
The world seems to have an insatiable
appetite for solid-state integrated circuit
memory. History shows that any memory
density on the Moore’s law curve is only a
stepping stone to the next more complex
node. Driving this escalation of complexity
is the consumer’s need to move from simple
mathematical calculations and word proc-
essing that required only kilobits of memory
to audio and movie downloads needing
gigabits of memory. Near-term market de-
mands for applications such as real-time
on-demand movie viewing will require
memory densities in the multi-gigabit
range that can operate with communica-
tion devices in the hundreds of megabits
range. But, even though the memory in-
dustry has kept pace and even facilitated
challenging applications, the combination
of physical barriers and cost escalation ap-
pear to be drawing Moore’s law to a close,
as transistors are becoming too small to
function properly. Undesirable quantum
effects such as electron tunneling through
the gate oxide and excessive electric fields
arising from small spacings preclude satis-
factory operation.

Current integrated circuit memory ele-
ments are fabricated in silicon using ex-
tremely complex fabrication techniques.
The exquisitely controlled interplay of
chemical and physical processes that is re-
quired to fabricate hundred of millions of
transistors and memory elements in a chip
no larger than a couple of centimeters on a
side is truly one of the wonders of the tech-
nological world. Processes that are seem-
ingly incompatible are made to work
together in a reproducible and repeatable
way to produce chips of such high relia-
bility that they can continuously operate
for ten years or more in a temperature
range that covers at least from 0°C to
130°C. But these processes—lithography,
etching, deposition, etc.—are currently
working near their limits of resolution; in-
deed, moving past the 30 nm node will be
rather difficult. At the same time, the fun-
damental building blocks of integrated
circuits, CMOS (complementary metal
oxide semiconductor) transistors, are be-
coming more and more leaky as they are
made smaller. Electric charge can leak
through the gate oxide and from source to

drain through the substrate, making the
transistors unstable as memory sources.

The memory business drives hundreds
of billions of dollars in sales of electronic
equipment per year. Two of the major driv-
ing forces of this market are computers
and wireless communication devices. The
incentive for continuing on Moore’s law is
huge, and this challenge is prompting con-
siderable investment from governments
around the world as well as in private in-
dustry and universities. The problem is this:
recognizing that current approaches to
semiconductor-based memory are limited,
what new technologies can be introduced
to continue or even accelerate the pace of
complexity?

Semiconductor memories fall into two
rough categories, volatile and nonvolatile.
Dynamic random-access memory (DRAM)
is volatile, meaning that as charge leaks out
of the memory capacitor, it must be re-
freshed. When memory density was rela-
tively low, the total chip power dissipation
required for refresh was also low. As 
memory density increased, the refresh rate
of about 1–10 ms/Mbit resulted in increas-
ingly greater energy expenditures; now 
the current density of DRAM, presently at
512 Mbit and moving to 1 Gbit, requires 
refresh energies that can dominate the
power dissipation budget of the chip dur-
ing standby operation.

Radically new approaches to this prob-
lem address the issues of refresh rate,
memory element charge density, and proc-
ess cost. Collier et al.1 and Duan et al.2 ap-
proach these issues by utilizing the
oxidation and reduction states of special-
ized molecules to store ones and zeros.
Collier et al. have reported on memory
cells using rotaxane in which the molecu-
lar memory is the rapid reversible conduc-
tance switching of molecules attached
between two electrodes.3 Kuhr et al. (in
this issue) use self-assembled porphyrin
molecules that are oxidized or reduced
through the application of an electric field
to set the two memory states.

In spite of its increasingly higher power
dissipation, DRAM is the most widely
used memory in computers because it is
relatively fast and inexpensive. Since
DRAM is volatile, information in memory
is read into the hard disk at shutdown and
then re-read back into DRAM at startup.
Computers that have myriad applications
take a long, finger-tapping time to boot
up. If DRAM were replaced with a non-
volatile memory that was at least as fast,
boot-up time would be almost instanta-
neous because all of the information con-
tained in active memory at shutdown
would be immediately available at startup.
Several types of nonvolatile memory that

MRS BULLETIN/NOVEMBER 2004 805

High-Performance
Emerging Solid-
State Memory
Technologies

Herb Goronkin and Yang Yang, Guest Editors

Abstract
This article introduces the November 2004 issue of MRS Bulletin on the state of the

art in solid-state memory and storage technologies.The memory business drives
hundreds of billions of dollars in sales of electronic equipment per year.The incentive for
continuing on the historical track outlined by Moore’s law is huge, and this challenge is
driving considerable investment from governments around the world as well as in private
industry and universities.The problem is this: recognizing that current approaches to
semiconductor-based memory are limited, what new technologies can be introduced to
continue or even accelerate the pace of complexity? The articles in this issue highlight
several commercially available memories, as well as memory technologies that are still in
the research and development stages. What will become apparent to the reader is the
huge diversity of approaches to this problem.

