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Reflections on Creativity in My Microelectronics Career

Robert Heath Dennard

] am very happy to have this opportunity to speak to you. I will talk first about my
formative years, my childhood and my education, and then about my most creative
years in microelectronics and how microelectronics evolved over the years to have such
an astounding impact on society. I will close with an update of an essay on Creativity |
was invited to write in the vear 2000, looking at opportunities and challenges for the new
century and beyond into the new millennium.

The Formative Years

I was born in a small town in Texas in 1932, in the middle of the Great Depression,
to a loving family of very modest means, but great pride. By the time [ was growing up,
we had moved to a small farm in a rural area in East Texas and lived in a house which
did not yet have electricity. My father farmed the fields and raised the livestock, while
my mother kept us fed and provided with clean clothes. I started my education in a one
room schoolhouse with three grades in different rows of desks. After a couple of years |
moved to a little larger school where my fourth grade class was in the same room with a
fifth grade class. Learning came easily to me, so [ had a chance to hear what the higher
grades were doing and advance at my own pace. My older sisters and brother had
grown up and left home, but they visited frequently and provided great role-models. |
remember long summers with a lot of free time to think and entertain mysell.

In the early 1940s when World War Il came, my father saw an opportunity to move
our family to a small town just outside Dallas. I now attended bigger schools and lived in
a community where I could visit and interact with classmates. I also found the library
and became an avid reader.

When my sister Evangeline went away to become an army nurse, she left behind
her collection of books and phonograph records. 1 was totally impressed with a large
red book which was an anthology of science fiction short stories. I read them all with
pleasure, and [ particularly enjoyed those by H.G. Wells which stimulated my young
imagination and formed vivid images of strange worlds and people. I was very amused
by a book of Ogden Nash poems which [ read and memorized. There was also an album
of Sigmund Romberg operettas which fascinated me. I sang along with them and also
memorized the words and tunes. This most likely was the starting point for my love of
choral singing and all forms of music.

While 1 loved sports, and played baseball and touch football with my friends, [ was
not big enough or fast enough to compete in high school team sports which were
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heavily emphasized. Luckily in my sophomore year a high school band was started and
I became a member. [ playved French horn at first, and later | switched to a bass horn
which was needed in the marching band.

As I was finishing high school, I chose my future career as an electrical engineer
with the help of a guidance counselor. She advised me that electrical engineering was a
fast-growing field and she said it would be good for me because of my mathematics
aptitude and my interest in science. I planned to go to a nearby state junior college along
with many friends.

One day an important thing happened which changed my life. The band director
at Southern Methodist University in Dallas came to visit me and offered me a band
scholarship to come to this much better school. His advice was “Why not take the best
opportunity available to you.” That was a striking idea to me that helped guide the rest
of my life. It helped me go on from SMU to Carnegie Institute of Technology in
Pittshurgh, a top engineering schoal which is now Carnegie Mellon University. And
from there, when I got an opportunity to join IBM at the time its Thomas J. Watson
Research Center was just being started, I didn’t hesitate.

The Creative Years

After a learning period in research, I feel very lucky that I got involved in
microelectronics in the middle of the 1960s. I would like to tell you something about the
invention for which I am being honored, how it came about, and where it fits in the
broad context of microelectronics.

This chart (Fig. 1) by Prof. Sah, a pioneer of the field, defines three different
phases of microelectronics. Phase I includes the invention of the transistor and its early
use as a discrete device replacing a vacuum tube. Phase 11 began with the concept of the
integrated circuit, using micro-imaging techniques to fabricate many transistors, other
components, and the wires connecting them together on a tiny silicon chip. Ten years
were taken to develop this technology and actually make it work. The third phase
beginning in 1969 saw the development and continuous improvements in
microelectronics, which has continued ever since.

I got involved in the second phase of microelectronics in the middle of the 1960s.
was assigned to work in a group at IBM Research which was developing a new kind of
transistor, called a field-effect transistor. These transistors were also called MOS
transistors for Metal-Oxide-Semiconductor. That name describes their structure: a metal
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Chronology of the Microelectronics Era

® Phase |, 1926-1957, Discovery
- Rudimentary Semiconductor Device Concepts

* Phase |1, 1958-1968, Basic Technology and Transistor
Innovation
- Early Integrated Circuits
- Control of Silicon Surface and Insulators

® Phase lll, 1969- | Integrated Circuil Prod
- Commercial Applications
- Continuous Evolution of Capability

(After Prof, C.T. Sabj
Fig. 1
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gate over a thin oxide insulator on a semiconductor substrate. My particular small group
had the task of learning how to use this newly emerging type of transistor in integrated
circuits, built on silicon substrates, to perform computer functions.

