efficient computer systems using a 3D NAND flash memory, which
is more than two orders of magnitude larger capacity than the DRAM
and cheaper than the DRAM. In order to realize this 3D NAND CiM, the
high-capacity SRAM needs to be combined to improve performance and
efficiency. This thesis aims to provide technology to embed high-capacity
SRAM into 3D NAND without losing the low-cost and high-capacity
advantages. From the manufacturing process point of view, package-level
integration is the easiest approach. However, its size and cost are the
concern. Thus, from a manufacturing cost view points, both 3D NAND
and high-capacity SRAM on the same wafer are preferable. However,
the manufacturing process and thermal budget between 3D NAND and
high-capacity SRAM are different. Therefore, key process modules are
extracted from front-end-of-line, middle-of-line, and back-end-of-line modules
and studied for modification and/or optimization. The first base process
technology node of 90 nm, which is similar to the current peripheral circuits
of 3D NAND, was selected. Then, a scalable SRAM cell layout was studied.
Mechanical stress affects SRAM cell reliability, and optimum cell layout
with MOSFET structure was proposed. This SRAM cell design guideline

was validated by the hardware and showed good scalability at least down



to 45 nm node. A gate insulator needed to be optimized to satisfy the
standby leakage current specifications of SRAM, and a high-x/metal gate
(HK/MG) should be introduced. To accommodate the process temperature
of 3D NAND, a gate-first HK/MG was the only option, and the Hf base
gate insulator with poly-Si gate electrode was evaluated. Both optimum Hf
and nitrogen concentrations were proposed down to a 32 nm node. A local
interconnect (L.I.) technology is beneficial for reducing the SRAM cell size
and relaxing bit-line pitches for speed improvement since the conventional
copper interconnect cannot be used because of the thermal budget. The
impact on device characteristics was studied, and an optimum shallow trench
isolation height with MOSFET sidewall structure was proposed. A low-x
inter layer dielectric film was evaluated for future scaling, and material
requirements were studied with barrier metal selection. A redundancy fuse
process by copper blowing scheme was evaluated, and issues were identified.
A high-capacity SRAM can be embedded into 3D NAND with down to 45 nm
CMOS technology. Beyond 32 nm node SRAM integration with 3D NAND, a
gate-last HK /MG should be introduced from both leakage current and CMOS
scaling points of view. A die-to-die bonding between 3D NAND and CMOS
peripheral circuits with high-capacity SRAM will be a possible solution.
Preliminary results of die warpage impact on the device were presented.
An SRAM keep-out area (KOA) is needed to be introduced with further
studies. Using above-mentioned design guidelines, one package solid-state
drive can be realized as a stepping stone for future one package servers. As
a next step, one package server with cryogenic temperature operation will
enable further energy reduction and combination with quantum computing
systems. Manufacturing cost reduction of future LSIs is one of the issues
to satisfy the carbon-neutral requirements. The 3D NAND introduced
a breakthrough in the manufacturing process, which realized an efficient
manufacturing process with low cost for storage memory. Surprisingly, future
CMOS device structure, such as nanosheet CMOS, resembles that of 3D
NAND cells. This means that the 3D NAND base manufacturing process
can be applied to future CMOS devices, bringing lower cost and higher
capacity simultaneously. Thus, the CiM systems realized by 3D NAND with
high-capacity SRAM are indispensable for a future sustainable society.
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Chapter 1

Introduction

1.1 Data explosion and energy crisis

In today’s advanced information society, information is exploding, and the
annual amount of data generated last year reached 79 ZB (zettabyte) [1].
The amount of data generated will continue to increase and is expected to
reach 181 ZB by 2025, as shown in Figure 1.1. In 2019, the annual amount of
data generated in 2025 was estimated to be 175 ZB, which means an increase
of 6 ZB over the past two years. If this trend continues, the amount of data
generated in the future will far exceed the current estimation. This data
includes text data generated by people, such as e-mails and chats, photos and
videos taken using smartphones and data generated by industrial equipment,
and new data generated by secondary processing of acquired data. Today,
far more data is generated by devices than by people, and this percentage is
expected to increase in the future [2].

As the amount of data generated increases, the need to improve the
computing performance to process the enormous amount of data increases.
As proof of this, datacenters are being built worldwide [3]. As the number
of datacenters increases, so does the amount of power they consume. The
energy consumed by datacenters worldwide was 190 TWh (terawatt-hour) in
2017, which was about half of the previously predicted amount as shown in
Figure 1.2 [4-6].
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Figure 1.1: Trend of yearly data generation [1].
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Figure 1.2: Trend of world-wide datacenter electricity usage [7].
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It is expected to increase significantly to 3,000 TWh by 2030 due to the
explosive growth of generated data [7]. Although current consumption is
less than predicted, this amount of electricity dramatically exceeds the total
amount of electricity generated in Japan. From preventing global warming
point of view, it is essential to use renewable energy and reduce electricity
consumption. Servers consume about 74% of the total power consumption in
datacenters, and about 73% of the power consumption in servers is consumed
by the CPU (Central Processing Unit) [8], as shown in Figure 1.3. Since these
CPUs consume a large amount of power and generate heat, large-scale cooling
systems are equipped in datacenters, accounting for nearly 13% of the total

power consumption of datacenters.

Datacenter Server

CPUs
54%

Cooling
13%

Server
74%

10%

Figure 1.3: Breakdown of electricity usage for both datacenter and server [8].

A breakdown of the power consumed by the CPU is shown in Figure 1.4.
Only 33% of the power is used for computation itself, while two-thirds is spent
on accessing the cache SRAM (Static Random Access Memory) and main
memory, DRAM (Dynamic Random Access Memory), which means “moving
data for computation.” In particular, machine learning, which has recently
been the focus of much research, handles enormous amounts of data, and

the frequent transfer of data from main memory has become a bottleneck in
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Figure 1.4: CPU power breakdown [§].

computing capability and power consumption, known as a “memory wall” [9—
11].

In recent years, to improve this problem, stacked DRAM modules using
TSV (Through Silicon Via) technology, so-called HBM (High Bandwidth
Memory) [12], are directly attached to the processor. However, since
DRAMs have a data retention time of less than one second, they require
frequent refresh operations to overwrite the data, and as the capacity of
DRAMs increases, the delay caused by these refresh operations becomes
non-negligible, as shown in Figure 1.5 [13]. There have been attempts to
increase the size of the SRAM on the CPU in order to reduce the data
movement [14]. In this example, as shown in Figure 1.6, eight processor cores
share a total of 96 MB of SRAM by using 7 nm node technology [15,16], and
it has been reported that this stacked SRAM is suitable for energy-efficient
accelerators [17]. However, the TPD (Thermal Design Power) of this
processor is still quite large at 105 W. Parallel processing is being done with
more processor cores using GPU (Graphics Processing Unit), but it does
not replace the traditional von-Neumann architecture, and dramatic power

reductions are difficult to achieve.
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Figure 1.5: Trade-off between DRAM capacity and refresh latency (left axis)
and percentage of performance loss (right axis) [13].

AMD Zen3 : 96 MB SRAM
(TSMC 7 nm) 64 MB cache

(32 MB x 2, TSV)
41 mm?/die

32 MB on die

Figure 1.6: High-capacity SRAM stacked on the processor [16].
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1.2 Advantage of embedding high-capacity
SRAM into 3D NAND

In recent years, new computational methods utilizing artificial intelligence
(AI) that use non von Neumann architecture are attracting much attention.
This approach is being considered to efficiently process data at the edge
side, rather than doing it on the conventional servers in the cloud, as
shown in Figure 1.7. An architecture of computing in memory (CiM) or
in-memory computing has also been attracting attention that can handle

huge data efficiently. Since SRAMs have no endurance limit, studies are

Conventional Near memory In memory

E'"""""""""""""'gPackage ............................. : Package {'"'"""""""""""'gPackage
Grccessnelinl Processing unit :
t Between package t in packagfe '

Merged

Efficiency (Energy/Speed)
Flexibility (Memory size/Application)

Figure 1.7: Trade-off between memory size flexibility and energy efficiency
of computing. In-memory computing is suitable for energy efficient
computing [40].(C) 2019 IEEE

being conducted using not only conventional 6T (six transistors) SRAMs
but also 8T (eight transistors) and 9T (nine transistors) SRAMs in terms of
energy efficiency [18-20].

On the other hand, various CiMs using non-volatile memory that can
store large amounts of data are also being considered [21,22]. There
are also many studies on utilizing NAND flash memory for in-memory
computing [23-30]. NAND flash memory is already a proven product and
has the potential to realize high-capacity, low-cost CiM. One of the studies
showed that a combination of 6.5 Gb (gigabit) of SLC-NAND (single-bit
per cell NAND) and 3.2 MB (megabyte) of SRAM with 16 core system is
effective [26]. Their study assumes that a CMOS (Complementary Metal
Oxide Semiconductor) chip and 3D NAND (three-dimensional cell NAND
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flash memory) are fabricated separately, and both SRAM and 3D NAND dies
are bonded together, which causes process complexity and manufacturing
cost increase.

In the early days of 3D NAND products, it was fabricated by first forming
CMOS transistors and then NAND memory cells. As shown in Figure 1.8,
after the CMOS transistors were formed, the NAND memory cell arrays were
formed beside it. This method is called CMOS Next to cell Array (CNA)
process. The source lines of the NAND cell arrays are formed below the
memory cells by a process that etches a trench in the Si (silicon) substrate
and fills it with electrodes [31,32]. This meant that the area of the CMOS

circuit was small, and it was impossible to embed high-capacity SRAMs.

CMOS Next to cell Array (CNA)

NAND

Si substrate ‘ Si substrate

Figure 1.8: 3D NAND fabricated by CNA (CMOS Next to cell Array)
process.

3D NAND has increased its capacity by increasing the number of
memory layers in each generation. However, as memory capacity increases,
the peripheral circuits (decoders and sense amplifiers) used to access the
memory cells also increase in size. The conventional CNA process could no
longer accommodate the peripheral circuits increase, so a CMOS circuit was
proposed to be placed under the NAND cell arrays. This is called the CUA
(CMOS Under cell Array) process, as shown in Figure 1.9. This process
accommodates more CMOS circuits in the die [33,34].

As 3D NAND capacity continues to increase, it will again become more
difficult to accommodate CMOS circuits. In the future, CMOS circuits may
be stacked like NAND cells. One such proposal is to create CMOS circuits
and NAND cell arrays separately and finally stack them together to form one
chip, as shown in Figure 1.10 [35,36]. In this process, the CMOS circuit is
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CMOS Under cell Array (CUA)

NAND

cell array

CMOS

Figure 1.9: 3D NAND fabricated by CUA (CMOS Under cell Array) process.

not affected by the thermal process of NAND memory cell formation, thus
increasing the choice of technology to be applied. However, this process
only allows stacking two chips. Also, the manufacturing cost increases by
fabricating separate chips. Since the bonding is done on the wafer rather
than chip by chip, there are many issues that need to be addressed in order
to achieve mass production, such as yield degradation. For these reasons,
the CUA structure is suitable as the process for NAND with high-capacity
SRAM at this moment.

Wafer bonding

Si substrate

cell array

NAND
cell array

Figure 1.10: 3D NAND fabricated by wafer bonding process.

Another advantage of embedding high-capacity SRAM into 3D NAND is
the replacement of DRAM used in the SSD (Solid-State Drive). Figure 1.11

8
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shows the SSD image and components inside SSD used for a computing
system. Typically, the SSD housing contains NAND flash memory according
to its installed capacity, a controller that controls reading and writing, and
DRAM as a buffer memory for exchanging data with the outside world at
high speed. In a single NAND flash memory package, eight to sixteen NAND
memory dies are stacked. Normally, the capacity of DRAM used as a cache is
about one-thousandth of the SSD capacity. There was a study for embedding
DRAM in NAND flash memory [37]. However, it was a planar capacitor
DRAM and could not replace off-chip DRAM. If high-capacity SRAM could
be embedded in 3D NAND, DRAM would no longer be needed, and the

result would be a smaller, faster, and less expensive SSD.

2.5 inch SSD

DRAM Cont-
roller

NAND NAND

NAND NAND

100 x 70 x 15 (mm)

Figure 1.11: Photo of enterprise SSD drive [38] (©) KIOXIA and image of
components inside SSD.

One approach is stacking NAND, SRAM, and controller by using TSV
technology [39]. The other is embedding high-capacity SRAM in 3D NAND,
as shown in Figure 1.12. If it is possible to create a process for integrating
high-capacity SRAM that is compatible with the 3D NAND manufacturing
process, it will be possible to significantly reduce the size of SSD, as shown

in Figure 1.13.
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In the future, together with the technology for stacking controller die with
high-capacity SRAM embedded in 3D NAND, it will be possible to integrate
server functions into a single package [40]. This will allow for smaller, more
power-efficient servers and improved performance through massively parallel

processing.

single die

NAND Memory Array
NAND Memory Array NAND Memory Array

NAND Memory Array NAND Memory Array

NAND Memory Array

NAND Memory Arra
Peripheral or NAND Memory Arra
Controller/Interface

Controller/Interface

SRAM die stack embedded SRAM
(a) (b)

Figure 1.12: Image of two approaches to realize one package SSD. One is
stacking 3D NAND, high-capacity SRAM and controller (a). The other is
stacking SRAM embedded NAND and controller (b).

10
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11.5x13.0x 1.0 (mm)

Figure 1.13: Image of one package SSD drive [38] (©) KIOXIA.

11



CHAPTER 1. INTRODUCTION

1.3 Process comparison between SRAM and
3D NAND

There are some differences in the fabrication process between embedded
SRAM with the logic process, stand-alone SRAM, and 3D NAND. In
comparing the logic process used for embedded SRAM, stand-alone SRAM
process, and NAND processes, it is important to know which generation
to compare. The required technology generation depends on the required
CMOS transistor performance. Embedded SRAM is manufactured using
logic processes and design rules. In state-of-the-art logic, CMOS transistors
are formed using a combination of FInFET (Fin Filed-Effect Transistor) and
high-x/metal gate (HK/MG) [41]. On the other hand, stand-alone SRAMs
are designed for high capacity while maintaining the high speed, and some
special processes and design rules are used to keep manufacturing costs as
low as possible.

NAND flash memory is mainly designed to reduce the cost per bit and
is inferior in speed compared to DRAM. That is why the bit price of NAND
flash is about 1/40th of that of DRAM (Table 1.1 [42]).

Table 1.1: Price per giga-bit of both DRAM and NAND [42].

16Gb
DDR4 7.5 $0.47
1/40
3D NAND Zﬁgb $3.07 $0.012

*Mar. 25", 2022

The process is built with priority on the memory cells, and the CMOS
transistors are formed in the process that forms the memory cells. Therefore,
materials and transistor structures similar to those used in advanced logic
are not applicable. Until now, it has been difficult to apply advanced logic
processes to DRAM and NAND flash memory because the memory cells are

12
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formed after CMOS transistor fabrication, and the process temperature for
forming memory cells is more than 600°C, which is much higher than the
conventional logic process. However, interface speeds have been increasing
in recent years due to the demand for high-speed data processing, which in
turn requires higher performance CMOS transistors. Therefore, DRAM is
shifting to adopt HK/MG to improve CMOS performance. The interface
speed of NAND flash memory follows DRAM as shown in Figure 1.14, and
therefore the performance and process requirements for CMOS transistors
are also following DRAM.

