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Preface

In the last decade Flash cards became the most important digital storage support.
It is difficult to identify a single killer application (digital photography, MP3,
digital video, ...) or whether the success of this media support is due to its
usability in different applications. It is also difficult to state whether the recent
revolution in the infotainment area has been triggered by the availability of high-
performance NAND Flash memories or if the extraordinary success of Flash cards
is a consequence of the establishment of new applications.

In any case, independently of the cause—effect relationship linking new digital
applications and Flash cards, to realize how NAND Flash memories entered in our
daily life, it is sufficient to imagine as they would change our recent habits if the
NAND memories disappeared suddenly. To take a picture it would be necessary to
find a film (as well as a traditional camera...), disks or even magnetic tapes would
be used to record a video or to listen a song, and a cellular phone would return to
be a simple mean of communication rather than a console for an extended
entertainment.

The development of NAND Flash memories will not be set down on the mere
evolution of these digital systems since a new killer application can trigger a further
success for this memory support: the replacement of Hard Disk Drives (HDD)
with Solid State Drives (SSD).

The advantages of SSD with respect to HDD are countless (higher read/write
speed, higher mechanical reliability, random access, silent operation, lower power
consumption, lower weight, ...). Nevertheless, the cost per gigabyte is still
significantly favorable to HDD and the success of SSD will depend only on the
performances that they will succeed in reaching.

The present book, the fourth authored by Rino Micheloni and coworkers after
VLSI-Design of Non-volatiles Memories, Memories in Wireless Systems and Error
Correction Codes for Non-volatile Memories, all published by Springer, tackles
all the main aspects related to NAND Flash memories, from the physical,
technological, and circuit issues to their use in Flash cards and SSDs.

After an extended market overview (Chap. 1), Chap. 2 has been conceived as a
guide for the entire book, so that the reader can directly reach the heart of the
problems that interest him.

The following chapters deepen physical and technological aspects. In particular,
Chaps. 3 and 4 tackle technological and reliability issues of traditional Floating-
Gate NAND memories, respectively, while the state-of-the-art of charge trapping
technologies is effectively summarized in Chap. 5.
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vi  Preface

The central part of the book is dedicated to circuit issues: logic (Chap. 6),
sensing circuits (Chaps. 8 and 9) and high voltage blocks (Chaps. 11 and 12).
Other basic topics related to circuit aspects are also analyzed, such as the
implementation of Double Data Rate interfaces (Chap. 7), while multilevel storage
(2 bits per cell) is presented in Chap. 10.

Techniques adopted to increase memory reliability and yield are discussed
in Chaps. 13 and 14, the former dealing with redundancy, the latter with Error
Correction Codes. The test flux used by NAND memories manufactures is described
in Chap. 15.

Chapter 16 focus on NAND devices storing 3 and 4 bits per cell that aliow
reaching the lower cost per gigabyte and that will conquer, in the next few years,
the market of consumer applications.

The last chapters are dedicated to the two most popular systems based on
NAND memoties: Flash cards (Chap. 17) and SSD (Chap. 18). The relationship
between NAND memories and system performances are highlighted.

Finally, Chap. 19 describes the effects of ionizing radiations on non-volatile
memories, to understand whether NAND memories can be safely used in space
and military applications.

Prof. Piero Olivo,
Dean of the Engineering Faculty,
University of Ferrara, Italy
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1 Market and applications for NAND Flash
memories

Gregory Wong"

1.1 Introduction

In the year 2000, the total semiconductor memory revenues of SRAM, DRAM,
NOR Flash and NAND Flash memories amounted $46 billion. As the decade
closed in 2009, total revenues are projected to have declined 8.7% to $42 billion.
Of the major memory segments, only NAND Flash memory revenues have grown
in the past decade at a CAGR of almost 50% (see Fig. 1.1).

Standalone SRAM saw a steady decline (CAGR — 14.5%) throughout the
decade from $6.5 billion in 2000 to $1.6 billion in 2009 as the L.2 cache became
integrated on the CPU and as low power DRAM replaces SRAM due to its lower
cost structure. :

After the bursting of the Internet bubble, DRAM declined by over 61% in 2001
before climbing back to $33.8 billion in 2006. The latter half of the decade saw
excessive oversupply resulting in a decline in revenues to $21.2 billion in 2009.

Semiconductor Memory Revenues
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Fig. 1.1. Semiconductor memory revenues {Source: WSTS, Forward Insights)

* Forward Insights, greg@forward-insights.com

R. Micheloni et al., Inside NAND Flash Memories, DOI 10.1007/978-90-481-9431-5 1, 1
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2 1 Market and applications for NAND Flash memories

The NOR Flash market has shrunk almost 50% from $10.3 billion in 2000 to
$5.5 billion in 2009 as NAND Flash penetrated the cell phone market in the latter
half of the decade.

NAND Flash experienced some volatility during the decade but its extremely
low cost structure has atlowed it to enable new applications such as digital
photography, portable storage, portable audio and video and multi-functional
portable devices. NAND Flash started the decade at $370 million and surpassed
NOR Flash revenues in 2005. It grew 37 times to close out the decade at $13.8
billion.

1.2 Flash memory architectures

Flash memory was invented by Dr. Fujio Masuoka of Toshiba Corp. in 1984.
Based on Masuoka’s invention, Intel Corp. commercialised common ground NOR
Flash memory in 1988 seeing a non-volatile storage medium to storage program
codes including a PC’s BIOs and firmware for various consumer products. NOR
Flash was also the basis for the first Flash memory cards and non-volatile solid
state drives in the 1990s.

Array

Architectures

= o//s Cells jn sy
¢ paralle! series m
| |
Virtual Common
Ground Ground
| | — | |
AMG ; AND
NROM Triple o7 DINOR EEPROM  Standard
Alternate | poly Array Divided
S A Divide
‘/Mi?ttfgl E\’p“tgategontactless Bitline
Ground AG-AND  fransistor NOR

Fig. 1.2. Flash memory array architectures (Source: Forward Insights)
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1.2 Flash memory architectures 3

Toshiba Corp. introduced NAND Flash memory in 1988 which promised lower
cost per bit than NOR Flash and faster program and erase throughput. Unlike NOR
Flash which is organized on a byte or word basis, NAND Flash is organized into
pages and erased on a block basis. A block consists of 64 or more pages. The
organization of the NAND Flash is conducive to lower cost per bit but not suitable
for random access. NAND Flash is therefore employed as a data storage medium
similar to optical media and hard disk drives.

The two main array architectures are summarized in Fig. 1.2. NOR Flash
memory employs a parallel array architecture where each cell may be accessed via
a contact (Fig. 1.3). The direct cell access is the reason for the superior random
performance of NOR Flash. The NOR array may be classified into the virtual
ground or common ground array. A variety of device variations of these two
classification have been introduced by various companies such as Saifun’s
NROM, Sharp’s ACT and Renesas’ AND, AG-AND and DINOR, however the
mainstream NOR Flash is the common ground implementation manufactured by
the likes of Numonyx, Samsung and Winbond.

In contrast, the memory cells in NAND Flash are organized serially. Figure 1.4
shows 32 memory cells sandwiched between two large select transistors and two
contacts. Random performance is slow due to the fact that there are no contacts
directly accessing the memory cells. However, because there are only two contacts
every 32 memory cells, the effective cell size is much smaller than for NOR Fiash
resulting in a smalier chip size and lower cost per bit. The cell size of NAND Flash
is generally in the 4 F* range where F is the design rule of the chip. Due to the
parallel architecture of NOR Flash, its cell size is relatively large at 10 F¥ .

WwL4 WL3 WL2 WL1
= = - ==
L_]' T T v ATTT T"'IZT_‘l T
== —= :E == B
I.T"T ITT r ATTT T“'E*_l 1
1 1 1. 1 BL2
T [ [
. 1 - L. B3
<]

Fig. 1.3. NOR array architecture (Source: Forward Insights)
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4 1 Market and applications for NAND Flash memories

The device characteristics of NAND and NOR Flash memories are compared in
Fig. 1.5. NOR Flash exhibits superior random read and write performance versus
NAND Flash.

GSL  WL32 - WL2 WL1 BSL

oL +TALTFL L TAL TR Tl g

Fig. 1.4. NAND array architecture (Source: Forward Insights)

Flash Memory
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Accesstime: Accessspeed:
Random: 60-120ns Random: 10-50us
page modefburstmode: serial (page mode): 25-50ns
30ns/15ns write speed:
write speed: random: 200us/byte
random: 10us/byte orword page: 200ps/page (0,4psloyte)
* High Performance optimized * Low Cost

+ fast random read « small cell size

« fast random write » High sustained write

* page write

Fig. 1.5. NAND versus NOR (Source: Forward Insights)
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1.3 Multi-bit per cell storage 5

However, NAND exhibits fast page writes due to the ability to write 4-8 kB
simultaneously resulting in very high sequential write throughput. The serial
architecture and small cell size make NAND Flash optimized for low cost mass
storage whereas NOR Flash is optimized for performance code storage and
execution.

1.3 Multi-bit per cell storage

1.3.1 Memories scaling

Where other semiconductor memories were on a 2 year cadence for new process
technology introduction, NAND Flash memories have historically been on a 1 year
cadence. This accelerated process scaling resulted in the bit size of SLC NAND
overtaking MLC NOR in 2005 as shown in Fig. 1.6. MLC NAND is by far the
lowest cost semiconductor memory with none of the memory technologies even
close to being cost competitive. This is mainly due to the very small cell size
combined with multi-level cell capability.

Bit Size Trend
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Fig. 1.6. Scaling (Source: Forward Insights)

1.3.2 Multi-level cell concept

Figure 1.7 illustrates the concept of multi-level cell storage in Flash memories.
Conventional SLC or single-level cell storage distinguishes between a ‘1’ and ‘0’
by having no charge or charge present on the floating gate of the Flash memory
cell. By increasing the number of charge or voltage threshold (Vt) levels, more
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6 1 Market and applications for NAND Flash memories

than 1-bit per cell may be stored. Two bits per cell (MLC) storage is enabled by
increasing the number of Vt levels to four representing 11, 10, 01 and 00.
Similarly by increasing the number of voltage threshold levels to eight and 16,
3-bit per cell and 4-bit per cell storage is enabled.

The benefit of multi-level cell storage is that storage capacity may be increased
without a corresponding increase in process complexity. The same fab equipment
used to manufacture silicon wafers for SLC products may be used to manufacture
MLC, 3-bit per cell and 4-bit per cell devices. However, multi-level cell storage
requires accurate placement of the Vt charge levels so that the charge distributions
don’t overlap as well as accurate sensing of the different charge levels. As the
number of Vt levels increases the time it takes for accurate programming and
sensing increases. Additional circuitry and programming algorithms are necessary
to ameliorate the degradation of the performance and endurance of such devices.

However in effect, transitioning from SLC to MLC to 3-bit to 4-bit per cell
technology is equivalent to a partial shrink of the device from one process
technology generation to the next without additional capital investment.

4 bits/cell

#of cells

3 bits/cell

#of calis

2 bits/cell

#of cells

1 bit/cell

#ofcells

Fig. 1.7. Multi-level storage in floating gate NAND Flash memory

1.3.3 NAND scaling

Figure 1.8 shows the bit size trend for SL.C, MLC, 8LC (3-bit per cell) and 16L.C
(4-bit per cell) technologies. The bit size is a proxy for the cost. The first MLC
NAND Flash chip was introduced at the end of 2001 by SanDisk and Toshiba. It
was a | Gb chip based on 0.16 pm process technology. Subsequent MLC
generations were introduced on an almost yearly basis.

The first commercial production of 8LC began in 2008 also by SanDisk and
Toshiba. The device, a 16 Gb product based on 56 nm process technology was
introduced at a process technology one generation behind the mainstream MLC
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1.3 Multi-bit per cell storage 7

products. As a result, the device was short-lived since the ML.C products based on
43 nm technology were more cost-competitive than the 8LC product. However in
2010, the cost benefits of 8LC technology are expected to be realized as 8L.C is
manufactured on the same process technology as MLC.

As with 8LC, 16LC also from SanDisk and Toshiba was introduced in 2009
on a mature process technology — 43 nm. As a result, the first product — a 64 Gb
chip — is not cost competitive with the mainstream 32 nm MLC products. It is
mainly being used as a learning vehicle. Only when 16LC can be manufactured on
the leading edge process technology will the full cost benefits be realized.

Note that the cost per bit reduction becomes progressively smaller as one
transitions from SLC to MLC to 8L.C to 16L.C. An approximate 40—50% reduction
can be obtained moving from SLC to MLC but this figure drops to 20% for MLC
to 8LC and 10% for 8L.C to 16L.C. As a result, the economic benefit of 16L.C may
not be enough to justify the additional design efforts to implement it.

One of the main scaling challenges is that the number of electrons stored in the
floating gate is decreasing significantly with each process generation. This has
consequences for the sensing of the data value stored and data retention. These
issues combined with inter-cell interference will make 16LC a less scalable
technology. To overcome these challenges, innovative programming algorithms
and signal processing techniques filter the signal from the noise will be required
for future generations of NAND Flash.

NAND Flash Bit Size Trend
1
2001 | 2002 | 2003 | 2004 | 2005 | 2006 { 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013
0.1 \_\
+ -

;g -~ - \\\

3 = ~ o —

@ ool St

.; T B‘“‘t\

= = \\

. -~ \-'-n
-
0.001 \"g T

A

0.0001

e SLCNAND == e MICNAND et~ g CNAND  w==itbwws 161 C NAND

Fig. 1.8. NAND Flash bit size trend (Source: Forward Insights)

1.3.4 Capacity

Until 2006, MLC chip density was doubling every year. This doubling of chip
density is being extended to 18 months to 2 years as the scaling challenges
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8 1 Market and applications for NAND Flash memories

increase. As MLC became mainstream, SLC began to lag behind in process
migration and density transition. For example, it will take 3 years for the transition
from 8 to 16 Gb SLC chips.

The benefit of 8L.C and 16LC is the ability to enable monolithic chip densities
which would not be possible with SLC and MLC. For example, the first 16L.C
device was the first monolithic chip with a capacity of 64 Gb. It is expected that
8LC and 16LC will continue to lead the introduction of the highest capacity
devices (Fig. 1.9).

Density NAND Flash Density Trend

128Gh

64Gb

32Gb

16Gb

2Gb

1Gb

512Mb

256M b

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 201t 2012 2013 2014

D sonscen]____ Jabit/eenl
Fig. 1.9. NAND Flash density roadmap (Source: Forward Insights)

1.3.5 Device characteristics

The lower costs associated with multi-level cell technology does not come for
free. The lower cost comes at the expense of reduced performance and endurance.
A comparison of the device characteristics for SLC, MLC, 3- and 4-bit per cell is
summarized in Fig. 1.10. Significant degradation in endurance, retention and write
performance occurs with increasing number of bits per cell. Read performance and
operating current are also negatively impacted.
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1.3 Multi-bit per cell storage 9

NAND Flash Device Characteristics

Program (MB/s) e S C NAND
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cmn@anze 31 /¢ NAND

“ifr== 4b/c NAND
<3 Erase (MB/s)

Endurance

Retention

Fig. 1.10. NAND device characteristics (Source: Forward Insights)
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Fig. 1.11. Applications for multi-bit per cell NAND Flash memories (Source: Forward
Insights)
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10 1 Market and applications for NAND Flash memories

Of course, the trade-off is higher capacity and lower cost per bit. Erase
performance actually improves due to the larger block size.

The implication of the disparate device characteristics is that the applications
usage model will dictate the type of devices that will be used.

Figure 1.11 provides a simplified overview of the applications based on two
key parameters — endurance and write speed. Applications with less demanding
endurance and write performance requirements are better suited for devices with
multi-bit per cell storage. Content storage and archiving may be facilitated by
4-bit per cell devices. Consumer applications that are largely read intensive such
as MP3/PMP players, Flash memory cards, personal navigation devices can use
3-bit per cell devices. MLC may be found in consumer and netbook solid state
drives and SLC for solid state drives in the enterprise. However, for certain enter-
prise applications especially read intensive with low duty cycles, MLC may be
sufficient.

1.4 Market and applications

1.4.1 Removable portable storage

The application which triggered the rise of NAND Flash was digital photography
and digital storage. The first Flash memory card format, Compact Flash I
incorporated NOR Flash at its inception in 1994. The SmartMedia card introduced
in 1995 was the first removable media format to incorporate NAND Flash
followed by the MultiMedia Card in 1997, Memory Stick in 1998, Secure Digital
in 1999, and xD-Picture Card in 2002. Miniaturized “mini” and “micro” versions
of these cards have been subsequently introduced.

Figure 1.12 shows the plethora of Flash memory card form factors that have
replaced analog film. In fact, Flash memory cards store not only images but also
audio and video enabling portable transport of files from one device to another.
USB Flash drives introduced in 2000 by Trek and IBM have driven the floppy disk
to extinction.

1.4.2 Embedded storage

NAND Flash is employed for code/data storage or data storage in a variety of
portable and mobile applications such as cellular phones, MP3/PMP players,
digital video camcorders and personal navigation devices. NAND Flash may be
embedded in applications in several ways.

Raw NAND — NAND Flash chips are soldered onto the PCB of the device with
the host-side handling the Flash translation layer (FTL), bad block management
and error correction (ECC). For example, MP3/PMP players employ a Flash
controller to manage the raw NAND.
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1.4 Market and applications 11

“, ’ Secure
Digital

Compac

. SmartMedia
E Mini MMC

Fig. 1.12. Removable portable storage

NAND with on-chip controller — The NAND Flash devices are used for code
and data storage with only the Flash translation layer managed by the host. In some
instances, these devices such as ONENAND from Samsung, Toshiba and Numonyx
and mDOC (mobile Disk-on-Chip) from SanDisk come with a NOR Flash inter-
face and act as a replacement for the NOR Flash.

Multi-chip Package (MCP) — The NAND Flash is combined with both a NOR
Flash and low power DRAM or just a DRAM for code and data storage. MCPs are
primarily used in mobile phones.

An overview of memory architectures for different mobile phones is presented
in Fig. 1.13. The architectures depend on the functionality of the phones.

The primary function of entry level mobile phones is voice communications.
The phones are generally capable of SMS and basic web browsing. As a result,
large memory capacity is not a requirement. Entry level mobile phones employ a
XIP (execute in place) architecture whereby the program code is stored and
directly executed from the NOR Flash and pseudo-SRAM is used as the working
memory. This memory system is cost optimized solution for small memory
densities and low power.

Feature phones provide voice, MMS, camera, audio, video and web browsing
functionality. Higher capacity for data storage is therefore necessary. Feature
phones combine three memories — NOR Flash for code execution, NAND Flash for
data storage and RAM as a working memory. This architecture is essentially a XTP
with additional NAND Flash for data storage.
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12 1 Market and applications for NAND Flash memories

Smartphones have morphed into convergence devices. In addition to the feature
phone capabilities, these devices are designed for multi-tasking — running more
than one application at the same time, e-mailing and infotainment.

The store and download (SnD) architecture used in smartphones employs a PC-
like approach. Instead of storing in NOR Flash, the code is stored in NAND Flash,
copied into DRAM and executed from DRAM. In this scenario, code has to be
swapped in and out of the DRAM for execution. Since the RAM has to act as both
a code execution and work memory, the RAM capacity is larger than the RAM
required in the NOR/NAND/RAM implementation in feature phones. Because of
the very low cost per bit of NAND Flash, this architecture is cost optimized for
medium/large memory capacity requirements at the expense of higher power
consumption and longer boot time than the XIP implementation.

Basic Feature Smartphone
(Voice) 2G 2.5G 3G
McCU MCU Mcu

)
j
!
:
!

i
!
NOR NAND  RAM ,i

e

NOR RAM

Fig. 1.13. Memory system architectures in mobile phones
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Code
+Capy OS kernet,
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Fig. 1.14. Store and download versus XIP architecture
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1.4 Market and applications 13

Figure 1.14 contrasts the SnD and XIP architectures.

Managed NAND solutions — NAND Flash device ECC requirements and in
some cases page sizes and block sizes are changing with each new technology
generation. Instead of having to continually update the host firmware to manage
these details, these changes are managed within the device by combining raw
NAND and a controller in a package. All the FTL, bad block management and
ECC are handled within the package allowing the host to perform only a
simplified read/write to the device. The host side requires a basic driver to inter-
face with the managed NAND device typically using a eMMC or eSD protocol.
The raw NAND and managed NAND implementations are illustrated in Fig. 1.15.

Raw NAND Managed NAND

CoNaNn eMMe

Processor Processor

MMC Controller

Fig. 1.15. Managed NAND versus raw NAND (Source: Micron Technology)

1.4.3 Solid state drives

The first SSDs pioneered by StorageTek in 1978 were RAM-based SSDs. It
wasn’t until late 1980s and early 1990s when the first Flash-based SSDs were
developed. Western Digital demonstrated a 2.5” NAND Flash SSD in 1989,
however the main promoters of Flash-based SSDs, SanDisk and Intel, based their
SSDs on NOR Flash technology in the early 1990s. Due to the higher cost of NOR
Flash versus DRAM, Flash-based SSDs were relegated to niche markets.

However, the remarkable and rapid price decline of NAND Flash memory in
recent years which has driven analog film and the floppy disk to extinction is now
enabling NAND Flash memory to penetrate the realm of hard disk drives (HDDs).
Solid state drives (SSDs) offer the promise of significantly better performance and
reliability due to the lack of mechanical parts.
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14 1 Market and applications for NAND Flash memories
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Fig. 1.16. Solid state drive versus hard disk drive (Source: Toshiba Corp., Forward
Insights)

Figure 1.16 details the major components of an SSD and HDD. The HDD,
being based on storage in a spinning magnetic platter, requires an actuator and
actuator arm to move the head to the appropriate sector to be read or written. This
movement of the read head results in extremely long latencies in the milliseconds
and a DRAM buffer is used to hide the seek time. The HDD controller,
particularly if it is a system-on-chip, incorporates the processor, servo control
logic, interface, error correction code, disk sequencer and buffer controller.

In contrast, the SSD contains no mechanical parts and consists of a few major
components: NAND Flash memory, SSD controller, connector, DRAM, PCB and
passives. In addition, because of the small size of NAND Flash memory, the SSD
form factor is not limited to standard 1.8, 2.5 or 3.5” HDD form factors but can
also come in module form.

NAND-based SSDs started out in industrial and military where ruggedness and
reliability are a priority. In 2006, the first SSD for personal computers was
introduced followed by SSDs for enterprise computing.

Table 1.1 summarizes the NAND Flash/SSD usage models in the different
market segments. There are several ways NAND Flash or SSDs may utilized.
Firstly, it can act as an alternate storage device, in many cases replacing a HDD
for latency or reliability improvement and power consumption reduction. An
optimized OS or file-system is required to obtain the full benefits of the SSD.

Secondly, the SSD may act as an I/O accelerator. I/O acceleration is primarily
used in the enterprise computing environment. A software driver is required for
this approach.

Thirdly, the SSD/NAND Flash may be part of the tiered system memory and
replace part of the DRAM. Due to the better economics of NAND Flash versus
DRAM, this allows an increase in system memory storage capacity with the
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1.4 Market and applications 15

benefits of reduced power consumption. To manage this tiered system memory,
the kernel memory manager needs to be designed to manage the Flash memory.

A comparison of SSD and HDD in PCs (Fig. 1.17) shows that SSDs are
superior to HDDs in all aspects except for cost and capacity. The cost and capacity
are related since the major impediment to higher SSD capacities is the high cost
per gigabyte.

Table 1.1. NAND usage model

NAND Usage Model Consumer Enterprise Industrial Military
Alternate Storage N N N V
1/0O Accelerator v

Extended System Memory v v

In the enterprise space, high throughput and low access latency are critical.
Enterprise HDDs employ several techniques to improve system throughput and
decrease the access latency. High performance 15 k rpm HDDs may be organized
in a RAID configuration with the data being striped across multiple disks thereby
increasing the bandwidth of the total system. Adding HDDs increase system
bandwidth but result in increased space, power and cooling requirements.

“Short-stroking” the HDDs whereby data is placed on the outer tracks of the
disk to reduce the seek time of the mechanical heads reduces system access
latencies. However, this entails that only part of the HDD is being used to achieve
the required performance resulting in excess storage capacity than would other-
wise be necessary. As illustrated in Fig. 1.18, one SSD can replace several striped,
short-stroked HDDs.

SSDs vs. HDDs in PCs - Performance Characteristics

we P MLC SSD

B 1 DD

&2 el
shock e
Low Op.
power

Fig. 1.17. 2.5" 88Ds versus HDDs in PCs — performance characteristics (Source: Forward
Insights)
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16 1 Market and applications for NAND Flash memories

Hard Disk Drive Storage Array

Solid State Drive

Fig. 1.18. Enterprise SSD value proposition

Figure 1.19 shows that although on a price per GB basis, HDDs are far superior
to SSDs, the cost for an HDD system to obtain comparable metrics in terms of
$/IOPS, IOPS/GB or IOPS/W is far higher than for SSDs. This is just the storage
comparison. When the total system is considered, far fewer SSDs will be required
for a given performance than HDDs. If the maintenance, power and space savings
are included, the economics of using SSDs are even more attractive.

SPECIFICATION

Enterprise Class SSD' Enterprise Class HDD Deita
Capacity (GB) 146 73 100%
Price {$) 12,500 389 3113%
Petformance
Random
Read 52,000 IOPS 300 IOPS (est) 17233%
Write 18,000 10PS 300 10PS (est) 5900%
Power
Operating mode 8.4W 10-12wW -24%
$/GB 85.62 5.33 1607%
$/10PS
Read 0.24 1.30 -81%
Write 0.69 1.30 -46%
|OPS / GB
Read 356 4 8567%
Write 123 4 2900%
IOPS /W
Read 6,190 27 22598%
Write 2,143 27 7757%
'STEC ZeusIOPS

Fig. 1.19, Enterprise SSD versus HDD key metrics
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1.5 Market outlook 17

1.5 Market outlook

In the early years, the NAND Flash market was driven by removable storage
applications such as the Flash memory card following by the USB Flash drive. In
2004, NAND Flash began to replace 1” HDD in MP3 players led by Apple’s iPod
Mini. The era of high capacity embedded Flash storage in mobile phones began
with the 4 and 8 GB iPhone from Apple Corp. in 2007. Prior to 2007, smartphones
only had relatively low density Flash on-board and in some models, high density
storage was supplemented via a slot which allowed the insertion of a Flash memory
card. The iPhone is not just a phone but a convergence device incorporating camera,
video, audio and gaming functionalities supported by content and applications
from an online store.

Following the iPhone’s lead, smartphone from other handset manufacturers are
increasing the embedded Flash memory storage of their devices and mobile market
is forecast to become the major consumer of NAND Flash gigabytes within the
next 5 years.

The next frontier after consumer and communications is computing. NAND
Flash-based SSDs are expected to become a new driver of NAND Flash bit
consumption beyond 2012 driven by adoption of SSDs in mainstream consumer
PCs.

The NAND Flash industry’s historical triple digit bit growth ended in 2009 as a
result of the global economic downturn. As technology transitions slow down, bit
growth is forecast to experience a more moderate 69% CAGR from 2007 to 2016
(Figs. 1.20 and 1.21).

NAND Flash Applications Demand

100% e e e
B Other AR
90% Lnenpins olid State Drives

80% -

70% : R = “;<;;;,fi,'-
60% ' ‘

50%

Million GB

40%
30%
20%
10%

0%
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Fig. 1.20. NAND Fiash applications demand (% GB) (Source: Forward Insights)
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18 1 Market and applications for NAND Flash memories

NAND Flash Applications Demand
250,000 rrmererem oo e - e

200,000 +rrmsmm e N

150,000
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100,000
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0 - o S T !
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Fig. 1.21. NAND Flash applications demand (Source: Forward Insights)

NAND Flash memory is facing serious scaling issues and it is within the next
S years, that a successor technology is expected take the reins and fuel the insatiable
storage demands of emerging applications.
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2 NAND overview: from memory to systems

R. Michelonil, A. Marelli? and S. Commodaro®

2.1 Introduction

It was in 1965, just after the invention of the bipolar transistor by W. Shockley,
W. Brattain and J. Bardeen, that Gordon Moore, co-founder of Intel, observed that
the number of transistors per square centimeter in a microchip doubled every year.
Moore thought that such trend would have proven true for the years to come as
well, and indeed in the following years the density of active components in an
integrated circuit kept on doubling every 18 months. For example, in the 18
months that elapsed between the Pentium processor 1.3 and the Pentium-4, the
number of transistors grew from 28 to 55 million.

Today, a standard desktop PC has processors whose operating frequency is in
the order of some gigahertz, while its memory can store as much information as
terabytes.

In this scenario, a meaningful portion of the devices produced is represented by
memories, one of the key components of any electronic systems.

Semiconductor memories can be divided into two major categories: RAM,
acronym for Random Access Memories, and ROM, acronym for Read Only
Memories: RAM loses its content when power supply is switched off, while ROM
virtually holds it forever. A third category lies in between, i.e. NVM, acronym for
Non-Volatile Memories, whose content can be electrically altered but it is also
preserved when power supply is switched off. These are more flexible than the
original ROM, whose content is defined during manufacturing and cannot be
changed by the consumer anymore.

The history of non-volatile memories began in the 1970s, with the introduction
of the first EPROM memory (Erasable Programmable Read Only Memory). Since
then, non-volatile memories have always been considered one of the most
important families of semiconductors and, up to the 1990s, their interest was tied
up more to their role as a product of development for new technologies than to
their economic value. Since the early 1990s, with the introduction of non-volatile
Flash memories into portable products like mobile phones, palmtop, camcorders,
digital cameras and so on, the market of these memories has experienced a
stunning increase.

! Integrated Device Technology, rino.micheloni@ieee.org
2 Integrated Device Technology, alessiamarelli@gmail.com
3 Pegasus MicroDesign, stefano_commodaro@yahoo.it

R. Micheloni ¢t al., Inside NAND Flash Memories, DOI 10.1007/978-90-481-9431-5 2, 19
© Springer Science+Business Media B.V. 2010
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20 2 NAND overview: from memory to systems

The most popular Flash memory cell is based on the Floating Gate (FG)
technology, whose cross section is shown in Fig. 2.1. A MOS transistor is built
with two overlapping gates rather than a single one: the first one is completely
surrounded by oxide, while the second one is contacted to form the gate terminal.
The isolated gate constitutes an excellent “trap” for electrons, which guarantees
charge retention for years. The operations performed to inject and remove electrons
from the isolated gate are called program and erase, respectively. These operations
modify the threshold voltage Vpy of the memory cell, which is a special type of
MOS transistor. Applying a fixed voltage to cell’s terminals, it is then possible to
discriminate two storage levels: when the gate voltage is higher than the cell’s
Vi, the cell is on (“17), otherwise it is off (“0”).

It is worth mentioning that, due to floating gate scalability reasons, charge trap
memories are gaining more and more attention and they are described in Chap. 5,
together with their 3D evolution.

floating gate (FG)  control gate (CG)

Drain (D) . Source (S)
o

substrate

electrons

(a) (b)

Fig. 2.1. (a) Floating gate memory cell and (b) its schematic symbol

2.2 NAND memory

2.2.1 Array

The memory cells are packed to form a matrix in order to optimize silicon area
occupation. Depending on how the cells are organized in the matrix, it is possible
to distinguish between NAND and NOR Flash memories. This book is about
NAND memories as they are the most widespread in the storage systems. NOR
architecture is described in great details in [1].

In the NAND string, the cells are connected in series, in groups of 32 or 64, as
shown in Fig. 2.2. Two selection transistors are placed at the edges of the string, to
ensure the connections to the source line (through Mg,) and to the bitline (through
Mpi). Each NAND string shares the bitline contact with another string. Control
gates are connected through wordlines (WLs).
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Logical pages are made up by cells belonging to the same wordline. The
number of pages per wordline is related to the storage capabilities of the memory
cell. Depending on the number of storage levels, Flash memories are referred to in
different ways: SLC memories store 1 bit per cell, MLC memories (Chap. 10)
store 2 bits per cell, 8LC memories (Chap. 16) store 3 bits per cell and 16LC
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NAND NAND o0
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D D
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NAND NAND
string string
8 S

Fig. 2.2. NAND string (left) and NAND array (right)

memories (Chap. 16) store 4 bits per cell.

If we consider the SLC case with interleaved architecture (Chap. 8), even and
odd cells form two different pages. For example, a SLC device with 4 kB page has

a wordline of 65,536 cells.

Of course, in the MLC case there are four pages as each cell stores one Least

Significant Bit (LSB) and one Most Significant Bit (MSB). Therefore, we have:

-~ MSB and LSB pages on even bitlines
—~ MSB and LSB pages on odd bitlines
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22 2NAND overview: from memory to systems

All the NAND strings sharing the same group of wordlines are erased together,
thus forming a Flash block. In Fig. 2.2 two blocks are shown: using a bus
representation, one block is made up by WL(<63:0> while the other one includes
WL;<63:0>.

NAND Flash device is mainly composed by the memory array. Anyway, in
order to perform read, program, and erase additional circuits are needed. Since the
NAND die must be inserted in a package with a well-defined size, it is important
to organize all the circuits and the array in the early design phase, i.e. it is
important to define a floorplan.

In Fig. 2.3 an example of a floorplan is given. The Memory Array can be split
in different planes (two planes in Fig. 2.3). On the horizontal direction a Wordline
is highlighted, while a Bitline is shown in the vertical direction.

The Row Decoder is located between the planes: this circuit has the task of
properly biasing all the wordlines belonging to the selected NAND string (Sect.
2.2.2). All the bitlines are connected to sense amplifiers (Sense Amp). There could
be one or more bitlines per sense amplifier; for details, please, refer to Chap. 8.
The purpose of sense amplifiers is to convert the current sunk by the memory cell
to a digital value. In the peripheral arca there are charge pumps and voltage
regulators (Chap. 11), logic circuits (Chap. 6), and redundancy structures (Chap.
13). PADs are used to communicate with the external world.

Peripheral Circuits
Sense Amp { Sense Amp
'
]
i
Wordiine
i ) I 1
©
i Memory |3 Memory
H a
5 Array 3 Array
i (Plane0) (2} (Plane 1)
:Bitline
:
;
Sense Amp Sense Amp
Peripheral Circuits
OO0EO0O000000 QO Ce— PAD

Fig. 2.3. NAND Flash memory floorplan

2.2.2 Basic operations

This section briefly describes the basic NAND functionalities: read, program, and
erase.
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2.2 NAND memory 23

Read

When we read a cell (Fig. 2.4), its gate is driven at Vrgap (0 V), while the other
cells are biased at Vpagg g (usually 4--5 V), so that they can act as pass-transistors,
regardless the value of their threshold voltages. In fact, an erased Flash cell has a
Vy smaller than 0 V; vice versa, a written cell has a positive Vpy; but, however,
smaller than 4 V. In practice, biasing the gate of the selected cell with a voltage
equal to 0V, the series of all the cells will conduct current only if the addressed
cell is erased.

Bitline (BL) — — — — — v — ——

Voo

A i> | ?

Voo '*—DL——! Mo, U :{ M,

WL <83

VPASS,R—___>i
WL<62>
VPASS,R_—I

Vour

|
I
|
/ ‘ﬂ‘ﬂ‘—“l Evl ‘/Blﬂme :
|
|

Sense Ampluf er | Cur eeeme-
c]3[ " Vm_

|
I: Page Buffer I ::{‘.::
' -~

WL<2>
Veassr —"‘—‘I

’[-:__\ Addressed cell — —— — . ima amn - — e}

Vry distriburtions
—]

1]
Source Line (SL) Veero Vpaser ™

Fig, 2.4. NAND string biasing during read and SLC Vry distributions

String current is usually in the range of 100-200 nA. The read technique is
based on charge integration, exploiting the bitline parasitic capacitor. This
capacitor is precharged at a fixed value (usually 1-1.2 V): only if the cell is erased
and sinks current, then the capacitor is discharged. Several circuits exist to detect
the bitline parasitic capacitor state: the structure depicted in the inset of Fig. 2.4 is
present in almost all solutions. The bitline parasitic capacitor is indicated with Cp,
while the NAND string is equivalent to a current generator.

During the charge of the bitline, the gate of the PMOS transistor Mp is kept
grounded, while the gate of the NMOS transistor My is kept at a fixed value V;.
Typical value for V, is around 2 V. At the end of the charge transient the bitline
will have a voltage Vg

Ver, =V = Vi 2.1
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24 2 NAND overview: from memory to systems

where Vyyy indicates the threshold voltage value of the NMSO My.
At this point, the My and Mp transistors are switched off. Cgy, is free to dis-
charge. After a time 7y,,, the gate of My is biased at ¥, < V', usually 1.6-1.4 V.
If a Ty, time has elapsed long enough to discharge the bitline voltage under the
value:

Var, <Va=Vign (2.2)

My turns on and the voltage of node OUT (Voyr) becomes equal to the one of the
bitline. Finally, the analog voltage Vour is converted into a digital format by using
simple latches.

A more detailed analysis of read techniques is presented in Chap. 8.

Program

Programming of NAND memories exploits the quantum-effect of electron tunneling
in the presence of a strong electric field (Fowler—Nordheim tunneling [2]). In
particular, depending on the polarity of the electric field applied, program or erase
take place. Please refer to Chap. 3 for more details.

During programming, the number of electrons crossing the oxide is a function
of the electric field: in fact, the greater such field is, the greater the injection
probability is. Thus, in order to improve the program performances, it is essential
to have high electric fields available and therefore high voltages (Chaps. 11 and
12). This requirement is one of the main drawbacks of this program method, since
the oxide degradation is impacted by these voltages.

The main advantage is the current required, which is definitely low, in the range
of nanoamperes per cell. This is what makes the Fowler—Nordheim mechanism
suitable for a parallel programming of many cells as required by NAND page
sizes.

The algorithm used to program the cells of a NAND memory is a Program &
Verify algorithm (Chaps. 3 and 12): verify is used to check whether the celi has
reached the target distribution or not.

In order to trigger the injection of electrons into the floating gate, the following
voltages are applied, as shown in Fig. 2.5:

Vpp on the gate of the drain selector

Vpassp (8~10 V) on the unselected gates

Veoum (20-25 V) on the selected gate (to be programmed)
GND on the gate of the source selector

GND on the bitlines to be programmed

Vpp on other bitlines

The so-called self-boosting mechanism (Chap. 3) prevents the cells sharing the
same gate with the programmed one from undergoing an undesired program. The
basic idea is to exploit the high potentials involved during programming through
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2.2 NAND memory 25

the parasitic capacitors of the cell, in order to increase the potential of the region
underneath the tunnel oxide (inset of Fig. 2.5).

Voo VDD
WIS S W o WV amarme Gl AVRRS  — o— —
Voo |}—l | I Gate -:
IU b l T
Control |
Veasse || | |:—;1J> I ~ Source .T:m,ﬁc_m_ Drain I
I ] !
" | \ f =1\ 1/
: ' N+ / "l" C \ n+ ’
Yonsse IH_’ |E Program Disturb I ‘ I
I ; , I
Veaw ([ | 7 !
1 / | Channel region |
— —— — vy ——— i d— Vo om—— — - |
e ”l-l_— \ Addressed cell
GND }H \ Pass Disturb

Source Line (SL)

Fig. 2.5. NAND string biasing during program and parasitic capacitors contributing to the
self-boosting inhibit

When the bitlines are driven to Vpp, drain transistors are diode-connected and
the corresponding bitlines are floating. When Vpasgp is applied to the unselected
wordlines, parasitic capacitors boost the potential of the channel, reducing the volt-
age drop across the tunnel oxide and, hence, inhibiting the tunneling phenomena,

As the memory cells are organized in a matrix, all the cells along the wordline
are biased at the same voltage even if they are not intended to be programmed,
i.e. they are “disturbed”. Two important typologies of disturbs are related to the
program operation: the Pass disturb and the Program disturb, as shown in Fig. 2.5:
their impact on reliability is described in Chap. 4.

Erase

NAND memory is placed in a triple-well structure, as shown in Fig. 2.6a. Usually,
each plane has its own triple-well. The source terminal is shared by all the blocks:
in this way the matrix is more compact and the multiplicity of the structures which
bias the iP-well is drastically reduced.

The electrical erase is achieved by biasing the iP-well with a high voltage and
keeping grounded the wordlines of the sector to be erased (Fig. 2.6¢). Therefore,
NAND technologies don’t need negative voltages. Again, the physical mechanism
is the Fowler-Nordheim tunneling. As the iP-well is common to all the blocks,
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26 2 NAND overview; from memory to systems

erase of unselected blocks is prevented leaving their wordlines floating. In this
way, when the iP-well is charged, the potential of the floating wordlines raises
thanks to the capacitive coupling between the control gates and the iP-well
(Fowler—Nordheim tunneling inhibited).

Figure 2.6b sketches the erase algorithm phases. NAND specifications are quite
aggressive in terms of erase time. Therefore, Flash vendors try to erase the block
content in few erase steps (possibly one). As a consequence, a very high electric
field is applied to the matrix during the Electrical Erase phase. As a matter of fact,
erased distribution is deeply shifted towards negative Vyy values. In order to
minimize floating gate coupling (Chap. 12), a Program After Erase (PAE) phase
is introduced, with the goal of placing the distribution near the 0 V limit {of
course, guaranteeing the appropriate read margin).

Typical erase time of a SLC block is about 1-1.5 ms; electrical erase pulse lasts
700-800 ps.

Technology shrink will ask for more sophisticated erase algorithms, especially
for 3—4 bit/cell devices. In fact, reliability margins are usually shrinking with the
technology node: a more precise, and therefore time consuming, PAE will be
introduced, in order to contain the erased distribution width. In summary, erase
time is going to increase to 45 ms in the new NAND generations.

Chapter 12 contains a detailed description of the whole erase algorithm.

Control

gate Body

iy - wel )
Drain Source iP- well N- wel} Drain

T I floating
+

N-well c)

Source
floating

VAN

P-type substrate

a)

# cells

Electrical Erase

<=

Program After Erase

.

b)

Fig. 2.6. (2) NAND matrix in triple-well; (b) erase algorithm; (c) erase biasing on the
selected block
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2.2 NAND memory 27

2.2.3 Logic organization

NAND memory contains information organized in a specified way. Looking at
Fig. 2.7, a memory is divided in pages and blocks. A block is the smallest erasable
unit. Generally, there are a power of two blocks within any device. Each block
contains multiple pages. The number of pages within a block is typically a
multiple of 16 (e.g. 64, 128). A page is the smallest addressable unit for reading
and writing. Each page is composed of main area and spare area (Fig. 2.8). Main
area can range from 4 to 8 kB or even 16 kB. Spare area can be used for ECC
(Chap. 14) and system pointers (Chap. 17) and it is in the order of a couple of
hundreds bytes every 4 kB of main area.

Every time we want to execute an operation on a NAND device, we must issue
the address where we want to act. The address is divided in row address and
column address (Fig. 2.9). Row address identifies the addressed page, while
column address is used to identify the bytes inside the page. When both row and
column addresses are required, column address is given first, 8 bits per address
cycle. The first cycle contains the least significant bits. Row and column addresses
cannot share the same address cycle.

The row address identifies the block and the page involved in the operation.
Page address occupies the least significant bits.

1 NAND = 8,192 Blocks

1 Block = d
(4K +128) Bytes x 64}%? 4 /
f o J’//
1 Page = (4K + 128) Bytes l 4
P /%TA n\éfgthJT <7:0>

4K Bytes 128 Bytes

Fig. 2.7. NAND memory logic organization

MAIN AREA SPARE,AREA

Fig. 2.8. NAND page structure
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28 2 NAND overview: from memory to systems
MSB LSB
Column Address K 8-bit cycles
Block Page Address Z 8-bit cycles
Fig. 2.9. Address structure
2.2.4 Pinout

NAND devices communicate with the external user by means of pins (Fig. 2.10).
These pins are monitored by the Command Interface (Chap. 6) which has the task
to understand the functionality required to the memory in that moment.

