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FOREWORD

    The story of Flash memory is one of a unique technology that was almost a failure. 
Only after three unsuccessful attempts did Flash succeed in the marketplace. To 
succeed, Flash had to solve several technical problems and had to create a market 
for itself. Once these issues were addressed, Flash quickly became the highest 
volume nonvolatile memory displacing the EPROM only 5 years after its successful 
entry in the market. Today, Flash is challenging DRAM for the highest volume 
semiconductor memory used in the world. While the market forecast for Flash is 
bright, the technology is approaching fundamental limits in its scalability. 

 Flash memory was born in a time of turmoil during a semiconductor recession 
in the mid - 1980s. The highest volume writeable nonvolatile memory, the EPROM, 
was under extreme price pressure due to a maturing market with over 20 competi-
tors. In addition, customers were growing weary of the UV erase required to repro-
gram an EPROM. They wanted the electrically erase capability of the new 
high - priced EEPROM technology at EPROM prices. This spurred Toshiba, SEEQ, 
and Intel to search for the  “ holy grail of nonvolatile memory, ”  the single - transistor 
electrically erasable memory. In 1985, Toshiba was the fi rst to announce a single -
 transistor electrically erasable memory and coined the name  “ Flash memory ”  as the 
new device erased in a  “ fl ash. ”  Unfortunately, Toshiba ’ s initial Flash product was 
diffi cult to use and, as a result, a market failure. SEEQ followed a year later with 
another complex Flash device that did not succeed in the market. Meanwhile, Intel 
took a diversion in attempting to develop a single - transistor EEPROM technology 
by partnering up with Xicor, one of the early EEPROM memory pioneers. While 
the single - transistor EEPROM looked good on paper, the reality was the cell oper-
ating window was nonexistent and the partnership was dissolved. Fortunately for 
Intel, a parallel internal development on an EPROM - based Flash memory technol-
ogy was started as a  “ skunkworks project. ”  By 1985, Intel had a working 64 - kb Flash 
memory in the lab. But to everyone ’ s surprise, the Intel EPROM business unit was 
not interested in commercializing Flash, claiming that the market would not accept 
it based on Toshiba ’ s lack of success and a fear of Flash cannibalizing Intel ’ s own 
EPROM business. If it were not for Gordon Moore and a band of very dedicated 
pioneers, Intel would never have entered the Flash market. In 1986, Intel formed a 
separate Flash business unit and introduced a 256 - kb Flash memory 2 years later. 
With over 95% of its manufacturing steps the same as an EPROM, the Intel Flash 
technology was able to quickly ramp up in volume using existing EPROM fabs. To 
ensure market success, Intel designed its 256 - kb Flash as an EPROM replacement 
by having the same package pinout and control signals as EPROM devices. 

 Flash was able to easily cannibalize EPROM embedded applications where 
cost - effective reprogramming was required. One of the very fi rst commercial Flash 
memory applications was on an adjustable oil well drill bit. Clearly, the oil drillers 
did not want to pull up the drill bit every time they needed to adjust it. Other 
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embedded applications followed the conversion to Flash   .  .  .   including automotive 
engine control, laser printers, robotics, medical, factory automation, disk drive con-
trollers, telecommunication, and military applications. With Flash commercially suc-
cessful, the race was on and several other competitors entered the Flash market. 

 New customer - desired features were added to Flash that enabled Flash to pen-
etrate markets beyond the simple EPROM replacement business. The memory 
array was segmented into independently erasable blocks and all the control circuitry 
was placed on - chip for automated programming and erase functions. Charge pumps 
were added to eliminate the need for a high - voltage program/erase supply voltage. 
New innovative packaging such as TSOP,  “ bumped ”  bare die, and memory cards 
were utilized to enter the portable equipment market. 

