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PRE TS RAILIR K.

*4th Century, Roman glassmaker: the color of glasses can be
changed by mixing in metal particles

1883, Films containing silver halides for photography were
invented by George Eastman, founder of Kodak

*1908, Gustay Mie first provided the explanation of the size
dependence of color

*Vision from Feynman in 1959: “There 1s plenty room at the
bottom”, and also recognized there are plenty of nature-given
nanostructures in biological systems

*1950-1960, small metal particles were investigated by physicists
1957, Ralph Landauer realized the importance of quantum
mechanics plays in devices with small scales

*Before 1997 => mesoscopic (or low dimensional) physics:
quantum dots, wells, wires...are known already
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here's Plenty of Room at the Bottom

r frvitaionr o Bnder 2 New Feif of Bricies

by Richard B Feviman

This transcript of the classic talk that Eichard Feynman gave on Decembe
the California Institute of Technoloey (Caltech) was first published in the February 196(} {zsue of Caltech s Hrowmesring a‘m’ SG,rﬁm:ﬁ Whn:h
owns the copyright. It has been made available on the web at httpdfwww . zyver.comfanotechfernman. hitml with their kind permission.

Information on the Fevnman Prizes

Links to pages on Fevynman

For an account of the talk and how people reacted to i, see chapter 4 of A&zgofby Ed Eegis, Little/Brown 1995, An excellent technical
introcdduction to nanotechnology is Maosvetems: molscu b machurery, maauGotieng, and comoutaton by K. Eric Drexler, Wilew 1992,

nagine experimental physicists must often look with envy at men like Kamerlingh Onnes, who discovered a field like low temperature, which see
ttomless and in which one can go down and down. Such a man is then a leader and has some temporary monopoly in a scientific adventure. Perc
ideman, in designing a way to obtain higher pressures, opened up another new field and was able to move into it and to lead us all along. The
velopment of ever higher vacuum was a continuing development of the same kind.

ronld like to describe a field, in which little has been done, but in which an enormous amount can be done in principle. This field is not quite the
> others in that it will not tell us much of fundamental phywsics (in the sense of, ™What are the strange particles? but it is more like solid-state phy
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nagine experimental physicists must often look with envy at men like Kamerlingh Onnes, who discovered a field like low temperature, which see
ttomless and in which one can go down and down. Such a man is then a leader and has some temporary monopoly in a scientific adventure. Perc
idgman, in desiening a way to obtain higher pressures, opened up another new field and was able to move into it and to lead us all along. The
velopment of ever higher vacuum was a continuing development of the same kind.

ronld like to deecribe a field, in which little has been done, but in which an encrmons amount can ke done in principle. This field is not quite the
: others in that it will not tell us much of fundamental physics (n the sensze of, 7 What are the strange particles?" but it iz more like solid state phs
> genge that it might tell us much of great interest about the strange phenomena that occur in complex situations. Furthermeore, a point that is most
portant is that it would have an enormeus number of technical applications.

hat [ want to talk about is the problem of manipulating and controlling things on a small scale.

- zoon as [ mention this, people tell me about mindaturization, and how far it has progressed todav. They tell me about electric motors that are the
: nail on wour small fineer. And there iz a device on the market, they tell me, by which wou can write the Lord's Fraver on the head of a pin. But t
thing; that's the most primitive, halting step in the direction [ intend to discuss. It is a staggeringly small world that iz below. In the year 2000, wh
;k back at this age, they will wonder why it was not until the vear 1960 that anvbody began sericusly to move in this direction.

by canaor we witts the entire 24 volimes of the Knovoiopeda Brttanica on the head ofa pm 7

t's see what would be involved. The head of a pin iz a sizteenth of an inch across. If vou magnify it by 25,000 diameters, the area of the head of |
1 ecqial to the area of all the pages of the Encyclopaedia Brittanica. Therefore, all it is necessary to do is to reduce in size all the writing in the
cyclopaedia by 25,000 times. Is that possible? The resolvine power of the eve iz about 1/120 of an inch--that i= roughly the diameter of cne of 1]
tz on the fine halftone reproductions in the Encyclopasdia. This, when vou demagnify it by 25,000 times, is still 80 angstroms in diameter---32 2
ross, i an ordinary metal. In other words, one of those dots still would contain in its area 1,000 atoms. So, each dot can easily be adjusted in size
muired by the photoengraving, and there iz no question that there is enough room on the head of a pin to put all of the Encyclopaedia Erittanica.