Pins shown in the Fig. 2.10 are listed below.

CE#: it is the Chip Enable signal. This input signal is “1” when the device is in
stand-by mode, otherwise it is always “0”.

R/B#: it is the Ready/Busy signal. This output signal is used to indicate the
target status. When low, the target has an operation in progress.

RE#: it is the Read Enable signal. This input signal is used to enable serial data
output.

CLE: it is the Command Latch Enable. This input is used by the host to indicate
that the bus cycle is used to input the command.

ALE: it is the Address Latch Enable. This input is used by the host to indicate
that the bus cycle is used to input the addresses.

WE#: it is the Write Enable. This input signal controls the latching of input
data. Data, command and address are latched on the rising edge of WE#.

WP#: it is the Write Protect. This input signal is used to disable Flash array
program and erase operations.

DQ<7:0> : these input/output signals represent the data bus.

CE# — —— ALE
R/B# — NAND — WE#

RE# — Device — WP#

CLE — —— DQ<7:0>

Fig, 2.10. TSOP package {left) and related pinout (right)
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2.3 Command set 29

2.3 Command set

2.3.1 Read operation

The read function reads the data stored at a specified address. In order to accomplish
this goal, NAND device must recognize when a read operation is issued and the
related addresses. After a busy time needed to execute the read algorithm, NAND
device outputs the data sequence. Based on the device pin signals, the NAND
Command Interface (Cl, Chap. 6) is able to understand when a command is
issued, when an address is issued or when it must perform data out.

Figure 2.11 shows a command cycle (“Cmd”). CI recognizes a “Cmd” cycle if
CLE is high. In that case, the 8-bit value on DQs represents the command code.

Figure 2.12 shows address cycles. Generally, all the operations need the addresses
where they have to act. The address length depends on the operation and on the
capacity of the NAND; anyway, N cycles are needed to input column addresses
and M cycles are needed to input row addresses. Cl recognized an address cycle if
ALE is high. In the meanwhile, all other input signals are low and the DQs value
is the address.

The last command phase used by the read operation is the data out, shown in
Fig. 2.13. Data out is performed by toggling signal RE#: at every cycle a new data

is available on DQs.
Command
Phase

CLE

pacro-

Fig. 2.11. Command cycle (“Cmd”): CLE is high, all other input signals are low

Command
ommar .. = Add Add

ALE

DQ<7:0>

:
036

Fig. 2.12. Address cycle: ALE is high, all other inputs signals are low
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30 2 NAND overview: from memory to systems

These basic cycles are used by the NAND to decode and perform every
operation. Figure 2.14 shows the command sequence for a read operation. The
first cycle is used to issue the read command “RD” (e.g. 00h). After the command
cycle a number of cycles is used to provide the addresses. As described in Sect.
2.2 the column addresses are given first, followed by the row addresses. All the
pins (ALE, CLE, RE#) not present in the figure must be driven as described
above. Code “RDC” (Read Command Confirm, e.g. 30h) is used to confirm the
read command. Finally, the device goes busy and the read operation starts. When
NAND returns ready, the data output cycles start.

The above described read command outputs the entire Flash page, regardless
the number of bytes we want to read. In some cases, a small move of data is
required or we may want to read randomly inside a page. Command Change Read
Column, also known as Random Data Output, is able to change the column
address we are reading.

Figure 2.15 shows the Change Read Column sequence. After the usual read
command is executed, it is possible to change the column address during data out.
A command cycle “CRC” (Change Read Column, e.g. 05h) is issued, followed by
the addresses of the locations we want to output from. Only fewer cycles are
required with respect to the usual read command, since only the column addresses
are needed. A confirm command cycle “CRCC” (Change Read Column Confirm,
e.g. EOh) is used to enable the data out. It is worth noting that no additional busy
time is necessary, because data are already stored in the page buffers.

Generally, the busy time in a read operation lasts for about 25-30 ps. One way
to improve read throughput is the Read Cache Command (when available). With
this command, it is possible to download data from the Flash memory, while page
buffers are reading another page from the Flash array.

Command (DoutHDout}

Phase
O\ O\
DQ<7.0> <Byte0>——<Byte1>-

Fig. 2.13. “Dout” cycle: RE# is low, all other inputs signals are low

e G Y D D
DQ<7:0> QRD >-< Col >—< ROW)—(RDE)“‘
R/B#

Fig. 2.14. Read command sequence
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C%“ﬁg;ind @out)—( Cmd >-< Add >—<Cmd >—C)out Dout)
DQ<7:0> (ByteN Y CRC>-< Col XCRCQ———-(ByteM)-(ByteZ}

R/B#

Fig. 2.15. Change Read Column sequence

Sequential Read Cache Command sequence is shown in Fig. 2.16. A Read
Command must be issued before Read Cache Command. After the device returns
ready, the command code “RC” (Read Cache, e.g. 31h) is used to initiate data
download from the matrix to page buffers. RB# goes low for a while and then N
Dout cycles are used to output first page. Since no other addresses are input, the
next sequential page is automatically read inside the NAND. When we don’t need
to read other pages, the last page is copied into the page buffers by using
command “RCE” (Read Cache End, ¢.g. 3Fh).

Random Cache Read sequence is shown in Fig. 2.17: with this command it is
possible to select the address of the page we want to cache.

C‘;,’E:‘;" Cmd Y~ Dout Y Dout Y} cmd Y Dout 3 Dot
DQ<7:0> RC Y—{ByteMy-(Bytez ) RCE Y—Byte0 »-{ Byte1 )

R/B# U u

Fig. 2.16. Sequential Cache Read command

C%?g‘;“d Cmd W add Y add 3 cma 3 pout Y dout )

DQ<7:0> RF}C)OI )—(Row)-( RC XByte%ytm)
RIB# \ r ”

Cc;zg;a;nd Cmd)——-( Dout >-< Dout )

DQ<7:0> (RCEHéyteoXBym)

R/B#

Fig. 2.17. Random Cache Read command
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On multi-plane device, it is possible to issue a read command on multiple
planes simultaneously. Figure 2.18 shows the command sequence for Multi-plane
Read.

After the standard Read Command cycie “RD”, the addresses of the page we
want to read on plane 0 are issued. The command code “MR” (Multi-plane read,
e.g. 32h) is used in the next command cycle so that the device is ready to receive
the addresses belonging to plane 1. Once the new addresses and the Read Command
Confirm Code “RDC” are given, the device goes busy to perform the read algorithm
on both planes simultaneously. When the device returns ready, the command cycle
CC (Choose Column, ¢.g. 06h) is used to select the address of the page we want
to output, followed by a number of address cycles. The command code “CCC”
(Choose Column Confirm, e.g. EOh) is a command confirm. Finally the Dout
cycles are used to output the read data.

Since both the Read Cache command and the Multi-plane read have been
introduced to increase performances, it is interesting to compare them. Figure 2.19
shows a comparison among Read, Cache Read and Multi-plane Read.

C‘;’L‘a'“:e”d (ema Y add Y add W Cmi)—(Cmd < add Y add Y cma )
pa<r:o> { RD Y Col Wow}@@_( RD Y Col Y Row Y RoC )

RIB#

C%mh?:e”d —-———(Cmd )( Add )-( Add XCWDout XDout>
DQ<7:0> -—-—< cc }( Col XROW)—( CCC)—(ByteO)—(Byteﬂ)

R/B# __\—j

Fig. 2.18. Multi-plane read command

Page Read Data Output

Double-plane

Page Read

Fig. 2.19. Performance comparison among Read, Double-plane Read and Cache Read
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Given TaLgo the time needed to read from the NAND array, and Toyr the time
needed to download the page, the total time to perform the read of two pages with
a standard read is T =2 Tarco + 2 Toyr. If @ multi-plane command is used, Taico
runs simultaneously on both planes and T = Ty go + 2 Toyr. Evaluating T in the
Cache Read case is more difficult, because we have to consider the ratio between
TALGO and Tous- It Tout is l.onger than TaLGo, then T = Targo T2 TOUT- 1t follows
that the performances of Cache Read and Double Plane Read are the same. On the
contrary, if Targo is longer than Tour (Chap. 16), it won’t be possible anymore to
mask Targo with a single page data out (Fig. 2.20). In this case, Double-plane
Read performs better than Cache Read.

0 pouble-plane
Page Read

- Cache Read

D-O = Data-Out

Fig. 2.20. Performance comparison among Read, Double-plane Read and Cache Read with
a NAND array read time longer than page data output

2.3.2 Program operation

Purpose of program operation is to write a data sequence at a specified address.
The basic cycles are those already described for read operation, such as Command
cycle and Address cycle. The only added cycle is the “Din” cycle, represented in

Fig. 2.21. Data in is performed by toggling signal WE#: at every cycle a new byte
shall be made available on DQs.

o
N\ O\
DQ<7:0> @e‘OHEyteD-

Fig. 2.21. “Din” cycle: WE# is low, all other inputs signals are low
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34  2NAND overview: from memory to systems

Program sequence is shown in Fig. 2.22. A command cycle to input “PM” code
(Program, e.g. 80h) is followed by a number of address cycles to input the
addresses where we want to write. Once the location is set, N “Din” cycles are
used to input data into the page buffers. Finally a “PMC” (Program Confirm, e.g.
10h) command is issued to start the algorithm.

C“;.,“;;“:‘e“d cmd ) Add Y Add Y Din Y= Din I Cmd }-
DQ<7:0> ( PM }( Col Y Row xgyte(zHByteNH PMC )

R/B# r

Fig. 2.22. Program command

As already described for read operation, also in the program case there could be
the need to move a small amount of data. Change Write Column is used to change
the column address where we want to load the data.

Program busy time can be very long: 150-200 ps. Program cache command or
double-plane program are used to increase write throughput. Figure 2.23 shows
the sequence for Cache Program and Double Plane Program.

The first cycles (“PM” cycle, address cycles and “Din” cycles) are the same as
in the standard program. Instead of “PMC” a “C/M” command cycle is issued.
“C/M” can be the Cache Program Code (e.g. 15h) or a Double Plane Command
(e.g. 11h). Once another “PM” command is given, followed by the new addresses
and the “PMC” command, the device goes busy and the program algorithm is per-
formed simultaneously on both pages. It is worth noting that the above described
Double plane program is generally known as Concurrent double-plane Program,
because the program algorithm works simultaneously on both planes.

C%rﬂgﬂsaend (Cmgx Add Y Add x Din)—( Din )—(Cmd )——
DQ<7:0> ( PIVI)-( Col XEOW )-(Byte‘0>—Q3yteN>-(C/M>———

R/B# i
|

C‘;’E‘alae”d (ema Y add 3 add 3¢ pin 3= din 3 Cmd )
pa<:0> { PM )-(}ol)—(RovO-(ByteO)—(Byteﬁ)( PMC )

R/B#

j —

Fig. 2.23. Cache Program and Double-Plane Program commands
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Overlapped Double-Plane Program is also available, where the program on the
first plane starts as soon as data are loaded in the page buffers. In this case the
NAND architecture must be able to perform the algorithm in an independent way
on both planes.

The comparison between the above mentioned program commands is shown in
Fig. 2.24.

Daouble-plane

Double-plane
Overlapped Program

Fig. 2.24. Performance comparison among Cache Program, Overlapped Double Plane
program and Concurrent Double Plane Program

2.3.3 Erase operation
The Erase operation is used to delete data from the Flash array. As already
described (Sect. 2.2.3), the smallest erasable unit for the NAND memory is the
block. Figure 2.25 shows the Erase Command sequence.

The Erase command is very simple: a “ER” code is issued (Erase Command,

e.g. 60h), followed by the block address and the “ERC” code (Erase Command
Confirm, e.g. DOh). After that, the device goes busy to perform the algorithm.

il G Y )

DQ<7:0> ( ER )( Row )-( ERC\f
R/BH#

\ [

Fig. 2.25. Erase command
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Since erase is the longest operation (about 1 ms), the Double-Plane Erase
command has been introduced to erase two blocks at the same time. Figure 2.26
shows the command sequence for the Double-Plane Erase.

The standard erase cycles (“ER” command and row address cycles) are followed
by a “MER” command (Multi-plane erase, e.g. D1h). Once both the plane 1|
addresses and the “ERC” code are given, the device goes busy, erasing both blocks
simultaneously.

C%Tl:sind < cmd Y Add )-(cm)—( cma Y- Add )-(Cmd>
DQ<7:0> CER x Row >-<MER>—< ER )-( Row}(ERC)

R/B# U ‘ '—

Fig. 2.26. Double-Plane Erase command

2.3.4 Synchronous operations

NAND read throughput is determined by array access time and data transfer
across the DQ bus. The data transfer is limited to 40 MB/s by the asynchronous
interface. As technology shrinks, page size increases and data transfer takes
longer; as a consequence, NAND read throughput decreases, totally unbalancing
the ratio between array access time and data transfer on the DQ bus. DDR
interface (Chap. 7) has been introduced to balance this ratio.

Nowadays two possible solutions are available on the market. The first one,
Source Synchronous Interface (SSI), is driven by the ONFI (Open NAND Flash
Interface) organization established in 2006 with the purpose of standardizing the
NAND interface. Other NAND vendors use the Toggle-Mode interface.

Figure 2.27 shows the NAND pinout for SSI. Compared to the Asynchronous
Interface (AS], Sect. 2.2), there are three main differences:

o RE# becomes W/R# which is the Write/Read direction pin.

o WE# becomes CLK which is the clock signal.

e DQS is an additional pin acting as the data strobe, i.e. it indicates the data valid
window.

CE#f vt e ALE
R/B# NAND L — CLK
W/R# = Device e WP
CLE e — DQ<7:0>
— DQS

Fig. 2.27. Pinout of a NAND Flash supporting Source Synchronous Interface
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oo
N atatalalialia
aWaWalal

Fig. 2.28. Source Synchronous Interface DDR sequence

Hence, the clock is used to indicate where command and addresses should be
latched, while a data strobe signal is used to indicate where data should be latched.
DQS is a bi-directional bus and is driven with the same frequency as the clock.

Obviously, the basic command cycles described in the previous sections must
be modified according to the new interface.

Figure 2.28 shows a “Cmd” sequence, followed by “Dout” cycles for SSI.

Toggle-Mode DDR interface uses the pihout shown in Fig. 2.29.

CE# = e ALE
R/B# = NAND — \WE#
RE# o Device — WP#
CLE  wmee — DQ<7:0>
— DQS

TPhase
= U U
0a<7e>
pas [ LU

Fig. 2.30. Toggle-Mode DDR sequence
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It can be noted that only the DQS pin has been added to the standard ASI. In
this case, higher speeds are achieved increasing the toggling frequency of RE#.

Figure 2.30 shows a “Cmd” sequence, followed by “Dout” cycles for Toggle-
Mode interface.

2.4 NAND-based systems

Flash cards, USB sticks and Solid State Disks (SSDs) are definitely the most
known examples of electronic systems based on NAND Flash.

Several types of memory cards are available on the market [3-5], with different
user interfaces and form factors, depending on the needs of the target application:
e.g. mobile phones need very small-sized removable media like pSD. On the other
hand, digital cameras can accept larger sizes as memory capacity is more important
(CF, SD, MMC). Figure 2.31 shows different types of Flash cards.

The interfaces of the Flash cards (including USB sticks) support several protocols:
parallel or serial, synchronous or asynchronous. Moreover, the Flash cards support
hot insertion and hot extraction procedures, which require the ability to manage
sudden loss of power supply while guaranteeing the validity of stored data.

For the larger form factors, the card is a complete, small system where every
component is soldered on a PCB and is independently packaged. For example, the
NAND Flash memories are usually available in TSOP packages. 1t is also possible
to include some additional components: for instance, an external DC-DC converter
can be added in order to derive an internal power supply (CompactFlash cards can
work at either 5 or 3.3 V), or a quartz can be used for a better clock precision.
Usually, reasonable filter capacitors are inserted for stabilizing the power supply.
Same considerations apply to SSDs; the main difference with Flash cards is the
system capacity as shown in Fig. 2.32 where multiple NANDs are organized in
different channels in order to improve performances.

For small form factors like uSD, the size of the card is comparable to that of the
NAND die. Therefore, the memory chip is mounted as bare die on a small sub-
strate. Moreover, the die thickness has to be reduced in order to comply with the
thickness of uSD, considering that several dies are stacked, i.e. mounted one on
top of each other.

psD SD MMC CF

Fig. 2.31. Popular Flash card form factors
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2.4 NAND-based systems 39

All these issues cause a severe limitation to the maximum capacity of the card;
in addition external components, like voltage regulators and quartz, cannot be
used. In other words, the memory controiler of the card has to implement all the
required functions.

The assembly stress for small form factors is quite high and, therefore, system
testing is at the end of the production. Hence, production cost is higher (Chap. 15).

.
] Passives Flash|i Flashi | Flash|] Flash| { Flash|] Flash] | Flash]| Flash
3

[~ i Flash|] Flash| | Flash}] Flash| | Flash|| Flash| | Flash|| Flash

Host ——>

==1 | Flash|] Flash} | Flash{]| Flash| { Flash|} Flash] | Flash{} Flash

Host Interface
Microcontroller

= )
E Passives Flashi| Flash| | Ftashi| Flash| | Flash|| Flash| | Flash|| Flash

Fig. 2.32. Block diagram of a SSD

HOST
| USER APPLICATION |
[ oreraTncsvsTem |
Flash Card - SSD
l Low Level Drivers |
MEMORY CONTROLLER
Flash Card IF (SDMMC,CF, .) of g ’L HOST Interface (SDMMC,CF, SATA, PCle....) l
SSD I/F (SATA, PCle,...)
FFS (FW)

I Wear Leveling (dynamic — static) l

I Garbage Collection |

| Bad Bfock Management I

] ECC ]

| Flash Interface (I/F) I

A

A
‘!’0 l1 Flash channels !'N

NAND NAND NAND

Fig. 2.33. Functional representation of a Flash card (or SSD)
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For a more detailed description of Flash cards, please, refer to Chap. 17. SSDs
are described in Chap. 18.

Figure 2.33 shows a functional representation of a memory card or SSD: two
types of components can be identified: the memory controlier and the Flash memory
components. Actual implementation may vary, but the functions described in the
next sections are always present.

2.4.1 Memory controller

The aim of the memory controller is twofold:

1. To provide the most suitable interface and protocol towards both the host and
the Flash memories

2. To efficiently handle data, maximizing transfer speed, data integrity and
information retention

In order to carry out such tasks, an application specific device is designed,
embedding a standard processor — usually 8-16 bits ~ together with dedicated
hardware to handle timing-critical tasks.

For the sake of discussion, the memory controller can be divided into four
parts, which are implemented either in hardware or in firmware. Proceeding from
the host to the Flash, the first part is the host interface, which implements the
required industry-standard protocol (MMC, SD, CF, etc.), thus ensuring both
logical and electrical interoperability between Flash cards and hosts. This block is
a mix of hardware — buffers, drivers, etc. — and firmware — command decoding
performed by the embedded processor — which decodes the command sequence
invoked by the host and handles the data flow to/from the Flash memories.

The second part is the Flash File System (FFS) [6]: that is, the file system
which enables the use of Flash cards, SSDs and USB sticks like magnetic disks.
For instance, sequential memory access on a multitude of sub-sectors which
constitute a file is organized by linked lists (stored on the Flash card itself) which
are used by the host to build the File Allocation Table (FAT).

The FFS is usually implemented in form of firmware inside the controller, each
sub-layer performing a specific function. The main functions are: Wear leveling
Management, Garbage Collection and Bad Block Management. For all these
functions, tables are widely used in order to map sectors and pages from logical to
physical (Flash Transtation Layer or FTL) [7, 8], as shown in Fig. 2.34.

The upper block row is the logical view of the memory, while the lower row is
the physical one. From the host perspective, data are transparently written and
overwritten inside a given logical sector: due to Flash limitations, overwrite on
the same page is not possible, therefore a new page (sector) must be allocated in
the physical block and the previous one is marked as invalid. It is clear that, at
some point in time, the current physical block becomes full and therefore a second
one (Buffer) is assigned to the same logical block.

The required translation tables are always stored on the memory card itself,
thus reducing the overall card capacity.
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AY ATATA
5

] Logicai Block @ Physical Buffer Block

%, Physical Block A= Available

Fig. 2.34. Logical to physical block management

Wear leveling

Usually, not all the information stored within the same memory location change
with the same frequency: some data are often updated while others remain always
the same for a very long time — in the extreme case, for the whole life of the

device. It’s clear that the blocks containing frequently-updated information are

stressed with a large number of write/erase cycles, while the blocks containing
information updated very rarely are much less stressed.

In order to mitigate disturbs, it is important to keep the aging of each
page/block as minimum and as uniform as possible: that is, the number of both
read and program cycles applied to each page must be monitored. Furthermore,
the maximum number of allowed program/erase cycles for a block (i.e. its
endurance) should be considered: in case SLC NAND memories are used, this
number is in the order of 100 k cycles, which is reduced to 10 k when MLC
NAND memories are used.

Wear Leveling techniques rely on the concept of logical to physical translation:
that is, each time the host application requires updates to the same (logical) sector,
the memory controller dynamically maps the sector onto a different (physical)
sector, keeping track of the mapping either in a specific table or with pointers. The
out-of-date copy of the sector is tagged as both invalid and eligible for erase. In
this way, all the physical sectors are evenly used, thus keeping the aging under a
reasonable value.

Two kinds of approaches are possible: Dynamic Wear Leveling is normally
used to follow up a user’s request of update for a sector; Static Wear Leveling can
also be implemented, where every sector, even the least modified, is eligible for
re-mapping as soon as its aging deviates from the average value.

Garbage collection

Both wear leveling techniques rely on the availability of free sectors that can be
filled up with the updates: as soon as the number of free sectors falls below a
given threshold, sectors are “compacted” and multiple, obsolete copies are deleted.
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This operation is performed by the Garbage Collection module, which selects the
blocks containing the invalid sectors, copies the latest valid copy into free sectors
and erases such blocks (Fig. 2.35).

In order to minimize the impact on performance, garbage collection can be
performed in background. The equilibrium generated by the wear leveling distributes
wear out stress over the array rather than on single hot spots. Hence, the bigger the
memory density, the lower the wear out per cell is.

Block <n>
® Sect<5> Sect<0> Sect<5> o
L Sect<0> L Sect<]> | |_Secf<100> |
Sect<0> Sect<2> . Seci<d> |
® Secgt<]> Sect<7> Seci<t>
| _Seci<100> | Sect<100> Sect<99> ®
Sect<2> l_‘: > Sect<3> <L :_"*_I Sect<99>
. Sect<6> .
b4 Sect<99> .
. Sect<5> b
[ Sect<t> ] s> [ Seasb> ]
¢ Erus [ Sect<o> |
Free

® Invalid Logic Sector

Fig. 2.35. Garbage collection

Bad block management

No matter how smart the Wear Leveling algorithm is, an intrinsic limitation of
NAND Flash memories is represented by the presence of so-called Bad Blocks
(BB), i.e. blocks which contain one or more locations whose reliability is not
guaranteed.

The Bad Block Management (BBM) module creates and maintains a map of
bad blocks, as shown in Fig. 2.36: this map is created during factory initialization
of the memory card, thus containing the list of the bad blocks already present
during the factory testing of the NAND Flash memory modules. Then it is updated
during device lifetime whenever a block becomes bad.

[[] Logical Biock ﬁv Bad Physical Block

“# Good Physical Block R = Reserved for future BB

Fig. 2.36. Bad Block Management (BBM)
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ECC

This task is typically executed by a specific hardware inside the memory
controller. Examples of memories with embedded ECC are also reported [9-11].
Most popular ECC codes, correcting more than one error, are Reed—Solomon and
BCH [12]. While the encoding takes few controller cycles of latency, the decoding
phase can take a large number of cycles and visibly reduce read performance as
well as the memory response time at random access.

There are different reasons why the read operation may fail (with a certain
probability):

e Noise (e.g. at the power rails)
e Vpy disturbances (read/write of neighbor cells)
* Retention (leakage problems)

The allowed probability of failed reads after correction is dependent on the use
case of the application. Price sensitive consumer application, with a relative low
number of read accesses during the product life time, can tolerate a higher
probability of read failures as compared to high-end applications with a high
number of memory accesses. The most demanding applications are cache modules
for processors.

The reliability that a memory can offer is its intrinsic error probability. This
probability could not be the one that the user wishes. Through ECC it is possible
to fill the discrepancy between the desired error probability and the error
probability offered by the memory (Chap.14).

The object of the theory of error correction codes is the addition of redundant
terms to the message, such that, on reading, it is possible to detect the errors and to
recover the message that has most probably been written.

Methods of error correction are applied for purpose of data restoration at read
access. Block code error correction is applied on sub-sectors of data. Depending
on the used error correcting schemes, different amount of redundant bits called
parity bits are needed.

Between the length n of the code words, the number 4 of information bits and
the number ¢ of correctable errors, a relationship known as Hamming inequality
exists, from which it is possible to compute the minimum number of parity bits:

im <ok 2.3)
i

i=0

It is not always possible to reach this minimum number: the number of parity
bits for a good code must be as near as possible to this number. On the other hand,
the bigger the size of the sub-sector is, the lower the relative amount of spare area
(for parity bits) is. Hence, there is an impact in Flash die size.

BCH and Reed-Solomon codes have a very similar structure, but BCH codes
require less parity bits and this is one of the reasons why they were preferred for
an ECC embedded in the NAND memory [11].
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2.4.2 Multi-die systems

A typical memory system is composed by several NAND memories. Typically, an
8-bit bus, usually called channel, is used to connect different memories to the
controller (Fig. 2.32). It is important to underline that multiple Flash memories in
a system are both a means for increasing storage density and read/write
performance [13].

Operations on a channel can be interleaved which means that another memory
access can be launched on an idle memory while the first one is still busy {(e.g.
writing or erasing). For instance, a sequence of multiple write accesses can be
directed to a channel, addressing different NANDs, as shown in Fig. 2.37: in this
way, the channel utilization is maximized by pipelining data load, while the
program operation takes place without requiring channel occupation. A system
typically has two to eight channels operating in parallel (or even more).

As shown in Fig. 2.38, using multiple memory components is an efficient way
to improve data throughput while having the same page programming time.

The memory controller is responsible for scheduling the distributed accesses at
the memory channels. The controller uses dedicated engines for the low level
communication protocol with the Flash.

Moreover it is clear that the data load phase is not negligible compared to the
program operation (the same comment is valid for data output): therefore increasing
[/O interface speed is another smart way to improve general performance: high-
speed interfaces, like DDR, have already been reported [14] and they are discussed in
more details in Chap. 7. Figure 2.39 shows the impact of DDR frequency on pro-
gram throughput. As the speed increases, more NAND can be operated in parallel
before saturating the channel. For instance, assuming a target of 30 MB/s, 2 NANDs
are needed with a minimum DDR frequency of about 50 MHz. Given a page
program time of 200 s, at 50 MHz four NANDs can operate in interleaved mode,
doubling the write throughput. Of course, power consumption has then to be
considered.

There are also hybrid architectures which combine different types of memory.
Most commeon is usage of DRAM as memory cache. During write access the
cache is used for storing data before transfer to the Flash. The benefit is that data
updating, e.g. in tables, is faster and does not wear out the Flash.

Data Load
Program Flash<0>
<>
Data Load
Program Flash<1>
<1>
Data Load
Program Flash<2>
<2> ———— —
Data Load
Program Flash<3>
<3>

Fig. 2.37. Interieaved operations on one Flash channel
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Fig. 2.38. Program throughput with an interleaved architecture as a function of the NAND
page program time
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Fig. 2.39. Program throughput with an interleaved architecture as a function of the channel
DDR frequency. 4 kB page program time is 200 ps

Another architecture uses a companion NOR Flash for purpose of “in-place
execution” of software without pre-fetch latency. For hybrid solutions, a multi-die
approach, where different memories are packaged in the same chip, is a possibility
to reduce both area and power consumption.

2.4.3 Die stacking

Reduced form factor has been one of the main drivers for the success of the
memory cards; on the other hand, capacity requirement has grown dramatically
to the extent that standard packaging (and design) techniques are no longer able to
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46 2 NAND overview: from memory to systems

sustain the pace. In order to solve this issue, two approaches are possible:
advanced die stacking and 3D technologies.

The standard way to increase capacity is to implement a multi-chip solution,
where several dies are stacked together. The advantage of this approach is that it
can be applied to existing bare die, as shown in Fig. 2.40: die are separated by
means of a so-called interposer, so that there is enough space for the bonding
wires to be connected to the pads.

On the other hand, the use of the interposer has the immediate drawback of
increasing the height of the multi-chip, and height is one of the most relevant
limiting factors for memory cards.

One way to overcome this issue is to exploit both sides of the PCB, as shown in
Fig. 2.41: in this way, the PCB acts as interposer, and components are evenly
flipped on the two sides of the PCB. Height is reduced, but there is an additional -
constraint on design: in fact, since the lower die is flipped, its pads are no longer
matching those of the upper die. The only way to have corresponding pads facing
one another is to design the pad section in such a way that pad to signal cor-
respondence can be scrambled: that is, when a die is used as the bottom one, it is
configured with mirrored-pads. Such a solution is achievable, but chip design is
more complex (signals must be multiplexed in order to perform the scramble) and
chip area is increased, since it might be necessary to have additional pads to
ensure symmetry when flipping.

4 dies, 3 interposers, pads on 2 sides

Wire
Bonding

i

PCB

Fig. 2.40. Standard die stacking

4 dies, 2 interposers, pads on 1-2 sides i
Wire
Bonding

PCB

Fig. 2.41. Flipped die stacking
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substrate

Fig. 2.42. Staircase die stacking: four dies, zero interposers, pads on one side

The real breakthrough is achieved by completely removing the interposer, thus
using all the available height for silicon (apart from a minimum overhead due to
the die-to-die glue). Figure 2.42 shows an implementation, where a staircase
arrangement of the dies is used: any overhead is reduced to the minimum, bonding
does not pose any particular issue and chip mechanical reliability is maintained
(the disoverlap between dies is small compared to the die length, and therefore the
overall stability is not compromised, since the upmost die does not go beyond the
overall center of mass).

The drawback is that such a solution has a heavy impact on chip design, since
all the pads must be located on the same side of the die. In a traditional memory
component, pads are arranged along two sides of the device: circuitry is then
evenly located next to the two pad rows and the array occupies the majority of the
central area. Figure 2.43 shows the floorplan of a memory device whose pads lie
on two opposite sides.

Sense Amp Sense Amp
5
1
Memory é Memory
Array ° Array
|
——SenseAmp L __ SenseAmp

Fig. 2.43. Memory device with pads along opposite sides
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48 2 NAND overview: from memory to systems

If all pads lie on one side, as shown in Fig. 2.44, chip floorplan is heavily
impacted [15]: most of the circuits are moved next to the pads in order to
minimize the length of the connections and to optimize circuit placement. But
some of the circuits still reside on the opposite side of the die (for instance, part of
the decoding logic of the array and part of the page buffers, i.e. the latches where
data are stored, either to be written to the memory or when they are read from the
memory to be provided to the external world).

Of course, such circuits must be connected to the rest of the chip, both from a
functional and from a power supply point of view. Since all pads are on the
opposite side, including power supply ones, it is necessary to re-design the power
rail distribution inside the chip, making sure that the size and geometry of the rails
is designed properly, in order to avoid IR drops issues (i.e. the voltage at the end
of the rail is reduced due to the resistive nature of the metal line).

One of the main disadvantages of staircase stacking is the increased size in the
direction opposite to the pad row. Of course, this fact limits the number of dies,
given a specific package.

| e o o o v o o o - o o - -

Sense Amp Sense Amp
3
Q

Memory § Memory

Array > Array
2
_ __S_efnse; Amp Sense Amp_ -

substrate

Fig. 2.45. “Snake” die stacking
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Once the design effort has been done, a possible alternative is the “snake”
stacking as shown in Fig. 2.45. In this case, thanks to the double side bonding, the
overall size can be clearly reduced.

Recently, another stacking option came into the game: Through Silicon Via
(TSV) [16-19]. With this technology, dies are directly connected without asking
for a wire bonding, as depicted in Fig. 2.46. A 3-D view of one TSV connection is
shown in Fig. 2.47. One of the main advantages is the reduction of the inter-
connection length and the associated parasitic RC. As a result, data transfer rate
can be definitely improved, as well as power consumption.

Interconnect pad TSV

f
Solder ball Bonding ¢channel Substrate
encapsulation

Fig. 2.46. Multiple dic stacking with TSV technology

Top

Top Interconnect Pad

....g.;.::;___’ ——
B Die

Bottom Interconnect Pad

TSV~

Bottom
Pad

Fig. 2.47. Die with TSV (left) and TSV 3-D view (right)
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In fact, DRAM are the main drivers for TSV technology as, with the standard
bonding technology, they cannot stack more than two dies in the same package.

The solutions presented so far exploit advances in stacking techniques,
eventually requiring changes in chip design floorplan. Quite recently, advanced
design and manufacturing solutions have been presented, where the 3D integration
[20] is performed directly at chip level.

2.4.4 3D memories and XLC storage

The 3D concept is simple: instead of stacking several dies, each of which being a
fully-functional memory component, it is possible to embed in the same silicon
die more than one memory array. In this way, all the contro! logic, analog circuits
and the pads can be shared by the different memory arrays. In order to keep the
area to the minimum, the memory arrays are grown one on top of the other,
exploiting the most recent breakthroughs in silicon manufacturing technology.

Two different solutions have been recently presented for NAND Flash
memories: in one case [21, 22], the topology of the memory array is the usual one,
and another array is diffused on top of it, as shown in Fig. 2.48, so that two layers
exist. Therefore the NAND strings (i.e. the series of Flash memory cells which is
the basic building block of the array) are diffused on the X-Y plane. Around the
arrays, all the peripheral circuitry is placed in the first (i.e. lower) layer. The only
exception is the wordline (WL) decoder. To avoid Fowler-Nordheim (FN) erasing
of the unselected layer, all WLs in that layer must be floating, just like the WLs of
unselected blocks in the selected layer. This function is performed by a layer-
dedicated WL decoder.

Bitline
}— DSG<00>
[— WL <00>
f— WL <ot>

F— wL <02>

Jf— wL <03>

- 204 Si layer

[F— WL <on>
886

z Source Line

Fig. 2.48. Three-dimensional horizontal memory array
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2.4 NAND-based systems 51

The second approach [23, 24] is shown in Figs. 2.49 and 5.9: in this case the
NAND strings are orthogonal to the die (along the Z direction). NAND string is
on the plugs located vertically in the holes punched through whole stack of the
gate plates. Each plate acts as control gate except the lowest plate which takes a
role of the lower select gate. 3-D charge trap memories are described in Sect. 5.3.

The density of the memory can also be increased acting at cell level: in its
simplest form, a non-volatile memory cell stores one bit of information: ‘1° when
the cell is erased and ‘0° when it is programmed: Sensing techniques for measuring
the amount of electrical charge stored in the floating gate are described in Chap. 8.
This kind of storage is referred to as Single Level Cell (SLC).

The concept can be extended by having four different charge levels (corresponding
to logic values 00, 01, 10, 11) inside the floating gate, thus leading to the so-called
Multi Level Cell (MLC) approach, i.e. 2 bit/cell. Chapter 10 is entirely dedicated
to MLC NAND devices.

Several devices implementing the 2 bit/cell technology are commercially
available, and indeed MLC has become a synonym for 2 bits/cell. Almost all the
Flash cards contain MLC devices as they are cheaper than SLC.

The circuitry required to read multiple bits out of a cell is of course more
complex than in the case of single bit, but the saving in term of area (and the
increase in density) is worth the complexity. The real disadvantage lies in reduced
endurance and reliability.

In terms of endurance, as already mentioned previously, a SLC solution can
withstand up to 100,000 program/erase cycles for each block, while a MLC
solution is usually limited to 10,000. For this reason, wear leveling algorithms
must be used, as already outlined in Sect. 2.4.1. In terms of reliability, it is clear
that the more levels are used, the more read disturbs can happen, and therefore the
ECC capability must be strengthened.

Bitline

v

=1
}— psa
]

1. Wordline <0>
”_I— ordling

1
H——IF Wordline <1>

]
I Wordline <2>
i

H—:- Wordline <3>

1
DSG —» H—:' Wordline <n>

y{ | i sse
(a) (b)

X Source Line

.
™~
_—

-
oy
o
-
e R

Fig. 2.49. Three dimensional vertical memory array: (a) top down view of 3-D vertical
memory array; (b) equivalent circuit of the vertical NAND string
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52 2 NAND overview: from memory to systems

The concept has been extended recently to 3 bit/cell and 4 bit/cell, where 8 and 16
different charge levels are stored inside the same cell. This storage approach is
known as XLC and it is described in Chap. 16.
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3 Program and erase of NAND memory arrays

Christoph Friederich'

The purpose of NAND Fiash memories as a non-volatile memory is to store the
user data for years without requiring a supply voltage. The state of the art memory
cell for this purpose in NAND Flash is the 1T floating gate memory cell, which is
based on a MOSFET. In contrast to the ITIC DRAM cell, which consists of an
access transistor and a separate capacitance as charge storage node, the 1T floating
gate cell is a MOSFET whose gate dielectric is split with a charge storage node in
between. This charge storing node, usually made of poly-silicon, is electrically
isolated completely by the surrounding dielectrics. Its stored charges represent the
information, and may be altered according to the user data by the program
operation.

The following chapter deals with such program and erase operations and their
embodiments in the NAND Flash memory array. After presenting the single
floating gate memory cell, its charge injection mechanisms and programming
methods are reviewed. Then, the organization of memory cells in the NAND array
and its consequences on the program inhibit as well as cell disturbs are explained.
After that, a brief overview on the erase operation and the erase inhibit follows.
The last section of the chapter is about the impact of variations on the memory
system, or rather the impact of process, data and charge injection variations on the
V. distribution of the memory cells.

3.1 Floating gate cell physics

The program and erase operations alter the number of stored charges in the
memory cell. Therefore they have to take into account the specific properties of
the used memory cell. This section presents the structural design of the floating
gate memory cell as well as a capacitive cell model. There are a lot of different
floating gate cell concepts and corresponding program and erase methods in use
today, each optimized and specific to their field of applications. In the following
we focus on the state of the art ONO IPD floating gate cell for mainstream data
Flash applications.

! Institute for Technical Electronics, Technische Universitit Miinchen, christoph.Friederich@
mytum.de

R. Micheloni et al., [nside NAND Flash Memories, DO 10.1007/978-90-481-9431-5_3, 55
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56 3 Program and erase of NAND memory arrays

3.1.1 The ONO IPD floating gate cell

The floating gate memory cell was proposed by D. Kahng and S. Sze at the Bell
Labs [1]. Based on the Floating-Gate Electron Tunneling MOS (FETMOS) cell
{21, it has gone through several structural innovations {3], becoming the Self-
Aligned Shallow Trench /solation (SA-STI) cell [4] which is widely used today
and shown in Fig. 3.1. The dielectrics surrounding the floating gate are efficiently
isolating the charge storage node, enabling the retention of the stored information
for years without any power supply. In contrast to the Floating-Gate Tunneling
Oxide (FLOTOX) cell [5], it uses the active channel oxide as tunneling medium
instead of employing separate thin oxide areas or additional electrodes.

The side wall oxide and the /nter Word line Dielectric (IWD) isolate the
floating gates from each other. The Inter Poly Dielectric (JPD) separates the poly
silicon Control Gate (CG) from the poly silicon Floating Gate (FG). It is typically
a Si0, — Si;N, — Si0, (ONO) triple layer, but the use of a SiO, — high-k dual layer
for future technology nodes is in discussion [6]. In the most recent technologies in
production the Si;Ny of the triple stack is replaced by a higher-k metal-oxide
based materiai [7].

To recognize also future developments in barrier engineering [8, 9] and gate
materials [10], in the following the more general terms 7unneling Dielectric (TD)
and Coupling Dielectric (CD) are preferred over the specific terms tunneling oxide
and inter poly dielectric and their material implications. So the tunneling dielectric
describes the part of the floating gate isolation which is located between the
floating gate and the silicon surface. There, the charges are injected during the
program and erase operations. The coupling dielectric describes the part of
the floating gate isolation which is located between the floating gate and the
control gate.

WL WL
Y A A U U N T LN T
ca D ca
(/-—_:\\ mr__ﬁ
GP WD WD
FG FG
e \ pp\SEm—s————————
D o
STI
3/D S/D
(a} STI cross section (b) CG cross section

Fig. 3.1. The ONO IPD floating gate cell
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3.1 Floating gate cell physics 57

3.1.2 The band diagram of the floating gate cell

The conducting floating gate is an equipotential surface which enables homogeneous
electric field conditions at the plan surface regions of the floating gate.

To understand the cell physics and its operation principles the band diagram
must be reviewed. The floating gate builds a potential well with the large band-
gap materials used for the tunneling and coupling dielectrics as shown in Fig. 3.2a.

This potential well holds the injected charges on the floating gate. The energy
barrier for the electrons assuming an n-type silicon floating gate and control gate
is ¢p=3.2eV. Often the ONO IPD is replaced by a SiO, placeholder with the
same Equivalent Oxide Thickness (EOT). While for the program operation
(among the others) this simplification is valid, in some cases the actual CD
configuration is relevant [11, 12].

The potential on the floating node is influenced by capacitive coupling with its
environmental nodes as well as by the stored charges. The cell structure is chosen
in a way that the floating gate node is strongly coupled to the potential of its
control gate.

4
~3.2 eV l
Fermilevel  [SIOF ~ -~ 77 77 1si0, [~~~ -~
~9 eV ~1.1eV
Substrate Floating Gate Control Gate
p-type n-iype o n—type
{a) Flat band condition for the floating gate structure
Fermilevel _ _ _ )
A 4
~3.2 eV
SiO, Ve
~9 eV Si0, l
Substratle ™ N | 00 |t [~°°7mTT7"
~-type
i ] ~1.1eV

Floating Gate Control Gate
n-type n-type

(b) The floating gate structure with a positive control gate potential applied

Fig. 3.2. Band diagrams of a floating gate cell
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58 3 Program and erase of NAND memory arrays

This ensures the band bending in the tunneling dielectric to be larger than in the
coupling dielectric as indicated in Fig. 3.2b. This asymmetry of the electric field
across the TD and the CD is the key reason for the fact that injected charges stay
on the floating gate and are not transferred further to the control gate during the
program operation,

3.1.3 Capacitive cell model

The strong capacitive coupling of the floating gate to the control gate by the
coupling dielectric can be modeled by a capacitive cell model. The model (see
Fig. 3.3) for the floating gate cell can be derived from the definition of the
capacitance:

0@ 60
T U yre—

The charge Qy.; on the floating node ;. is the sum of all partial charges 3 6Q;
and with Eq. (3.1) it is

Qrg = Z 0Q; = Z Ci - (Yre — i) = Z (Ci-vra—Ci-4s)  (3.2)

Ci

(3.1)

Therefore the potential of the floating node y,.;, Eq. (3.2) can be written as

Qrc C; Qra C;
! e e Yy == ~+ Yy 3.3
Yra S ; Xe : Cro 21: Cra P (3.3)

The electrostatic condition in the semiconductor channel of the floating gate
cell is linked to the floating gate potential by the MOS capacitance like it is to the
gate potential in a regular MOSFET.

However the floating gate potential can not be directly accessed like the gate in
a MOSFET, but is dependent from the control gate potential, from the potential of
all other surrounding nodes as well as from the stored charges as indicated by Eq.
(3.3).

Figure 3.1 shows the SA-STI floating gate cell which is commonly used for
data Flash memories. The coupling dielectric and the control gate (CG) with its
gate plugs (GP) wrap the FG on three sides. Considering all capacitances shown in
Fig. 3.1 the Eq. (3.3) can be formed to

‘ . Qr¢ | Cs Cp
Yrg = G + Cro s + P YD
C C
+a}:2 s thop + Z:,C'-‘P- R Tole (34)
e 'Fa

The coupling ratios C;/ Cr; are a measure for the influence of the specific
node’s potential on the potential of the floating gate. Of high importance for the
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3.1 Floating gate cell physics 59

program operation is the gate coupling ratio Cp/Cr; since it correlates the control
gate potential with the floating gate one.