The big goal was to replace the magnetic-core technology used in those days for
Random Access Memory (called RAM). In those memories small loops of magnetic
material, very much like beads, were strung together using wires into large two-
dimensional arrays. Each of these beads could be magnetized to store one bit of data.
The largest memory in the largest IBM mainframes at that time was 1 megabyte, the
clock rates were 100s of kilohertz, and the power consumption was 40 kilowatts, We had
a proposed way to build memory with our MOS technology which used six transistors
in a flip-flop memory cell to store each bit. We hoped to integrate 128 of these memory
cells in a small silicon chip.

One day in late 1966 an important event in my life occurred. During the day [
attended a large IBM Research conference where various projects were presented. |
was very impressed by a description of a proposed thin-film magnetic memory, which
was projecting hundreds of thousands of bits in a 25 cm wide memory board. What
impressed me as fundamentally better about their approach was that they had a very
simple memory cell, just a small square of magnetic material at the intersection of two
etched copper lines. I was inspired to find something that simple for the technology we
were developing.

I went home that evening pondering analogies between magnetic circuits and
electronic circuits. I considered the possibilities for using a simple capacitor as a basic
memory element, storing a bit of binary data by charging or discharging the capacitor
to two different voltage levels.

This slide (Fig. 2) shows the simple circuit I discovered. A capacitor, as suggested
by its symbol, is just two conducting plates separated by a thin insulator. I found that an
MOS transistor in series with each capacitor could be used as a switch to connect the
capacitor to a data line briefly to charge or discharge it to write a data bit, represented
by a positive voltage level, +V, or a zero voltage level on the bit line. The transistor is
turned on and off by a control signal on a word line which allows selecting a given
capacitor from many others for receiving the data on that bit line.

In my initial thinking the capacitor was the gate of another transistor, and reading
was accomplished by monitoring the current flow in that second transistor. I was very
excited about this idea, but it wasn’t as good as I wanted. It required multiple access
lines, with complicated drive schemes or an additional transistor to make a memory
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TRANSISTOR

Fig. 2

array function properly. [ kept working on various configurations for a few weeks until 1
finally realized that the stored charge could be read back out through the same
transistor through which it was written, which would create a small detectable signal on
the bit line. The cell had been reduced to a single transistor and a capacitor at the
intersection of two access lines. | was satisfied that this was as close to my goal as
possible, and offered a great reduction in complexity compared to the six-transistor
memory cell.

The drawing below shows a cross-section of a field-effect transistor and a capacitor
forming a one-transistor memory cell. [ won't attempt to describe this in detail. A beauty
of the integrated circuit is that the conducting layer forming the gate of the transistor is
common to all the gates so it also serves as the wire selecting a particular row of cells.
Also, one doping region in the silicon is both the drain electrode of the transistor and as
one of the capacitor electrodes. A distinctive characteristic of this memory cell is that a
small leakage current from this n-doped region to the p-type silicon substrate discharges
the capacitor in a fraction of a second. This gives rise to the name “dynamic” since the
data is only stored temporarily. To preserve the data it must be refreshed by reading it
out and writing it back into each cell at certain intervals. Fortunately the speed of this
memory scheme allows more than a hundred million read or write operations per
second and only a small percentage of these are needed for refreshing the data. Thus
this scheme became known as dynamic RAM, and commonly called DRAM.

This slide (Fig. 3) shows a drawing from the U.S. patent which I was granted for
this work in 1968. It shows a small array of memory cells connected to circuits for
supplying the data and for selecting a particular row of cells. My management at IBM
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Fig. 3

understood the potential of this new invention, but it was considered too risky for the
technology at that time, which was still leaky and unstable. So, [ went back to work with
a few others to design and prove a prototype of a 512-bit chip using the six-transistor
cell. Later on, this six-transistor cell came to be called “static RAM" after “dynamic
RAM” was named. In time we completed the research and development work on the
MOS transistor process, wrote up a design manual and transferred it to manufacturing.

Eventually, in the early 1970s IBM shipped the first computers with semiconductor
memories using the more established bipolar transistor process, and the MOS static
RAM won out in the next generation because of its greater density. In the same time
period various versions of dynamic RAM began to appear in the industry, at first with
several transistors per cell like the popular product from intel.

[ finally got a chance to work on my one-transistor dynamic RAM scheme in 1970
when a new project was started at IBM Research with the ambitious goal of drastically
reducing memory costs by combining the simplicity of one-transistor memory cells with
a substantial reduction in all the transistor and wiring dimensions of the integrated
circuits. My longtime associate Dale Critchlow was the leader of this program. We
wanted to take advantage of dramatic advances in lithography techniques which were
being developed at our laboratory — such as electron-beam pattern writing — which we
felt could reduce the dimensions used in integrated circuits by a factor of five,

One of the practical problems we had to face was how to design MOS transistors
with such very small dimensions. We knew that just reducing the size caused them lo
switch on and off poorly. My small group responsible for the MOS transistor design
considered all of the problems and it soon became clear that there was a general way to
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Scaling Principles for MOS Technology

ORIGMAL DEVICE SCALED DEVICE

Density increases by o (wire)
Speed Increases by o (device)
Powericircuit decresses by o’ (wire & voltage)
Wire RC unchanged by scaling

Fig. 4
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Fig. 5

design smaller devices which involved scaling down of a few key parameters. This is
illustrated in the next slide (Fig. 4).