DDR5

DRAM 6400
DDR4. $200

Data rate (Mbps)
®
®

v

Technology generation
Figure 1.14: Interface speed trend of both DRAM and NAND.

The current CMOS generation used for 3D NAND is about 130 to 90 nm
node technology. Therefore, as a starting point, it is beneficial to compare
SRAM and 3D NAND processes based on the 90 nm generation CMOS
technology and aims to extract the issues involved in the final integration
of high-capacity SRAM into NAND flash memory.

13
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1.3.1 Embedded SRAM process

Figure 1.15 shows a typical process flow of 90 nm node logic that is used
for embedded SRAM fabrication [43,44]. The process is divided into three
parts. FEOL (Front End Of Line) process covers from STI (Shallow Trench
Isolation) to before contact formation. MOL (Middle Of Line) process covers
after silicide process to before first metal formation. BOEL (Back End Of
Line) process covers the first interconnect layer and beyond. After gate
electrode patterning, source and drain were formed, followed by a silicidation
process. Cobalt silicide (CoSiy) [45-49] was formed in both the active area
and the gate poly-Si. Copper (Cu) is used for all the interconnect layers.

Low-~ intermetal dielectric film was applied to reduce intermetal capacitance.

STI

well

Multi Gate-Ox

Poly-Si deposition ’—I
FEOL Gate patterning L\

Sidewall formation Cu E

Source/Drain formation E“

Silicide formation I “J.

W pl i e
b W contac “ B e

Cu interconnect
Al pad

Figure 1.15: Process flow and schematic image for embedded SRAM.
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1.3.2 Stand-alone SRAM process

The process flow of stand-alone SRAM is shown in Figure 1.16. The FEOL
process is the same as that of embedded SRAM fabrication. The differences in
both MOL and BEOL. The process difference is that the tungsten (W) used
for contact formation is also used for short-distance wiring. As mentioned
earlier, stand-alone SRAM requires not only performance but also cost
reduction. Therefore, wiring is formed using tungsten used in contact
embedding for short-distance wiring, the so-called “Local Interconnect
(L.I.)” [50-52], and which does not affect performance. The details of
the process are described in the MOL chapter, but by using L.I., it is
possible to reduce the number of interconnect layers that form the SRAM
cell by one layer. BEOL also differs slightly from the logic process. In
high-capacity stand-alone SRAM, where low cost is required, aluminum (Al)
interconnect is used for the bottom two layers. The upper two layers use

copper interconnections for higher speed and power supply enhancement.

STI
well
Multi Gate-Ox

FEOL Poly-Si deposition u {I—\E

Gate patterning

Sidewall formation

Source/Drain formation A
Silicide formation
- W plug
I W local interconnect D local
interconnect
W contact

Cu interconnect (global)

Al interconnect (local)
Al pad

Figure 1.16: Process flow and schematic image for stand-alone SRAM.
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1.3.3 3D NAND process

The process of 3D NAND is very different from that of the SRAM process,
each in FEOL, MOL, and BEOL, as shown in Figure 1.17. First, FEOL
requires a high voltage of nearly 30 V for programming NAND. Hence, an
additional gate-oxide film for high-voltage transistors that is more than twice
as thick as the gate oxide film for I/O (Input/Output) devices typically used
in logic is necessary. Also, the gate electrode is not made of silicide but
rather a polymetal gate made of polycrystalline silicon with tungsten layers.
Furthermore, no silicide is formed in the source and drain diffusion layer
regions at this step. The minimum gate length is also longer than that of
conventional logic or SRAM because impurities in the source and drain diffuse
during the high-temperature thermal process. After opening the contact hole,
additional ion implantation to reduce contact resistance is carried out for the
MOL process, followed by an activation anneal process. After that, cobalt
is deposited in the contact hole to make CoSiy followed by a tungsten filling
process [53]. For the BEOL process, since NAND cell formation requires
a high-temperature thermal process of more than 600°C, multiple layers of
tungsten, which has high thermal resistance, are used as interconnect instead
of aluminum to connect CMOS devices. After NAND cell formation, copper
interconnect for bit lines is formed. Due to the high-temperature thermal
process after contact formation, the latest logic process, such as the gate-last
HK/MG process, cannot be applied to CMOS. Low-x interlayer dielectric
(ILD) film also cannot be applied to interconnect layers before the NAND

cell formation.
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STI

well

Multi Gate-Ox
FEOL W/POIy-SI depOSItIOh Cu I—UJ
Gate patterning
Sidewall formation NAND cell

Source/Drain formation i
w L, I

Contact I/l + silicide ]
W contact Wplug E W/poly-Si

? W interconnect

i Cu interconnect (global)
Al pad

Figure 1.17: Process flow and schematic image for 3D NAND.

1.3.4 Key process modules

As analyzed in previous sections, the processes can be divided into three
areas: FEOL, MOL, and BEOL. The same process is basically used for
both embedded SRAM and stand-alone SRAM, but in order to reduce
the manufacturing cost, stand-alone SRAM uses tungsten for local (short
distance) wiring to reduce the number of interconnect layers after contact
formation. In some cases, Al interconnect is used instead of Cu interconnect
for lower-layer interconnections when high-speed performance is not required.
In contrast, 3D NAND has a different gate dielectric and gate electrode
structure, and polymetal gate electrodes are used instead of silicide. In
addition, tungsten, which has high thermal resistance, is basically used for
CMOS device connections, and usage of Cu interconnect kept to a minimum.
Table 1.2 summarizes differences of process modules among three devices, and
their impact on embedding high-capacity SRAM in the 3D NAND process
should be studied. Process modules discussed in this thesis are indicated in
Figure 1.18.
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Table 1.2: Process modules and differences among three devices.

Embedded Stand alone
SRAM SRAM

Gate

insulator SiON/high-kx  SiON/high-« SiON
FEOL Gat
ate e . e .
electrode Silicide/Metal Silicide/Metal  Polymetal
MOL . Local not available W not available
interconnect
Al 0/
BEOL Interconnect Cu/Low-k Al
Cu/Low-k
Cu
Temperature o o o
MOL/BEOL after contact < 400°C < 400°C 600°C <
\ ' Cu
NAND cell

FEOL Mot

Figure 1.18: Schematic image of each process module.
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1.4 Thesis focus and organization

As mentioned in the previous section, there are advantages to realizing a
small and power-efficient computing system for the advanced information
society. Computing-in-Memory is a promising technology to satisfy this
requirement, and a 3D NAND-based system with high-capacity SRAM can
play an important role. The critical manufacturing processes are identified
in FEOL, MOL, and BEOL, respectively, to embed high-capacity SRAM
into 3D NAND. This thesis discusses the process technology challenges and
implementation methods required for integrating high-capacity SRAM with
3D NAND memory with scalability, as 90 nm node technology is a starting
point. The scaling scenario until moving to 3D stacking is discussed.

Figure 1.19 shows the organization of this thesis.

After introductory discussions in Chapter 1, Chapter 2 discusses the
cell layout optimization methodology to realize high-reliable high-capacity
SRAM. The importance of mechanical stress control, which is caused by
manufacturing processes and device structure, is discussed.

In Chapter 3, the reliability of the CMOS transistor used in the SRAM
cell is analyzed. The minimum dimension MOS transistors show enhanced
degradation. The mechanism and design guidelines are proposed to realize
high-reliable high-capacity SRAM embedded in 3D NAND.

Chapter 4 describes FEOL and MOL process technologies that enable
high-capacity SRAM in 3D NAND. Gate-first HK/MG process options for
future scaling and impact of local interconnect with process guidelines are
presented.

Chapter 5 proposes the BEOL processes to realize high-reliable high-
capacity SRAM. Low-« interlayer dielectric film options for future multi-layer
copper interconnect, and redundancy fuse processes are discussed.

Chapter 6 discusses the remaining technical issues and proposes viable
solutions for 3D integration which realize future single-package computing
systems.

The conclusion of this thesis is shown in Chapter 7.
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Chapter 1
(Introduction)

Chapter 4 Chapter 5
(FEOL/MOL process issues) (BEOL process issues)

Chapter 2
(Cell layout design)

Chapter 6
(Remaining issues)

Chapter 3

(Cell transistor reliability) Chapter 7
| (Conclusions)

Figure 1.19: Thesis organization.
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Chapter 2

Layout and transistor structure
design for high-reliability
SRAM

2.1 Background

This chapter aims to study a suitable layout for SRAM cells, considering that
they are embedded in 3D NAND. As mentioned in the previous chapter, the
CMOS process used for 3D NAND is very different from the process used for
embedded or stand-alone SRAM. Various cell layouts for SRAM have been
studied in the past. Figure 2.1 compares cell designs for high-speed SRAM
at the 180 nm generation by M. Ishida et al. [54]. They showed that the
Type-1b cell, in which the active area (AA) is arranged in a straight line
and the gate electrode (GE) is also placed in parallel, is superior in terms of
scalability and speed by shorter bit-line length compared to the Type-1la cell
(referred to as conventional cell). However, no concrete studies have been

conducted on Type-4 cells (referred to as thin cells).
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Table-1: Vanations of the inverter layouls and SRAM cell layows.

Catagory 1 Category 2 Category 3
o
L.}
z &
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D
a
g 3
e 2
35
B
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| e Gate Electrods|
Type-1b cell [ Description of Symbols |

Figure 2.1: SRAM cell layouts study by M. Ishida et al. [54].(C) 1998 IEEE
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Poly Si

Diffusion
(bright region)

Figure 2.2: The first demonstration of SRAM cell used the Type-4 layout in
Figure 2.1 by K. Osada et al. [55].(C) 2001 IEEE

In 2001, K. Osada et al. demonstrated the results of the first prototype
of a 180 nm generation 32 kb high-speed cache SRAM using the thin cell,
as shown in Figure2.2 [55]. While the bit-line (BL) length can be further
shortened compared to Type-1b, the word-line (WL) length becomes longer,
and the WL decoder circuit needs to be redesigned due to the lower cell
height, resulting in the decoder circuit extending in the horizontal direction
with chip size increase. However, conventional cells (Type-la and Type-2)
have still been used for high-capacity SRAM cells [56-58] and embedded
applications at 90 nm generation, as shown in Figure 2.3 [59]. Therefore,
it is important to select an SRAM cell layout with excellent scalability and
verify that there are no characteristic problems with that SRAM cell. The
following sections discuss the optimum SRAM cell layout to embed in the
3D NAND.
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Figure 2.3: Example of Type-la SRAM cell layout used for 90 nm node logic
product [59]. The cell size is 1 pm?.(C) 2002 IEEE

2.2  Selection of SRAM cell layout

2.2.1 Cell layout comparison

As mentioned in Chapter 1, the transistor technology used in 3D NAND
is about 130 to 90 nm nodes, so it is important to consider scalability
starting from the 90 nm node design rule. Since two types of SRAM
cell layouts are proposed in 90 nm nodes, it is important to evaluate
and decide on the scalable SRAM cell layout considering the extendibility.
The advantages and disadvantages of both conventional and thin cells are
summarized in Table 2.1. For a conventional cell (a), the aspect ratio of
the unit cell is closed to one, which is easy to design large cell arrays with
peripheral circuits. However, active areas have bending patterns that cause
rounding shapes at corners resulting in dimension variation. The orthogonal
layout of gate electrodes also needs attention to prevent pattern short by
lithography process fluctuation. In contrast, thin cells are composed only of
straight patterns. Therefore, the controllability of dimensions is considered

superior to that of the conventional cell. The lower cell height shortens
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Table 2.1: Advantages and disadvantages of both conventional and thin cells.

Cell type Advantage Disadvantage
Conventional Peripheral design Bending active area
(a) cell spect ~ 1 Orthogonal gate electorde
. . q Longer WL
Thin Simple (straight) pattern -
(b) Shorter bit line WL decorder congestion

Chip size impact

the bit-line length, which is advantageous for high-speed operation but has
the detrimental effect of increasing the word-line length. Furthermore, the
height of the word-line decoder circuit must also be lowered as the cell
height becomes lower, resulting in the cell array, including peripheral circuits
becoming longer in the horizontal direction. This raises another concern that
the lateral direction of the die may not fit into the package for high-capacity
SRAM. Figure 2.4 shows SRAM cell layouts for evaluation, (a) conventional
type layout used most of SRAM products down to 90 nm node and (b)
thin type cell layout, which is composed of straight patterns. From the
past technological trends [60], the cell size of 1 um? is set as a target.
Both cells satisfy the target cell size using the design rules summarized
in Table 2.2.  The gate electrodes (GEs) of conventional cell layouts are
arranged orthogonally. As the cell size is scaled down, the space between WL
and pulldown MOSFET's becomes narrow. The resist profile of WL is affected
by the pulldown resist pattern, and the resist profile of WL becomes wider
under the influence of the pulldown pattern, as shown in Figure 2.5 (b). If the
distance is further reduced, in the worst-case scenario, the resist patterns of
both WL and pulldowns are connected to each other, as shown in Figure 2.5
(¢). From a manufacturability point of view, straight patterns for both AAs
and GEs are preferable because it is easy to control dimensions with small size
variations. Rectangular patterns tend to shrink in the longitudinal direction,
which is usually suppressed by the optical proximity correction (OPC) [61] by
adding patterns on the masks that are too small to be resolved on the wafer

by the lithography process. Since those additional patterns do not affect each
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Figure 2.4: SRAM cell layouts with dimensions used for the scalability study.
(a) Conventional cell layout used until 90 nm node and (b) low height (thin)
cell that consists of all straight patterns.

other when placed in the longitudinal direction, pattern connection does not
occur even if the spacing is narrow, as shown in Figure 2.6.

From the above measurement results, OPC models are calibrated, and
WL gate length variability is simulated to investigate the process robustness
under various lithography conditions. Figure 2.7 shows simulated results of
WL gate length variation for both conventional and thin cell layouts. The
figure shows that the thin cell shows tighter variation than the conventional
cell layout. Therefore, a thin cell layout should be chosen as the SRAM cell
layout for 90 nm nodes and beyond in consideration of scalability. Both
AA and GE patterns are optimized by using an OPC combined with a
manufacturability check [62] and a hotspot fixing system [63]. The area where
AA, GE, and contacts are placed simultaneously, where contact connects
both AA and GE, AA and GE is designed to have sufficient overlap to avoid
open failure by misalignments. To confirm that this selection was correct, an

SRAM test vehicle using both cell layouts was fabricated as a next step.
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Table 2.2: Design rules used for 90 nm node SRAM cell.

