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are increasingly aftractive in com-
mercial products. 1 will also not dis-
cuss the important area of sensors,
although it is still the botilencck in
many situations. lanovation in this
area is steady but slow; cost, relis-
bility, performance, and size of
sensors are often limiters to the
application of digital technology 10
measurement and fest applications.
Let us first consider the impact
of computers and digital signal
ing on precision measure-

prooessi u
* ments. Since 1967 the world's time

has been regulated by mmmally
available cesium beam atomic
clockstolnaecuncyoflsin
100,000 years, or sbout 3-5 parts in
10", Incredible as this may seem, it
is not good enough for many mod-
ern navigation, communication,

. and astronomical applications. Len

Cutler and his group at HP Labo-
ratories, who developed the HP ce-
sium standsrd that is in wide use
throughout the world, have dem-

" onstraled a0 elegant new technique

that is about 10 times mofe Accu-
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rate, based on the hyperfine tronsi-
tions of trapped mercury ions. Ide-
alty, an atomic frequency siandard
is based on the electric or magnetic
dipole transition ol a free atom ob-
served for an infinite amount of
time. In the cesium standard, the
ideal of the free atom is realized to
a high degree, but the observition
time (i.c., the time of fight through
a microwave cavity) is fuirly short.

trapped for long periods in a quad-
rupole configumtion driven by &
precisely calculated radio-frequency
ficld. The ions are pumped lo 2n
excited state using Mercury 202
light, and then imadiated with the
microwave frequency tuned first to
one side of the resonance at 40.5
GHz and then to the other. The
countes signals derived from the flu-
orescence that resulis are differ-
enced and digitally integrated by the
computer, using second differencing
methods, and ase then converted 0

%
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an analog signal, If the mesn fre-
quency of the microwave source "
not 8t the line center, the error sig-
nal can be fed back, afier a second
integration, to & voliage controlled
crystal oscillator, which in turn reg-
ulates the frequency SOurce. Com~
plex control sequences minimize
the noise due to secondary effects,
and careful attention must be paid
10 other noise sources, such as sec-
ond order Doppler shift. Figure 2
indicates the resulis: The transition
has been measured 1o AR SOCUTCY
of 2 parts in 10", with a line width
of 0.03 Hz at 40.5 GHz. If the full
width at hall-maximum of this tran-
sition is depicied as | in. wide, then
the origin is three times the distance
10 the moon! The servo signal de-
rived from this yields an absolute
accuracy conservatively estimated

as 3 perts in 10'%, or about | s per
mu'llm% Ti 7s remarkable That
1oday only » garden variety micro-
processor and high-speed microelec-
tronics are all that are needed 0
make such elegant instrumentation
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practical. Although the precision
here is an extreme case, many mod-
ern insiruments are based on this
kind of digiwl conlro} and proces-
sing capability, which was unthink-
able just a few decades ago.

We can find some far less exotic
examples in the nearest compuler
store. A best-selling program, Typ-
ing Master, available now for home
computers, analyzes the user's per-
formance on some typing assign-
ments and provides immediate
feedback on improvemenis of & very

- specific sort. Even lifelong profes-

sional typists learn immediately and
interactively how to improve their
speed or accuracy or both. Exten-
sion to many other skills by replac-
ing the keyboard with a sensor is
possible. For example, one-chip
signal processors could soon pro-
vide useful biofeedback 10 people
learning to sing or to play musical
instruments, helping with the dif-
ficuit-to-teach relationships be-
tween anatomical controd and au-
ditory phenomena. We will be able
to see on & screen in real time the
spectrum by oclaves of the sound

that is produced. Visual feedback of

auditory phenomena can show dy-
namically the relationship of har-
monics 1o the fundamental or the
transitions between head and chest
resonances, for example, in a way
that our ears, which are not Four-
ier's chiidren, cannol. Such equip-
men! will enable singers and musi-
cians 10 compare sound patierms
and rhythms with stored templates
produced by master musicians or
with their own earlier efforts. The
cost should be low enough 1o teach

. school children in the home, Pro-

grams to analyze speech accents and
cadences are further in the future,
but cenainly possible. Similar tech-
niques with different sensors will
permit the semisutomatic tuning
of instruments like pianos and

