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Materials for Advanced
Electronic Devices

George M. Whitesides

I  f , ,  n,pical intcgratccl-circuit  chip looks l ike an
t- arrnorcd insect. It has .r hlrtl pl.rstic or ceramic case

fionr u'hich an arrav of nrct,r l  lcgs p"'prvlrude. Inside this
arthropodal packaging sits a rcnr.rrkab,lc col lcct ion of
nratcr ia ls  that  are carefu l lv  cns inccred to contro l  the
nrovcnrent of ele ctrons.

Tbc Sfitrcttu"e of an Intcqrntcd-Circttit

Thc kcv lvork ing par ts  of  a  sc l rcr ic  thrp . r rc  rca l lv  too
snra l l  to  see rv i th  the nakcd evc,  Onir  r l :c  packaging is
rcadih '  apparcnt ,  but  undcr  ; . r  scJnnlng c lcc i ron nr icro-
scopc '  \ 'ou \ \ 'ou ld see that  thc ch i l ' '  i rse l t - rs  madc of  a
scries of thin lavers, w' i th onc nrJtcri l l  colrcd on top of
anothe r (,rrc Figurc I ) .  Each lavcr iras a thiclurcss t irat mav
be anlrvhcrc fronr a fbw'atoms to sevcrf, l  thousand atoms
de cp. ,  dcpcnding on i ts  funct ion.  The se lar  crs .  carcfu l lv
laid onto a chip's surfacc, t l icn etched into \JSt Jrravs of
nricroscopic elcctronic su.'itcltcs and gate s. n ork toqethe r
to shuff le electrons abor-rt .  In place oi thc maze of
scparate rvircs and components n'pical lv associated u' i th
elcctr ical circuits, thc chip's rvires and electronic devices
are integrated as lines and channcls on its surface. Toda/s
integrated-circuit chips ma)' carry hundreds of thousands
of transistors, each nreasuring as little as a ferv micro-
mcters across.

A qpical chip starts off as a clean, polished wafer of
silicon doped (deliberately contaminated) uith a trace of
eithcr boron or phosphorus. Doping with phosphorus
produces an n-doped semiconductor, which provides elec-
trons as current carriers. Boron produces a p-dnped
senticonductlr, which provides positive, electron-deficient
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regions, called holes, as current carriers. Atop this silicon
surface, chip fabricators deposit as manv as a dozen
lavers, some of which, like silicon, are semiconductors,
while others mav be electrical insuiarors or conductors.
Each rype of material plavs a role in pushing electrical
charge through the chip's circuits. The conductor in an
integrated-circuit chip ma,v be a metal, such as aluminum,
or si l icon that is heavi ly doped with a conducting
material. Strips of conductors form electrical connections
within and benveen circuit elements. The insulator usually
consists of silicon dioxide and is used ro prorecr the
silicon surface and separate conducting regions where no
connections are desired. Figure 2 shou's an integrated-
chip cross section.

In the fabrication of intesrated circuirs. the lavers are

BlorecHNol-ocy & Marsruars ScrsNcs: cueursrnv FoR THE Ft-n pe

Figurc I. Scnnning clccfi'on micro-
scopic vicw of nn intcgroted-circtir

chiq.

Figwc 2. Cross section of an
integratc d-circuit chip.

Cu-Sn intcrmetal l ic
Phased Cr-Cu

Cr
3.8 pm SiO,

2.3 1tm Al4% Cu

0.85 pm Al-4Vo Cu
2.8 pm SiO,

0.15 pm Cr-CrrO,
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added one at a time. A template called a "mask" deter-
mines the pattern for each layer. Fabrication takes place
by various steps that combine oxidation, mask protection,
etching, diffusion or ion implantation, and vapor deposi-
tion. Finally, the chips are sealed in a protective plasric or
ceramic package. The package is what many people
envision when they think of a computer chip, but the chip
itself is acrually a flat picce of silicon, no bigger than a
fingcrnail.

Thcsc tiny chips, carrying an increasingly heavy load
of transistors and other devices, have fueled the explosive
growth in thc clcctronics and computer industries. Every
year, nrore and morc cvcrvday products, from toys and
tapc rccordcrs to rcfiigcrators and automobiles, rely in
some \\'av on intcgrated-circuit chips.