We found that reducing the applied voltage “V" and increasing the silicon
substrate doping concentration “N”, by a certain scaling factor “alpha”, allows all the
dimensions of the MOS devices to be reduced proportionally. The smaller transistor on
the right has the same electric field patterns as the transistor on the left, so it behaves in
a similar way and turns on and off properly. Also we planned to scale down all the
interconnect lines by the same amount to get much denser integrated circuit layouts.

It was a remarkably simple and concise concept, yet very powerful. It told us our
miniaturized circuits would switch faster and also use much less power. We built a lot of
very small devices, scaled by a factor of five, to confirm the theory and to understand
the limits. I presented this work at the International Electron Device Conference in
1972. Just a few months later at the International Solid-State Circuits Conference in
1973, several companies including IBM were showing the first early versions of memory
chips using my one-transistor dynamic memory cell. The acronym DRAM (pronounced
dee-RAM) came to be used for this type of memory. At the same conference my
associate Dr. H. N. Yu demonstrated a small array of DRAM memory cells scaled 25
times smaller in area by using electron-beam pattern writing. Dr. Yu, along with me and
other authors, followed up by publishing an entire experimental & kilobit DRAM chip
with these deeply-scaled dimensions in 1975.

This slide (Fig. 5) shows a greatly magnified photograph of some memory cells in
that chip. The light colored vertical shapes are the aluminum word lines. They are
connected to small square features which are the transistor gates. The horizontal shapes

115



@il Sl

=bid, EEOAr—) Y VT [7h7 7] ZHWT, EWNEE (V] 2T
BLEFEEEZ, YA O N FBE [N] 2 EF5Z 8125 5T, MOSTF
INA ADHE, HE RBIOTRTOVEERFE CHETHESLTHZ LN TELZ L 25
RLE L7 FONSWED T Y A DBRAY =213, EHD IS VI Ay
EFLZOT, AMDO N7 VA LROBEER L, MR F 2 /F 747
CENTEIET. Abid, BERL T RTERILZEF A=V oL, 13500128
RS2 @b 72 RO LA 7 b2 EH L L EZ T LI

DA T MR T LR OMBITTAL EWIZAT TV T L, AL
L7zllEgiE. AL v F DAL= P LD Ch CHBRED L KBRS
ZEMNTEEL RAEBESFD LY A XDTINA, A% KEIZED, HA2H
DG & AR BB A MGEEL £ L7z 1972912 2 DR % JRE 177314 A&
(International Electron Device Conference) T L7224, b¥hlr HiE
(BN 7=1973E D FFEFAK TRt TlE. IBME SO Mo RN %
HLIl N TV VRAY - FAF3Iv s ARV VZFHLEZAE) F v 7OHE
N=TarEZRBRLTVWELZ ELTIDIA TDAE) ZEOFLFER-T
DRAM(74 —F7A)EMHENZ X524 3 L F COGRTIIRADORMET
HBHH - N - -1 WTE—2FHm 2 HoCilifiz2s55o 1 FTha{ L
72DRAMAEN L LO/NIT7 LA 2P U FE L7z £LT, 19755E 120513, BZ24h
DETHRAEM LRI, ZOMMEEAAZEMEL/2 8 ¥ 0y FDRAMF v 7DR
TERhDFMFERE LT Lz

COFE(Fig. 5)i& TOF v 7THbhTwa 2 ) v EEETILAL:
LOTT, OWARES DSy - ZT N IDT7— FET, M2l 53
248 = Mo TuET. ZLTHANIZHZDIIE Yy ML a7 3o L
HEMTT,

19764 ICE N HEE L 7 bO =2 AGEOFEKTT (Fig. 6). fikiZh0 ¥
F LIS §FuEy FDRAMIZBT AR b0 hdeili s hcw 4,
CHLATD [FWHEWNEESKE Y b+ 2E) — - F9 7] OislOBRHID~—Y
T9(Fig. 7). TOmXEMDL3 5, k. $hbbar—Y 78T 28
7L OWFEL. [VLSIGRACHBERINE) 7o Y 7 b LIS HARO KB
K70V >y bbb EFOKRERFENIZ Rz EbhTwnEd. Zo7ude”y
MFFORREI AR E . RDRONCHERRZ RN /2D b [VLSI Technology ¥ ~

116

Commemorative Lectures

BRAL7

WRER
B8KEAAEY—F7DBHE

Fig. 6 Fig. 7

are the bit lines and the top electrode of the capacitors.