- Porsches.
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Another type of personal com-
puter program now becoming pop-
ular is the kit, like the Pinball Con-
struction Set. Using simpie pictorial
interfaces and pointers, objects (in
this case Nippers, bumpers, spin-
ners, bonus lights, etc.} are selected
by the user from a pictorial menu,
moved about on & screen, and a3~
sembiled according 1o the rules that
have been previously embedded in
the kit by its creator. Many param-
ciers in the pinbsll program can be
changed—the location and elastic-
ity of the bumpers and flippers, bo-
Hus-point combinations, etc. ltems
difficult 10 change on real pinbali
machines could also be modifiable:
nonphysical gravitational fields,
balls of arbitrary cross section, eic.
After the almost infinitely variable
game has been designed without
writing a single line of code, it can
be played immediately and further
madified by the user. The output of
the program is the pinball game. A
later version of this iden involves s

mztm’mﬁ:m

music-constructicn kit. The objects
now arc notcs, score markings,
tempi, etc. We can create melodies,
ship them with iconic scissors, com-
bine them with preprogrammed
melodies, transpose 1o new keys,
and 30 forth with no programming.
The application is music composi-
tion, and the output of the program
will be the score of the music itseif.
We will be able to play the results
on conventions| instruments or di-
rectly on clectronic instruments il
we desire.

This entire notion of kits seems
1o me a very powerful one. If the
appropriaie acis of rules of combi-
nation—the constraints—can be
embedded in the machine by ex-
peris, then design can become pos-
sible based only on function and
scsthetics for a vastly greater pro-
portion of our population than is
now possible. Consider an amateur
architect designing an addition to
his or her house using such tech-
niques. The cost, the structural finc-
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tremely seasitive 1o the distance be.
tween the tip and the surface. A change
in the distance by an amount equal to

. the diameter of a single a1om causes

the tunneling current to ch

7
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ge by a
factor of as much as 1,000,

We exploit the sensitivity of the tun-
neling current 10 produce exgquisitely
precise messurements of the vertical
positions of the awoms on the sample's
surface. As the tip is Swept across the
surface a feedback mechanism senses
the tunneling current and maintaing
the tip At & constant height above the
surface atoms. In this way the tip fol-
lows 1he contours of the suciace, The
motion of the tip is read and processed
by a computer and displayed on a
xreen or a plotter. By sweeping the tip
through a pattern of parailel lines 3
three-dimensional image of the sur-
face is obeained. A distance of 10 cen.
timeters on the image represents a dis-
tance of 10 angsiroms on the surface:
a magnification of 10U million.

How it it postible to move the nee-
dic over ¥ sample while maintain-
ing a gap between the tip and the sur-
face thac is less than 10 angstroms and
schieve a stability and precision that is
better than .} angstrom? First, the mi-
crascope must be shielded fcom vibra-

_ tions such as those caused by sound in

the air and by people walking arpund
in a building. Second. the drives of the
fieedle must be highly precise. Finaily,
the 1ip must be as sharp as the limits of
rigidity and stability allow.

Two stages, or sections. suspended
from springs, aestle within the stain.

less-steel cylindricat frame of the mi-

crascope and protect the tunncling gap
from vibration. Both stages, iriangular
in cross section, are made of glass rods,
The second siage slips into the hrst
stage, (rom which i is suspended by
three springs. The first stage in tuen is
suspended from the auter frame, aiso
by three springs. The second slage car-
rits the heart of the microscope: it con-
tains both the sample and the scan-
ning needle.

When the entire microscope sifs in a
vacuum, zir resi " | and

= L[t —1
'E
l — ELECTRONICS
A
! ~.
N,
COMPUTER SCREEN :

b
SURFACE

OF SAMPLE

ELECTRON TUNNELING b1 the phenam
scepe, An dleciron chowd accupies the space

L4
Ao that underiies the operation of the micre-
Betwaen ihe suriace of the ample and the nee

P (dortem ) The cioud is a q e of the ind. ¥ of the s »

M of its wavelike propertiest; b the o =y 4 0uL” there s 2 probes

Billty 1bat It cam lie berond the surface bound yeols The deasity of the tiectron
cloud d + exp ¥y wilh di: A vollagr-induced Aow of vi throveh
the cioud iy thereiore t te 1he di briween the surface and thy Hp

Ad the tip 4 Swept scrons the surince ® leedback mechanism senves y

weling cutrent) and holds convant the heigl
this mawaer the tip follews ths comtours of
proceied by & computer and displayed on s

Row (calted the tun-

bt of the tip dbeve the surface Homs fiop) In

the surface, The metion of 1he Tip is yead and

JETEER OF B Plotter. Sweeping the tip through »
di ‘

partatn of parailel lines yields a high l

the motion of the plate and thereby
protects the microscope [rom even the
smallest vibrations.