ConQctitive Choices

Nlicroe lectronic technologl '  has er olve d so quicklv and
has become the focus of such kcen inrernational conrpe-
t i t ion that pol icvnrakcrs arc no\\ lett  u'ondering whcre
thc United Statcs sl iould focus i ts ef lbrts and what role
matcr ia ls  sc icncc should p la) '  in  th is  rcsearch.  On the
comnrercial sidc, a vcrv hrsc f iact ion of the gross
nat ional  product  has conrc to  depcnd.  nrore or  less
direct lr ' ,  on elcctronics. Nlorc reccntlr ' ,  from the perspec-
t ivc of narional sccurin' ,  thcrc is a gron' ing perception
and conccnr that manv csscntiaj electronic svstcms in
nri l i tarv appl icat ions usc componcnts that are a', 'ai lable
onlv from ]apan.

Thc growth of microclectronics raises m'o important
issues. First is the basic question of how best to trv to
defend the existing electronics industry, which relies
heavily on silicon-based technology. Silicon itself will
remain an important electronics material for the foresee-
able future, especially as researchers achieve smaller
fe ature sizes and three-dimensional strucrLlres. New
tcchnologies based on gallium arscnide and the construc-
tion of hybrid devices that combine the most promising
characteristics of silicon and gallium arsenide will find
their places. Technologies bascd on diamond or cubic
boron nitride are also possiblc but much more distant.
Nerv superconducting materials will probably have a role
in high-speed circuit connections.
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The second issue is to determinc in what directions
the technology should be pushed. The electronics indus-
try is continuing to move in the direction of miniaruriza-
tion. Features on silicon chips are becoming so small that

they are easily dwarfed by a human hair, and miniaruriza-
tion can be carried funher still. To achieve the next level
of ultra-large-scale integration, chip dcsigners are ventur-
ing into the realm of three-dimensional structures and
exploring exotic approaches such as la,vcred superlattices.
Nerv techniques of fabrication promise unprecedented
densities and device geometries. The new generation of
chips would have fearures that are less than a micrometer
across; millions of transistors rvould be packed onto a
scrap of silicon or some other semiconductor material. Bv
srudying the complete range of propefties of electrons in

all npes of materials, scientists providc the fundamental
knowledge essential for large-volume, reliablc production
of microe lectronic devices.

As chip designers advance to the staqe of ultra-large'
scale integration, thev u' i l l  trv at the nrolccular lo'el to
design the properties of chips. Then it u'il l be especialll '
important to be ablc to predict thc response of a

part icular combination of matcrials and a part icular
circuit  design. Chip dcsigncrs rvi l l  also need the abi l i rv

to assess various stratcgies fbr grorving thc ntatcrials

required for the nricroscopic strucrures tho' dcsirc.

Pa c k ng h r.g S ent i c o n du cto r"s

The plastic or ceramic packaging that contains a chip's
links with the outside world and protects it from damagc
is now becoming the bottleneck that restricts efforts to

increase the speed and shrink the size of inte grated-circuit
chips. Although packaging has traditionallv been much
less exciting to work on than the chips themselves, new

developments in packaging may be the k.y to break-

throughs in chip technolory.
Most electronic devices are placed on alumina

(aluminum oxide) supports, or substrates. A picce of

alumina is made by compressing alumina powder into an

appropriate form, and then sintering (heating without

melting) it to create a dense microstructure (raa Figure 3).
There are important correlations berween the form of the
particulate alumina powder and the electrical properties

Brorr,cHNolocY & Marr,zuats Sctencr,: CHr,ivllsrR)' FoR THE Fu-rt'nr



Figut .J. Sinrcrir4 oJ' nluminn.
Lc,ti, ifunl pncl:iiltt; r'igltt. rlrnsc
rrticrostrtrcttrc obtnitn'r{ nt 1.100 "C

lin'ottt ltotn'.

89

and dimensional stabilin' of the final assembled product.

