Thank you Elias, Good norning. |'mChristie Marrian and | amin the
m dst of a stint at DARPA's MIO, being officially 'on detail' fromthe
Naval Research Laboratory in Washi ngton DC

As you may have gathered by now, | was not raised around here. In fact,
| joined the NRL sone 20 years ago followi ng an education on the other
side of the "Pond" that separates the New Wrld fromthe Ad

DARPA is certainly an interesting place to work. Many ot her adjectives
spring to mnd but dull is definitely not one of them

I'd like to thank Bob, Xan and Frank for giving nme this opportunity,
al t hough the main blame slash credit nmust go to Fabian Pease (ny
predecessor at DARPA) and his then boss Noel Macdonal d.

Today, |'d like to provide a perspective on sonme of the work being
pursued in DARPA's MIO under the general classification of
"El ectronics”. The thene of ny presentation will be that of the size of

el ectroni c devices, and the consequences, nostly extrenely exciting, of
continued devi ce downscaling. A nore materials centric perspective on
El ectronics will be given by ny coll eague Edgar Martinez, later this
nor ni ng.

| should also like to thank my col |l eagues Ji m Murphy, Dave Patterson
and Dan Radack who along with Edgar have hel ped ne put this
presentation together.

Here we see ny version of the fanmbus Moore's [ aw which I've chosen to
present in terms of mninmumfeature size on integrated circuits in
vol ume producti on.

The plot traces the evolution of this feature size fromthe invention
of the "integrated circuit,” to today where we have reached around 150
nanonet ers.

Incredibly, the mininmumfeature size on integrated circuits has hal ved
every 3 years. This phenonenon, driven by econonmi c considerations, has
resulted in the remarkabl e increase in information processing that we
have on our desktops and in our briefcases.

In fact, | wote these words on a | aptop, that would have been
classified as a superconputer only a dozen years ago. And | wote nost
of them at the back of an aircraft in a seat whose di nensions seemto
have undergone a sinilar downsizing.

However, is there an end in sight? (To downsizing transistors that is
not aircraft seats) Maybe, but ny viewis that the end is still a |ong
way of f, beyond ny retirenment age for certain.

At the bottomof the chart, | have included the size of nplecul es that
are being designed to have the sane functionality as today's
transistors. | will describe some such devices in nobre detail in a

m nut e.

But first, let's review the prospects for continued downscaling of nore
conventional solid-state transistors into the nanoneter regine.



Here we see, what was, |ast year at |east, the world's snall est

transi stor. Devel oped at UC Berkel ey under DARPA sponsorship, it shows
we can downscal e variations on today's transistors to rmuch snaller

di mensi ons than had been thought.

However, sone changes in transistor design are going to be needed. For
exanpl e, here the current flows in a plane perpendicular to the surface
of the underlying wafer as opposed to 'in' the plane of the wafer which
is the case for conventional transistors.

It turns out that this is a key design change as it permts continued
transi stor downscal i ng.

| should stress that these devices have actually been built and they
have respectable drive characteristics.

The UC team along with others in the DARPA program do not believe
this represents the linit to downscaling and a further reduction of
over a factor of two is possible.

However, perhaps a greater challenge remains at the circuit
architecture |evel. Assuming, of course, that the admttedly not
i nconsi derabl e probl enms of chip-scale integration will be overcone.

To put it bluntly, what on earth are we going to do with hundreds of
billions of transistors in a single chip?

This is a challenge that is occupying our thoughts at DARPA at present,
and we are |looking for creative ideas. In particular, how large a
circuit do we have to build to denobnstrate that we are on the right
track towards the effective use of these billions and billions of
transi stors.

| should add that the hardware fol ks haven't exactly run out of ideas
either. For exanple, they are investigating ways of stacking |ayers of
transistors in 3D which will increase the number of transistors in a
chip even nore!!

["Il return to this issue but first I'd like to make a small, but very
i mportant, diversion, to consider the challenges inherent in the
fabrication of these integrated circuits.

Patterning is a key issue, particularly for small volume production
which is often needed for DoD specific applications. Advances in

proj ection |lithographies have cone at a considerable cost: the cost of
the mask itself. This does not yet | ook prohibitive for |arge
production runs. But a run of, say less than 1000 wafers, w |l becone
prohi bitively expensive if projections of mask costs prove to be
correct.