Keywords: solid-state memory, storage technology.

www.mrs.org/publications/bulletin

https://doi.org/10.1557/mrs2004.232 Published online by Cambridge University Press

https://doi.org/10.1557/mrs2004.232


may be able to replace DRAM are in the
research and development stage. Flash
memory, a highly successful commercial
nonvolatile memory, is too slow and needs
higher voltages than DRAM to write in-
formation, so it is useful only in applications
where those properties are acceptable to
the user, for example, digital cameras and
cell phones.

Because the application space for mem-
ory with unique properties is so vast, there
are, seemingly, roles for many types. Com-
puters need fast memories with high
endurance that can operate for more than
1 � 1017 cycles at today’s clock speeds. At
the other end of the memory spectrum are
games, smart cards, and PDAs that do not
need such high endurance because infor-
mation is entered less frequently. Re-
searchers are, however, eager to find and
develop a universal memory that can re-
place all current types.

In this issue of MRS Bulletin on High-
Performance Emerging Solid-State Memory
Technologies, several commercially available
memories, as well as memory technolo-
gies in both research and development
stages, are highlighted. Table I summarizes
the distinguishing characteristics among
the primary varieties. The common under-
lying theme of all of these articles is the
further development of the respective tech-
nologies for the purpose of staying on the
Moore’s law complexity curve—increasing
the number of memory elements—while
retaining or What will become apparent 
to the reader is the huge diversity of ap-
proaches to this problem.

We start this issue with flash memory.
Flash memory has a floating metal gate
buried inside the oxide layer of a transis-
tor, and the “0” or “1” state is determined
by the charge storage status of the floating
gate. Fazio presents the most recent devel-
opments in this technology that make it
faster than the current generation of flash
memory and can be run at a lower operat-
ing voltage.

Grynkewich et al. describe a nonvolatile
memory in which current pulses change
the magnetic polarization to store ones or
zeros in high- or low-resistance states.4

Arimoto and Ishiwara describe another
nonvolatile memory device in which an
electrical impulse shifts the unit cell struc-
ture to change the ferroelectric polarization.5

Hudgens and Johnson describe yet an-
other nonvolatile memory device using
chalcogenides in which an electrical im-
pulse changes the material phase between
high- and low-resistance states.

Yang et al. introduce a thin-film organic/
nanoparticle memory device in which
charges stored in the nanoparticles cause
the organic/polymeric layers of the device

to be either in the high or low electrical
conductivity states.6

Kuhr et al. introduce another organic
memory device in which custom-designed
porphyrins are oxidized or reduced by an
electrical impulse to store charge in a man-
ner analogous to a DRAM capacitor.7

Silva et al. describe a quantum dot 
memory structure in which decoupled
quantum dots replace the floating gate 
electrode to improve the performance and
broaden the application of highly scaled
flash-type memories.

Whether these memories are based on
semiconductors, molecules, magnetic thin
films, or other materials, all have a funda-
mental requirement: they must reside in-
side a silicon CMOS chip. CMOS is the
technology that the world has accepted.
Multibillion-dollar factories spit out mil-
lions of chips every day to satisfy the
world’s appetite for industrial and con-
sumer electronic equipment. To be success-
ful, any new technology that is intended
to sustain the evolution of electronic mem-
ory must be compatible with CMOS proc-
essing. This is not a trivial issue; in fact,
integrating a new technology into CMOS
is one of the most challenging of semicon-
ductor engineering projects. CMOS proc-
esses are highly complex admixtures of
high-temperature processing, 30–45 levels
of photolithographic masking to form de-
vices, interconnects, vias (vertical connec-
tors between interconnects and devices),
isolation patterns, numerous and chemi-
cally varied dry-etch processes, and other
procedures. The process modules have
been carefully developed so that the high-
est temperature occurs early in the process
and the lowest temperature is last. Struc-
tures that are closest to the silicon interface
experience the highest process tempera-
tures, while interconnects, interlayer di-
electrics and passivation layers, which
protect the chip from the environment in
the package, nearer the top of the chip struc-
ture, experience the lowest temperatures.