Once the gross vibrations have been
stopped the sample can be positioned,
This is done with a specially devel-
oped drive that carries the sample
across a horizontal mernal plaie on he
second stage. The body of the drive
consists of aslab ol piezoelectric mate.
rial that expands or contraces when
ge is applied. The drive has three

« the tirst and second stages could, if

they were disturbed, bounce up and
dawn almast indefiniicly. To srop this
aotion we tely on 1he phenomenon of
eddy-current damping, We let copper
plates aitached 0 the bowom of the
Srat and second siages slide beiween
magnets attached 10 the owter (rame,
A3 cach plute slides vp and down,
the magnetic field causes the conduct-
ing clecicons of -ihe copper 10 mave
around. inducing a so-called eddy cur-
rent. The reacuon berween the cddy
Cwrrent and she magnenc held retards

metallic feer, arranged in triangular
fashion. thac are coated with a thin tay-
er ol insulating maverial. They ¢an be
clamped 1o the meqal plate by estab.
fishing a voltage between them and the
metal pl:l_le.

We move the drive in the {ollow.
ing manncr, Suppose, for insuance, we
clamp only one 1oot snd apply a volt-
8¢ 10 the piezoelecine body 10 tha
it comracts, The other two feet wil]
mave slighily. We ihen clamp thoswe
1wo fect, release the third foot and re.
Mmove the applicd voMage 10 that the

the: image ol the susfuca

body expands back to its original size.
The drive has just moved one step. The
stcp width can be varied between 100
and L.OCO angsiroms. Since the drive
€an roiate sbout exch of itx feer, it
can walk along the plate in any de.
sired direction,

When the drive has carried the sam-
ple to the waneed funneling position,
we begin scanning ihe surface of.the
sample. We use g rigid ripod made of
three piezoelectric wicks ty move the
tip of the scanning needle. ‘When we
apply 2 vollage to expand or coniracy
one of the sucks. the orher 1wo bend
slighly. Consequeniiy the Wp moves in
a strnicht line over distances atgrealas
10,04} angsiroms. Furthermore. this
mOotton is quite sensitive 16 the magm-
tude of the uppiicd volage: a voliage .
on the order of . | volt resulrs in amo. ¢
tion of 1.0 angstirom. Tt - precition of
the tripod’s drive is sCSo0d thar ap
present only vibration limns the very. |
cal resolution of the sample'y surface,
This resotusion st present u in she

(o)

range of approximaiely a few hua.
dtedihs of an angsirom.

The lateral resoluiion of the surface
islimited by the sharpness of the tip. In
this instance nature has been kind to
the vacuum tunneier. It s retatively
€35V 10 make 2 sharp tip thay yields a
lateral resolution of sbout six to 12
SNgsiroms: one simply grinds the end
of a needle, which i ususally made of
tungsten,

To achieve a lateral resalution of
two angstroms. however, the needle
must have a single atom sitting secure.
Iy on top of its tip. Such an atom
ustially comes from the sample itseif.
It is disiodged by high eleciric fields
that are caused by applying s voltage
difference of from two to 10 volis be.
tween the sample and the lip. Since
luck plays a large role in the final stage,
we are trying to sharpen the tip by
bombarding it with a high-energy
beam of ions. This causes the atoms on
the surface 10 sputrer away in a highly
conirolied maoner,

n addition to delineating the atom-
ic topography of a surface, the
ning ¢ ling microscop reveals

emrc;;l d!pe;ldl both on the tunoel
distance and the electronic siructure
of the surface and on the fact that

40
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¢tach atomic element has an electronic
Structure bniquely its own.

The ability of the microscope to re-
solve baih topography and elecironic
tructure will make it useful to investi-
S010¢3 in physicy, chemistry and bioto-
8Y. We first pursued the timplest case:
the topographic mruciures of singids
Crysials characierized by a homoge-
PEOUS surface structure. Crystals con-
sist of identical atomic layers buile
one on lop of ancther. While resufly
from fcaitering experiments indicare
that the top layer is different from and
maore complex than the others, the pre.
cise stiructure of shis layer was hwrd
1o derermine.

“The best-known surface structure is
the diamond-shaped unit eell of 1ili-
con. Since each of the four edges of the
cell measures seven atomic spacings,
the cell is referred to as the 7.by.7.
Each 7-by.? contains 12 bumps that
have not been visualized belore. Each
burnp-apparemly corresponds to & sin.
Ble awom. The arrangement of the sur-
face atoms is, alihough aesthetically
plessing, quite complex. This is in con-
Tast te the refatively simple siructure
of any bulk layer found in silicon. 1us
unit cell. 49 times smalfer in area than
the 7-by.7, containg only iwo aioms.
Another great difference between the
two kinds of layers is that the surface

{ayer is much rougher than any bulk
Isyer. Adthough the surface pattern ig
now known and a vast amouns of in.
lormation abowt it has been gained
from other experiments, the reason
this and not & dirferen structure forms
is not ver understoond,

Another crynal whose surface struc.
ture is now beter undersiood is the
gold crystal. We found thas when we
Sut the cryaial in a direction paratie) 1]
#s atomic lavers, the resulting face iy
smooth. A cut in & direction diagonal
19 the atomic lavers results in a rough.
ef face. Just as one learns from studv-
ing the earth's crust how it was formed
millions of years 0. 30 we have
learned from studving these surfaces
how ihey 100k thape. Current theories
reveal that the diagonally eur suriace
assumes its jagged najure because such
A configuration has a fower enecgy and
is consequentty siabler than a smooth
configuration.