One important goal is to pcrfect the final product by
using the best available alumina pou'der, such as the
highlv re garded matcrial providcd bt '  the Japanese
compan)' Sumitomo. That kind of pertbction is likell ' to
lcad to fundamental ly ne\\ 'processing tcchnologies. Some
rcsearchcrs are also trving to fabricate more complicated
alumina structurcs that not ottlv support the functions in
an integrated circuit ,  but also pertornt important func-
tions of their o\\'n.

Atontic Viers

To control the mate rials and the chemical reactions
involved in fabricating sophist icated semiconductor cir '
cuits, scientists need the abiliw to detect surfbce details as
small as individual atoms. To achieve this notoriouslv
difficult task, chemists are begintting to adopt techniques
developed in the field of vacuum physics. The scanning
tunneling microscope enables researchers for the first
time to image atoms directly, one at a time.

In a runneling microscope, an extremely sharp, metal
needle is brought within a few angstroms of the sample's
surface. This distance is small enough for electrons to
leak or tunnel across the gap and generate a minute
current. As the gap between the tiP and the sample
increases, the current decreases. As the probe crosses the
sample, moving back and forth across its surface, its
vertical height is continually being adjusted to keep the

9. WHrr.stuEs Materiak for Adtanced El^ccn'onic Dnices
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current constant. In essence, the probe traces out a
contour map of the sample's surface atoms.

The invention of the scanning tunneling microscope ,
and subsequent refinements in its design have given
scientists increasingly sharp views of atoms perched on
solid surfaces. Most recently, the microscope has pro-
vided pictures not only of silicon atoms neatly arrayed on
a silicon surface but also of the bonds holding the atoms
in place (see Figure 4). Normally, the voltage applied
benveen the sample and probe stays the same. To observe
the bonds berween atoms, scientists at the IBM Thomas
|. Watson Research Center (/) held the probe still while
varving the voltage. The result was a map of how the
current varies at selected points over a surface. The
information was then used to show' where electrons
bonded to surface atoms were likelv to be.

It's amazing that scientists can make such minute
observations and can begin ro use derices like the probe
to pick up indil'idual atoms and move them ro some other
part of the substrate. Such a feat was inconceivable 20
years ago.

Speed Mtd Gnllhun Arsuide

Since the earll' 1970s, scientists have been promoting
gallium arsenide as a fasrcr, more efficient substrate
material than silicon for making integrated.circuit chips.
(Figure 5 is a scanning runneling micrograph of gallium
arsenide.) However, rhe vast majoriry of chips are still
made from silicon, which is abundant and cheap. The
most important advantage of gallium arsenide is speed.
Electrons travel about five dmes faster in gallium arsenide
than they do in silicon. Gallium arsenide also has a high
resistance to electrical current before it is doped with any
impurities to form circuit elements. Consequendy, a
gallium arsenide wafer, or substrate, is semi-insulating,
whereas a silicon wafer is semiconducting. That fearure
simplifies gallium arsenide circuit fabrication consider-
ably. Gallium arsenide also offers a wider range of
operating temperatures than silicon and much higher
radiation hardness, which is a decisive advantage for
military and space programs. Another major advantage is
that galliurn arsenide can be doped in such a way that it
emits light, which makes it useful for lasers and light-
emining diodes.
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The proble m with gallium arsenide is that thc
material is exceptionallv difficult to grow into largc,
defcct-free crystals. Much care is nceded to produce from
thc elements gallium and arsenic a verv precisel.v tailored
compound with just the right properrics and the right
proportions. Large silicon crvstals, on thc other hand, arc
relativelv easv to produce, in part bccausc onh' onc
element needs to be control led. With gal l ium arsenidc,
rwo materials must behave properlr ' .  Onc of those
materials-arsenic-is toxic and volat i lc ar the high
temperarures needcd to grow crvstals. It tends to bubble
out of the high-temperature melt. Despite the develop-
ment of various methods for overcoming these problems,
high-qualiq'  gal l ium arsenide is st i l l  relarivelv expensive
and hard to get. Furthermore, silicon is a better heat
conductor, and it allows more transistors and other
devices to be packed into a given surface area.

A Match fo, Silicon.

Until now, silicon and gallium arsenide technologies have
developed somewhat independently. One way of dealing
with the silico n/ galhum arse nide trade off would be to
marry the two types of components. Putting gallium
arsenide semiconductor circuits atop a silicon base is a bit
like mating a Ferrari with a Honda. The components
seem incompatible, but if the match were to work, the
result would be an attractive combination of high
performance and cconomy.