In a MOSFET, one definition for the threshold voltage is the gate bias, beyond
flat-band, just starting to induce an inversion charge sheet at the semiconductor
channel. Accordingly for a floating gate cell it can be defined as the control gate
bias causing a floating gate potential which induces an inversion charge sheet at
the semiconductor channel. In contrast to the MOSFET it is not only dependent on
the device parameters but it is also dependent on both the potential of the
surrounding voltage nodes and the amount of stored charges.

Normally the environmental conditions during the read-out operation are
constant and therefore do not contribute to the ¥, shift (Chap. 8). At the threshold
voltage V,, = wce ; the floating node y; has a certain potential [13, p. 312]:

Yvin = Yre = Vrp + 2¢p + 2632NA(2¢B)
TD
Vi [Vi Flat-band voltage
Wy [V] Fermi level from intrinsic Fermi level
&s 1.04:10"* [F/cm] Permittivity of silicon
q 1.60-107 [C] Elementary charge
Ny [cm™) Acceptor impurity concentration

If the stored charges are changed, the same potential y, is established at the
floating node for a different control gate potential y.;,. From Eq. (3.3) the
threshold voltage shift caused by the injection of charges can be derived

PG, Cebp
Yven = wFG*%FGI"i—CF ¢QG1+Z-—-- Yi,1
Yy (QrenYee) = Yv (Qraz Yoc2)
Qrge Qrci  Cop Ccp
0 = ; o _sob
Cros Cros + Cres Pea Cro Pea,2

+Z“““ Y2 — Zb%'dji’l

0 A=

AQre  Cep
0 = +=CL Ay,
Cre Cre th
A v o
AVy, = - C%;C (3.5)

It must be highlighted that the number of charges per V, shift is not primarily
dependent from the physical size of the floating gate nor from the overall floating
gate capacitance. The only parameter which influences the number of electrons is
the coupling capacitance to the control gate C¢p. For a high number of stored
charges the capacitance of the coupling dielectric needs to be increased as much as
possible, e.g. by increasing the floating gate height. This enhances the capacitance
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60 3 Program and erase of NAND memory arrays

between the control gate plugs and the floating gate by area. Another strategy to
serve this purpose is to decrease the electrical thickness of the coupling dielectric
by the use of materials possessing a higher dielectric constant.

¥
— G
Org Vea oQ;
1
G _ Cs G
12 ¥ V’T

Fig. 3.3. Capacitive model! of the floating gate cell

3.2 Altering the stored charges

As already outlined, the stored charges in the floating gate shift the cell’s Vy,
according to the user data. The following section explains the physical mechanism
of the charge transfer to the floating gate and how it is used by the programming
algorithm. Finally the interaction of some cell parameters with the programming
algorithm is discussed.

3.2.1 Fowler-Nordheim tunneling mechanism

By applying a high electric potential between the channel and the control gate, the
band structure of the device is strongly bent. This effectively reduces the tunneling
distance throughout the TD barrier and enables a substantial current into the
charge storage layer for programming or erasing the stored information. The
orientation of this current is given by the polarization of the applied voltages.
According to Eq. (3.4) the gate coupling ratio a = C¢p/Cjy; defines how the
applied control gate potential y; is linked to the floating gate potential y.;:

C . _
Yre & 5@ “Pogr = a-Poc (3.6)
FG

The electric field £ across the tunneling dielectric, assuming a grounded
channel, is given by:

/
E:E)—P;goca-l,")gc (3.7
drp
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3.2 Altering the stored charges 61

Since y; directly translates into the electric field across the tunneling
dielectric by its physical thickness dyp, a is the main parameter for the required
control gate voltages during the program and erase operations.

Field emission or Fowler-Nordheim (FN) tunneling is the dominant tunneling
mechanism through potential barriers of relevant thickness (=2 nm) at high
electric fields [14]. Due to the strong bending of the band structure the effective
barrier thickness is lowered (see Fig. 3.4) and therefore the tunneling probability is
increased.

The tunneling current density /iy through a SiO, barrier can be described by

[15]:
E b0
Jrn = a- e exp ( % (3.8)

wherea=¢° /(16 #* By and b= (4 / 3%) - (2 m q)".

E [MV/cm] Electric field at the injecting interface
Dy feV] Potential barrier at the interface

h 1.06 10°* [Js] Reduced Planck’s constant

m [kg] Electron effective mass in silicon oxide

Two second order effects can be taken into account for a more accurate
description: the influence of temperature and the image force barrier lowering.

Due to the electrostatic effect of a charge near the semiconductor surface, the
image force lowers the effective barrier height. It can be described by the
introduction of two correction functions t(A®z) and v (Ady) which are both
tabulated elliptic integrals as a function of the normalized barrier lowering Ady
[15]:

1 ¢ FE
AdPp = — 3.9
B=3 BY 47 cox (3.9)
Eox 3.45-10°" [F/cm] Permittivity of silicon oxide

bp

Fig. 3.4. Fowler-Nordheim tunneling through a potential barrier
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62 3 Program and erase of NAND memory arrays

Although the tunneling is basically independent from temperature, the Fermi-
Dirac statistics for the occupation of the conduction band by electrons is not.
Taking this into account, a correction factor for the temperature 7' dependency
described by a reciprocal sinc function is introduced:

1 ackT

T) = = 3.10
HT) sinc (wckT)  sin (wekT) (3.10)
where
_2N2m" (AD )
ngE
k 138102 [J/K] Boltzmann’s constant

In modern device technologies the electron energy quantization in the
accumulation region must be also considered for an accurate modeling of the
tunneling current. It results in a field dependent lowering of the oxide barrier
height and an electric field reduction across the barrier [16].

Fowler—Nordheim tunneling shares with other write mechanisms the fact that
the device is stressed by the injection of charges through or over the barrier. This
results in a limited amount of write cycles until either the electric characteristics of
the device is changed or the data retention is degraded.

3.2.2 Incremental step pulse programming ISPP

In order to control the programmed ¥, of the NVM cell a bit-by-bit program
verify algorithm is used [17]. Therefore the program operation is split in several
program pulse steps with a ¥, verification (sensing) operation (Chap. 8) in
between. If the Vy, of a cell is detected above a certain program verify level,
further programming of this single cell will be stopped by setting it in a program
inhibit state (Sect. 3.4). For FN tunneling used as programming mechanism the
gate voltage of the program pulse V), is increased by a constant value 4V, = Ve,
after each program step [18]. Therefore, this programming scheme is called
Incremental Step Pulse Programming (ISPP). The cell’s V), shifts by 4V, which is
equal to V., as shown in Fig. 3.5a.

The graphs in Fig. 3.5 were obtained from a simple capacitor model of a
floating gate cell (Fig. 3.1). By integrating the field dependent tunneling current
across the tunneling dielectric according to Eq. (3.8) during each programming
pulse, the cells ¥V, shift is obtained from Eq. 3.5.

The reason for the equivalence of 4V, and V., is the self limitation of the
tunneling current. The already tunneled charges are decreasing the electric field
between the gate and the channel (Fig 3.5b) and therefore the tunneling current
decreases.

Micron Ex. 1025, p. 71
Micron v. YMTC
IPR2024-00911



3.2 Altering the stored charges 63

The time ¢ dependent electric field E(¢) across the tunneling dielectric can be
expressed using Egs. (3.3) and (3.7) as:

Prg 1 Qra (f/) Ceop (85
Bt = — . + . + Y ah
® drp  drp Cra Cra 355 ZOFG ¥
Vor consgtant
_ 1 [@Qre (t) . Cop _Cep V.
drp Cra Cra ™ Cpg 00
 2e,gN {2
+Ves + 2p + YL af ""’B}]
D
1 Cep Cep Cep
= e 2SR A, ) - SR v e+ 2Ry
drp Cra i {¢) Cra =0T Cre P
Ner ‘
[+
 2e.9N (2
Vg + 2 + Y2eatlal ws)]
Crp
Vin (t}
1 p — “
= o | AV )+ Ving=o | +a- Vi
TD
\/2 N {2
Vg + 2¢p + L2221 a @bs)}
Crp

1 V/2eaN.(2¢5) }

e Vo, = Vi (8] + Vs +2
Ton a - [Vpp = Vi ()] + Vg + 240 + o

1

BO ~ 35

co - [Vip — Vi (8)] (3.11)

In the next program step s the electric field is raised again by applying the
higher programming voltage ¥, = Vpp,.; + Vi to the control gate. This feedback
loop enables an equilibrium state for the mean electric field and therefore also for
the mean tunneling cutrent. This process repeats at each program step and as
indicated in Eq. (3.11) it results in a constant ¥y, shift 4V, with the constant
increase of V,, by V., For this reason incremental step pulse programming is
often referred to as constant current programming scheme. However, this may be
misleading since the tunneling current decreases during each program pulse as the
electric field decreases, but only its mean value is constant over several
consecutive program steps.

In the same way the injected charges decrease the electric field across the TD,
they increase the field across the CD. How tunneled charges alter the band
diagram of a floating gate structure is shown in Fig. 3.6. Compared to the neutral
state in Fig. 3.6a, the tunneled charges raise the floating gate potential and
therefore decrease the electric field in the TD as well as increasing the electric
field in the CD as indicated in Fig. 3.6b.
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Fig. 3.6. Influence of stored charges on the band diagram of a floating gate structure
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3.2.3 Interaction between cell parameters and ISPP

It must be highlighted that due to the feedback loop the Vj, shift in such
incremental step pulse programming schemes is independent from any device

parameter.
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66 3 Program and erase of NAND memory arrays

The control gate coupling ratio o only influences the required program pulse
voltages (Fig. 3.7a and b), since it changes the ratio between the control gate
voltage and the floating gate potential (Eq. (3.6)). Parameters like the barrier
height @ or the effective electron mass m" are influencing the control gate voltage
required to program to a certain V, level. Moreover they have a strong impact on
the mean electric field in the equilibrium state as shown in Fig. 3.7d. Therefore
they may also influence the reliability due to the field dependent charge to
breakdown [19].

Although the presented ISPP algorithm is able to hide some cell parameters and
compensate their variations to a certain extent, they still enable the functionality of
the memory cell. In highly scaled memory cells, the required field asymmetry at
the TD and CD is hard to guarantee for a sufficient ¥, range. This results in
program saturation effects [20] and it degrades the previously stated (and for the
practical use highly important) feedback loop.

3.3 The NAND array

The previous sections described the memory cell and its program mechanism.
However modern non-volatile memories contain millions and billions of memory
cells, organized in a memory array. Row and column decoders address the cells in
the memory array, while write and read circuits control the data input and output
operations. This section briefly recalls the key properties of the NAND array
architecture relevant for the program and erase operations.

The core components of the NAND Flash memory are shown in Fig. 3.8. In the
NAND array the cells are organized in pages, blocks and planes. The page is the
unit for the simultaneous program and read operation, the block is the smallest
possible erase unit consisting of several pages. The top and bottom page buffers
are connected to a pair of bit lines which, in a shielded bit line scheme [21], are
addressed alternately. The bit lines are connected through the string select tran-
sistor to a number of memory transistors in series, which are forming the NAND
string. The ground select transistor isolates the string from the Source Line (SL).
The row decoders control the select lines and word lines in the block. The NAND
strings in a block are selected by the String Select Line (SSL) and the Ground
Select Line (GSL). The blocks are connected alternately to the left and right row
decoder. The two sided staggered page buffer and row decoder placement relaxes
the space requirement in the layout of these circuits. However recent designs
propose single sided layout for both, in order to improve synchronization between
them. Moreover single sided layout improves the cell area efficiency thanks to the
lack of wiring and circuits at three edges of the chip [22]. The unit sizes are given
by the array layout, effectively hiding the physical and technological constraints of
the NAND array from the external world.

The page size is proportional to the number of cells per word line and it is
given by the word line length limited by its RC delay and the bit line pitch limited
by lithography. The block size is proportional to the number of cells per NAND
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3.4 The program operation and its side effects in the NAND array 67

string and it is limited by the circuit ability of handling its series resistance during
the read operation (see Chap. 9). By increasing the page size and therefore the
number of cells operated in parallel the read and write performance can be
increased. By increasing the block size, the cell array efficiency is increased, since
more cells share both the necessary select gate and contact area.

Top page buffer plane 1
BLt BL2 BL3 BL4
3 i 1 |
5L %q :q ;q ;q block |
WA page 172
] 1 | |
5 e HE - page34) | | 5
S ' ] H : H 7 &)
S e page 63/04) | | 8
% GSL u—'l 1r-'| u—l 1r--I %
m IL..l lL_l II_.l ll_.l Qd
% SL v %:’D
- block 2 [ &
block 1024
I I
Bottom page buffer |

Fig. 3.8. Schematic NAND array architecture

3.4 The program operation and its side effects
in the NAND array

The program operation alters the floating gate potential of the selected cells to a
specified target level by injecting charges to the floating gate. With the previously
described incremental step pulse programming scheme, the programming voltage
V., applied to the word line of the selected page is increased by a constant
increment V,, for each program pulse. This increases the charges on the floating
gate by an amount which shifts the cells Vj, by a constant increment AV, After
each program pulse the page is read and the cells which either have reached the
target V' level or should not be programmed at all are set to program inhibit for
the consecutive program pulses. The program operation has finished when either
all cells’ ¥y, are higher than the target V), level or an overall program pulse limit is
reached.
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68 3 Program and erase of NAND memory arrays

The following section describes this program operation, in particular the
programming algorithm. The primary task of the programming algorithm is to
selectively shift the cells’ ¥, (bit by bit) to their target level as accurately as
possible. Therefore it has to take into account the interference effects between the
memory transistors caused by the sharing of voltage nodes in the NAND
architecture. The following section focuses on the bit selectivity by means of the
self-boosted program inhibit (SBPI) scheme and on the corresponding capacitive
string model. Furthermore the relevant disturb effects during SBPI are presented.
The last subsection is about advanced SBPI schemes which are able to reduce the
disturb effects during the program operation, resulting in a more accurate Vy,
control.

3.4.1 Self-boosted program inhibit SBPI

During the program operation, the cells share the high programming voltage on
the selected word line, but the program operation has to be bit selective. Therefore
a high channel potential is able to reduce the voltage drop across the tunneling
dielectric, and it prevents the electrons from tunneling from the channel to the
floating gate as indicated by Fig. 3.9a. In the first NAND Flash devices, the
channel was charged by applying a high voltage, e.g. 8V, to the bit lines
connected to the program inhibited NAND strings. But this method suffers from
several disadvantages [23]:

1. The charge pump has to provide the high inhibit voltage on the high capacitive
bit lines. This is power consuming and it requires a large silicon area for the
charge pumps.

2. There is a high voltage drop between the bit lines connected to inhibited strings
and adjacent bit lines connected to strings which have to be programmed. This
limits the scalability of the memory array due to field breakdown boundary
conditions of the isolating inter bit line dielectrics.

3. The page buffer size is increased due to the transistor size required to handle
high voltages in the input path.

The self boost program inhibit scheme [18] is less power-hunger. By charging
the string select lines and bit lines connected to inhibited cells to the voltage of the
common collector V., the select transistors are closed since the channel potential
is higher than V,; — Vi, .. At this point the channel of the NAND string becomes a
floating node. By raising the word line potential (selected word line to V,, and
unselected word lines to V), the channel potential is boosted by the coupled
series capacitance through the control gate, floating gate, channel and bulk. The
bias conditions of the lines and the corresponding timing diagram of the SBPI
operation are shown in Fig. 3.9b and c, respectively. The voltages applied by the
page buffers to the specific bit lines control whether the select transistors are
closed or open, therefore initiating the self-boosted program inhibit. Since the
page buffers also evaluate the Vy, state of the memory cells during the verify
operation, they have full control on the ISPP operation. This ensures the bit

Micron Ex. 1025, p. 77
Micron v. YMTC
IPR2024-00911



3.4 The program operation and its side effects in the NAND array 69

selectivity of the program algorithm, despite ¥, is applied to all the cells sharing
the selected word line.

a b
BLpgm Bl.inp
cell in program inhibit stat SSL i r“l ll_'l V,
p 918\/' ibit state H— = cc
WLt | g U™ Vopass
i Tl L“T
- 8V ‘ Swiz | U= v,
LTI ) | - Hi .
i WL3 | U Vopass
Il tat pp:
ce mpr%:]:?msae T“____ IIL__
GSL 1 1 GND
] L_% H_q7
__._’ Vg, =GND Vg =V
Conditions of cells selected for Bias conditions during the self boosted
program and program inhibit. program inhibit.
c
BL GND
pgm
H
BL s

v,

pp
M
WL 2
WL 1/3

GND

GSL

SSL

Timing diagram of the self boosted
program inhibit scheme.

Fig. 3.9. Self-boosted program inhibit scheme
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70 3 Program and erase of NAND memory atrays

3.4.2 Capacitive model of the NAND string

The self-boosted program inhibit can be described by a model of the isolated
NAND string and the involved capacitances. The boosted potential 4V, in a
NAND string containing N cells and modeled by the capacitance network shown
in Fig. 3.10a can be expressed by

Ceell
AV h 2 Z (Ccell + Cdep) wh
Ccell
- N — 1)Vipass
N (Ccell + Cdep) ( ) e
Ccell

. 3.12
+N (Ccell + Cdep) P ( )

where C,. is the simplified cell capacitance in the capacitance network of the
memory cell in Fig. 3.10b, as indicated by Fig. 3.10c.

The boosting efficiency 4V 4/ Vyypass is @ measure of the Vs voltage required to
boost the channel potential V,, by AV, Since the boosted channel potential
reduces the electric field across the TD during the program inhibit, a high boosting
efficiency is desired.

From Eq. (3.12) the boosting efficiency is derived:

AV, Coell [(N— 1) + L. Vep }
I/;ma,ss C’cell + Cdep N N V;Jpass
)
= e (] e | e ] 3.13
Ocell + Cdep N Vppas.s ( )

The relation given by Eq. (3.13) contains two important facts about the
boosting efficiency:

1. The boosted channel potential can be increased by minimizing the channel
depletion capacitance Cy,. The cell isolation scheme, as well as the channel
implantation dose, are therefore important technology parameters [24]. For the
same reason, fully depleted SOI or gate all around cell concepts, where Cy, is
zero, are featuring a very high boosting efficiency.

2. The boosted channel potential increases with smaller string length N. Since the
selected word line self boosts the channel with the higher programming voltage
V,p compared to the unselected word lines with V., the boosting efficiency

increases with
L VPP -1
NV

ppass

For an increased boosting efficiency, the modification of the NAND array was
proposed as well, which introduces an additional channel boost capacitance
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perpendicular to the word lines [25]. Indeed the boosted channel potential is
increased, but this solution is not commonly used due to its additional process
complexity and area consumption.

a
Y ca= Y Y o= GND
Ccell Ccell Ccel/ :: Cce/l ::CTD
_ Y chamnel
Ca‘ep c:ciep Cdep :: Cdep
Capacitive model of the NAND string.
b c
Yea=Vum
:: Cc:ell
- Y channet “ Y channei L
TN L
—— Coep ===~ Coep
Capacitive mode! of a floating gate Simplified capacitive model.of the
cell in the NAND string. floating gate cell in the NAND string.

Fig. 3.10. Capacitive models of the NAND string

3.4.3 Disturb effects

Disturb effects alter the memory transistors threshold voltage unintentionally
during memory access operations under the influence of specific disturb
conditions. Since it is essential for an efficient area consumption to arrange the
storage transistors in a contact saving way, the sharing of voltage nodes can not be
avoided. During the read and program operations, positive voltages are applied to
the gate nodes of the memory transistors, wherein the channel is at a lower
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potential or even grounded. Therefore this condition is called gate disturb (also
word line disturb) and it is the most common disturb mechanism in NAND Flash
memory arrays. The positive voltage is able to cause Fowler—Nordheim tunneling
of electrons to the floating gate. This soft programming disturbs the memoty
transistor’s stored state albeit with a slower rate than at the intended program
operation. Since the tunneling current has an exponential dependency from the
voltage drop across the tunneling dielectric, the programming time required to
cause the same V), shift as an intended programming pulse is much longer.
However this fact limits the Number Of Programs (NOP) which can be realized
without influencing the stored memory state. Since the floating gate potential and
therewith the electric field across the tunneling dielectric are dependent on the
cells’ Vy (Eq. (3.11)), erased cells are most vulnerable to soft programming
disturb effects. For disturb effects which slightly erase cells, the highest V), state is
most vulnerable due to the same reason. During the program operation there are
mainly three disturb effects, which all affect cells in a different location of the
memory array.

3.4.3.1 Program disturb

The program disturb applies to the cells sharing the word line with the selected
cells but are set to program inhibit (cell A in Fig. 3.11). Although the program
inhibit boosts the channel potential, soft programming can not be avoided
especially when a high number of program pulses are applied. The effective
programming voltage for these cells is V), — Ve
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—Tll_r:L
WL 4 f.—i]_ = 1]
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Fig. 3.11. Disturb during the program operation in NAND array architecture
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As previously stated, ¥, or rather 4V, is proportional to the applied V), in
SBPI schemes. Therefore the program disturb can be reduced by increasing Vg,
at the expense of an increased pass disturb.

3.4.3.2 Pass disturb

As stated above, the program disturb can be reduced by increasing Vopass-
Unfortunately this increases the pass disturb, which applies to the cells located in
the same NAND string as a selected cell (cell B in Fig. 3.11). In this case the
channel potential is set to ground and the gate nodes are set to the V), voltage.
Therefore the effective programming voltage for these cells is ¥,pas.

Usually there is no pass disturb on the unselected cells in program inhibited
NAND strings (cell C in Fig. 3.11), since Vjpas and the self-boosted channel
potential show only minor differences, insufficient for FN tunneling to take place.
However for short NAND strings based on cell concepts with a high boosting
efficiency due to the missing Cy,, like SOI devices [26] or gate all around
concepts [27], a negative pass disturb (soft erase) during the program operation
can be expected and in fact was recently reported [28]. In this case the
programming pulse V,, boosts the channel potential V., to a much higher level
(see Sect. 3.4.2) than the gate voltage ¥, applied to the passing word lines. This
inverse voltage drop for cells at position C causes electrons to be tunneled out of
their floating gates and results in a lower cell V.

3.4.3.3 Edge disturb

Recently a new disturb mechanism affecting only the edge cells of the NAND
string was reported [29]. It is caused by hot carriers which are created by the
potential drop between the select transistor and the program inhibited NAND
string with its boosted channel potential. The accelerated electrons can stray into
the edge cells (cell D in Fig. 3.11) and there causing a V, shift. The overall disturb
effect is among other parameters, like the maximum voltage on the edge WL, also
dependent from the distance of the select gate to the edge memory cells. This fact
may be a blocking point for further scaling, but could be bypassed by the
introduction of dummy word lines [30]. These additional memory cells are located
between the select transistors and the other memory cells of the NAND string, but
are not used for data storage and so are never set to the high V.

3.4.4 Advanced SBPI schemes

As described in Sect. 3.4.1 the program inhibit is based on boosting the potential
of the floating channel to higher voltages to reduce the electric field at the TD and
therefore prevents charge injection. So SBPI schemes have to create a channel
potential which is as high as possible. However, like all operations involving
floating nodes, it is extremely vulnerable to ieakages. Especially because of the
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low capacitance of the channel, even small leakage currents can degrade the
channel potential and result in an increased program disturb.

One leakage path is the punch through current at the select transistors. The high
potential drop between the boosted channel and the bit or source line during the
program inhibit require a certain minimal length of the select transistor. Another
issue at the select transistor is caused by the capacitive coupling between the
select line and the adjacent word line. During the word line ramp up, capacitive
bounces can slightly open the select device in the sub threshold region, therefore
increasing the leakage [31]. Besides special word line voltage ramping techniques,
schemes which lower the select line voltage during the word line ramp up were
proposed [32, 33].

Other leakage paths comprise junction leakage in the depletion region of the
source/drain junctions as well as substrate leakage in the depletion region of the
channel’s inversion layer.

Besides the boosted potential 4V, expressed by Eq. (3.12), also the precharge
potential in the channel V.. sums up to the boosted channel potential ¥, goos::

Vch,boost - Vch,pre + Am‘h (3‘14)

Advanced SBPI schemes were proposed to maximize V.. in the channel
either from the bit line [34] or from the source line [35]. However in the case of
non-selectively precharging of all NAND strings, either by the bit line or by the
source line, a selective discharge is required. This must be done through the bit
line and its connected page buffer since it holds both the result of the verify
operation and the user data.

3.4.4.1 Local SBPI schemes

In contrast to the global SBPI schemes outlined in the previous section and in
Sect. 3.4.1, local SBPI schemes [36, 37] are mostly independent from string length
and V. With these schemes, the program inhibited cell is isolated from its
NAND string by the adjacent cells. Of course, this is true for all the strings
belonging to the addressed word line. This allows a higher boosting efficiency due
to the exclusive coupling of the cell’s localized channel to the selected word line.
This is in contrast to the global SBPI wherein the whole channel is primarily
coupled to the unselected word lines just because of their number. The bias
conditions of the local SBPI schemes are shown in Fig. 3.12a. The V), applied
to the unselected word lines boosts the channel potential, which closes the
transistors adjacent to the selected cell due to their body effect. The program
inhibited cell forms a single floating node as indicated in Fig. 3.12. The boosted
potential of Eq. (3.12) reduces {o:

Ccell

AV = .
k (ccell -+ Cdep) i

(3.15)

Although the local SBPI scheme features higher boosting efficiency, it also
faces some problems. Especially the low voltage applied to the shielding word line
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next to the selected word line and its program voltage V), is an issue. First of all, it
requires a sequential page programming order from the GSL to the SSL, since the
ground potential of the bit line needs to be passed to the selected cell in the case of
programming. The programming order ensures the cells on the shielding word line
in SSL direction to be erased and open. Second, the local field conditions cause
additional hot carrier disturb effects in scaled technologies [38].

Another issue is the electric field strength in the inter word line dielectric.
Because of device scaling, also the word lines are getting closer, increasing the
electric field caused by the potential drop between the selected and the shielding
word line. The critical field strength of the isolating IWD is a scaling limit for
memories with local SBPI. However channel engineering may allow local self-
boosting conditions for the program inhibited cell without the need for low
voltages applied to the adjacent word lines [39].
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boosted program inhibit. boost program inhibit.

Fig. 3.12. The classic local self boost program inhibit

3.4.4.2 Asymmetric SBPI

Asymmetric SBPI schemes are programming algorithms with a sequential page
programming order and asymmetric voltage conditions for the erased part of the
string and the already programmed part. The main task of asymmetric SBPI
schemes is to reduce the background pattern dependency of the program inhibit.
With higher V), of the cells in the NAND string, the pass disturb shifts to higher
Vppass as shown in Fig. 3.13. This reduces the V)., window, where the program
disturb for all V, target levels as well as the pass disturb is below a certain level.
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Dependent on the 7, of the cells in the string, the precharged potential Ve, pr.
propagates into the string. During the self-boosted inhibit all transistors in the
string are turned on, and the Ve .. is reduced due to charge sharing with the whole
string capacitance. This degradation of V.. causes the background pattern
dependent program disturb. Several asymmetric SBPI schemes were proposed
[40-43] to prevent the charge sharing by isolating the already programmed part of
the string during the program inhibit by various bias conditions as indicated by the

example in Fig. 3.14.
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3.5 The erase operation and the NAND array 77

3.5 The erase operation and the NAND array

The erase operation resets the information of all cells in one block simultaneously.
For this purpose the common p-well of the memory array is charged to a high
positive voltage (~20 V). The word lines of the selected block are grounded. This
results in a high electric field across the tunneling dielectric of the cells in the
selected block and causes the stored electrons to be tunneled out of the floating
gate to the substrate, lowering the cells’ V. In modern technology nodes, the
electric field between adjacent word lines would result in dielectric breakdown
when a non-zero voltage would be applied to some of them in order to prevent the
erase. For this reason the block, i.e. the smallest erase unit, contains all word lines
located between the two select gates (Chap. 8). The erase operation could also be
realized by applying negative voltages to all word lines of the selected block, as is
the case with silicon on insulator array approaches, where no bulk is available at
all. However in this case the row decoders would have to be able to switch both
high negative and high positive voltages (for the programming), with an increased
area consumption. After the erase pulse, an erase verify is done to ensure that all
cells are well erased, followed by additional erase pulses if required. Because of
the positive voltage supply design commonly used in NAND Flash systems, the
challenge is to be able to detect the negative Vy, of the memory cells with no
negative voltage available.

During the erase operation the bit lines and the source line grid are at p-well
potential (off the junction built-in potential), since the n-junctions at the bit line
contacts are biased in forward direction by applying positive voltages to the well.
Therefore the low voltage logic devices of the page buffer have to be isolated from
the bit lines of the cell array during the erase operation.

3.5.1 Self-boosted erase inhibit SBEI

Like in the self-boosted program inhibit, wherein the isolated NAND string is
boosted by raising the word lines to high voltages, word lines can be boosted to
high voltages by the ramped potential of the shared p-well. The electrically
isolated word lines of the unselected blocks are boosted according to the
capacitance ratio of C,.y and the word line capacitance C,,;, while the word lines of
the selected block are kept grounded. By the increased potential of the floating
word lines in the unselected blocks, the tunneling of charges out of their floating
gates is prevented [23].

3.5.2 Erase disturb

Erase disturb, unlike the program disturb, is not usually a big issue in NAND Flash
memories. Since the erase operation affects all cells located in one block at the
same time, there is no relevant intra-block interference. However, like all self-
boosted inhibits which rely on the capacitive coupling of floating nodes, the SBEI
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78 3 Program and erase of NAND memory arrays

is vulnerable to poor boosting efficiency and to insufficient electric isolation of the
floating nodes. Leakage currents in the row decoder can degrade the boosted word
line potential, resulting in a soft erase of the programmed cells in the unselected
blocks. These issues are taken care of by both the row decoder design and process
technology.

3.6 Stochastic effects: Impact on cell distributions

In recent years, stochastic effects in scaled Flash memories came to research
interest concerning the aspects of data retention e.g. [44-46] and the read
operation [47—49]. However there are also stochastic effects affecting the program
operation, which are discussed in this section. These effects influence the program
operation and broaden the obtained V, distribution. They limit the theoretical
accuracy of the program operation, and they are therefore of great interest. The
following section discusses three stochastic effects in NAND Flash memories
which can be addressed by the used programming algorithm.

Since process variations were present since the first Flash memories were
manufactured, they were also the first stochastic effect taken into account in the
program operation.

The second stochastic effect described in this section is the floating gate cross
coupling. Due to its increasing effect on the cell distribution with smaller device
dimensions, it requires more and more sophisticated programming algorithms to
reduce its effective impact.

The third effect is the random fluctuation of the transferred charges during the
program operation, due to its quantum mechanic nature. It is most prominent in
few electron memories, but also will be an issue for the future scaling of state of
the art floating gate memories.

The last subsection is about stochastic Models for Cell System /nteraction
(MCST) which can be used to evaluate the impact of these effects on the resulting
Vi distribution. During the concept phase, MCSI allow both the evaluation of
expected effects and the trade-off between its algorithmic, design and technology
countermeasures.

3.6.1 Process variations

As stated in Sect. 3.2, the programming mechanism used in NAND Flash is FN
tunneling, The most important cell parameter for FN tunneling is the electric field
across the tunneling dielectric. The gate coupling ratio a defines the ratio between
the applied voltage at the control gate and the electric field across the coupling
dielectric (Eq. (3.11)):

S ol e
F = X ¢y .
[4 Z T D (.-l’_[‘ D
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3.6 Stochastic effects: Impact on cell distributions 79

Technology variations in cell dimensions, layer thicknesses and distance to the
neighboring cells influence the capacitive conditions of each cell and result in a
distribution of the cell parameter « and therefore also influence the electric field.
When a fixed programming voltage is applied to the word line, and therefore to
the control gate of several memory transistors, these variations in the electric field
result in a distribution of the amount of tunneled charges. For this reason there
is a native V,, distribution width due to the statistical spread of the cells’
programmability.

The intrinsic minimal distribution width # of the memory array after one single
program pulse, is the difference W=V, ux — Vipmin in the V,, between the fastest
programmable cell and the slowest programmable one.

The influence of the gate coupling ratio on the programming behavior for three
cells with different cell parameters is shown in Fig. 3.15. As already mentioned,
different programming pulse voltages are required to start the programming for
the cells featuring different a values. This increases the distribution width after
each programming pulse until a quasi-static equilibrium state is reached. The
intrinsic distribution width # is a measure of the technological ability to control
cell variations. However process variations can not be avoided and therefore were
subject to algorithmic countermeasure to hide their impact on the memory system.
They were the main motivation for the use of a program verify in combination
with a bit selective program inhibit operation [17].
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Fig. 3.15, Intrinsic distribution width ¥ due to cell to cell variations
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80 3 Program and erase of NAND memory atrays

3.6.2 Floating gate cross-coupling

As derived in Sect. 3.1.3 the threshold voltage of the floating gate cell is not a
device constant but it is also dependent on its environment. In fact it is sensitive to
the stored charges on adjacent floating gates and therefore the V, of a cell is
unintentionally shifted when neighboring cells are programmed. This issue was
first addressed in NOR architecture [51] but it is more severe in NAND
architecture [52] because of the smaller cell size (4F%) and therefore smaller
distance to adjacent cells. For the same reason, device scaling increases the
floating gate cross coupling effect. Figure 3.16 shows the relevant capacitances
involved in the floating gate cross coupling effect in NAND array architecture,

Similarly to Eq. (3.5), the V}, shift caused by a shift 4V},; on an adjacent cell
can be described by

CC’D Ccc P
0 = =SL AV, 228 A .

Crc th + Tt e
GCD Ccc?l AQz

= —= . AV, -+ .
Cra T Cre  Cre
C Cops —C - AVipa

- e G g
Ceci

AVibee = a‘;i“AVth,i::'Yi'AVth,é (3.16)

Considering Eq. (3.16) for each of the eight neighbor cells and their specific
cross coupling ratio y;, the overall ¥y, shift by cross coupling 4V, can be
described by

AVihee= Y % Avins (3.17)

The relevant coupling ratios and their contributions in each direction are
indicated in Fig. 3.17. The face to face cross coupling capacitance C..; is the
largest parasitic capacitance followed by the cross coupling capacitance along the
word line C,,;. It must be noted that the coupling along the word line also
includes the direct interference from the floating gate to the neighbor string
channel [53]. The shielding effect of the control gate plugs reduces C,.,, and
therefore the gate plug height above the AA is a relevant parameter. The diagonal
cross coupling capacitance Cqq, is the smallest parasitic capacitance because of
the larger distance to the relevant neighbor cells. However in today’s technology
nodes the impact of the diagonal cells can not be neglected anymore.

Normally floating gate cross interference is not seen as a stochastic effect due
to its deterministic nature (Eq. (3.17)). However the two factors y; and also 4y,
can be seen as random variables. The first factor y; is due to process variations
which are slightly altering the capacitive ratios. The second factor 4y,,; is related
to the user data, which in most cases can be considered as random.
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Therefore also the impact of floating gate cross coupling on the cells’

Vlh

distribution can be described by a stochastic formalism, especially when not a
single cell, but a large cell ensemble is observed,

Due to the increasing cross coupling effect at smaller technology nodes,
recently this issue is seen as a severe scaling limit for NAND Flash memories [54].
Despite technology countermeasures are under evaluation [55], very successful

algorithmic methods were proposed [56] to suppress the negative impact of

floating gate cross coupling. These methods compensate the shift caused by the
cross coupling effect of the already programmed neighboring cells by injecting

fewer charges:

Micron Ex. 1025, p. 90
Micron v. YMTC
IPR2024-00911



82 3 Program and erase of NAND memory arrays

BL1 BL2 BL3 500 T T T T T T
i 400
| o Yaiag .:>E_3
WL2 ¢ Twt =
g
Yiiag %2
WL 100

T IO N T BT | bt d

0.0 05 1.0 156 20 25 3.0

A Vihi

(a) Top view on a cell array centered on (b) Cross coupling shift AV}, .. in depen-

the victim cell and relevant cross coupling dence from the shift on alt surrounding cells

coefficients. Avy¢p,i in each direction. The cross coupling
coefficients v were obtained from 3D field sim-
ulations at 48 nm.

Fig. 3.17. Maximum amount of cross coupling in NAND architecture

In a first step the random page programming order is replaced by a sequential
one which can take into account the capacitive influence already in place due to
three out of eight neighboring cells [31] in addition to the reduction of the back
pattern dependency [36]. Considering the cross coupling effect of more neighbors
require a complex mapping of the page address to the physical cell location
combined with multiple programming steps. With these sophisticated program
algorithms, even the feasibility of 4 bit per cell storage, requiring excellent V,,
control, was demonstrated [57].

3.6.3 Injection statistics

In NAND Flash, Fowler—Nordheim tunneling is used as injection mechanism,
which is by itself a physical effect based on quantum mechanics statistics. In
previously technology generations this effect was greatly mitigated by the large
number of electrons stored in the floating gate. This large number was balancing
the tunneling current and it compensated tunneling fluctuations, resulting in a very
conform programming operation.

However the injection statistics of electrons was subject of research in single or
few electrons based memory devices [S8—60]. Recently it was also experimentally
demonstrated for state of the art floating gate memory cells in ISPP schemes [61].
For small 4V, < 1 V it can be expressed by its standard deviation o,

OAVth = ”Z%E - AV (3.18)
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3.6 Stochastic effects: Impact on cell distributions 83

For larger 4V, the feedback loop on the mean tunneling current — due to the
electric field of already injected charges (Sect. 3.2.2) — results in a saturation of
o4 [62]. As indicated by Eq. (3.18) the deviation can be reduced either by
reducing 4V, (dependent on program algorithm parameter V) or by increasing
Ccp (dependent on technology and the memory cell concept used). Both
countermeasures are valid options for handling the intrinsic fluctuations of the
tunneling process for future NAND Flash memories [63].

3.6.4 Models for Cell-System Interaction

As just mentioned, in most cases noise effects or other interferences on the cells’
Vi distribution can be either controlled or managed by a variety of different
approaches. Often a trade-off between these options concerning costs, time and
effort as well as their effectiveness needs to be evaluated in a very early phase of
the memory development.
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84 3 Program and erase of NAND memory arrays

Models for Cell-System Interaction (MCSI) are able to assist this balancing
activity. In real memory cells, a whole bunch of different effects are present and
they all have their own influence on the resulting cell’s ¥,. On the other side they
are often mostly independent from each other and additionally they can be
described by a probability density function (pdf). Luckily, from a memory system
designer point of view, the behavior of each specific memory cell doesn’t need to
be predicted. A typical NAND Flash memory system contains several billions of
cells and as long as the cell ensemble as a whole behaves as required, the memory
system is functional. Therefore a stochastic approach for describing the cell
ensemble is chosen, which describes each contribution of the effects to the cells’
V., by a random variable No,. The sum of all random variables represents the net
effect on the cells’ ¥V, distribution and can be described by the convolution * of
their probability density functions [64]:

PAfret (AVin) = pdfno, (AVin) % pdfNo, (AVin) % - - % pdfno, (AVir) (3.19)

Based on such a model, the impact of these effects on the memory system can
be estimated. A MCSI for the impact of various cell geometries on the injection
fluctuations, outlined in the previous subsection, was recently presented [63]. The
cell geometries shown in Fig. 3.18a and b (i.e. their C¢)) influence the required
algorithm setting. The flat control gate geometry [65] features a smaller Ccp due
to the missing area of the GP assuming the same EOT of the coupling dielectrics.
The increase in the standard deviation indicated by Eq. (3.18) can be compensated
by a reduced V., for a certain target distributions width as shown in Fig. 3.18c.
Unfortunately, a reduced ¥V, results in a degradation of the programming speed
[66] so that for high performance Flash memories the surround control gate cell
(Fig. 3.18a) is favorable.
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4 Reliability issues of NAND Flash memories

C. Zambelli’, A. Chimenton® and P. Olivo?

4.1 Introduction

The continuous demand for NAND Flash memories with higher performance and
storage capabilities pushes the manufactures towards the limits of present tech-
nologies and to explore new solutions, both from the physical and the architectural
point of view.

The memory reliability represents one of the major antagonist towards this
unstoppable technological evolution, since the correct operations must be assured
not only when a new product is presented, but they must be demonstrated for the
entire life cycle. In particular, the minimum number of write operations and
the ability of keeping unaltered the stored information for years and years must be
guaranteed.

In this chapter the principal reliability mechanisms affecting the traditional
floating-gate NAND Flash memories will be addressed: the physical aspects
caused by charge transport and trapping in thin insulator layers as well as the
incorrect behaviors related to the array architecture. It will also shown as these
effects increase dramatically their impact when Multi Level Cells (MLC) are
considered. New emerging mechanisms, such as Gate-Induce Drain Leakage
(GIDL), Random Telegraph Noise (RTN) and temperature instabilities will also
be addressed.

4.2 Basic concepts

The concept element of traditional NAND Flash memory cell is a metal oxide
semiconductor device with a floating gate electrically isolated by means of a
tunnel oxide and of an interpoly oxide as sketched in Fig. 4.1 [1]. The former
oxide plays a basic role for the control of the device threshold voltage whose value
represents, from a physical point of view, the stored information. Electrons
transferred into the floating gate give a threshold voltage variation AV, = —Q/C,,,.
In quiescent conditions, thanks to the two oxides, the charge stored does not leak

! Dip. Ing., Universita degli Studi di Ferrara, cristian.zambelli@unife.it
2 Dip. Ing., Universita degli Studi di Ferrara, andrea.chimenton@unife.it
3 Dip. Ing., Universita degli Studi di Ferrara, piero.olivo@unife.it
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90 4 Reliability issues of NAND Flash memories

away, thus granting the nonvolatile paradigm fulfillment. Oxides are available in
different material depending on the BEOL process. The common materials are:
pure silicon dioxide (Si0O,) for tunnel oxides and a stack of oxide-nitride—oxide
(Si0,-Si3N,—SiO,) for interpoly oxides.

CG ' CG
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—_—_—Cpp
s Control Gate D
interpoly oxide F

Floating Gate

G
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Source ) l Drain CS <L CD
B

Substrate

O O
s D

B
Fig. 4.1. FLOTOX device and its equivalent capacitance model

In the last decade attention was paid also to the so-called charge trapping
NAND memories like SONOS (silicon—oxide—nitride—oxide—silicon) and TANOS
(Tantalum—aluminum-nitride—oxide-silicon) as a cost-effective alternative to the
traditional Flotox cell architecture. Their operation principles and physics are
described on this book.

The cells are rearranged into an array organization [2] in which we can define
three basic subdimensions: string, page and block. The definition of the char-
acteristics of each dimension are well depicted on the previous chapters of this
book.

The physical mechanism used for both injecting and extracting electrons
to/from the floating gate is the Fowler—Nordheim (FN) tunneling [3]. High
electrical field applied to the tunnel oxide (Egx = 10 MV/cm) allows for electron
transfer across the thin insulator to the floating gate. In NAND architectures the
electronic tunneling involves the MOS channel/substrate and requires appropriate
biasing of control gate and bulk terminals (see Fig. 4.2), while drain and source
are left floating,

With respect to the Channel Hot Electron mechanism exploited for cell
programming in NOR architectures, FN tunneling requires higher voltages,
therefore much more complex charge pumps and higher programming times. In
addition, the use of the same mechanism for both programming and erasing the
cells exposes the tunnel oxide to a larger degradation, with possible reliability
effects. These drawbacks, however, are compensated by the much lower current
(orders of magnitudes) required by the writing operations significantly improving
power consumption and/or programming parallelism.
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Fig. 4.2. Band diagram sketch of tunneling effect

4.3 Basic reliability effects related to tunnel oxides

During its lifetime a NAND Flash module undergoes a large number of
Program/Erase cycles. Every cycle involves very high electrical fields applied to
the tunnel oxide. The reliability of the entire memory requires that the tunnel
oxide is able to operate correctly under stress conditions. It is obvious that huge
efforts are to be spent to determine the right process for the tunnel oxide creation
(in terms of thickness, material, growth, defectivity, interface, ...) in order to
achieve a successful and reliable NAND technology.