Considering the memory approaches de-
scribed in this issue, some devices of the
memory elements will reside near the bot-
tom silicon interface while others will be
near the top of the chip. What drives these
locations is the capability of the memory cell
to withstand high temperature. For ex-
ample, flash memory elements, including
quantum dot and ferroelectric cells, are lo-
cated near the bottom where the memory
storage volume is part of the underlying
transistor structure. The flash floating gate
is polysilicon, which is deposited at rather
high temperatures, and the ferroelectric gate
of ferroelectric random-access memory
(FeRAM) is also deposited at high tempera-
tures. Subsequent layers of vias and inter-

connects are deposited at lower tempera-
tures. Magnetoresitive random-access mem-
ory (MRAM) and the molecular memories
reside near the top of the chip structure be-
cause high temperatures would degrade the
materials and interfaces that are critical to
performance of the memory cells. These
families of memory storage cells are inde-
pendent of the operation and performance
of the pass transistors and can therefore be
located in the position most favorable to
their survival in the CMOS process.

The integration of new memory cells into
CMOS involves issues of material compati-
bility, the most serious being the potential
for contamination of the silicon fab line
from materials in the memory structure
that are not normally used in CMOS proc-
essing. Even a minute amount of such ma-
terials as gold, nickel, iron, zinc, and many
others have the potential to find their way
into the silicon lattice, where they can alter
the operating properties of the transistors.
Recognizing this potential, process lines
that integrate such divergent technologies
into the same chip must find ways to pro-
tect the underlying CMOS substrate while
optimizing the performance of the new
memory storage cells. The solution boils
down to two things: time and money.

Let’s take a look at the time needed 
to move an idea from proof-of-concept
demonstration to commercialization. The
major steps along the way take the idea
from proof-of-concept to feasibility demon-
stration, development, and finally commer-
cialization. Experience in high-technology
industries shows that the time needed to
move through these phases is typically ten
years. Each step closer to commercial-
ization involves increasing numbers of
workers and equipment. A new memory
technology, one that introduces new mate-
rials and disrupts the established CMOS
process flow, often requires dedicated
process facilities that are physically sepa-
rated from the main process line in order
to avoid cross-contamination. It is not at
all unusual for a radically new device
structure that is integrated into CMOS to
cost several hundred million dollars to de-
velop and take three to five years to fully
ramp up for commercialization.

DRAM, SRAM, and flash memories are
the current mainstay of semiconductor-
based memories. All of these have serious
performance and scaling limitations, and it
is only by mitigating these limitations that
new memory technologies have a chance to
initially augment and finally displace the
current leaders. Potential performance of the
new memories is only the foot-in-the-door
phase. Maintaining performance at a rea-
sonable and competitive integration cost is
the real key to ultimate adoption of the tech-
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nology by the memory industry. As a col-
league once explained, there are three factors
that drive memory: cost, cost, and cost.

Through these articles in this issue of
MRS Bulletin, the progress and potential 
of solid-state CMOS-based memory devices 

are briefly presented. Judging by the rapid
growth of digital technology in applications
ranging from personal electronics to home
and business applications and to novel 
military uses, the need for faster, cheaper,
better memory devices will continue to push

memory technology into an even more 
diverse and highly competitive business.
This will lead to even more applications,
many of which are waiting to be discovered.
These revolutionary changes are rapidly 
approaching.
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Table I: Comparison of Various Memory Technologies.

Acronym or
Common Name Memory Technology Mode of Operation Key Characteristics
DRAM Dynamic random-access memory Charge is stored on a capacitor Charge leakage from the 

that is isolated from other capacitor is replenished by 
memory bits in the array by a refresh circuitry. Refresh 
transistor. power dissipation increases 

with memory density.

FeRAM, Ferroelectric random-access Two directions of remanent A stored datum is read out by 
FRAM memory polarization in a ferroelectric film detecting the polarization 

represent the two memory reversal current of a 
states. ferroelectric capacitor or the 

drain current of a ferroelectric-
gate field-effect transistor.