BtomcHNoloc)' & M.qrsruars SclsNcr,: Cne,ursrRy FoR rrs Fwunr

Figure 5 .  Scanning tu t tnc l ing
nia,ogrup h oJ' galliun anenidt.
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Hybrid integratcd-circuit chips of gallium arsenide
and silicon may now be feasible. Researchers at the
Universiry of Illinois at Urbana-Champaign have discov-
ered a way to deposit gallium arscnide layers on top of
silicon wafcrs without spreading the crystal defects that
ruin the electronic properties of thc materials.

The trick is to find a wav of aligning the silicon and
gallium arsenide crystal laniccs. Normally, the strucnrres
do not quite match. For a rorv of 25 silicon atoms, onlv
24 atoms from a gallium arsenidc layer are needed to fill
the same space. Aligning thc nvo materials produces a
largc numbcr of defccts w'hcrc thc nvo lartices meet. The
mismatch can bc overconrc i f  thc si l icon base is sl ightly
tiltcd. A gcntlc slopc of about 4o provides, at thc atomic
lcvcl,  t inv stcps that take carc of thc problcm. If  thcsc
stcps havc the right oricntation w'ith rcspcct to the silicon
cn'stal latt icc, thcn thc inhcrcrrt  bumpincss of the slope
docs not producc dislocations that thrcad their way into
thc gal l ium arscnidc lavcr.

The oricntat ion is thc ko'.  For a scl l larc si l icon chip
u' i th an Llppcr surfhcc prral lcl  to a facc of thc crvstal
latt icc, thc slopc nccds to r isc f ionr i ts lon' point at onc
corncr to i ts pcak at thc diegon"rl lv oppositc corncr. Thc
conrlr ination of l ight-crnitr inq erl l iurn arscnidc chips and
complcx,  t ight lv  packcd s i l icon c i rcu i ts  could makc i t
poss ib lc  to  conncct  c i rcu i ts  opt ica l lv  instcad of  us ing
u'ircs. In sonrc of todai's nrost aclvanccc'l chips, far nrore
po\\ 'cr alreadi '  gocs into drivins thc rvircs that conncct
chips than in  running thc cornpl icatcd s i l icon c i rcu i ts
thcmsch'cs. With hvbrid chips, thc l l , i res connecting onc
dn'icc to anothcr could bc rcplaccd bi, an efficient optical
svstcnr, pcrhaps using optical flbcrs.

Becausc al l  parts of an intcgrated circuit  necd not bc
cquall l '  fast, i t  mav o'cntual l l '  bc possiblc to deposit
gal l ium arsenidc at onlv thc points on a si l icon circuit
u'here the chip must operatc quickly. Rcccnt work at the
Universiry of Ill inois (2) will probably accclerate the pace
of h,vbrid-chip rcscarch. Continuous lascrs and optical
intcrconnects nral' bc dcvelopcd soon. More and more
rcscarch groups arc activc in the ficld, and several small
companics havc bccn cstabl ishcd to develop the
tcchnology.

The usc of matcrials that rcspond to light suggcsts
the potential for a major shift in technology from
computing and communications devices based on the
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movemcnt of electrons to devices based on the transmis-
sion of light. Optical computation and communications
are not yet a major commercial technology, although the
communications part is becoming important. One major
interest of researchers is to develop classes of materials
that enable one to manipulate light wirh the speeds and
characteristics that are required of new generations of
chip-to-chip and continent-to-continent communicarions.
Perhaps firrure computers will do their computations by
manipulating light pulses instead of electrons. There is
much opporrunin' for important inventions and major
nerv applications.

Layers uporr. Layers

One interesting n'pe of microelcctronic device now being
studied is a hetcrojunction dn' icc nradc up of mult iple,
alternatinq lavers of gal l ium arscnidc and gal l ium alumi-
num arsenidc (srr Figurc 6). Each lavcr is onlv a couple
of atoms thick. With such snral l  stnlcrures,, a host of
remarkable phcnomcna begin to cnrcrgc. Onc is negative
resistivin': When the voltagc is incrcascd, thc currenr goes
dorvn rather than up.