In this section we will analyze the basic physical mechanisms related to the
tunnel oxide and affecting both memory endurance and data retention. The thin
tunnel oxide may be also responsible for other effects, such as over-programming,
possibly producing read errors.

4.3.1 Endurance and intrinsic oxide degradation

The endurance of a memory module is defined as the minimum number of
Program/Erase cycles that the module can withstand before leading to a failure.
The erased and programmed distributions must be suitably separated, in order to
correctly read the logical state of a cell. The difference between EV (Erase
reference Value) and PV (Program reference Value) is defined as the “read margin
window”. However, keeping a correct read margin is not sufficient to guarantee a
correct read operation: if during its lifetime the threshold voltage of an erased cell
exceeds the EV limit and approaches 0 V, the current flowing through the cell
may be not high enough to be identified as “erased” by the reading circuitry, thus
producing a read error. Similarly, a programmed cell could be read as “erased” if
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92 4 Reliability issues of NAND Flash memories

its threshold voltage becomes lower than PV and approaches 0 V. As for the
programmed distribution, it is also important that the upper threshold limit does
not increase significantly with time, since a too high threshold can block the
current flowing through the strings during reading operations.

FN tunneling leads intrinsically to oxide degradation [4]. As a result of
consecutive electron tunneling, traps are generated into the oxide [5]. When filled
by electrons, charged traps can increase the potential barrier thus reducing the
tunneling current, as shown in Fig. 4.3,

Ec @'
Ev
Substrate

.
Floating Gate

Tunnel
Oxide

Fig. 4.3, Band diagram during a program operation: without traps (solid lines in the oxide
region) and with traps (dashed lines in the oxide regions)

Since the programming and erasing pulses feature constant amplitude and
duration, less charge is transferred to and from the floating gate causing an
efficiency reduction of both the program and erase operations. A narrowing of the
read margin window is then expected.

The charge trapped inside the oxide also produces a threshold shift AV, directly
proportional to its amount. The ¥ shift is symmetrical and increases the threshold
voltage of both erased and programmed cells (see Fig. 4.4).

Writing waveform optimization can help in limiting the trapped charge. For
example, it has been shown that the window closure can be reduced by using low
voltage erasing pulses able to remove the charge accumulated in the oxide [6].

As shown in Fig. 4.4, the threshold voltage shifts increase with the number of
program/erase operations until an endurance failure occurs. Threshold voltage
shifts could be recovered by applying specific procedures, that however result not
convenient when comparing their effects with the required architectural overheads
and time consumption.
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4.3 Basic reliability effects refated to tunnel oxides 93

As evidenced in Fig. 4.4, the most critical effect is the increase towards 0 V of
the erased threshold. To check whether all cells of a sector have been correctly
erased (all threshold voltage must be below 0 V), an erase verify procedure is
applied after any erase operation. It consists in a particular read operation
performed by driving simultaneously all the word lines of the sector at 0 V: if the
read current in a bitline is 0, it means that at least a cell blocked the current flow
because its threshold voltage was higher than 0 V. The entire block is marked as
bad block by the memory controlier and no longer addressed [2].
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Fig. 4.4. Threshold voltage degradation during cycling of NAND Flash with different
geometrical features [7}

4.3.2 Hot Hole Injection oxide degradation

The HHI (Hot Hole Injection) or AHI (Anode Hole Injection) is a breakdown
process responsible of tunnel oxide degradation in Flash memories and other side
effects such as erratic bits and temperature instabilities enhancement. Experiments
have evidenced that HHI occurs during the high-field stress and allows the
creation of interfacial states at the substrate—oxide interface. The presence of these
states is responsible for a sensible degradation of the transfer characteristic of the
floating gate devices by lowering its transconductance g, thus further increasing
the threshold voltages level [2].

HHI can be straightforwardly explained by analyzing the band diagram of
Fig. 4.5. For the program operation case an incident tunneling electron arriving at
the Poly-Si anode with energy w,” from the top of silicon conduction band (CB)
creates hole in the valence band (VB) and electron in the CB by direct ionizing
collision in Poly-Si. The excess energy of the primary electron (i.e. the injected
one) is assumed to be equally shared between the generated electron-hole pair.
The generated hole in the Poly-Si VB with an energy wj, is now back injected into
the oxide by tunneling through the oxide/anode interface barrier of energy @7, as
Wy is less than the barrier height @,”.
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Fig. 4.5. Band diagram of HHI (Hot Hole Injection) phenomenon on a NAND Flash
memory structure. The substrate is Si with orientation <100> and the floating gate is n+
doped Poly-Si [8]

During high-field electron transport, holes in the anode are generated when a
significant fraction of the injected electrons lose their kinetic energy either by
emitting surface plasmons or by directly exciting (via phonon scattering) the
anode electrons via interband transition in the case of Poly-Si (majority of Flash
memory modules) and intraband transition in the case of metal such as aluminum
{8, 9].
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Fig. 4.6. AHI probability calculated with triangular hole-energy barrier approximation as a
function of uniform oxide electric field with oxide thickness as a parameter [8]
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4.3 Basic reliability effects related to tunnel oxides 95

According to this physical model, the HHI probability a;, of a tunneling
electron can be calculated as:

o, = Z PO, “.1)

where P, is the probability of hole generation via Impact Tonization in the anode
material, and 8 is the injection probability of the generated hole from the anode
VB. Figure 4.6 shows in particular the HHI probability calculated with the
triangular hole energy barrier approximation as a function of applied oxide electric
field [8].

4.3.3 Data retention

The retention concept is the ability of a memory to keep a stored information over
time with no biases applied. Electron after electron, charge loss could slowly
leading up to a read failure: a programmed cell can be read as erased if its V7 shifts
below 0 V.

The intrinsic retention is mainly limited by tunneling (see Fig. 4.7) through the
oxide even if thermionic emission mechanisms over the barrier can be considered.
Recent studies [10] demonstrated that an oxide thickness of 4.5 nm is enough for
granting theoretical intrinsic retention of 10 years, which is the minimum limit
imposed by present standards.

Floating Gate

Ec

Ec Ev

Substrate

Control Gate

Interpoly Tunnel
Oxide Oxide

Fig. 4.7. Band diagram of the cell when programmed and not biased. The main mechanism
for data loss is tunneling through the tunnel oxide

The cell retention worsen with memory cycling and this effect is appreciable as
a reduction of the Vy levels as sketched in Fig. 4.8 showing the time evolution of
the cumulative ¥y distribution of programmed cells. Charge loss from the floating
gate moves the V- distribution towards lower values.
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Fig. 4.8. Cumulative distribution of a NAND array on Program state. Both detrapping and
SILC effects are appreciable on the time evolution

In additions, a tail in the lower part of the distribution indicates that a small
percentage of cells is losing charge faster than average.

The rigid shift of the cumulative ¥ distribution can be related to the oxide
degradation within the oxide and at the Si-SiO, interface. As described in Sect.
4.3.1, successive electron tunneling leads intrinsically to oxide degradation,
characterized by traps generation. These traps may be responsible for charge foss
from the floating gate towards the silicon substrate. In fact, an empty trap suitably
positioned within the oxide can activate trap assisted tunneling (TAT) mechanisms
characterized by a significantly higher tunnel probability with respect to a
triangular barrier unmodified by the trap presence. In addition, an electron trapped
within the oxide during writing operations and responsible for the V; increase
leading up to endurance failures may be detrapped when the program pulse is
switched off, when the cell is read or even when the cell is not addressed. As a
result, the empty trap may enhance the TAT phenomenon (assuming a positive
charged trap) and, in addition, it can increase the electron field at the floating gate-
tunneling oxide interface thus raising the electron tunnel probability. The required
activation energy for detrapping has been calculated in several experiments about
f.1eV[11].

It is clear that these mechanisms are strongly related to the oxide degradation
and therefore data retention decreases with the number of applied writing pulses.

Results of retention stresses showed that the cells contributing to the tails of the
V7, distribution are characterized by a leakage current larger than the average at the
same stress level [12].

The Stress Induced Leakage Current (SILC) of these cells is attributed to TAT
process of carriers through the tunnel oxide traps. By modeling the behavior of the
tail cells it has been shown that a single TAT model is not consistent with the
observed leakage current, The charge loss of these cells is attributed to a tunneling
process assisted by two traps (2TAT) — see Fig. 4.9.
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The characteristics of this phenomenon are the opposite with respect to

detrapping: low activation energy (0.1-0.3 V) and strong field acceleration.
-6
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Fig. 4.9. Two traps assisted tunneling (2TAT) band diagram (left) and comparison between
the SILC-2TAT model result versus the classical Fowler-Nordheim theory (right) {14]

SILC affects a larger number of cells after each writing cycle, thus confirming
that also this abnormal charge loss is driven by oxide degradation. The position of
leaky cells within the array, however, does not show any clusterization which
could be related to a technological process. In addition, the abnormal leakage is
not permanent: a cell can exhibit a SILC effect after a cycle and behave as normal
when erased and reprogrammed. This result is consistent with a model requiring
two traps with suitable locations within the oxide to activate a SILC effect. Some
of these cells can suffer an erratic behavior [13] due to a trap annihilation/
reactivation process. It has been proved, however, that traps are annealed over 85°C
so high temperatures partially mitigate this effect [14].

4.3.4 Overprogramming

As stated on the previous chapters of this book, it is important that the maximum
programmed threshold voltage doesn’t exceed the OP (Over Programming) limit,
since a too high threshold could inhibit the correct behavior of pass transistor of an
unread cell, thus blocking the current flowing through the string. Besides the
intrinsic oxide wear out, a more subtle effect can move, during programming, the
threshold voltage above the OP limit. This effect, related to the so-called fast
moving bits and to erratic bits [15, 16], has been widely studied in NOR
architectures, in which the accurate control of the erase distribution plays a
fundamental role. In NOR architectures over-erase is caused by some cells
exhibiting an enhancement of the tunneling current and it has been related to
Anode Hole Injection and the subsequent formation of positive charge clusters in
the oxides (see Fig. 4.10).

The presence of erratic behavior (that is a transient behavior in which few cells
exhibit, during their normal operation, a larger tunneling current) has been
observed also when FN tunneling is used for cell programming [15]. Such an
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effect, however, may be controlled by tailoring opportunely the pulse amplitudes
and durations during programming and the V, voltage used in read operation.

Floating Gate

NH™~ luster of charges

Oxide B
+ * +

'

Substrate

Fig. 4.10. Charge cluster model used for explanation of fast-programming bits [15]

4.3.5 General comments concerning oxide degradation

MLC architectures are more prone to reliability effects related to oxide
degradation with respect to SLC (Single Level Cells) memories. In the MLC
approach, the separation between two adjacent threshold levels is a fraction of the
read margin typical of a SLC architecture. Therefore, even a slight V, variation
may lead to a logical error. The charge variation within the floating gate can occur
when the memory is not biased as well as during the program/erase phase
{because of the creation of traps within the oxide able to modify the tunneling
barrier or because of erratic phenomena inducing overprogramming). As an con-
sequence, while a SLC architecture can usually withstand 100 k program-erase
cycles, the typical cycle number for a MLC memory is 10 k [2].

The impact of the reliability effects related to the oxide degradation can be
significantly reduced by using appropriate management policies.

For instance, it is important to distribute the writing stress over the entire
population of cells rather than on a single hot spot, thus avoiding that some blocks
are updated continuously while the others keep unaltered their charge content. It is
clear that blocks whose information is updated frequently are stressed with a large
number of program-erase cycles. In order to keep the aging effects as uniform as
possible, the number of both read and write cycles of each block must be
monitored and stored by the memory controller. Wear Leveling techniques {2, 17]
are based on a logical to physical translation for each sector. When the host
application requires an update on the same logical sector, the memory controller
dynamically maps the data on a different physical sector. The out-of-date copy of
the sector is tagged as both invalid and eligible for erase. In this way all the
physical sectors are evenly used, thus reducing the overall oxide aging.

To reduce possible errors caused by oxide aging and erraticity, Error Correcting
Codes (ECC) are widely used in NAND memories and in particular in MLC
architectures [18].
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4.4 Disturbs related to memory architecture

Architectural solutions for memory operations may also affect the overall
reliability, by producing errors and even cell failures. The most common effects
are the so called “disturbs”, that can be interpreted as the influence of an operation
performed on a cell (Read or Program) on the charge content of a different cell.

Read disturbs are the most frequent source of disturbs in NAND architectures.
This kind of disturb may occur when reading many times the same cell without
any erase operation. All the cells belonging to the same string of the cell to be read
must be driven in a ON state, independently of their stored charge. The relatively
high Vi bias applied on the control gate and the sequence of Vi, pulses applied
during successive read operation may trigger SILC effects in some cells that,
therefore, may gain charge. These cells suffer a positive shift of their threshold
voltage that may lead to read errors (when addressed). Since the SILC effect is not
symmetrical, the cells that may be affected by SILC effects induced by read
disturbs are not necessarily the same that may exhibit data retention problems.
Figure 4.11a shows the typical read disturb configuration.

The probability of suffering a read disturb increases with the cycle number (i.e.
towards the end of the memory useful lifetime) and it is higher in damaged cells.
Read disturbs do not provoke permanent oxide damages: if erased and then repro-
grammed, the correct charge content will be present within the floating gate.

Two other important typologies of disturbs are related to the program operation:
the Pass disturbs and the Program disturbs, which are shown respectively on Fig.
4.11b and c. The former are similar to the read disturbs and affects cells belonging
to the same string of a cell to be programmed. With respect to the read disturb, the
Pass one is characterized by the higher V¢ voltage applied to cells that are not to
be programmed (thus enhancing the electric field applied to the tunnel oxides and
the probability of undesired charge transfer). On the other side, the pass disturb
may be provoked, in the worst case, by a program operation on all the string cells
but the one affected by the disturb (when a string has been fully programmed, an
erase operation must be necessarily performed before any other reprogram):
therefore the disturb duration is much shorter and the cumulative effect of successive
read pulses encountered in read disturbs is not present.

The Program disturbs, on the contrary, affect cells that are not to be
programmed and belong to the same wordline of those that are to be programmed.
In that case the program disturb is strongly related to the voltages and pulse
sequences used for the self-boosting techniques. The criticality of an effective
program operation limiting program disturbs and/or possible successive errors is
attested by the fact that in NAND memories the program operation should follow
a precise and well defined “hierarchy”: it is necessary to start from the cell nearest
to the source selector and proceed along the string up to the cell nearest to the
drain selector. This procedure is important, because the threshold voltage of a cell
depends on the state of the cells placed between the considered cell and the source
contact (the background pattern dependency phenomenon); the series resistance of
the cells is different if they are programmed or erased.
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NAND Flash array. The cells potentially affected by the disturbs are marked in gray
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If this procedure is not followed, the threshold voltage of the cell may be
different in the read phase, with respect to the verify phase.

4.5 Emerging reliability threats

As the technology scaling of NAND Flash proceeds, emerging reliability threats
have to be considered in addition to the traditional issues presented in the previous
sections. The influence of phenomena like the Gate-Induced Drain Leakage and
the Random Telegraph Noise cannot be neglected during the validation phase of a
technology since they introduce new disturb types during the common operations
of a NAND module. This section will introduce a picture of the physical origins of
these issues and describe their effects on a NAND Flash array.

4.5.1 Gate Induced Drain Leakage

The Gate Induced Drain Leakage (GIDL) is a major leakage mechanism occurring
in OFF MOS transistors when high voltages are applied to the drain and it is
attributed to tunneling taking place in the deep-depleted or even inverted region
underneath the gate oxide [19]. When the gate is biased to form an accumulation
layer at the silicon surface, the surface behave like a p region more heavily doped
than the substrate. This effect causes the depletion layer of the junction at the
surface to be more narrow than elsewhere. The narrowing of the depletion layer
near the surface increases the local electric field thus enhancing high field effects
near that region. When the gate voltage in a nMOS transistor is 0 V (or below) and
the drain is biased at a high voltage, the n" drain region under the gate can be
depleted or even inverted (see Fig. 4.12). This effect causes a peak field increase
leading up to high field phenomena such as avalanche multiplication and band-to-
band tunneling. The band-to-band tunneling probability can also be increased by
the presence of surface traps, resulting in a band-trap-band tunneling.

As a result of these effects, minority carrier are emitted in the drain region
underneath the gate and swept laterally to the substrate which is at a lower
potential, thus completing a path for the leakage current.

Figure 4.13 shows the sub-threshold characteristics in an nMOS transistor for
different drain voltages [20].

On NAND arrays the GIDL has been found to produce erroneous programming
in specific cells [24], that is those belonging to WLO0, adjacent to the SSL
transistor. The SSL transistor is OFF during programming and GIDL effects may
be present if its drain is driven at high voltages. This situation occurs because of
the self-boosting techniques adopted to prevent programming. As shown in
Fig. 4.14, if WLO is driven at V,n, to program the cell in the central column, the
channel voltage of the cells sharing the WLO line are to be raised to prevent their
programming.
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Fig. 4.12. Condition for the depletion region near the gate-drain overlap region of a nMOS
transistor when the surface is accumulated with a low negative gate bias (a), and n+ region
is depleted or inverted with high negative gate bias (b) [19]

Because of the self-boosting technique, the source terminal of those cells
(therefore also the drain node of their adjacent SSL transistors) are raised to values
higher than V¢, thus leading up to bias configurations activating GIDL effects.
The electron-holes pair generation follows and the generated electrons are
accelerated at the SSL — WLO space region and can be injected as hot electrons in
the floating gate of WLO cells.

Also the DSL transistors may trigger GIDL mechanisms when boosting effects
take place on cells sharing WL31, but since the voltage applied to the DSL gate
line is V¢, the consequences suffered by cells belonging to WL31 are much lower
with respect to those sharing WLO. Figure 4.15 shows experimental data for three
different cells: WLO and WL31, potentially affected by GIDL disturbs, and a
reference one located in the middle of the string [21].

This unwanted programming in specific cells is supposed to burden in scaled
architectures, since a reduced separation between WLO and SSL lines will increase
the accelerating fields for hot electrons.

Recently, to mitigate GIDL effects, it has been proposed to introduce two
dummy world lines to separate the two select transistors and the effective string of
cells [22]. To reduce the impact of these two additional word lines, longer strings
of 64 cells have been proposed to improve area efficiency.
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Fig. 4.13. Leakage current measured in a nMOS transistor for different drain—source
voltages Vpg in the subthreshold regime, When Vgg approaches 0 V, for high Vpg values
the leakage current is due to GIDL [20]
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Fig. 4.14. Bias conditions possibly activating GIDL effects on SSL transistors belonging
to columns BL;; and BL;4,

A higher number of cells in series (64 cells vs 32 of standard architectures),
however, increase the string resistance so that word-line voltage modulation are
required during read and programming thus ensuring that proper voltage levels are
applied depending on the cell location within the string. For instance, a higher
word-line voltage is used when accessing a cell near the top of the string (close to
the bit line) to compensate for the string resistance.
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Fig. 4.15. Measured program disturbs characteristics for 3 cells belonging to WLO, WL15
and WL31, respectively [21]. NOP indicates the number of partial programming when
multiple writing of a world line is allowed for specific applications. It can be observed that,
for higher values of Vi, the disturb on cell WLO becomes significant

4.5.2 Random Telegraph Noise

The Random Telegraph Noise (RTN) phenomenon has been observed in
semiconductor devices like bipolar transistors and junction field effect transistors
since the 1950s (with others fashioned names like burst noise or popcorn noise). In
MOSFET devices its study has started about 30 years later. The physical concept
of RTN is attributed to a mechanism of capture/emission of single electrons by
interfacial traps with time constants 7. and 7,, resulting in fluctuations of the
transistor drain current and therefore on its threshold voltage. RTN can be
analyzed both in time and frequency domain (see. Fig. 4.16): the former analysis
depict the quasi-binariety of the phenomenon remarking an exponential
distribution of the capture/emission time constants, the latter enables the definition
of a power spectral density law related to 7, and 7, [23].

The amplitude of the RTN is often calculated as a ratio between the drain
current and its variation and typical values ranges from 0.1% and 1%. From the
equation of the MOSFET in strong inversion regime the noise amplitude is
derivable as:
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ID « iunQn = AID = AQ’I + A/u”
]I) Qn :un (42)
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where 44 represents the area over which the mobility is strongly affected by
scattering, When large fluctuations of the drain current occur (i.e. more than 20%
of the nominal value) the RTN phenomena becomes anomalous. On ultranarrow
devices (i.e. W < 40 nm) the quasi-monodimensional channel enhances the
scattering and the multiple defect interaction, thus leading up RTN ratio values
about 60%.

On floating gate cells as those used in NAND, V7 is usually quoted rather than
the drain current. Due to the floating gate coupling coefficient o, the threshold
voltage fluctuation becomes (neglecting the mobility fluctuations):

AV, =—L (4.3)
CoxWLa

which gives a typical value of 25 mV using a 45 nm technology with a tunnel
oxide of 7 nm and a gate coupling ratio of 0.65.

' o ;
E
a, R
z 3
@ o |
3 [a]
: 3 I
< i
g
D - .
L. " corner
, , : frequency
PRI TTIT! I WX TITT | Lededo 2, 024]
0 50 100 1 ?0 200 250 300 350 10° 10! 102 i0°
Time [ms] Frequency [Hz]

Fig. 4.16. Representation of the time domain plot (left) and power spectral density (right)
of the RTN of a MOSFET device [14]

RTN has been recently studied in NOR and NAND architectures {24, 25].
Figure 4.17 shows the cumulative distributions F and 1 — F in a NAND array,
where AV has been calculated as the threshold voltage difference between two
consecutive read operation [26].

It can be observed a AV drift as far as the number of consecutive reading
operation is increased. This RTN drift has been attributed to the presence of slow
trap states within the oxide.
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Fig. 4.17. Drift issue of the random telegraph noise on a read cycled NAND device [14]

The dependence of RTN noise in Flash memories on oxide traps has also been
evidenced by the influence of memory ageing on AVy cumulative distributions:
when increasing the number of Program/erase cycles, new traps are created within
the oxide and, therefore, Vr instabilities are found to be more and more probable,
as shown in Fig. 4.18 [26].

The previous results demonstrate that RTN must be considered when designing
the V1 levels in multilevel architectures since it can produce read errors, in
particular for increasing P/E cycle numbers.

More recently, a new RTN effect has been observed in NOR cells and always
related to the presence/creation of cluster of traps within the oxide [27]. It has
been demonstrated that erratic writing (erase in NOR, program in NAND
architectures) is due to a RTN behavior that is related to the presence/absence of a
cluster of positive charge in the tunnel oxide close to the injecting interface which
strongly affects the result of the FN operation (see Fig. 4.19).
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Fig. 4.18. AV distributions F and 1 — F as a function of the cycle number. The Gaussian
noise contribution to the measured AV is also shown [26]
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Fig. 4.19. Left: charge cluster model in which a positive charge cluster is located close to
the floating gate of a cell in a NOR architecture. Right: electron tunneling barriers of silicon
dioxide seen by electrons at the botiom of the floating gate conduction band in presence
{solid line) or absence (dashed line) of the positive charge cluster [27]. In a NAND cell the
erratic behavior is observed during programming, so that a cluster of traps influences the
FN probability when it is close to the cell channel (i.e. the injecting interface)

\ 4

In particular, when programming a NAND cell, the expected threshold level
can be related to the absence of the positive charge, whereas its presence can
enhance the tunneling current resulting in a final higher threshold level, possibly
leading up to overprogramming issues and/or erroneous programming in MLC
architectures.

4.5.3 Charge injection statistics

The aggressive scaling of NAND memories, necessary to improve their
performances, brings attention to the discrete nature of the charge stored in the
floating gate. The number of electrons determining the stored information, in fact,
continuously decreases with the tunneling area dimension. When only few
electrons control the cell state (i.e. setting the transistor threshold voltage), their
statistical fluctuations determine a non-negligible spread. These fluctuations may
be attributed to the statistics ruling the electron injection into the floating gate
during program or to the electron emission from the floating gate during erase or
retention [28-29], both related to the granular nature of the current flow [30]. A
slight variation of the number of electrons injected during programming may
produce Vy variations possibly leading to errors in MLC architectures.

Cells in NAND MLC architectures are programmed by using a staircase voltage
on the control gate. This kind of waveform allows achieving a constant current
Fowler-Nordheim tunneling: by increasing the wordline voltage after each short
pulse it is possible to compensate the field reduction that follows the electrons
injection into the floating gate (see Fig. 4.20). For sufficiently large step numbers,
a linear Vr increase is obtained, with a AV per step almost equal to the applied
voltage step (see Fig. 4.21).
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b

Fig. 4.20. Electrostatic effect on the injection process: the Floating Gate (FG) potential
changes when an electron is injected from the substrate (a) to the FG (b), reducing the
tunnel oxide field and the tunneling current [30]
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Fig. 4.21, Staircase Vg waveform and corresponding Vr transient in a NAND celi under a
constant-current FN program operation [30]. The step duration is 11 ps

This is due to the programming current convergence toward an equilibrium
stationary value, corresponding to an average number of electrons transferred to
and from the floating gate for each step [31].

The discrete nature of the charge flow introduces, for each cell, a statistical
spread contribution to the resulting AV after each step.

It has been evidenced that the threshold voltage variation spread, indicated as
Gave, depends only on the parameter V., of the programming waveform (i.e. on
- the injected charge per step gn) and not on the pulse duration and on the number
of pulses to achieve AV+. The spread versus the average value of the threshold
voltage variation shows a nearly poissonian behavior for low AV values, while a
sub-poissonian statistics clearly appears for larger AV

Since the evalution of 6,y; on a NAND cells array requires the comparison of
two subsequent read of the device Vy (before and after a determined program
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step), the contributions of the RTN add to the injection statistics and potentially
could affect the analysis. From the theoretical point of view the convolution of the
RTN probability distribution (displaying exponential tails) and the gaussian
probability density describing the injection statistics shows that in the lower ends
of the AV distribution nearly exponential RTN tails appear, while the main part
(used for oav evaluation) remain unaffected, as shown in Fig. 4.22.

— = Inj. statistics + RT.N
— inj, slatistics

Probability

AV, fa]

Fig. 4.22. Probability distributions of the injection statistics with and without the contribution
of the RTN [30]

Furthermore, experiments shown that o,y does not change with cycling,
revealing that the AV statistics is not the result of a change in the charge state of
the tunnel oxide, as the increase of the trap density induced by cycling and
revealed by the larger RTN instabilities has no effect in the extracted threshold
voltage spread (see Fig. 4.23).

On the low AV regime we can express the spread of the threshold voltage
variation in relation of the floating gate to control gate capacitance Cp,. Since
AVy=qn/C,, we have:

q
Oy, =—0,
Mo (4.4)

124
o, =7
considering that for small » values the injection events are rare and uncorrelated,
hence being ruled by a Poisson statistics. By rewriting the first Eq. (4.4)
substituting the second equation result on it and considering that the number of
injected electrons is approximativly equal to the threshold voltage variation, it is

possible to write the formula of the spread under low variation of the threshold
voltage as:

o :_5‘]_\/%: __q._z_f/;— (4.5)

rp pp
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Fig. 4.23. Comparison between two AVy probability distributions. The left one has been
extracted on a fresh NAND device, while the right onc has been extracted after 1,000
Program/Erase cycles on the same device [30]

4.5.4 Temperature instabilities

The Bias Temperature Instability (BT1) has been one the major concern of CMOS
circuit reliability during the last decade, therefore indirectly affecting the NAND
Flash memory as well. Since these memories rely principally on the Fowler—
Nordheim tunneling effect both for program and erase operations, it is worth to
point out the dependency of the tunneling induced oxide stress on the temperature.
An explanation of the BTl occurrence in these memories can be accurately
evaluated by monitoring the temperature dependant threshold voltage V', evolution
with respect to program/erase cycles and stress time.

Figure 4.24 shows the room temperature program/erase cycle evolutions of the
sub-threshold swing (SSW) and the hysteresis voltage Vyys defined as the difference
between Iy in the forward and reverse Vg sweeps (respectively representing
a read operation with increasing/decreasing read voltage). While the SSW in
the programmed cell is nearly independent of the program/erase cycling, that in the
erased cell shows a severe roll up as the number of cycles increases. Therefore, the
generation of N,y (interface traps) during the program/erase FN stress is observed
to be significant only in the erased cell. Basing on the reaction—diffusion (R-D)
model of the released hydrogen species #* in the negative-bias-temperature instability
(NBTD) in p-channel MOS field-effect transistors [32], Ny is repassivated by
back-diffused hydrogen species to Si/SiO, interface, resulting in the immunity of
SSW to P/E cycling in the programmed cell as shown in Fig. 4.24.

However, in an erased cell, the generation of N;; due to broken =Si-H and =Si—
O bonds by hot holes injected from Si substrate is followed by the induction of
serious damages in both the bottom oxide and the Si/SiO, interface as is the case
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in pMOSFETSs subjected to the FN hot hole stress. Moreover, a part of injected
holes are captured by bulk traps in the oxide during the erase operation [32].
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Fig. 4.24. The program/erase cycle evolution of the (a) subthreshold swing (SSW) and the
(b) hysteresis characteristics of a measured NAND-type memory cell [33]
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Fig. 4.25. The program/erase cycle Fowler-Nordheim stress time dependence of threshold
voltage shift (4Vy) in the programmed cell (a) and in the erased cell (b) at various
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112 4 Reliability issues of NAND Flash memories

As a result of the observed phenomena, the bias temperature dependence of the
FN stress time evolution in the erased cell is similar to the recovery of N, that
takes place in the dynamic NBTI stress time evolution in pMOSFETS.

Analyzing the data of Fig. 4.25 it is possible to extract the power-law rule for
the determination of the FN temperature dependence. On programmed cells the
exponent » is almost constant while on the erased cells varies significantly with
temperature due to AHI-induced holes trapped in the oxide in the erased cell
conditions.
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5 Charge trap NAND technologies

Alessandro Grossi®

5.1 Introduction

In the last years a big research effort has been spent in the study of new
technologies that could represent a possible alternative to conventional floating
gate (FG) NAND. In fact even if FG NAND is the dominant technology and there
is no advice of reduction in scaling pace, several physical roadblocks seem to limit
future scalability (e.g. electrostatic interference among adjacent cells). Charge trap
(CT) memories may overcome some of these limitations and represent the best
candidate to substitute FG devices for future nodes [1]. Differently from floating
gate cells that have a semiconductor as storage element, in CT case electrons are
trapped inside a dielectric layer. The different storage material change drastically
cell architecture impacting also on physical mechanisms for write operations (both
program and erase) and reliability.

In this chapter an overview of most important CT characteristics will be done,
describing stack composition, basic functionality and potential issues. Last section
is devoted to an introduction to 3D arrays that are the natural evolution of planar
CT architectures allowing a more compact organization of the cells.

5.2 Planar charge trap NAND

5.2.1 Stack description

Several options are reported in literature for charge trap memories. The reason of
this assortment is caused by the manifold needs that are addressed by the layers
that compose the cell (up to eight different layers have been proposed to realize a
single CT cell). A more detailed insight about the proposed stacks will be done in
a following section, but it could be useful to start the introduction to CT memories
reporting a summary of the basic elements that constitute a CT cell. As shown in
Fig. 5.1, starting from top to bottom of the stack, it is possible to list:

" Numonyx, R&D Technology Development, alessandro.grossi@numonyx.com

R. Micheloni et al., fnside NAND Flash Memories, DO 10.1007/978-90-481-9431-5_35, 115
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Typically gate is a multi-layer stack in order to separately tackle the following
basic requirements: low sheet resistance, correct work-function and good interface
with blocking dielectric.

As in FG NAND, first proposed CT technologies used a gate structure
composed by a top layer with low resistivity (typically a metal silicide) and a
bottom polysilicon layer, but more advanced planar CT devices use full metal
gate.

Like interpoly materials in FG process, blocking dielectric must avoid diffusion
of electrons trapped in storage layer to gate, but this element has to carry out
additional tasks during write operations giving to blocking layer a fundamental
role in cell performance and reliability.

Many requirements must be respected by the ideal blocking material.

72 Blocking layer 777 Gate interpoly diel. Control gate
MR Tunnel [ 1 Storage layer Il Tunnel [ 7] Floating gate
[__1 Junction Substrate [ ] Junction Substrate

a b

Fig. 5.1. Comparison between CT cell stack (a) and conventional FG memory (b)

One of the most important is the very high dielectric constant that allows
increasing the thickness of the layer to improve retention keeping a reasonable
Equivalent Oxide Thickness (EOT) of the whole stack.
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5.2 Planar charge trap NAND 117

Electric field in tunnel dielectric during program or erase is equal to

V.
E — I'B
un EOT

where V; is the bias applied to gate and V5 is the flatband voltage. Looking at Eq.
(5.1) it is clear that a small EOT is mandatory to have the high electric field
needed for fast write operations.

A second crucial requirement is a very limited charge trapping in cycling to
avoid performance degradation during product lifetime. In a scaled technology
node only few hundreds of electrons are stored in trapping layer during program
and this requires a very limited leakage through blocking layer during retention.

To achieve this goal, it is important to assure the highest possible band offset
between the conduction bands of storage and blocking materials since this barrier
plays a fundamental role in limiting charge diffusion from storage layer to gate.
Unfortunately this request is in conflict with the need of high dielectric constant:
in fact looking at the scatter plot between dielectric constant and energy gap
reported in Fig. 5.2, it is possible to appreciate that materials with high dielectric
constant are characterized by limited band gap [2].

Ideal storage dielectric must suit the following basic requirements:

(5.1)

— Very high trap density. A material characterized by many traps can store charge
in a thin layer and this allows maintaining a low EOT for the whole dielectric
stack. Moreover the use of a storage layer with high trap density is becoming
more important scaling technology node since a smaller cell needs a higher
trapped charge to keep the same shift during program due to fringing effects.

— Deep trap levels to limit the risk of electron detrapping through tunnel and
blocking layers.

— High dielectric constant in order to reduce stack EOT.

Like in FG NAND, the role of tunnel is fundamental to realize a cell with good
performance and reliability. Since tunnel thickness is scaled compared to FG
NAND, it is mandatory the use of a dielectric with a very high band offset and low
trap density to limit leakage during retention. Silicon oxide fits both requirements
and moreover can be easily obtained in thin layers with low defectivity. For these
reasons most charge trap cells proposed up to now use silicon oxide alone or in
multi-layer stacks to modulate tunnel barrier shape [3].

No special requirement is needed for substrate of charge trap memories. Most
technologies presented in literature use a conventional silicon substrate, only few
papers present a different substrate choice like Silicon-On-Insulator (SOT) [4].

5.2.2 Cell write mechanisms
Band diagrams of SONOS and floating gate stacks are compared in Fig. 5.3. Basic

concept of the two memories is the same: energy of electrons inside storage
materials (typically nitride for charge storage devices and polysilicon for FG cells)
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118 35 Charge trap NAND technologies

is lower then bottom of conduction bands of tunnel and blocking dielectrics
preventing diffusion of trapped charge.

For both cells, write operations consist in the modulation of the number of
stored electrons by mean of tunneling currents obtained applying a different bias
to gate and substrate.
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Fig. 5.2. Band gap versus relative dielectric constant for some dielectric materials
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Fig. 5.3. Band diagram comparison between SONOS (a) and floating gate (b)
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5.2 Planar charge trap NAND 119

Differently to FG devices for which Fowler-Nordheim current in tunnel oxide
is the only relevant mechanism for write operations, more mechanisms contribute
to program and erase behavior for CT cells. Development of simulation tools [5,
6] able to quantify the contribution of each of these phenomena and match the
experimental characteristics is a fundamental research activity for optimization of
cell stack. Purpose of this section is to describe physical background necessary for
the comprehension of write operations of a CT cell.

Program

In Fig. 5.4 the band diagram of a typical CT cell during program is reported with a
description of main active mechanisms. Electric field in cell stack injects electrons
from substrate in active dielectrics. A part of this charge is captured by traps
inside storage layer increasing cell threshold. The following equation describes the
number of electrons trapped as a function of time:

dNy (1)

i Jpn [N 7o~ Np(t )]/ q (5.2)

where ar is the capture cross section, Jyy is the Fowler—Nordheim current density
(i.e. density of the current injected from substrate) and Ny, is trap density in
storage layer.

Electrons that are not trapped in storage layer flow through the stack without
any interaction and are collected by gate electrode. This current, which does not
contribute to cell programming, is not present in FG cells. This difference explains
the lower CT efficiency compared to FG that could be quantified by ramp
program slope. If program is performed with a voltage ramp, cell threshold shifts
with constant slope after a transient time. The ratio between threshold shift and
voltage ramp is 1 for FG, whereas in CT cells this number is lower than 1 and
measures the program degradation of a specific CT architecture.

Differently from FG, in CT cells a significant percentage of stored electrons
detraps during all program operation through blocking dielectric due to Poole—
Frenkel and tunneling emission. In case of Poole—Frenkel emission, trapped
electrons are thermally excited to conduction band and then detrapped from
storage layer by the electric field.

At the end of program operation efficiency drops for three reasons:

— Increased detrapping due to higher electric field in storage and blocking layers

— Reduced number of electrons injected from substrate due to lower tunnel
electric field

— Less electrons captured due to limited number of free trap levels available

When number of detrapped and trapped electrons is equal, cell threshold
saturates. A saturation threshold independent by program condition is typically
caused by the lack of free trap levels in storage element, whereas a variable
saturation threshold is obtained when the number of trapped and detrapped
electrons reaches a balanced condition.
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Storage | Tunnel

Gate Blocking layer l Substrate

layer layer
Fig. 5.4. Band structure of a typical stack during program with most important mechanisms:
(a) tunneling ¢lectrons without interaction with storage layer; (b) trapped electrons; {c) Poole—
Frenkel detrapping; (d) tunneling detrapping

Erase

As shown in Fig. 5.5, erase is the result of electron detrapping due to tunneling.
Since tunnel probability is higher for charge trapped in shallower traps, storage
materials with trap levels near conduction band are characterized by fast erase, but
poor retention. Vice versa deep trap dielectrics have good retention properties and
limited erase performance.

To overcome this trade-off, band engineered (BE) tunnel stacks activate hole
injection to speed up erase. Holes usually do not have a significant impact on
erase since typical thickness of a single layer tunnel oxide prevents their injection
from substrate, but the use of a BE tunnel layer can increase many orders of
magnitude injected hole number providing a faster erase and lower cycling
degradation [7)].

Electron detrapping through tunnel layer can be partially compensated by
trapping in storage dielectric of electrons injected from gate. This parasitic back-
tunneling current can be limited by the optimization of gate and blocking layers
since the increased band offset between gate materials with high work-function
and blocking layer lowers tunneling probability and the introduction of blocking
layers with elevated dielectric constant reduces electric field. Like in program
operation, also threshold during an erase pulse tends to reach a saturation value
given by the balance of detrapping and trapping currents.
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Gate
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layer

Storage ' Tunnel

layer
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Fig. 5.5. Band structure of a typical stack during erase with most important mechanisms:
(a) electrons detrapped from storage layer; (b) hole injection (minor for standard tunnel
oxide); (¢) back-tunneling current; (d) electrons trapped in storage layer

5.2.3 Stack options

In the last decade many CT NAND options have been proposed to continuously
improve cell performance. The criterion used to depict these architectures is the
description of the materials that realize the basic components of cell stack (Table
5.1). In this section a review of the most important CT options are reported.

Table 5.1. Summary of the most important acronyms used for CT memories

BE-
SONOS SANOS MANOS MANOS
Gate polySilicon polySilicon Metal Metal
Bllzcy];‘r“g silicon diOxide ~ Alumina Alumina Alumina
Storage layer  silicon Nitride  silicon Nitride silicon Nitride silicon
gelay ¢ Nitride
Band
Tunnel layer  silicon diOxide  silicon diOxide  silicon diOxide Engineered
Oxide
Substrate Silicon Silicon Silicon Silicon
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122 5 Charge trap NAND technologies

SONOS (Silicon-Oxide-Nitride-Oxide-Silicon) [8] is the simplest and first
proposed stack. The basic limitation of this architecture is related to the use of the
same material for tunnel and blocking dielectric. As a result of this choice when
there is no charge stored in nitride layer, the electric field is the same in tunnel and
blocking oxide. As a result, erase operation is very slow and erase saturation
threshold is near native threshold.

SANOS cell has been the first improvement of SONOS using ALO; as
blocking layer. This change drastically reduces electric field in blocking layer due
to the higher dielectric constant of alumina compared to oxide, shifting to lower
values erase saturation threshold. Moreover with this stack is possible to reduce
total EOT thickness of the cell stack increasing the electric field on tunnel and
improving program and erase speed.

As explained in Fig. 5.6, introduction of metal as bottom gate layer gave an
additional improvement compared to SANOS since use of materials characterized
by work-function higher then n-doped silicon grants a faster and more effective
erase [9]. In the session devoted to write operations, it has been explained that gate
work-function plays a crucial role in controlling back-tunneling phenomenon that
must be carefully considered and limited to guarantee good erase performance of
CT cells. The acronyms used to indicate this option are MANOS (more general to
indicate any metal layer) or TANOS (this latter term is used when metal is
tantalum or titanium nitride). Alumina and nitride are still the most studied and
promising materials for charge trap NAND devices, but many other candidates
have been considered.

polySilicon I Oxide | Nitride I Oxidel Silicon

———  SONOS
——— MANOS

Metal Alumina l Nitride iOxide} Silicon

Fig. 5.6. Band structure comparison between SONOS and MANOS stacks with same EOT,
In the inset on the left: gate-blocking region after alignment of Fermi level of electrons in
gate and gate-blocking interface. A clear increase of barrier preventing back-tunneling
injection is visible for MANOS.
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5.2 Planar charge trap NAND 123

MHNOS (or THNOS) and MAHOS (or TAHOS) are the words typically used
to define a general stack using a high £ dielectric as blocking or storage layer
respectively.

As explained before, recently multi-layer stacks have been proposed to obtain
better blocking, storage or tunnel performances. Only two multi-layer options will
be reported here: MAONOS and BE-MANOS.

MAONOS is the acronym used to describe a widely proposed double-layer
blocking dielectric [10]. A thin bottom silicon oxide provides a better band offset
with nifride to improve retention whereas thicker top alumina layer limits total
EOT and improve cell performance.

As explained in the section about write mechanisms, BE-MANOS [11, 12] (i.e.
MANOS stack with band engineered tunnel) represents a promising improvement
of standard MANOS architecture. Many stacks have been proposed to obtain a BE
tunnel, but the typical multi-layer structure is made by a bottom and top layers of
Si0, including a different dielectric (e.g. SisN4 or HfO,).

Purpose of the SiO, layers is to get better retention preventing electron
tunneling from storage layer to substrate or vice versa, whereas the inner dielectric
modulates the tunnel barrier allowing a higher current during program and erase
(Fig. 5.7).

Storage . .
Standard tunnel (oxide) | Silicon

layer

~ = = Standard tunnel

——— BE tunnel

Oxide

Storage Nitride Oxide Silicon

layer

Band Engineered tunnel

Fig. 5.7. Band structure comparison between two stacks with same EQOT and different
tunnel during erase. Smaller barrier for hole injection is pointed out in case of BE tunnel
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5.2.4 Why charge trap memories?

As reported in the introduction, charge trap NAND architecture is now deeply
investigated since it could represent a viable solution for some issues that can limit
future scalability of present FG NAND. Most impottant improvements are:

~ Huge electrostatic interference reduction
~ Higher immunity to active oxide defectivity
— Easier process integration

In FG NAND a lot of activity has been done on process [13, 14] and algorithms
to limit fringing issues, but a clear worsening of this phenomenon is observed
scaling the technology node. Even if CT NAND are not completely unaffected by
this problem [15], a drastic fringing improvement could be measured comparing
CT versus FG at the same technology node.