Flash memory Floating gate memory Charge on a floating gate High fields transfer charge to 
modifies the threshold voltage of and from the floating gate of a 
the underlying transistor. metal oxide semiconductor 

device, leading to relatively 
slower writes compared to reads 
and limited write endurance.

MRAM Magnetic tunnel junction random- Parallel or opposite polarization The vector sum of magnetic 
access memory, magnetoresistive of two ferromagnetic films on fields generated by short- 
random-access memory each side of a tunnel barrier pulse currents set the 

produce high- and low- relative magnetization directions.
resistance paths. Currents through the bits are

used to read the states.

ORAM Organic random-access memory Memory states are set due to A nonvolatile memory in which
the charge trapped in metallic organic layers are either in the
nanoparticles within the organic high- or low-conductance 
material. modes, preset by extermal bias.

OUMTM Phase-change memory Two solid-state phases having High reliability depends on 
(Ovonic Unified MemoryTM) different resistivities represent atom-positional switching 

the two memory states. reproducibility of the two phases.

QDOT Quantum dot memory A type of flash memory in which Scales to small dimensions at 
the floating gate is replaced by a which a small number of 
number of randomly arranged electrons in the quantum dot 
self-assembled quantum dots. can produce a large voltage 

change in the transistor.

SRAM Static random-access memory A transistor and its load are A fast memory that utilizes 
latched by a second transistor more area than DRAM and 
and load to maintain a memory needs constant power to 
state. maintain the memory state.

ZRAM Molecular random-access The oxidation state of porphyrin Molecular memories can have 
memory molecules produces charge high charge densities and can 

states analogous to a DRAM be scaled to nanosized 
capacitor. dimensions.
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flash memory cell devel-
opment. He received a
BSc degree in physics
from the State University
of New York at Stony
Brook in 1982 and joined
Intel the same year. He
has been involved in de-
velopment programs for
memory technologies in-
cluding SRAM, EPROM,
E2PROM, NVRAM, and
flash. He was responsible
for the technology devel-
opment of the Intel
StrataFlashTM memory.
He holds 24 patents in
the field of nonvolatile
memory and has au-
thored or co-authored
more than a dozen tech-
nical papers, two of which
received Outstanding

Paper Awards from IEEE.
He served as general
and technical chairman
of the IEEE Non-Volatile
Semiconductor Memory
Workshop. 

Fazio can be reached
by e-mail at al.fazio@
intel.com.

Antonio R. Gallo is the
director of engineering
for ZettaCore Inc., where
he has responsibility for
developing processes
for molecular memories
compatible with full-scale
production. Before join-
ing ZettaCore, he was the
lead process integrator
for advanced DRAM
and flash memory prod-
ucts at Dominion Semi-
conductor, a joint
venture between IBM
and Toshiba. He also
served as senior manager
for technology transfer
and chief technical advi-
sor to the president and
CEO and was lithography
engineering manager
during the startup of the
fabricator. During this
tenure, Gallo completed
the requirements to be
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Six Sigma Institute Black
Belt Certified, a profes-
sional certification. Pre-
viously, he was an
advisory engineer at
IBM’s East Fishkill facil-
ity, with the responsibil-
ity of developing
deep-ultraviolet lithog-
raphy processes for the
64 Mbit DRAM alliance
among IBM, Siemens,
and Toshiba, and he
served as an advisor to
IBM’s strategic equip-
ment council as well as
its patent review board.
Gallo also served as
process manager of IBM’s
Advanced Packaging
Facility at the T.J. Watson
Research Center in
Yorktown Heights, N.Y.
Prior to joining IBM,
Gallo had responsibility
for the development of
plasma-etch processes in
support of Eastman
Kodak’s semiconductor
sensor chips for electronic
cameras. Gallo has pub-
lished over 15 scientific
papers, has been issued
five U.S. patents, and has
been an invited speaker
at numerous symposia

and workshops world-
wide. He earned a BS
degree in chemistry
from the University of
New York at Binghamton
and MS and PhD de-
grees in chemistry from
the University of Cali-
fornia at Berkeley.