rthermore, it can be read if it is 20 written. Let's imagine that it iz written in raised letters of metals that iz, where the black iz in the Encyvclopedia,
sed letters of metal that are actually 1/25,000 of their ordinary size. How would we read it?

we had something written in such a way, we could read it using techniques in commaon uze today. (They will undoubtedly find a better way when

e 1 B e By e B e e Ty | e e e et e I e e B e B A e o e T e e | L et Ny
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formation on 2 small scale

ppose that, instead of trving to reproduce the pictures and all the information directly in it present form, we write only the information content in
dots and dashes, or something like that, to represent the various letters. Each letter represents six or seven “bits" of information; that is, vou need
out =ix or seven dots or dashes for each letter. Mow, instead of writing evervthing, as [ did before, on the sgefEos of the head of a pin, [am going
: interior of the material as well.

t us represent a dot by a small spot of one metal, the next dash, by an adjacent spot of another metal, and =0 on. Suppose, to be conservative, thal
ormation is going to require a little cube of atoms 5 times 5 times 5--that is 125 atoms. Perhaps we need a hundred and some odd atoms to make
- information iz not lost through diffusion, or through some other process.

ave estimated how many letters there are in the Encyelopaedia, and [ have assumed that each of my 24 million books iz as big as an Encyclopass
lume, and have calculated, then, how many bits of information there are (10415). For each bit [ allow 100 atoms. And it turns out that all of the

ormation that man has carefully accumulated in all the books in the world can be written in this form in a cube of material one two-hundredth of
de--- which iz the barest piece of dust that can be made out by the human eve. So there iz pisrfy of room at the bottom! Don't tell me about micre

iz fact--that enormous ameounts of information can be carried in an exceedingly small space--s, of courze, well known to the biologists, and res
ratery which existed before we understood all this clearly, of how it could be that, in the tiniest cell, all of the information for the organization of :
mplex creature such as ourselves can be stored. all this information---whether we have brown eves, or whether we think at all, or that in the emb
wbone should first develop with a little hole in the side so that later a nerve can grow through it---all this information is contained in a very tiny fi;
: ] in the form of long-chain DNA molecules in which approzimately 50 atoms are used for one bit of information about the cell.

etier electron microscoges

[ have written in a code, with 5 times 5 times 5 atoms to a bit, the question iz: How could [ read it today? The electron microscope is not quite go
ough, with the sreatest care and effort, it can only resolve about 10 angstrome. [ would like to try and impress upon vou while [ am talking abent
-ze things on a small scale, the importance of improving the electron microscope by a hundred times. It is not impossible; it is not against the law:
fraction of the electron. The wave length of the electron in such a microscope is only 1/20 of an angstrom. So it should be possible to see the ind
g, What good would it be to see individual atoms distinctly? |

= have friends 1n other field=—-4n biolooy. for instance. We nhvsicistz often look at them and =av. ¥V ou know the reazon von fellows are makine



£ 4RERE WA EEREQ TRD SR

, »

— = > AEHED I&j hittpeftaeae Zyrves comuinanotec hifeymman. html

i @Haﬂm{sﬂ E"ﬂﬁﬁﬁ?@# &jlntemet FRSFETE &jMwmmft '_L|Weh RiEiLs _L|Wu1cln:|ws TTpdate ngmdaws g;']E TiEdG gjﬁﬁﬁ}“gl QReslPlaj.rer

I TIT =T =T =T T T T IITE o T =T T TII= T = "= IIT TIIII— I TTT I TIT T I I I T I I T T oI LTI = T =T TIT o T = IIT T T T =TT IO I T T T T T I 7 TTICIO T TIT= I T

minetrical? I put th1s ot as a challenge. Iz there no way to make the electmn microscope more powerful?

he marvelons biological system

e hiological example of writing information cn a small acale has inspired me to think of something that should be possible. Bioloey iz not simply
ormation; it is dogrg sometrarg about it 4 biclogical swstem can be exceedingly small. Many of the cells are very tiny, but they are very active; |
nufacture various substances; they walk around: they wigele: and they do all kinds of marvelous things---all on a very small scale. also, they ste
ormation. Consider the possibility that we too can make a thing very small which does what we want--that we can manufacture an object that m:
that level!