Blocking layer Gate R Interpoly diel. Control gate
MR Tunnel [ storage layer M Tunnel {71 Floafing gate
] Isolation 7] Substrate [ ] Isolation "7 Substrate

a b

Fig. 5.8. Bitline cross-section of charge trap (a) and floating gate (b) NAND

The second big advantage of CT compared with FG NAND cells is the higher
resistance to active dielectric defectivity both native or SILC. Stress Induced
Leakage Current (SILC) is the defectivity caused in active oxides by electrical
stress. In case of a defect in tunnel or interpoly oxide, almost all the charge inside
a FG cell is suddenly lost, whereas in CT NAND only the charge stored near the
defect is detrapped. Superior robustness to defectivity issues allows CT NAND to
greatly shrink tunnel oxide thickness without any major retention problem.
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5.3 3D charge trap memories 125

Also from process integration point of view, CT flow provides advantages
compared to FG architecture resulting in higher cell scalability. As shown in Fig.
5.8, in FG technologies bitline pitch is equal to the sum of floating gate width, two
interpoly layers and control gate coupling/shield layer width, and the scaling of all
these parameters have a direct impact on cell performance and reliability. On the
contrary, charge trap memories are characterized by a flat architecture that allows
an easier shrink path.

CT process has some beneficial effects also in wordline pitch reduction since
floating gate removal simplifies wordline lithography and etch. A further
opportunity to scale down wordline pitch could be obtained by the introduction of
junctionless approach that has been demonstrated in CT architecture [16, 17]. Due
to floating gate removal, gate control of junction area is higher for CT cells. In a
scaled technology node with an optimized channel doping profile engineering, the
limited space between two adjacent cells could be inverted by the pass bias even
without any junction and the removal of junction implant increases cell gate
effective length allowing a further scaling for this specific CT architecture.

5.2.5 Planar charge trap issues

Even if CT NAND array are a promising solution to critical issues that will
prevent future scalabitity of FG memories, they have specific marginalities that
could limit performances or reliability. Two problems have been introduced in the
section about write operations. As explained, both in program and in erase cell
threshold saturates providing an operative working window typically smaller then
standard FG one. More advanced CT architectures have greatly improved this
parameter, but other progresses must be introduced to fulfill market trend to use
products with many bits for each cell.

Other possible marginalities can be caused by program slope reduction
explained during the description of write mechanisms. The higher bias needed to
compensate limited program efficiency can induce stack degradation and enhance
program disturb marginalities. Also read disturb is usually worse then FG case due
to tunnel thickness reduction possible in CT arrays as a result of the superior
robustness to tunnel defectivity. As reported in literature [18], improvements to
disturb problems can be obtained increasing blocking layer band offset versus
storage layer or introducing a band engineered tunnel dielectric.

Last critical item about CT is cycling degradation due to active oxides
worsening caused by the higher current that flows through a CT stack compared
with a FG one in write operations and by the increased bias in program.

5.3 3D charge trap memories

Even if planar charge trap memories seem a promising option to overcome scaling
issues of FG products, more effective array organizations are continuously under
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development. 3D arrays could represent the most cost efficient solution for mass
storage NAND products.

The most spontaneous solution to realize a 3D array consists in the multiple
stacking of many planar arrays [19]. Even if this solution is able to realize
products with a very small equivalent cell area, its process cost is high since many
critical masks must be replicated for each vertical level. Equivalent cell area is
equal to unit cell area divided by the number of vertical levels used by 3D
architecture.

To overcome cost issue, recently alternative architectures characterized by
vertical channel have been presented. The fundamental feature common to these
arrays is the reduced number of masks since critical masks are exposed only once
to etch all vertical levels at the same time. Most research activity in 3D array
development seems now focused on vertical channel arrays because products
realized with these technologies have a very good cost versus cell density ratio.

In Fig. 5.9 is reported a generic cross-section of a gate-all-around vertical
channel technology.

Most relevant characteristics of three promising 3D organizations with vertical
channel are summarized in Table 5.2.

Table 5.2. Summary of the most important characteristics of 3D vertical channel arrays

BiCS [20] VRAT [21] TCAT [22]
Cell operation Depletion - Enhancement
mode
Gate all around Yes No Yes
Gate/channel first Gate first Channel first Channel first
Gate p+ polysilicon n+ polysilicon Tungsten
Blocking/storage/ Oxide/nitride/ Alumina/nitride/ Oxide/nitride/
tunnel oxide oxide oxide
Channel n polysilicon Polysilicon p polysilicon

Cell operation mode is a critical parameter for any 3D array. For vertical
channel architecture, process integration of an enhancement mode cell could be
more complex since implant doping is critical due to channel orientation and in
situ doping of a p type polysilicon is not easy to control. On the other side,
depletion mode cells are less robust to leakage issues then enhancement mode
ones causing an increased off current or a less effective boosting of unselected
bitlines during program.

Gate-all-around has a double beneficial impact on cell performances. A better
sub-threshold slope and a reduced leakage can be achieved if gate completely
wraps around the channel.

The second advantage is that electric field is higher in tunnel oxide due to
different curvature radius of active layers resulting in a significant cell perform-
ance improvement compared to planar structures.
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5.3 3D charge trap memories 127

Like in planar NAND, cell electrical performances and equivalent cell area will
be fundamental parameters to evaluate a new architecture, but in 3D case
robustness to process marginalities will be a key parameter for a successful
technology.

Bitline

Upper
—

selector

Wordline ¢ =
—

Lower
—

selector

Substrate

Channel

Fig. 5.9. Cross-section of a general 3D array with vertical channel

Since each process has its specific weak points, it is not possible to perform a
complete review of potential issues, but a general problem that should be managed
by any future 3D organization is thickness and uniformity control for tunnel,
storage and blocking fayers.
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6 Control logic

A. Marelli’, R. Micheloni? and R. Ravasio®

6.1 Logic device view

Logic is the part of the NAND device that enables the communication with the
external user and organizes data inside the device and the functionalities of the
device itself. It represents the interface with the user and the brain of the device.

As it is possible to see in Fig. 6.1, the logic area is very small in comparison
with pumps or page buffers.
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Fig. 6.1. Picture of a NAND 4 Gb MLC device, where the logic part is highlighted [1]
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6 Control logic

The basic logic blocks are divided in six groups with different functionalities.

. Control Interface, said CI [2, 3]. It represents the command interface between
the device and the external user.

. Microcontroller. It represents the device’s “brain”, because it stores and executes
the algorithms the device has to perform. Therefore, microcontroller is able to
move all the device parts involved in read, program or erase operations.

. Redundancy: it can be managed by the microcontroller or it can be implemented
as a finite state machine (Chap. 13). This logic is used to increase the wafer
yield.

. Error Correction Code (ECC) [4] can be embedded in the memory device
(Chap. 14). This algorithm enhances the reliability of the read operation in the
customer final application.

. As we will see in Chap 15, the memory testing is a fundamental functionality.
For this reason, there could be a Test Interface (TT) block on the device, that
constitutes the interface with the user when device is in test mode.

. Datapath. Basically, it is the fast link between 1Os and page buffers.
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Fig. 6.2. Logic view of a NAND device
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In addition to these groups, there are a lot of registers in the device, storing the
configurations of the device as the pumps voltages or the different ways an analog
circuit can behave or an algorithm can be executed. Moreover, often an analog
circuit is paired with a logic circuit able to control its functioning, e.g. row
decoder. Figure 6.2 is the logic view of a NAND device.

6.2 Command interface

As already said, the first function a NAND memory must be able to do is to
communicate with the external user, i.e. a memory has to understand commands,
take data and output data.

The logic block implementing this functionality is basically a finite state
machine and is represented by Command Interface (CI) when the device is in user
mode and by Test Interface (TI) when the device is in test mode.

Cl understands legal or illegal command sequences, defined in the device
specification and interacts with other logic blocks as datapath or microcontroller.
Cl is composed by a huge finite state machine clocked by WE# and driven by all
1/0 signals such as ALE or CLE.

Figure 6.3 represents CI and its interaction blocks.

1. I/O is represented by all control signals toward the external user; R/B#, CLE,
ALE, WP#, WE#, RE#, CE#, STACK_ID[1:0], DQ[7:0].

. Reset Interface exchanges reset information with logic global reset.

. Datapath interface controls datapath inputs and outputs.

. Test interface switches between user mode and test mode and vice versa.

. Firmware Control Interface enables microcontroller to execute the algorlthms

. Schematically CI is sketched in Fig. 6.4.

SN b LN

Resef
Interface

Firmware
Control
Interface

Command
Interface

Datapath
interface

Test
Interface

I/O Interface

Fig. 6.3. Command interface and its interaction blocks
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Fig. 6.4. C] basic representation

Cl is constituted by a huge Finite State Machine divided in multiple finite state
machines. Only one FSM works at a time.

In order to be sure that the machine works as designed, every FSM has to leave
the machine in the IDLE state. An illegal command sequence has to leave the
machine in the IDLE state, too. Every FSM exits from that state with a particular
command sequence.

Program

Fig. 6.5. Representation of the general FSM
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6.2 Command interface 135

Command Interface Controller disables a specific FSM if the relative command
is not allowed.

User Regs are common registers among all the FSMs, such as the busy flag,
read allowed flag or die select.

Add Loader latches the address. It is enabled and controlied by the specific
FSM active at that moment.

During power on, the Cl Controller disables every commands, so that all the
FSMs are disabled, too. The signal CI_ENABLE inputs CI Controller from power
on logic, in order to enable the CI Controller and the commands receiving.

The commands legal for the CI are those described in the device specification
(Chap. 2). There exist also some special commands, that NAND vendors reserve
to key customers, handled by a FSM called Cmd Special.

CMD = 80h &&
FSM enabled

Dualplane
Wait for 2

cMD CMD=80h [ 81h

CMD -
@ @

h Ne CMD

X+Y address
received

CMD=10h

CMD=80

Wait for
Address

Wait
Address
RDI

No CMD Wait for X+Y address received
Confirm
RO} CMD = 85h
Received

Fig. 6.6. subFSM for a program sequence

CMD=80h
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136 6 Control logic

Also the CI Controller is constituted by a FSM that recognizes if a specific
command is a read, a program or an erase and enables the correct subFSM. Every
time the Controller receives an illegal sequence, the device goes into the IDLE
state as represented in Fig. 6.5.

In the following, we will show a program sequence. The subFSM enabled in
this case is represented in Fig. 6.6.

Generally, a program sequence starts with the command 80h. If the correct
FSM is enabled, it goes in the CMD Received state and waits for an address.

In this phase, this subFSM controls the Address Loader. The address is
constituted by a specific number of bytes identifying the wordline and the bitline
that must be written.

Address Loader is represented in Fig. 6.7.

If the command is a single plane program, the address is stored in both planes
until the plane address is latched. At that point, only one plane is active, since the
not involved plane is disabled. On the other hand, if we are dealing with a dual
plane program, the address is stored in both planes until the plane address is input
and the not selected plane is disabled. On the second plane, bytes are overwritten
with the correct plane address. In this way both planes are active (Chap. 2).

Coming back to the flow of Fig. 6.6, the FSM is now able to receive data. A
signal enables data input through datapath, at the end the subFSM waits for the
confirm command.

Before confirming and starting a program, it is possible to execute a Random
Data [nput (RD]) command. The new command needs a new address. .

It is also possible to execute a dual plane operation. In this case, the FSM waits
for a dualplane command, new address and new data. If a dualplane command is
issued an internal flag is set.

PLANEO  PLANE 1
1 N ™

CcoL1 COL 1
COL 2 COL 2
ROW 1 ROW 1
ROW 2 ROW 2
ROW 3 ROW 3
\ AN J
A ‘\T rn
o 3 3 -
o = @
< Tl e €
I3 [ [ _q!
o 8 S T
Add Loader

-

enable loader bytes number } Cl Controlier

Fig. 6.7. Basic Address Loader scheme
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6.3 Test interface 137

After the confirm command (10h), the device goes busy and CI enables a signal
ci_program that activates microcontroller to execute the program algorithm.

If the command sequence is interrupted by illegal instructions, the FSM goes
back into the IDLE state.

When microcontroller executes a specific algorithm, the device is busy. The
only command CI is able to accept during device busy state is reset command and
testmode entry command.

6.3 Test interface

Test Interface (TI) is used as interface, when we want to test some particular
device features not accessible in usermode. Test Interface is enabled by a specific
command sequence, called testmode entry. When the device is in testmode, it is
possible to access Address Loader.

Generally, a device can have these modes:

e Usermode that represents the standard functionality, where commands described
in the device specification are available

o Usertestmode that represents the standard functionality plus some particular
commands

e Testmode that is the test operational mode

Figure 6.8 represents how it is possible to change the operational modes with
proper command sequences recognized by the CI Controller.

USERMODE

(Only user commands)

N Testmode Suspend Command 4
USERTESTMODE TESTMODE
(User and Test Extra Testmode Resume Command (Test bits setup)
Commands) >
W, \.

Fig. 6.8. Flow diagram used to change operational modes among usermode, usertestmode
and testmode
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Fig. 6.9. Test Mode entry and direct Test Mode entry through the TMFAST pad

In order to have an easier and fast way to enter testmode, some devices have a
special pad TMFAST that can be accessed only at wafer level. When TMFAST is
forced to “1”, the memory is directly in testmode as depicted in Fig. 6.9, where the
two ways to enter testmode are shown.

Once TI is enabled, it substitutes CI: TI recognizes the command set and drives
input and output data/address on the logic bus.

Generally, TI is allowed to access the different registers and different memory
circuits without the aid of the microcontroller. A special command set is avaiiable
to the TI to access registers and page buffers:

Read PB. Data are read from page buffers.

Read CNTRL REG. Data are read from control registers.
Write PB. Data are written in the page buffers.

Write CNTRL REG. Data are written in the control registers.

Read and write commands can have particular features, such as the auto-
increment and the possibility to perform logical operations on the output bits. For
example, it is possible to read and verify the content of all the page buffers in
sequence. Obviously, T is used also to validate the microcontroller behaviour. In
order to test microcontroller, it is possible to suspend an algorithm and to re-start
it from a different point to observe the exit status.

Tl is built as a finite state machine in an similar way to Command Interface.

Test Interface works on Datapath through CI Controller. In particular, the only
needed information is the address loader. Once the address is loaded, TI FSM
must enable the selected plane and the necessary operations through testmode
registers.
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6.3 Test interface 139

um

QUTPUT

™

TESTMODE

Fig. 6.10. Testmode registers

Let’s now explain what testmode registers are. All the circuits added for test
purposes can’t influence the standard user mode functionality and can’t worsen
performances. The adopted solution is sketched in Fig. 6.10. A TM register is
associated with a UM register: when the signal TESTMODE is high, the output
takes the value contained in the register TM, influencing the behaviour of the
circuitry downstream. When the signal TESTMODE goes low, the standard
usermode functionality is enabled.

Tl is able to work with different paralielism:

e TI x 8 where eight DQs are used as input/output pins
e TI x 4 where four DQs are used as input/output pins
e TI x 2 where two DQs are used as input/output pins

Generally, the first way is used to verify design, since TI with a register read
command is able to read the configuration of the memory itself. The last two
modes are used during Wafer test where a high number of devices must be tested
in parallel.

The signals involved in TI x 8§ are shown in Table 6.1. Generally, the pins
maintain their usual functionality except WE N, that is here used as a clock,
enabling data latch on its rising edge.

Signals involved in TI x 4 and TI x 2 are shown in Table 6.2.

Table 6.1. Pins used in TI x 8 machine

Pin Name Width Usage Remarks

CE N 1 Per Chip Separate for each chip

WE_N 1 Shared Works as a clock

RE N 1 Shared Enables the output

ALE 1 Shared Indicates a new address

CLE I Shared Indicates a new command

DQ 8 Shared Tranfers command/data/address
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140 6 Control logic

Table 6.2. Pins used in TI x 4 and TI x 2 machines

Pin Name Width Usage Remarks

CE_N 1 Per Chip Separate for each chip

WE_N 1 Shared Works as a clock

CLE 1 Shared Indicates a new command

DQ 4/2 Shared Tranfers data/command/address

As it is possible to see, the number of pins involved in TI x 4/ T x 2 is less
than in TI x 8. Also here WE N is used as a clock to latch the data on its rising
edge. There aren’t any control pins used to indicate a new address or to enable the
output, so the command format must be fixed. Since we have only four or two
pins involved, we must double or quadruple the number of cycles in respect to Tl
x 8. The cycles will pass the data bytes from the most significant bit to the least
significant bit.

As regarding T1 x 4 and TI x 2, a logic internal to Input and Output buffer
reconstructs the byte in the TI x 8§ useful format (Fig. 6.11). The cycles frequency
is generated with the aid of a frequency divider.

WE_N
DQPAD<3:0>

WTE<1:0>
T G IN/OUT BUFFERS
!
(A
DlN<7:0>@ ﬁnomq:w
L
3 Tixs

Fig. 6.11. TI x 4/2 data reconstruction for T1 x 8 format

6.4 Datapath

Traditionally, NAND memories have an asynchronous interface and it is very
difficult to have frequency higher that 40 MHz for the data download/upload [5].
NAND chips have linear dimensions easily higher than 10 mm so that data have to
flow through a long path with an unavoidable impact on the transmission time
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6.4 Datapath 141

through the chip. One of the most adopted solutions to overcame this problem is
the use of a pipeline on the datapath [6].

In the following we will describe datapath structure for a NAND memory with
double side architecture and with control pads on the opposite side in respect to
data pads.

With reference to Fig. 6.12 the data input sequence is here described.

1. During the low-phase of WE#, input buffers on I/O PADS block and latches on
DP _UP and DP_DW blocks are enabled. In this way, input data flow to the
latches placed in DP_UP and DP_DW blocks.

2. On the rising edge of WE#, I/O PADS input buffers are disabled. Data are
latched in DP_UP latches till the next falling edge of WE#. The counter
addresses the appropriate page buffers for the following write operation.

3. On the high-phase of WE#, 10 CONTROL latches are open and the COLUMN
DECODER is addressing the right page buffers.
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Fig. 6.12. Data input path
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142 6 Control logic

4. On the falling edge of WE#, data are latched in the IO CONTROL latches.

5. On the next low-phase of WE#, while 1/O PADS input buffers and DP_UP
latches receive new data from the user (as in phase 1), IO CONTROL generates
write pulses for loading the latched data into the page buffer latches.

The data output sequence involves three different phases (Fig. 6.13).

SN

. The address is updated by the counter on the falling edge of RE#.

2. During the entire RE# cycle, the COLUMN DECODER selects the proper page
buffers, then data are sent from the page buffer latches (up and down) toward
the output buffers of I/0 PADS.

3. On the falling edge of RE#, flip-flop in DATA 1/0O PADS sample the data.

Performance driven applications like SSD are now forcing the NAND towards
the adoption of the DDR interface (Chap. 7).
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Fig. 6.13. Data output path
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6.5 Microcontroller 143

In order to sustain the DDR throughput, designers have to put in place all the
possible tricks: from pipeline architectures to differential data transmission lines
as sketched in Fig. 6.14 [7] where the data coming from the page buffer enter into
a cross-coupled inverter pair. Toggling the SOURCE signal, this secondary
sensing circuit amplifies the small voltage difference between DATAIN and its
complement, improving the overall access time.

DATAIN DATAIN#

j p - d ‘: __—___/ ENABLE

S0URCE
DATAOUT I L DATAQUTE —
DATAQUT#

R DATAOUT

(b)
SOURCE

(a)

Fig. 6.14. Differential data transmission

6.5 Microcontroller

As already said, the microcontroller inside the memory is the “brain” of the
device. Microcontroller implements the needed algorithms for a Flash memory. In
order to be able to perform the necessary operations, these conditions must hold
true:

e The sequence of operations that must be executed for a specific algorithm
(read, program, erase etc.) has to be stored.

e The microcontroller has to be able to perform arithmetical, logical or ports
operations.

The code storage in a ROM memory is a possible solution (Fig. 6.15). There
could be also a Code RAM memory containing the specific firmware for the test
and the debug of the device.

The microcontroller is constituted by different blocks necessary to the decoding
and the execution of an operation.

First of all there is the Program Counter. 1t stores the address of the memory
location containing the instruction that must be executed.
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Fig. 6.15. Microcontroller structure with ROM and RAM memories
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Fig. 6.16. Program counter structure
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6.5 Microcontroller 145

It is also able to handle the address increment, the absolute or relative jumps
and the calls to subroutines with different stack levels. The levels of stack indicate
how a subroutine is far away from the main program.

As shown in Fig. 6.16, at each clock cycle, the new value of the program
counter can be:

¢ The next instruction

e One of the values frozen up before the call to a subroutine (Return reg 0 and
Return reg 1 in the figure)

e The address indicated by the jump if the condition is satisfied

Coming back to Fig. 6.15, another important block is composed by the /nternal
Registers (eight in the figure). They are registers internal to the microcontroller,
necessary to the execution of an operation or a sequence of operations. A register
can be loaded with a constant value or with a value read from the ROM or can be
the result of an operation. Generally, the registers are constituted by bytes, but
sometimes they can be grouped for operation having a result longer than 8 bits.
We must observe that, depending on the chosen implementation, there can be
constraints on the registers use, such as the division of the registers in banks so
that it is not possible to use two registers of the same bank in the same operation.
In addition to the registers, there are the flags, that are bits resulting from particular
operations executed by the ALU.

The microcontroller computational center is the Arithmetic Logic Unit or ALU.
The ALU executes an operation associated with a specific opcode and implemented
in the microcontroller. The operations can be with one or two operands. The
operands can be internal registers, flags or constants read from the ROM (K data).
The result of the operation is stored in the internal registers, with the exception of
test and compare operation. There are also some operations that set some flag bits
as a result (Fig. 6.17).
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K data
Qutput
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K data

Fig. 6.17. Data manipulation inside microcontroller
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Generally, the used flags are listed below.

e Z: zero flag. It is used in the arithmetic operations and it goes high when the
result is zero.

e C: carry flag. It is used in the arithmetic operations and it goes high when the
result has a carry.

e A:and flag. It is used in the logic operations and it is the logic AND among all
the bits of the result.

o O: or flag. It is used in the logic operations and it is the logic OR among all the
bits of the result.

Depending on the implementation, some other flags can be added:

e N: not flag. It is used in the logic operations and it goes high when the result is
a negative number.

e P: parity flag. It is used in the logic operations and it goes high when the
number of bits equal to 1 in the result is even.

Based on the current instruction and on the result of the compare of the ALU
flags, the Control Unit, through the Instruction Decoder, generates the control
signals for the handling of the different logic units. The instructions are executed
in pipeline using the clock frequency (Fig. 6.18). At the first clock cycle the
instruction is read from the ROM. At the second clock cycle the instruction is
stored in the instruction registers and decoded by the instruction decoder {a simple
combinatorial network) [8] (Fig. 6.19).

Read Store Decode Execute

Instruction | Instruction _| Destination
register Decoder "l register

~—» MROM

A 4

Fig. 6.18. Microcontroller timings
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Fig. 6.19. Pipeline waveforms
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6.5 Microcontroller 147

At the third clock cycle the instruction is executed and the result is stored in the
destination register. The only un-typical operations are the jumps and the calls that
need an internal NOP to synchronize the pipeline.

Finally, the last block of the microcontroller is constituted by the Output
Registers. Each register is made up by four latches. The most advantageous structure
for the output registers is based on the dual ports concept. With this structure, the
registers are handled by two independent ports called port A and port B (Fig. 6.20).
As it is possible to observe from the figure, port A operates over all the outputs,
while port B operates only over some output registers. The dual ports structure
allows the use of two different bank registers at the same time, so that it is possible to
move eight control signals at each clock cycle.

There are three possible port-operations that can be executed on the outputs:

I. SET, i.e. 1, 2, 3 or 4 register bits of the output are set.
2. RESET, i.e. 1, 2, 3 or 4 register bits of the output are reset.
3. STORE, i.e. it is possible to set or reset the four output register bits independently.

In addition to these operations, we can add the PULSE operation, i.e. a positive
impulse is generated.

The dual port structure is able to guarantee performances and flexibility. First
of all, it is possible to execute a port operation in conjunction with a logical
operation, a jump or a call. It is useful to observe that the operations on the control
bus are generally slower than the port operations, because it is not possible to
issue the data and the address in the same clock cycle. As a consequence, the
microcontroller should use the control bus for the configuration signals and the
port operations for signals outstanding for the algorithms execution.

Apart from the internal structure, the characterizing feature of a microcontroller
is what it is able to do, that is its Instruction Set. Before designing a microcontroiler,
we have to understand the must-have operations. In fact, general purpose
microcontrollers are not useful in the NAND memory environment, because they
are generally bigger and slower, in order to guarantee a full flexibility not needed
in the device. In other words, it is useless to implement operations not used, it is
better to optimize the used ones.

As already said, the operations can be divided into logical and arithmetical
operations and most of them set some flags during their execution. In Tables 6.3
and 6.4 there are the logical and arithmetical operations for a particular micro-
controller ALU and the set flags. The A and B operators indicate the first and the
second register, the K operator is a constant and the D operator is the destination
register.

Port B > 64 Dual
> PortF 128 Output
Port A ] L
84 Single
o> | Port FF

Fig. 6.20 Output registers
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Table 6.3, Logical operations

Name Action Flag 1 Flag 0

OR AorBz=D 0 A
AorKz=D

AND AandBzD 0 A
AandK =D

INV not A(i)=D O A

CLEAR 00h=D

SET ‘1’2 D)

RESET ‘0= D(i)

TEST A()=C C

SHL C

SHR C

ROL C

ROR C

Table 6.4, Arithmetical operations

Name Action Flag 1 Flag 0
SUM A+BzD zZ C
A+KzD
SUB A-B2D Z C
A-KzD
INC A+1=D z C
DEC A-1=D Z C
CMP A-~B V4
A-K
LD AzD Z
K=D

The operations described in the tables can be executed in conjunction with a
jump, a call, a test or a port operation on the outputs. The contemporary execution
makes the code faster and more compact, because, on one hand we can execute
two operations on the same clock cycle, on the other hand, the code is shorter. For
this reason, it is important to decide instruction field length. In the example depicted
in Fig. 6.21 the instruction field is 32 bits long. The first 8 bits are constituted by
the opcode, i.e. the identifying code of the operation. The next 8 bits stored the first
operand, the used flags for the jump operation or the source register.

Timer/port addr/pc addr

opcode Const/flag/reg register register

31 23 15 7 0

Fig. 6.21. Instruction field
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150 6 Control logic

The last 16 bits can store the address of two registers (source and destination)
or the starting point of the timer or the address of the port we want to access or the
address of the jump.

Once the instruction field length is decided, every instruction must be coded
following that structure. Since a smaller length is equal to a smaller area, some
optimizations should be done in order to not have a rigid structure as the one
indicated in Fig. 6.21, but a more flexible one with mixed fields as the one
indicated in Fig. 6.22.

The instruction field presented in Fig. 6.22 is constituted by 24 bits. There are a
lot of contemporary operations, such as the instruction 9 that executes an operation
with a single operand in conjunction with a port operation on the outputs or the
instruction 3 that executes a port operation on the outputs in conjunction with a
conditional jump depending on the flag value.

The instructions 7 and 8, instead, show how the opcode field can be split and
mixed with the address field.

6.6 ROM

The ROM contains the firmware necessary to the microcontroller for the algorithms
execution. The ROM structure is shown in Fig. 6.23. ROM has to contain all the
necessary firmware, so that its size is considerable: generally, it has to store 2k
instructions (24 or 32 bits depending on the instruction field length).

GM \
o
[
o | 5 |5
3 S |s
(&) k™
25=| 8|82
-~ g
ADD<10:0> Ll i I array
3 = 2048 x 24 bits
G %‘
CLK 2
ES
control
logic 4 bitlines
_@ sense amps &
output latches
\ %24 datay
]
DQ<23:0>

Fig. 6.23. ROM architecture
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6.6ROM 151

ROM supports a cycle synchronous latency random read access time. Every
ROM inputs are sampled with the clock raising edge, except for the reset signal.
Outputs are updated when the internal asynchronous read cycle is completed and
before the next clock raising edge. Typically the used clock is in the order of 20
MHz.

The interface is constituted by the signals:

e CLK i.e. the clock. At every cycle a read operation is required.
e ADD<10:0> i.e. the address.
e DQ<23:0> i.e. the output data.

Data are stored in the array as shown in Fig. 6.24.

The ROM is constituted by a right and a left array in order to minimize the
wordline parasitic loads. Only one array at a time can be accessed.

Every wordline is made by data cells and dummy cells. The ROM associated
with the instruction set depicted in Fig. 6.22 has 48 data cells and two dummy
cells. There are 512 wordlines, one reference wordline and one dummy wordline.

Finally, every plane is made up by 48 bitlines and 512 wordlines. Since the
instruction field is composed by 24 bits, every wordline contains two words of 24
bits each. The memory cell is composed by a NMOS and a metal option OPZ that
can enable/disable the transistor connection with the bitline (Fig. 6.25). An open
OPZ corresponds to a “1” stored, while a closed OPZ corresponds to a “0” stored.
In this way, it is possible to change the ROM content with only one metallization
level, which is particular important from the point of view of the costs.

> > =

<o ([3x

eyl ¢ &2

< < X

DQ DQ

LATCH || CONTROL i\ | ATCH
=== OGIC
DATA MUX |

DATA OUT DATAIN

Fig. 6.24. Dafa arrangement inside the array
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152 6 Control logic
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Fig. 6.25. ROM array

6.7 RAM

Also RAM is used to store data. It’s not unusual to have more than one RAM with
different purposes. One RAM (code RAM) is used to store microcontroller code.
This code isn’t the firmware needed for the device basic functioning, but debug
code or test code. This is the reason why this RAM isn’t very big, it could have
the size of around 256 instructions (24 or 32 bits depending on the Instruction
field length). Sometimes, there is also a smaller RAM, used only for data storage
(data RAM) or for fuse monitoring (Chap. 13). Its dimensions can be reduced to
256 bytes. Microcontroller reads data from Code RAM on a custom bus in order
to have a higher bandwidth (Fig. 6.2).

As already seen for the ROM, RAMSs support a cycle synchronous latency
random read access time. All RAMs inputs are sampled with the clock rising edge,
except for configuration signals and testmode signal. The outputs are reloaded
when the internal asynchronous read cycle is complete and before the clock next
rising edge. Configuration signals and testmode signal are considered stable
before and after every access.

RAMs are organized on a dual plane architecture in order to increase the
performances. Only one plane at a time can be accessed. Every wordline is made
up by data cells and dummy cells. For example, the wordline of the Data RAM
associated with the instruction set of Fig. 6.22 is composed by eight data cells and
three dummy cells. Every plane contains 128 wordlines, one reference wordline
and one dummy wordline.

One plane is made up by eight bitline pairs and 128 wordlines (Fig. 6.26).

The cells belonging to the same wordline are accessed together, opening the
wordline to read or to write. Every bitline pair is independently sensed and has a
dedicated writing driver.
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6.8 Meta-language 153
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Fig. 6.26. RAM array

6.8 Meta-language

As already said, the microcontroller contains all the NAND necessary algorithms,
written as an instructions sequence and decoded by the microcontroller through
their opcode. These instructions operate with microcontroller inputs, outputs and
internal registers in a very complex way and following an accurate timing. The
instructions are presented to the microcontroller as a binary sequence. Since it is
not easy to write the algorithms as binary sequences, we use the meta-language.

Meta-language allows the writing of the code in an understandable way, with
some rules linked to the microcontrolier instruction set. The operations sequence
is written in a mnemonic way (Fig. 6.22). Then the code is compiled to control the
“grammar”, i.e. the variables name and addressing and the instructions properties.
Once the grammar is controlled, some scripts convert the instructions sequence in
a binary file, that will be used by the microcontroller.

Let’s now see how we proceed. First of all, the algorithms structure can be very
complex, so that it is recommended to split the structure in different subprograms.
Figure 6.27 shows the code structure.

The main file is the core of the structure. The main algorithm controls the link
among all the blocks interfacing microcontroller and among all the algorithms.

First of all, the main has an “include” of all the files needed to interface the
microcontroller and all the data needed by the algorithms.
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data
sram Main L,,
3
Power_up //v ‘\\ Erase

Test Program

Read

Fig. 6.27. Code structure

Those files are listed below.

e Defines: it contains all the common defines among the algorithms. They could
be voltages or timings needed in different point of the algorithm execution. In
case of defines used by only one algorithm, they could be put as header of that
specific algorithm.

e Out: it defines the microcontroller outputs. The outputs are a fixed number of
ports connected with the circuits that microcontroller has to directly move
(page buffers, high voltage circuits or decoders). The outputs are divided in
ports A and B as explained in Sect. 6.5. Figure 6.28 shows a section of this file.
In the figure, a mnemonic name is associated with each output port. The
mnemonic name is useful to remember the function of the signal associated
with that output, e.g. bit 0 of group 3 is a signal used in the high voltage
circuitry to ground Vy,.. Every time we need to execute a port operation on that
specific signal, it is enough to write hv_vblctognd and pre-processing will
associate the specific output port to that name. A 4-output group is an
addressable outputs word. If there are 64 port A outputs and 64 port B outputs,
there are 16 port A words and 16 port B words. The grouping in word is useful
if we need to execute an operation on all the 4 bits of the word. Let’s now
suppose that we want to reset (take to 0) all the output ports hv_vblctognd,
hv_vblcpepgmtognd, hv_gslpmptovblepgm and hv_gslpmptovblcrd. The
store command enables the contemporarily writing of all the four bits, only if
they belong to the same word. From this example, we can understand how a
careful outputs mapping is very important to optimize the code.
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6.8 Meta-language 155

#define io_datset "0zh O™

#define i1o_datrst "0zh 17

#define pb pbfineset "02h 2"

fdefine pb_pbfinerst "02h 3"

/* __________________________________________________
#define hv_vblctognd "03h 0"

#define hv vblcpepgmtognd "03h 1"
#define hv_gslpmptovblcpgm "03h 2"
#define hv_gslpmptovblcrd "03h 3"

/* __________________________________________________
#define hv_vunseltognd "04h 0"
#define hv_passpmptovunselrd "04h 1"
#define hv_vseltognd "04h 2"
#define hv_vreadtovsel "04h 3"

Fig. 6.28. Outputs map

In: it contains the microcontroller inputs mapping. The structure is the same as
the outputs map. Inputs are less complicated than outputs, since they are not
divided in single and dual ports.

Reg: it contains the microcontroller internal registers mapping. This mapping is
very easy, because the registers (for example 8) are used as a support for the
operations and don’t need a mnemonic name.

TM Regs: it contains the address of all other registers around the device, such
as Test Mode registers. We need to know their address to access them during
some particular routines, such as testing. In addition to testmode registers, there
are the external registers or some configuration registers or registers for some
circuits if required.

Data Sram: it contains RAM addresses. As mentioned earlier, the data SRAM
may contain functional data (e.g. downloaded from fuses) for the algorithms.
The file structure is the same as the one in Fig. 6.it contains only the address in
bytes. Suppose we want to reserve byte 3 of SRAM to a particular timing
T bitlineprec. Then, whenever we access the SRAM during the algorithms at
the location $7_bitlineprec, we are actually addressing byte 3 of SRAM.

Besides containing all the interfaces, the main file contains all the algorithms

necessary for the device. The main code enables the appropriate algorithm based
on specific read inputs (typically signals from the CI). The algorithms included in
the main are:

Power up. It is the algorithm necessary during the device’s power on. It executes
the minimum functional device setting, such as copying information data from
the fuses to SRAM.

Read.

Program.

Erase.

Test. It contains test routines.
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156 6 Control logic

The algorithms are presented as an instructions sequence, written in meta-
language so that it is understandable and readable. In Fig. 6.excerpt of the read
algorithm.

The instructions are those described in Fig. 6.22. For example, the first row of
instructions performs a port A and a port B simultaneously, exploiting the dual
port outputs structure. If the dual port structure weren’t available, there should
have been two clock cycles in order to have those five outputs properly set. The
command store executes a particular setting on a whole word of outputs, while set
or reset command acts on a particular output bit.

Command cha ($cr_selvprevsen) puts the address scr_selvprevsen ON the
control bus, in order to access that particular location that can be found in RAM or
registers around the device. Simultaneously with the setting of the address, we can
perform a port B operation. Since port B operations can often be performed
concurrently with other operations, it is recommended that the output ports
mapping connect on port B signals that move frequently and whose concurrency
with other operations is very important for the algorithms.

Once the address on the control bus is set, we can perform a read or a write in
that location. In the example a writing of the constant vcrampi, defined in the
header of the file (or in the defines file), is executed.

Last remark concerns the instruction id (ri, 8on) i.e. the load of the
hexadecimal value 80 in register rl1. This instruction brings forward what will
come after some time. In fact the following instruction is a wait and does not use
the register r1. There are points in the algorithms where we must execute a
number of operations simultaneously and quickly; here the concurrent nature of
some operations helps.

/* pass pmp disabled and BL discharged

store (hv_passhiregenhigh 0,hv_passhiregenlow 0,hv_passpmen 0,
hv_passpmdisch 0);set(sw_dischs(0)):;

/* dsg and ssg disabled

reset (hv_vgsltogssl); reset (hv_wvgdltogssl);

/* pass pmp discharged and WLs to gnd

set (hv_passpmdisch); reset (xd_biasselect(0));

/* dsg and ssg to gnd

set (hv_gssltognd); set(hv_gdsltognd):

/* sel and unsel switches disabled

cba($cr_selvprevsen); store(hv_vunseltognd
1,hv_passpmptovunselrd 0,hv_seltognd 1,hv_vreadtovsel 0);

write (VCLAMPL) ;

/* gsl pmp disabled

/* vblc path disabled

reset (sw_bsls(0)); set(hv_vblctognd):

set (hv_gslpmpdisch);

1ld(rl,80h);

wait (r2,t_gsldisch-100 ns);

Fig. 6.29. Algorithm in meta-language
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6.8 Meta-language 157

There are also points where we have to wait (typically the waiting times are
related to analog circuits); here we can prepare the registers or the address in a
proper way for those moments where time becomes a critical parameter.

Once the algorithms have been written in this form and the file has been
compiled, the instructions must be translated in a binary file understandable for
the microcontroller. Usually, this translation is made with the aid of appropriate
scripts.

For example, suppose that at a specific point of the algorithm we executed a
test of the second bit of the register 3 and, at the same time, we executed the store
of the pattern 0101 on the 4-bit output signals of the group 7. This instruction is
the number 13 of Fig. 6.22, whose opcode is shown in Fig. 30.

Here below there is a description of the opcode fields.

e Pos indicates the position of the bit in the byte that we want to test, in the
example 010.

¢ A indicates the internal register (there are eight internal registers) whose bit we
want to test, in the example 011.

¢ Bdata indicates the pattern that we want to write on the four outputs of the
group, in the example 0101,

e Baddr indicates which group of four outputs is taken into account (there are 16
groups of four port B outputs), in the example 0111.

e OpB indicates the type of operation we want to execute on port B, i.e. store or
set or reset. In the example we want to execute a store, encoded with 10.

o The gray parts in the figure indicate the bits that have no meaning and can be
either 0 or 1.

Finally, the operation is encoded as
010X011X1000101011110101

where the X’s indicate bits that can be O or 1.

All the algorithms can be translated in this way, in order to have an encoded
instruction at each ROM address.

Figure 6.31 shows an example of an extract of “translation”.

A file like the one in the figure is very useful during the debugging of algo-
rithms. From the simulations we can know what is the address of the ROM at any
given time and the hexadecimal encoding of the associated operation. The figure
shows the contents of the ROM in terms of address, encoding operation and
mnemonic instruction operation. In this way the file is readable and the debug is
simplified.

HENEEEEROOOEENEEEEEEEnGn
lYJ'LYJ LYJLYJL_Y_J

Pos A Bdata Baddr OpB

Fig. 6.30. Opcode example
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158 6 Control logic

IF(OFLG==1) THEN GOTO 1_BERLEL_Jdiff0;

CALL sub BEREK_RIPETO15;
IF(OFLG==1) THEN GOTO 1_BERLEL_ERR;
CALL sub BEREK RIPETO4;

CALL sub_BEREK RIPETOlG;

ROMADD code instr
630 OxBB6E8S
631 0xB87EC4
632 OxASAESS
633 OxAF3EC4
634 0xBA3EC4
635 0x600030

LD16(REGO, 0003H);

Fig. 6.31. Algorithm in meta-language

01111100111110110001Q0100
111000000011100101111000
111100000011110001100110
0011101060111111001000111
101001000111211011001100
000000000000000000000000
101000011010100101000001
101001111010111010000000
101100101011111011001000
101100011000111011001000
111000000011111001001000
111001000011100000000001
111000000011161010011110
000010000010001100110011

Fig. 6.32. ROM content binary conversion

In any case, ROM content consists in a binary file. In Fig. 6.32 there is an
example.
The digital simulations use a file of this type [8], while the analog simulations
need to convert the ROM content in schematic.
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7 NAND DDR interface

Andrea Silvagni*

7.1 NAND Flash evolution: the need for increased
bandwidth

Nowadays NAND Flash memory is pervading every type of electronic application.

The availability of cheap storage memory, in combination with high densities,
makes up the choice in favor of NAND Flash on board of applications traditionally
linked to other types of memories (such as EEPROM and NOR) or technologies
(such as Hard Disk Drives). Mobile devices, PDA, PC, camcordets, set top boxes,
servers, routers, enterprise storage and many more new applications requiring a
storage media will have to deal with NAND Flash in the coming years. The
memories environment has changed since year 2001 when growth rate for NAND
surpassed the ‘“Moore law’ observed for processor growth and predicting a double
density every eighteen months. By then, NAND devices with double density have
been introduced every year. In addition, MLC devices with 2 bit/cell entered
volume production.

This evolution/revolution in semiconductor industry aimed mainly to reduce the
cost per MB of the memory itself in order to enable the new applications and open
new markets.

In contrast to the technology evolution, if we have a look at the basic func-
tionalities and performances of NAND Flash devices we can observe these haven’t
improved at a similar rate in the last decade. The new applications triggered by
this wave of NAND Flash price trend are now claiming an improvement in
performances too. By looking at the roadmap for some of the most common
interfaces, such as USB and eMMC, we can observe a planned evolution in the
300 MB/s speed range. PCI Express will also offer a performance improvement.
Every application segment (Portable, PC, Mobile etc.) is targeting higher transfer
rates and this will reflect in challenges both in HW and SW for NAND based
systems.

NAND Flash have already increased page size from 2 to 4 and 8 KB, making
available a large amount of data internally with the same latency time but the
throughput is limited at the I/O interface as discussed in Sect. 7.1.2,
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162 7 NAND DDR interface

7.1.1 Applications driving the NAND high speed interface evolution

Within this section the main applications calling for the evolution of High Speed
NAND in the coming years will be explored.

PC applications have become a major demand driver since 2007 when NAND
memories made their appearance in the PC platform plugged on PCI express bus
with specific modules. Specific initiatives such as ONFI [1] are driving the
adoption of NAND on the PC platform through standardization efforts in HW and
SW. The Express Card Standard (created by a broad coalition of PCMCIA
member companies) is the next generation of PC Card technology used in more
than 95% of all notebook computers to add new hardware capabilities. Complete
HW/SW are being offered by solution providers to integrate various NAND
storage types to PCl-express or to typical enterprise storage interfaces.

Figure 7.1 shows the memory hierarchy level in a PC platform. As we move
towards the CPU we have high speed memory used as cache while, at the opposite
side, there is the need for high capacity at the lowest cost. Availability of cheap,
fast and high density Flash memory is driving changes in the PC memory hierarchy.
A well-implemented hierarchy allows a memory system to take advantage from
the performance of the fastest component, the cost per bit of the cheapest
component, and the energy consumption of the most energy-efficient component.
Today, performance, capacity and cost of Flash NAND make it appealing to create
a cache level for disk drives (on the platform itself or integrated in Hybrid Disk
drives) filling the large existing performance gap between DRAM and Hard Disks.
In some cases, NAND Solid State Storage will replace completely HDD (Laptop,
enterprise PC).