This slide (Fig. 6) shows the cover of an issue of Nikkei Electronics in 1976 which
contains a reprint of our 8-Kbit DRAM paper as described in the upper right corner,

This slide (Fig. 7) shows the first page of that reprinted paper about the deeply-
scaled 8Kbit DRAM chip. This paper and our related work on scaling have been cited as
key factors in the establishment of a large national program in Japan called the “VLSI
project” (for Very Large Scale Integration). The impact of that program has been huge. [
first visited Kyoto to attend a Symposium on VLSI Technology, an international
conference which is still held in Kyoto or Honolulu on alternating years.

Circuit design innovations also played an important role in the development of the
dynamic RAM. The main difference between the dynamic RAM and the earlier static
RAM was the need to sense very small signals coming from the memory cells onto the
bit lines when a given word line was activated, and to write the original voltage levels
back into the memory cells after this destructive read. For some time after my invention
I had the notion that I would use off-chip bipolar sense amplifiers like we had used with
our previous static-RAM chips. Even for the small arrays which were appropriate to the
design groundrules of those days, the number of terminals which could be assigned to
bit lines represented a big limitation.

We knew that on-chip sensing circuits were desirable, but there was very little
experience with MOS circuits for sensing small voltages. The variations in the threshold
voltage (the gate voltage required for turn-on) were quite large in those days. One day
Dale Critchlow came around to discuss some balanced latch circuits he had heard
about, which I believe were being used in touch-actuated keyboards to sense small
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changes in capacitance which would unbalance the latches. Other people were also
working on similar latches at this early time.

This slide (Fig. 8) shows a figure from a paper by Stein et al. published in 1972,
The sense/refresh circuit in the center contains a latch circuit connected to two bit lines
on opposite sides of the latch. Both bit lines are connected to a large number of DRAM
memory cells. Before each memory access, transistors in the sensing circuit balance
the voltage on the two latch nodes and the bit lines connected to them to an
intermediate voltage level. Then raising the voltage on any word line in this array turns
on the transistor in its associated memory cell, causing the capacitor connected to it to
charge or discharge a bit line so the latch is unbalanced in a direction corresponding to
the voltage stored in the memory cell. The beautiful thing about the latch, when it is
activated, is that the small signal unbalance is amplified up to the full digital levels, and
those levels are fed right back onto the bit lines where they are written into the memory
cells to restore the original levels. This seems to me to be one of the most fortuitously
efficient circuits ever devised.

As far as I know, the balanced latch has been used in one form or another in all
one-transistor dynamic RAM chips after the first 4-kilobit chips. There have been many
improvements and variations.

The defacto standard for many generations of DRAMs is this folded bitline
arrangement invented by my esteemed colleague Dr. Kiyoo Itoh at Hitachi in 1974. He
took the two bit lines shown on opposite sides of the latch in the previous drawing and
folded one over to the opposite side along with its word lines and DRAM cells to form
pairs of bit lines being crossed by pairs of word lines, as seen in this slide (Fig. 9). The
advantage he discovered is that noises introduced on the pair of bit lines are effectively
cancelled out in this arrangement.

Starting in the middle 1970s, our group in IBM Research led by Critchlow worked
closely with a manufacturing team in Burlington, Vermont to develop IBM’s first one-
transistor DRAM chip product shown in the next slide (Fig. 10).

The technology developed for this chip was scaled sufficiently to be able to
produce a 64-kilobit chip. The sense amplifiers shown on this slide were based on a new
self-compensating design technique invented by my associate Dominick Spampinato
and me. I also contributed to a new technique for adding redundant bit lines and word
lines which can be used to replace defective lines to greatly improve manufacturing
yield. This technique has been widely used for both DRAM and static RAM for many
generations since then.
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Mid-life crisis: the alpha particle

[ was asked to identify difficult challenges in the progression of my work. Just at
the time the production 64-kbit chips were being announced, and the dynamic RAM
seemed to be getting very mature, the world was becoming aware of two very
significant papers. May and Woods of Intel and Yaney, Nelson, and Vanskike of Bell
Laboratories revealed that some 16-kbit dynamic RAM’s were suffering transient errors
due to bombardment by alpha particles. The alpha particles were identified as coming
from radioactive impurities in the materials of the hermetically-sealed packages. At first
it seemed to have a simple solution — why not modify the package or introduce a
barrier layer such as a plastic film between the chip and the package? When
experiments like these were done in various labs, the error rates dropped substantially
but did not go away, presumably due to radioactive impurities in the on-chip materials.
Also, an analysis of the possible soft-error rate due to cosmic rays showed that this
source could be significant.

