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2 1896 Pho'eDise,

n 1959 Richard Veymmnan delivered a

lecture with the title, “There is Plen-

ty of Room at the Bottom.™ The

audicnee wias atlendees of the Amer-
ican Physical Society meeting at Cal-
tech. What Feynoman, a great scer,
lalked about was using progressively
smaller structures lor usetul purposes
such as storing bits of information,

Tle cven ofiered a $1,000 (US) prize
for anyome who could take the informa-
tion on (he page of a book and put it in

an area 1/25,000 tiimes smaller in lingar

scale. In 1986, 26 years after leynman
offered the prize, it was won by a Stan-
ford University graduate student, Tom
Newman used electron beam lithogra-
phy to write out the first page of *A
Tale of ‘I'wo Cities” by Charles Dick-
ens, The letters were about 50 aloms
wide.

Feynman was a talented visionary
who saw the possibility ol storing inlor-
mation in ultra small structures. Tle
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believed the spin of a single electron
could cncode binary digital data.
Tlenee, it could act as a useful device,
Such mimscule devices would allow a
tremendous amount of information Lo
be stored in very small volumes of
space.

Nobody has really made a uscful
device out of a single electron quite yet.
[Towever, a single electron perlforiming
uselul device operations is no longer a
pipe dream. Single electronics is an
active leld ol research, [noa single elec-
tron transistor, device action is realized
from the discrete transier of single clec-
trons within a very small velume of
material {a quantnm dot), A quantum
dot is still around 21 orders of magni-
tude larger than a single electron in vol-
vme. Nonetheless, (he device’s
operation is dependent vpon the
dynamics of that miniscule entity- a
single electronD0whose diameter is
thought to be ~10°1% meters.

0278-6648/00/$10.00 © 2000 IEEE

The Scmiconductor Industry
Association, aud s Tternation-
af Technology Roadmap, does
talk about Complimentary
Metal-Oxide-Semiconduclor
{CMOS) teansistors with feature
sizes approaching a quantum dot
{typically 1000 atoms). Howev-
er, such transistors arc not
expected 1o enter the market car-
lier than the year 2007 and even
that projection may he some-
what optimistic. There are many
setious issues to address helore
quantum-dot sized transistors
are sold off-tha-shelf, Toweyer,
the polential is certainly there.

The advantages are obvious:
smaller structures permit higher
packing densities of functional
units on chips, improved speed
and Llower cosl. Tor the semicon-
ductor industry, conlinuous
downgealing and miniaturization
of clectronic deviees has tueled
waorldwide annual sales ol over
S500 billion dollars (UUS),

Ultra small semiconductor
structures, like quantum dots,
with nanometer scale dimen-
gions are wonderful entities,
Everyboady would like to use
them for integraled circunits
(ICs). But, making them is not at
all ensy.

The obvious manulacluring
strategy would be Lo use nano-
lithography. Typically, nanolith-
ography involves delincating the
ultra small pattern on a semiconductor
waler with an eleetron beam, ion beam,
or even a standard seanning tunneling
microscope tip (a process called
“direct-write™). This is followed by
“chiseling” out the patlern using a com-
bination of standard scmiconductor
techniques such as etehing, lift-olf, ete.
This is exactly what Tem Newman
used to meet leynman’s challenge.

Such an approach works for winning
a $1,000 prize, but it has lwo major
shortcomings for commercial FC manu-
Cactoring. Virst, dirccl-writing is a serial
process. lach feature on cach walcr is
handled one at a time, This results in an
excrucialingly slow throughput—
mayhe too slow for commercial viabili-
ty. Second, the suuctures are damaged
with the clectron- or ion-beams during
pattern delineation. "This damage intro-
duces spurious chavges and defects an
the surfaces ol the semiconductor strue-
ture, The surlace deleets capture all the
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mobile charge carriers within some dis-
tannee from the surface and deplete this
region of carriers. The depletion layer
olten has several layers of atoms. 1L is
typically 10-L00 nim wide in common
semiconduclors.