 The real high - volume Flash applications were developed based on these new 
features. One of these high - volume Flash applications was the digital camera. The 
fi rst real - time demonstration of a digital camera using a Flash  “ fi lm card ”  was in 
April of 1988 during the Intel 256 - kb Flash product introduction at the Eiffel Tower 
in Paris. A picture was taken of a journalist in the audience; and then, electronically, 
the journalist was placed on a beach in Tahiti. While a novelty through much of the 
1990s, the Flash  “ electronic fi lm ”  business took off as the sales of digital cameras 
crossed over the sales of fi lm - based cameras in 2003. The steep ramp in digital 
camera sales combined with the rapidly increasing digital picture resolution will 
drive an insatiable demand for Flash for many years to come. Another high - volume 
Flash application similar to the digital camera is the portable music player. The 
portability and the ability to store thousands of songs have made Flash the ideal 
storage media for these MP3 music players. One of the earliest high - volume Flash 
applications was the cellular phone. In the early 1990s, the Flash cell phone market 
took off. Every cell phone needed to have Flash to store the frequently changing 
cellular digital protocols. Today, cell phones utilize Flash chips up to 256   Mb in 
density to store games and pictures as well as the cellular protocols. 

 As Flash prices continue to fall, more high - volume applications will emerge for 
Flash. In the future, expect to see digital video recorders and portable DVD players 
that utilize Flash to store videos. In your PC, the portion of the magnetic disk drive 
that stores your program code (Windows, Word, Photoshop, etc.) will be replaced 
by  “ instantly on ”  Flash memory. These are a few of the new and exciting applications 
of Flash that are on the horizon. 

 Flash memory technology has evolved in two major directions. In the early years 
of Flash, there was only a single type of Flash, NOR Flash. NOR Flash has a 
random - access memory cell optimized for high - speed applications such as the cell 
phone and other code storage applications. A serial - based NAND Flash technology 
was created to meet the emerging needs of the low - cost fi le storage market that can 
live with a slow serial read access time. The primary NAND Flash applications are 
the digital camera and the portable MP3 music players. Due to technical problems, 
NAND Flash was not commercially successful until the mid - 1990s. However, with 
the skyrocketing customer demand for digital cameras and MP3 players, NAND 
Flash volume crossed over NOR Flash volume in 2005. 

 Flash memory has scaled very nicely following  “ Moore ’ s law. ”  In 1988, the 256 -
 kb Flash memory was fabricated on a 1.5 -  μ m process and had a 36 -  μ m 2  memory 
cell size. By 2003, Flash evolved to a 256 - Mb density on a 0.13 -  μ m process with a 
0.154 -  μ m 2  memory cell size. This scaling has driven the pricing of Flash memory 
from  $ 1000/MB in 1988 to about 10 cents/MB in 2004. That is an astounding 10,000 
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times cost reduction in only 16 years! No wonder Flash has become the fastest 
growing memory market in history. Starting at  $ 1 million of revenue in 1988, the 
Flash total available market has grown to over  $ 10 billion in 2003. Flash is projected 
to cross over DRAM in sales in 2007 with over a  $ 40 billion market size. 

 The future of Flash technology is not as rosy as the business projections. Flash 
scaling is running out of gas. At the 45 - nm level, the physics of the Flash device 
begins to break down. The electric fi elds required for programming and erase are 
so high that materials begin to fall apart. Flash will continue to scale, but it will be 
a game of diminishing returns. As a result, almost all the major Flash suppliers have 
begun work on a Flash replacement technology. Intel is experimenting with Ovonics 
Unifi ed Memory. Meanwhile, Motorola is looking at silicon nanocrystals. Other 
alternatives being pursued include magnetic RAM (MRAM), ferroelectric RAM 
(FeRAM), and polymer memory. It will be interesting to see if one of these innova-
tive technologies can become a reliable high - volume memory replacement for 
Flash.