Here was a real crisis! Not only were hordes of people scurrying around to fix up
designs of chips then in development or manufacturing, but the whole future of
miniaturized MOS integrated circuits seemed to be in jeopardy. Personally, I felt very
responsible because of my early role with dynamic RAM’s and because I failed to
anticipate the problem. Several years earlier I had discussed the possible effect of
cosmic rays on dynamic RAM’s with an old friend who was knowledgeable about space
electronics, but we had concluded that most of the radiation types would pass through
with little effect.
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After a long period of doing measurements, developing models, and inventing
possible cures, a less threatening view of alpha-particles and cosmic rays emerged. A
good quantitative understanding was provided by various modeling techniques which
were developed, including a very pawerful Monte Carlo approach developed in my team
by George Sai-Halasz. It was shown that error rates would rise in response to scaling to
smaller dimensions, but that design changes including error-correction techniques

would contain the problem. The mid-life crisis was over.
Impact of DRAM and Scaling

As the idea of scaling MOS transistors along with all the layout dimensions,
interconnect lines, etc. caught on quickly, the microelectronics industry developed a
pace for doing this which has given rise to the geometric growth in computer capability
since then. Moreover, DRAM became the large-volume, predictable product which
drove scaling and silicon chip manufacturing for many years.

By now I am sure that you understand that DRAM has experienced tremendous
productivity increases, which has allowed quadrupling of the number of bits/chip every
three years for many generations. This figure (Fig. 11) shows pictures of six generations
of IBM chips and shows the reduction in cell size which allowed the increased number
of bits. Much of this reduction is due to decreasing all the dimensions of the transistors
and wires using the scaling principles. The DRAM cell has been compacted further by
making technology improvements which reduce the memory cell area.

This slide (Fig. 12) shows a big breakthrough started by Dr. Hideo Sunami when
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he published a paper showing DRAM with a three-dimensional capacitor formed in a
trench etched in the silicon substrate. Starting with the 4-megabit chip, all the DRAM
produced by [BM has used a trench-capacitor technology.

Another three-dimensional capacitor structure called the stacked capacitor is
fabricated above the silicon surface rather than below. This technique was pioneered by
Dr. Mitsumasa Koyanagi, and has been used widely in the DRAM industry (Fig. 13).

This is a good place to introduce a special picture made at the 2006 annual awards
ceremony of IEEE, the worldwide professional society for electronics engineers. The
picture (Fig. 14) shows, from the left to the right, Dr. Itoh, Dr. Sunami, me, and
Dr. Koyanagi. They were being honored with the Jun-Ichi Nishizawa Medal and | came
to celebrate along with them. Notice the fanciful caption “The DRAM father and his
three sons in scaling-law”. [ believe it was supplied by Dr. Sunami. That was a wonderful
night. Not long after that, we all wrote articles for a special issue of the IEEE Solid-State
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Society News which was totally dedicated to DRAM.

You may have noticed that part of the DRAM productivity increase has been due
to using larger silicon chips. This has required larger silicon subsirates, called wafers,
for best manufacturing efficiency as illustrated in the next slide (Fig. 15).

Over the first 30 year period the silicon wafer diameter increased from 25 mm to
200 mm as shown here.

Since then most of the big new factories have used 300 mm wafers as shown in
this photograph (Fig. 16). I hope vou realize how it feels for me (o hold one of these
wafers. It's actually very light. Today's 300 mm wafers contzin hundreds of 4-gigabit
DRAM chips. As you can see in this picture, [ am very proud of what I helped get

started.
Scaling Challenges due to Bigger Chips

The growth in size of chips and the increasing number of transistors and circuit
elements on a chip followed the path known as Moore's Law, which is named after
Gordon Moore, one of the Intel founders, who predicted it in the early days. As the
complexity of those chips increased, it became very difficult to implement all the
numerous wiring interconnections among the transistors, the logic-circuit inputs and
the logic-circuit outputs. It became necessary to provide multiple layers of wires. These
were organized with all the wires on one layer running perpendicular to the wires on the
next level, like streets and avenues in Manhattan in New York City.

As scaling progressed from one generation of chips to the next, the widths of all

127



@ik

WTWEF, Fv 7OBHENIITIZoNT, b YAy, AR AS. SHFE
BN OB D% ORGSO R _TITH L I3IERIZHL {4 Y., igao%
JEABLEIZR D £ Lz SOFEMENIDIZ. 1 2DBDOTRTHOTIAXE2KDL
NhDTAXTEEMIZED L) ICHERT D, EWHILOT, FlRld=a—3—2ili~
Ny F YD [AR)—=b] E [7TR=2—] OBRICHTVEd,

F o TOMABITICH - TAr—10) » 7oA, KIEEBHEL LAY —1) ¥ 7H
TRBISNTWzE D, b7 Y VAT OFPAVNS B LIS, HIEDHIC A2 b F
L7ze £D7z8. T4 X OEILD 4 OBEIZAHETREL LD T L Pl
KEIDF v Tl ETROGHMZ B R TFIUIR O 0wk 574 YTt HiEAA
ERELRY, FoElaEr g I cB R E Lz, S0z, Ar—1) ¥ 73k
FUISEDWTW LD TR GV EEZLAPKBNTE T L Rick->Tid, 1
WA B ekl Tl