Layers Line (nm) Space (nm)
Active area 120 140
Gate electrode 80 190
Contact 120 140
Contact - Gate - 70
Conventional Low height
Cell size (um?) 1.0032 1.0856

|:| Active area
[Tl Gate electrode

e Seee el e

Figure 2.5: (a) Schematic layout of conventional cell, and (b) SEM
photograph of the WL and pulldown gate resist pattern. (c) Resist pattern
connection occurs due to the narrow distance between pulldown GEs and

WL.
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Figure 2.6: (a) Schematic image of cell layout, and (b) corresponding SEM
photograph of the WL and pulldown gate patterns after gate patterning
process in a thin cell. Good gate length uniformities without pattern
connection were observed.
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Figure 2.7: Simulated cumulative probability of WL gate length for both
conventional and thin types SRAM cells.
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2.2.2 Validation by the hardware

A 1 Mb SRAM test vehicle with conventional and thin cell layouts was
fabricated and measured. In functional tests, only SRAM with thin cells
showed single-bit failures. To investigate the root cause, failure analysis
was carried out, and missing active areas in the pMOSFET region, which
originated from crystal defects, were observed, as shown in Figure 2.8.
One of the major causes of crystal defect generation is the damage caused
by the high-dose ion implantation process [66,67]. There are also several
studies regarding SRAM bit failure caused by the mechanical stress with
STT structures [64, 65]. However, those phenomena were observed in
the nMOSFETSs, and their models cannot explain the defects observed
in the pMOSFET region. Furthermore, previous simulation studies for
mechanical stress analysis used 2D (two-dimensional) models and could not
accurately analyze the phenomenon of actual structures. Therefore, a 3D
(three-dimensional) simulation of the mechanical stress by using the finite
element simulation tool MARC [68] was carried out for to investigate the

origin of this failure.
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Access

BLB

(b)

Figure 2.8: (a) SRAM cell layout and (b) corresponding SEM photograph
after Wright etching where single-bit failure were observed. The active
area edge of pMOSFET load transistor was missing where shared contact
connected both GE and AA, indicated as red lines in SRAM cell circuit

shown in (c).
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2.3 Process flow and simulation setup

A process flow of fabricated SRAM is shown in Figure 2.9 with process
steps that may generate crystal defects which are labeled through a to g.
Parameters used for the simulation, such as Young’s modulus and Poisson’s

ratio of Si, SiO,, and SiN (silicon nitride), are summarized in Table 2.3.

Trench isolation

Gate oxide formation (750°C, 10 min.) -—-a
Poly-Si deposition (600°C, 30 min.) )
Gate electrode patterning

Post etch oxidation (950°C, 10 min.) -—-cC
n” LDD formation (900°C, 10 sec.) -d
p~ LDD fromation (800°C, 10 sec.) -—e
Sidewall formation (750°C, 30 min.) -~ f
Source/Drain fromation (1050°C, 10 sec.) -—g

Contact formation
Interconnect formation

Figure 2.9: Process flow of fabricated SRAM. The process steps, a through
g, are candidates that may generate crystal defects.

Table 2.3: Material parameters used for the simulation.

Parameters Si SiOs SiN
Young’s modulus (GPa) 130 75 300
Poisson’s ratio 0.2 0.25 0.28

Shear stresses were monitored at the top corner of the active area, AA,
under the gate electrode, GE, as shown in Figure 2.10. The stress values are
proportional to the process temperatures. Since the source/drain formation
process showed the largest stress value, further stress analyses were carried

out focusing on this process.
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Figure 2.10: (a) Monitoring location of mechanical stress and (b) simulated

stress values at each process steps, a - g, in Figure 2.9 with the temperature
profile.

It is well known that structures used for simulation, mesh shape, and a
number of meshes affect simulation results. Even using the OPC technique,
fabricated devices have some deformations. Reflecting actual device shapes
with complicated mesh structures cause simulation time to increase and does
not converge in the worst case. Before moving to the detailed analysis,
the effects of structure fidelity on the simulation results were evaluated.
The top corner of the AA is rounded to prevent hump characteristics in
MOSFETSs [69]. First of all, von Mises stress values with and without 20 nm

rounding shape at the top corner of STI were compared. Other dimensions
are shown in Figure 2.11 (a).
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Figure 2.11: (a) Structure used for the simulation. Only AA portion was
shown. (b) Simulated results of von Mises stress with and without top corner
rounding. The stress values were normalized by the stress without top corner
roundings.

Figure 2.11 (b) shows the simulated results where stress values were
normalized by the stress without top corner roundings. The stress values with
rounded top corners show slightly small stress values with some fluctuations
due to mesh shapes. However, the stress differences with, and without
rounded top corners were less than 5%. These differences are acceptable
for comparing stress along the channel, and without rounding top corners

show larger stress values.
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Figure 2.12: Contour plots of simulated von Mises stress of (a) designed
layout and (b) actual device shape.

Figure 2.12 shows the contour plots of the simulation results of von Mises
stress for each of (a) the designed layout and (b) manufactured shapes (shown
in Figure 2.6 (b)). The number of mesh elements is kept as close as possible
to obtain fair results, where 572 for the designed layout and 582 for the
actual device. Both structures show similar stress distributions, and the
maximum stress value is observed near the concave corner. The stress values
along the active area indicated with the dotted lines A—A’ and B—B’ are
shown in Figure 2.13. The differences between the designed structure and
actual shape are less than 5% and acceptable to use the designed structure
for further studies. Based on the above results, designed layouts without

rounded top corners are used for the following simulation.
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Figure 2.13: Relative stress values along the active area, indicated as dotted
lines A—A’ and B—B’ in the Figure 2.12.
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2.4 Simulation results

2.4.1 Mechanical stress and defect generation model

The results of the stress simulation in the cell structure where crystal defects
were observed are shown in Figure 2.14. The colors represent the maximum
resolved shear stress during the source/drain annealing process, where the
maximum stress value was observed in the preliminary simulation. The
displacements by the mechanical stress are multiplied 200 times for easy
observation. The top corner regions of the AA show stress values of more than
300 MPa, which is large enough to generate crystal defects [65]. Moreover,
the AA edge (labeled A’) shows large displacements from the top surface to
the bottom of the trench region. This region overlaps with the gate electrode,
GE2, which indicates that mechanical stress by GE2 may be a root cause for
this displacement. Figure 2.15 shows the displacement amounts of the AA
under the gate electrode GE1 and GE2 along with the direction indicated
as A—A’ in Figure 2.14. The SRAM cell is rotated 90 degrees for easy

understanding of displacement along the AA direction shown in Figure 2.15

(MPa)

3.000 x 10?
2.625 x 10?
T 2.250x 102
-1 1.875x10?
-4 1.500 x 10?
1.125 x 102
7.500 x 10?
3.750 x 107
0.000 x 10°

[ Active area

] Gate electrode

Figure 2.14: Simulated results of maximum resolved shear stress during the
source/drain activation annealing process with displacement values. The
displacement values are multiplied 200 x for easy observation.
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Figure 2.15: (a) Schematic layout of SRAM cell and (b) displacement of the
AA surface along the dotted line A—A’ in Figure 2.14.

(b). It clearly shows that GEs apply compressive stress to the AA because
the stress values are negative. The gate electrode GEL1 sits in the middle of
the AA, while the gate electrode GE2 locates at the edge of the AA. Both
stresses and displacements are in the same direction, and the displacements
under GE2 are about 1.8 times larger than those under GE1. The red allows
labeled as Lg, and L¢g are the length affected by each GEs. The Lg is the
length affected by the GE1, and L¢ is the same by the GE2. The difference
in substrate displacement between GE1 and GE2 is schematically shown
in Figure 2.16. Because of the difference in thermal expansion coefficient
(polycrystalline silicon (poly-Si) : 2.9x107%/K, single crystal silicon (Si) :
4.15x 107%/K), wafer warps after the gate electrode material deposition, as
shown in Figure 2.16 (a). Stress in the compressive direction is generated in
the GE1, which pulls the AA towards the longitudinal direction, as shown
in Figure 2.16 (b). Since the edge region of AA could easily be pulled, the
displacement amount under the GE2 becomes larger than GE1, as shown in
Figure 2.16 (c). To analyze the details of these displacements, models with
beam structures are proposed. Figure 2.17 (a) and (b) show models that

explain the deflection under GE1 and GE2. The simply supported beam
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Figure 2.16: Schematic images of displacement difference between GE1 and
GE2. (a) Wafer warpage after the gate electrode material deposition. (b)
AA under GEL1 is pulled by the fixed ends on both sides as it returns to
room temperature. (¢) AA under GE2 is pulled toward the open end when
returning to room temperature.

model, shown as Figure 2.17 (a), is proposed for the deflection of the AA
under GE1. The cantilever beam structure model, shown in Figure 2.17 (b),
is proposed for the deflection of the AA edge under GE2. The displacement
values of both d¢ and dg can be calculated with the following formulas [70]:

AFL?
do=— IC (2.1)
FL} 2FL}
=_5_=Z —C 2.2
ds = 1B1 EI (2:2)
(Ls =2L¢)
F: Load

E: Young’s modulus

I: Moment of inertia of area
Lo, Ls: Beam length
dc,ds : Displacement
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Figure 2.17: Models for explaining the mechanical stress and deflection under
GE1 and GE2 shown in Figure 2.15. (a) A simply supported beam structure
for under GE1 and (b) cantilever beam structure for under GE2.

where F'is the load, F is Young’s modulus, I is the moment of inertia
of the area, Lg and L¢ are the lengths of the simply supported beam and
cantilever, respectively. Both dg and d¢ are the corresponding displacement
values, respectively. The beam length Lg is about twice that of the Lc.
When equation (2) is rewritten with the Lo, the do becomes twice the dg.
This is close to the simulation results that showed the displacement value
under GE2 is about 1.8 times larger than that under GE1. The AAs of
nMOSFETs in the SRAM cells are connected together and considered as
both ends fixed beam structure. The amounts of deflection for both ends

fixed beam structure, dg, are given below.

FL% FL3
p— = -— 2.
9B =16B1 = 2EI (2:3)
(L =2L¢)

Thus, the dp is eight times smaller than the do. This is why defects
were not observed in the nMOSFET regions but observed in the pMOSFET
regions. Therefore it is concluded that the beam models can describe this

phenomenon and is applicable to estimating the mechanical stress effects.
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2.4.2 Cell layout design for 90 nm node

From the simulation results in the previous section, it is better to avoid the
cantilever structure in AA under the GE2 region. The overlap lengths of
AA and GE in cells vary due to misalignment in the lithography process and
pattern shortening by defocusing. The optimization approach would either
move AA and GE2 further apart or increase the overlap length. To realize
a robust cell design, detailed simulations for layout optimization are carried
out. There are several studies on the effects of mechanical stress on transistor
characteristics and reliabilities. A time-dependent dielectric breakdown
(TDDB) of the gate oxide degrades by the mechanical stress of more than
200 MPa [75,76]. Both hot carrier reliability and bias temperature instability
also deteriorate by the compressive stress under the gate electrodes [77-79).
These degradations depend on the amount of stress, and they concluded that
the stress value less than 200 MPa does not affect the reliabilities [80-83].
Another report showed that the mechanical stress in the AA increased by
about 5% with a 10% reduction in dimensions [64]. Therefore, the maximum
mechanical stress should be at least 15% less than 200 MPa for a possible
extension to 65 nm nodes, which dimensions are 30% smaller than those
of 90 nm nodes. Thus, the maximum allowable stress should be less than
170 MPa.

The AA edge of the initially designed cell had a 60 nm overlap with
the GE2. However, the AA shrank in the longitudinal direction because
of the pattern shortening, and the actual overlap length was about 50 nm.
Since the gate length is 80 nm, the edge of the AA was located at about
the middle of the GE2. According to the cantilever beam model, this is
close to the conditions that cause the maximum deflection. The effect of
the overlap length on the mechanical stress at the AA under the GE was
investigated for further understanding of this phenomenon. Figure 2.18 (a)
shows a cross-sectional schematic image of the overlap structure. The overlap
length d varied from — 100 nm to + 120 nm. Since SRAM cells are arranged
symmetrically, as shown in Figure 2.18 (c), the longer the overlap length of an
AA, the shorter the distance between the AA and its counterpart. Because

the minimum spacing between A As must be maintained, if the overlap length
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Figure 2.18: (a) Schematic cross-section image of AA—GE overlap. The
stress monitoring point is indicated at red circle. (b) Top view of the SRAM
cell. The overlap length d is varied from — 100 nm to + 120 nm. (c)
Schematic image of SRAM cell arrangement.

is increased to the positive side, the cell height H, as shown in Figure 2.18
(b), must be increased, and it results in the cell size increases.

Figures 2.19 (a) through (d) are the simulated contour plots of the
resolved shear stress for each overlap length, (a) d = — 60 nm, (b) d = 0 nm,
(¢) d = + 60 nm and (d) d = 4+ 120 nm, respectively. For easy observation,
only AAs are shown. The amounts of displacement towards the depth
direction are also included in the figures.

The high-stress values were observed at the edges of the AAs where
defects were observed, and those regions increased as the overlap lengths
were increased from — 60 nm to + 60 nm. However, when the overlap length
is increased to 4+ 120 nm, high-stress regions at the AA edge are reduced.
This is because the edge of the AA is apart from the GE, which shifted from
a cantilever structure to a simply supported beam structure, as shown in
Figure 2.17.

Figure 2.20 shows the AA—GE overlap length dependence on the
maximum resolved shear stress at the stress monitoring point. With
increasing the overlap length d from — 60 nm to + 60 nm, the amounts of
stress also increase. However, when d is increased to + 120 nm, the amount
of stress decreases. This is because the AA passes through under the GE, and

the structure changes from a cantilever to a simple beam structure. Since an
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Figure 2.19: Simulated mechanical stress for each AA—GE overlap amount
with AA deflection, where (a) d = — 60 nm, (b) d = 0 nm, (c) d = + 60 nm
and (d) d = + 120 nm, respectively.

overlap length of more than + 80 nm increases the cell height, this design
cannot be acceptable. If the overlap value is less than — 60 nm, the AA edges
are off the shared contacts and do not overlap, resulting in contact failures.
Therefore, the maximum allowable overlap lengths are between — 60 nm to
0 nm to ensure that the stress remains less than 170 MPa. These simulations
were carried out without sidewall structure in the gate electrode. There is a
report that the sidewall structure affects the channel stress [84]. Therefore,
additional simulations are carried out with sidewall structures to investigate
their effects.

Figure 2.21 shows the schematic images of sidewall structure which
consists of (a) dual-layer structure with 20 nm SiN and 80 nm SiO, and
(b) triple-layer structure with 20 nm SiO3, 20 nm SiN, and 40 nm SiO,.
The sidewall materials affect the transistor reliabilities [85]. Therefore, the
selection of an appropriate sidewall structure is important. Figure 2.22 the
simulated results of shear stress at the AA surface under the gate electrode

and sidewalls, along with the active area length. The triple-layer sidewall
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Figure 2.20: Simulated shear stresses and their AA — GE overlap length
dependence shown in Figures 2.19 (a) - (d). The stress criteria of 170 MPa
is indicated as a red dotted line.

structure shows the maximum stress under the GE region. In contrast, the
dual-layer sidewall structure shows the maximum stress under the sidewall
region. Moreover, the stresses under the GE region are 10% less for the
dual-layer sidewall structure. For the dual-layer sidewall structure, it is
considered that the compressive stress from the SiN film appears to have
increased the stress under the sidewall. On the other hand, in the triple-layer
sidewall structure, the SiOs film between GE and SiN reduces the stress from
the SiN film, and the stress by the GE becomes dominant.
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Figure 2.21: Sidewall configurations used for simulations: (a) dual-layer
sidewall and (b) triple-layer sidewall structures.
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Figure 2.22: Simulated shear stress under GE along the active area for both
sidewall structures. Dual-layer sidewall shows the maximum stress under the
sidewall region while triple-layer sidewall shows the maximum stress uner GE

region.