If the structwre is more than 1000 nm
(F um) wide, then maybe less than 109
of the structure would be depleted. This
is o big deal. However, il the structure
i less than 100 nm wide, then surface
statos cunt deplete the enrfre structure
rendering it useless, Swrlace damage s
a serious issue in nanolfabrication wnd
musl be avoided at all cosls.

There are other techniques for
nanofabwication. The most popular one
currently 18 a generic approach termed
self-assembfy. Generally, scll-assembly
is any method where the natural physi-
cal or chemical evolulion of 4 material
system- driven to a minimal energy
thermodynamic configuration—sponta-
neously assembles an array of nunos-
tructures on g chosen substrate. seful
selli-assembly must result in arrays
wherer 13 the standard deviarion in the
size of the nanostructures is much
smaller than ithe average size {size
selectivity), and 2) the array must have
long range spadial order in all relevant
dimensions (ordering).

Very few sell-assembly technigues
nieet both reguircmients. The rare ones
that do have been successiully uscd o
make both quantum dol and quantum
wire arrays. Quantim wires are quasi
onc-dimensional structures,

Self-assembly has emerged as a
strong competitor o [inc-line lithogra-
phy lor delincating size-selecied and
ordered nanostructure arrays, ‘The rea-
gon is that it has al least two advantages:
1y it is a paraflc! process wherehy sev-
eral walers can he handled simultance-
ously resulting in a fast throughput, and
23 it can be a "aentle” lechnique causing
little o no processing damage to lin-
ished nanostructures,

[n our laboratory, we have sell-
assembled essentially periodic arrays ol
semiconductor quantun dots with dian-
eters of 3-4 nmy, These dots (which are
o’ o wide bandgap semiconductor) hive
shown optical getivity. To our knowl-
edee, dots ol 10 i diameter {of wide
bandgap semiconductors} fabricaied by
e-beam Tithography do not usually show
measurable aptical activity, The poor
quantum etiiciency is caused by surluce
slates introduced during pattern delin-
cation (i.c., surface damage),

However, the sell-asscmbly process
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does have some drawhacks, 10 1s not as
well controlled as lithography. Alse, it
is incapable of producing arbitrary pat-
terng, The last drawback is the more
serlous one,

Gonvsntional salf-azsambly

At present, there are {wo major
approaches for sell-assembly: pliysical
approiches and clremical approaches.
The Stranksi-Krastanow (5-K) method
(strained quanium dots on a lattice-mis-
matched substraic) is a popular physical
approach, Tlere a material is deposited
on a substrate using thin flm deposition
technigues such as molecular beam epi-
taxy. ‘The lattice constants of the sul-
strate and the material are different.
This vesults in strain on the wop material,

Under appropriate conditions, the top
material “bunches up” and quantum
dots nucleate spontaneously. They are
connceted by a so-called “wetting
fayer” (see Fig. 1), The dots are size
controlled (less than 109 standard doevi-
alion in size), but they nucleate randgom-
ly on the swrface. Thus, there is no
spatial ordering. Recently, seme
advances For improving the spatial
ordering through the clfect of stacking
several layers ol dots vertically have
been made. Howeyer, it is still Far fromn
pericet

Chemical lechniques are typically
approaches where ionic reaclion at an
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Fig. I o) Side view of Stranksi-Krastanow

quanium dots, b} Top view

electrolyle-metal interface resulis in the
nugkeation ol seli-ordercd nanostrue-
lures. These can be used as lemplates
lor synthesizing quantum dots or wires,
Note that in this approach, the “lem-
plate,” rather than the dots (hemselves,
are seli-assembled, Bul the templale can
then bie easily applied to create dots.