ere May even be an economic point to this business of making things verv small. Let me remind vou of some of the problems of computing mac!
mputers we have to store an enormous amount of information. The kind of writing that T was mentioning before, in which [ had everything down
tribution of metal, i8 permanent. Much more interesting to a computer is a way of writing, erasing, and writing something else. (This iz wsnally be
n't want to waste the material on which we have just written. Yet if we could write it in a verv small space, it wouldn't make any difference; it cou
owWn away after it was read. It doesn't cost very much for the material).

inrarurizing the compmer

on't know how to do this on a small scale in a practical wav, but I do know that computing machines are verv large; they fill rooms. Why can't w
m very small, make them of little wireg, little elements-—-and by little, [ mean /. For instance, the wires should be 10 or 100 atoms in diameter
cuits should be a few thousand angstroms across. Evervbody who has analyzed the logical theory of computers has come to the conclusion that t
saibilities of computers are verv interesting --4f they could be made to be more complicated by several orders of magnitude. If they had millions «
many elements, they could make judements. They would have time to calculate what is the best way to make the calculation that they are about t
ey could select the method of analvsis which, from their experience, is better than the one that we would give to them. And in many other wavs,
ld have new qualitative features.

[ look at wour face [ immediately recognize that [ have seen it before. (Actually, mv friends will say [ have chosen an unfortunate example here f
hiect of this illustration. At least I recognize that it is a smar and not an appds) Vet there is no machine which, with that speed, can take a picture ¢
d say even that it iz a man; and much less that it is the same man that vou showed it before--unless it is exactly the same picture. If the face is ch
m closzer to the face: if Tam further from the face; if the light changes—--I recognize it anvway. NMow, this little computer [ carry in my head iz easi

e
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T ihere 15 plenty ol (00 10 Make e siallel. Thele 18 noting hal [ can see i 1he phvsical [aws 1al savs e COMpUie! eleMents cannol be ma
ormonsly smaller than thew are now. In fact, there mav be certain advantages.

miarurization by evaporation Chemical Vapor Deposition and Molecular Beam Epitaxial Growt

v cal we make such a device? What kind of manufacturing processes would we use? One possibility we might consider, since we have talked a
iting by putting atoms down in a certain arrangement, would be to evaporate the material, then evaporate the insulator next to it. Then, for the ne:
aporate another position of a wire, another insulator, and so on. So, vou simply evaporate until vou have a block of stuff which has the elements-
d condensers, transistors and a0 on---of exceedingly fine dimensions.

1t [ would like to discuss, just for amusement, that there are other possibilities. Why can't we manufacture these small computers somewhat like w
nufacture the big ones? Why can't we drill holes, cut things, solder things, stamp things out, mold different shapes all at an infinitesimal level? W
: limitations as to how small a thing has to be before vou can no longer mold it? How many times when vou are working on something frustrating
e yvour wife's wrist watch, have won said to wourself, ™ If T could only train an ant to do this!" What I would like to suegeest is the possibility of trai
tto train a mite to do this. What are the possibilities of small but movable machines? They may or may not be useful, but they surely would be fu
ke,

nsider any machine--{for example, an automobile---and ask about the problems of making an infinitesimal machine like it. Suppose, in the partic
sign of the automaobile, we need a certain precision of the parts; we need an accuracy, let's suppose, of 4/10,000 of an inch. If things are more ina
i that in the shape of the cvlinder and so on, it isn't going to work very well. If I make the thing too small, [ have to worry about the size of the a
n't make a circle of “balls" 20 to speak, if the circle is too small. So, if [ make the error, corresponding to 4/10,000 of an inch, correspond to an e
e, it turns out that [ ean reduce the dimensions of an automohile 4,000 times, approzimatel v ---eo that it i= 1 mm. across. Obviously, if vou rede
r 50 that it would work with a much larger tolerance, which iz not at all impossible, then you could make a much smaller device,