In cached Non-Volatile assisted systems, special memory management SW
provides efficient cache utilization based on page usage patterns over time.

C CPU Cache ) HIGH SPEED
S— HIGHER COST

( L2-1.3 Cache )
( oram )

( Flash Cache ) l i

105 performance gap
( Solid State Disk)

L Disk Drive )
= HIGH CAPACITY
( Tape Drive ) LOWER COST

Fig. 7.1. Memory hierarchy in the PC platform and Flash opportunity
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7.1 NAND Flash evolution: the need for increased bandwidth 163

Hybrid Disk drives have made their appearance adding NonVolatile cache (NV
Cache) to the hard disk drive. This solution has the same advantages as in cached
NV assisted systems with NV cache on the PC mainboard:

¢ Allows data to be read and written while platter is spun down
¢ Data in cache persisting when powered down

Solid state disks (SSD) are totally solid state based. The advantages of such a
solution are the elimination of weakness and bottleneck of mechanical Hard Disk
Drives (HDD):

e Power, HDD consumes 10-15% of the power budget in mobile solutions.

e Slow power up (Spin up times can be 2-5 s).

» Seeck and rotational latency is a performance bottleneck in HDD. Latency is
dominating the access time in HDD, it can be several milliseconds compared to
less than 100 ps in Flash.

o HDD are Fragile, shock prone, low MTBF in maobile systems.

Mobile applications benefit from lower power consumption and hard shock
immunity of Flash based storage systems. Besides, they don’t need the big amount
of data storage that only HDD can provide at a lower cost. Solid State Storage
enterprise applications are looking into hybrid solutions offering improved
performance and overall life-cycle cost reduction.

7.1.2 Limitations of the asynchronous interface

It is interesting to compare NAND density and performance evolution with that of
DRAM chips. The comparison is interesting because of some similarities between
the two technologies:

¢ DRAM drove the technology rush in the past years. NAND is now leading the
technology edge.Both memories read data in chunks called pages.

® Both types of memories are part of the PC platform. Currently, DRAM is closer
to the CPU serving the speed requirements of the system while NAND is
supplying the storage capacity.

Figure 7.2 illustrates, in arbitrary units, the performance and density evolutions
for DRAM and NAND. Density followed approximately the Moore’s law for both
memories. Performance for DRAM has improved 25% average year over year
since 2000, while the NAND performance has remained nearly flat. The reason for
that is the fact that NAND memory has been relegated for years to pure data
storage and only recently it has entered the PC system. As NAND enters into new
applications such as PC/mobile systems, it becomes evident that a bottleneck in
the system performance is hidden in the NAND interface and must be fixed with a
proper roadmap.
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Fig. 7.2. NAND Performance trend versus DRAM

In the left part of Fig. 7.3 it is plotted the access time of NAND legacy
(asynchronous) Flash devices having 1, 2 and 4 KB pages.

The access time is split into the array access time — that is the time necessary to
transfer the data from the NAND cells into the page buffers — and the transfer time
required to move all the data in the page buffers out of the chip through the legacy
interface, It is possible to notice that in 1 KB page devices the transfer time was in
balance versus the array read time. This gave the possibility of interleaving read
operations either from two different devices or from two planes, hiding de facto
the read array time. In 4 KB page device this balance is completely lost.

To restore the balance between read array time and transfer time it is necessary
to increase the I/0O throughput. On the right hand side of Fig. 7.3, it is shown the
situation of 4 KB devices with a DDR interface operating at 66 MHz (DDR133):
the desired balance is restored.

The DDR200 (200 MB/s) speed grade keeps the balance between the array and
data transfer times even with 8 KB page size. The picture becomes evident in
Fig. 7.4 where the internal throughput capability (i.e. page size/internal access time)
is plotted versus the page size. It can be shown that the legacy interface through-
put was in line with the internal throughput of 1 KB page NAND Flash devices.

legacy SDR 25Mhz <:—_1

180 4  Odatatransfer [C—> DDR
~160 - 8l array access

0 - —
1KB page 2KB page 4KB page 4KB page 8KB page
legacy legacy legacy DDR133 DDR200

Fig. 7.3. Array time and data transfer brecakdown in NAND: Legacy versus DDR
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7.1 NAND Flash evolution: the need for increased bandwidth 165

SLC NAND with 4 KB pages have an internal throughput aligned with
DDR133 interface. Moving to MLC 2 bit/cell with 8§ KB page, the throughput still
remains aligned with DDR133 because of the larger MLC internal access time.
8 KB page SLC devices (not shown) would call for DDR266 interface. DDR400
interface roadmap is aligned with the next generation having page size greater
than 8 KB and greater access time. This is in line with system interfaces roadmap
evolving towards 300 MB/s rates.

Legacy DDR133 DDR266 DDRA40D
16 } ’ B v C
®
> 8
@
X
54
7]
o
= 2
o
1
0 100 200 300 400

Internal Read Throughput (MB/s)

Fig. 7.4. Internal Read throughput versus page size

7.1.3 How to improve the performance of NAND based systems

As already discussed in the previous section, it is desirable to have NAND devices
with a balance between the internal throughput (the array read time) and the
external throughput (transfer time). This allows to use NAND devices having two
internal planes working interleaved, hiding the array time. This solution is quite
common because the power issues related to this kind of solution are still manage-
able inside the chip and optimized versus two separate NAND devices active at
the same time. Nevertheless, new systems such as SSD call for an increase of the
Read and Write throughput of Flash based systems.

Flash based systems like SSD are made up by several NAND memory devices
and one controller. The controller has the primary function to communicate with
the NANDs and conveys data from/towards the external interface.

The basic system options are fundamentally one of the following types.

1. Increase the number of dies per channel as shown in Fig. 7.5a. This solution
encounters limitations from channel loading. It has the advantage of lower pin
count and lower cost in hardware, especially in the controller, but it might not
satisfy the requirements of write throughput for the system.
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166 7 NAND DDR interface

2. Increase the number of channels (Fig 7.5b). This solution shift the problems
inside the memory controller which has to manage the parallel data flows coming
from the memory channels. It is an expensive solution because, for example, the
controllers have to manage also ECC and have the need of dedicated SRAM/
register file. The advantage of this solution is that it is scalable and flexible and
allows to reach very high Read/Write throughput.

In every case there is the problem to keep under control the power and the
channel limitations with careful interface design considerations. Multipte channels
technique, as shown in Fig. 7.5b, is common in SSD.

To overcome the already named power limitations, some other types of con-
figurations have been proposed together with a special interface in which group of
devices are connected through a ring topology with the controller and Address/
Data is passed through the ring from device to device in a point-to-point connection.
Each device adds one clock cycle of latency which is not an issue in mass storage
applications. Those kinds of solutions will be treated in the last section together
with some power and performance considerations.

Building a successful Solid State Storage means to deal with many aspects
related to NAND Flash and systems. Here, we will deal mainly with the 1/O
bottleneck problem which first must be solved by a proper interface roadmap.

JCE0  JCE1 ] CE2  JCE3 L.L(:EoI JCE1 ] CE2  JCE3
- I ] I 1 )
[+}]
> NAND ||| NAND ||| NAND [f| NAND NAND {F| NAND }{ | NAND {{] NAND
= Flash Flash Flash Flash Flash Flash Flash Flash
=
o
8/16 bit data bus > Q 8/16 bit data bus J)
\ 3
=)
g JCEe JCE1 [ CE2 JCE3
o | . I I L
NAND [ NAND {{] NAND (| { NAND
Flash Flash Flash Flash
i3 g3 U i
A
8/16 bit data bus >
a) b)

Fig. 7.5. SSD system enhancement: (a) increased number of dies per channel (b) increased
number of channels

7.1.4 Adopting DDR protocol

First step toward improvement of the legacy NAND interface is Double Data Rate
(DDR) interface. The same way DRAMs evolved starting from year 2000 is now
followed in the NAND arena.
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7.1 NAND Flash evolution: the need for increased bandwidth 167

Table 7.1 summarizes DRAM DDR interface generations along with the year of
introduction [6]. Table 7.1 also lists the main architectural steps associated with
interface evolution.

Table 7.1. DDR comparison table

GEN  Year Rate 1O ODT  Strobe Prefetch  Package
Max
MT/s V
SDR 133 33 NO NO 1 TSOP
DDR 2004 400 25 NO Single ended 2 TSOP/BGA
DDR2 2006 800 1.8 YES Diff/single 4 BGA
DDR3 2008 1,600 1.5 YES Differential 8 BGA

High speed NAND have seen the introduction of DDR interface in year 2008.
The challenge in the coming years will be the standardization of the interface
among the vendors. Two solutions have been proposed as first generation of DDR
NAND:

1. ONFI organization [1] has proposed the introduction of a clock and data strobe,
ready for an evolutionary path in the DRAM style,

2. Samsung has proposed the Toggle mode NAND [3] where only data strobe has
been introduced.

All the industry claims an interface Roadmap with a first generation at 133—
266 MB/s, a second generation with more than 400 MB/s throughput. The inter-
face roadmap will be kept with LVTTL bus driving style as long as possible in
order to ease integration, but some design tricks will have to be introduced in
order to sustain the claimed bandwidth. This will include the proper scaling of
interface voltage, the use of a specific termination type, On-Die Terminations,
differential strobes and, going beyond, synchronization circuit. Finally, it will
include DLL/PLL and the change to a SSTL class of terminated bus.

The DDR protocol diagrams are sketched in Fig. 7.7 along with the principal
timings [6, 7]. A Synchronous clock must be provided to the memory chips (not
needed in toggle-mode interface). Bidirectional Data bus DQ is driven with a
frequency equal to that of the system clock i.e. every clock edge. The data through-
put is therefore doubled compared to that of a Single data rate system at the same
clock frequency. Data strobe signal is driven with the same timing and characteristics
of the DQ lines with the purpose of using it as the data capture signal at the receiver.

Data Strobe utilization allows to build a system where the flight time skew of
the data versus the clock signal is neglected as the Data Strobes act as a clock with
minimum skew. Systems scalability will benefit from the approach since the DQS
load will match that of the DQ lines, keeping the same timings, e.g. when
changing the load by adding more dies on the channel.
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Fig. 7.6. Legacy NAND versus ONFI 2 and Toggle-Mode Synchronous NAND Interface

Fig. 7.7. DDR interface diagram

Open NAND Flash Interface (ONFI) was formed in 2006 to drive standards for
the NAND raw devices. ONFI 2 defined the source synchronous interface to
increase the bandwidth of each I/O channel while adding only one pin, DQS. The
protocol is backwards compatible to asynchronous NAND, reducing or eliminating
firmware changes for command set when used with asynchronous NAND interface
controllers that only support the asynchronous NAND interface. The protocol does
not foresee the need for DLL (Delay Locked Loop) circuits in the NAND Flash
devices. ONFI 2.1 improved the /O channel performance up to 200 MB/s. The work
in ONFI 3 is targeting 400 MB/s. High throughput enhancements are achieved by
leveraging on output impedance settings, short channel, on-die terminations and
finally differential clocks and data strobes.

Pin out differences between legacy and ONFI 2.0 DDR NAND are sketched in
Fig. 7.6:

WE# becomes a fast CLK.

RE# handles data direction by becoming W/R# (Write/Read#).

I/O[7:0] renamed to DQ[7:0] (name change only, functionally identical).
DQS, a new bi-directional signal, is enabled.

Set Features command enables the source synchronous interface and other
configuration modes such as multiple output drive strength settings, so that many
NAND devices can share the I/O bus while maintaining the data integrity.
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7.1 NAND Flash evolution: the need for increased bandwidth 169

Toggle mode adds DQS data strobe signals; RE is used to trigger the read cycle
as done in asynchronous interface; DQS is used to strobe the data on both edges.

7.1.5 High density systems: density, power and performance

Today, SSDs are offered in densities up to 64—128 GB and higher. To satisfy
Enterprise requirements of endurance and quality, producers are forced to use SLC
devices or MLC with trailing-edge technology. As of today, a 32 GB SSD can be
built using eight packages (e.g. TSOP), each containing four 16 Gbit-sub 50 nm
generation SLC NAND. The system can be built using four independent data
channels. This means that two TSOP packages are connected to a single channel
with a total of eight dies hanging on the same data bus which is loaded roughly by
50 pF for each data line.
Some considerations are fundamental when designing a system:

e Which is the minimum needed configuration in terms of channels number and
which is the operating frequency to achieve the required throughput?
e How much power is dissipated in the system? s it sustainable?

Due to the channel capacitance, each time a single NAND die is being written
or read, the entire capacitance (that can be as high has 50 pF in the example
above) of the data lines is driven.

[/O power consumption in a DDR system can be derived as [26]:

P=9.5-f-C-V? (7.1)

where 7 is the bit activity ratio, f'is the DDR frequency, C is the capacitance of a
single line and ¥V is the supply voltage of the interface.

For the system described # = 0.5, C = 50 pF and V' = 3.3 V. We can derive the
power consumption as a direct function of throughput (Fig. 7.8).
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Fig. 7.8. 1/0 power as a function of channel throughput
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An immediate consideration is the possibility to scale the I/O interface voltage.
This solution is fundamental for the new NAND generations and will go hand by
hand with the operating frequency increase in the DRAM style. Anyhow, power
considerations remain the basics for the definition of the future system architectures
[6, 22].

Finally, how is it possible to increase the storage capacity? Figure 7.9 shows a
typical diagram of memory system which communicates with the main system
through a dedicated interconnect channel. In case of current SSD architectures, the
controller communicates with memory chips by means of several channels and the
controller system handles memory management locally. The High speed
connection can be a SATA or a PCI-express bus.

Processor System Memory System

! l '
controllers D Sult\)n.z;qs?[gms

- plie
TS
7300

processor

Fig. 7.9. Architectural change evolution

To increase the dimension of such a system it is possible to:

¢ Increase the number of channels inside the storage system
¢ Increase the number of Memory dies connected to a single channel

* Increase the number of Memory systems (e.g. add SSDs multiplexing the PCle
bus)

Increasing the number of channels is the primary option to increase perform-
ance of the system but it costs in terms of hardware. Increasing the number of
memories, instead, encounters limitations due to the 1/0 capacitance. The system
solution would be to add more SSDs in the system.

To partially overcome the above limitation it is possible to exploit modern
System in Package technologies building memory systems where the memory die
communicates internally on local (to the package) bus. The local bus can be driven
by normal CMOS buffers instead of OCD ESD-compliant structures. By making
use of simplified ESD structures it is possible to reduce further the bus capacitance.
A special die of the stack will take care of selecting the data from the addressed
die and connect it to the external nodes using standard off chip driving structures.

Figure 7.10 depicts a system in which memory chips are stacked and connected
using an unspecified Local Interconnect Bus. The Interface Chip provides data
translation from local interconnect bus to the external bus by means of a standard
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off chip driver (OCD). By means of advanced packaging technologies it is also
possible to think the local interconnect bus as a slower Single Data Rate channel
to be multiplexed onto external DDR bus by the Interface Chip. Interface chip can
be built using a different technology from the one used for memories, thus
optimizing the cost of the die. Some dedicated test pads on the memory chip will
be anyway required for wafer testing.

This kind of solution can make use of advanced packaging technologies such as
Through Silicon Vias (TSV) interconnections [23] as shown in Fig. 7.11. TSV

solution creates interesting opportunities for stacking thanks to its relatively low
parasitic capacitance and its flexibility.

Local interconnect
PAD
/z

: 7
Memory o ¥
Chip#7 | Logic 11—+l > vest PAD

Local interconnect
bus

Memory o
Chip#0 || ogic >+ 2o Test PAD
Interface ESD

Chip /O Logic oco I/O PAD

Fig. 7.10. Local interconnect bus architecture

Through Silicon Via
(internal node)

Wire
bonding
(ext node)

Package Substrate

Fig. 7.11. Multiple stacking with local interconnect bus TSV Technology
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Fig. 7.12. Serial ring topology

In the direction of system density increase, another option would be adopting a
serial ring link such as shown in Fig. 7.12.

By means of this kind of topology it is possible to exploit the advantages of
unidirectional, point-to-point, daisy-chain cascade supporting many dies on a ring
without bus signal integrity problems caused by high capacitance as in multi-drop
architecture. The device address is assigned on initialization protocol and each
memory package responds to that address. The advantage of this situation is that
the off chip driver is optimized for a single standard load, obtaining also a
reduction in die size and leakage. 1/0 power dissipation is related to the position
of the addressed die in the ring but simpler I/O design also means lower power
dissipation inside the die.

7.2 Basic input output circuit design

In this section we will explore the design issues in the NAND Flash Input/Output
interface and its evolution. The section starts with a survey on the 1/0 interface
and output buffer design problems in standard asynchronous NAND products
available in the market. Next in the chapter, the design issues in output circuits
design for improved high-speed NAND will be treated.

7.2.1 1/Q circuits for asynchronous NAND

In the NAND Flash memory offer, the asynchronous products generally have a
read cycle of 25 ns (or 40 MHz operation). This is certainly not challenging for the
modern technology nodes and designers utilize output buffer circuitry with well
known circuital techniques, without worrying too much about time delays and
impedance matching issues. Design, instead, focuses on other aspects, such as die
size or switching noise issues. Other types of non volatile memory, such as NOR
Flash products, normally operate well beyond the 40 MHz frequency with a full
CMOS interface. In this section we will review the commonly used techniques

Micron Ex. 1025, p. 178
Micron v. YMTC
IPR2024-00911



7.2 Basic input output circuit design 173

and tricks necessary to obtain a competitive CMOS working solution as a basis to
move forward into the high speed operation.

In Table 7.2 the design challenges that must be taken into account when
designing an output buffer are summarized; the area of design that is mainly
impacted by each challenge is also highlighted.

Table 7.2. Output buffer design challenges

Challenge Design area

High Output load capacitance —Driver and pre-driver sizing
~Crowbar current
—Output resistance control
—Slew rate control

Package electrical constraints -SSN
—Slew rate control

Small area —Layout

ESD requirements —Layout, technology
EMC requirements —Slew rate control
Voltage domain change —Level shifting
AC-DC performance and logic functions  ~Propagation delay

—High impedance state

7.2.2 Basic CMOS output buffer design

Let’s first explore how the above points in Table 7.2 affect an Output driver stage
design by reviewing the standard CMOS I/O design techniques [4, 5, 7].

Let’s consider Fig. 7.13 where a simplified structure of CMOS Output Buffer is
sketched.

A buffer is generally represented by a big CMOS inverter. The input node of
the buffer scheme is connected to the internal data bus and the output node is
connected to the output load generally represented by a capacitor. The output
buffer, in its simpler form, is represented by a linear model composed by a voltage
generator driving ‘1’ or ‘0’ plus a resistance representing the output impedance.

ouT
—| PMOS pull-up
78

IN —o ouT

———‘ NMOS pull-down Vs

Fig. 7.13. Simple output buffer schematic

Micron Ex. 1025, p. 179

Micron v. YMTC
IPR2024-00911



174 7 NAND DDR interface

Actually, the output characteristic is not linear and is also subjected to all
variations of process and temperature connected with the MOS devices. In
Fig. 7.14 the operation of the buffer is shown. Let’s suppose that at the initial
point the output is charged to VDD and the input of the buffer is switched from
GND to VDD. The operating point initially moves from one curve to the other as
V@GS raises from 0V to VDD and finally moves along the curve shown with
VGS = VDD. The load is discharged and the operating point moves along the
N-MOS characteristic curve until VDS = 0 V. It is possible to observe that
the impedance varies from a very high value at the beginning, when the NMOS
device operates in saturation, to a low ohmic value when the device is in the linear
zone (e.g. when VDS < VDD-Vyy). It is important to recall that devices operate
most of the time in the linear zone (where VOUT = VDD/2) and the resistance
varies a lot during the switching time: a situation not desirable when the matching
of impedance to a transmission line is necessary. In particular, the operation in
saturation should be avoided because the output impedance would be very high.

The linearization of the output buffer is one fundamental point when dealing
with high speed as we will see later in Sect. 7.3.

For asynchronous NAND, the impedance matching problem is usually shifted
at the system level design by introducing proper linearization techniques (if needed).
System designers have to deal with products having very different impedance
values from vendor to vendor and with high spread with process voltage and
temperature (PVT) variations. Nevertheless, it is important to know that a correct
circuit design can ease the system level integration and make the component easily
manageable.

IDS A
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Fig. 7.14. Output buffer operation
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7.2.3 Driving high capacitive loads and noise: slew rate control

In typical systems the NAND output buffer is used to drive large capacitive loads,
in the range of 50-100 pF. In this situation the output capacitance transition is
very long compared to the buffer switching time. The buffer conductance is usually
made very large to reduce the charge/discharge time and match the specifications.

The memory data bus can be byte or word wide and the capacitive loading
current provided through the chip is multiplied by the number of switching data
bits. The inductances of the bonding wires in the package (Fig. 7.15) — that can be
as high as 5-10nH in TSOP packages — play a negative role in noise margin
because they generate bounces on internal supply lines that could affect the func-
tionalities of other circuits in the core region. This effect is often called Simultaneous
Switching Noise (SSN) and will be treated more in detail later.

A simple model, as shown in Fig. 7.16, can be used to understand that a fast
switching of the push puli is detrimental for noise [9].

vDDQ
‘Erl-pckg
. VDD INT, -
D&
DAT Amr El 10 PAD
OE_ED"—-l ...L == couT

‘I"Cvdd-gnd
GND INT ]

Lpckg

GNDQ v

Fig. 7.15. RLC Parasitics in output buffer simple model

vD (M1) G (M1)
vi V1 time >
A
Lpackage _‘—L
>

time

Fig. 7.16. Simple model to evaluate voltage noise
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The noise generated on node V1 can be calculated as:

pmax _ VD-~———]—— (7.2)
f
I+
L-G
where ¢, is the switching time, G is the maximum conductance of the transistor
(e.g. when Vgg = VDD for N-NMOS). For example, if we substitute L = 5 nH and
G = 1/10 Ohm, 1, = 0.5 ns in the formula, we have a noise as high as 2 VD.

The conductance G can be very high and is subjected to big variations with
temperature. Therefore, some control of the transistor turn-on should be done.

To slow down the turn-on of the push—pull driver, appropriate sizing of the pre-
driver circuit (that also will contribute in the noise generation) is required. As a
consequence, if the gate of PMOS and NMOS are slowed down, we face the
crowbar current in the output stage. Crowbar occurs when both PMOS and NMOS
are on at the same time similarly to what happens in CMOS digital circuits, with
the difference that, here, the currents are much higher due to the devices dimen-
sions. This situation must generally be avoided because it contributes to power
dissipation and noise. To avoid this situation the buffer structure of Fig. 7.17 can
be adopted [4, 5]. With this configuration the transistor, say the pull-up, is switched-
off before the pull down is turned on.

NAND and NOR structures can be tuned to obtain a fast switching-off and a
proper switching-on time for the output driver stage. In the figure it is also shown
the output enable signal OF that is used to turn the output stage in high impedance
state in order to leave the data bus available for other driving devices.

As we will see later, in high-speed circuits, a certain amount of crowbar current
must be traded off in favour of speed and control of output impedance.

Another important design constraint is to control slew rate of the output driver
but also of the pre-driver which is, in addition, a big contributor for noise and
should not be forgotten. In asynchronous devices, the slew rate is generally
controlled by acting on the pre-driver, so that the pull-up and pull-down transistors
are gradually switched on/off [5, 17].

VDD INT

OE
DATA

—-—-—l l PAD

DATA_N
OE_N

GND INT

Fig. 7.17, Pre~driver to avoid crowbar in push pull stage
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Generally, this is optimized in the slow corner and the result is a big variation
with process/voltage/temperature (PVT). The pre-driver RC output constant must
be much smaller than the data window, otherwise there is a risk to have a data
dependent jitter.

Other more sophisticated techniques to control the slew rates consist in controlling
the current in the pre-driver stage. This technique allows also to control the slew
rate in PVT conditions by setting appropriate current value depending on the PVT
corner properly detected by dedicated circuit [18].

It must be also noted that slew rate control is beneficial to reduce electro-
magnetic emissions from the memory which is usually the main responsible for
this kind of disturbance in the systems.

If a wide data bus is present, it could be beneficial to consider skewing the out-
put enable by a proper small delay and consequently spreading in time the current
requests.

7.2.4 Simultaneous Switching Noise (SSN)

As the data rate increases, the data valid window (i.e. the time data must be stable
at the output of the memory in order to be captured by the controller) is reduced
correspondingly. As a consequence, all effects contributing to reduce margin become
more and more important [22]. The memory is affected by noise while generating
the data; this will narrow further the available bit time. One of the main responsible
for data window margins degradation is the simultaneous switching noise (SSN)
[5, 7, 14-16]. SSN is one of the biggest noise effects impacting the data margin
and resulting in jitter increase.

SSN is an inductive noise caused by several outputs switching at the same time.
One single buffer could have a good transient behaviour, but, when all the data
buffer are switching at the same time, the data AC behaviour could be corrupted.
The problem is serious in output buffer memory design because of two effects:

o Jitter and signal bounces are increased and data window margin is reduced.

o The noise generated could affect other circuits, especially analog or memory
sense amplifiers, reducing operating margin or creating systematic non-working
windows.

With a large capacitive load, a large current is requested to charge the load and
the power network must supply that current. The current flows in inductances,
typically in the bonding wires or leads of the package, and the resulting noise is
introduced on to the power and ground supplies. This noise is transferred to the
output and the output AC characteristics are affected.

The simultaneous switching noise is determined, in principle, by the following
equation:

ol
Vesy =N-L P (7.3)
where N is the number of switching outputs, L the equivalent inductance in which
current must flow, and I the current per driver.
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Since this mechanism is dependent on the number of output switching, N, this
makes the noise dependent also on the data sequence.

To deal correctly with SSN it is necessary to understand the complete signal
current paths in the memory. In Fig. 7.18 a complete path is shown. Local metal
resistances are omitted but they should be evaluated as possible sources of
interference.

It is straightforward to understand that the problem is really connected with the
package. When TSOP packages are used, very long bonding wires can be present
leading to high inductance values. Moving to higher data rates requires to leave
such types of package in favour of more controllable Ball Grid Arrays.

Table 7.3 summarizes the main causes of SSN and the possible design
countermeasures.

Table 7.3. SSN causes and countermeasures

Cause

Implementation

Avoid crow-bar current in the output stage
Slow down edges

Power supply limitations and RLC

parasitics

Control pull-up and pull down gate
Apply slew rate control techniques

Add on-die supply capacitance. The capacit-
ance added between VDD and Ground will

act providing charge, when needed, that
will not flow into the power inductance.

If it is possible, choose a proper assignment
of 1/0 pins and power supplies separating
the current paths. The degree of freedom
can be restricted by specification assigned
pinout but, if possible, increase the number
of power supply pins and place them near
the 1/0 pins, thus reducing also the Metal
resistances.

Take into account that adjacent VDD and
GND will benefit from mutual inductance
since the currents are generally flowing in
opposite direction.

Care of internal power lines

Try to obtain the shortest bonding wires or
fraces.

Use double bonding.

Use BGA-type package

Package choices

The most important point is controlling the output slew rate. Other
recommendations are useful to avoid that noise to be coupled to other circuits
(mainly analog) causing malfunction or latches to switch state falsely. Triple well
technology could be used to separate noisy circuits [4]. Separate power supplies
for the core logic and the I/Os can help limiting negative effects of SSN.
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Fig. 7.18. Model example used to evaluate SSN

7.3 High speed NAND 1/O design

In this section the design issues related to an output stage of a high-speed NAND
are analyzed. In Table 7.4, those challenges are summarized and the related design
areas are described. As performance requirements increase, some of the topics

become more and more relevant,

In the following sub-sections the basic chalienges listed in Table 7.4 will be
analyzed and the design techniques necessary to cope with the increasing demand

in performance will be treated.

Table 7.4. High Speed output stage design challenges

Challenge/constraint

Area

Operating voltage 1.8V or lower

Output impedance controf

Max allowed capacitance
Slew rate control

Duty cycle distortion, jitter

Fly-by delay
Resonance
Channel limitations
ESD

Power consumption

Devices (technology) optimization

Output driver design: linearization, on-die
Terminations

Technology, topology, layout, ESD
Predriver design

Signal chain, voltage domain change,
decoupling capacitors

Data path optimization

Package parasites, decoupling capacitors
Terminations, equalization, pre-emphasis
Technology, layout

Interface, termination styles
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7.3.1 High speed output buffer circuits

Output buffer in high speed signal transmission is often named Off-Chip Driver
(OCD). In addition to the task of being the interface circuit between inside and
outside, OCD in high speed memories has to accomplish several additional tasks.

e Translate data flow between single data rate and DDR worlds.

e Volitage domain change. The core of the memory could operate at a different
voltage level than the I/O interface and the data signals have the need to be
shifted from the core level to the interface voltage.

e Provide the AC/DC requirements such as Vg, /Voy, slew rate or impedance
matching.

e Provide the On-Die-Termination (ODT).

e ESD protection.

Various types of OCD output stages are used in memory design depending on
the interface type and speed, as shown in Fig. 7.19.

The single ended CMOS buffer is widely used in DDR designs and we focus
mainly on this kind of structure because it is widely used in almost all
commodities DRAM memories. Differential drivers are often used to produce
clocks and data strobes.

The use of differential output drivers and receivers for critical signals such as
strobes and clocks help to keep timing margins. A differential output consists of a
pair of signals that are always switching opposite in phase (odd mode). A differential
receiver is a circuit that triggers at the crossing of two signals. This eliminates
common-mode noise and increase the signal quality dramatically. Differentially
routed transmission lines are also more immune to coupled noise and non-ideal
return paths because the odd mode sets up a virtual ground between the signals.

Off-Chip
drivers

4

4

Single Ended Differential
CMOS current CMOS current
Inverter mode inverter mode

4 5 <= =
4 N N (O N N

SDR DDR2
DDR1-2 RDRAM NMT Strobes
GDDR1-5

\. /' \ /N P —

Fig. 7.19. A OCD taxonomy
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7.3.2 Double data rate OCD

A DDR OCD is a synchronous output buffer. In synchronous systems, OCD
include a register stage used to synchronize the output with the internal databus. In
DDR design a block named serializer is included in the buffer design as shown in
Fig. 7.20. Serializer block performs the Single Data Rate (SDR) to DDR conversion.

The Serializer block receives 2n data at a given rate R (SDR) and multiplexes
these data onto an internal line at a higher rate 2R (DDR). For example, two 8-bit
data at a rate of 25 MB/s are multiplexed onto a 50 MB/s DDR bus by using a
50 MHz clock.

Clock
2n data n data
n
Y - N smmanne o
n serializer A PAD
B —rF——>

prefetch data rate outpuit rate

(SDR) (DDR)
Juuuunn
Fig. 7.20. OCD schematic block diagram
[ a|—n:bit DATA
Even
2n-bit internal CLK—I>
DATA BUS DQ and DQS
output
N[5 ol h:bit DATA
4 Odd
CLK
CLK~—p
n
D Q g
DQ—rirv —P
n 2n 2n-bit internal
b a P Q@ bpATABUS
DQS ——e————> CLK—p>

Fig. 7.21. Serializer/deserializer 2n prefetch Read and Write block diagram
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We should highlight that the OCD is operating at a frequency higher than in
other memory blocks. For example, the data entering OCD is running at a
frequency that is halved.

Serializer block converts from Single Data Rate world to the Double Data rate
world by means of the structure shown in Fig. 7.21. The same figure shows the
deserializer block needed to convert data from DDR bus into SDR internal bus by
using data strobe DQS as clock to register the DQ data input.

In DDR design the data rate is doubled vs. a single edge design at the same
system frequency. Therefore, since we have to deal with smaller delays in OCD, it
is necessary to take more countermeasures in designing the block to avoid jitter
eating almost all margins.

Variations to the structure can be done in order to obtain greater data rate at the
output maintaining the same frequency in the internal buses. This is achieved
through wider prefetch of data from the memory and multiplexing more data bus
onto the DDR bus.

7.3.3 OCD linearity: push—pull and open-drain configurations

It is of primary importance to offer a linear behaviour of the output characteristics
in order to obtain a good behaviour in the system signal integrity, especially in
absence of special termination techniques at system level (e.g. SSTL logic).
Linearity of the OCD is thus important to achieve a stable matching impedance to
the external lines. Figure 7.22 illustrates the problem when interfacing a CMOS
buffer structure with a transmission line.

Assuming that the transmission line is at VDD from the previous state, when
the pull down is switched on, VDS makes the transition to zero. In this condition
the current is limited to VDD/Z0 where Z0 is the impedance of the line seen by
the driver.

A

IDS

VGS=VDD

s receiver
----- Zo

1/Z, J\@‘D -—l pull-down

VDD/2 VDD VDS

Fig. 7.22. Output impedance of driver (NMOS) and load line
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The result is a load line with slope 1/Z0. In order to reach the target of
launching the signal with a value of VDD/2 — so that the signal at the end of line is
reflected, reaching full VDD swing — it is necessary that the intersection of the
transfer characteristic with VGS = VDD crosses 1/Zo at VDS = VDD/2. In this
point the signal is driven, and then the wave is reflected back and returns to the
output node. VDS is then decreased to a value between VDD/2 and zero. Here the
resistance rac2 shown from the driver to the incoming wave is very different from
racl. The best situation is when rac2 equals Z0 to reduce reflections. Because of
different data patterns it is clear that intermediate situations can occur, therefore
producing a certain amount of Inter Symbol Interference (ISI). The best situation
is reached when racl and rac2 are close, i.e. when the driver operates closer to
linear region. In real world the characteristics of the PMOS and NMOS output
transistors are given by technology and cannot be changed by designers. A
solution to obtain fairly linear characteristics can be found by using linearization
serial resistors as shown in Fig. 7.23. Resistors R added in series to both pull-up
and pull-down help reaching the target output impedance stability.

Figure 7.23 shows two configurations where serial resistors are added to PMOS
device and NMOS device or where a single common resistance is added to NMOS
and PMOS devices. The second alternative is preferable since it reduces the para-
sitic capacitance at the output node, even if this solution doesn’t allow optimizing
PMOS versus NMOS resistance. Moreover, the best frade-off is obtained by playing
with dimensions of NMOS and PMOS.

The example in Fig. 7.24a shows the effect of the linearization resistance on the
pull-down output characteristics. Moreover, in Fig. 7.24b two choices for resistor
pull-up and pull-down sizes are shown. In one case big MOS size is coupled with
resistors close to the 50 Q transmission line; the second case has smaller MOS and
smaller resistance. It is shown that both the solutions are close to the target
impedance at VDD/2 but they are very different at small VDS. It must be noticed
that the first solution has a bigger capacitance than the second one and this could
lead to problems at system level.

vDDQ vDDQ
GATEP _.l GATEP ——'J
DQ +YWA— DQ

GATEN __|
GATEN _.I

v
GNDQ GNDQ

Fig. 7.23. OCD inverter stage with Linearization resistors
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Fig. 7.24. Examples of choices for linearization resistor and driver dimensions

To design the optimal resistance value it is necessary to evaluate the MOS
characteristics and find the proper trade-off amid die size and parasitic capacitance.
In the end, the final output impedance is given partly by the MOS characteristic
superimposed with the resistance characteristic.

It is important to highlight that the best result can be found only if we know the
system in which the NAND memory will be plugged in and the best OCD con-
figuration will be found after system simulations. Standardization efforts are in the
direction to force the manufacturer to a specific solution in order to have a better
interoperability between vendors. As an example, standard DDR2 protocol specific-
ations definition approved by JEDEC defines with precision the characteristics of
the output driver, including PVT variation [8].

In order to give a guiding rule to manufacturers of High Speed NAND to
accommodate NAND process variations for min/max values, it is important to
adopt a specification consensus to define the impedance value. ONFI consortium
in combination with JEDEC aims at defining a standard for NAND DDR
LVCMOS protocol.

Just for the sake of completeness, Fig. 7.25 shows an open drain configuration
in which a big NMOS has a series resistor of the desired impedance (i.e. same
value of the characteristic impedance of the line). With such a solution, the line is
perfectly matched (without considering PVT variations) to the source at a price of
termination scheme. Its advantage lies in the reduction of power drawn from the
termination scheme because only the pull-down is used.

DQ
N NMOS
puli-down

Fig. 7.25. Open drain OCD
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7.3.4 Slew rate control and bandwidth

In Sect. 7.2.3 it has been explained the importance of controlling the slew-rate of
the output driver. Slew rate control is a key point in high speed OCD design as
well. Drivers should be designed in order to avoid driving frequencies greater than
the signalling rate. Simple and sophisticated methods can be used depending on
the target signalling rate. In Fig. 7.26 three methods for controlling the slew rate
are shown. The first introduces passive delays after the pre driver. This simply
slows down the gates and, therefore, the slew rate output. Problems with this solu-
tion are related to process-voltage-temperature (PVT) variation, crowbar current
and impedance mismatches. The second method is more sophisticated and uses a
current control technique for the pre-driver stage. By means of such current
controlled structure it is also possible to track PVT variations and operate proper
corrections [19, 21]. Despite the method is going towards an ideal structure, it is
worthless to adopt such a complex and area wasting solution if other design
techniques are not considered or poorly implemented. The third method is much
simpler and tricky. This method consists in adding feedback resistors to the power
supply of the pre-driver, in order to reduce the local supply voltage when there is a
current increase. This method is very simple and allows to achieve a very compact
and simple structure. It also provides a sort of feedback versus the number of
switching outputs: when a large number of outputs are switching, the output is
slowed down helping its stabilization. Drawbacks are the pattern sensitivity and
jitter increase.

When it is required to obtain a stable control of slew-rate and output impedance, a
time-split method is widely used. The basic principle is to split output pull-up and
pull-down devices into branches and activate them serially with proper sequential
delay. This time-distributed driver can be implemented in a simple analog form
suitable for relative low operating frequency or digital form [5, 13, 20, 27]. Figure
7.27 shows a basic implementation of the analog form where the pull-up/down
branches are driven by a resistive line which contributes to define the RC delay
element for each branch. Each branch can be “weighted” to obtain the best slew
rate conditions.

vDDQ VDDQ : vDbDQ
? bQ j§' DQ jﬁ’ DQ
GNDQ GNDQ GNDQ

Fig. 7.26. Slew rate control by means of (a) gate slope (b) gate slope controlled (c)
feedback on power supply
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.,{g S

Fig. 7.27. Slew rate control by output driver time-distributed activation

1
1

The digital form of the time-distributed slew rate control is well suited for high
frequency operations. Figure 7.28 shows an implementation example where pull-
up and pull-down are split into four branches. Each branch is driven by a separate
control signal. Each control signal is skewed by a proper delay interval generated
by simple CMOS buffers properly sized. The gate of each branch is driven with a
sharp edge and each branch is activated in sequence by delay intervals.

In Fig. 7.29 it is shown the sequence of activation/deactivation of the pull
up/pull down branches. At Time T = 0 all the pull down are activated and pull-ups
are deactivated; after delay time t;, one pull-down branch is deactivated and the
first pull up branch is switched on. At time 2-t; 2 second pull-down branch is
deactivated and a pull-up branch is activated and so on. The result is a sort of
staircase whose slope depends on the t; time delay.

vDDQ
p P3

—IE M3

GNDQ

DQ

GN

Fig. 7.28. Slew rate control by mean of digital time-domain split
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It is important to notice that a crowbar current is present during the whole
transition but this is traded-off in change of the important fact that, during each
time frame, it is always the same total number of branches to be active, thus
resulting in constant output impedance during the switching.

The shown method is very effective and represents a relatively simple option
for high speed operation of LVCMOS buffers well beyond 400 MHz with a good
PVT and impedance matching control.
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Fig. 7.29. time domain split time diagram

7.3.5 Voltage domain change: level shifting

Interface voltage usually differs from the power supply of the core of the memory.
For example, the memory could internally operate at 1.5 V by means of a DC-DC
down-converter, whereas the data interface needs a 3 or 1.8 V driving. Voltage
domain change occurs also when the memory has different power pins for core
supply voltage and I/0s. This situation allows the use of independent supply gene-
rators to separate the noise coming from data bus and from the core region. In a
simpler system designs it is still possible to connect the pins to the same supply on
the PCB. The OCD structure implements the level shifting function which consists
in shifting the levels of the digital signals from the core voltage GND/VDD to the
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interface voltage GNDQ/VDDQ. Figure 7.30 shows a modified structure where
NMOS ftransistors M5 and M6 are added in order to speed up the transition of
nodes from low to high.

The level shifting circuit or, more generally, the point where the data change
voltage domain, is critical in jitter generation. The two domains provide two different
references for the signal detection; therefore, any disturbs on the power supply
lines lead to the introduction of additional distortion.

vDDQ

wn —feus ;_>(_¢E w2 wod—

ouT
IN ——! M3 M4 E'— IN_N

GNDQ

Fig. 7.30. Level shifter modified

7.3.6 Jitter sources and duty cycle distortion

off-chip driver complexity implies that data is travelling along many gates before
reaching the output stage. This is due also to the fact that final driver is a big stage
that needs proper buffering in order to be driven correctly and in the appropriate
time delay. In addition, some logic levels are needed to implement logic functions
such as test functions added in the path. Last, but not the least, a level shifter or
voltage domain change is usually present in the data path. The result is a long
chain of inversions the data has to travel. The design of the chain of inversions is
fundamental in the control of duty cycle distortion. Duty cycle distortion occurs
when:

¢ Positive and negative slopes are different.
o Number of inversion is odd.
e Ground or power shifts.

To reduce the jitter in a chain of inverters it is necessary to keep the same slope
in the chain ie. using the same ratio between the driver strength and the joad
instead of trying to minimize the inverter chain.

Another source of jitter is hidden in level shifters and voltage domain change.
Level shifter presented in Fig. 7.30 introduces asymmetric positive/negative slopes
detected by a receiver gate with different time delay. Voltage domain change
affects jitter due to SSN that shifts the detection threshold as shown in simplified
diagram of Fig. 7.31.
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Fig. 7.31. Voltage domain change as a source of jitter

Output noise causes VDDQ and GNDQ bounces and, in tarn, GNDQ to be
different from GND. The result is a change of the trigger threshold in the
receiving inverter, where the supply changes domain. This particular situation
might happen at a particular operating frequency, when the delay from domain
change to output equals the bit time. The data bit which is undergoing a transition
at the output causes overshoot on the power supply. This overshoot is usually
present both on VDDQ and GNDQ, therefore, both local ground and VDD
bounces shift the characteristics of the inverters. At the voltage domain frontier
the bit is driven by a different reference and is detected by an inverter subjected to
the noise bounce, leading to a time jitter. Proper care should be taken in designing
the power domain change.

7.3.7 ESD

Electrostatic Discharge (ESD) is a natural phenomenon: charged entities discharge
current pulses to the IC pins [5, 12]. High speed /O designers have to confront
themselves with ESD design topics since their circuits are connected to the
external world and to the ESD protection network. Usually, ESD design should
start when defining the I/O floorplan of the chip. Proper definition of ESD con-
straints and paths at an early stage results in the optimization of 1/O capacitance
and size. In particular, output capacitance is a key topic for high-speed design and
it is the main reason why a basic ESD overview is included in this chapter.

Three main discharge types can be modelled and are relevant to IC design:
Human Body Model, Machine Model, and Charged Device Model whose
characteristics are summarized in Table 7.5.

Table 7.5. Characteristics of ESD discharge types

Ipeak (A) Rise time (ns) Bandwidth (MHz)
HBM 1.33 10-30 2.1
MM 3.7-7 15-30 12
CDM 10 1 1,100
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A proper understanding and proper definition of the ESD requirements of a
product is fundamental to avoid over-engineering and obtain better performances.