Another phenomenon evidcnr in exccedingly thin
semiconducting films is ballistic transport, w'hich allorvs
an electron to pass fionr one sidc of a barrie r to another
wi thout  s t r ik ing an) '  a tonrs in  be nvce n,  tunne l ing
through the barrier like a ghost passing through a rvall.
Under normal conditions, electrons do not race from
point to point l ike speeding bul lets; rho' srumble along
more like drunken sailors, Flowing through the circuitn'
of a chip, they constandy bump into impurities, rebound
off walls, and slow down as they pass through the
electronic gates that signifr' on or off in a microprocessor.
Each collision cosrs distance and time. Ballistic transistors
are designed to be so small that an electron can shoot
right through the device with scarcely a single collision.
The idea is to make the length of the region that
electrons have to travel comparable to the average
distance they go before colliding.

Over the last decade, there have been a number of
spectacular advances in the construction of semiconduc-
tor heterostructu.res with a specified band gap. These
have led to the discovery of the totally unexpected rwo-
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dimensional belravior of electrons, as well as ro the
development of novel electronic and oprical devices.
Manv of the advances are a direct result of the develop.
ment of ncw crystal growth rcchniques allowing the
formation of laycred semiconducrors that are perfect on
the atomic scalc.

A number of technologies make possible these
astonishing strucrLlres. One is metallo.organic. vapor-
phase deposit ion, also cal le d vapor-phase epitaxy. Ir
involves taking appropriarclv prepared organometallic
compounds and allorving thenr ro react in the vapor
phasc to dcposit rhc desircd inorganic strucrures on an
appropriately prcpared substratc. Epitaxy is the process of
grow'ing crvstalline senriconducror films in rvhich the
substratc detcrmines rhc crvsral l inin'  and orientat ion of
thc thin filnrs gro\\'lt on rop of rhc substrate. Among thc
tcchniqucs that havc bccn rr idclv uscd arc l iquid.phase
cpitaxr ' . ,  chcnrical-\ 'apor dcposit ion., and molecular-beam
epitaxr ' .

In  l iqu id-phrsc cp i tar r ' .  thc cp i rax i . r l  laver  is  gron 'n
bv cool ing a hcatcd nrcta l l ic  so lur ion saruretcd w' i th  rhc
cornponcnts necdcd to grou thc lavcr, u hi lc that solut ion
is  in  contact  l l ' i t i r  thc sut rsr rarc.  in  chcmical -vapor
dcposi t ion,  thc cp i tax ia l  l r ic r  is  qro\ \ 'n  f rom a hcatcd
strcam of gascous clcnrcnts or comp()Llnds, rvhich react at
thc surfacc of thc substrarc. i{eccnrlr ' ,  researchers have
made considcrablc prosress in qros.inq lasers and othcr
qLlJntunr-u, 'c l l  hetcrost rLrcrurcs,  us inq meral lo-organic
chemical-\ 'apor dcposit ion f irr  cpitaxial grouth.

The nrost aclvanccd scrniconductor heterostrucrures
rcquirc special fabrication tcchniqucs under control led,
hiqh-r 'acuum condit ions. Thc process of molecular beam
cpitaxv is a bit  sinri lar ro paint ing u' i th sprav guns
containing dif ferenr-colorcd paints. The materials to be
lavered are heated in scparate ovens rvithin a vacuum
chamber until their aroms begin to boil off A compurer.
controllcd shutter then opcns and closes ar precisely
t imed intervals, releasing the proper quanrir,v of atoms,
first of onc matcrial thcn anothcr, from each furnace. Thc
atoms strike and adhere to the base plate, forming
alternate layers.

Nevertheless, the precise control of the chemical
reactions that take place at surfaces and especially the
control of the puriry of the materials is one goal that
heterostructure fabricators have not yet attained. Who-
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ever first learns how to achievc such control-whether it
happens in Japan, thc United States, or elservhere-will
dominate a substantial part of electronics processing in
thc fururc. The challenge shorvs a verv real nced for
technological innovation.