A more exotic branch of physics. the
study of superconductivity, has also
benefited from ihe application of scan-
ning tunncling microscopy. A super-
conducting materist is charactertied
by its complete lack of elecirical ress-
tance. The use of superconductors o
make cables that are jree irom power
10!!8! could S2VE ENOrmous amoums'
of energy. The colliding-beam acceler-

SURFACE OF SILICON as dischered by the scomming tumarng

8 ol 3 partern of di
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Objective Function for Partition

axample: partition into two classes, connectivity given

( 'ij = no. of wires linking object i to object j)

(y=2t1)

QObjective function:

f = total crossing wires * 1 * Irnl:ullm:e2
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Metropolis Monte Carlo Algorithm

Four Ingredients:

1) Means of defining éonfigurations C.
2) Scalar objective function, E( C ), to
quantify tradeoffs:

3) Mechanism for generating random local

changes in configuration

4) Annealing schedule

Algorithm:

Propose a configuration change from C.to Cj

Calculate change in objective function,
sE=E(C)-E(C))
Accept new configuration with probability P

=1 if AE<O
= expl-AE/T) if AE> 0

CDG
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\pwe 1 The lhermai conduction modele (TCM).

istoms contact 1he back of each chip and provide the main
nermal path to the water-cooled housing. A C-ring. a
{umped between the cover and & flange which is brazed Lo

he subsicate, saats the amembly. Figwe 1 Enploded view of ihe TCM sescmbly.

“he 90-mm subsirate (soe the cross section shown in Fig. 4) ‘ - . q -
onsists of wp to 33 molybdemum metallized alumina layers Y |
rhich are requived for power distribation, for impedance-

ontrolled intcreonnacti 1o 12 000 chip peds, and for
riring 10t JA typical substrale containg
30 000 vias for layer-10-layer connections and 130 m of -y

riring. The total subsirate thickness is appronimaely 3.3
am.

The ceramic formulation, comsisting of approximately
O% slumina and 10% glam, was sclected comidering

gth roqui i g charactetistics, and shrink-
ge compatibility with the molybdenum metallurgy.

A key design festure is the rosting of all sigaal connec-
ions from the chip (0.25-mm centers), through the wpper-
nost layers in the substrate, 1o an array of surface pads,
vhich in tarn are connecied to internal wiring layers, This
lesign (Fig. 3) provides the ability to delele connoctions 10
nicrmal layers by deleting a connection on the lop surface
ind 10 substi u wrface di wits when & wiring
‘hangs ia mesded. The discrets wires sre witrasonically
ronded 10 the goid-piated pads.

The center Inyers of the sbstrate iulﬁ(
irranged in &y pairs 10 maximize wiring sficiency. Metal-

ited, 0.12-mm-diameter vias on 0.5-mm centers are weed for
t-plane-10-y-plane conneciions. Yoliage refereace planes are
ippropristely interspersed for signal wiring impedance
pontrol. Figure 4 Cross section of a mullilayer ceramic substrate. ET]
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TABLE IV: STORAGE RING PARAMETERS

. Ring® A, E <> El c
e . T A GeV [ 1] GeV-ma m
LISOI8 10 1 200 200 18
NSLS.VUV 25 as 400 300 a
BESSY 20 3 400 30
1. Deposit film : cosy! 20 ) -100 o 24
(LPCVD) | cosyn .
1 [1(] [ ] Fill) 134
: . 2 35 R )y % ~§-10
3 10 68 200 134
2. Pattern back-side 4 133 9 2-300 130-270

(RIE) | I * LISOIR = IBM consnbtant desipned ring:; NSLS-VUV = Bmokhaven ring we sre ming: BESSY
= Berlin electron storage syncinotron-site of major Enrape x-tay lithography project; COSY! = fint

German compact superconducting storage rings; COSYH = compact rings designed {limited) for
1BM by vendors/consultants,

3. Etch silicon substrate
e (KOH, anisotropic)

o (HNA, isotropic)