Richard D. Pashley
University of California at Davis

Intel Corporation (retired)

BIOGRAPHICAL NOTE 

 Dr. Pashley retired from Intel in 1998 after 25 years of service. His most signifi cant accom-
plishment at Intel was the development of Intel ’ s Flash memory business from its technical 
inception in 1983 to a $ 1 billion business in 1998. One of Dr. Pashley ’ s technical teams 
invented the world ’ s fi rst NOR ETOX Flash memory cell and demonstrated product viability 
in 1985. In 1986, Gordon Moore gave Dr. Pashley the responsibility to start up a Flash 
memory business inside Intel. As general manager of the Flash Memory Business, Dr. Pashley 
directed all aspects of the business including engineering, manufacturing, marketing, and 
fi nancial. Early in 1988, his Flash business team began selling its fi rst Flash memory product. 
By 1990, Intel Flash Memory Business was so successful that it was merged with the Intel 
EPROM Business under Dr. Pashley. In 1993, he was appointed Vice President of Intel. 

 Dr. Pashley joined Intel in 1973 as a SRAM memory design engineer. One year later, 
he was promoted to HMOS program manager where he was responsible for the development 
of Intel ’ s next - generation microprocessor and SRAM silicon technology. From 1977 to 1986, 
he held positions as director of microprocessor/SRAM technology development and director 
of nonvolatile memory technology development. 

 Dr. Pashley is currently an adjunct professor in the Graduate School of Engineering at 
the University of California Davis where he is teaching a class on technology management.        
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PREFACE

Nonvolatile Memory Technologies with Emphasis on Flash  (NMT) was written to 
provide a detailed view of the integrated circuit main - line technologies that are 
currently in mass production. It also gives an introduction to technologies that have 
less manufacturing exposure, and it presents a description of various possible alter-
native technologies that may emerge in the future. All variations of Flash technology 
are treated. This includes Flash memory chips, Flash embedded in logic, binary cell 
Flash, and multilevel cell Flash. The scope of treatment includes basic device struc-
tures and physics, principles of operation, related process technologies, circuit design, 
overall design trade - offs, reliability, and applications. 

 The ambitious goal for NMT was to serve as  the  authoritative reference guide 
for nonvolatile memory users, engineers, and technical managers. Individual chap-
ters were written by leading practitioners in the nonvolatile memory fi eld who have 
participated in the pioneering research, development, design, and manufacture of 
technologies and devices. We wanted to provide authoritative background informa-
tion to practicing engineers in the areas of circuit design, applications, marketing, 
device design, and reliability. We expected that the emergence of Flash embedded 
in logic chips would increase the audience and demand for a reference book of this 
nature.

 New engineers and graduate students should fi nd the book particularly useful. It 
may serve as a text or supporting reference for graduate courses. Persons unfamiliar 
with the nonvolatile memory fi eld will fi nd the inclusion of an elementary tutorial 
introductory chapter helpful as an orientation to the fi eld. The objective of that 
chapter was to help the nonspecialist become familiar with the basic concepts of 
nonvolatile semiconductor memory. 

 Chapter  2 , on applications, explains in detail the nature and utility of nonvolatile 
memory and delves into the complexities of memory organization, software/hard-
ware internal control, and memory packaging. This is perhaps the most complete 
treatment of these matters provided in any existing book on nonvolatile memory. 

 Chapter  3  is devoted to an exposition of the circuit aspects of a modern memory 
device. Required circuit functions are described, dominant circuit architectures are 
presented, and key circuit blocks are explained. Techniques for management of 
defects and  “ design for test ”  approaches are provided. 

 Chapter  4  treats the physics of Flash memories at a mature tutorial engineering 
level. It begins with an examination of the basic operations of the memory transistor 
and explains the important characteristics from a physics perspective including 
circuit models and equations. Physical phenomena associated with programming 
and erase including conduction modes and key reliability issues are presented. The 
critical question of oxide degradation is examined in some detail. 

 The successive chapters are devoted to the mainstream classifi cations of Flash 
memory including stacked - gate standard ground Flash (Chapter  5 ), NAND Flash 
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(Chapter  6 ), DINOR Flash (Chapter  7 ), and P - channel Flash (Chapter  8 ). Both the 
history and design implementation of these specifi c Flash variants are treated in 
great detail. The important topic of embedded Flash is addressed in Chapter  9 . It is 
expected that embedded Flash will become an almost universal feature of emerging 
 “ system on a chip ”  devices. The uses of embedded Flash are explained and support-
ing circuit and design technology is presented. 