The criteria of the offset value are set as follows. If the overlap value

is larger than — 60 nm, as shown in Figure 2.23 (a), there is no overlap

between AA and shared contact (SC) that results in open failure. The overlap

amount can be increased up to + 80 nm without any penalties, as shown in

Figure 2.23 (b). However, if the overlap amount exceeds + 80 nm, it causes
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Figure 2.23: Schematic images of cell size impact by AA—GE overlap length.
The overlap length d = — 60 nm (a), d = + 80 nm (b) and d = + 120 nm
(c) are shown with cell height impact.

cell height increase (horizontal direction in this figure) because SRAM cells
are placed in symmetry as shown in Figure 2.18 and are needed to keep
minimum space (160 nm at 90 nm node) between AAs in the longitudinal
direction. Therefore, in order to keep this minimum space, cell height needs
to be increased and will be 80 nm larger if the overlap value is set as + 120 nm,

as shown in Figure 2.23 (c).
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Figure 2.24: AA—GE overlap length dependence of simulated shear stresses
under the GE with sidewall structure dependence. The optimum overlap
length regions (— 60 nm to — 30 nm) are indicated as green triangle.

Figure 2.24 summarizes the design criteria of AA—GE overlap amount
for both dual and triple sidewall structures. No sidewall structure is also
shown as a reference. The overlap amount should be larger than — 60 nm
from the SC yield criteria. In order to satisfy the mechanical stress criteria
(< 170 MPa), the optimum overlap should be between — 60 nm to — 30 nm
for a triple-layer sidewall structure to prevent cell height increase. There is
no design area for a dual-layer sidewall structure. If cell height increase is
permitted, more than 4+ 80 nm overlap for dual-layer sidewall structure or
more than + 120 nm overlap for triple-layer sidewall structure can be used.
The optimum overlap length zone is indicated as a green triangle in the same
figure. From a high-capacity SRAM realization point of view, a — 45 nm
overlap length with a triple-layer sidewall is recommended for 90 nm node
SRAM cells.

A 1 Mbit SRAM test vehicle was fabricated to confirm the robustness of

the optimized cell layout. Figure 2.25 shows the cumulative distribution of
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the shared contact resistance measure from the 6.5 k contact chain, which
indicates a tight distribution and no open failures. The function bit counts
with static noise margin (SNM) for both Vpp = 0.6 and 1.2 V are shown in
Figure 2.26. The proposed design guideline was validated successfully. Since
the number of SRAM test vehicles was limited during the R&D phase, no
failures were confirmed and transferred to both memory and logic divisions.
The development team in the fab ran many wafers for qualification, and they
confirmed the robustness of this design guideline. One example of products,
Figure 2.27 shows a 45 nm node embedded SRAM cell layout as one of the

examples that followed this design guideline and were mass-produced.
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Figure 2.25: Cumulative probability of the shared contact resistance
extracted from 6.5 k chain.
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Figure 2.26: Functional bit counts of fabricated 1 Mb SRAM test vehicle
with SNM of both Vpp = 0.6 and 1.2 V.

Figure 2.27: A 45 nm node embedded SRAM cell layout used for mass
production [86].(C) 2006 IEEE
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2.4.3 Universality of presented guideline

It is important to confirm the universality of the presented cell design
guideline. M. L. Polignano et al. did a similar study using a test structure
as shown in Figure 2.28 [65]. The width of AA was 180 nm. The simulated
shear stress is shown in Figure 2.29. Fraction of the failed structure as a
function of the calculated o,, and shear stress are shown in Figures 2.30 (a)
and (b). Their shear stress criteria of 120 MPa are slightly lower than the
170 MPa obtained in this study. The difference is considered as follows.

Test structure

Active area . Contact

Gate electrode

Figure 2.28: Layout of the structures electrically tested for defect-formation
monitoring [65].(C) 2007 IEEE
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Figure 2.30: Calculated fraction of the failed structure for both (a) o,, and
(b) shear stress [65].(C) 2007 IEEE

The past study [64] showed that a longer GE length causes a larger stress
value resulting in defect generation than a shorter GE length. Their STI
structure was not optimized, and the upper corner of the STI has a sharp

corner. Moreover, the GE straddles the AA, making it more susceptible to
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stress from the GE. From the above, it can be said that it is important to
select appropriate parameters for device geometry and materials; if these
device structures and materials are estimated correctly during simulation,
stress control below 170 MPa as a boundary condition is common, and defect
suppression is possible.

Past research suggested that the scaling of AA may increase the amount
of mechanical stress. If the only width of AA is scaled, it causes about a 3
to 5% stress increase with 10% dimension scaling [64,71-73]. However, both
isolation width and AA width are scaled, which applies SRAM cell scaling.
The amount of stress value is almost the same or decreases [74]. This model
was calibrated and confirmed by the 65 nm node devices. Therefore the
stress criteria less than 170 MPa can be feasible as far as planar MOSFET
structure is used, such as down to 32 nm node.

The SRAM cell size can be calculated by using the design rules of key
layers, as shown in Figure 2.31. The well isolation width is 4xGE, contact
space is 1.5xCS, and GE-CS space is about 0.5xCS. Therefore, cell width is
7xCS + 8xGE. The cell height is also calculated as 2x (GE + CS) 4+ 2xCS.
The feature size F is defined as F = (GE + CS)/2. Therefore, cell width
is about 16F2, and cell height is about 8F2, which makes cell size 128F2. It
should be noted that the feature size F is the same as the technology node
(F = 0.09 pm for 90 nm node).

0.5CS
. Active area GE-CS
GE
Gate electrode
(GE) % GE-CS
(@
Contact
e % GE-CS
GE
| GEcs
toscs

— > PP P ——r——

0.75CS CS 4GE  CS 1.5CS CS 4GE CS  0.75Cs

Figure 2.31: SRAM cell size definition by key design rules.
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The ground rule of key layers with SRAM cell size and suggested AA-GE
overlap length from 90 nm to 32 nm node are summarized in Table 2.4.
Dual-layer sidewall structure requires cell height increase as described, which

results in about a 6% increase in cell size.

Table 2.4: Design rules of key layers with target cell size and AA-GE overlap
length from 90 nm to 32 nm technology node.

(T) Triple layer SW
- Technology node (D) Dual layer SW

Layer 90 nm 65 nm 45 nm 32 nm
Active area 260 200 140 100
pitch (nm) (L/S:120/140) (L/S:90/110) (L/S:60/80) (L/S:45/55)
Gate electrode 240 180 140 100
pitch (nm) (L/S:80/160) (L/S:60/120) (L/S:50/90) (L/S:35/65)
Contact 240 200 140 100
pitch (nm) (L/S:100/140) (L/S:80/120) (L/S:60/80) (L/S:40/60)
1st Metal 240 180 140 100
pitch (nm) (L/S:120/120) (L/S:90/90) (L/S:70/70) (L/S:50/50)
SRAM cell 1.00 (T) 0.50 (T) 0.25 (T) 0.13 (T)
(um?) 1.06 (D) 0.53 (D) 0.27 (D) 0.14 (D)

AA-GEoverlap -60t0o-30nm(T) -45to-22nm (T) -30to-15nm (T) -20to-10 nm (T)
(nm) & SW 80 to 120 nm (D) 60 to 90 nm (D) 50 to 70 nm (D) 35 to 50 nm (D)

2.4.4 DRC implementation

When SRAM cells are generated using current commercially available EDA
(Electronic Design Automation) tools, the cells are automatically generated
with AA and GE offset structure. However, it should be noted that this does
not take into account the effect of mechanical stress. The standard DRC
(design rule check) prohibits the placement of contacts in the area where
AA and GE overlap in order to prevent AA and GE from shorting due to

contacts, as shown in Figure 2.32.
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Allowed Not allowed
] / Contact
: B
Contact
(Peripheral)
Shared contact
Shared
contact
(SRAM cell)

Figure 2.32: Layouts that are allowed and not allowed by conventional DRC.

Therefore, when shared contacts are formed, they are automatically
formed with a layout separating AAs and GEs. In this case, the offset is set
for each generation to take into account the misalignment and dimensional
variation of AA and GE. If a DRC that allows shared contact is prepared
specifically for SRAM cells, it is possible to form contacts in the region
where AA and GE intersect, and this has been used in SRAMs that use
FinFETs [87]. The DRC is implemented separately from the peripheral
circuits in high-capacity SRAMs due to the large cell size. In many cases,
a DRC is prepared exclusively for the SRAM cell. In the case of SRAM
cell generation using standard EDA tools, it should be noted that the
AA and GE offset value is not optimized, but only the offset structure is
used for the above-mentioned reason. In order to realize highly reliable
high-capacity SRAM, it is necessary to estimate the optimal amount of offset

using mechanical stress simulation and verify whether it is acceptable to
design with standard DRC.
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2.5 Summary of this chapter

Optimization methodology of cell layout to embed high-reliable high-capacity
SRAM into 3D NAND was presented. Two SRAM cell layouts, conventional
and thin types, were compared from the viewpoint of scalability in the 90 nm
node and beyond. It was found that mechanical stress from the STT and
gate electrode causes crystal defects, and the defect generation mechanism
was analyzed and modeled by using the finite element simulation. The active
area (AA) edge was easily distorted by the stress from both STI and gate
electrodes (GE). Compressive stress by the gate electrode was found to cause
a large deflection in AA, and its effect was enhanced at the AA edge. This
phenomenon can be described by models of cantilevers and simply supported
beams. The sidewall structure modulates the mechanical stress and affects
the optimum overlap length between AA and GE. The allowable maximum
mechanical stress value for defect suppression was 170 MPa, which was shown
to be reasonable in conjunction with results from other institutes. An overlap
length between — 60 nm to — 30 nm with a triple-layer sidewall structure
was recommended for 90 nm nodes. The validity of this cell design guideline
was demonstrated by a 1 Mb SRAM using the 90 nm node rules, and the
validity of this guideline was confirmed at the product level up to the 45 nm
generation. The SRAM cell, considering the proposed design guideline, can
be scaled down to the 32 nm nodes as far as planar structure is used. In
addition, when SRAM cells are laid out using EDA tools, AA and GE are
offset, as shown in this study when standard DRC is used, but this does not
take into account the effect of mechanical stress. By fully utilizing the above-
mentioned cell layout optimization methodology, high-reliable high-capacity
SRAM can be embedded in the 3D NAND process.
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Chapter 3

Reliability of SRAM cell

transistors

3.1 Background

The introduction of the shallow trench isolation (STI) process that replaced
the LOCOS (LOCal Oxidation of Silicon) isolation process enabled further
device dimension scaling and became an inevitable component in current LSIs
(Large Scale Integrations). In memory devices, such as SRAMs and DRAMs,
CMOS transistors with minimum dimensions are used for memory cells in
order to realize higher capacity. One of the issues caused by STI introduction
is the hump characteristics in CMOSFETs (CMOS field-effect transistors).
Many studies have been done about hump characteristics and suppression by
processes [88,89], and also for hot-carrier reliability analysis [91,92]. Since
suppressing hump characteristics leads to improvement in the reliability of
CMOSFETS, efforts were focused on suppressing hump characteristics.
However, there were not many studies on CMOSFETs about the
reliability in the narrow channel width regions, especially for pMOSFETs.
Understanding the reliability in the narrow channel region is important to
realize high-reliable SRAM. This chapter discusses the reliability of narrow
channel width CMOSFETS in realizing high-reliable high-capacity SRAM.
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3.2 Past study on nMOSFETSs

A phenomenon has been found in scaled nMOSFETs with suppressed hump
characteristics, in which the narrower the channel width, the lower the
reliability [101]. Figure 3.1 shows variations of substrate current during the
hot-carrier stress with several channel widths. Transistor was fabricated
with 0.35 pum technology. The substrate current, which causes reliability
degradation, increased rapidly, whose a channel width being less than 1 pym
while the wide channel transistor (W.sr = 9.93 pum) slightly decreased. The
substrate current change represents the impact ionization rate [94] change
during the hot-carrier stress. The fact that the impact ionization rate
increases with stress time mean that degradation due to the hot-carriers
is accelerating. It is predicted that MOSFETSs with narrower channel widths
will have higher impact ionization rates from the initial state, and the channel
width dependence of the initial impact ionization rate was measured, as
shown in Figure 3.2. Contrary to expectations, the narrower the channel
width MOSFETs showed a lower impact ionization rate. Thus, it was
suggested that a different degradation model exists than the channel width

dependence of the impact ionization rate.

1.0 T T T
Stress Condition
Vp=4V
’g Vg@Isubmax
= 0.5} Leff=0.32um -
i Weff=
= O 0.28um
E J 0.43um
8 O0fF A 0.93ur]
- O Oy O 9.93um
g
. | | ] ]
0.5 10 100 1000 10000

Stress Time (sec.)

Figure 3.1: Stress time dependence on the substrate current change, delta
Lsup, for various channel widths. W is the effective channel width corrected
from the electrical characteristics [101].(C) 1996 IEEE
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Figure 3.2: Channel width dependence of the impact ionization rate for
measured nMOSFETs [101].(C) 1996 IEEE

Impact ionization depends on the lateral electric field between the
source and drain and the vertical electric field between the gate and drain
regions. Therefore, three-dimensional device simulations were performed to
investigate this effect in detail.

Figure 3.3 shows the simulated contour plot of the electric field at the
drain edge region for both (a) edge of the channel and (b) center of the
channel, respectively. The initial current path is indicated as the gray
arrow, and the current path after hot-carrier stress, which is shifted to a
deeper region, is indicated as the black arrow. As shown in Figure 3.3 (a),
in the channel region near the STI edge, the initial drain current flows in the
region close to the Si substrate surface. When electrons are trapped in the
gate dielectric film due to hot carrier stress, they weaken the electric field
from the gate electrode, and the drain current gradually flows in the region
away from the substrate surface. As a result, the drain current flows in a
region where the transverse electric field is stronger than before the stress is
applied, which is thought to result in an increase in the impact ionization
rate.

On the other hand, as shown in Figure 3.3 (b), in the center of the

channel, the drain current flows in the region where the transverse electric
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Figure 3.3: Simulated electric field with drain current path. (a) The channel
near the STT edge and (b) center of the channel [101].(C) 1996 IEEE

field is maximum from the initial state, and as the electrons trapped in the
gate dielectric increase with increasing stress time, the drain current path
flows in a deeper region on the substrate side, that is, a region with a weaker
transverse electric field. Therefore, the impact ionization rate decreases
with stress time. Figure 3.4 shows the vertical electric field at the Si/SiOq
interface, both the STT edge and center of the channels. The channel near the
STI edge region shows more than twice the vertical electric field. Although
the capture cross-section of the electron is small [93], this strong vertical
electric field attracts more electrons to the gate insulator. The fringing field
causes the difference of this vertical electric field from the gate electrode edge
through the STT isolation region. Since the channel width becomes narrow,
this edge region becomes dominant. Therefore, narrow channel MOSFETSs

show accelerated degradation by hot-carrier stress.
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Figure 3.4: Simulated vertical electric field along the channel for both
isolation edge of the channel and center of the channel [101].(C) 1996 IEEE
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3.3 Reliability in narrow channel width
pMOSFETSs

There were many studies on the enhanced hot-carrier induced degradation
for narrow width n and pMOSFETs with LOCOS isolation [90,95-97]. Even
after the introduction of STI, the hot-carrier reliability was still evaluated
by using relatively larger channel width (W) MOSFETs such as W > 1 pm.
The importance of reliability measurement by using the minimum size of
MOSFETSs is described in the previous section. However, it was only for
nMOSFETs, and still, there were not many studies on narrow channel width
pMOSFETs. The minimum size MOSFETSs are used not only for SRAM
cells but also for data latches and decoders. Therefore, understanding the

reliability of narrow channel width pMOSFETS is also important.