ESD involves all types of pins: supplies, inputs, outputs or bidirectionals. Some
pins can have special functions i.e. they can be tolerant to 12 V for some testing or
manufacturing purposes or open drain configuration. We are now considering the
protection of inputs and 1/O pins but it is important to remark that discharge can
be applied between two or more different pins whatever type they are.

Whenever an ESD discharge is applied to a couple of pins, the discharge path
develops through the weakest point in order to find the less resistive path. This
weaker point is generally entering a breakdown that could be destructive. For
example, a parasitic bipolar can turn-on, offering low impedance path to the dis-
charge. If we are able to identify the weak point (sometimes it is not so easy
because it can be due to a little separation between biased straps in the layout) and
fix it, the discharge develops through the next weak point in our layout. By
iterations we reach a point where the desired discharge path is strong enough to
avoid burning out. In this perspective, the best way to address ESD problems is to
adopt a favourite ESD path approach. Within this approach, all possible pin
combinations that can be discharged are considered by building a table with all the
pins. Then, all the paths are examined and optimized to offer the preferred path to
the discharge. Another advantage is that it is not necessary to exaggerate with
distances and guard rings in our layout, avoiding a waste of space.

In Fig. 7.32 the main discharge devices and paths in a memory are shown. First
of all, there are some important devices paths that eventually collect all types of
discharges. ’

In the next subsections the input and 1/0 pads ESD concerns will be treated
keeping in mind that key point in I/O speed design is capacitance and ESD
protection always plays a role in capacitance contribution.

VCCQ_A vee veea B8

X

%

VssQ_B

Fig. 7.32. Simplified ESD network

Micron Ex. 1025, p. 196
Micron v. YMTC
IPR2024-00911



7.3 High speed NAND /O design 191

Input and output ESD protections

Input pins are generally protected by ESD diodes as shown in Fig. 7.33a. A
discharge applied to the input pins must be routed toward either VCCQ or VSSQ
through diodes. A VCC-VSS clamp will eventually close the discharge loop. As
we mentioned, if the protection is slow to activate, then other weak paths could
turn on. To avoid that, it is necessary that the clamp is well connected to the input
supply with a Jow ohmic path.

A secondary protection is generally present by means of a resistor, generally
placed towards the gates of the input pins to offer a RC delay to the ESD signal,
plus another diode. CDM discharge types have a current slope in the range of
some nanoseconds therefore R could be in the range of kiloOhms.

Diodes, resistor and routing contribute to the total input capacitance.

Output stage is normally an inverting stage with a NMOS and a PMOS
connected to the pad as shown in Fig. 7.33b. NMOS is generally the weakest point
because of snapback phenomena and must be controlled. If technology (implant
scheme) is not able to guarantee a safe snapback operation in the output transistor,
this must be controlled by means of serial ballast resistors, typically in N-Well.
Normally, in high-speed design, resistors are introduced for linearity reasons;
therefore, the ballast resistors are not wanted. If the resistor has to act as a ballast
resistor, then width of the resistor must be chosen large enough to avoid saturation
of the resistor, and the capacitance of the structure can increase correspondently {5].

vCCQ vceaQ

D1 PUP -——IE M1 D1

R
N[] y , Dv— ouT
D3
B2 PDW-——I M2 02

vSSQ vssQ

a)

Fig. 7.33. (a) Input protection, (b) output protection

7.3.8 Layout

The structure in Fig. 7.34 shows a special example of a NMOS driver in non-
salicided technology. The protection diodes are sliced and placed between fingers
of the NMOS. The drain junction acts also as the protection diode anode. The con-
tact to gate distance on the drain side is shown: contacts are placed at a non minimum
distance so that »+ diffusion helps protect the transistor from snap-back.
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p+ strap /diode catode

non-min
contact to gate
distance

n+/psub diode

Fig. 7.34. NMOS pull-down layout example

The contact-gate distance is critical in defining the output capacitance, since
the parasitic drain diode is proportional to the distance and it is an important point
for output capacitance improvement.

In high speed drivers the diode is often separate from the MOS transistor and
placed where more convenient.

The disposition of OCD components in the layout (called floorplan of the OCD)
is very important to achieve optimal performance. As usual the OCD requirements
are not the only important characteristics of the chip and some trade-offs must be
done when defining OCD floorpian. Usually the OCD floorplan starts by consider-
ing the total available space for pads and ESD protections structures and the
proper position of decoupling capacitors. As a matter of fact, the X and Y dimensions
of the chip are determined by the core of the device, its array, and all the pads in
the worst case must fit in one side of the device. In addition, the ESD structures
(clamps) must be put in a proper disposition in order to obtain efficient ESD
protection.

In Fig. 7.35 an ideal OCD floorplan is shown. The output PMOS and NMOS
structures, together with linearization resistors are placed at both sides of the DQ
Pad. With this position, the MOS transistors are easily (and low ohmic) connected
to the pad and to the power supply rails which are routed horizontally above and
below the PAD stripe. The pre-driver structures are placed aside the transistors.
ESD primary diodes are placed on top and bottom of the pad in an advantageous
position for connecting them to the power supply rails and to the DQ pad. The
floorplan shown here allows to optimize the metal routing needed at the DQ node
in order to obtain the smaller possible capacitance. Moreover, on top the logic
circuits of the OCD are designed, including the serializer circuit and level shifting
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circuits. Input logic could be positioned wherever is more convenient, also inside
the chip.

The proposed scheme shows a VDD/GND pad pair on the left and right of the
DQ pad, thus providing short forward and return paths to the signal, independent
from the paths of the other DQ pads.

The real floorplan will be the result of trade-off choices between size and
performances.

SDR2DDR logic

ESD Diodes

<
o
predrivers
NMOS
resistors
sIo}sisal
SOnd
predrivers
Q)
['»)

Fig. 7.35. OCD layout ideal floorplan

7.3.9 /O capacitance problem

The capacitance of the Off-Chip Driver plays a fundamental role in high speed
design for many different reasons and must be minimized. At system level, when
more dies are attached on the same channel (a typical situation in many application
and especially in high-speed demanding applications like SSD), the I/O capacitance
sums up to very high values, compromising signal integrity and posing a limitation in
dies stacking on a single channel. This reflects on the decision to have systems
with multiple channels (impacting the cost of the system itself) or to adopt a
termination scheme. We have seen that achieving a low capacitance at the DQ node
is a difficult task which requires the best trade-off choices among design/layout,
technology options, and package.

wiré bonding mold compound

Fig. 7.36, Package with eight dies stacking on a Ball Grid Array substrate
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I/0 input capacitance also plays a role on signal integrity of very high
frequency terminated systems because the receiver capacitance acts as a shunt for
the signal, creating disturbance in the signal quality.

Figure 7.36 shows an example of a chip with eight dies stacked on a BGA
substrate.

In the following Table 7.6 the contributors to the I/O capacitance are summarized
together with some numeric examples.

Table 7.6. Contributors in building the OCD output capacitance

Metal routing ~ ESD diodes ~ PAD ~ \ransistors and Total
resistors

C 1 pF 1pF 0.2 pF 1.5 pF 4.0 pF

The first contribution is given by the transistor diffusion capacitance whose
value is technology dependent and can be very high. ESD rules imposes contact to
gate distances with relaxed numbers which, in turn, increase the diffusion area
responsible for drain capacitance.

Moreover, if smaller output impedance is wanted in order to drive difficult
overloaded bus situation, it is necessary to increase the pull-up pull-down MOS
finger size, thus increasing also the capacitance contribution. For example, if the
transistor is doubled in size, the associated parasitic capacitance is doubled and, in
turn, it gets an increase of about 30% in the total capacitance.

Another important contribution is given by the linearization resistors. Here we
recall that the choice of transistor size and linearization resistors can play a key
role in the signal integrity due to the capacitance introduced. A careful trade-off
must be done based on system simulations. ESD structures also have a
technology-dependent capacitance.

Last but not the least, metal routing used to connect the off-chip driver
components can result in a very high capacitance. This contribution is very
dependent on the quality of the layout choices (Sect 7.3.8).

Finally, Table 7.7 shows that a typical system with eight memory dies on the
same channel can easily reach values up to 50 pF.

Table 7.7. Total system data line capacitance in an eight die stack

Cro WB PCB Controller 1O
CTOT N#4.0 N¥0.5 1.35 pF 4.5 pF 42 pF

Summarizing, I/O capacitance optimization is achieved by a proper analysis of
the following design and technology points:

e Proper choice of transistors and linearization resistors size and arrangement

* Reduction of Drain diffusion capacitance by specific technology modification
for the 1/0 transistors
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e Layout optimization
¢ ESD gate—contact distance reduction and ESD diodes size reduction
e Package choice

Standardization requires the NAND products from different vendors to have the
same or similar loads. For example, let’s consider to build a 32 GB system using
sixteen 16 Gb NAND. The requirements of performances drive towards the choice
of a dual channel; therefore, we have eight dies on the same channel. Today, the most
cost effective solution is a TSOP package with four stacked dies. As a result, we have
two packages tied to the same channel. Figure 7.37 shows the above mentioned
system. Manufacturing implies a variance of production parameters and, as a con-
sequence, the capacitance of an I/O pin, composed of several terms, can spread from
a typical value in positive and negative direction. If we consider the worst case where
all the dies in TSOP1 have minimum capacitance and all the dies in TSOP2 have
maximum capacitance, the capacitance spread between the two channels is equal to:

C,

spread =4-(C+A)-4-(C-A) (7.4)

If the absolute variation is A =1 pF this leads to an imbalance of 8 pF. The
smaller the imbalance is, the smaller the signal integrity issues are: these last limit
system performances. Control and standardization of the NAND products will be a
key point for enabling new applications based on solid state storage.

4x 16Gb 4% 16Gb
TSOP TSOP

< data channel A * f

controller 4x 16Gb 4x 16Gb
TSOP TSOP

g data channel B * *

Fig. 7.37 32 GB system, dual channel using four dies TSOP
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L. Crippa' and R. Micheloni?

8.1 Introduction

The reading operation is designed to address a memory cell and extrapolate the
information stored therein. In the case of a NAND-type Flash memory, the
memory cells are connected in series, in groups (strings) of 2% cells, up to 64.

In Fig. 8.1 the string of a NAND Flash memory is iilustrated: Mg s and Mg
NMOS selector transistors connect the string to bitline BL and to source line SL
respectively.

As in other types of Flash memories, the stored information is associated with
the cetl’s threshold voltage Vry: in Fig. 8.2 the threshold voltage distributions of
cells containing one logic bit are shown.

If the cell has a V1 belonging to the erased distribution, it contains a logic “17,
otherwise, if it belongs to the written distribution, it contains a logic “0”. Cells
containing » bit of information have 2" different levels of V.

BL{n) BL(n+1)
MoLs I-J Muts
BLS I tll
M : Mea
Wi %E:I |
Mg Mo
sl |
WL, uL] l'
1 ]
L 1
My M
WL " :I Il
M. M,
wL,——| 1l
MSI.S | N1SLS I
SLS I 1
SL Ll *

Fig. 8.1. Two strings in a NAND architecture
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198 8 Sensing circuits

Flash cells act like usual MOS transistors. Given a fixed gate voltage, the cell
current is a function of its threshold voltage. Therefore, through a current measure,
it is possible to understand to which Vqy distribution the memory cell belongs.

The fact that a memory cell belongs to a string made up by other cells has some
issues. First of all, the unselected memory cells must be biased in a way that their
threshold voltages do not affect the current of the addressed cell. In other words,
the unselected cells must behave as pass-transistors. As a result, their gate must be
driven to a voltage (commonly known as Vpasg) higher than the maximum
possible Vyy. In Fig. 8.2 Vpags has to be higher than Vipmax.

However, the presence of 2” —1 transistor in series has a limiting effect (satur-
ation) on the current’s maximum value; this maximum current is, therefore, much
lower than the one available in NOR-type Flash memories.

Figure 8.3 shows the [-V (current—voltage) characteristic of a NAND cell
(string): Vggap is applied to the selected gate while Vpags bias the unselected
gates. Vpass is a fixed voltage. Three main string working-regions can be
highlighted.

1. Region A: the addressed cell is not in a conductive state.

2. Region B: Vgpap makes the addressed cell more and more conductive.

3. Region C: the cell is completely on, but the series resistance of the pass transistors
(unselected cells) limits the current to Igga.

The string current in region C can be estimated as:

L (8.1)

IH o= =
P DRy

where Roy is the series resistance of a single memory cell, Vg, is the voltage
applied to the bitline and # is the number of the cells in the string. Roy, at a first
approximation, is the resistance of a transistor working in the ohmic region.

For a MOS transistor in ohmic region the following equation holds true:

2
Voo
- _*Ds (8.2)
Il)"k'l:(V(fS_V'IH).VDS 2
Erased cell distribution Progr d cell distrib
Vi < Veeap Vi > Vieap
T | T o V1o
vlli"m\l) V'l‘]lhl,\x VI’I\SS

Fig. 8.2. Threshold voltage distributions for erased and programmed cells
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4 Istrine

Fig. 8.3. Cell current characteristics versus gate voltage
For small Vg values, as in our case, Eq. (8.2) may be simplified as:
1y = ka5 =Viw ) Vs ) (8.3)
Therefore, Roy is equivalent to

=S (8.4)

Equation (8.4) shows that Roy is a function of Vg In other words, Iggat
depends on the Vpy values of the n cells in series. When all the cells are
programmed to Vuumax, Row takes its maximum value (dashed line in Fig. 8.3).
Roy influences the I-V characteristic also in region B but in a more negligible
way.

In order to reduce the dependency from Ry, the cell has to be read in
region B as near as possible to point O.

The order of magnitude of the saturation current, in the state-of-the-art NAND
technologies, is a few hundreds of nanoAmpere, that means a reading current of
some tens of nA. It is very hard to sense such small currents with the standard
techniques used in NOR-type Flash memories, where the reading current is, at
least, in the order of some microAmpere. Moreover, in NAND devices, tens of
thousands of strings are read in parallel. Therefore, tens of thousands of reading
circuits are needed. Due to the multiplicity, a single reading circuit has to
guarantee a full functionality with a very low area impact. As a matter of fact, the
first memory NAND prototypes used traditional sensing methods, since the said
currents were in the order of tens of microAmpere [4].

The reading method of the Flash NAND memories consists in integrating the
cell current on a capacitor in a fixed time (Fig. 8.4). The voltage A4V across a
capacitor C, charged by a constant current 7 for a time period 47, is described by
the following equation:
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200 8 Sensing circuits

1
AVp =—AT (8.5)

Since the cell current is related to its Vg, the final voltage on the capacitor
(AV) is a function of Vy too.

This chapter deals with different reading techniques, starting from the one
using the bitline parasitic capacitor, ending with the most recent sensing technique
which integrates the current on a little dedicated capacitor. The above mentioned
techniques can be used both in SLC and MLC NAND memories. In the MLC
case, multiple basic reading operations are performed at different gate voltages
(Chap. 10).

V¢

!

Ve < C .
AVe

\Y

L

WAL

Fig. 8.4. Capacitor discharge through a constant current source

8.2 Reading techniques using the bitline capacitor

Historically, the first reading technique used the parasitic capacitor of the bitline
as the element of the cell current integration [1-3].

In Fig. 8.5 the basic scheme is shown. Vpgre iS a constant voltage. At the
beginning, Cpgy, is charged up to Vpge and then it is left floating (To). At T, the
string is enabled to sink current (fcg ) from the bitline capacitor. The cell gate is
biased at Vrgap. As shown in Fig. 8.6, if the cell is erased, the sunk current is
higher than (or equal t0) Igramin. A programmed cell sinks a current lower than
Ierammv (it can also be equal to zero). Cg. is connected to a sensing element
(comparator) with a trigger voltage Vyc equal to Vsgn. Since Igrammv, Cor, Vere
and Vggy are known, it follows that the shortest time (TgyaL) to discharge the
bitline capacitor is equal to:

Ty = Cr, Vor —Vun (8.6)

Teranv

If the cell belongs to the written distribution, the bitline capacitor will not
discharge below Vggy during Teyap. As a result, the output node (OUT) of the
voltage comparator remains at 0. Otherwise, if the cell is erased, Vg, drops below
Vsen and the OUT signal is set to 1.
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Fig. 8.5. Basic sensing scheme exploiting bitline capacitor and the related timing diagram

Definition 8.1 A Single Read Operation (SRO) is what has been described so
far. Fixing Vpass, Verg, Vsen and Tgyap, the single read operation establishes if
the cell Vry is higher or lower than the read voltage Vgzeap.

Definition 8.2 V'ggap is the voltage to be applied on the cell gate in order to
have Vg, = Vgun. In other words, the output of the comparator resulting from a
SRO at (V’geap + ) is inverted compared to the one resulting from a SRO at
(V’reap — €). V'ggap is defined as the Read Cell Threshold Voltage Viyyy.

Figure 8.7 shows the matrix and reading circuits organization in the former
NAND devices. In that structure, the cells belonging to the same wordline (WL)

are read in parallel during a single read operation. Therefore, each bitline has its
sensing circuit, traditionally called “Page Buffer” (PB) [1].

Erased cell distribution Programmed cell distribution

v

\

\

)

+

'

E . VTH
v

Viranp THMAX

Fig. 8.6. Minimum erase current versus Vrgap
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Fig. 8.7. Page buffer organization

The basic page buffer structure is sketched in Fig. 8.8. Figure 8.9 shows a
timing diagram of a SRO. During the precharge phase Tpre, MsgL and Mpcy are
biased to Vprg and Vpp + Viun respectively. Vryy is the threshold voltage of a
NMOS transistor and Vpp is the device’s power supply voltage.

As a consequence, Cpy, is charged to the following value:

Vi, =Vore —Vian 8.7

During this phase, the SO node charges up to Vpp. Since Vgg and Vpg can be
higher than 20-22 V, Myy has to be an high voitage (HV) transistor. In fact,
during the erase phase, the bitlines are at about 20 V and Myy acts as a protection
element for the page buffer’s low voltage components. Instead, during the reading
phase, Myy is biased at a voltage that makes it behave as pass-transistor. More-
over, during the precharge phase, the appropriate Vreap and Vpags are applied to
the string. Mp, 5 is biased to a voltage (generally Vpp) that makes it work as pass
transistor. Instead, Mg, 5 is turned off in order to avoid cross-current consumption
through the string.

Typically, Vg is around 1 V. From Eq. (8.7), Vpge values approximately 1.4—
1.9V, depending on the Vyyy (NMOS threshold voltage). The bitline precharge
phase usually lasts 5-10 ps, and depends on many factors, above all the value of
the distributed bitline parasitic RC.

Micron Ex. 1025, p. 208
Micron v. YMTC
IPR2024-00911



8.2 Reading techniques using the bitline capacitor 203

Voo Ll&T
Mycn
PCH _—_“
LATCH our
Mg,
SEL —“I
Mty
Hv ——4% fm e e e .
]
1
1 Mp.s
BL(n) [~777777 E BLS'——{E‘
o : .
alm
_____ : MiH
- ':’ ' Vpags === ” Icgsn
L '
\Y4 ;
1
]
1
'
1

SELECTED STRING -]

Fig. 8.8. Basic elements of the page buffer

Sometimes this precharge phase is intentionally slowed down to avoid high
current peaks from Vpp. In order to achieve this, the Mpcy gate could be biased
with a voltage ramp from GND to Vpp + Viyn.

At the end of the precharge phase, PCH and SEL are switched to 0. As a
consequence, the bitline and the SO node parasitic capacitor are left floating at a
voltage of Vprg — Vun and Vpp, respectively. Mgys is then biased in order to
behave as pass transistor. In this way the string is enabled to sink (or not) current
from the bitline capacitor.

At this point, the evaluation phase, indicated with Tgya; in Fig. 8.9, starts. If
the cell has a Vyy higher than Vggap, no current flows and the bitline capacitor
maintains its precharged value. Otherwise, if the cell has a V,y lower than Vigap,
the current flows and the bitline discharges (dotted line in Fig. 8.9).

After TEVAL; MSEL is biased to a voltage value VSEN < VpRE. If, during TEVAL,
Icg e discharged the bitline under the value:

Vir, <Vsin ~Viwy (8.3)
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204 8 Sensing circuits

then Mgg, turns on, equalizing the voltage level of the SO node (Vgo) to V.
This is true because Cg >>Csgo; in this way, the charge sharing can be neglected.
In Fig. 8.9 the case that satisfies Eq. (8.8) is shown with dotted lines.

Definition 8.3 The Average Threshold Current Ixgapry is defined as:
AV . CB/‘

TI:' VAL

Lpgapre = (8.9)

where:

AV = Vpry =V )= Vsiaw = Vorn )=Voris = Vein (8.10)

If, during the evaluation phase, the average cell current is higher than Eq. (8.9),
the Eq. (8.8) holds true. Besides, Vgo is equalized to Vp; and, according to
Definition 8.2, Vyyy is lower than Vggap. On the contrary, if the average cell
current is lower than Eq. (8.9), the Eq. (8.8) is false, Vo remains at Vpp and Vg
is higher than Vrgap.

Therefore, Tgvay, is an important parameter for both the overall time of the
single reading operation and the overall time of the program operation (during the
verify phase — Chap. 10).

TevaL can be easily computed from Eq. (8.9):

AV-Cyy

I RIEADTH

Tyyat, = 8.1

In order to reduce as much as possible the evaluation time, we must reduce AV
and Cg_ and increase the average threshold current. Cg. depends on the
technological parameters and is linked to the length and geometrical dimensions
of the bitline: in the best cases it is around 2 pF. It is very difficult to have AV
smaller than 100 mV for design reasons; this value is sized in order to hide the
collateral effects during the evaluation phase, e.g. the disturbance and the noise
injection on the bitline voltage. Irgaprn depends on technological parameters and
biasing conditions (pass voltages). With state-of-the-art technologies (sub-30 nm),
a value greater than 50 nA is not available. From Eq. (8.11) it follows:

100mV -2pF _,

8.12
50nA4 ( )

Tiya, =

4 ps is a best case number; in reality, Tgyay is in the range of 10 ps.
After the evaluation time, the following “information” is available on the SO
node:

— if Vour > Vrgap, then Vso = Vpp,
~ if Vrur < Vrgap, then Vso < Vgpy — Vi,

Now the Vg voltage must be immediately “digitalized and frozen” in the latch
structure, because of the very low charge retention of the SO node capacitor.
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Fig. 8.9. Single read operation (SRO) timing diagram

A very often implemented latching structure is illustrated in Fig. 8.10, with its
timing diagram.

Before every SRO, the OUT node of the latch is forced to ground (Tggr phase
in Fig. 8.10). At the end of the reading operation, the LAT signal is set to Vpp and
two cases are possible:

— if Vso = Vpp, the Mpar —Mgo series is strongly conductive, forcing the
OUT N node to ground.

— 1f Vso = Vsen — Vrans Mrat — Mg series is not able to unbalance the latch and
OUT N remains at Vpp.
The result of the single read operation is finally stored into the latch. It’s clear

that the latch must be correctly sized in order to work as described above.
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Figure 8.11 shows the “latch static characteristic” Vour versus Vso and “read
static characteristic” Vo versus V.. The point referred to as “C” corresponds to
the end of the bitline precharge phase. The segment referred to as “CB”
corresponds to a cell that does not sink enough current to discharge Vg, below the
value Vggy — Vun in Tgyar. On the contrary, if the cell has discharged Vg, below
Vsen — Vran, then SO node is shorted to the bitline (segment “OA” in Fig. 8.11b).
In reality, the transition between points “A” and “B” is not so steep: the actual
slope depends on the ratio between the bitline capacitance and the SO node
capacitance (this ratio is in the order of 30—100).

The latch is well sized if:

- when Vso = VDD> then VQUT = VDD,
— when Vso < VSEN - VTHN, then VOUT =0V.

Of course, these conditions must hold true PVT (process — voltage —
temperature). Therefore, the threshold voltage of the latch (Vry) should satisfy
the following conditions:

Vis, > Vesn =Veans Vi <Vop (8.13)

4 Tesr i TeretTeva » Torsen.
S0 R .
LAT >
OUT N R _ >
RST >
T, T, T

Fig. 8.10. First Latch circuital solution and its timing diagram

If Eq. (8.13) is satisfied, the latch doesn’t affect the outcome of the read
operation; in other words, the latch acts as a pure storage element. Vpgg and Vg
are generated from a voltage regulator based on a well controlled reference
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voltage (typically a band-gap reference, Chap. 11). As a result, AV of Eq. (8.10) is
a fixed value. If Eq. (8.13) is not satisfied, the latch influences the read operation.
In this case, the term Vggy — Viun of Eq. (8.10) has to be substituted with V.
Vi, PVT variations can range from 500 mV to 1 V. As a result, AV of Eq. (8.10)
is not a fixed value.

In Fig. 8.12 another latch used in the page buffer circuits is sketched. It is made
up by two three-state inverters (11, I2) and a Mg equalization transistor. EN1 and
EN2 can drive 11 and I2 into an high impedance state. In the latch of Fig. 8.10 the
SO node drives the Mgo gate; instead, in Fig. 8.12 Vgo node is directly transferred
on the OUT_N node through My 1. In Fig. 8.12, a possible timing diagram is also
shown. During the first reading phase the latch is held in high impedance. Just
before the end of the evaluation phase, there is an equalization phase (Tgq):
OUT_N and OUT nodes are shorted (approximately Vpp/2) through Mgq. The
equalization phase ends at time T. At time T,, Vs is transferred on OUT N (Mgo
is enabled). At T, the Inverter 11 is enabled (tri-state is released) and two cases
are possible:

— if Vgo = Vpp, 11 sets the OUT signal to GND.
— if Vso = Vsen — Vrun, 1 sets the OUT signal to Vpp.

Vourr
‘1’:" LATCH STATIC CHAR.
Other Cases
(VDD, Temp, models and so on)
VSHN—VTIIN AL LLEY LR NN
Voo Y Worst Case
.
. /
4/.'/ a)
. Vso
V;
Vso Vim o
W\
» < Safety margin
Vip B C
b)
Viun-Vin A
_Vm
(8] >
Vaun- Vo Vere-Voun
READ STATIC CHAR.

Fig. 8.11. (a) Latch characteristic; (b) read characteristic

At T, also 12 is enabled and the positive feedback of the latch takes place.
Finally, at Ts, Mg, is disabled and the latch holds its state. The critical phase is
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definitely when I1 is enabled; also in this case, 11 inverter works correctly if its
switching threshold voltage is always between Vpp and Vgen — Vrpn. In other
words, it is like substituting the latch static characteristic of Fig. 8.11a with the
inverter 11 static characteristic. Figure 8.13 shows a transistor level schematic of
the three-state latch described in Fig. 8.12.
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Fig. 8.12. Second latch circuital solution and its timing diagram
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Fig. 8.13. Three-state latch
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8.2.1 Interleaving architecture

Given the Eq. (8.9), it is clear that the bitline capacitance has a direct influence on
the average threshold current. Cg;, must fulfill the following requirements:

— It must be a known parameter.

— 1t must be immune to external noise.
Figure 8.14 is a bitline cross-section showing the different contributions to Cg,:

~ Cap 1s the parasitic capacitor between the bitline and the lower plane (usually it
is the wordline plane).

—~ Cay 1s the parasitic capacitor between the bitline and the upper plane (usually it
is the source-line plane).

— Cc is the parasitic capacitor between two adjacent bitlines.

— Cg; is the parasitic capacitor between a bitline and its second nearest bitline.

Therefore, Cyp, can be written as:
Cpr, =Cyy +Cyp +2C; +2Cc (8.14)

The above mentioned contributions depend on the bitline geometrical values
(width W, height H and spacing S in Fig. 8.14), on the distance between upper an
lower ground levels and on the oxide thickness. These parameters are not uniform
among different wafers, dice and even within the same die. However, a correct
reading must be ensured. Once the maximum and minimum values of Cgj, are
known, it is possible (through Eq. (8.9)) to define a “cell working window”
(Fig. 8.15) between the following | values:

AV -Cyy pax
! READTH _MAX = _7—"*““ (8.15)
LVAL
AV -Cy, pan
1 READTH _MIN = *"—“”‘—'—‘T = (8.16)
EVAL
Of course, looking at Fig. 8.15, this relation has to be satisfied:
Lrpapra max < Tssar (8.17)

If Eq. (8.17) is not true, the memory cell never discharges Vg, under (Vgpn —
Vrun) and it is seen as written for any Vrgap. The only way to solve this issue is to
select a different set of Vpge, Vsgn and Tgyar.

In reality, as seen in Fig. 8.9, the bitline voltage and the cell current change
over time during Tgya,. It follows that the considerations on the average current
and on the cell working window are only a starting point. It is necessary to relay
on circuit simulators in order to verify that every parameter has been sized
correctly.
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Fig. 8.15. Cell working window

In all the explained theory, another important assumption is that the bitline
capacitor has one of its terminals fixed to ground. Actually, looking at Fig. 8.14,
Cp. ground terminal is physically distributed over four nodes:

1. The upper plate, usually the source-line

2. The lower plate, usually the wordline or the source-line
3. The left bitline

4. The right bitline

During the evaluation time the first two nodes are forced at a fixed voltage.
Instead, the adjacent bitlines could be discharged by the strings connected to them.
Assuming a voltage noise AVpg;, on the Cy ground node, Eq. (8.9) becomes:

(AV + AV )-Cpy

T]t' VAL

Tpra D IH ™

and it is equivalent to inject, during the evaluation time, an average noise current
equal to:
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8.2 Reading techniques using the bitline capacitor 211

I AV -Cyy
READ_NOISE =~
Al

Depending on its value, AV can also invalidate the read operation. In any
case, AV, makes an apparent shift of the Vyyg.

Let’s suppose that BL(i + 1) and BL(i—1) bitlines are discharged to Vprg — Vaen.

On the coupled BL(i) the following voltage variation is induced:

Co+Cp
—’(‘CT_‘“E'(VPRE ~Verw) (8.18)

Bl

AVBL =

This value is bigger if the adjacent bitlines are completely discharged to
ground.

With the continuous bitline shrinking (W and S in Fig. 8.14), the coupling
capacitances play an important role. In sub-40 nm NAND technologies they
contribute 80-90% of the total bitline capacitance. To overcome this issue, the
interleaving architecture is introduced. While the even (or odd) bitlines are read,
the odd (or even) bitlines are forced to a fixed voltage (generally ground), acting
as an electrical shield [5~7]. As shown in Fig. 8.16, Mg, and Mg, (bitline
selectors) are placed between the bitlines and the page buffer. If the even bitlines
BLe are read, Msgr, acts as a pass-transistor. Transistor Mgg, is turned off. The
DISo signal turns on the Mp;s, transistor, forcing the odd bitline BLo to the fixed
BIAS voltage. Mp;s. is turned off.

| lLAT !
i LATCH our !
Vi la— BLSEL() o)

SELo | SELe | DISo | DISe { BIAS

BLof 1 L | L | v |eNo
READ

pmmmmm e L A Lontd R P I I BT R
BLe(i) BLo(i) READ

£ 2
>
-
a
>

Fig. 8.16. Interleaving bitline architecture
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212 8 Sensing circuits

In order to minimize the power consumption, BIAS and the source line (SL)
should be biased at the same voltage. In fact, these two nodes are shorted if a cell
with Vrpg < Veeap belongs to the unselected bitlines. SL and BIAS are usually
grounded during the reading operation.

With this architecture, the noise injection effects through the Cc coupling
capacitors are eliminated. However, the coupling through Cc, (Fig. 8.14) is still in
place. This contribution is not negligible: in the state-of-the-art technologies, Ce,
contributes 5~10% of the total bitline capacitance. This problem is solved by the
architecture described in Sect. 8.3.

8.2.2 Interleaving architecture: page buffer core design

There are two different ways of placing the page buffers and the bitline selectors
around the matrix: in Fig. 8.17, they are located on one of the two sides (along the
bitline direction) of the matrix. This architecture is called single-side page buffer
interleaving architecture: the bitline pair BLe(i) and BLo(i) ends in the BLSEL(i)
which has the output line BLINT() [S, 7, 10, 12, 14-17, 20, 22, 23]. Figure 8.18
shows the double-side page buffer interleaving architecture: the even/odd bitline
pair ends alternatively in the up and down selectors [6, 8, 9, 11, 13].

The first solution is more compact, because it puts together all the page buffers
in just one device’s area. That gives a big advantage in terms of signal and power
supply routing, IR drop and datapath signals. Instead, the second solution has the
BLINT and the page buffer circuits less dense. In fact, the single-side solution
needs a BLINT signal every two bitlines, while the double-side architecture needs
one BLINT signal every four bitlines.

(1)BLSEL()
(2)BLSEL(i+1)
ce EZI
33 53
S g4 33 T
=) BE 33
= MATRIX Al e
o S....
= I 11
B H i —-' *-
BOTTOM BL SELECTOR § 1) 2)
1) ¢ 2) g
SRS 7
BOTTOM PB l l B ::1
PB(i) [PB(i+1) E Z
» . [~} o
\/ g &
X-zoom PB(i) JPB(i+1)

- PB density: 1 ¢ach 2 bitlines
- BLINT(i) density: 1 each 2 bitlines

Fig. 8.17. Single side interleaving architecture
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8.2 Reading techniques using the bitline capacitor 213

It is important to take care of the layout density of the signals. In particular, the
BLINT signal is one with the highest density in the NAND device, except bitlines
(BLs) and wordlines (WLs). BLINT lines belong to a region usually called “Core
Region” (CR), where the layout design rules are the most aggressive. Those rules
can’t be the ones used in the matrix, because CR is neither regular nor linear as the
matrix is. For example, in the CR there are isolated curves, shapes and contacts,
while in the matrix area there are only the regular BLs and WLs. Moreover, the
matrix js manufactured with an aggressive and expensive lithography in
comparison with the rest of the chip. Nowadays, BLs and WLs are defined with
double patterning (pitch fragmentation) techniques, while single patterning
lithography is used elsewhere. As the technology continues to shrink, it is very
difficult to integrate a very dense BLINT region both from the lithography and the
layout points of view. This is the reason why, sometimes, a double-side architecture
is preferred.

TOP PB PB(i+1) ¢ S
TOP BL SELECTOR BLSEL(i+1)--- E b1
O i B 8 BLSELG)
= 9 3
5 28 glg
= MATRIX g E
8 ol I Iy I
—t ] —
BOTTOM BL SELECTOR i BLSEL() g
BOTTOM PB & PB(G) § S
X-zoom “|PB@) @

- PB density: 1 each 4 bitlines
- BLINT(i) density: 1 each 4 bitlines

Fig. 8.18. Double side interleaving architecture

The page buffers’ density can be instead reduced, using stacked architectures
as sketched in Fig. 8.19. Page buffers are piled up on four rows, in order to reduce
four times their density: from a page buffer every four BLs to a page buffer every
16 BLs. Obviously, the same solution can be used for the single-side architecture.

The page buffer is constituted by transistors having layout rules (strictly
related to power supply voltage) that remain mostly unchanged through the
different technological nodes. Therefore, as technology goes down to finer
geometries, the page buffer has less space available in the orthogonal direction to
the bitlines. For this reason, the number of page buffer rows increases more and
more. In the state-of-the-art devices, it is usual to find structures with 8/16 page
buffer rows.
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214 8 Sensing circuits

Figure 8.19 shows that the BLINT signals density is constant and it is not
related to the number of page buffer rows. BL and BLINT densities vs. the
technological node S are depicted in Fig. 8.20.

As an example, we consider a 36 nm NAND device, where an interleaving
double-side architecture is adopted and the page buffers are stacked on eight rows.
The page buffer is therefore drawn using a 32 bitlines pitch:

PBPITCH = (32 +32)-36nm = 2,304 um (8.19)

In Fig. 8.21 a layout area corresponding to the bitline selector (BLLSEL) region
is illustrated. In the upper part of the figure there are the bitlines and the gates of
two BLSEL HVNMOS transistors. The bitlines are made with the second metal
layer (metal2). In the lower part of the figure the BLINT signals, drawn with the
first metal layer (metall), are shown. Actually, the two figure overlap, but are here
split to make them clearer.

-
TOP PBrow3 i ¢ |PBGD)
TOPPBrow2 i 3 PB(i+5)
TOP PBrow1 i + PB(i+3)
TOP PBrow 0 * PB(i+1)

TOP BL SELECTOR row 3 =|= i | BLSELG+T)

0 H : iy BLSEL(i+5)
TQP BL, §ELE‘S. !_('gg row 1 :: . BLSEL(i+3)
TOP BL SELECTOR row 0 N BLSEL(i+1}

Q i

3] H

(=] i

= MATRIX

- i

m E:

w i BLSEL(i)
BOTT ELECT #] O B BLSEL(+2)
BOTTOM BL SELECTOR yow 2_:: i BLSEL(i+4)

TYOM BL SELECTOR row 3 L_» v BLSEL(i+6)
BOTTOM PB row 0 i . PB(})
BOTTOM PB row 1 _J‘_‘ * PB(i+2)
BOTTOM PB row 2 i . PB(i+4)
BOTTOM PB row 3 i * PBY(i+6)
X-zoom

- PB density: 1 each 16 bitlines
- BLINT(i) density: 1 each 4 bitlines

Fig. 8.19. Double-side interleaving architecture with four stacked PB rows
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Fig. 8.20. BL. and BLINT density versus the technology node S
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Fig. 8.21. 36 nm technology node: BL. and BLINT layout in BLSEL circuitry
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Since we are considering a double-side architecture, the BLINT density should
be four times lower than the bitlines density; therefore, BLINT could be drawn
with width and spacing of 144144 nm. Actually, also the BIAS signal of Fig.
8.16 and the connection of the bitlines to the HV transistors of the bitline decoder
(the small circled rectangle in Fig. 8.21) need some space. A trade off between
layout, design and technology is to choose a value of 90-90 nm as the minimum
size for the metall signals in the Core Region, With a single-side architecture, the
starting point would have been of 72-72nm, but, for the same reasons, the
minimum dimension of the BLINT signal would have been reduced further.

The BLINT and BIAS signals routing is illustrated in Fig. 8.22. The depicted
region is the one with the highest BLINT density. It is located at the interface
between the bitline selectors and the page buffers (the area indicated by the “O”
arrow in Fig. 8.19). The dummy lines are added only for lithographic reasons. The
VIRPWR signal is equivalent to the BIAS signal.

Figure 8.23 shows a page buffer drawn on a 32 bitlines pitch: gates, active
areas and contacts of the NMOS/PMOS transistors are depicted. It should be noticed
that, in the orthogonal direction to the bitlines, only two transistors can be placed
side by side. A small portion of the metall layer is also shown. It is possible to
observe the high density of the signals and the use of lithographic dummy lines.

Finally, Fig. 8.24 shows a portion of a page buffer’s row, made up by the
structures of Fig. 8.23.

8 BLINT Lines (90/90)Metall

Only Metal 1 layer visible

VIRPWR:]
PBELINT<E> "1 0
FERIMT <72

BLSEL/PB Edge

PB PITCH 32BL’S
32(36+36)nm=2,302um

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

Fig. 8.22. 36 nm BLINT density in BLSEL/PB boundary area
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Fig. 8.23. PB layout in 36 nm NAND technology: gate, contact and metall layers are
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Ounly Gate, Active Area and Contacts layers visible

Fig. 8.24. 36 nm layout portion of a PB row: gate and metall

8.3 Reading techniques with time-constant bitline biasing

Figure 8.25 shows the capacitive effects of four bitlines adjacent to the bitline
BLy. Each of the bitlines has its own self capacitance Cprgo, CaLii and Cpgpzn
respectively. The pair of BL, and BL; adjacent bitlines have mutual capacitance
CsLo1- The pair of BL, and BL, adjacent bitlines have mutual capacitance Cgyo.
Each capacitance contributes to the current flowing along BL,. In particular, the
currents due to each bitline self capacitance are:

Isr.c00 = L BLoo —6 y

: =C . 8VBL1

Iprcry =L _6 .
s =C . aVBLZ
Ipreon =Cpiom __-—Eif

Similarly, the cross currents due to the pair BL; and BL; are:

WV oo ~Vin), WV po=Vir2)

inrear =Crrat inrem =Charon
BLCO1 BLO1 BLC02 BlLO2
or Ot
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Fig. 8.25, Parasitic capacitors among adjacent bitlines
It follows that the current flowing along BL, is:

Igro gy, + (jBI,COO +igcor +igco) (8.20)

where ¢y, is the cell current. Eq. (8.20) is an approximation, because it includes
only the adjacent bitlines contributions. Generally speaking, considering BL,,
there will be also non adjacent bitlines contributions: Cgypg; on the left and Cgoy
on the right:

e Mo Ves) o OWro = Viya)
Ip1.003 = L 103 By > Iprco4 =L o4 Y

Therefore, Eq. (8.20) becomes:

i10  icprs, +isrco +isrcor +incor Fisncos Hiscos) (8.21)

Considering all the contributions given by all the non adjacent bitlines, we
have:

inro =icprs +(isncoo Fisncor +isncor +isncos +Hinncos Heeenen ) (8.22)

In state-of-the-art technologies, all the non adjacent bitlines contributions can
be estimated as about 10% of the adjacent bitlines contribution.
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As explained in Sect. 8.2, in the interleaving architecture the discharge rate of
the parasitic bitline capacitor is measured. The adjacent bitlines are grounded: in
this way, the crosstalk between them is eliminated. This sensing technique results
in a time varying Vpro = VpLo(t). Looking at Fig. 8.25, the whole capacitance of
BL, has to be considered: Cpioo + Csroi + Crrop. Moreover, interleaving architecture
does not eliminate all the currents due to non adjacent bitlines, e.g. those associated
with Cpros and Cpo4. These currents start playing a significant role at around
30 nm technologies. All the above mentioned contributions influence the transient
behavior of the bitline voltage.

A possible solution to the bitline coupling issue is to bias all the bitlines to a
constant voltage during the sensing phase. In this case, Eq. (8.21) becomes:

tsr0 T oKL

In other words, the current flowing through the bitline is equivalent to the one
of the NAND string. Having the same voltage on all the bitlines allows their
simultaneous read: the 4/ BitLine (ABL) architecture is now introduced.

8.3.1 All BitLine (ABL) architecture

The approach is similar to the one used in NOR Flash memories, where, during
the evaluation phase, the bitline voltage is forced to a constant value. Anyway, as
explained in Sect. 8.1, with NAND currents of few tens of nanoAmpere, it is very
hard to implement traditional NOR-like sensing methods.

The sensing technique is basically the same used in the interleaving architecture.
An intentionally placed capacitor is used instead of the Cp bitline parasitic capacitor.
In the ABL world the page buffer is also called sense amplifier (SA).

Figure 8.26 shows the main elements of the ABL sense amplifier. The page
buffer latch is replaced by a voltage comparator with a Vyysa trigger voltage. The
other elements are those ones already described in the interleaved architecture, but
here used in a different way. The capacitor Cgq is involved in the integration of the
cell current: it can be done using either MOS gates or poly-poly capacitors.