19704EACDEPIZA Y > 7 + — FREETMEDWH 2T 7288, RIZZoz54
F(Fig. 17 )ICHHREREHR S AT A2 RELF L. V) aviEitao b 92
SOBICRA L, BIEICATr—Y ¥ 7 SNIONS RSN, IEAD Yy 7o =
B—=ANBEHDOR LTS, Thi D HELED IEVWSREOH 5o
B OIBUIIE, 5 LR A Y, AEEohClnMEIch S 7ay 2T
FEREATTHET T LOMIZHLIFFIZRE L THNT L YIE, KMOF v 7 LETLE
BEOETEHEIDET A LICL - THH 70t v HORER A B DT A
TLAERREI T, o R EIBICH S MM TF v S8 —% 52720,
FoTERIIZOy 2EFEFHL Aoy ke Y o ru a3 AZ BN
T&Ed,

A8 2T 4 — Fifd, Bt LEIITRITRET) ¥ 73 Tbh, SOV AFAH
FEERICHERES 5 Z LATERE S E L2, MOSHEIh CH LIz & bls TIEH X1
THEY, FTOHTESHIZERBIEZROI T4 YRR, Lo TS SITK
&<, AotV MV R BN ShCwEd, F22 HILOHED
A LRSI, SROBNZ K o TIBUIE FAT) , s oMo LIz
DFFERERLIEF LT E 5,

CAL(Fig. 18 ) IZIBMASRAN A L7228 L Wi A i o 725 v T ORMERE % Fafs
FTUAKLZZ S ODOMHHTY . TOHORMETIINELT4 ¥, FohTidk
SRTANAIMEDLON TS Z EAWMEICBIP I WIETh LTS,

128

Commemorative Lectures

Interconnect Technology for Microprocessors
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reduce RC delay of long
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silicon dioxide o reduce
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= Increasingly limited by
surface scattering beyond
65nm generation
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the wires were scaled down along with the transistor dimensions as the scaling
principles we discussed earlier suggested. This made the wires much more resistive for
a given length of wire. Some of the wires which had to connect longer distances across
the bigger chips got very resistive, and the signals propagated very slowly on those
wires. Many people thought scaling was nearing an end because of this problem. To me
it was another crisis which needed attention.

I remember giving some lectures at Stanford University in the late 1970s, where |
proposed the hierarchical wiring system illustrated here (Fig. 17). The highly scaled
small wiring layers next to the transistors in the silicon substrate are only used for very
local connections of elementary logic circuits. Wiring layers in the middle with thicker
and wider metal lines have much lower resistance, so they can be used for long
connections between different blocks of circuits. Very large and thick wires in the top
layers can carry high-speed signals all the way across the big chips to connect various
processor functions and memory subsystems together. Other thick wiring layers at the
top can be used to bring in power for the chip and to distribute clock signals across the
whole chip to synchronize the processor functions.

A lot of analysis and modeling was done at Stanford and elsewhere to show that
such a system can work. It has been in use for many generations of MOS technology,
gradually adding more layers with even smaller scaled wires at the bottom and even
larger and thicker wires at the top. Also a whole new set of materials were introduced
with copper wires for lower resistance and better insulator material for lower
capacitance.

This picture (Fig. 18) shows a highly magnified cross section across the wiring

129



@ ziliis

ZH(Fig. 19) d TOHORO T 4 X O—ihZ EAHE T iAo TT,
T, HAIKKRETLZT7AXYHRLEDL ) ITRKES>TW 5200 BRET 572012
iR % — v F v 7Rk L TuvwEd, SifE REROIE T oty 3F v FIZITER
R2S14% D . BHEOHR N D% CREEER40 kmO#Aibh TwEd, &
DL HIZ, BRI ICEET 27201213, 74Xb T XV AFIZATTSES
TEELEHNERZLTVWLEOTT,

DRAME 2 —1) V7 « 77O —F D)kl

1979 (ZIBMO 7 = B —{l2>THh 5. RIIDRAMEAr—") Y 7 OEL S
bt HHFRTOAT—) ¥ Z7RIDO—#K k. £ L TI92FEDREE T CTISTRTSE
Tz, W OPDRYr —1) ¥ ZORFUTHHIES 5 % RN 2 LICF I 28
WTEE Lz ZOEREVIDIFIZIE. X0 RVGIFEIEHFOSLEMAE T - T
XfZ bR, WENLIEVFEZRESTHSZMEHI N Y PRAIDAAL v FHER
WIZF A/ F 7 LB ERETT, &9 LEHEERy 7 45T, 7utyyo
A¥— FIZBELI0ER, B0 HY 3. —H, TV IAYRTAYOTED
Wik B Ay — V77 el A Ed BRof7adsiF ohTwxd, BfEoE%
HELUL, S5 pAF—REE B, BTErSs8Eanfo ot yH 24825k
BETF— 4y 7y —12BWT, —EDTRVF—RTINZ{DFHEFTZAL91C
TAHAZETT. COME &6RCZOMIUIAT TRARETH L L EZ TV
W7 HHIZOWTIE, WHOT—2 Y ay 7 TEMLLIZVWERWET,