3.3.1 Characteristics of narrow channel width
pMOSFETSs

The MOSFETs used in this experiment were fabricated by a 0.35 ym dual-
gate CMOS process [69], which is the same used for nMOSFETSs in the
previous chapter. The gate oxide thickness is 6 nm, and the WSi/poly-Si gate
electrode has a SiN sidewall. Since the STI process was optimized [69], both
wide and narrow channel width pMOSFETSs show no hump characteristics
even though substrate bias 1 V is applied, as shown in Figure 3.5.

The channel width dependence of hot-carrier reliability was measured
by using MOSFETSs with channel width W = 0.35, 1.0, and 20 pm, which
gate length is 0.35 um. The decrease of the drain current in the saturation
region, Igsq:, under the bias V, = V; = — 3.3 V condition and the amount of
threshold voltage shift, AVy,, were monitored. The stress conditions for all
devices were under the Vg = — 4.6 V, and V,, varied from — 0.3 to — 1.5 V,
which includes the maximum gate current (I;,,4,) condition. The hot-carrier

stress tests were interrupted periodically to measure the Iz, degradation
(AIdsat/Idsat)-
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Figure 3.5: Initial I; - V, characteristics of pMOSFETSs whose channel
width W = 0.35 pum and 20 pum. Since STI process is optimized, no hump
characteristics was observed.

3.3.2 Hot-carrier stress results

The channel width dependence of the drain current degradation, Alys.:/Tasat,
is shown in Figure 3.6 as a parameter of hot-carrier stress time under the
stress condition of Vg = I at Vgg = — 4.6 V. It can be seen that the
change in drain current Alyg,s/Igsar increases as the channel width narrows.
The amount of shit for W = 0.35 pum devices shows about three to five times
larger than those of W = 20 pum devices. This tendency does not change

during the stress time up to 50 minutes.
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Figure 3.6: Channel width dependence of drain current change, Alysur/lisat,
monitored at stress time t = 2, 10 and 50 minutes.
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Figure 3.7: 15 - V4 characteristics of both W = 0.35 and 20 pm pMOSFETS
after the hot-carrier stress (solid lines). Initial characteristics also shown as

dotted lines.
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Figure 3.8: Channel width dependence of the threshold voltage degradation
(AVy,) as a parameter of hot-carrier stress time. Narrow width devices show
larger degradation as same as Algsas/Tasat-

Figure 3.7 shows I; - V, characteristics for both W = 0.35 and 20 pm
pMOSFETS after fifty minutes of hot-carrier stress (Aged) indicated as solid
lines. The I, - V, characteristics before the stress (Fresh) are also indicated in
the same figure shown as dotted lines. The threshold voltage of both devices
becomes lower that indicating the drain current degradation is caused by the
trapped electrons in the gate oxide film [98]. Since the interface states are
shielded by the negative charges [99,100], the subthreshold slope does not
change after the hot-carrier stress.

Figure 3.8 shows the channel width dependence of V,, shift, AV,
as a parameter of stress time. The narrow width devices show larger
AV,,. However, those amounts are less than 20 mV at the largest. These
small Vy, decreases cannot explain the drain current degradation shown
in Figure 3.6. Figure 3.9 shows the stress time dependence of Alys/Tasar
with various MOSFET dimensions. It should be noted that the smallest
size MOSFET, such as W/L = 0.35 um/0.35 pm, shows larger degradation
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Figure 3.9: Stress time dependence of drain current degradation, Alys.:/lisat,
for MOSFETSs with various W/L dimensions.

compared to the MOSFET, which has a minimum gate length with wider
channel width, such as W/L = 20 pm/0.3 gm. Under the same degradation
rate in Algsar/Lasar, W/L = 0.35 pm/0.35 pum device shows more than ten
times faster degradation compare to that of W/L = 20 pum/0.3 pm device.
Generally, MOSFET with shorter gate length shows a shorter lifetime in
the hot-carrier reliability test. However, this does not apply to the narrow
channel width device.

To investigate this phenomenon in detail, the channel width dependence
of drain current degradations was measured at different gate currents, such as
I,o/W = 12, 36, and 55 pA/um, as shown in Figure 3.10. The I,y represents
the gate current at stress time t = 0 second and is normalized for the channel
width. For each condition, the tendency for the amount of degradation to
increase with narrower channel widths remains the same. Also, the amount

of degradation increases as the gate current increases.
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The above results suggest that the reason for the faster degradation of
transistors with narrow channel widths is the large gate current. Therefore,
the channel width dependence of both gate and substrate current is
evaluated. Figure 3.11 shows the channel width dependence of both gate
and substrate currents normalized by the channel width, I,0/W and L0/ W.
The normalized drain currents, L0/ W, are also shown in the figure. Both
Lio/W and Iysai0/W decrease with channel width decrease, while 145440 remain
the same. Thus, the impact ionization of narrow channel width pMOSFET
is lower than that of wide channel width pMOSFET, which is the same as
nMOSFET case [101]. If the gate current in narrow width pMOSFET also
increases during the stress, the same degradation mechanism in nMOSFET
can also explain pMOSFET degradation. Figure 3.12 shows the stress time
dependence of the gate current change, I,/I,o for each channel width. It is
evident that the narrower channel width device shows a fast decrease in gate
current compared to the wider channel width device, and the gate current
decreases monotonically. These results are quite different from those observed
in nMOSFETS. Despite the less injected charge Qinj, (= [I,dt), for a narrow
channel width device, it shows larger degradation. If the electron trapping
efficiency in a narrow channel width device is larger than that of a wide
channel width device for some reason, this phenomenon can be explained.
To confirm this hypothesis, Fowler-Nordheim (F-N) stress test is carried out

as a next step.
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Figure 3.12: Stress time dependence of the gate current change for various
channel width devices.
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3.3.3 Fowler-Nordheim stress results

A constant gate current stress, known as Fowler-Nordheim stress, is applied
to both W = 0.35 and 20 pum devices for the trap generation efficiency
evaluation at the condition of I,/W = — 50 mA/cm? The source, drain,
and substrate are connected to the ground level. Figure 3.13 shows the gate
voltage shift, AV,, during the stress time. The amount of AV, increases
with the stress time for both devices. It is significant that the W = 0.35 pm
device shows a large AV, compare to the W = 20 pm device. This result
suggests that the W = 0.35 um device has higher electron trapping efficiency
in the gate oxide [102]. There is a report on the mechanical stress effect
of the hot-carrier reliability [77]. However, they discussed the gate length
dependence of the hot-carrier reliability and did not mention the channel
width dependence. They concluded that the degradation caused by the

mechanical stress becomes small along with device dimension scaling.
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Figure 3.13: Fowler-Nordheim stress results for both wide and narrow
width devices. The narrow device shows larger electron trapping efficiency,
explained by the large V,.

There is another study on the device characteristics degradation caused
by mechanical stress. Miura et al. reported that the TDDB characteristic of

the gate oxide degrades by the mechanical stress due to the enhanced electron
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trapping efficiency [75]. This mechanical stress is attributed to the structure
of the gate electrode, and its effectiveness decreases as the channel width
narrows. Therefore, mechanical stress on the gate electrode alone cannot
explain the accelerated degradation phenomenon in MOSFETSs with narrow
channel widths observed in this study. Another possible origin of mechanical
stress is residual stress due to the filling material in STIs. It is known that in
small dimension MOSFETs, mechanical stress due to the STI filling material
can cause crystal defects [64]. Although the MOSFETSs used in this study
were carried out heat-treated at high temperatures to reduce residual stress,
the stress value is not zero at room temperature. Therefore, the residual

stress value due to the STT filling material is simulated.

3.3.4 Mechanical stress by STI

Figure 3.14 shows the channel width dependence of the simulated shear
stress at the boundary of the gate oxide and the channel along the dotted
line a - a’ shown in the figure. A simulator used for this estimation was
ATHENA by Silvaco. The depth of STI is 0.7 pum, and gate oxide thickness
is 6 nm. The y-axis represents the percentage of the area where shear
stress shows more than 150 MPa, which is considered a critical criterion,
causing TDDB characteristics degradation [75]. The length of the channel
is 1 pm. Therefore, when the channel width W is 1 pum, the y-axis of
40% represents more than 0.4 pm? of the channel area shows shear stress
larger than 150 Mpa. The percentage of the area which shows more than
150 MPa increases as decreasing the channel width, and MOSFET with
W = 0.35 pum shows more than 60% of the channel area is occupied by more
than 150 MPa stress areas, while wide channel width MOSFET, such as
W = 20 pm, shows almost negligible areas. These simulation results support
measurement results and suggest that the mechanical stress by the STT filling
material is responsible for the enhanced hot-carrier-induced degradation in
narrow channel width pMOSFETs.
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Figure 3.14: Simulated channel width dependence of shear stress at SiO,/Si
interface (shown as dotted line a - a’ in the figure). Narrow channel width
MOSFETS, such as below W = 0.5 pm, show more than 50% of channel area
is occupied shear stress larger than 150 MPa by STT filling material.

Reducing the mechanical stress value at the narrow channel width region
is essential for future scaling. In this study, the trench depth is 0.7 pm,
which is deep, so the stress caused by STI is considered to be significant.
Since it is possible to reduce the trench depth to 0.3 um without degrading
the pressure resistance, the influence will be reduced in the 90 nm generation
and beyond. In parallel, a change to a low-stress embedding material should
also be considered. O3-TEOS SiO; was used in this study, but combinations
of HDP (High Density Plasma) SiOs, HDP SiO, with flowable oxide [103],
and polysilazane [104] with wet oxidation are being considered for DRAM
and NAND.
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3.4 Summary of this chapter

The reliability of narrow channel width MOSFETSs used for SRAM cells was
studied. Narrow channel width MOSFETSs showed larger degradation in
hot-carrier reliability. Even though hump characteristics were suppressed,
narrow channel width MOSFETs degrade faster than wide channel width
MOSFETSs. Therefore, reliability should be monitored by using SRAM cell
size MOSFETs. Mechanical stress from both STI and gate electrodes may
assist this accelerated degradation. To avoid this mechanical stress-enhanced
degradation, the amount of stress value should be controlled to lower than
150 MPa. In the case of embedding high-reliable high-capacity SRAM into
the 3D NAND, this phenomenon should be considered, and careful material
selection and structure design are needed when device structures and/or

materials are changed.
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Chapter 4

FEOL and MOL process issues

and optimization

4.1 Background

The design guidelines and reliability issues of SRAM cell transistors were
discussed in the previous chapters to embed high-capacity SRAM into 3D
NAND. It is important to adopt a technology compatible with the 3D NAND
manufacturing process. The CMOS technology node to be applied depends
on the required SRAM capacity and the area allowed in the 3D NAND.
Increasing the capacity of embedded SRAM requires a reduction in cell size.
As shown in Figure 2.31 in Chapter 2, gate length and contact pitch define the
cell size. The gate length scaling should come along with the gate insulator
thickness scaling. A thinner gate insulator causes an increase in gate leakage
current, leading to an increase in power consumption in SRAM standby
mode, especially for high-capacity SRAM. Memory cells are most important
in high-capacity memory, and the manufacturing process is optimized for
memory cells. Also, because the low cost is important, it is desirable to
extend the conventional SION-based dielectrics as much as possible.

Higher speeds have been required in recent years, even for high-capacity
memory. As shown in Figure 1.14 in Chapter 1, the interface speed of
NAND lags several generations behind that of DRAM. This comes from

the current computing systems discussed in Chapter 1. Unlike logic, the
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DDR5 (Double Data Rate 5) generation, which has recently started volume
production, will gradually adopt CMOS with high-x gate dielectrics for
high-speed DRAMSs [135]. In both DRAM and NAND, the memory cells are
fabricated after the CMOS transistor formation. Compared to the standard
logic process, the thermal process of forming the memory cells is much higher,
such as more than 600°C, than the traditional logic process. Therefore,
the high-x dielectric fabrication process used in advanced logic, such as the
gate-last high-x/metal gate process, cannot be applied to DRAM and NAND
in terms of allowable thermal budgets. A high temperature-resistant HK /MG
process is strongly desired.

Another approach to reducing the SRAM cell size is contact pitch scaling.
The local interconnect (L.I.) technology reduces the number of interconnect
layers and relaxes the contact pitch without changing the SRAM cell size.
The L.I. simultaneously connects active areas (AAs) and gate electrodes
(GEs) in SRAM cell transistors. Therefore, the effect of the L.I. process on
the CMOS transistors that consist of the SRAM cell must also be considered.

This chapter identifies new issues to be considered in the FEOL and
MOL processes when embedding high-capacity SRAM with 3D NAND and

discusses process optimization to realize high reliability.
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4.2 Estimation of SRAM capacity and corre-
sponding CMOS technology node

Estimation of the SRAM capacity and the necessary technology nodes are
determined as follows. As mentioned in Chapter 1, the capacity of DRAM
used in SSDs is 1/1000th of SSD capacity, and in the case of SRAM, only 1/5
to 1/10th of DRAM capacity is required. Assuming a 1 TB SSD, the required
SRAM capacity is 100 to 200 MB. 1 TB SSD comprises 16 chips of 512 Gb
3D NAND stacked in a package. Since the maximum 200 MB of SRAM
capacity is divided into 16 dies, each chip should have 12.5 MB (100 Mb)
of SRAM. Figure 4.1 shows a typical 512 Gb 3D NAND chip [127, 128],
consisting of 3bit/cell technology and 64 WL layers, with peripheral circuits
formed by CNA technology. The chip size is approximately 130 mm?. As can
be seen in the figure, the cell occupancy is estimated to be approximately
75%, which means that the memory cell area is 100 mm? and the peripheral

circuit area is 30 mm?

. Assuming that the peripheral circuit area can be
accommodated under the memory cells using CUA technology, the remaining
70 mm? square millimeters is the area where SRAM can be placed. SRAM
typically has a cell occupancy rate of about 50%, with some high-capacity
SRAMs reaching 70%. Figure 4.2 shows the number of memory layers and
chip size of the 3D NAND, NAND cell array area, and SRAM cell area when

the cell occupancy is 50% and 70%. All 3D NAND is 3 bit/cell technology,

256Gb Array 256Gb Array
Plane-0 Plane-1

§
‘T

——mamm—r-“:—-
(a)

Page buffers nnd‘Cqumn decoder

Figure 4.1: Die photos of 512 Gb 3D NAND presented at ISSCC 2017
(a) [127] and (b) [128].©C) 2017 IEEE
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Figure 4.2: 3D NAND memory layer dependence of chip size, NAND array
area, and SRAM cell areas.

and 32 layers correspond to 128 Gb, 48 layers to 256 Gb, and 64 layers to
512 Gb capacity.  Figure 4.3 shows the SRAM cell occupancy required
to achieve 100 Mb of SRAM capacity when using SRAM cells at the 90 to
32 nm node shown in Chapter 2. As can be seen, 90 nm node technology
is not able to embed 100 Mb capacity. When using 65 nm node technology,
it is necessary to increase the SRAM cell occupancy to 70%. In the case of
45 nm node technology and beyond, 100 Mb capacity is possible even if the
SRAM cell occupancy is less than 50%.

For the CiM application, the SRAM capacity requirement is estimated as
follows. As mentioned earlier, 3.2 MB of SRAM is required for 6.5 Gb SLC
NAND to realize DNN accelerator [26], which was demonstrated by using
64 Gb SLC NAND. Current 512 Gb TLC NAND is equal to 170 Gb SLC
NAND in cell capacity. By simply reducing the number of WL layers from
64 to 24, the 64 Gb SLC NAND can be obtained without changing the die
size. The required SRAM capacity is about 32 MB, which corresponds to
about 260 Mb. Therefore, at least 45 nm node CMOS technology with 70%

cell occupancy is required. An alternative approach is a further reduction of
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Figure 4.3: 3D NAND memory layer dependence of chip size, NAND array
area, and SRAM cell areas.