In Fig. 2, we show an womic Foree
microscope image of o porous il self-
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Fig. 2 Atomic force micrograph of a porous alumina film self-assembled in our
laborafory using anodization of aluming in oxalic acid (an electra-
chemical lechnique). The average pore diameter is 52 nm and the
standard deviation in pore size Is less than 1%. Micrograph courlesy of

Dr. Min Zheng.

11



assembled in our iab. The wills of the
pores arc alumina (AlOs). It is a “lem-
plate.” One can casily [l up the pores
with the material of interest using elee-
trodeposition, This will result in a virlu-
ally periodic array of guantum dots
sigrounded by alumina. Thus, the sell-
asscrbled template has created a quasi-
periodic array of dots.

The advantages of the chemical tech-
niques are twofold: 1) they produce
more erdered arrangements of dots than
does Stranksi-Krastanow growth, and 2)

chemicat techniques are much cheaper

in terms of capital investment. 'The lack
of ordering in Stranksi-Krastanow dots
has restricled their applications o opti-
cal devices (c.g., quantam dot lasers), or
to discrete clechronic devices (c.g., tran-
sislors). (Several dots together consti-
lule a single device.)

In contrast, electrochemical self-
assebly produces at least quasi-periodic
arrays ol quantum dots. They are syner-
gistic with ncural or cellular autemata
lypc computing wrchilectures. (A single
dot can act as a circuit node or an
getive device,) This can lead 1o very
powerful, ultra dense and extremely
fast large-scale circuits.,

Unfortunately, electrochemical
sell-assembly technigues also have
somc drawbacks. The material qual-
ity of the fimshed nanostructuces is
often poor. The dots are nucleatcd
in & chemical solution rather than in
a high vacuum environment.

What's more, these techniques
are not immediately compatible
with canventional lithographic tech-
niques for Ultra-Large Scale Inte-
gration (ULSI} chip fabrication.
llence, they are not yet attractive 1o
commetcial nannfacturers.

Ifinally, most chemical techniques
share a common featare; they all involve
wet chemistry insofar as the clectrolytes
invariably contain water. Conseguently,
they are unsuitable for materials such as
high ‘I, superconductors, chemical cata-
lysls such as K, Na, Mo, cle,, and some
organic non-linear optical materials, All
these materialy react adversely with
waler, Thuy, one cannot make quantum
dols using them with ordinary eleciro-
chemical synthesis, There are nonague-
ous technigques lor cleetrochemistry that
could be adapted for self-asscmbly.
They may be able to handle these mate-
rials. However, there 18 no standard
approach yet. Also, much rescarch needs
10 be dome before it can emerge as a use-
(] tool for nanosynthesis,

12

ystals

Gomlomb «

There 1 a novel “dry” sell-assembly
technique based on an entity called a
Coulomb erystal, Tt is “dry™ beeause the
materials used For the quantum dots
never ¢olne inlo contact with maisture,
Additionally, this new technigue is
somewhat flexible wed nay be integrat-
ed with lithography and standurd semi-
conductor processing for seamless 1C
manufacturing.

A Coulomb crystal is g more-or-less
tegularly spaced artay of small particles
produced in plasma. Plasma is a gas
conlaining lree clectrons and positive
ions in nearly cqual concentrations.
Plasmas can be produced placing two
clectrodes in a low-pressure (Lypically
about 0,001 of almospheric pressurce)
gas. Then a voltage sufficiently high o
cause the gas Lo break down inlo an
clectrical discharge is applicd. A “ncon”
sign is a comwmon application ol such
discharges (sce box).

Figine 3 shows a schematic diagram

er,” a small cup with a porous mem-
branc on the boltom, The “sall-shaker™
is mechanically vibrated or “shaken™ to
release particles into the plasma through
the membrane. ‘The pores in the mem-
brane have a uniform diameter. This
way the sieving action introduces an
upper limit on the size of the particles
introduced into the plasma.

After the introduction, the particles
fall through the plasma acgquiring a neg-
ative charge. They ace levitated in a thin
layer just above the lower electrode.
Because they are negatively charged,
they repel each other.