 In Chapter  10 , tunnel dielectrics are briefl y examined with an eye toward imple-
mentation of dielectric processing. Chapter  11  is a comprehensive examination of 
Flash reliability that delves into all aspects of the complex mechanisms that impact 
device life and performance. Chapter  12  presents the important subject of multilevel 
cell memory. This is a basic tutorial introduction to the multilevel cells that includes 
perspective on the value and key issues associated with the approach. 

 Chapter  13 , the fi nal chapter, is devoted to memory technologies that may become 
successful alternatives to the conventional fl oating - gate Flash in various applica-
tions. Authored by leading developers and advocates of the respective technologies, 
this chapter provides an excellent engineering level introduction to NROM, ferro-
electric memory, solid - state magnetic memory, single -  and few - electron memories, 
resistive (crossbar) memory, and NOVORAM. NROM, of course, is already well on 
its way into high - volume production as a  “ non - fl oating - gate ”  version of Flash 
memory.

 Credit for the original concept for NMT belongs to my friend and co - editor 
Manzur Gill. Manzur was the author of the Flash chapter in the 1998 book Non-
volatile Semiconductor Memory Technology  that William Brown and I co - edited. It 
is a bit of trivia that a role reversal occurred with NMT. The idea for the early book 
was mine and Bill Brown bore the bulk of the editorial work in pulling it together. 
With NMT, my co - editor had the idea and I did the bulk of the editorial work. Of 
course, that means I am to blame for any errors that survived our many reviews. 

 The book chapters can be read sequentially, but most chapters provide suffi cient 
background material that they can stand alone. We have tried to refl ect the state of 
the art in 2006 – 2007, but we are well aware that the passage of time and the pace 
of the technology will rapidly make some of our pronouncements seem quaint. That 
is the risk and fun of being in this business. 

 Manzur and I feel privileged to have had the opportunity to work with the many 
talented contributors to this work. We have listed their names and affi liations in the 
list of contributors. Our chapter authors come from countries around the world, and 
most major NVM device manufacturers are represented in this group. We are also 
indebted to Richard Pashley for providing a historical view of the technologies in 
the Foreword. 

 We hope that you will fi nd our labors useful, and invite your comments and cor-
rections. It is only through feedback that we can improve.  

   J oe  E. B rewer
Gainesville, Florida
October 2007
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ROM (read-only memory):
defi ned, 2
vs. EPROM, 23
strengths and weaknesses, 21

Row decoder:
defi ned, 67
level shifter, 201
NAND arrays, 231–233
NAND technology, 225–226
redundancy design, 82–86
staggered, 231–233

Row defects, 75
Row failures, 75
Row redundancy, 75, 79–80, 82–86, 93, 96
RTCVD (rapid thermal CVD), 409
RTS (random telegraph signals), 576–579

S
SAC (self-aligned contact), 197, 199
Saifun, 15, 625, 650
Samsung, 22, 225
SanDisk, 87, 496, 512
SAP (self-aligned poly), 191, 197, 199–200
SAS (self-aligned source):

scaling technique, 197–198
stacked gate reliability issues, 528–530

SA-STI (self-aligned shallow trench isolation), 
252

Saturated drift velocity, 147
SBT (strontium bismuth tantalate): 660, 668, 

670, 671, 673, 675, 662
Scaling:

architectural aspect, 197–200
dielectrics, 191–197
feature size aspect, 190–191
ferroelectric memories, 673–674
fi lm thickness aspect, 191–197
Flash memory limitations, 623–624
impact of few-electron phenomenon, 

576–579
impact of random telegraph signals, 576–579
magnetic memories, 687–688
multilevel cell (MLC) technology, 614
NAND Flash technology, 257, 258, 260, 