4. Bond to pyrex ring




TABLE I: COMPLEXITY OF SEMICONDUCTOR INTEGRATED CIRCUITS

YEAR CLASS* NO. DEVICES LITHO CHIPSIZE WAFER SIZE
{am) e mm JOBSEFHSBON CHRONOL.OOGY
60-68 ss1 2.2 2-128 10 1-1% 25
( ) > 1962 JOBSEPHSON PAFEMR
65-75 MS1 2.2 (64 - 4K) 3-10 10-23 50
LP6S MATIBOOD PH.D. ,JOINS IremM
72-33 LS1 M (20K - 128K) 1L5-4 15-50 30 - 100
196 FIRST SSWITCHING RESBSULTE
B0-88 VLS|  2M-27  (MK-4M)  .75-2 25-75 100 - 123 PUBL ISHED
§5-93 GSt 28 _ 1 (2M-128M) 5 -1 50- 200 125 - 200 LPHLY—-70 APPLIED RESEARCH sTUDY
90.99 Hst 2% _ M  (6AM - 4000M) <.5 100 - 400 2 200 L9970 MATISOO JOINS APPFLIED
RESEARCH

*+ 551 = Small Scale Integration, MSI = Medium Scalc Integration, LSt « Large Scale Integration,
VLS! = Very Larpe Scale Inicgration, GSI = Giant Scak tntegration, HSI = Horrendous Scale bn- 1972 JOSEPHEBON JUNCTI ON
vegration MAJOR PFPROGRAOAM




Reprintod from

Volume 9, Number 4

APPLIED PHYSICS LETTERS

15 August 1966
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This Letter reports the memsurement of an upper bound ofn.smecforﬂwﬁmeofmudlhnofSn-SnO.-Snjo-
sephson junctions [rom the pair wnncling (¥ = 0) to the singie-particie tunneling state (¥ = 2A: 1mV at LTK).
The threshold is extremely sharp. There ia nooboeneddchyindnemmitionafmlhedimholdium:dcd.m

thmilnochm.einthenhnervedrhetimeoﬁhnigmluidl-‘ ges in driving

amplitude or risctime. The

malmti:ﬁeldbehniorot‘thcnejnmiomiuhewueullmnhuwedinl.lnedccue.'l"lncmnh'nuionot'hi'h
-MmmwmmwmmmummmmMu

We report below the measurement of an upper
bound of 0.8 nsec for the time of transition of Sn-
5n0,-5n Josephson junctions from the pair tunnel-
ing 10 the single-particle tunneling state, This bound
is imposed by the characteristics of the measuring
crcuit. The actual transition time may be sub-
stanually smaller,

A Josephson junction consiss of two supercon-
ductors scparated by a barrier (usually an oxide of
one of the superconductors) which is sufficiently
thin 3o that the superconductors are weakly cou-
pled.*"* The coupling is such that below some max-
imum amplitude, zcro-voltage current can flow, ic.,
the barvier also behaves as a superconducter. The
coupling is broken when the maximum current is
exceeded. IF circuit constraints are such that cur-
TERt MUt remain constant, 2 transistion is made
from this zero-voliage suate to the single-particle
tunneling state which has the same current. In the
case considered below, the vollage across the junc-
tion in this siate is 24, where A is the energy gap.

The S5n-Sn0,-Sn junctions were prepared by
evaporating tin through a mask in a vacuum of 10-*
mm Hg. In this way a tin line of 0.13 mm width is
formed which is subsequently oxidized in the ai.
mosphere for | hr. The second tin line is then evap-
oraied so that 0.13 mm overlaps with the Ppreviously
deposited (and oxidized) line. The result is 3 0.19
mm X 0.13 mm junction. The length of the sampies
is 0.5 cm. Under the junction and insulated from it
isnleadgroundphne.'l‘lwgrmndphmurves
to minimize the inductance of the lines which would
adversely affect the measurements. (The inductance
of the sample is 5 X 10" h). The leads for measur-
ing voltage across the junction are silver. Electrical
fontact 0 coaxial cable is made through beryllium
Copper 1pring contacis tipped with tin spheres. The
tin spheres press into soft indivm (smeared on the
silver lands) assuring stable contact, These junctions

typically have zero-voltage currents of 1 mA at
LTK, the usual temperature of measurement.

The measurement sysiem is shown schematically
in Fig. 1. The method of measurement is to make
the Josephson junction the termination of a trans-
mission line. Since the resimance of the wnnel
juncion even in the single-particle tunneling state
is much less than the 50 (1 characteristic impedance
of the transmission line, the current through the
junction is essentially constant for the duration of
the pulse (and is ~ 2¥/2Z,, where ¥ is the amplitude
of the pulse). The measured risctime (1096 - 909%)
of the pulse generator is 0.7 nsec, however, it is not
the limiting risetime of the measuring apparatus,
The risetime is limited 10 0.8 nsec by the inductance
of the copper springs and the dispersion in the
microdot cable. (Note that the inductance of the

Nig 1. Black diagram of spp
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0.!3 mm wide line of 0.5 cm length is 5 X 107" h
80 LiZ, = 1077 sec),