To forn a Coulomb cerystal, we
“fence™ ihe particles to prevent them
from escaping from the top of the clec-
rode, Tn this case, the lowest energy con-
{iguration i one in which the particles arc
arranged on a regularly spaced lattice.
“That is 4 Coulomb erystal (see lig, 4.

Particle aharging
Consider a particle in plasma, The
plasma consists of equal densitics of
Iree electrons and positive ions,
The mass of the electrons is about

Neon signs

A neon sign conglsts of a glass tube bent to form
whotever messoge is desived. 1T confalns hwo elec-
trodes andd o suitable gas (often nat neon bhecguse
it's expensive) aof low pressure. Applying o voitags
of several kV to the fwo electrodes couses ¢ dls-
charge to form and he gas 1o glow. Free slecirons
are acoelerated by the slectic field, and collide -
with nautral aloms, exciing them and eccaslonally
knocking off another electron. The ofoms in excifed
states then relax to lower-lying states by emitiing
photons with energy aqual fo the difference in
ansfgy of the two levels involved, That Is the souice
of the glow.—358 & PFW :

of a typical experimental
setup for producing
Coulomb crystals. Two
electrodes are placed in a
vacuum cell that can be
filled with the desired gas
fsuch as argon) at the
desived pressure (typical-
Iy ubout | Torr). A Radio
Frequency (R.E) voltage
(usually 13.56 MHz) is
applicd to the electrodes
through a capacitor as
indicated. The result 18 a
mostly-unifori glow dis-
charge between the two
clectrodes,

The particles  are
introduced into the plas-
ma through a “salt shak-

4{

1/10,000 that of the ions. If hoth
pacticles had the same temperatute
(kinetic encrgy), the electrons
would be moving about 100 fimes
[aster than the ions,

Power is supplicd to the plasma
from the applied electric ficld.
{That is how the ionization and
light emission are maintained.)
This power is supplied primarily to
the free elactrons. For that reason,
the clectrons are typically about
100 times hoiter thao the ons, This
niikes the electrons move aboul 10

t 11 Shaker

I AR NN NN NN

Fig. 3 Schemalic diagram of o fypical experimen-
taf setup for producing Coulomb crysials

IEEE POTENTIALS



times faster yel, [or a total
speed ratio of about 1000.

Both electrens and
posilive fons strike the
panticle, When an eleciron
hits, there is a pod proba-
bifity that it will he cap-
tured. When an ion hits,
there is a good probability
that it will acquire one of
the particle’s electrons,
thereby neutralizing it.

Because the densities
of electrons and ions are
about the same and the
clecitons are moving
about 1000 times (uster,
the rate of electron colli-
sions with @ neatral parti-
cle 1% mueh higher than
that of ton collision. Thus,
the particles introduced
into the plasma wili chacge negatively,

As the parlicle becomes negative, il
repels clectrons reducing the collision
rate. Steady slale oceurs when the
charge has risen (o the point that the
collision rae of elecirons and posilive
ions is (he same. This can be viewed as
a zero currenl condition, heciause ihe
charge’s rate of change on the particle is
szero. (The positive charge acquired
from ions is bulunced by the negalive
charee acquired (rom electrons.)

Particla layiiation
The fower electrode of

the cell shown in lig. 3

also acquires o negative

charge driving the potential down. As
the negative charge increases, the aver-
age polentigl decreases. This decreases
the Fraclion ol the cycle that the clec-
trode potential is positive, In steady
state, the charge is such that the wlal
negative charge transferced to it during
the time it is positive is just equal to the
net positive charge transferred while it
is negative. An accurate estimate of the
average cleclrode potential at this tine
is dilficult, but it would be aboui the
dero-to-peal 1T voltage.

chiarge. The reason for the
charge is also related to
thie relative mass ol the
cleetrons ang the ions, A
sinusoidal voltage is
applicd to the clecirode
by the R.IY generalor.
When the clectrode s
uncharged, the polential is
posilive and negative lor
cqual amounts ol time.
While the clectrode is
pasitive, it attracts elec-
trons; and, while it is neg-
alive, il aliracts positive
ions. Beeause the clec-
trons are much lighter, the
total current ol electrons
during the positive cycle
is larger than the total
current of positive ions
during the negative cyele.