262–263, 264, 265
NOR Flash technology, 190–200
NROM (nitrided ROM) memories, 652–655
P-channel technology, 362–363
phase change memories (PCM), 722–725
self-aligned contact (SAC) technique, 199
self-aligned poly (SAP) technique, 199–200
self-aligned source (SAS) technique, 

197–198
shallow trench isolation (STI) technique, 

198–199
SuperFlash, 214–216
and tunnel dielectrics, 407–439
tunnel oxide, 192, 193–195, 407, 511

Schottky emissions, 144, 471
SCSG (source-coupled split-gate) cell, 386–389, 

401
SD (Secure Digital) memory cards, 51, 52–53
Secondary impact ionization initiated channel 

hot-electron injection, 156–157
Secondary impact ionization (SII), 141, 144, 

156–157
Secondary memory, 8
Secondary store, 8
Secure Digital (SD) memory cards, 51, 52–53
SEDC (single-bit error detection and 

correction). See Single-bit errors
Self-aligned contact (SAC), 197, 199
Self-aligned poly (SAP), 191, 197, 199–200
Self-aligned shallow trench isolation (SA-STI), 

252
Self-aligned source (SAS):

scaling technique, 197–198
stacked gate reliability issues, 528–530

Self-assembled monolayers, 698
Self-boosted-erase inhibit scheme, 233–235
Self-convergence-erasing scheme, 544
Self-convergent programming scheme, 353, 355, 

356, 363
Self-limiting program scheme, 350
Semiconductor devices. See also Memory; 

Nonvolatile memory
generations, 16–18
history, 16–18
nonvolatile drives, 8

Sense-and-latch (SL) unit, 284–285
Sensing schemes, 112–114, 614, 629
Sequential trap-assisted tunneling, 499
SET state, 709, 714, 715
Shadow array, 380
Shallow trench isolation (STI), 182, 197, 198–

199, 252–256, 293, 385
Sharing of interconnection overhead, 15
SHEI (substrate hot-electron injection), 144, 

153–154, 163–164
SHHI (substrate hot-hole injection), 154, 163
Shielded bitlines, 265, 270–272, 273, 286, 288
Shrink small outline package (SSOP), 37
Side-wall transfer transistor (SWATT), 293–296
SII (secondary impact ionization), 141, 144, 

156–157
SILC. See Stress-induced leakage current 

(SILC)
Silicon dioxide, as tunnel dielectric, 408–409
Silicon nitride:

advantage as tunnel dielectric, 422–423
chemical vapor deposition, 409, 410
as deposited tunnel dielectric, 417–425
jet-vapor deposition, 409–411
properties of gate-quality JVD fi lms, 411–417
as tunnel dielectric for N-channel fl oating-

gate devices, 425–429



756 INDEX

as tunnel dielectric for P-channel fl oating-gate 
devices, 429–432

as tunnel dielectric for scaled Flash memory 
cells, 407–439

Silicon oxide nitride oxide silicon (SONOS), 3, 
12, 16, 195, 363, 366, 432–434, 617–618

Silicon Storage Technology, Inc., 206, 386, 496, 
512. See also SuperFlash

Silicon-rich oxide (SRO), 347, 348, 408
Single-bit errors, 7, 550–551
Single-bit failures, 75, 87, 480, 625, 642, 645, 

647, 675
Single-electron charging energy, 690
Single-electron memories, 618, 689–693
Single-electron transistor, 689, 691, 694, 

695–696, 698
Single-electron trap, 691, 692, 700
Single-poly fl oating-gate cells, 136
SiO2-based tunnel oxides, 408–409
SL (sense-and-latch) unit, 284–285
Small outline packages (SOPs), 36–37
SmartMedia (SSFDC), 51–52, 53
SMT (surface mount technology), 36
Snapback, 538, 543
SnD (store and download) usage model, 38, 40, 