Figure 2 shows traces immediately below and
above the threshold. Since 24 for Sn a1 1.7°K is ap-
proximaicly | mV the signal amplitude is | mV. The
observed risetime of the signal is 0.8 nsec. Thus the
transition time is % 0.8 nsec. It is found that the
threshold is extremely sharp in the sense that very
small (< 0.1 dB) changes in pulse amplitude a0
the threshold will maintain the junciion cither in
the pair-tunneling state, in which there is no voliage
across the junction, or in the single-particle (un-
neling state in which there is a voltage drop equal
1o ZA. There is no observed dependence of the
threshold on pulse repetition rate (1 MHz for these

" measurements). More significantly, there is no

observed delay in the transition afier the threshold
is exceeded and there is no change in the observed
risetime of the signal with changes in driving cur-
rent. The magnetic field behavior of these junctions
is the same as that observed in the dc case; ie.,
they exhibit the typical diffraction patiern.!

The cransition from the single-panticle to the
pair-tunncling state can also be cbserved. The
transition 1o the pair-tunncling state begins when
the current through the junction falls to the value
at which the vollage across the junction is A. Since
this occurs during the fall time of the pulse the

ﬂg.!..&dll-eupmuhﬂriqvﬂhpmhh'

Su0,-5a junction beiew threshold (lower trace) and the ramsi-
tiom from paiv-tunneling mute 10 single-particle tunncling sate.
Hari i calibration: 0.4 eal calibruti 1
VR H g = 4. T= LK.

signal can be obscured by derivating noise. (The
same problem does not occur on transition from
pair- o single-particle wnneling because of the
sharpness of the threshold. Since the pulse ampli-
tude variations arc greater than 0.1 dB, the transi-
tion can be adjusted to occur afier the derivative
noise has died our) However, for junctions with
ground planes and small critical curvents the meas-
urement can be made accurately. The total time re-
quired for the voltage 1o fall from V = 24 10 zero
is approximately 2 nsec, Since approximately | nsec
is pulse fall time, the transition occurs in approxi-
mately 1 nsec or less. (This again, is an upper bound
set by the measuring apparatus).

Ne systematic vanation of parameters has been
performed, but the bound of 0.8 nsec on the transi-
lion time is independent of a change in junction
area by a factor of four, change in the driving pulse
risetime by an order of magnitude {1 nsec~15 nsec),
and changes in barrier thickness; i.c., from critical
currents of | mA o 50 mA. The determination of
parameter dependence must await construction of
appatatus of beuter time resolution which is in
progress.

Similarly, no theoretical calculation of 1ransition
speed is possible at present, since a theory which
deseribes the time dependence of breakdown of
phase coherence does not exist. (Note that the )
Josephson equations do not describe this process).

in summary, Josephson junctions are observed to
switch from the pair-tunneling state to the single-
particle tunneling state and vice versa in less than
one nsec. The actual transition times may, in fact,
be considerably smaller.

It is clear that these transition times are con-
siderably shorter than those measured for thin film
cryotrons (1040 nsec).**

The combination of high speed, sharp threshald,
and strong magnetic field dependence makes Jo-
sephson junctions attractive as logic elements.

I thank Robent T. Chase for fabricating the
junciions.

'B. D, Josephaan, Phys. Lenms 1, 251 {1962).

*B. D. Joscphson, Rev. Med. Phy. 34, 216 11964).

*P. W. Anderson and J. M. Rowell, Phys. Rev. Leiters 18, 230
{1963).

*J. M. Rowell, Phye. Rev. Latters 11, 200 (1968).

*). L. Gittleman and S. Bovowski, Pis. Rev. 135, A297 (1964).

1A. E. Brennemana, §. J. McNichol and D. P. Seraphim, Prec.
1EEE 3L, 1009 (1963).
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JOSEFPFHSON RESULTS

CHIFS AND FACKAGE DEVELOFPED AND

CcCrOSES SECTION OF COMPUTER FPROCESSOR
PUILT

FIND MEMORY LESS FORGIVING THAN LOGIC
DESIGN. TOLERANCES NOT ADEGQGUATE TO
SUFFPORT HIGH FPERFORMANCE MEMORY.