Greg Grynkewich earned
a PhD degree in chem-
istry from Northwestern
University in 1975, where
he studied fluxional
organometallic molecules
using dynamic NMR
spectroscopy. After work-
ing at Olin and Micron,
he joined Motorola’s
Semiconductor Products
Sector (now Freescale
Semiconductor Inc.) in
1989, working on plasma-
etch process develop-
ment. He later moved
into yield enhancement
and then to process inte-
gration, where he has
co-developed various
CMOS and BiCMOS
products. He is cur-
rently a distinguished
member of the technical
staff as well as process
integration manager for

MRAM development in
Freescale’s Technology
Solutions Organization.
He has published more
than 30 papers and
holds six patents. 

Grynkewich can be
reached by e-mail at
greg.grynkewich@
freescale.com.

Stephen Hudgens is di-
rector of research and
chief technical officer at
Ovonyx Inc. His research
interest is primarily in
the electrical properties
of amorphous tetrahedral
and chalcogenide alloy
semiconductors, and he
has been involved in the
commercialization of a
number of amorphous
semiconductor-based
technologies, including
thin-film amorphous sili-
con solar cells and photo-
receptor drums and
chalcogenide alloy non-
volatile memory devices.

Hudgens received a
PhD degree in physics
from the University of
Chicago in 1976. He was
a postdoctoral fellow at
MIT and a senior re-

search physicist at East-
man Kodak Research
Labs prior to joining the
staff of Energy Conver-
sion Devices in 1980. He
was director of research
at Energy Conversion
Devices in 1999 when
Ovonyx was formed. 
He is a member of the
American Physical Soci-
ety and the Materials 
Research Society.

Hudgens can be
reached by e-mail at
shudgens@ovonyx.com.

Hiroshi Ishiwara is a
professor and dean of
the Interdisciplinary
Graduate School of Sci-
ence and Engineering at
the Tokyo Institute of
Technology (TIT). His
research interests are in
the areas of device and
process technologies in
integrated circuits with
a focus on ferroelectric
memories. He received
BS, MS, and PhD de-
grees in electronic engi-
neering from TIT in
1968, 1970, and 1973, re-
spectively. He joined the
TIT engineering faculty

as a research associate in
1973; he became an as-
sociate professor of the
Interdisciplinary Gradu-
ate School of Science and
Engineering in 1976, a
professor in the Precision
and Intelligence Labora-
tory in 1989, and served
as a professor in the Fron-
tier Collaborative Re-
search Center from 1998
to 2004. He was ap-
pointed to his current po-
sition in April of this year.

Ishiwara has been
awarded the Japan IBM
Science Prize, the Inoue
Prize for Science, the
Ichimura Prizes in 
Technology–Meritorious
Achievement Prize, the
International Symposium
on Integrated Ferro-
electrics 2000 Honors,
and the Purple Ribbon
Medal from the Japanese
government. He is a fel-
low of IEEE and IEICE
and a member of the
Materials Research Soci-
ety, the Electrochemical
Society, the Japan Society
of Applied Physics, and
the Institute of Electrical
Engineers of Japan. 
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Ishiwara can be
reached by e-mail at
ishiwara@pi.titech.ac.jp.

Jason Janesky received a
BS degree in engineering
physics from the Uni-
versity of Arizona in
1994 and an MS degree
in solid-state physics
from Oregon State Uni-
versity in 1998, where
he worked on NMR
studies of electrolumi-
nescent phosphor candi-
dates for LCD displays.
He joined the MRAM
project at Motorola’s
Semiconductor Products
Sector (now Freescale
Semiconductor Inc.) in
1999 and is presently a
magnetics characteriza-
tion engineer in the
Spintronics Device
Physics Group. 

Janesky can be 
reached by e-mail at
Jason.Janesky@
freescale.com.

Brian Johnson is a senior
design engineer at Intel
Corporation. His engi-
neering work at Intel
began with flash memory
characterization and 
development, followed
by device and process
enhancement on four
generations of Pentium
microprocessors. In re-
cent years, he has 
pursued advanced 
memory development
with chalcogenide
phase-change materials
in a joint development
program between Intel
and Ovonyx Inc. 
Earlier work at Fairchild
Research Center, ATT
Technologies, and Solar
Energy Systems involved
light-wave devices with
III–V materials and 
photovoltaic II–VI 
devices. He received 
an MS degree in 
physics from Wayne
State University in 
1971. 

Johnson can be reached
by e-mail at Brian.G.
Johnson@intel.com.