COERTIERTZEZ S DOALICL28F 0T ot AR, HEEICED 2 15
FLT & D ZOBELENOBMNTT. $HEEEEOD 60 2 EIZ404 R THI150
FOLIZEFTHANL, B LEL /N EAFTE L Z L ERITREEZDIZE -
TVET. FOFHERELEIREX, ayCa— 2R BOEFICH S L ke
FALIINHELR LICE O LWL DT, EZAT, HRARRSHOTAE Fv
TR LIz, SR EM > TWeb W) S E2BETELTLE I D BEID
S LEEETAHIEGD &, HHIC TAEROMRIZED I I IZhoTWAEEES S
] LEBEZTOREELZODLTT. SHLETOF v ) TBREZHRDEP ) OF
WHERZ EAVLoLaoTWETH, £H L2 edEZHI LI BIAL
EaTFY Ly VTHALRIHI, F¥ Y ATHHHDTY, HEADHDIIZHL S

130

Commemorative Lectures

CMOS/Cu Technology

Fig. 18

layers in a chip with the new copper wires first introduced by IBM. You can clearly see
the smaller wires in the lower wiring planes and the larger wires in the top planes,

Here (Fig. 19) is a scanning-electron microscope picture of some of the lower-level
wires with the insulating lavers etched away to show how wires in one direction are
connected to wires in the perpendicular direction. Today’s latest large processor chips
have as many as 14 wiring layers, and the billions of interconnections use a total of about
40 kilometers of copper wire. The wires are truly as important as the transistors in
making integrated circuits work.

DRAM and Scaling Approach Maturity

Since 1 became an IBM Fellow in 1979, my career after that has been spent on
helping DRAM and scaling continue to advance, generalizing the scaling rules in certain
respects, and finding ways to live with some of the scaling limitations we were already
able to predict in 1972. These limitations include the increased need for materials with
better conductivity, and the inability to scale the voltage much below one volt and still
have the transistors switch on and off cleanly. These problems have caused a leveling
off in processor speeds over the last ten years. Work has continued to bring in improved
structures to allow further scaling down of transistor and wire dimensions. The main
goal now is to improve energy efficiency to allow large data centers with thousands to
millions of processors to provide more computing for a given amount of energy. [ plan to
discuss this issue, and what 1 see as the best technical path toward solving it, in my talk
at tomorrow’s workshop.
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I am very proud to say that with many process improvements, structural
innovations, and plain hard work, the thousands of people who make up this industry
have been able to achieve in forty years a reduction in all dimensions of integrated
circuits by a factor of about one hundred fifty, and more is still expected. The results of
that, the ways that computers have advanced and changed our lives have been truly
amazing. Can you imagine that I used a slide rule to design my first memory chip? The
point of bringing that up is to ask the question, what will the world be like in another
forty years? This is the challenge and the opportunity for the young people in the
audience here today who are just starting their careers. You also have a chance to create
a greatly different world in your time.

On Creativity and Challenges for the Future

The tremendous progress in science and technology in the last millennium and its
rapid acceleration in the last century is due to the remarkable creativity of mankind, Yet
so little is known about creativity — whal is it, who has it, how can it be stimulated?
Apparently so little is known and understood about this subject that it is assumed a
person like me, with some demonstrated record of accomplishment in creativity, can say
something interesting and useful about it. So I have decided to suspend my normal
humility and accept the challenge to write about my own personal thoughts and
experiences in this area. Above all, creative people cannot resist a challenge.

So, what is creativity? It is an intellectual capability of some human beings,
something that goes on in the brain, something not yet matched by computers.

According to my understanding, it is the ability to produce or bring into existence
something that was not there before, something new, an extension of our base of
knowledge. In other words, for those of who have undertaken research as a career, it is
a necessary trait to excel in our jobs. Most of my experience has been with the
extension of scientific or engineering knowledge and capability, but I suppose some of
my observations may apply to artistic fields as well.

My experience with creativity is that it can produce a sudden leap into the new and
previously unknown. I often wake up in the middle of the night with a selution to a
problem which I have been working on previously. Many inventors have described
similar experiences to me, including getting out of bed to make notes or drawings
before going back to sleep. Others have described significant inventions made while
driving, which apparently leaves a lot of the mind free, at least before cell phones. As 1
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described previously, my invention of the DRAM memory cell came early one evening
after | came home stimulated and challenged from listening to a talk about a competing
rescarch project. The basic idea came in a moment, but there were a couple of months
of perfecting it before the final simplification to a single transistor came in another flash
of inspiration.

Who has creativity? 1 know from experience in following careers of associates in
similar environments over long periods of time that some are creative and others are
not. The ones who are not creative can be equal or superior in analytical capability, well
organized, good communicators, and, overall, very solid and useful individuals. But
research institutions are measured on their creative output, so it would be good to be
able to identify creativity in employment candidates. T believe that creative thinking is
basically a process of posing significant questions and finding good answers. So I give a
lot of credit in interviews to those who ask relevant, penetrating questions, and I also try
to examine their ability to apply fundamentals to answer questions.