WL layers. By reducing the number of WL layers down to 12 layers, which
corresponds 32 Gb of capacity, the required SRAM capacity becomes half.
This enables the adoption of 65 nm node CMOS technology for high-capacity
SRAM fabrication and can be a viable option for low-cost CiM accelerators.
One of the obstacle components in MOSFET scaling is the gate
insulator. A SiO, gate insulator has been used for a long time because
of its excellent reliability with low interface state density, regardless of its
simple fabrication process. Scaling of the gate insulator thickness improves
MOSFET performance. However, it increases gate leakage current and also
causes boron penetration from the p* poly-Si gate electrode into the substrate
as a drawback. Nitridation of SiO, [105] was investigated to suppress
the boron penetration, and SiON (silicon oxynitride) film was used as a
gate insulator below 0.25 pum generation. Gate leakage current also affects
standby leakage current in high-capacity SRAM. In the 90 nm generation, the
extension of oxynitrides by NO (nitric oxide) gas was investigated [107,108],
and plasma nitridation of SiO, was introduced from the 65 nm node [134].
Figure 4.4 shows the equivalent oxide thickness (EOT) of the gate
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Figure 4.4: Target EOT and J, for each technology node.

insulator for each technology node [43,86,129-131] and gate current density
with 100 Mb SRAM leakage current spec. (J,= 0.1 A/cm?).

One of the issues of plasma nitrided SiON is the nitrogen penetration
into the Si substrate, which degrades both CMOS performance and
reliability [133], as shown in Figure 4.5.

A novel SiON process was proposed to overcome this issue [123,124], as
shown in Figure 4.6. The concept is to deposit SigN, at first, then oxidize
that Si3sNy and re-nitride in the end. This process realizes low nitrogen
concentration at the Si substrate interface.

However, those SiION gate insulators do not satisfy the gate leakage
current requirement below 1.6 nm EOT, as shown in Figure 4.7, and the
introduction of a high-+ gate insulator, such as HfSION (nitrided hafnium
silicate), is required. Target EOTs and recommended gate insulators are
summarized in Table 4.1.

A high-x gate insulator is a promising candidate to replace the SiON.
Many materials were evaluated, and the hafnium-based insulator is becoming

the most promising candidate as a high-x material at present [109-111,116—
118,120,121].
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Figure 4.5: Issue of thickness scaling in plasma nitrided SiON.
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Figure 4.6: Schematic images of novel SION process and nitrogen profile.

Next, process issues to implementing a high-x gate insulator in the 3D
NAND process will be discussed to embed high-capacity SRAM.
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Table 4.1: Target EOT and recommended gate insulator for each technology
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4.3 Optimization of gate stack process

The dielectric constant can be varied by changing Hf (hafnium) contents.
This means there exists a couple of combinations to realize given EOT [116—
118,120, 132]. One of the impacts of high Hf concentration on MOSFET is
undesirable oxidation which causes severe reverse short channel effect [120].
Figure 4.8 (a) shows the schematic image of the undesirable oxidation as
indicated bird’s beak.

The bird’s beak length, L, which was measured by a cross-sectional TEM
photograph, depends on the Hf concentration and sidewall (SW) materials, as
shown in Figure 4.8 (b). Two Hf concentrations, Hf/(Hf+Si) = 30% and 50%,
are evaluated under the same EOT of 1.8 nm. In the Hf/(Hf+Si) = 30% with
SI02 SW structure, the Lg, was 8.2 nm length. On the contrary, Hf/(Hf+Si)
= 50% with SiOy SW shows 80 nm length, which means Lp extends the
entire gate length. This is because the oxygen diffusion in the HfSION film
is much faster than poly-Si oxidation during the post gate etch oxidation
process [111-114]. In order to prevent this undesirable oxidation, less post

gate etch oxidation with SiN SW protection is effective [115]. Applying the
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Figure 4.8: (a) Schematic image of undesired oxidation at the gate edge and

(b) bird’s beak length (Lp) dependence on Hf concentration with sidewall
(SW) materials.
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SiN SW process, the Lp drastically reduced to below 5 nm. This is the
Hf/(Hf+Si) = 50% case, and if Hf concentration is reduced below 50%, it is
expected to minimize Lp less than a few nm.

Keep in mind is that the SiN sidewall structure causes large stress under
the sidewall region, as described in Chapter 2. Therefore the overlap amount
of active area and gate electrode in SRAM cell layout should be re-optimized,
such as more than 80 nm overlap with cell height increase, when HfSiON
is introduced as a gate insulator. Even if the sidewall is covered by SiN
films, Hf concentration needs to be defined carefully. Figure 4.9 shows the
simulation result of accumulated charge at the gate edge region. Devices
have the same EOT value but have different physical thicknesses by varying
dielectric constant. Even in devices with the same EOT, a physically thick
insulator shows a weak electric field at the gate edge region, resulting in less
charge accumulation at the source region. This causes less gate controllability
and higher parasitic resistance. Figure 4.10 shows the Hf concentration
dependence on I, on nMOSFET. The gate length is 65 nm, V; = 1.2 V, and

1.1 simulation
—_ EOT =1.8 nm Hf/(Hf+5i)=30%
N 1.0 t=2nm
9 Gate fringe
(/)] 0.9 electric field \Ac il
=3 |
® 0.8
z Nace (b)
§ 0.7 | G HE/(HF+Si)=50%
Z 06 t=3nm
:f: S_/ == [
0.0 (s
0 5 10 15 20
Dielectric constant ©
(a)

Figure 4.9: (a) Simulated Hf concentration dependence of accumulated
charge at the gate edge region. Under the same EOT = 1.8 nm condition,
Hf/(Hf+Si) = 30% shows more gate fringe electric field (b) compare to
Hf/(Hf+Si) = 50% (c) because of the difference of physical thickness.
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Figure 4.10: Hf/(Hf+Si) dependence on nMOSFET 1,,.

L,ss criteria is 10 pA/pum. As mentioned previously, higher Hf concentration
shows lower I,,,, and less than Hf/(Hf4Si) = 30% is required to achieve the
I, target. However, less than 20% does not satisfy the gate leakage current
specification. Therefore, optimum Hf concentration should be between 20%
and 30%. Figure 4.11 shows Hf/(Hf+Si) concentration dependence on hot
carrier lifetime of nMOSFET whose gate length is 65 nm. In order to satisfy
a 10 year lifetime, Hf/(Hf4Si) should be less than 25%. From the above
studies, it is concluded that Hf concentration should be as low as possible at
a given EOT to realize both high performance and better reliability.

In order to improve thermal stability and prevent boron penetration from
the p* poly-Si gate electrode, nitrogen incorporation is required for HfSiO
film. To prevent boron penetration, more than 20% nitrogen concentration
is required [116]. The dielectric constant, k, increases with increasing
the nitrogen concentration. It is difficult to incorporate more than 50%
nitrogen [132]. Considering the I,, of MOSFET, as shown in Figure 4.9, the
physical thickness of HfSiON should be as thin as possible. Therefore, target
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Figure 4.11: Hf concentration dependence on hot carrier lifetime of L = 65 nm
nMOSFET.

Hf and nitrogen concentration should be set by taking into account process
variability. Table 4.2 summarizes proposed Hf and nitrogen concentration for
both 45 and 32 nm nodes. In addition to HfSiION, HfO and Al,O3 are also
being considered as high-x materials. However, it has been pointed out that
these materials need to be improved in terms of thermal resistance [136], and
based on the results of past studies [116, 120, 121}, HfSiON is considered
appropriate at this time. Various research institutes continue to study
materials with high heat resistance, and the optimal material and process
changes should be made while keeping a close eye on the results of these
studies. As for SRAM to be embedded in 3D NAND, it is appropriate to
start up the technology by applying SiON in the 90 nm generation technology,
extend the life of SION to the 65 nm generation, and then use HfSiON or
alternative high thermal-resistant high-x material at the time of embedding
in the 45 nm generation SRAM.
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Table 4.2: Proposed Hf and nitrogen concentration for 45 and 32 nm node.

Dielectric | Physical
constant | thickness

(x) (nm)

Hf/(Hf+Si) Nitrogen

EOT (nm) (%) (%)

30
45 1.6 . i ] 8 33

22 30
32 1.4 e 0 A 8 2.9
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4.4 Implementation of local interconnect

4.4.1 Advantage of local interconnect

Chapter 2 shows the difference between SRAM and NAND manufacturing
processes. Since stand-alone SRAM uses tungsten local interconnect (L.I.)
and 3D NAND uses tungsten interconnects, applying the tungsten L.I.
process to 3D NAND seems feasible.

Firstly, the cell layout advantages of applying L.I. are explained.
Figure 4.12 shows the cell layout of an embedded SRAM and the necessary
interconnect layers. As seen in the figure, the first layer of interconnect is
used as a writing node connection to form flip-flops in the cell and as a
landing pad to lift to the upper layer interconnect. The bit lines and power
lines are formed using the second interconnect layer, and the word-lines are
formed using the third interconnect layer.

The cell layout of a stand-alone SRAM using L.I. is shown in Figure 4.13.
Unlike contacts, local wiring can be routed over STI. Therefore, flip-flop node
connections can be formed with only one layer of L.I. Furthermore, contacts
brought up to the upper interconnect layer can be drawn on the active area
(AA) and the STI. Therefore, there is more freedom in the routing of the

Vo BL Vo, BLB Vg

. mp
WL )

WL

(@) (b)
v Via

D l:l I:l D I:l Contact

Active area  Gate electrode 1st metal 2nd metal 3rd metal
Figure 4.12: Cell layout of embedded SRAM and interconnect layer

configuration. (a) Only AA, GE and L.I. layers are shown. (b) All layers are
shown.
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Figure 4.13: Cell layout of stand-alone SRAM and interconnect layer
configuration. (a) Only AA, GE and L.I. layers are shown. (b) All layers are
shown.

upper interconnect layer. The same interconnect layer configuration as in
embedded SRAM can be used, but as shown in Figure 4.13 (b), it is possible
to place the Vpp power lines parallel to the word lines in the first layer
of interconnect. This relaxes the pitch of the bit lines formed by the second
layer of interconnect and improves the RC (Resistance Capacitance products)
delay of the BLs.

Figure 4.14 shows both the top and cross-sectional schematic view of
SRAM cell with tungsten L.I. L shape L.I. connects both cell nMOSFET
and pMOSFET and also connects node gate electrode. Junction leakage is a
concern, since the L.I. is routed over the STI region. Moreover, the junction
depth between nt and p™ source/drain regions are different. Over etching of
L.I., hole, or post etching treatment may cause junction leakage. Therefore,

etching optimization is needed.
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Figure 4.14: Schematic image of L.I. chain test structure. (a) Top view of
cell. (b) Cross-sectional images of both directions along A—A’ and B—B’
shown in (a).

4.4.2 Process optimization

Figure 4.15 is a schematic image of the test structure of the L.I. chain. 50 k
chain is used for both contacts to (a) n™ and (b) p* regions. The size of the
L.I. hole is 0.25 pmx1.1 pm.

W L.l

W L.I

Cross view

Figure 4.15: Schematic image of L.I. chain test structure of both top and
Cross views.

Figure 4.16 shows chain yield for both n* and p*, with final STI height
as a parameter. It is clearly shown that the bottom of L.I. should be

above the active area surface. Cross-sectional SEM photos are also shown in
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Figure 4.17. Since the contact process of NAND is different and contact ion
implantation will be performed, those process impact on MOSFET needs to
be considered
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Figure 4.16: Cumulative probability of L.I. chain for both (a) n™ and (b) p*
contacts as a parameter of STI height.

Figure 4.17: Cross sectional SEM images of fabricated L.I. with different STI
height, d, (a) 0 nm, (b) — 40 nm, and (¢) — 90 nm.
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Figure 4.18 shows assumed process flow and schematic images of critical
processes that may affect MOSFET characteristics. When the L.I. process is
applied to 3D NAND, additional ion implantation processes with annealing
are added after the L.I. contact etching required for contacts of peripheral
circuits because both L.I.s and peripheral contacts are formed at the same
time, as mentioned earlier. The cleaning process (a), activation annealing
after the contact doping (b), and barrier metal layer formation for L.I. (c)
may affect MOSFET characteristics and SRAM yields. In process step (a),
if the sidewall of MOSFETSs has a triple-layer sidewall structure, the SiN
portion of the sidewall will be lifted off during the wet cleaning process
that contains hydrofluoric acid. This causes contact failure due to the
peeled-off SiN sidewalls. Even if the sidewalls are not lifted off, there is
a concern about the barrier metal layer breaking because the oxide film
portion is significantly recessed. The step-out of the barrier metal layer
causes a decrease in reliability and junction leakage failure due to the
diffusion of tungsten into the substrate. Another concern is the undesired
oxidation when the poly-Si/HfSiION gate stack process is adopted to the
SRAM cells. As described in the previous section, oxygen diffuses through
the HfSiON much faster than the poly-Si oxidation. It diffuses more than
one micrometer [111,113]. Even if the optimized sidewall formation process
prevents undesired oxidation, the contact doping activation anneal process
may cause undesired oxidation to the entire gate length in the SRAM cells.
Because the gate length in the SRAM cell, as shown in Figure 2.31, is less
than one micrometer. From process robustness and MOSFET performance
points of view, a dual-layer sidewall structure is recommended for the SRAM
embedded in 3D NAND, even if the cell size increases.
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Figure 4.18: Assumed process flow and critical process (a) - (c) that may
affect MOSFET characteristics.
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4.5 Summary of this chapter

The available capacity of SRAM to be embedded in 3D NAND was estimated
with the required CMOS technology node. When replacing DRAM used in
SSDs, 100 Mb per 3D NAND die is required, which is not feasible with
90 nm node SRAM cell size. At least 65 nm node technology with 70% cell
occupancy is required. 45 nm generation technology with 50% cell occupancy
is also feasible. In addition, it was found that SION dielectrics can be used
up to 65 nm node, but from 45 nm node, high-x, such as HfSiON, need
to be used. When Hf is employed as a gate dielectric, it is clear that the
Hf concentration should be adjusted in the range of 20 - 25% with nitrogen
concentration between 20 and 40% to satisfy both transistor performance and
reliability. The target concentration and physical thickness were proposed.
The tungsten L.I. shows the advantage of reducing the number of
interconnect layers to form the SRAM cell. It also has the possibility to relax
bit-line pitches with wider bit lines that improve SRAM access speed. It is
important that when L.I. is applied, it is necessary to control the STI height
before opening the contact holes to prevent the junction leakage current
increase. From the process robustness point of view, MOSFET should have
a dual-layer sidewall structure, and the overlap amount of the active area
and gate electrode needs to be more than 80 nm. If these guidelines are
followed, it will be possible to embed high-capacity SRAM with 3D NAND

from 90 nm node technology to at least down to 45 nm node.
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Chapter 5

BEOL process issue and

optimization

5.1 Background

In high-capacity memory, the redundancy technique is used to improve
memory yields. This is because the memory cell area is large and affected
by tiny dust and defects, so replacing failed bits with good bits is necessary.
In 3D NAND, information on redundant bits is stored in NAND memory
cells. On the other hand, the fuse blow method has long been used in
high-capacity SRAMs. In order to implement the redundancy module of
high-capacity SRAMs in 3D NAND without affecting the 3D NAND process
and circuitry as much as possible, it is important to examine the applicability
of the conventional fuse blow process. Generally, the upper metal layer is
cut by a laser-blown process in the case of aluminum interconnect because
the melting temperature of aluminum is 660.3°C and easy to melt by a laser.
However, the melting temperature of copper is 1085°C and raises concern
about wheather current laser blow tools can be applied or not. The use
of silicide agglomeration of poly-Si gate [137] and non-silicided poly-Si gate
blown process by using electromigration was proposed [138] and used instead
of laser fuse blow process. However, these processes do not apply to the
high-capacity SRAM embedded in the 3D NAND because it uses a polymetal

gate electrode.
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Table 5.1: Example of BEOL structure roadmap for 130, 90, 65 and 45 nm

node technologies [142].(C) 2004 IEEE

Node 130 nm 90 nm 65 nm 45 nm
Structure
Cap SiO2 SiO2 SiO2 Si0C(2.9)
Tr\e,ir;ch SIOF(3.4) SI0612.9) P‘Ar(2.65) F.>Ar(2.2)
Bottom S02 SiOC(2.5) Si0C(2.2)
Stopper SiN(7.0) SiCN(4.9) SiC(3.5) SiC(3.5)
keff 4.0 3.3 3.0 2.7

A via fuse process using electromigration of vias has also been
proposed [139]. However, it cannot be applied when only one copper
interconnect layer is used. Although writing redundancy information to the
NAND cells and using that information to replace the good bits is possible,
the redundancy method that does not affect the NAND circuit was strongly
desired in terms of test cost and capital investment. It is also important to
utilize the conventional redundancy scheme for SRAM, such as circuit design
and fuse blow infrastructures. Therefore, an investigation of the laser blow
process for copper fuse is needed.