Moon Kyung Kim re-
ceived BS and MS degrees
in electrical engineering
with honors from
Hanyang University,
Seoul, in 1997 and then
joined Samsung Ad-
vanced Institute of Tech-
nology as a member of
technical staff. In 1999,
he received an award
for the best performance
project at Samsung. He
is currently working to-
ward a PhD degree in
electrical and computer
engineering at Cornell
University. His early
work focused on single-
electron transistors and
nanoscale quantum de-
vices; his current inter-
ests are in nanoscale
devices and the physics
of quantum devices. 

Kim can be reached
by e-mail at mkk23@
cornell.edu.

Werner G. Kuhr, vice
president of research at
ZettaCore Inc., was pre-
viously a professor of
chemistry at the Univer-
sity of California, River-
side. Kuhr earned BS and
MS degrees in chemistry
from Stevens Institute of
Technology (1980–1982).
He also worked as a re-
search chemist in analyti-
cal development at
Merck until 1982. Kuhr
received his PhD degree
in chemistry from Indiana
University (1986), then
spent one year as a NATO
postdoctoral fellow at the
University of Groningen,
the Netherlands, followed
by a year as an Ames
Laboratory postdoctoral
fellow at Iowa State
University. He joined
the chemistry faculty at
UCR as an assistant pro-
fessor in 1988 and was
promoted through the
ranks to full professor
(1998). He founded and
served as director of the
UCR Microfabrication
Facility (1999–2002) and
was a founding member
of the UCR Genomics

Institute. His research
has focused on the de-
velopment of micro- and
nanoscale techniques for
the design and charac-
terization of electro-
chemical devices. 

Kuhr has published
more than 90 scientific
papers, delivered over
100 invited lectures at
conferences and univer-
sities around the world,
and holds 10 U.S. and
international patents.
He currently serves on
the board of directors of
the Society of Electro-
analytical Chemistry. He
has been the recipient of
a number of awards, in-
cluding a Presidential
Young Investigator
Award from the National
Science Foundation
(1989); a Young Investi-
gator Award from the
Society of Electroanalyti-
cal Chemistry (1993); the
Jubilee Silver Medal
from the Chromato-
graphic Society, England
(1994); and he was named
a Tour Speaker for the
Society of Analytical
Spectroscopy (1994). 

Kuhr can be reached
by e-mail at Werner.
Kuhr@zettacore.com.

Arvind Kumar received
a BTech degree from the
Indian Institute of Tech-
nology, Kanpur, in 1999.
He is currently pursuing
a PhD degree in electrical
and computer engineer-
ing at Cornell University.
His primary research in-
terests include modeling
and experimental inves-
tigation of scalable non-
volatile memory
structures and fault-
tolerant architectures in
CMOS integration. 

Kumar can be reached
by e-mail at ak226@
cornell.edu.

Liping Ma is a staff re-
search scientist in the
Department of Materials
Science and Engineering
at the University of Cali-

fornia, Los Angeles. His
current research is in
high-performance or-
ganic electronic devices.
During the past four
years, he has invented
two types of organic
memory devices, a high-
speed and high-power
organic diode, and a
novel vertical organic
transistor. Prior to joining
UCLA, he spent four
years at the Chinese
Academy of Sciences
(CAS) as an associate
professor, where he
worked on nanometer-
scale information storage.
He achieved data record-
ing by using scanning
probe microscopy with
recording marks of ~1 nm
in 1996; this work was
selected as fourth in
China’s Top Ten Ad-
vances in Sciences and
Technologies for 1997.
He earned his PhD de-
gree at the Institute of
Physics of CAS in 1995.
In his PhD research on
high-Tc superconductors,
he discovered “the re-
laxation of resistivity,” a
new method for the study
of the mixed state in
high-Tc superconductors,
and established a theory
for his experimental 
observation. 

Ma can be reached by
e-mail at lma@ucla.edu.

Robert W.G. Manning
joined ZettaCore Inc.
with more than 22 years
of experience in semi-
conductor design and
design management.
His most recent experi-
ence comes from 12 years
with Cypress Semicon-
ductor at their design
center in Colorado
Springs, where he worked
on the development of
SONOS, SRAM, and
multiported SRAM
technologies. Previously,
he worked at INOVA
Corporation, United
Technologies Micro-
Electronics Center, and
INMOS. 