So if the mask is the problem can we elininate it, and pattern without
masks?

The slide illustrates an approach currently being investigated by ETEC
with help from DARPA. The key point to note fromthis is, that whatever
technique will be used in a nmaskless |ithography system it will
require parallelization of the witing technol ogy.



For exanpl e, the ETEC approach is to use arrays of miniaturized

el ectron beam col ums, each of which occupies a footprint of about two
square centinmeters. Interestingly enough, mniaturization does have
sone benefits. Here, for exanple, the detrinmental effects of electron
scattering are significantly reduced through use of the mniaturized
col ums.

W are also interested in nore radical alternatives to projection
I'ithographies.

This process, pioneered by Steve Chou at Princeton, is based on a
technol ogy for meking conpact disks. A rigid mold is pressed into a
filmof a viscous fluid which is then allowed to set by, for exanple,
cooling belowits glass transition tenperature. The nold is then
separated from substrate | eaving the pattern inprinted in the
solidified film

Ast oni shingly enough, this process works a |lot better than you m ght
t hi nk!

For exanple, by applying a thin filmof a Teflon type material to the
nol d, separation of the nmold can occur without tearing the patterned
| ayer fromthe substrate.

Defects are the traditional objection raised against contact printing
of which this is an innovative variation. However, our colleagues at
the University of Texas have observed that the sanme |ayer used to aid
nol d separation results in self-cleaning of the nold.

Thus, as a series of nanoinprints is made, the defect level in the
printed patterns inproves with each successive print!

This al nost seens like magic to ne, but | aman electrical engineer by
training, so what do I know !

But seriously, | believe that this ability to understand and tail or
surface properties with the appropriate chenmstry is key.

Indeed, it is the breakthrough that makes contact printing worth
pursuing again after it was abandoned sone twenty-five years ago.

This may seemradical but don't forget, an awful |ot of conpact discs
are fabricated with simlar techniques for around 1$ a di sk!

Still, we are not there yet. W are currently concerned with the issue
of multilevel alignment as well as putting the defect issue well and
truly to bed.

Oh, | nearly forgot to nmention that the resolution of these printing
techni ques i s phenonenal .

Replication of 3 nanoneter features has been denonstrated which nmeans
this technol ogy has a resol ution about 50x better than today's
production |ithographies!



But enough lithography, let's return to electronics and device
t echnol ogi es.

So the prospects for reaching the nanoel ectronics regi ne based on
ext ensi ons of existing technol ogy | ook promi sing. But DARPA is al so
| ooki ng beyond this.

As | nentioned when introduci ng downscal i ng, nol ecul ar based
el ectronics offer the pronise of electronic devices with even smaller
si zes.

We are also |l ooking for sone help with the fabrication chall enges by
taking the nolecular route. The idea is that we can design the

nol ecul ar switches so that they will assenble into circuits rather than
havi ng to be placed individually.

So to paraphrase the 50's slogan "Better living by Chenmistry", we are
hopi ng for "Cheaper fabrication through Chemi stry" (and perhaps Biol ogy

but that is another story!) However, a consequence of using energy
driven assenbly is that there will alnost certainly be defective
conponents in our nolecular circuits.

W have to learn how to cope with these defects. This adds new
constraints on the architecture of future npl ecul ar el ectronics
systens.

A key elenent will be the way in which the individual conponents are
connected together. For exanple, interconnection schenes nust all ow
reconfiguration so the nolecular circuit can operate even when a
significant nunber of the conponents are defective.

And as | nentioned earlier, these new architectures nust be scal abl e.

That is they must remain valid as we reach integration |levels of 10712
devi ces.

So, how far have we cone in our quest for nol ecul ar based el ectronics?

W are used to designing and synthesizing organic nolecules to have a
desired chemical or naterial property. Now, we are getting the hang of
designing nolecules with a desired el ectronic functionality.

Here is an exanmple. This nol ecule has two conduction states that can be
switched electrically by applying a voltage across the nmolecule. This
results in this highly non- linear "I-V' characteristic whichis, in
many ways, remniniscent of a resonant tunneling diode.