As discussed in Chapter 1, high-capacity memories do not use the
multilayer interconnect process used for advanced logic devices. Fewer
interconnect layers and materials are used to keep manufacturing costs as
low as possible. The L.I. described in the previous chapter is one such
example. Therefore, the low-x interlayer dielectric used in the conventional
logic process is not applicable. However, it is important to consider the use
of low-x interlayer dielectrics to accommodate interface speed increase in the
future along with the CMOS technology scaling, as shown in Table 5.1 [142].

This chapter discusses the challenges and solutions for applying the fuse
blow process to the interconnect process in 3DNAND to embedding high-
capacity SRAM.
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5.2 Copper fuse experiments

5.2.1 Barrier metal evaluation

The fuse blow process by laser uses thermal energy. Therefore, using
materials with low melting temperatures is preferable. The tantalum (Ta)
is commonly used for copper interconnects as a barrier metal material.
However, its melting temperature is 2985°C, which is much higher than
copper (1085°C). The titanium (Ti) is also the candidate for barrier metal,
and its melting temperature is 1668°C, which is less than the Ta. Moisture
induced via failure (MIVF) is one of the issues for interconnects which use
porous low-x material [140]. The dry etching process causes damage to
the low-x film, and the damaged region absorbs moisture. This moisture
oxidizes the barrier metal and induces failure known as SIV (stress-induced
voiding) [141]. Since the oxidation resistance of Ta is less compared to that
of Ti, it is beneficial to investigate Ti as a barrier metal material. Figure 5.1
shows electromigration test results for both Ta and Ti barrier layers. It
should be noted that Ti shows superior reliability compared to Ta with no SIV
degradation [141]. Moreover, Ti is less expensive than Ta, which is another
advantage of the Ti barrier layer for high-capacity memories. Therefore, Ti

barrier metal is chosen for fuse evaluation.

5.2.2 Fuse blow experiments

Figure 5.2 shows the schematic images of the evaluated test structure. The
fuse metal width is varied from 0.6 to 1.0 ym with 0.2 um step under the
same fuse pitch of 3.5 ym. Fuse pitch is also varied from 2.5 to 4.5 pym
with 0.5 pm step under the same fuse width of 1.0 gm. The thickness
of cover layer SiO, is varied from 0.2 to 0.6 pm with 0.2 pum step, and
the thickness of fuse metal is varied from 0.6 to 1.2 pm with 0.2 um step,
respectively. Figure 5.3 shows results after the fuse blow process in which the
fuse thickness is 0.6 pum, and the cover SiOy thickness is 0.2 um, which are
considered the most blowable condition. Two different laser wavelengths, (a)
A = 1321 pm and (b) A = 1047 pm, were evaluated. The significant leakage

current variation observed in machine B with the pitch of 4.5 um is caused
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Figure 5.1: Barrier metal material dependence of electromigration. Ti shows
better characteristics compare to the Ta.

by alignment inaccuracy during the laser blow process. Machine A with
A = 1321 pm shows a better yield compare to machine B with A = 1047 pm.
It is considered that this difference comes from the absorption efficiency
difference. This is the preliminary result and laser blow conditions, such as
power and pulse width, need to be optimized further. The thickness of the
upper copper interconnect layer uses thicker copper, such as more than 1 pum.
Therefore, more laser power will be needed and may cause more damage to
the interconnect layers. This issue also needs to be addressed. Another
issue with using the laser blow process for copper interconnect is the leakage
current increase after the fuse blow process by copper corrosion. Figure 5.4
shows [-V characteristics of before and after fuse blow processes. In order to
prevent copper corrosion, BTA (Benzotriazole) treatment was applied after
the blowing process. However, small leakage currents were observed in the
blown fuses and showed no BTA treatment dependence. It is considered that
the BTA did not penetrate sufficiently into the blown area and that scattered

copper particles corrode and form leakage current paths.
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Figure 5.2: Schematic images of test structure of fuse blow evaluation, (a)
top view and (b) side view.

Machine A : A=1321 um Machine B : A=1047 pm
ey o e [T B
< qoef = 10¢ %% l
T 1 < —— —X—
S 106 e S 106 | o
5 ~+— 5 1
O 108 X O 108 X x X
) U] I %
g 1070 . LT E2 N B
v Y
o -12 ¥ 3 2| o B i
L 10T = g 10 ¥ X X x.
10-14 Ll x 104 -
2.0 3.0 4.0 5.0 2.0 30 4.0 5.0
Fuse pitch (um Fuse pitch (um
Bias V= 1.8 V pitch (um) pitch (um)
(a) (b)

Figure 5.3: Pitch dependence of fuse blow yield. Wave lengths of the laser
are (a) A = 1321 pm and (b) A = 1047 um, respectively.
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5.2.3 Study on low-x dielectrics

It is important to consider using of low-x interlayer dielectrics (ILD) to
accommodate future interface speed increases. Reducing the dielectric
constant of ILD is a trade-off between mechanical strength and dielectric
property. In particular, it is difficult to reduce the dielectric constant of the
dielectric film material between interconnect layers because it is subject to
mechanical damage caused by the CMP (Chemical Mechanical Polishing)
process. Therefore, a hybrid method is effective in which an insulating film
with a relatively high dielectric constant and high mechanical strength is
used in the interconnect layer, and a material with a low dielectric constant
is used in the via layer to the extent possible, as shown in the Table 5.1 [142].
One is a homogeneous ILD structure, and the other is a hybrid ILD structure.
Homogeneous SiOC (carbon-doped silicon oxide) ILD structure with the
via-first process is widely used; however, etch profile control of both trench
and via is difficult due to the same etching rate of low-« film. On the contrary,
a hybrid scheme has an excellent controllability of both trench and via profile
because it uses different low-x materials at interconnect and via portion.
As shown in Figure 5.5 (a), SiOC (k = 2.3) is used for via portion while
SiOC (k = 3.0)/PAr (k = 2.3) is used between interconnects [140]. The
etching rate of Polyarylene ether (PAr) is faster than that of SiIOC (k = 2.3)
and enables a sharp profile for both trench and via. The problem with
using PAr is its porosity and weakness during the CMP process. Therefore,
SiOC (k = 3.0) film is stacked on the PAr layer as a CMP protecting layer.
Though the x value of the SIOC capping layer is higher than that of PAr,
effective  value, Kc.pf = 2.7 is obtained by this hybrid scheme. Figure 5.5
(b) shows the cumulative probability of via resistances which were measured
by Kelvin structure. Three SiOC materials whose dielectric constant is
the same k = 2.3 but different material components were evaluated. It is
important to note that, as shown in Figure 5.5 (b), even materials exhibiting
the same x value show different failure rates. The SiOC-C shows large via
resistance distribution, and some samples showed more than 100 Ohm/via,
and those samples were removed from this figure. It is known that low-x

dielectric films lose carbon in the film due to processing damage, resulting in
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Figure 5.5: (a) Low-x ILD configuration of the test structure. (b) Cumulative
probability of via resistance of three SiOC materials, A, B and C that were
measure by Kelvin structure. Samples more than 100 Ohm/via were removed
in this figure.

a loss of strength. In this study, CMP damage was prevented by depositing
SiOy film on the top of the low-x film. Two types of processing damage
can be considered: RIE (reactive ion etching) damage and ashing damage
during resist stripping. It has been proposed to recover from this damage
by applying treatment process [141,142]. This damage treatment [143] is
said to be effective in recovering from ashing damage, which is less damaging
than RIE and is also used in this study. Therefore, it can be said that
the material-dependent results in this study are dominated by the damage
during the RIE processing, not by the ashing damage. By applying the above
process optimizations, the BEOL process shown in Table 5.1 can be applied
to high-capacity SRAM down to a 45 nm node. However, it is considered that
the laser blow process will cause more damage in the low-x materials, and
a redundancy system other than laser blow of copper needs to be combined,
such as anti-fuse [144], to realize the high-reliable high-capacity SRAM. With
careful selection of low-x material and new fuse systems such as anti-fuse,
high-reliable high-capacity SRAM can be embedded into 3D NAND down to
45 nm node.
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5.3 Summary of this chapter

The copper fuse process was evaluated for high-reliable high-capacity SRAM
embedded in the 3D NAND. Using past architecture and infrastructures, a
copper fuse blown by laser was desired. A Ti barrier metal was chosen instead
of Ta, which has a low melting temperature, considered easy for laser blow.
Two different laser wavelengths were evaluated, and the longer wavelength
showed better blowing yield because of the difference in laser absorption
efficiency. However, the blown fuses showed leakage current originating from
the damage and copper corrosion.

Low-x material was also evaluated to mitigate the future speed
requirement. Even with the same dielectric constant, material composite
affect the reliability. This degradation was caused mainly by the trench RIE
process damages. By combining the damage recovery treatment process and
robust low-x material, BEOL process technology down to 45 nm node can
apply to the high-capacity SRAM embedded in the 3D NAND. At that time,

a new redundancy fuse process, such as anti-fuse, needed to be introduced.
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Chapter 6

Remaining issues for
embedding high-reliable
high-capacity SRAM

6.1 Background

In the previous chapters, process technologies required to embed high-
capacity SRAM in 3D NAND have been discussed. The capacity of
SRAM needed to replace the DRAM used for SSD, which is necessary
for the single-packaging of SSD realization, can be achieved by using
65 nm node technology and beyond. On the other hand, as discussed in
Chapter 1, the realization of computing in memory, a new energy-efficient
computation architecture that will become increasingly important in the
future, will require even higher capacity SRAM. Figure 6.1 shows the
maximum SRAM capacity in each technology node and the corresponding
SLC-NAND capacity. The criteria are the same as discussed in Chapter 4.
The die size of 3D NAND has assumed to be 100 mm?, and the available
SRAM cell area is 35 mm?. Cell occupancy of SRAM, 70%, is used for this
estimation.

Based on the discussion in Chapter 4, a 512 Gb TLC 3D NAND has
an SLC equivalent capacity of approximately 170 Gb. A 3.2 MB of SRAM
capacity per 6.5 Gb SLC 3D NAND would require approximately 84 MB of
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Figure 6.1: Available maximum SRAM capacity and corresponding 3D
NAND capacity for each technology node based on the assumption used
in Chapter 4.

SRAM. This is more than that used in the latest CPU [16]. Although further
study is needed to determine the required SRAM capacity relative to NAND
capacity, beyond 32 nm node technology is needed at least. Conversely, the
capacity of SLC 3D NAND can be lowered according to the available SRAM
capacity, and the number of WL layers can be reduced. For example, when
using a 45 nm node SRAM, the required SLC NAND capacity is 51Gb, and
since 128Gb SLC 3D NAND has 64 WL layers, it is possible to provide
a low-cost CiM die by reducing the number of WLs by about 1/3, or 21
layers. Since beyond 22 nm node technology requires gate-last HK/MG
process for MOSFETsSs, it is difficult to embed with 3D NAND, and other
processes such as die stacking technology, either hybrid bondig [145-148|
or TSV stacking [149], are needed. Although wafer-to-wafer bonding is
preferable in process cost and throughput, selecting only good dies and

bonding them together will effectively reduce product costs. Since multiple
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dies are currently stacked and wire bonded to form a single package NAND,
a thin-film die stacking technology has been established, and die-to-die or
die-to-wafer bonding is a candidate for the diversion of this method. There
are studies of issues on wafer-to-wafer bonding [145-148]. However, those
focus on the characteristics and reliability of adhesion, such as TSV or copper
pad. This chapter discusses an additional study requirement of process
technology to enable future 3D integration to realize a future one-package

server for the CiM systems

103



CHAPTER 6. REMAINING ISSUES FOR EMBEDDING
HIGH-RELIABLE HIGH-CAPACITY SRAM

6.2 Technologies and issues for 3D integra-
tion

Compared to hard disk drives, SSDs have a smaller physical size, are lighter,
and use less energy. Their lack of mechanically moving parts, which makes
them more shock resistant, is suitable for mobile applications, a growing
market. Another advantage is that it is easy to integrate with other LSIs
and enables the addition of more functions. Multiple 3D NAND dies are
contained in the current flash memory package. Wire bonding is used to
connect each memory dies and stacking by shifting them so that wires do
not interfere. The bonding pads and wires increase parasitic capacitance
and inductance, affecting and degrading read and write speeds. Each die
requires 1/O circuits to drive signals to the bonding pad, which results in a
die size increase. TSV technology enables one to stack dies vertically without
shifting them. It does not need a bonding pad that can eliminate the I/0O
circuit for each die, as shown in Figure 6.2. Smaller die sizes reduce parasitic
capacitance and inductance, improving speed and power consumption [149].
TSV can stack different dies, and it can integrate the memory controller and
other system LSIs in the future, in addition to the 3D NAND.

Figure 6.3 shows one example of a future storage system. Current high-
end SSDs consist of multiple 3D NAND packages, a memory controller, and
DRAMs. These dies can be integrated into one package as a one package SSD.
Furthermore, those one package SSD will be directly attached to accelerators
or even combined with the accelerator, DRAM, SLC-NAND, or other storage-
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Figure 6.2: Schematic images of (a) conventional wire bonding and (b) TSV.
TSV enables smaller package size.
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Figure 6.3: Concept of future one package storage by heterogeneous
integration with high-capacity SRAM embedded 3D NAND.

class memory and realizes a tiny mobile edge server. There are many issues
for realization, such as cost and thermal management. However, it is a viable
future.