Manning earned BS
and MS degrees in elec-
trical engineering
(1975–1980) from the
University of Arkansas,
Fayetteville. 

Srinivas Pietambaram
received a BE degree in
metallurgical engineering
from the Regional Engi-
neering College,
Rourkela, India, in 1996,
and MS and PhD degrees
in materials science and
engineering from the
University of Florida,
Gainesville, in 2000 and
2001, respectively, for his
work on pulsed-laser-
deposited colossal mag-
netoresistive thin films.
In 2001, he joined Mo-
torola’s Semiconductor
Products Sector (now
Freescale Semiconductor
Inc.), where he is currently
a senior staff engineer
working on MRAM in
the Magnetic Materials
and Structures Group. 

Pietambaram can be
reached by e-mail at
srinivas.pietambaram@
freescale.com.

Craig W. Rhodine is vice
president of engineering
at ZettaCore Inc. He was
most recently the chief
operating officer for
Ramtron International
Corporation, a semicon-
ductor technology com-
pany. There, he grew sales
of Ramtron’s proprietary
memory products from
~$3 million to over $13
million quarterly. Previ-
ously, Rhodine was
president of Enhanced
Memory Systems Inc., a
specialty semiconductor
memory company
owned by Ramtron and
Infineon Technologies.
Prior to Ramtron and
Enhanced Memory 
Systems, Rhodine was
employed by Texas 
Instruments, where he
was a member of the
group technical staff in-
volved in memory prod-
uct development. 
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Rhodine holds three
patents and received his
BS degree in electrical
engineering from the
University of Wyoming.

Nicholas D. Rizzo re-
ceived a BS degree in
physics from the Uni-
versity of Virginia in
1991 and a PhD degree
in physics from Yale
University in 1997 for
his research on the effect
of ferromagnetic inclu-
sions in superconducting
wires. Following gradua-
tion, he was a National
Research Council post-
doctoral fellow at the
National Institute of
Standards and Technol-
ogy in Boulder, where
he focused on high-
speed switching and
thermal stability in mag-
netic disk media. He
joined Motorola’s Semi-
conductor Products Sec-
tor (now Freescale
Semiconductor Inc.) in
1999, where he is cur-
rently a principal staff
scientist working on
MRAM in the Spintronics
Device Physics Group. 

Rizzo can be reached
by e-mail at Nick.Rizzo@
freescale.com.

Helena Silva earned a
BSE degree in engineering
physics in 1998 from the
Technical University of
Lisbon, Portugal, and an
MS degree in applied
physics in 2002 from Cor-
nell University. She is
currently pursuing a PhD
degree in applied physics
at Cornell, working on
defects-based memories
for scalable semiconduc-
tor nonvolatile memory
technology.

Silva can be reached by
e-mail at hgs@cornell.edu.

Jon M. Slaughter is a
distinguished member
of the technical staff and
magnetic materials and
structures manager for

MRAM development at
Freescale Semiconductor
Inc. (formerly Motorola’s
Semiconductor Products
Sector). He and his team
are responsible for de-
veloping materials and
processes for the mag-
netic tunnel junction
(MTJ) film stack that is
at the heart of the MRAM
bit cell. Prior to joining
Motorola in 1996,
Slaughter was an associ-
ate research professor at
the University of Ari-
zona’s Optical Sciences
Center, specializing in
the effects of film growth
and microstructure on
the properties of ultra-
thin metallic films and
multilayers. Slaughter
earned a PhD degree in
physics from Michigan
State University in 1988,
where he was awarded
the Sherwood K. Haynes
Award for his research
on the structure and
transport properties of
magnetic multilayers.
He holds 17 patents and
has more than 80 publi-
cations. Slaughter is a
member of the Materials
Research Society and has
been active in a variety
of international organi-
zations and conferences,
serving many times as
conference chair, program
committee member, ses-
sion chair, or invited
speaker.

Slaughter can be
reached by e-mail at
jon.slaughter@freescale.
com.

Ken Smith received BS
and MS degrees in
chemistry from Arizona
State University in 1992
and 1995, respectively.
He joined Motorola’s
Semiconductor Products
Sector (now Freescale
Semiconductor Inc.) in
1995 as a process engi-
neer working in photo-
lithography, plasma-etch
development, diffusion,

and epitaxial deposition.
He joined Motorola’s
Advanced Reticle Tech-
nology development in
1999. He began working
on MRAM process de-
velopment and integra-
tion in 2001. 