The elecirode, there-
fore, ncquires o negaiive

APRIL/MAY 2000
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[ mj Maximum device density (self-assembled)

@ Inpuboulput ports delineated with lithography

R

Maoderata devico density (self-assambfed
or fabricated with lithography)

Fig. 5 A schemaiic depiction of on ideal hypothetical chip.
The device density is maximum aof the inferior and
talls off fowairds the edges. The devices in the infetior
of the chip are self-assembled and the I/0 connec-
fions on the petiphery cre mcade by nanalithography.

Fig. 4 Phofographs of Coulomb crysials. The phote in a) was published by Chu and Lin, and b)
was oblained in our loboratory.

The presence ol a negative charge on
the lower clectrode and a negative
charge on the particles cxplains why
they [loat above the elecorode. But, there
is one more consideration involved; (he
range of the ¢lectric lield from (e
charged clectrode into the plasima.

The negative charge on the clectrode
repels free electrons [rom the region
above it. A positive charge layer {the
now-uncompensated positive iong) is
lelt. This positive charge tends to cancel
the negative charge on the electrode,
reducing the clectric field o near-
ly zere a short distance above the
clectiode.

Thus, as the negative particle
lalls toward the lower electrode, it
encounters litile upward-directed
electric loree, gfs, until it enters
this region. Then the force rises
rapiclly, The cquifibrium height is
that position where the ¢ Force is
cqual but opposite to the down-
ward-dirceted force. The down-
ward force is produced by
eravily, sig, and also by the ion
“wind™ near the electrode,

Fancing e particlas in

The negatively charged parti-
cles levitated just above the lower
electrode will repel cach other
and How oft the surfuce. To fonn
a Coulomb crystal, they must be
confingd to 1 region just above
the clectrode. There are several
ways Lo build a fence to do that,

A popular method is to
michine a shallow well in the
electrade or to pul o mietal ring on
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P'r;bénemed
substrate

Deposition

Stripping of unwanted
particles

Fig. 6 A schematic depiction of “nanoxerography,” o scheme
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- technological challenges over the next 16 years in the
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- be met in arder to meet fufure challenges. [TRS s sponsored
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for selective areq transfer of a Coulomb crystal.

the electrode. Instead, we put a glass
ring on top of the electrode. The glass
charges negatively in the plasma for the
same reason that the paiticles do. As a
result, it repels the particles that stray
o closce.

Imisr-pariicls separation

Probably the most serious obstacle
for using Coulomb crystal technology o
sell-asscnible nanostructures is the dis-
lance between neighboring particles in
the crysial. The crystals in most reports
have a lattice constant of about 100 pum.
That mecans that the average distance
between particles is 1/10th of a millime-
ter, which is clearly too large. For most
applications of nanostructures, this sep-
aration: should he reduced substantially
o1 pmor Jess.

What physical mechanisms deler-
mine the separation? The answer is not
well understood, but it is known that
eleetrie field shielding plays an inpor-
tant role, The negatively charged parti-
cle repels electrons (tom the immediate

ncighborhood. A shell {a shearfty ol

uncompensaicd posilive ions is left.
Like the region near the lower elee-
troce, this sheath acts to shicld the plas-
na Irom the lield produced by the
particle.