Warnrcr Sup ercon ductot's

For more than a decadc, rcscarchcrs have been toving
rvith the idca of bui lding intcgratcd circuirs for compu-
ters using superconducting Ioscphson junction srvitchcs.
A Josepltson junction consists of nvo tli in lavcrs of
superconducring nrctals, such as lcad or niobium, whiclr
act as clcctrodcs, scparatcd bv an cvcn thinncr insulat ing
Iavcr. At l iquid hel ium tenrpcraturcs, thc mctal 's clcctr ical
rcsistancc drops to zcro, and clcctron pairs can tunncl
across thc insulat ing junct ion.  Au cr tcrnal lv  appl iec l
voltagc can stop thc currcnt fkxr', and thus this dcr,'icc
cau be uscd as a su' i tch. Dcspitc thc disadvantaqc of
having to u'ork at tcnrpcratures close to al ' tsolutc zero,

loscphson junction circuits havc appcarcd lr tract ivc fbr
conrputcr circr.r i ts bcc:rusc t l io '  su, i tcir  on .rrrd ofT fastcr
artd enri t  ort lv onc onc-thousanc' l th as nruch hcat as
scnriconductor transi stors.

Unti l  rcccntl \ ' ,  hon'cvcr '  rcscarchcrs had had vcrv
l i t t lc succcss in f inding matcrials that bccornc supcrcon-
ductors at higher tcmpcrarurcs. Thc best thcr coulcl f incl
\ \ 'erc certain nrctal al lovs that abruptlv losc thcir clcctr ical

rcsistance at ternperatLlres bre low' 24 K. ln 1987, thc
situation changcd dramatical lv rvi th thc discovcrv of
special ceramics that rcmain supcrconcluctors at temper-
arures no\l, as high as 90 K. Bccausc that tempcrarure is
greatcr thart thc boiling point of liquid nitrogen., though
much lorver than room temperature, much less costlv
refrigcration techniques can be used to cool the ceramic
rnaterials enough to rurn thcm into superconductors.
The refore, the number of potcntial applications is grcatcr.

Ar thc momcnt, scicntists arc optimist ic for nvo
rcasons. Thc.v knorv thcv can shift thc critical temperaturc
at rvhich a matcrial becomcs supcrconducting by varving
the composition and thc stnlcrurc of these ncw supcrcon-
ducting ccramics. Thcy arc also certain that investigations
of how thesc matcrials achievc a superconducting statc
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will lead to the elucidation of fundamentally new mech-

anisms fbr supcrconductiviq'. Both advances will l ikelv

lead to devices-from electronic circuits to electro-

magnets-that opcratc at rclatively high temp':ranlres but

posc no resistancc to elcctric currents. For the world that

we live in, these advances are Potentially as important as

advances in molccular biologl'.
From a materials point of view, the greatest alnount

of anention has been focused on yttrium-barium-copper

oxides. However, these arc not the only ceramic materials

that show superconductivin'. Researchers are beginning

to look at other possibilities, especialll 'as thev learn what

special electronic propertics to seek in specific materials.

A host  of  chcmists  and enginecrs have jo ined the

exhilarating qucst to undcrstand high-temPerarLlre suPer-

conductors, improvc their propcrt ies, and push them into

practical commcrcial appl icrt ions. One earlv appl icat ion

mav be for magnetic ficld dctcctors and simple electronic

device s.

Dinn m t ils Sp arklhry Poten'tial

A f ien' sparkle isu't  al l  that nrakcs a diamond so e,ve-

catching. I ts hardness and i ts abi l in ' to conduct heat and

to act  as an e lcct r ica l  insulator  make d iamond an

attract ive matcrial for elcctronic circuits designed to

sun'ive high temperarures or wrthstand intense radiation.
Although it is hard to imagine a way to fabricate

diamond into thin shccts of the sort used for si l icon-

based devices. some researchers believe that a furure

generation of electronic devices may be based on dia'

mond-it thev can overcome certain problems. What is

needed is an economical, practical method for laying

down and then etching thin diamond films on silicon and
other surfaces.

Diamond is attractive because it carries electrical
pulses extremely quickly. Its transparency means that it

can transmit optical signals. Because diamond is the best

known thermal conductor, it could be extremely efficient

in diamond-based electronic devices. Complete imper-
meability to oxygen and similar species gives diamond
many of the properties one can hope for in an almost
ideal device.