43, 44–45
SNNNS structure, 433–434
Socket Flash, 543, 551, 562
Sodium, 535
Soft errors, 484–486
Soft programming, 65, 188, 189–190
Software, as Flash attribute, 20, 25–26, 29, 31, 

32–36
Software data managers, 24, 29, 50, 54, 56–57
Software stack, 58, 59–60
Soft-write effects, 138, 139
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432–434, 617–618
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technology, 286–293

programming scheme, 278–283
Source-coupled split-gate (SCSG), 386–389, 

401
Source/drain hot-carrier injection disturbance, 

576
Source-erase stacked gate Flash, 14
Source-side injection (SSI):

charge trapping, 519–525
gap region formation, 517–519
overview, 144, 155–156
reliability issues, 512, 517–525

Spansion, Inc., 22, 658, 699
Spatial charge distribution, 632

Spatially localized C20 lone-pair valence band 
tail states, 716
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Spin polarization, 679, 685
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overview, 15
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386, 496, 512. See also SuperFlash
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Staircase programming pulses, 289
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tunnel oxide overview, 496–497
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Substrate hot-electron injection (SHEI), 144, 
153–154, 163–164

Substrate hot-hole injection (SHHI), 154, 163
Subthreshold slope, 133–134, 162, 523
SuperFlash:

applications, 220
array architecture and operation, 212–214
cell cross sections and layout, 207–208
charge transfer mechanisms, 208–209
embedded cell manufacturability, 401
erase operation, 209–210
erase threshold control and distribution, 

214–216
history, 179–180
key circuit interactions, 215
multilevel cell implementation, 216
overview, 206–207
process scaling issues, 214–216
program operation

overview, 210–211
program-disturb, 211
punch-through disturb, 212
reverse tunnel disturb, 211–212

reliability
contact integrity, 217
data retention, 217–218
disturbs, 219–220
dynamic burn-in, 220
endurance, 218–219
life testing, 220
overview, 216
oxide integrity, 216–217

Surface microdefects, 482, 484, 485, 526
Surface mount technology (SMT), 36
Suspends, 26, 30–31, 56, 57
SWATT (side-wall transfer transistor), 293–296
Switch-mode regulation, 119, 120
Symmetric sense amplifi er, 273–278
Symmetrical blocking, 25, 29, 49
Synchronous burst mode, 43
Synchronous Flash, 41, 42–43
Syndrome generator, 87
System Flash, 29, 57, 543, 551

T
Tail bits, 159, 482–484, 485, 571, 577
TDDB (time-dependent dielectric breakdown), 

216, 413, 476, 502, 547, 557, 564, 565
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559
Temperature cycle test, 556
Temperature cycling acceleration model, 559
Temperature humidity bias (THB) test, 555–556
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467–469, 506, 557, 559
Tessera Corporation, 38
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Textured oxides, 408
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THB (temperature humidity bias) test, 555–556
Thermal cross talk, 724
Thermal energy, 9, 710
Thermal shock test, 556
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Thin fi lms, 679
Thin small outline package (TSOP), 37
Threshold voltage:

array noise suppression technology, 287–290
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NROM (nitrided ROM) memories, 632
overview, 132–133
and readout operation, 132, 133
transient characteristics, 133
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216, 413, 476, 502, 547, 557, 564, 565
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Toshiba, 14, 21, 87, 225
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Transconductance degradation, 421, 432, 447, 

448, 459, 530, 531
Transient equation, 143
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Flash cells as, 63–65, 594
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overview, 536–537
process defects, 539–543
reliability in Flash memory products, 

537–539
role of cycling and burn-in, 539–543

side-wall transfer (SWATT), 293–296
single-electron, 689, 691, 694, 695–696, 698

Trap density, 162, 163, 165, 168, 169, 192, 413, 
454, 500, 526

Trap generation mechanism, 166–168
Trap-assisted SILC, 496
Trapping of hot holes, 164
Triangular barrier, 145, 194, 471, 703–704
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DFT overview, 91, 92
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reference, 93–94
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Triple-well process, 69, 70, 110, 367, 401, 457, 
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