The distance over which (his shield-
ing oceurs is catled the Debye fength,
A, or the serecning leagth and is given
by

[ °
By M

_
A =1 3
1.' ﬂ\}qe'

Here a1y is the plasma density {density of

electrons or positive ions), and 7 is the
“parallel” combination of the ion and
clectronic temperatures,

L
i

Typical plasmas utilized lor creating
Coulomb erystals use rather low RIS

power, The plasma density is about
[0%cm. Using that density, and assum-
ing room temperature, Ay is about 100
.

Returning to the question of lattice
constant, consider the force between
two panticles vs. the sepavation betwesn
them, [ecause of the exponential fall-
olf of the leld, thers is little foree
between them for separations exceeding
a few Debye lengths, The repulsive
foree rises rapidly, however, as the par-
ticles come closer topether. Thus, we
would cxpect that the lattice constant in
a Coulomb crystal would be of the order
of one or two Debye lenpgths, This is
what, in fact, is found experimentaliy—
at least Tor plasmas with density of
about 0¥ e,

lﬁi@idlm@mrng tng latiles constant

Il it is agreed that the lattice constant
ol u Coulomb erystal 18 about A, then
we must reduce Ay, i we are to reduce
the lattice constant. Looking at Eq. (1),
it appears that the only parameters we
can control are gy, and 77 Reducing 7
much below room temperature is not
very promising, so we must increase the
plasma density, #y. Because of the
dependence on the square root, to
reduce Ay from 100 to 1 wm would
require an increase in the plasma densi-
ty by aboutr 10%, That means a plasma
density of about 1012 ¢, 1s that possi-
ble? The answer is yes, but doing so
introduees some other issues.

For a given plasma cell, what factors
influence the plasma density? The
answer to that question is not simple, If
the power to plasma is wened oft, the
density of electrons and positive ions
will decay to vero due to recombination,
The reconbination rate is proportional
L the density of clectrons and ol posi-
live ions, "Uhus, the higher the density of
the plasima, the higher the recombina-
tion rate, and the more power must be

pubintrs.nsts —358 & PAV

supplicd to maintain it ‘This power
mostly winds up as heat. Thus, the plas-
ma censity can be increcased with win-
ing up the power, but doing so results in
a hotter plasma.

For a fixed plasma density, the
recombination rate is typically propuor-
tional to the pressure, The reason is that
recombination rends to be a three-body
process, When an electron and a posi-
tive ion collide it is unlikely that the ion
will capture the electron because it is
difficult to satisfy both momenium and
cnergy conscrvation. Thus, recombina-
tion is unlikely in such an event. Except
at very low pressures, recombination
usually involves a third bady, typically
a neulral atom, At g fixed plasma densi-
ty, such a recombinalion rate is propor-
tional to the ncutral atom density and,
hence, to the pressuce. Thus, Tor a fixed
input power we can inarcasc the plasma
density by redueing the pressure.

Practice bears out these expectations.
High-density plasmas {density exceeding
10'2 cmi®y can be produced at pressures
near atmospheric using high power exci-
tation. Such plasmas arc very hot and, in
fact, ave often called plasime torches.

On the other hand, low-temperature
plasmas with densitics of 102 em® or a
bit morc can be created at pressures
hetween | and 10 mTorr, At such low
pressures, the problem is more ahout
getting the electrons to collide frequent-
Iy enough with the ncumals to produce
the needed ionization, rather than the
power level requircd martch the recom-
bination rate.

Tramsifarring the peikem

Once the Coulomb crystal has been
created in the plasma just above the
substrate, the patlern must be trans-
lerred 1o the substrate, One technique
invelves simply (urning the R, excita-
tiom ofTand allowing the particles to fall
onto the substrate, In that case, sone
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mothad wust be used o (ix the paicles
in place, Tn our laboratory, we usually
pro-coat the subserate with o sticky sub-
stance. This way the particles stick
where they land.

An alternative method (which we
don't think has been shown yct),
involves applying a fost-rising, positive
voltage pulse to the lower electrode.
The resulting net gF force will be
downward, and will pull the particles
toward the substrate, This is the so-
called “electrostatic chuck™ methad that
has Tound applications in other areas.
Wilh this method, it should be possible
Lo transfer a Coulomb erystal 1o a sub-
strate without signilicantly disrupting
the spatial order of its particles.