Figure 8.27 shows the timings used in a single reading operation. The precharge
phase is similar to the one described for the interleaving architecture, where
Mpey and Mgg gates are biased to Vpp + Vyuy and Vg respectively. Myy
HVNMOS has the behavior already described and, during the single reading
operation phase, works as pass transistor. The signals which drive the string gates
(Vreap, Veass and BLS) are activated as usual. Instead SLS signal is immediately
activated in order to stabilize the bitlines during the precharge phase. In fact, if the
SLS had been activated during the evaluation phase, there would have been a
voltage drop on those bitlines with an associated sinking current string.
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Fig. 8.26. ABL sense amplifier
The precharge final condition
Var =Ver =Vinn (8.23)

is, therefore, valid only for the bitlines which have an associated string in a non
conductive state.
Equation (8.23) should be replaced by:

Vo, = V, PRIE T Vigy — A (8.24)

where A is the voltage drop on the bitlines resistance (typical values are in the
order of hundreds of kiloOhm up to 1 MQ). NAND strings having deep erased
cells might create voltage drops of a few hundreds of milliVolt, but also cells
absorbing tens of nanoAmpere generate drops of tens of milliVolt. By activating
SLS during the evaluation phase, there would have been some noise on the
adjacent bitlines due to the above mentioned voltage drops. In this way the voltage
on the bitlines wouldn’t have been constant anymore. A includes also the necessary
Mg, overdrive. On the other hand, the connection of SLS during the precharge
phase determines a significant current consumption, which will be discussed in
Chap. 9.
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Fig. 8.27. ABL single read operation (SRO) timing diagram
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At the end of the precharge phase (T;), the bitlines are biased to a constant
voltage and Vo is equal to Vpp. At this point, Mpcy is switched off and the
evaluation phase starts. Actually, Mpcy is biased to a Vgaps voltage value. Later
on, the meaning of Vgarg will result clearer. When Mpcy is switched off, the cell
current (through Mpgg) discharges the Cso capacitor. If, during the evaluation
time, Vso < Vimsa (trigger voltage of Fig. 8.26 comparator), then OUT N
switches (dotted lines in Fig. 8.27). The “threshold current” Ixgapry is defined as:

AV-C
I READTH = “‘T““&Q (8.25)
EVAL
where
AV =Vpp ~Vinsy (8.26)

In this case, there is no need to use an average current as it is in Definition 8.3.
Observe that, because the bitline is biased to a fixed voltage, a constant current
flows.

Equations (8.25) and (8.26) are similar to Egs. (8.9) and (8.10); therefore, it is
possible to extrapolate the evaluation time:

AV * CAS‘()

RIEADTH

Tyar = (827)

Given the same read currents, it follows that the ratio between Egs. (8.11) and
(8.27) is determined by the ratio between Cg and Cgp. Cgy is a parasitic element
and has a value of 24 pF. Instead, Cso is a design element and has typical values
around 2040 fF, i.e. two orders of magnitude lower than Cg;. The reduction of
the evaluation time from 10 ps to hundreds of ns is another advantage of the All
Bitline architecture.

8.3.2 ABL architecture: sensing design

Before illustrating the sensing circuits, let’s analyze the Vgaps meaning. Suppose
that the current flowing along the bitline is able to discharge Vgo to GND (0 V).
Before that happens, Mgg, drain (i.e. SO node) goes down to Vpgg — Vrun. At this
point, Mgg, is in the ohmic region and, therefore, it works as a pass transistor,
connecting the SO node to the bitline. As a consequence, the cell current
discharges both Csg and Cg,. It follows that the bitline is not forced at a constant
voltage.

A possible solution is to bias the Mpcy gate with a voltage Vgarg, in order to
make Mpcy behave as a clamp transistor of the SO voltage. The following relation
must be valid:

Voarr: =Verw 2Vore =Viean = Vearr > Vprg: (8.28)
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This clamp value must not influence the current integration on the SO
capacitor, i.e. the clamping function can’t take place above the Viuss trigger
voltage:

Voarr =Yy < Vinsa (8.29)
Therefore, from Eqgs. (8.28) and (8.29), the following conditions must hold true:
Vire =Viun <V =Vt <Viwsa (8.30)

In Fig. 8.28 a possible sense amplifier implementation and its related timing is
illustrated.

During the precharge phase, OUT N is grounded through Mggr and then left
floating, while EN1 drives 12 in a high-impedance state, until the end of the
sensing operation. At the end of the evaluation time, Mgy is switched on forcing
ENA N to ground. At this point two cases are possible:

1. if Vso > Vpp — Ve, Mgy is off (OUT _N='0", OUT="1")
2. if Vgo < Vpp — Vgp, Msa is on (OUT N="1°, OUT="0’). It corresponds to the
dotted lines in the timing diagram of Fig. 8.28.

Vrup is the threshold voltage of the PMOS Mga. The trigger voltage of this
circuit is:

Virsa = Voo —Vemp (8.31)

Replacing Eq. (8.31) in Eq. (8.26) we obtain:

AV =V, Wi =Virp ) =Vewp (8.32)
and from Eq. (8.25):
V Pt C
1 READ _TH = “‘“I‘g{']——ﬂ (8.33)
EVAL

In other words, the trigger voltage of the ABL sense amplifier depends only on
the threshold voltage of a transistor (Vyyp). It is clear that the trigger voltage
doesn’t depend on Vpyp as it is for Eq. (8.25).

Finally, the 12 three-state is released and the OUT_N logic value is stored in the
latch. As already explained for Vgsapg, the SO signal should not be discharged
below Vpre — Vun. It follows:

Virisa > Vo =Viay (8.34)

This is automatically verified if Eq. (8.30) holds true.

Micron Ex. 1025, p. 230
Micron v. YMTC
IPR2024-00911



8.3 Reading techniques with time-constant bitline biasing 225

Of course, the latch 11-12 can also be used without exploiting the three-state
option. In this case, Mgy, Msa and the latch must be correctly sized so that the
latch unbalancing always takes place when Vg goes below Vpp — Vyp.
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Fig. 8.28. ABL sense amplifier and its timing diagram

8.4 ABL versus interleaving architecture

In this section a comparison between ABL and the interleaving architecture is
presented [25].
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A) Evaluation time reduction

ABL: the evaluatjon time is reduced from tens of microsecond to some hundreds
of nanosecond. In this way, both the read time and the program time (during the
verify phases) improve.

B) Bitline noise coupling reduction

ABL: during the evaluation phase, the bitlines are biased to a fixed voltage, so that
the coupling disturbance between adjacent and non adjacent bitlines is eliminated.

C) All bitlines read

The bitlines are read simultaneously. Given the same number of cells belonging to
a wordline (same wordline length), a SRO with ABL provides twice the number of
bits compared to a SRO performed with interleaving architecture.

D) Energy saving and cell working point

During the precharge phase, ABL forces all the bitlines at the same voltage. In this
way, the parasitic coupling capacitors are not charged, while the area capacitors
are. In the conventional architecture, instead, both the coupling capacitors and the
area capacitors are charged. As already said, the coupling capacitance constitutes
80-90% of the total capacitance. Therefore, there is an energy saving of the same
percentage. Actually, also in the ABL architecture the bitlines are not all charged
at the same voltage (see Eq. (8.24) and the analysis of the A factor). Anyway, the
advantage on the interleaving architecture remains remarkable.

In the interleaving architecture, the average current consumption during the
precharge phase is:

AV

Lppi =Cpy, g, (8.35)

PRIE

where ng;, represents the number of bitlines charged in parallel. In the state-of-the-
art technologies this number is around 128 k.

Given Cpg, equal to 2 pF, AV equal to 1 V and a precharge time of 10 us, we
obtain an average current consumption of about 20 mA. Therefore, a reduction of
80-90% has a big impact on the device’s current consumption.

Another advantage in terms of energy-saving is that the ABL architecture needs
a lower bitline biasing level compared to the interleaving architecture. Figure 8.29
shows that, during the evaluation time, the cell working point moves from the A
characteristic to the B characteristic, because of the bitline voltage discharge. In
the ABL architecture, the cell can be directly biased with a lower bitline voltage,
e.g. equal to the one indicated in Fig. 8.29. In terms of current saving, it is equal to
a AV lower level in Eq. (8.35).
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A third advantage in energy saving comes from point C) assuming the same
wordline length. The interleaving architecture requires two single reading operations
(even and odd): the bitlines are charged and discharged two times. ABL reads all
the bitlines with only one bitlines charge. Figure 8.30 illustrates the bitline
behavior in both architectures. The advantages associated with ABL are: lower
bitline voltage, shorter evaluation time and simuitaneous read of even/odd cells
with consequent access time saving.
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Fig. 8.29, Cell working point; ABL versus interleaving
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Fig. 8.30. Bitline voltage: ABL versus interleaving
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228 8 Sensing circuits

As previously described, the drawback of the ABL architecture is the static
current consumption during the precharge phase. This is due to cells with
Vinr << Vieeap. Besides the current consumption, these cells are also responsible
for the disturbance on the common source-line {see Chap. 10) [26].

E) Floating-gate-coupling reduction during program

The ABL architecture has also the advantage of programming and verifying the
cells in a parallel way, minimizing the neighboring floating gate coupling (the so-
called “Yupin Effect”) [25, 27-29].

WORD LINE
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EVEN ODD EVEN<0>\ ODPD EVEN
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EVEN PROGRAM
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I T I ] I Vﬁ'
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kot ot 4 -—= 444 o+ /\ ODD

d_ . I I T

Floating Gate Coupling Effect
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I 1 1 | I
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Fig. 8.31. Interleaving architecture: floating-gate-coupling effect during a program
operation
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8.4 ABL versus interleaving architecture 229

In Fig. 8.31a the wordline cross-section is shown. There are five erased cells
and their coupling capacitors Crgrg. Suppose to program the even cell in the
center of Fig. 8.31b (EVEN<0>). Electrons accumulate in the programmed cell’s
floating gate and the cell moves from the erased distribution to the written one. In
Fig. 8.31c the neighbors odd cells are programmed and, because of their negative
accumuiated charge, there is a change in the electric field. This is reflected as a
voltage threshold shift for the middle cell that appears more programmed. The
overall even cells distribution suffer an enlargement on the right side (dotted lines
in Fig. 8.31c¢).

The above described effect is becoming more evident with the continuous
technology shrink. Indeed, Crgrg has a more and more important role compared to
the other cell capacitors (for example Cegrg and Crgen). It becomes a serious
problem for the devices with more than 1 bit per cell, where the written
distributions have a smaller space available. In fact, wider distributions lead to
read margins reduction.

ABL sensing reduces the floating gate coupling by programming all adjacent
memory cells simultaneously (Fig. 8.32). Therefore, ABL seems to be the right
architecture for multibit per cell devices [25].

Minimized FL Gate Coupling Effect
ABL PROGRAM
*

EVEN ODD EVEN<(> ODD EVEN
1 1 1 1 1
| 1 ] i

S HHHHEHH  HH=
= === [\

EVEN<(>

e P

Fig. 8.32. Floating-gate-coupling effect during program with ABL architecture

F) Read/Program Disturbances

Read and program operations cause a stress to all the unselected cells because of
the Vpass voltage. In the interleaving architecture even and odd cells are read and
programmed in two phases. In the ABL architecture the problem is reduced,
because all the cells belonging to the same wordline are read and programmed in
parallel.

G) Sensing circuitry density

ABL needs one sense amplifier for each bitline, Therefore, the number of reading
circuits is doubled compared to the interleaving architecture. Figure 8.33 shows an
ABL double side architecture, where the BLINT signals density is equal to the one
of the interleaving single-side architecture of Fig. 8.17. An ABL single side
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230 8 Sensing circuits

architecture is difficult to implement, because it needs a BLINT signals density
equal to that of the bitlines. As a matter of fact, in the state-of-the-art technologies
all the devices with an ABL architecture have a double side structure [18, 19, 21,
24]. BLINT signal density is summarized in Fig. 8.34.

(1)HVDEC()
- l - (2)HVDEC(i+2)
(HHVDEC(+3)
TOP HV DECOUPLING 3) @ = ?:
2 2
@) =l d &
= gl H &
a 2|2 4 2
= MATRIX
=)
&
/B HL
g
BOTTOM HV DECOUPLING n. o | g Had@
r N
e = I
BOTTOM SA IR =] &
SA(3) |SA(3i+2) 5 z
i = 2
\/ * *
X-zoom =] SAG) ISAG+2)]

- SA density: 1 each 2 bitlines
- BLINT(i) density: 1 each 2 bitlines

Fig. 8.33. Double-side ABL. architecture

However, ABL reduces the HV transistors area. If there are four HV transistors
composing BLSEL(i) for each page buffer (Fig. 8.16), the ABL needs only one.
Considering that the sense amplifier’s density is twice the page buffer’s density, it
follows that the number of HV transistors is halved. Moreover, we don’t need
DISCH and SEL anymore, reducing the routing complexity and the control
circuits. Above all, the BIAS signal is no longer necessary and, as previously
shown in Fig. 8.22, it gives more space to the BLINT routing.

H) Current integrator element

The interleaving architecture uses the parasitic capacitor Cg, while ABL is based
on Cgo, which is intentionally introduced in the sense amplifier scheme. A
variation in the Cg value changes the sensed current (Eq. (8.9)) and the cell
working window (Egs. (8.15)-(8.17)). The same is true for ABL, as seen in
Eq. (8.25), but the capacitance spread is lower for Cso. As a result, ABL exploits
in a better way the available NAND string current.
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Fig. 8.34. BLINT density ABL versus interleaving
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9 Parasitic effects and verify circuits

L. Crippa' and R. Micheloni?

9.1 Background pattern dependency (BPD)

As anticipated in the introduction to Chap. 8, the current—voltage (I/V) characteristic
of the cell is influenced by the data being programmed afterwards in the other
cells. In order to avoid the source degeneration effect (load variation between cell
source terminal and SL), the cells of a string are sequentially programmed starting
from the source-side cell all the way to the bitline-side cell. For instance (Fig. 9.1),
cell My is programmed first, followed by M,, M, and so on. The drain-side load
variation has a “modulation” effect on the I/V characteristic of the cell in terms of
both reduction of the saturation current Isgar and variation of the slope (Fig. 8.3).
Such a modulation effect is known as Background Pattern Dependency (BPD).
The physical threshold voltage of My, Vg, obviously does not change (neglecting
the floating gate coupling effect My — Mo).

b Mm.s| lj BLs Mm,sl q
M, . M; '
"_'“ E lceL ““‘”é Peew
" PROGRAM y
—|E —|[p
e —pE
SLS ——IMQH S1.S ___IMS]’S
a) b)

Fig. 9.1. Cell M, current modulation due to Background Pattern Dependency (BPD)
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Fig. 9.2. Correspondence between Vg and Vg

Programmed state of cell My is therefore verified using a current characteristic
(IceL in Fig. 9.1a) which is different from the one available at the end of the
program phase on the remaining cells of the string (I'cgr. in Fig. 9.1b).

Figure 9.2 shows the distributions and the I/V characteristics of cell M, before
programming the remaining cells of the string. Vry axis represents the physical
threshold voltage of the cell. Viur axis crosses the current axis IcgLL at Irgaprs.
IreapTn 18 the threshold current derived from Definition 8.3 and from Eq. (8.9) or
Eq. (8.25). Therefore, Viyr is the axis of the Read Cell Threshold Voltage
according to the Definition 8.2 (Sect. 8.2).

From a graphical point of view, read threshold voltage is the intersection
between the 1/V characteristic of the cell and Vyygr axis (Fig. 9.2). g1, g, Ipy and
Ip, represent the I/V characteristics at the boundaries of both the erased (ETH)
and programmed (PTH) distributions: Vrug, Vrgez, Viupr and Voyyp, are the
corresponding physical threshold voltages. Distributions ETH and PTH relate,
respectively, to ERD and PRD, i.e. their projections on the Vryr axis.

Figure 9.3 shows the situation after all the remaining cells of the string have
been programmed (floating gate coupling is neglected). Characteristics Ig, and Ip,
gets shifted onto I'z, and I'p; respectively. The unwanted effect on Vyygg axis is a
widening of the final distributions of My, as shown by the dotted lines.

The fact that Iy;; and Ip; are shifted in the same way (thus resulting in a right-
bound rigid shift of the distribution, featuring no widening) should not mislead.
The pattern according to which the cells are programmed is always different,
therefore all the possible cases should be taken into account: for instance, if all the
remaining cells of the string are left un-modified in their erased state, current
characteristic of M is not modulated.

All the characteristics of the cells suffer from BPD, even if the effect is less
and less evident as the cell is nearer to transistor Mpq: the last cell, the one next to
the bitline selector, is the only one not suffering from BPD.
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9.1 Background pattern dependency (BPD} 237

Figure 9.4 shows that a reduction of the working point (I'reapta < lreanTh)
causes a reduction of the BPD effect (shown as BPD'): this is equivalent to shift
the axis of the current thresholds towards the axis of the physical thresholds.

An advantage of ABL sensing (Chap. 8) is that it can operate at lower currents,
thus mitigating the BPD.

; ;AICELL
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Fig, 9.3. BPD effects on Read Threshold Axis (Vrur)
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Fig. 9.4. Lower cell current working point reduce BPD effect
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238 9 Parasitic effects and verify circuits

9.2. Reading techniques for negative sensing

Every read and verify operation of the programmed distributions are carried out
applying to the gate of the cell a Vrgap voltage which is greater than (or equal to)
zero. As a consequence, programmed distributions can only have positive Vg
(see Definition 8.2).

NAND technology does not require the generation of negative voltages inside
the device. Therefore, negative Vyyr cannot be verified using the sensing
methodologies described in Chap. 8. The availability of a method to determine the
position of the cells belonging to the erased distributions brings several advantages.

First of all, it is useful to verify that the string has been really erased: in fact,
an additional erase puise could be required in order to take the cell in the desired
distribution. Sometimes, a successful erase is not possible due to cells with
technological defects.

Because of the spread of the electrical and technological parameters, each cell
reacts in a different way to the single erase pulse: the width of the erased distribution
is usually in the order of some Volts. Widths of programmed distributions are usually
around some hundreds of milliVolt.

The ability of controlling and reducing the width of the erase distribution (by
means of a proper soft-programming algorithm) brings several benefits.

Natural erase distributon Programmed cell distribution

a) A FG-FG coupling

and BPD effect

*VTH
Compact erase distribution FG-FG noise and BPD minimized
A
b)
]
A
\
1
1]
t
1
: > Viy

Fig. 9.5, Benefit of a compact crased distribution
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Fig. 9.6. Negative sensing expand program threshold window

1. Reduction of current consumption during the read/verify phase: cells/strings
which are deeply erased sink a lot of current. Furthermore, as shown in Sect.
9.3, current injection in the resistive network of source line SL originates both
noise and reduction of read margins.

2. Floating gate coupling reduction and BPD reduction: during programming, the
Vry of the cells shifts. Disturb to the adjacent cells is proportional to the Vyy
shift. Deeply erased cells exhibit higher threshold voltage shifts (Fig. 9.5).

3. Extension of the programmed window Vyypw of Fig. 9.6a to V’rypw of Fig.
9.6b. The advantage is that either the distance between distributions can be
increased (thus improving read margins) or the width of the distributions can be
increased (higher programming steps). Alternatively the number of programmed
levels can be increased (Fig. 9.6¢).

In the following section, some techniques that allow the read of negative Vyyg
are described.

9.2.1 Conventional negative verify

Figure 9.7a shows the ETH distribution after the electrical erase, seen on Vyy axis,
and its corresponding representation on Vq axis, ERD. Ig represents the I/V
characteristic of the least erased string, biased with Vpags =5 V. Program-after-
erase operation (Chap. 12) is used to avoid over-erase of the NAND cells: a series
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240 9 Parasitic effects and verify circuits

of program pulses (Chap. 3) is applied until the erase verify operation is
successfully completed.

The most straightforward way of performing an erase verify is to do a program
verify with Vggap =0 V. From a graphical point of view, performing a verify
operation with Vgeap=0V and Vpass =5V is equivalent to shift the Ig
characteristic until it crosses axis Vyyr = Vrgap = 0 V (equivalent to axis Icg L) at
Ireaptu. Therefore, ERD distribution shifts in ERDO distribution, leaning on 0 V
axis (Fig. 9.7a).

It is possible to “stop” the shift of ERD distribution to a negative voltage
instead of reaching the 0 V axis: that is, a verify operation with a different Vpasg
voltage. Biasing the string with Vggap =0V and Vpags =0V, its I/V characteristic
becomes the dotted line ['r of Fig. 9.7b.

After electrical erase, I'p characteristic crosses I axis at a current higher
than Irgaptn. Program-after-erase operation is cyclically repeated until erased
distribution crosses Icgp axis at Igeapru (Fig. 9.7¢). Verify the cell with
Vreap =0V and Vpags =0V is the same as verifying it with Vpass =35V and a
negative Vggap equal to Vg (as shown in Fig. 9.7¢).

An alternate method to emulate a read operation with a negative Vrgap 18 to use
a verify time T'gyar shorter than the nominal one (TgyaL). When compared to
standard read conditions, a reduction of Tgyar determines an increase of the
trigger threshold current:

AV'CBL >[ _ AV.CBL
T T READIH T T
VAL FVAL

©.1)

' —
L ppapin=

Figure 9.8 shows the equivalence of a read operation with a reduced evaluation
time with respect to a standard read (Vreap =0V and Vpags =5 V) performed
with a negative wordline biasing at Vyzo.

Both methods can be implemented using the reading architectures described in
Chap. 8. It is also possible to implement both methods at the same time
(Vpass =0 V and T'gyar) in order to lower the equivalent negative voltage (Vwigq)
further.

Unfortunately the unrelenting shrink of the technologies and the consequent
decrease of the saturation current of the string (Chap. 8) have severely limited the
efficiency of these methods:

— Dotted line I’g of Fig. 9.7 could have a saturation level which is slightly greater
than (or even lower than) lgeapyy.

— Threshold current defined by Eq. (9.1) cannot be greater than saturation current
of the string, Therefore it is not possible to lower the value of Tgyay, indefinitely.

As a consequence, Vwigg gets closer and closer to 0 V, dangerously moving the
erased distribution next to the programmed one.
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Fig. 9.8, Negative sensing with TgyaL modulation

0

9.2.2 Absolute negative sensing

Let’s consider a NMOS transistor with a negative threshold voltage Vygy: if its
source is biased with a positive voltage and its gate is at ground, the voltage at its
drain can rise up to the absolute value of Vyyy, assuming a small current flowing

(Fig. 9.9).

This statement can be easily proven by applying the equation for the NMOS in
saturation region to the transistor shown in Fig. 9.9.

I=K-(Vop ”VTHN)Z =K'(V(; -V "V;"HN)2

(9.2)

It should be noted that the drain takes the place of the source in Eq. (9.2) since
the two terminals are swapped (MOS transistor is a bidirectional element).

[Vru|

*V

VG=0

Vs
Vp

Fig. 9.9. Negative threshold voltage NMOS under positive source biasing
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9.2. Reading techniques for negative sensing 243

Furthermore, under the assumption of biasing the NMOS using a gate voltage
equal to zero, the transistor operates in saturation region if

Vo2 Viy (9.3)

Applying a voltage step to the source, a current flow towards the drain is
established. As shown in Fig. 9.9, the drain is floating and connected to a capacitor.
Thus, Vp keeps growing until the current I no longer flows through the MOS:

I=0 .4
Substituting Eq. (9.4) in Eq. (9.2) with Vg =0V, it follows
K-V ~Vin ) =0V =V 9.5)

Disregarding the body effect, the absolute value of the threshold voltage of the
MOS is the voltage of the drain node.

Let’s assume that the cell of a NAND string takes the place of the MOS in Fig.
9.9. The other cells of the string, which act as pass transistors, can be disregarded.

The situation is now more complex, since the cell is a floating gate MOS
(Fig. 9.10). '

Fig. 9.10. Floating gate NMOS coupling capacitors

Current / is now equal to:
I=K-Vyg=Vs Vi) (9.6)
where Vryugg is the physical threshold voltage seen by the floating gate [1].

The value of the floating gate voltage Vg depends on the charge (Qrg) stored
inside it and on the voltages of control gate Vg, bulk Vg, source Vg and drain Vp:

_ e
Vic=0G Vo +ay Ve+ag -Vs+ay, V) += 6.7
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where
Cropr =Cq +Cy +Cs +C)) 9.8)
a(} = CG ; O_/B = CB , S = CS ; D = CD (99)
Cror Cyor Cror Cror

To a first approximation, contribution of ogs and op can be neglected.
Substituting Eq. (9.7) inside Eq. (9.6) with V5 =0 V and Vg = 0 V, it follows that:

1=K (Vs =Vgp + Ore 1=K (Vs =V'igre) (6.10)
Cror

where V'rypg is the physical threshold voltage seen by the floating gate, including
the contribution of Qgg

Org ©.11)

1 —
Voo =Vearg =

Similarly to the previous case, drain and source nodes are indeed swapped
(Vs—Vp) in Eq. (9.10). After the transient, current is zero and Vp can be
calculated:

Vo =V ) =02V == Vi (9.12)

When the contributions due to the capacitive coupling with source and drain are
considered, Eq. (9.12) should be re-written as follows:

VD ZV(D,S)'_V'[HI,G (9.13)

where the term V(D,S) depends on s and op. 1t is quite complex to estimate such
contributions, since the floating gate terminal is not physically accessible.
Therefore, a piece of information related to the threshold voltage seen by the
floating gate is available at the drain terminal (bitline) of the cell. The threshold
voltage seen by the control gate Viyce has the following relationship with V'eyga:

Ve
Vineo = ;HI( (9.14)
G

Let’s assume that we are able to measure bitline voltages: after every single
program-after-erase pulse it is possible to verify that the threshold voltage seen by
the floating gate does not rise above a given Vrypge value, which can be used
(thanks to Eq. (9.14)) to find the corresponding maximum limit for the threshold
voltage seen by the control gate, Vrucae.

As shown in Fig. 9.11, a value for the negative threshold Vygq on the Vryg
axis (corresponding to Vrucge) can be found.
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Fig. 9.11, Effect of absolute negative sensing on the different axis

Measurement of the bitline voltage is shown in Fig. 9.12. The circuit inside the
dotted box is a page buffer with a well-defined trigger threshold Vyus. Assuming
valid Eq. (9.12), when Vg, goes below Vyys (dotted lines in Fig. 9.12), that is

(9.15)

le[«; Vs = IV':HFGE
the sensing circuit switches. Vg is equal to |Vywygr| after the transient is finished.

This sensing technique cannot be used in conjunction with All Bit Line
architecture. In fact, the information contained in the bitline voltage would be
perturbed by the coupling with other bitlines (Sect. 9.2.4).

An even/odd interleaving architecture with fixed potential shielding is the most
suitable solution. Differently from sensing operations, the shielding to ground
would cause a short circuit between source line SL and ground, through the erased
strings. To overcome this issue, the only voltage that can be used for shielding is
the one used for SL. Figure 9.13 shows the scheme implementing the shielding.
The signals of the bitline selectors switch the same way as in the case of read (Fig.
8.16). BIAS node is short to SL through the switch driven by the EV signal.

Another issue related to this technique is that trying to measure high bitline
voltages Vg, can cause problems to the proper operation of the circuits. For
instance, let’s consider the page buffer; after the evaluation phase, two values are
possible on SO node:

—~ I VgL > [Vrurce| then node SO is equal to Vpp and the latch switches.
— If Vg <|V1urgg| then node SO is connected to Vi and, in the worst case, it is
exactly equal to [Vryrgg|. The latch does not switch.
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246 9 Parasitic effects and verify circuits

A sufficiently high value of |Vrypge] could anyway let the page buffer latch
switch (see the sizing of the latch in Chap. 8).

Therefore, there is a maximum limit to the value of |Vyurgel, i.e. it should be
smaller than the trigger threshold voltage Vg, of the latch.

In order to overcome this issue, two valid techniques can be used.

1. One solution is to implement a sensing phase before the transient of the bitline
charge has finished. This transient can last some tens of ps. In this way, it is
possible to discriminate bitline voltages which, after the transient, would
require a higher |Vyyrgel- As shown in Fig. 9.14 (dotted lines), shifting the
sensing operation from T to T is equivalent to having a higher |Vypcgl.

2. Another method is to exploit the coupling capacitor between bitline and source
line. Once the transient has finished, source line is discharged (time T, in
Fig. 9.15) either to ground or to an intermediate value. Thanks to the coupling
capacitor, bitline voltages are shifted downwards (Fig. 9.15).

SENSING THRESHOLD Vyys

|Vrgrc| decreasing

M;
VRE,\I)—_—'”
M W/ttt
Viass _'“

Fig. 9.12. Absolute negative threshold sensing
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Experimental results show that, once Vrupgg is set to —1 V, the corresponding
value of VWLEQ is—3V,
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Fig. 9.15. Absolute negative threshold sensing after SL-BL boosting
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9.2.3 Current sensing

The current flowing in a MOS can be controlled not only by means of the gate
voltage Vg, but also by means of the source voltage Vg according to the following
equation:

1/)=K'(VG_VS'VTH)2 (9.16)

This is true even in the case of a MOS whose threshold voltage V1 is negative.
If the following condition holds true

Vo= —Vin) 9.17)

then the current is zero.

The value of the current derived from Eq. (9.16), when Vg is greater than Vg, is
the same as the one derived when Vs=0V and the (negative) gate voltage is
equal to Vg — Vs. The body effect can be cancelled biasing the bulk node to a
voltage V. In order to allow the current (defined in Eq. (9.16)) to flow inside the
MOS, the drain potential Vi, must be greater than source potential V.

Vi >Vs (9.18)

Figure 9.16 summarizes the biasing conditions described so far for a current
sensing where equivalent Vg is negative.

Since drain voltage can be set to a constant value, this approach can be applied
to ABL architecture [2].

From now on, let’s consider Vg = 0 V; the condition Vs> Vg is equivalent to
have a sensing operation with a negative voltage on the gate. Figure 9.17 shows
the current sensing of an erased cell and the timings of the main signals involved.

A voltage Vreap =0V is applied to the gate of the selected cell, while the
remaining cells are at Vpags, which is high enough to make them act as pass
transistors. Both Mg s and Mg g act as pass transistors as usual.

g

- Vp>Vs

(g ID VGZO
|Vrul>Vs-Vg
D
VoG ” OVB
VTH<0 f ’ VD
S
Viul=Vs-VYe
vs O __ I

Fig. 9.16. Negative threshold NMOS biasing for current sensing
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At time Ty, source line SL is biased with a positive voltage. In case the Vyy of
the selected cell is higher (as absolute value) than the voltage of the SL, the bitline
gets charged at the same potential as the SL. At time T, transistors Myy and Mgg;,
get biased according to the usual sensing conditions. At time T,, Mpcy is switched
on and the bitline gets to the value Vppg — Vi and Vo rise to Vpp. At time T, the
bitline charge transient has finished and a constant current flows through the
bitline, whose value depends on the threshold voltage of the selected cell. At this
point, the usual evaluation phase can begin, that is the integration of the current on
the SO capacitor.

Vpp

¥
= OUT
BLINT()
Muy
HY ———{E[
pooTTTTTT ]
)
-1 Cm T, T, Ts
______ A
: 1 Vers w
]
\-/ BL(n) CELL \é;,f
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>
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[’ Vop +Viu
| Vsare
M PCH q
VPASS
M; HV
VREAD __—‘I I an) ’
DR TN Vinsa
Moy 22 s ——
L] -
. IcerL - g’ >
Msys TTET -
SLS ———-{
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SL

Fig. 9.17. ABL sensing for negative threshold voltages
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If the evaluation phase lasts exactly the same time as the read phase, this is
equivalent to a verify executed with a wordline voltage equal to —Vs. Indeed, it is
necessary to take into account the effect of modulation of the bitline voltage and
therefore of the Vpg of the cell: in order to have a situation exactly equivalent to
the read case, a voltage equal to Vprg + Vs should be applied to the node SEL.
Such a potential would be so high that it would compromise the correct operation
of the circuit. It is necessary to bias the bitline with a lower voltage and cope with
the error caused by using a lower Vps. The amount of error introduced is
comparable to the one caused by the typical BPD.

A possible solution is to properly modulate the evaluation time, similarly to the
approach described in Sect. 9.2.1, in order to set a current threshold more suitable
to compensate this effect.

In order to completely solve the issue, a method could be to always keep the
same source and drain potentials for every read and verify operation, varying

VREAD Ol'lly.

9.2.4 Source line read for ABL sensing

The most relevant issue related to the latter read technique is certainly the
regulation of node SL to a fixed voltage: sensing operation, as shown in Sect. 9.3,
is strongly dependent on Vg variation.

When hundreds of thousand strings are read in parallel, a considerable current
injection (tens of milliAmpere) occurs on the source node. As a consequence, the
only way to keep a constant value of Vg with a proper precision is to add a voltage
regulator, whose size is not negligible. Furthermore, it is necessary to implement a
low-resistivity distribution network for V. The resulting increment of the chip
area could simply be unfeasible.

A way to avoid voltage regulators for the source line is shown in Fig. 9.18.
From a circuit point of view, a Mpscy transistor has been added, so that it
generates a discharge current Ipscy in the order of a hundred of nA. Voltage
Vpiscu could be generated, for instance, using a current mirror common to all
Mpscy transistors [3].

During the sensing phase, at time Ty, transistor Mgy is always open and it
connects the discharge transistor to the bitline. Source line SL is biased to Vpp and
therefore it does not need a voltage regulator. Transistor Mgg, is off and the bitline
is charged at a voltage related to the threshold voltage of the selected cell. A cell
with a negative threshold voltage is conductive even if Vggap =0 V.

The discharge path acts as a pull-down for those bitlines which experienced a
pull-up of their voltages because of the coupling with adjacent bitlines: this stored
extra charge is eliminated by the discharge current Ipjscy.

At time T,, all the bitlines have reached their correct voltage, without coupling
contributions.
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Fig. 9.18. ABL sensing for negative threshold: alternative solution

Figure 9.18 shows the waveforms for three adjacent bitlines BL(n + 1), BL(n) and
BL(n — 1): a conductive cell is associated to both bitlines BL(n + 1) and BL(n — 1),
while a non-conductive cell is associated to bitline BL(n). Bitline voltages of
BL(n -+ 1) and BL(n — 1) increase as Vg, approaches Vpp. Because of the coupling
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capacitors towards BL(n), an undesired increase of BL(n) voltage occurs. Thanks
to the discharge current Ipyscy, the unwanted charge on the bitline BL(n) is removed.

At time Ts, transistor Mgg,, is enabled and a charge sharing between the bitline
and the node SO is established. The usual voltage sensing is then performed
through the comparator. The behavior of bitlines BL(n+ 1) and BL(n—1) is
represented by the dotted line, while the behavior of BL(n) is represented by the
solid line in Fig. 9:18.

This technique (Vs > 0 V) can be, therefore, applied with the same timings and
voltages, during the negative sensing and during the read and verify operations:
the proper Vigap voltage is applied to the selected wordline, while the unselected
cells are biased at Vpags. The overall duration of the bitline transient completion is
either theoretically calculated or derived using proper experiments and/or testing.
The drawback of this technique is indeed the generation. of small discharge
currents: the transistors operating with these currents are biased with very low
Vgs. Therefore, they are particularly sensitive to threshold voltage variations and
to the several spikes of the common ground, which has to absorb the current
coming from hundreds of thousand Mpscy transistors.

9.3 Source line bias error

Source line SL is shared among all the strings of the matrix. During read and
verify operations, it is always considered an ideal ground. In reality, because of its
non-zero resistance and because of the currents injected into it, its value is highly
variable.

The source line is built using a low-resistivity material (usually, the highest
metal layer) which covers the whole matrix and terminates on the ground PAD, as
shown in Fig. 9.19. A NAND Fiash with two memory planes is sketched. This
network is connected, through a small (high-resistivity) diffusion, to a set of »
strings; » is in the order of a hundred of strings.

The source line, together with its resistive contributions, is very complex to
evaluate, and Fig. 9.19 shows a simplified model:

— Inside the dotted area, both the resistive contributions of the line in diffusion
AR; and the voltage drops AV; (caused by the cell currents Iegr1;) are included.

— Point D represents the end of the diffusion line and the beginning of the low-
resistivity metal line, modeled with Ry, onto which Iggp iy current (from all the
remaining cells of the matrix on the left) is injected. Icg v generates the drop
AVy,

— Point A collects the cutrents from both the matrixes, and Rg is the resistance
value associated to the metal section connecting point A to the ground pad. The
resulting voltage drop is represented by AVg.
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Fig. 9.19. SL routing and parasitic resistance contributes

The effect on the cell is shown in Fig. 9.20. The increase of the source line
voltage AVj), reduces the real voltage Vs applied to the cell. If the read cell
threshold voltage is considered, there is an apparent increase of Vyyr. Equivalent
resistance of the source line is around 10-20 Q and the resulting currents are in the
order of 10 mA. Therefore the voltage drop is usuaily about 200 mV.

‘—l l INO]SE
Whith source line noise AVg,
AVSL( Rgy,

i AVTHR i g AVTHR

Fig. 9.20. SL noise and voltage distribution shift
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The shift of Vyur apparently has a 1:1 ratio with the voltage increase of the

source line, that is:

AV =AVg

(9.19)

In reality the shift is bigger because the rise of Vg not only impacts the Vgs of
the cell, but also the Vpg of the string. Assuming a bitline biasing of 0.5 V,2 0.2 V
increase of the source line would result in a voltage of 0.3 V applied at the ends of
the source line, thus reducing it of almost 50% and causing a reduction of the cell
current, which in turn causes an increase of V.

A further contribution to the Vy increase is due to the body effect on the cell,
even if it could theoretically be eliminated by biasing the body of the cells to the
source line voltage. It must be taken into account that the source line is a lumped-
parameter network (therefore showing different voltages, Fig. 9.19), while a single
voltage (unique and common to all the cells) can be chosen for the body.

Experimental results [4] have shown that the reduction of Vgg, of Vg and the
body effect, caused by the raise of the source line of some hundreds of millivolt,
leads to a new format of Eq. (9.19):

AVspiy =K -AVg

where the vaiue of K is between 2 and 3.
Therefore, a source line increase of 200 mV impacts the distribution causing a

Vrug shift of 400-600 mV.
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Fig. 9.21. SL noise: distribution enlargement and read margin reduction
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The biasing error of the source line would cause no issue if it were a constant
parameter over time. Unfortunately the currents injected onto it are pattern
dependent, that is they depend on the data stored inside the cells, and the number
of possible combinations is really huge. On top of that, the value of the currents of
the erased cells depends on several external parameters, like, for instance, the
temperature, which influences the saturation value.

Frequently, one or more cells, which have been programmed and verified in an
environment full of erased cells (maximum AVyg;), could be read later on in an
environment full of programmed cells (AVs. = 0 V). It could also happen during
the program operation: for physical reasons, some cells reach the programmed
distribution faster than others. Such fast cells are verified with AVg_ > 0, but when
the slow cells have reached the programmed distribution, the fast ones experience
an apparent shift of their Vpg towards left, as shown in Fig. 9.21,

The target value for the Vyur of the programmed cells is equal to the verify
voltage Vyry. At the first program step the fast cells are verified with a biasing
error on the source line because of the cells which are still in the erased
distribution. At the end of programming, fast cells have been verified with an
apparent verify voltage equal to

Viey = Vopy = AV 9.21)
and the read margin is no longer
AViss =Viry =Vagan 9.22)
but
AVis =Vory =Viiiap = AVrar (9.23)

and, therefore, it is considerably reduced.

Another interesting case can be found with some types of multilevel memories
(Chap. 10) as shown in Fig. 9.22. After a first program phase, some cells have
moved from the erased distribution E to the written distribution D1. These cells
are verified with source line noise. In a second program phase, all the erased cells
move to distributions D2 and D3. D1 cells are shified because of the source line
noise which has now disappeared: consequences are similar to the ones above
mentioned. Obviously, these shifts have a more dramatic impact in multilevel
devices, because of the reduced read margins.

As said, the source line error and the apparent shift associated to the Vyur of
the cells is absolutely unpredictable and it varies over time: it must be then
considered as a real widening of the distribution, similarly to the other parasmc
effects already discussed (floating gate coupling, BPD, etc.).

Different techniques have been devised and implemented in multi bit per cell
devices in order to minimize this effect.
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E " D1
T >

VREADI VVFYI

VREADI VV FY1

Fig. 9.22. SL noise: distribution enlargement and read margin reduction for MLC

9.3.1 Sensing with source line bias compensation

Figure 9.23a shows the usual architecture with source line drop: voltages applied
to the ends of the string (Vp, Vg and V) are measured against a common ground.
A possible countermeasure is to generate the NAND string voltages as a function
of the source line voltage Vs, as shown in Fig. 9.23b [4].

In the simplest implementation, the three voltages shift of a value equal to the
voltage of the source line [5, 6].

Gen.Vy Vp=1(Vs) Vb

47 I

\Y \%

Gen.Vg V=f(Vs}- __lG B

J | [Ve=tve)

Vel |
AvSL( Rst,
a) b)

Fig. 9.23. SL noise compensation
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Figure 9.24 shows an implementation of the Vg voltage generator for the Vg
tracking. When signal TOSL is at Vpp (TOGND is set to ground), GNDLOCAL is
driven at the same voltage as Vg, and Vg is equal to:

Ve =V ( 1+ %‘J +Va, ©.24)
i

where Vggr is generated by the BGREF circuit (band-gap reference circuit).
Therefore, cell’s Vgg is equal to:

Vos =V =V, = VRI;I{I + %‘J (9.25)
1
and it does not depend on V.

On the other hand, when the signal TOGND is at Vpp (TOSL is at ground), the
reference voltage of the circuit is GND again. In operations other than read, Vg, is
different from GND (for instance, Vpp during program) and, therefore, it cannot
be used as a reference.

The same technique can be used for Vp and Vy regulators: it is sufficient to
replace their ground terminal with V. Unfortunately, this method cannot com-
pensate the drop of the source line completely, because Vg, is not a constant value
over the whole SL network: only one voltage can be taken as a reference. For
instance, voltages of nodes A and D of Fig. 9.19 can be used: Vy, is the preferred
choice as it compensates the voltage drops on Ry and Rg.

v Vip
REF ——
BGREF Mp
-+ b—v.
]
R,
Ry
GNDLOCAL ]J
W e
TOGND —1 I—- TOSL
QVsL

Fig. 9.24. SL noise compensation: wordline voltage generator
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9.3.2 Muliti-pass sensing

Multi-pass sensing is a more efficient method to reduce the source line noise [7]. The
basic concept is to repeat SRO using current thresholds Iggaprun which are decreased
at each iteration until the convergence to the value defined by the equation:

AV 'CBL

TEVAL

I READTH = (9.26)

At each pass, the cells which draw a current greater than the threshold current
IreapTHn are identified and excluded from subsequent read operations. In this way,
at each pass, the read is less and less influenced by the noise due to the injection of
high currents in the source line. The value of the threshold current of each single
pass can be defined, for instance, by modulating the value of Tgy,ay in Eq. (9.26).

Let’s assume that the final threshold current (defined by Eq. (9.26)) is chosen to
be 50 nA: the first pass could have a threshold current of 500 nA, the second one
of 100 nA. The last pass is the actual read, performed with a threshold of 50 nA:
the difference with the single pass read technique is that all the cells which sink
more than 100 nA are shut down.

Of course, several passes could be used, but it is clear that after a coupie of
passes the source line current has already been greatly reduced, and the benefit
introduced by adding more passes is more and more negligible. Figure 9.25 shows
that the initial distribution, affected by source line noise, converges to the ideal
distribution without source line noise: in the example, the first pass excluded the
cells belonging to the portion of the erased distribution tagged with E1, while the
second pass excluded those belonging to the portion E2.

Differently from previously discussed feedback technique of the source line
node, this method can theoretically minimize the effect of the source line noise as
much as desired, increasing the number of passes indefinitely. The drawback is the
read time increase.
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Fig, 9.25. Two pass sensing effect
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A way to shut down the identified cells is to force their associated bitlines to
ground, so that the Vpg of the string is zero. This method can be implemented in
the ABL sensing scheme, as shown in Fig. 9.26. Let’s briefly see what happens,
recalling what has been widely explained in Chap. 8.

First of all, the latch is set through Mggr which forces OUT N =0 and
OUT = 1. Mgp acts as a pass and Mpp is off. The first pass is therefore a usual read
operation as seen in the previous chapter, but having Ipgapra: > Irgapth.

At the end of the first pass:

— If Ieprr < Ireaprs: then the state of the latch does not change (OUT = 1) and
nothing changes in the next read operation.

~ If Icec > Ireaptin then the state of the latch changes (OUT=0). In the following
read operation, Mg is off and it excludes the bitline from the charge path,
while Mpp, is on and forces the bitline to ground.

Obviously, the latch cannot be set in the following sensing passes, otherwise
- the information stored in the latch would be lost.
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Fig. 9.26. ABL sense amplifier modified to exclude high current cells
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