= interesting to consider what the problems are in such small machines. Firstly, with parts stressed to the same deeree, the forces go as the area e
lucing, so that things like weight and inertia are of relatively no importance. The strength of material, in other words, is verv much greater in prog
e stresses and expansion of the flywheel from centrifugal force, for exzample, would be the same proportion only if the rotational speed is increas
ne ploportion as we decrease the size. On the other hand, the metals that we use have a grain structure, and this would be very annoving at small
cause the material is not homogeneous. Flastics and glass and things of this amorphous nature are very much more homogeneous, and so we won
make our machines out of such materials.
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1t it iz interesting that it would be, in principle, possible (1 think) for a phweicist to synthesize any chemical substance that the chemist writes down
: orders and the physicist synthesizes it, How? Fut the atoms down where the chemist savs, and so vou make the substance. The problems of che
d biclogy can be greatly helped if our ability to see what we are doing, and to do things on an atomic level, is ultimately developed ---a developm
iich I think cannot be avoided.

vy, wou might sav, 7 Who should do this and why should they do it7" Well, I pointed out a few of the economic applications, but [ know that the
it you would do it might be just for fun, But have some fun! Let's have a competition between laboratories. Let one laboratory make a tiny motor
1ds to another lab which sends it back with a thing that fits inside the shaft of the first motor.

1ol school competiiion

st for the fun of it, and in crder to get kids interested in this field, [ would propose that someone who has some contact with the high schools thinl
kine some kind of hieh school competition. After all, we haven't even started in this field, and even the kids can write smaller than has ever beeat
fore, They could have competition in high schools. The Loz Angeles high school could send a pin to the Venice high school on which it savs, 7T

g

g7 Thev get the pin back, and in the dot of the ™1" it savs, Mot so hot "

rhaps this doesn't excite vou to do it, and only economics will do so. Then [ want to do something; but [ can't do it at the present moment, becaus
ven't prepared the ground. It iz my intention to offer a prize of $1,000 to the first guy who can take the information on the page of a book and pu
2q 1425000 smaller in linear scale in such manner that it can be read by an electron microscope.

1d T want to offer another prize--f [ can figure out how to phrase it zo that [ don't get into a mess of arguments about definitions---of another F1.(
=t ouy who makes an operating electric motor---a rotating electric motor which can be controlled from the outside and, not counting the lead-n w
l¥ 1454 inch cube.

o not expect that such prizes will have to wait very long for claimants.

T page 15 part of the nanoiechnolozy web sie.



Top-down approach dominates ....

ASIC CHIPMAKING PROCESS REFINEMENTS IN CHIPMAKING
Strained silicon
Wafer Silicon-germanium blend
'-"':
“ Oxide
Photoresist 1 Steam oxidizes surface
(red layer) :
2 Photoresist [dark blue layer)

coats oxidized wafer

Silicon substrate

Pattern on mask Pattern on wafer

- - = I
Mask
3 Lithography
L Lens transfers desired
) 4
pattern from
""'_# mask to wafer
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Moore's Law :
a 30% decrease in the size of printed
dimensions every two years
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Actual Forecast

1%t Production 1993 1995 1997 1999 2001 2003 2005 2007

Generation 500 350 250 180 130 100 65 4snm ©eter Silverman

Intel, July, 2001
Gate Length 500 350 200 130 70 50 35 20nm
Heading toward 1 billion trqnsistors in ZQO? -...? 1,000,000,000
Itanium™ Processor (M-::Kinley},o"
' | 100,000,000
‘ Pentium® Ill Processor Pgntium-ﬁ@) 4
| rocessor |
Pentium® Processor 10,000,000
| Pentium® Il Processor
| 386™ Processor 486™ DX Pro-::elssor 1,000,000
100,000
8086// 286 ’
4004 10,000
/ 8080 Y.Borodovsky,
8008 1,000 Intel, April, 200

1970 1980 1990 2000 2010 in PMJ 2002
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2003 2004 Difference from Percent Difference fror

| 2003 to 2004 2003 to 2004
ational Science Foundation 221 247 26 11.8%
efense 243 222 -20 -8.3%
nergy 133 197 64 48.1%
ational Institutes of Health 65 70 5 7.7%
ommerce 69 62 -7 -10.1%
ASA 33 31 -2 -6.1%
griculture 1 10 9 900.0%
PA 5] ) -1 -16.7%
omeland Security 2 2 0 0.0%
istice 1 1 0 0.0%

OTAL 774 847 74 9.5%
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v|: size-dependence of melting temperature
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Ph. Buffat and J-P. Borel, Phys. Rev. A13, 2287 (1976)



g

A . S0 I P -
e - || T P e |
) size-dependence of color

powered cadmium
selenide

27



@ S Ta @

> s1ze-dependence of magnetism

1.2

el . L L L . . B Ty T o

=
=
=
=]
=%
E
=
E
c
Ly
a
&

=
EL

=
.