In fact, as an electrical engineer, | would like very much to be able
to design a resonant tunneling diode with this good a characteristic!
This nol ecul e was synt hesi zed by Jim Tour at Rice and integrated into a
nanopore nmenory by Mark Reed at Yale. Mark assures us that the nmenory
has operated at roomtenperature far | onger than the attention span of
hi s most conscientious graduate students!

A different approach to nolecular nenory is being pursued at Harvard.
This is a sinple switch based on two crossed carbon nanot ubes. The
menory is actually rem niscent of a relay as its actuation is electro-



mechani cal in nature. A potential, applied between the nanotubes,
causes themto snap together formng a | ow resistance junction

Sinmply applying the reverse potential causes the nanotubes to separate.
Note there is a difference of 5 orders of nagnitude in the resistance
of the two states. Because it is so incredibly small, this "relay" can
be operated at very high frequencies.

A further advantage of nol ecul ar based electronics is that we can now
think of alternative manufacturing technologies. The aimis to
assenbl e, rather than fabricate, nolecular based circuits. By
assenble, | nean that a circuit will be forned spontaneously by
processes which are driven by energy mnimzation

Here are some exanpl es

We can arrange for nol ecul es, here carbon nanotubes, to grow at
predefined | ocations through appropriate catalysis design. | should add
the Cak Ridge teamclearly recognize the inmportance of acknow edgi ng

t heir sponsor.

Qur col |l eagues at Penn State use electrostatic energy mnimzation to
position metallic nanowires with nanoneter precision

Shown at the bottom |l eft are 3 nanowi res chai ned end to end.

Lastly, the teamat HRL use fluidic assenbly to position |arger

objects. Here, 200 nicron glass spheres have been assenbled into the
positions defined by the array of squares. In this case, surface energy
mnimzation is the driver.

Not e how each of these exanples represents a different type of energy
m ni mzation and that each process has been designed to operate at
different | ength scales.

DARPA' s Mol etronics (as we call Mol ecular Electronics) is run jointly
by MIO and the Defense Sciences Office. On Friday nmorning, you will
hear a nore 'animated' presentation about this exciting programfrom ny
partner in crime, Bill Warren from DSO

In spite of the prom se shown by nol ecul ar based el ectronics, there
will always remain applications where the preferred approach is to
devel op new sem conductor materials.

Extrenely hi gh-speed devices are an exanpl e.

We have cone a long way in creating 'designer' conmpound seniconductors
with the physical properties that enable increased system performance.
Recent advances in materials growh technol ogy have realized the
Antinonide famly of semi conductors. These naterials pronise us the
extrenely high-speed electronics at the | ow consuned power vital for
tonorrow s autononous vehi cl e based applications.

Al so, because of the unique band gap arrangenents (shown in the inset),
these naterials point the way to the devel opnent of powerful new
i nfrared sources and detectors.



Anot her great challenge in nanoelectronics is illustrated in this
proposed approach to scal abl e quantum conputing. The challenge is to
fabricate a | arge nunber of essentially atomically identical Nano
pillars each with a carefully designed stack of thin |layers of

mat eri al

Mai ntai ning the identical electronic properties of each Nano pillar in
the array is going to be extrenely difficult.

But this schene does at |east circunmvent another of the great
nanoel ectroni cs problenms. Namely, how does one interconnect
nanoel ect roni cs devi ces?

In this case, interconnect wiring is not required as the nano pillars
are to be addressed with photons.

Again this points out that as we nove into the nanoel ectronics regine,
we need to consider new system architectures rather than just new
devi ce concepts.

So | hope | have given you a flavor of where we see the exciting
opportunities as mcroel ectronics reinvents itself as nanoel ectronics.

W believe that electronics remains key to Mcrosystens Technol ogy. And
that breakthroughs in the field will continue to have revol utionary

i mplications for Mcrosystens Technology as a whole. | look forward to
di scussing these issues with you at the posters and si debars.

In closing, I'd just like to thank you for your attention and put in a
plug to join with us at DARPA

The job is, above all, not dull and where else can you get to use a
tel epronpter and be shown on these huge screens wi thout becom ng a
politician, rock star or media tal ki ng head!