In order to realize such one package SSD, the impact on mechanical stress
should also be considered. There are many studies on die-package interaction,
such as shown in Figure 6.4 [150] as an example. Wafer warpage shown in
Figure 6.5 is another issue for assembly process [151]. Not only the package
or wafer but also the device itself has mechanical stress issues, as shown in
Figure 6.6 [152].
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Figure 6.4: Example of chip module/substrate/package warpage from reflow
to room temperature. [150].C) 2019 IEEE

Figure  6.5:

Example of wafer warpage after  backside
grinding [151].(C) 2013 IEEE
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Figure 6.6: Process and device structure oriented deformation within
device [152].(C) 2016 IEEE

However, there are few studies on the impact of die-to-die bonding stress
on a memory device such as SRAM. Figure 6.7 (a) shows the schematic image
used in the preliminary simulation study of warped die bonding. The upper
die A has warpage and bonded on the flat die B. In this simulation, both
dies are assumed as Si chiplets and have the same size of X = 10 mm and
Y = 6 mm with the thickness T = 20 pm. The amount of the warpage,
d, in die A is defined by the difference between the bottom (center of the
die in this case) and top of the die (edge of the die in this case) as shown
in Figure 6.7 (b). Figure 6.8 (a) shows the contour plot of simulated shear
stress in die A bonded on die B in the case of warpage of die A is 0.1 mm.
It shows a large amount of shear stress at die edge regions and decreases
toward the die center. This is because die A has a large amount of warpage
at the periphery and tries to recover the initial (warped) condition after
bonding. Shear stress, along with the X direction at Y = 3 mm (shown as
A-A’ in Figure 6.8 (a)) and Y direction at X = 5 mm (shown as B-B’ in
Figure 6.8 (b)), are plotted in Figure 6.8 (b) for both warp amounts d = 0.1
and 0.5 mm, respectively. The stress criteria of 170 MPa proposed in Chapter

2 are indicated as a red line in the figure. In the case of initial warp amount
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Figure 6.7: Schematic images of simulated structure. (a) Bird’s eye view
of both dies A and B with dimension. (b) Cross-sectional image of the die
shape used in the simulation. The warp amount d is defined as shown in the
figure. It is assumed the die A has a symmetrical warp structure in the X
direction.

d = 0.1 mm, the amount of shear stress for both the X and Y direction does
not show much difference (less than 0.1 mm). The stress value decreases
monotonically as it moves away from the die edge and is below the stress
criteria of 170 MPa at the region more than 0.5 mm away from the edge
of the die. On the other hand, in the warpage amount d = 0.5 mm case,
the stress value of the die edge region is increased and shows more than
100 MPa difference between X direction (along A-A’) and Y direction (along
B-B’). This is because the die warps only in the X direction. Similarly, in the
d = 0.1 mm case, the stress decreases from the die edge toward the center
and falls below 170 MPa in the region more than 1.2 mm away from the
die edge for X direction while Y direction is around 0.5 mm that is similar

to the warp amount d = 0.1 mm case. The study on the mechanical stress
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Figure 6.8: Simulation results of shear stress in die A beside die B. (a)
Contour plot of shear stress in the case of die A warp amount d is 0.1 mm.
(b) Shear stress in die A from the die edge for both X direction (along A-A’)
and Y direction (along B-B’). The die warpage amount d = 0.1 and 0.5 mm
are plotted. Stress criteria, 170 MPa, is shown as a red dotted line.

impact on the device characteristics by nanoindentation technique also shows
a similar tendency [83] with a stress decay length of about several hundred
microns length. In reality, the situation is more complicated because of the
internal residual stress by multilayer interconnect and deformation by the
gate replacement process in 3D NAND, as shown in Figure 6.6. Those are
the root cause of mechanical stress, and the balance of these stresses should
be considered to embed high-capacity SRAM with high-capacity 3D NAND.

There are many studies on TSV, which is used as one of the dies
connecting processes, regarding the impact on device characteristics [154,
155].  The mechanical stress near the TSV area affects MOSFET
performance, and a keep-out-zone (KOZ) is proposed where devices should
not be placed near the TSVs to prevent the degradation of device
characteristics and the reliability [157]. However, this KOZ is a micrometer
range (< 10 pum). On the contrary, the warpage impact propagates several
hundred-micron ranges in this case, which is one or two orders of magnitude
larger than KOZ. Therefore, when stacking dies using hybrid bonding, the

manufacturing process should be constructed to consider the effects of this
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Figure 6.9: Keep-out distance, dy and dy obtained from the simulation
results shown in Figure 6.8. dy shows strong dependence on the amount of
warpage.

mechanical stress, and elements that are sensitive to mechanical stress should
be arranged so that they are not affected by it. Figure 6.10 shows one
example of a stress-sensitive device, such as SRAM, placement area by
considering stacked die induced stress as shown in Figure 6.8. If the top
die shows a concave shape, as die A, the SRAM placement area in die B
should avoid the edge region where the stress value is maximum. From
the simulation results, as shown in Figure 6.8, the keep-out-area (KOA) is
defined by the allowable maximum stress value. A KOA is defined by dx
and dy, respectively, as shown in Figure 6.10. In the case of die warpage
d = 05 mm, dy = 1.2 mm and dy = 0.5 mm are keep-out distance.
Figure 6.9 shows the warpage amount dependence of dx and dy, obtained
from simulation results shown in Figure 6.8. Since the die warp in the X
direction, dy shows small dependence on warpage amount. The amounts
of die warpage and shapes are affected by the grinding condition during

the wafer thinning process [153,156]. Therefore, the placement area of the
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Figure 6.10: Example of SRAM placement area, indicate as safe zone, by
considering mechanical stress caused by stacked die with warpage. The keep
out distances, dx and dy are also indicated in the figure.

mechanical stress-sensitive device, such as SRAM, needs to be modified by
considering warpage conditions. To enhance the placement flexibility, the
warpage amount should be controlled based on this guideline. In order
to make high-reliable high-capacity embedded SRAM, this effect should be
taken into account for 3D stacking cases. Generally, the die warps in a
concave shape. If the die warps a convex shape, the characteristic becomes
opposite (maximum stress at the die center) and significantly impacts SRAM
placement. Therefore, control of the warpage direction is crucial and needs to
study in advance when the manufacturing process and structure are modified.
This topic is beyond the scope of this thesis. However, it is an extremely

important topic, and I will continue to study it as a next step.
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6.3 Summary of this chapter

The remaining issues for embedding high-reliable high-capacity SRAM into
3D NAND that enable one package server for future CiM were discussed. To
embed higher-capacity SRAM with 3D NAND for CiM application requires
beyond 32nm technology, and the gate-last HK/MG technology needs to be
adopted. Therefore, the bonding process will need to be introduced to bond
the 3D NAND and CMOS peripheral circuit. There are two possible bonding
methods: wafer-to-wafer bonding and die-to-die bonding. The die-to-die
bonding process is preferable from the yield point of view, as it allows the
selection and stacking of good dies. Moreover, the current packaging scheme
that stacks up to sixteen 3D NAND dies for wire bonding, as shown in
Figure 6.2 (a), can be utilized for die handling. However, attention must be
paid to the effect of warpage caused by the thinning of the die on the device
characteristics of the dies to be stacked, especially mechanical stress. In
addition to the internal stress of the 3D NAND itself, the impact of the
stress caused by the stacked dies on yield and reliability must be taken
into consideration. Since die warpage is strongly affected by the device
configuration and fabrication process, it is necessary to determine the effect
of warpage by stress simulation in advance and to present SRAM placement
prohibited areas, KOA, like KOZ in TSV. These studies have not yet been
widely conducted. Although they are not in the scope of this paper, they are

essential and should be studied in the future.
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Chapter 7

Conclusions

7.1 Thesis summary

Advanced process technologies for high-capacity and high-reliable SRAM are
discussed. The object is to embedding high-capacity SRAM with 3DNAND
because it can contribute to building inexpensive and energy-efficient
computing systems. This thesis aims to identify the technologies required to
embed high-capacity SRAM in 3D NAND), identify the technologies that need
to be changed or newly prepared in the existing technologies, and provide a
roadmap for realization.

The Chapter 1 discussed the importance of embedding high-capacity
SRAM in 3D NAND to realize energy-efficient computing systems. The
manufacturing processes of embedded SRAM, stand-alone SRAM, and 3D
NAND were compared. Processes that require special consideration for
embedding high-capacity SRAM in the FEOL, MOL, and BEOL modules
were extracted.

In Chapter 2, the optimization method of SRAM cell layout was proposed.
Two different cell layouts were evaluated, and the thin type cell that showed
better scalability was selected. Fabricated SRAM showed crystal defects
with leakage currents that led to bit fails. To determine the root cause,
stress simulations were performed. The simulation results suggested that
mechanical stresses from the STI filling materials and the gate electrode

caused this failure. The overlap amounts between the active area and the
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gate electrode were optimized with the sidewall structure of MOSFETs.
Fabricated SRAM with optimized cell layout showed good functionality, and
cell design guideline was transferred to the production group and validated
by the products down to 45 nm node.

The Chapter 3 discussed the reliability of MOSFETSs used in SRAM cells.
It was found that MOSFETSs with the smallest dimensions used in SRAM
cells deteriorate faster than the MOSFETs with larger channel widths used
in peripheral circuits. Both measured and simulated results suggested that
mechanical stress may assist this accelerated degradation in small dimension
MOSFETSs. The importance of smallest size MOSFETs usage for reliability
measurement was recommended to realize high-reliable high-capacity SRAM.

In Chapter 4, process technologies need to pay special attention in both
FEOL and MOL were discussed. To embed a high-capacity SRAM into
3D NAND, gate insulator thickness scaling was necessary from both cell size
scaling and gate leakage current reduction points of view. To introduce high-x
gate dielectrics, the gate-first process was the only option because of the total
thermal budget, and HfSiON combined with polymetal gate electrode was
recommended. The local interconnect reduced the number of interconnect
layers in the SRAM cell. Design guideline of STI height with preferable gate
sidewall structure was provided to realize high-reliable high-capacity SRAM
that could be embedded in 3D NAND.

Chapter 5 discussed the BEOL technology. The redundancy fuse
process for SRAM was evaluated. To apply the design architecture and
infrastructure established for high-capacity SRAM products, laser blow
of copper interconnect was investigated. The titanium barrier metal,
whose melting temperature was lower than the tantalum, commonly used
as a barrier metal for copper interconnect, was adopted. Although the
titanium barrier metal showed better electromigration characteristics than
the tantalum, the leakage currents caused by copper corrosion after the laser
blow process were observed. Therefore, an alternative fuse process, such as
anti-fuse, was proposed to realize high-reliable SRAM. The low-x materials
were also evaluated to accommodate future speed requirements. Even if the
dielectric constants were the same, the resistance to etching varies depending

on the constituent materials, indicating that material selection is essential.
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In Chapter 6, the need to consider the 3D integration process for future
one package server realization was discussed. The effects of die warpage for
the die stacking process were simulated. When a warped die was bonded to
a flat die, significant stress was applied to the surface of the flat die. The
peripherals of the die showed large shear stress, and those regions varied
depending on the amount of warpage. Based on the preliminary study, the
requirement of a keep-out area for the stress-sensitive device, such as SRAM,
was proposed.

Above mentioned SRAM process technologies with design guidelines
enable embedding high-reliable high-capacity SRAM into 3D NAND with
90 nm to at least 45 nm node CMOS technologies.
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7.2 Future directions

One of the issues, as mentioned in Chapter 1, is the server’s power
consumption. These days, liquid cooling of the entire server system is
considered [158]. If technology can make it happen, it is possible to put
a small edge server in a liquid nitrogen ambient. Liquid cooling has already
been introduced to reduce the cooling energy, as shown in Figure 7.1.

The server blades were immersed in a large bathtub filled with cold-boiling

t ™ whose boiling temperature is less than 50°C. The

liquid, such as Fluoriner
vaporized liquid was condensed and returned to the bathtub by condenser
on the top of the bathtub.

Further cooling, such as cryogenic temperature, is on the horizon.
Figure 7.2 and 7.3 show preliminary results of the 77 K operation of 3D
NAND. It shows tight V,, distribution and robust cycling characteristics
compare to those at room-temperature operation. This enables a 6 bit
per cell (Hexa Level Cell, HLC) operation. These are just preliminary
results. However, cryogenic sever is a considerable future system. Cryogenic
temperature is also an advantage for SRAM because of V,,;, improvement.
This cryogenic server will help to improve the performance and reduce the
physical size of the future quantum computing system, which uses very low

temperature in the mK range. It can also expand the application to other

Immersion cooling system
Warm water

Cold water

Condensor
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Figure 7.1: Schematic image of liquid cooling system that is commercially
available for server system [3,4].
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Figure 7.2: 77 K operation of 3D NAND shows better cycling characteristics
compare to 300 K operation [161].(C) 2021 IEEE

areas such as aerospace, and people can build a datacenter on the Moon or
Mars.
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Lastly, the future manufacturing process is mentioned. As mentioned

earlier, to store the explosive growth of data, the storage capacity must be
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increased to match the data growth. Over the last 20 years, NAND flash
memory density per unit area (Gb/mm?) has grown at a rate of about 40%
per year, resulting in increased storage capacity. It will continue at least
coming decade and will be more than 1 Th/mm? in 2030. The transition
from 2D to 3D structure enabled this continuous growth of NAND flash
memory capacity, as shown in Figure 7.4.

The number of memory layers in 3D flash memory has increased from 96
layers to 170 layers over the past three years [34]. If the number of layers
continues to grow at this rate, it will reach around 1000 layers by 2030. There
is no manufacturing process for 3D NAND with more than one thousand
WL layers. However, it is not impossible to achieve this through continuous
manufacturing process innovation. This low-cost manufacturing process for a
vertical stack of many transistors can be used not only for 3D NAND but also
for future logic processes. As can be seen in Figure 7.5, the CMOS transistor
structure has shifted from planar to Fin-type transistors, and a shift to
gate-all-around (GAA), nanosheet, and nanoribbon structures [163, 164] is
being considered in the future. These transistors are also considered for

stacking channel regions in the height direction, making the 3D NAND
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Figure 7.4: NAND flash memory density increases roughly 40% //year by
shifting 2D to 3D structure.
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Figure 7.5: Progress of transistor structure. The best practice to reduce
manufacturing costs of 3D NAND can be applied for future transistor
manufacturing process.

formation method applicable. The channel regions of nanosheet devices are
formed by epitaxial growth, which is expensive. The process of converting
amorphous-Si or poly-Si channels to crystalline silicon by metal-assisted
solid-phase crystallization (MILC) process is considered to apply to the 3D
NAND manufacturing process [159]. This process can also apply to this
nanosheet transistor formation. This process reduces manufacturing costs
significantly because the MILC process costs much lower than the epitaxial
growth process. The same MILC process can be applied to the transistor
channels of both nanosheet transistors and 3D NAND. Figure 7.6 shows
the images of the future 3D NAND embedding CMOS peripheral circuits
and SRAM composed of nanosheet transistors. The nanosheet transistors
are rotated 90 degrees and make vertical channel nanosheet transistors.
Fine pitches of nanosheet channels can be manufactured using a double or
quadruple patterning process used for 2D NAND manufacturing. After the
channel crystallization by the MILC process, HK/MG process is applied to
both nanosheet transistors and 3D NAND cells. The HK/MG process is first
applied to the 3D NAND region using the current replacement gate process.
Then HK for both n-type nanosheet and p-type nanosheet is deposited,

119



CHAPTER 7. CONCLUSIONS

followed by meta gate deposition. These nanosheet transistor structures can
be stacked vertically by utilizing a multi-tier process [167] used in current 3D
NAND manufacturing. There are many challenges to be solved. However,
it is possible enabling nanosheet-based high-reliable high-capacity SRAM to

merge with 3D NAND, and it will realize a sustainable computing systems.
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