=
b

True Magnetic Moment Per Atom
(bohr magnetons)
=
i

0.0 .
0 IDE“EI}-#'I}EDM?DEEPDIDD

Number of Rhodium Atoms

A. J. Cox et al. Phys. Rev. B49, 12295 (1994)

2



o’
Az "E 2 IR % (superparamagnetism)

2-1 IITI[IIlflllll[l'lIllllllllllllllll'll'llllllll

1.9

1.7

1.5

1.3

Be(Tesla)

1.1

0.9

0.7

|||t|||||||:||||11|l|||||1|||||1||‘||||

lllllllllllIIIIIIIlll]IlIllll'lIIIll||
u

0.5 v b s e bowealo e ba e boangdaaesbialoag

"0 10 20 30 40 50 60 70 80
d, NANOMETERS

[{]
o

Dependence of the coercive field B, (i.e., H.) on the granular particie size d of
Nd-B—e permanent magnet. [Adapted from A. Manaf et al., J Magn. Magn. Mater. 10
acn (1aq43y 1



. Conventional magnetic recording is
limited by the superparamagnetic limit.
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Hikihara, Hu, Lin, and Mou, Phys. Rev. B 68, 035432(2003)
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h = Planck constant
(6.626x10-** joule-sec)

— T~

DeBroglie: Einstein:
A =h/p V\/\A/VV E=hv=p?/2m
A
fd @3 A,(300K)=62nm
(L HE %8¢ 10nm < A <100nm)
B+ A (300K)<02nm
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The Feynman Lectures on Physics (III) p. 1-4~1-5

... T'his experiment has never been done
in just this way. The trouble is that the
apparatus would have to be made on an
impossible small scale ... We are doing
a “thought experiment”...
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Tonomura et al.

American Journal of Physic:s
57, 117(1989)

A = 0.054A (50kV), V, = 10V
a=0.5um, b =5mm

spacing = 700nm
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(b)

(d)

Fig. 39-8 Photographs showing the buildup of an interference
pattern by a beam of electrons in a two-slit interference
experiment like that of Fig. 39-6. Matter waves, like light
waves, are probability waves. From top to bottom the ap-
proximate numbers of electrons involved are 7, 100, 3000,
20 000, and 70 000.
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Which-way(welcher Weg) experiment

198[[g*
polarizer

194 nm
light bearn @

Phys. Rev. Lett. 70, 2359(1993)
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Matter Wave of Large Molecules
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Interference between condensates

Absorption

Science 275, 637 (1997): ~10° Sodium atoms
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A AFM cantilever Science 289, 2323 (2000)
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Classical Picture

eleciron . —P electric field

in ¢classical physics, the eleciron
is repelled by an electric field as
— . long as energy of eleciron is below
energy level of the field

<
Quantum Picture — =hm

eleciron
wave —>)

in quantum physics, the wave
function of the eleciron encounters
the electric field, but has some

finite probability of tunneling through
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Bit line

Sense line

Fig. 7. A schematic representation of RAM that
is constructed of magnetic tunnel junctions
connected together in a point contact array.
The conducting wires provide current to the
junctions and permit voltage measurements to
be made. They also enable the manipulation of
the magnetization of the elements by carrying
currents both above and below the magnetic
junctions to create magnetic fields.
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photons

photon 2 photon 1

a b'
| >l\7: D
a'

ET g



140

1210 o =

Conditional Counts at D1 in 60 s

8000 6000 4000 -2000 0 2000 4000 6000 8000
E-T 5 FDetectorz §edf |

Dopfer, B., 1998
Zeilinger. Rev. Mod. Phvs. S288. (1999) .



izq aby+|a'b) = 10007 %3 % ¢

|t//>=\/—

4 500% & |ab) @ ¥ 5004 | a'h')

1+ 4
é“:/ I1 T+ A H3iF] i a2,
-2 - (1 v > ":i LR
—*\—' 5 m E e il gl EE 2




bit versus qubit

RFLFI[0 |
] i€ §2=>[1> [ ™

|
2 qubit=a|0)+ [ |])
~ T2

Due to superposition, get more information!

=) Quantum Information Science
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