Thg pertest inaich

A haly grail in the world ol nanolab-
vication is the “marriage” of seli-ussem-
bly with lithography. An ideal chip will
have the configuration shown in g, 5,

All the densely packed deviee cle-
ments will be in the interior of the chip
and produced by sell-asseinbly, All the
input/foutpul porls Loy connection to the
world will be on the periphery of Lhe
chip. Connections to the impul/outpul
(/) ports must be macde with lithogra-
phy since these gre arbilrary connec-
tons. If the device elements are smaller
thene WY ny, e s very difficult, i1 not
impossible, to align the connecting
wires Lo the [/ devices by lithography.

In this case there is only one solu-
tion— the /O devices will have to be
aligned with the connecling wires and
not the other way around. llence, the
contacts are first delincated on the chip
by fithography and then the 1/Q device
i self-assembled right on the contact.
This accomplishes some sort of a hoppy
imarriage between lithography and sclf-
assembly.

How does one self-assemble a nano-
sized device right on the contact? One
can charge the contact lemporarily 1o a
pusitive voltage that will attract the neg-
atively charged particles, levilating in
the plasma, directly 1o the contact.
Thus, the patticles will fand sclectively,
or at Teast prelerentially, on ile contact.

The charae on the contacts will neu-
tralize the negalive churge on the parti-
cles that land on them. The remaining
particles that do not land on the contact,
hut land clsewhere on the subsrrate, are
still negatively charged. They can be
remoeved by passing the waler under a
positively charged sicipping plae, 'This
leaves particles on the contacl arcas and
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nowhere else.

What we have described is a selee-
tive arc transter of the Coulomb crys-
tal. ‘This is the first step towards a
hybrid nanofabricaticn scheme cmploy-
ing both self-assembly and lithography.
We have coined o lerm For this process;
we call it “namoxerography”™ since that
is more or less how a Xerox photocopi-
er machine works, Pigure 6 shows o
schematic diagrain ol the nanoxerogra-
phy process. Such technigues can ulti-

malely lead to the marriage ol

sell-assenbly with nanolithography,

Gonglusion

Yilectrical engineers have only begun
o explove techniques For fabricating
ultra small, high-performance chips,
These ure exciting times for solid stae
devices and clectronics.
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Richard Feynman (1918-1988) was an American physiclsh who made major contri-
buhons in such diverse areas of physics as calor vision, and the behavior of liguld heli-
urn. Her won the Mobel Prize in 1965 for his work on Guanturn Blectrodynamics, Gleick

dlascribes him ds follows.

Archilect of aquantum theorles, brash voung group leader on the atomic bomb
project, Inventor of the ublguitous Feynman diagram, ebulient bongo player and
storylellar, Richard Phillips Feynman was the maost brilliant. Iconaclashe, and influential
physiclst of modem timas, Ho fook the hal-made conceptions of wavos and parti-
cles in the 1940s and shapad tham info tools that ordinary physiclsls could use and
undarstand, He had a ighining ability to zee Into tha hoart of the problem’'s nalure
posed. Within the communiy of physicists, un organlzed, fradition-bound culbure that -
needs hefoss as IMUCch s if sometimes rmistrusts thern, his name foak an a spocical lus-
tor. IV was permitted in connection with Feynman to use tha word genius. He took
canter stage and remalned there for 40 yaars, dominaling the science of the post-
wal arci—A0 years that turmned tho study of matter and snergy down an tnexpected-

by dark and spectal rood.

Parhaps his character ls best dascribed by his last words. As he lay dying he s sup-
posed to have said, "1'd hate to die twice. [i's so boring."—58 & PFW
(Saurce: Jomes Glelck, Gernus Vintuge Books, Naw York, 1992)
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