I know that there have been attempts to develop profiles of creative people using
questionnaires, but I don’t know how successful these have been. | have been fortunate
in recent vears to be included in groups of people who have received major honors for
significant creative achievements, and I find them very interesting but apparently
ordinary people. At a National Inventors Hall of Fame event, while I was talking with
four other inductees, I discovered that all five of us were raised in rural areas or small
towns, and most started their education in one-room schoolhouses. We all were left on
our own a lot with plenty of free time to develop our ideas about life. Now that may not
be the key to our subsequent successes, but it surely is a counter argument to many of
the things which are considered necessary for the younger generation today. I
developed a very slow thinking process in my early days, and I believe that is why I am
able to bring great concentration to a problem and engage my whole brain in finding a
creative solution.

How can creativity be nurtured and stimulated?

1 have a motto posted in my bedroom where I see it every morning which reads,
“ATTITUDE IS EVERYTHING.” It was given to me by my ballroom dance teacher, but it
applies to many other pursuits. I believe it is the key to unleashing creativity. A great
many have the intelligence, many have the preparation, some are at the right place at
the right time, and only a few realize that they have the mission and ability to make a
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major difference in our world. I believe my “attitude” was developed with the aid of
some influential people at each step who urged me to pursue the best opportunity which
was available. At the Ph.D, level my thesis advisor made me aware that [ was expected
to become the worlds’ expert in the subject of my research.

When [ joined IBM in the late 50s there was a clear mission to advance the
computer art. We were issued engineering notebooks to record our patentable ideas and
told to invent. Our early projects, in hindsight, were a little farfetched but we pursued
them with enthusiasm. In the mid 60s as I told you before, some of us were assigned to
do the engineering for a modest sized program trying to exploit the very new MOS
technology. It was a tough technology, but it had great potential if we could solve the
problems. My manager told me to find the best way to do memory with this technology.
1 was ready. [ had a very good attitude. I had been groomed and motivated at every step.
I was working on the right project at the right time, and [ knew my mission.

Today times have changed, and the technical opportunities are in different areas. I
believe that motivation and leadership remain essential to nurture creativity and provide
an environment where it can flourish.

Is there still a need for creativity?

Yes, of course, in a general sense the need for crealivity in the [uture is obvious.
On the other hand, if we look in some detail at where the world appears to be headed,
we can readily see that the need is indeed critical. The rapid pace of industrialization of
the previously underdeveloped nations and the projected growth of populations is
leading us to a time where there will be severe impact on the resources and
environment of our finite globe. Surely future generations must be preoccupied with
understanding and mitigating those effects.

Major advances are clearly needed in energy supply and distribution. We must
face a crisis of both limited supply of energy resources and major environmental
deterioration due to using it. The field of transportation, which has seen such major
advances in the recent past, is clearly not on a course which is scaleable to the future
needs of society due to its high energy demands. Also, the really big problems of the
past remain; future generations must still face disease, hostile fellow humans, and
natural disasters of a tumultuous earth and a chaotic universe. These challenges present
a broad range of opportunity for creative solutions, where meaningful goals can range
from complete cures to merely improving chances of survival.
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Are there needs for further creativity in information technology, the means for
generating, distributing and presenting information, after the major advances in
communication and computing capability in the last half century? Yes, because these
tools have become indispensable to economic productivity, and can play a major role in
the solutions to the important problems which I described.

Where will creativity lead in the future?

Every trend curve says that the pace in science and technology, like the stock
market, will move ever onward. But we, like every preceding generation, have done
everything we know how to do and are unable to see much beyond the next steps which
are already in place. We must also consider the possibility that our last century’s
prodigious progress has seriously depleted the pool of unknown knowledge left for
future scientists to bring forth. Certainly, it appears that there are a limited number of
laws of physics and chemistry governing our universe and a limited number of basic
clements, We may be close to completing our understanding of the essential
implications and properties of all of these. Therefore, the future may not hold surprises
so fundamental as the radio and the transistor.

However, the advances of the future in the physical sciences will likely still be
astonishing in their impact on society. Hopefully this will include some breakthroughs
that allow nuclear power to be fully harnessed. Also, computers will likely be devised
with so much creative capability that the question of whether they think will become
irrelevant. The biological sciences appear to be breaking forth into their golden age.
The questions there are not how far they can go, but how far should they go.

In summary, whether or not we understand exactly how human creativity comes
about, its impact on the world we live in is profound. I am optimistic that our creativity
will give us the knowledge and tools to clean up the major messes and avoid the
potential disasters that our technology advances have spawned. Clearly more than
science and technology will be needed in this respect. Hopefully, the global
infrastructure which science and technology have provided will help solve the critical
global problems facing future generations.

In closing [ want to thank the Inamori Foundation once again for this great honor.
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