NO INCREMENTAL APPLICATION AVAILABLE

CcCAaN BUILD SYBTEM 235 TIMES FASTER
THAN WITH Si1i BUT JUDEBED NOT GOQO0OD
ENOUOH

PROGRAM TERMINATED IN 19684
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Electrons in Silicon Microstructures

R. E. HowARD, L. D. JACKEL, P. M. MANKIEWICH, W. ]. SkocpoL

special properti of this two-dimensional chectron system have b

Wu&.‘umm-mmmu

.
Hgmlmmm-kmdawu
; - . : 8 rescri!

by an b A y
lm(S)mddnin(D)]mkmmwidnmrﬂm
lesiﬂ.ofﬂnﬁm(l.).mﬂpfﬂtﬁlimﬁfl
(conduction by holes), s0 that clecrrical conduction berw

mofd:nmnphimundadp«ecﬁemﬁﬂum

mctniquucvcrdwelopedamlwmmﬂ«iahwidlm
ummcheddegrecofpmilyaﬂp«&akm.hamqk.liqle-
crymlsi!iammfmlScmornmindiumcrunbeobnind
with con jons of undesired dop at less than onc part in 10
billbnsﬂwidimly:bmnmd:ﬁnp:rnqmmm.
Dhumimdwkmm[uﬁhnmihmmuxdinﬂmmhmhy
mmﬁnbhﬂmwmyda&wmuﬂkm
dmhmrmiddmbmﬂredynmnﬂulpmndwil
dndybemundkr.ﬂuphyﬁamdduniﬂydn‘km.uwd

Tﬂl PRODUCTION OF INTEGRATED CIRCUTTY INVOLYES

mihhdndbyrndiﬂu-“’knapmiﬁwdwg:iln
mum;m.m,amhhmdmm
comacts is stmacted into a potential well held tightly agaiest
oxide-silicon interface. This two-dimensional electron gas (i
ﬁmhycr}hadtmdup:sdﬂgﬂnbo«itmdanh
nmhc;dmﬁtbawmdwn-typem.&m
ﬂlldnﬁwkigefofhnmdmof-\'uwalimhyﬂilmdm
mnhmxiﬂlyapadhl-platcapdur.mdnd
dtmityhdicimaﬁﬂﬂhy:rbchgqﬂlﬂwpcﬁ“u
-iditbdcharycdcmiqonﬂngm.mnpnmt

ductiviny, of the inversion

o0 its surfaccs and interfaces with many matcrials, are cxcep y
well understood, The electronic band stnicrare and wranspoit prop-
udmhndmkmmuﬁulymﬂdhmcﬁoﬂmgﬂnmﬂ
hsigh(imodoebchvbtduhhhpmslmiﬂmdm
madc from it.
Thiumﬁnatimofdmialmdaymlyafufkm.ewphdﬁd\
awmmmdmmmwmm
Mmm:muddwmlhmm:wiﬂy
of fundamental pumhﬂydmwmndﬂ
Ncwwmnm;wdmﬂmwmhm&vmm
fcnumwﬂylll]ﬁuﬂm:ﬂﬂdunlholcmdhmmhl
'mcgnud:iuuiu(].l).'l‘lue-—' iques can be ¢ bined with
the well-charscterized scmiconductor technology to fs
mmxnut:hpmﬂkmmdymmhm
structures only 3 few hundred atoms across.
mmmm.mmmsnmm-mm-
mtﬁcﬂ—eleunmimx[MOSFEn.dnmdmhof
the covencional silicon intcgrated-circuit technology. In this articke,
wcduuib:dwnummsaﬂ}nwdqmbcmdmmha
vasiety of measurements. These inchude studying the
wkxhy-&ﬂ:dakmhckumﬂumﬁucﬁudm
dnr;tdd:fm.lmldtctummiﬂiuofqm‘lnmdlmiul

MOS Transistors

fcrepicd clectron states differ only in their motion in the pl
dn:iuafancm.llm.ﬂumimim-iniymdhmi

Ni i . . Ady in microfabrication {1, 2
mdtpmoibkﬁnfmdMDSmhmwﬂlw
segments that control o ing channch in the w
igsﬂmﬁhhdmhﬁg.lmdnmdm
pn:hunupmnnfwidrh“’mdla‘dll.widiﬂtd
current in the inversion layer directed from the wide scgane
hm«md:mewdigmmmduw
mmwmum:mmmam
pmpmindmdmimhdmmqmwihmim
“one-dimensional® character {6-18). The geometry is pan
Wehmw&mmndma
of 3 narrow channel can comribuse an apprecisble fractio

A New Experimental Approach

What has been described 5o for is 8 conventonal »
MOSFET, but with & gatc made narcow 50 &8 1o 3pprom
dimensional conduction path. In this section, we deso
WWH\MOSFEﬁmwdwF
mn\pluityinwhidupmiallyhulndmhgtm
wmhmn-kmhgthuhdlwmm:
nodmwisuimilumdmedacribodmﬁﬂ(ﬁ). Figw
mianp:pllnl’aﬂ)—pmlqu-tmp'mmldhnwlﬁrc

lmhchtgeMOSmemmninamtiﬂm'- chipe, the
cnmmismmgluncknmnlayerthab:hamlikam
- mwy(z).mmmmu

mm::hkm&i-ﬁhdﬁmul
Holmdsd, M) orrss-

[ =1

cighu different implanted contaces and their axsociated meral leads.
ml?(lghtpammtowatdtlw::meriammlmnmuhn n-type
pdyl_:llc:_nn gate rlutmdc defined by clectron-beam lithography and
ecactive jon ctching (1, 2). A 20-nm oxide laver scparates this gate
clectrade from the underlying inversion layer of the same shape. The

converges in the center of the micrograph to microstructures

pattern h
00 swall thae they are impossible to image in an oprical microscope.