Smith can be reached
by e-mail at Ken.H.
Smith@freescale.com.

Jijun Sun received BS
and MS degrees in
physics from Lanzhou
University, China, in
1990 and 1993, respec-
tively, and a PhD degree
in physics from the In-
stitute of Physics, Chi-
nese Academy of
Sciences, in 1996. He
was then a postdoctoral
fellow at INESC Micro-
systems and Nanotech-
nologies in Lisbon,
Portugal, where he fo-
cused on the magnetore-
sistance effect in magnetic
tunnel junctions. In 1999,
he moved to TDK Cor-
poration, Japan, as a staff
engineer, developing
high-density recording
heads. He joined Mo-
torola’s Semiconductor
Products Sector (now
Freescale Semiconductor
Inc.) in 2001 and is cur-
rently a principal staff
scientist working on
MRAM materials and
process development. 

Sun can be reached by
e-mail at jijun.sun@
freescale.com.

Saied Tehrani received
a BS degree from the
University of North
Carolina, Charlotte, in
1981, and MS and PhD
degrees in electrical en-
gineering from the Uni-
versity of Florida,
Gainesville, in 1982 and
1985, respectively. He
joined Motorola in 1985
and was involved in the
device and process re-
search and development
of heterojunction devices
for high-efficiency and

low-power applications
and their transfer into
production for wireless
applications. He started
working on MRAM in
the Semiconductor
Products Sector (now
Freescale Semiconductor
Inc.) in 1995. He is cur-
rently director of MRAM
technology at the Em-
bedded Memory Center. 

Tehrani can be reached
by e-mail at saied.
tehrani@freescale.com.

Sandip Tiwari is a pro-
fessor of electrical and
computer engineering 
at Cornell University,
Lester B. Knight Director
of the Cornell NanoScale
Facility, and director of
the National Nanotech-
nology Infrastructure
Network. His current 
research interests are in
small devices and their
circuits, and in ideas and
technologies that allow
their functional integra-
tion. Among his contri-
butions and inventions
are nanocrystal and
quantum-dot low-power
embedded memories,
power-adaptive tech-
nologies, vertical tran-
sistors in multi-Gbit
DRAM memories, and
the technology of hetero-
structure bipolar transis-
tors used in wireless
applications. His funda-
mental contributions in-
clude an understanding
of heterostructure bipolar
transistors, particularly
the alloy barrier effect
and surface recombina-
tion; gain compression
with multidimensional
confinement in semi-
conductor lasers; and
the physics of operation
in memories employing
confinement for storage.
Tiwari has been a re-
search staff member and
manager for exploratory
devices and device mod-
eling at IBM, has held
visiting and adjunct 

faculty appointments at
the University of Michi-
gan and Columbia Uni-
versity, and is a fellow 
of IEEE and APS. He 
received the Young 
Scientist Award (1991)
from the Institute of
Physics, and the Distin-
guished Alumnus
Award from the Indian
Institute of Technology,
Kanpur, in 2003. He is
author of the text Com-
pound Semiconductor 
Device Physics and is the
founding editor-in-chief
of IEEE Transactions on
Nanotechnology. 

Tiwari can be reached
by e-mail at st222@
cornell.edu.

Jianhua Wu received a
PhD degree in the theo-
retical study of giant 
magnetoresistance in
magnetic multilayers
from the Institute of
Physics, Chinese Acad-
emy of Sciences, in 1995.
He worked in the De-
partment of Physics at
Peking University
(1995–1998) and was a
research scientist in the
Department of Physics at
Humboldt University in
Berlin (1998–1999). His
research during this time
included theoretical
studies of the properties
of magnetic thin films, 
the Curie temperature
shift in these systems, 
and the perpendicular
anisotropy of magnetic
thin films. In 2003, he 
was a postdoctoral re-
searcher at the Univer-
sity of California, Los
Angeles, where he
worked on the theoretical
mechanism for organic
bistable devices. He is
currently a research 
associate in the Depart-
ment of Physics at 
Jackson State University.

Wu can be reached 
by e-mail at jhwu@
twister.jsums.edu. ■■
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