The basic process for generating diamond coatings
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involves passing a gascous mixture of methane and
hydrogen molecules ar armospheric pressure through a
microwave bath. This process breaks up rhe molecules
into hvdrogen and carbon aroms, which can then sett le
onto a silicon surface. This chemical vapor deposirion
technique is not unlike thar used for gallium arsenide
$rucrures.

The presence of hydrogen appears to be necessarv ro
ensure that carbon atoms end up in a tetrahedral
diamond crvstal arrangemenr rather than in a planar
graphite strucrure. Hydrogcn aroms seem ro pick up
"dangling" bonds on a frcshlv laid carbon surface, which
prevents the carbon's structure from collapsing into the
form of graphite. Moments later, carbon aroms replace
the hirdrogen atoms, and the crvstalline diamond film
continues to gro$'.

It takes about an hour to lai' dou.n a l-micrometcr-
thick diamond lave r. Each film consisrs o[ a random arrav
of individual diamond crvstals abour 200 angsrroms
across. Rescarche rs are no\\ '  trr . inq ro specd up the
dcposit ion rate and to bui ld f i l rns that consist of a singlc
d iamond crvsta l .  That  accor 'p l ishmenr should make
diamond fabrication verv sinrple. Thc nc\\.  proccss is
potential lv cheaper, cleaner and more 'crsati le than high-
tempe raturc,  h igh-pre ssurc tcchnique s no\ \ '  use d to
produce svnthctic diamonds.

A diamond film's firsr application mar- bc in microe-
lectronics. Because diamond conducts heat l ike a meral '
tinv diamond slabs could be used as bases for elecrronic
circuits that need to sur'il 'e high remperarures. conl'en-
tional silicon chips usualli, canrlor u'itl istand rcmperarurcs
greater than 300 oC. How'ever, diamond.b,ased devices
could be used as sensors in engines or nuclear reactors.
Furthermore, because diamond does nor overheat easily,
more circuit elements could be packed onto a diamond-
based chip than on a silicon chip.

In the United Srares, scientists at the Naval Research
Laboratory in WashinEon, DC, and at MIT,s Lincoln
Laboratory have long worked on designs for diamond
semiconductor circuits. Until recenrly, th.y lacked mare-
rids on which to resr their designs. New research efforts
to produce diamond filrns ar Penn State; North Carolina
state universiry in Raleigh; and at the Research riiangle
Insdrute in Research Tiiangle Park, NC, will now provide
the essential marerials for that rvork (3).
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Early in 1987, the Japanese company Sumitomo
announced that it had succceded in dcveloping a diamond
semiconductor. The diamond film is doped with a small
amount of phosphorus, rvhich rurns it into an n.rype
scmiconductor. The new process brings scientists one
step closer to creating true diamond transistors and other
elcctronic devices. Researchers working at the MIT
Lincoln Laboratory (4,5) have created authentic, though
highlv primitive, transistors in a thin diamond film b1'
spraf ing ions in pattcrns in the presence of nitrogen
dioxide trapping devices.

The Japanese companv lvlitsubishi has already come
up with one commercial appl icat ion for diamond in
information s1'stcms. Thc cornpan\/ now manufacrures a
verv fast Winchester drive in u'hich the magnetic medium
operates without a lubricant. \\ ' ith thc hcad in verv close
proximin' to the dcvice. a di lmond-f i lm rvear-resistant
barrier preve nts catastrophic crashe s in the event of
occasional. inadvertent contact benveen the head and the
spinning drsk.

Loolzhry AJtend

Recent advances in high tcmperarure superconductiviw
and the fabrication oi thin diarnond f i lms are rwo
signif icant signposts pointrng tow'ard technologies that
may somedav p la) '  cruc ia l  ro lcs in  microele c t ronics.
iv ' I icroelectronic tecirnoloqies are changing verv rapidl i ' ,
and anv nation that expccrs to remain at the forefront of
nen, technologies should invest broadly in invesrigating
materials that have the potential for dramaticall.v chang-
ing the world. The ctn'idends mav not come this vear, or
next vear, but perhaps 25 ycars from now. Nevertheless,
thc investment is necessarv to ensure a sccure economic
furure.
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