Figure 28 shows an clectron micrograph of the central region
100 times higher magnification. In this case, the pstrern n:zuu ;
s navow conducting channed with side branches. An éxternal
pfn_mpplysmedbcmdxmmsidcﬁ)mu
d'madc(l?)ufllum.fwrimmmnmvdtm@
the conduxting chanzel under the gate. High-impedance volome-
Emgnbtumhadmcadid‘dnmn-cumunm side
nches w0 the locat potential along the channcl.
anummpmmsm«vkwddumm
showing that the relatively thin metal gate and side branches have
bm_@edulpmtecti‘vemah:pimtmiuionuchhgdh
po!ylimlimdamkh,rﬂﬂtmdcdyhgﬂkonm.
Thg-mbvubd:hdavuﬂml-wﬂkdmnminigdt
hmhyq.leuuumid:md:ilinmmdﬂmnidehlwbun
ch,_tlnmminnhyuatdﬁmidmilimnhﬂfahpbyiﬂl—
lymﬁud_mhvedumﬁ:p:aﬂnwm.
The sbility to make spatially docalized voltage measurcments br
ho.l:mxd:bymuddukvhumhuﬁdhpmﬁg
ma&mwamﬂmwmhmm
Aﬂn@.ﬁcmamhmmﬁmlwhmﬂ\h
than that i 2 metal, the physics can be quice similar,
;_Ql‘llhtqnnmhuli:nbtnkkvd.mrd\miminmnki
d at high temperar by interactions berween electrodes and
Mmmum(ﬂmu).mmmmmdm
are les freq s the resi decreases until collisions with
impurity ing is ially temy independert, and for
Eﬁlﬂrbtﬁuﬂd:ndm.nmﬂy.mﬂ.khubm
zation many- of the
. o b e o O oo
muhmwmm(bduwnhun4l().pmtulslyh
disordered systenu with reduced dimensionality (19). '
‘Al_d\eeﬁcudu:ribodthmtmohﬂwblzinMOSFﬂ
mhmmwybdbdmmdnd
acdditional light on each.

E . 1 Applicati of Mi
Phonou-iomised drift wlecity. For the first of three capers
appkmu‘nfﬂlne&vtu.' fer us consider the interactions 'of
clectrons with phonons, the dominant scattering mechanism st
room remperature. As the electric field driving the current increases,

. ehectsom acquire o drift velocity superimposcd on their 1ol
motions. Also, the sverage clectron energy incremses, snd the

chectrons become capabie of emitting more phonons. This phoaon
wamﬂbmﬁwlbﬁﬂtdﬁﬁdxiydmh
ﬂmmmmdmdmlo’mm'[m‘ﬁn
has been studied by time-of-flight measurements over
dutn:_eloforduﬂm(”)mdhubcmhfmedﬁmﬂle
operating ch istics of ional transistors.

w'ﬂ!lﬂﬂi‘“rwpmhn,hlhmdmiq
saturation due 10 scactering is easily accomplished. The
clectric fiekl s simply the vokage drop berwoen adjecent probes
divided by their spacing, and the deift velocity is defined & the
wmpcuilwih‘hdividadbyﬂubnlchagcdudq.mag
current and licld are increased, & voltage drop builds op along the
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Fig. 1. Schematic diagram of a metal-onide-semiconductos ficld-effect
abor (MOSF;HWMM the source (S) snd dramn (D) ::::
g:nl_-mwd“‘ . [N ficd by the gae {G). I
th umil!ll o .gnuwunJ(ufudﬂo.lm),m
th e leyer dinplors w5 incressingly “ome-dimensional”

conducting channcl, and the positively biased end of the channel
tiscs cloecr to the gate volcage, 00 that the clectron densicy i salicr.
Byﬂm-m_gﬂ:h:ldnmdpmmd_dgmmmh
uhﬂmdmhmcofhmwm

Figure 3 shows the clectron drift velociry as 8 function of dectric
ficld for 2 narrow conducting channel 0.12 wm wide, with volage
probes spacod 0.25 pm apart. The tendency of the drift velocity w0
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