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Can Chip Devices Keep Shrinking? 
Investigators are working to develop new silicon-patterning technologies for writing features 

far smaller than those produced by conventional optics 

I n  1965, Intel Corp.'s co-founder Gordon As it will cost the industry billions of dol- produce features of 0.18 micrometers by re- 
Moore tossed out the kind of long-range pre- lars to switch to a new patterning technol- ducing the wavelength of the UV light used 
diction that makes most scientists squirm. ogy, most researchers agree that the new li- to 193 nanometers. And many expect that, 
Noting early trends in the fledgling micro- thography techniques won't make it to the with a few more tweaks to the system, optical 
electronics industry, Moore predicted that the market until the industry has squeezed con- lithography should be able to produce fea- 
number of transistors on computer chips would ventional optical-based lithography for all tures of 0.13 micrometers by about 2004. But 
double every 18 months, thanks largely to con- it's worth. And, by most accounts, the tech- past that, optical lithography fails, says Franco 
tinuous advances in techniques forcarvingfea- nology still has some juice left in it. To pat- Cerrina, who heads the Center for X-ray Li- 
tures on silicon wafers, or lithography. Moore's tern silicon wafers, today's optical systems thography at the University of Wisconsin, 
prediction, which industry analysts soon rely on a template, or "mask," made from a Madison. The problem, he explains, is that at 
dubbed "Moore's Law," turned out to be oddly sheet of glass topped with a thin coating of a wavelengths shorter than 193 nanometers, 
prescient: The number of transistors on conventional quartz lenses absorb rather than 
chips has, in fact, doubled about every Millions of franslstors Per Chip refract, or bend, light. If a lithographic suc- 
18 months for the past 35 years, helping 1000 cessor isn't found by then, the number of 
to propel semiconductor production ' transistors on computer memory chips could 
into a $150-billi0n-a-~ear industry. 3 

100 5 top out at about 4 billion, compared to 
But many semiconductor experts f today's standard of 16 million. 

now fear that Moore's Law could soon 5 
be broken. Advances in optical lithog- '9 ' X-ray visions 
raphy historically have relied on short- Perhaps the strongest candidate for succeed- 
ening the wavelength of the light used I ing optical lithography is its close cousin, 
to etch features, because shorter wave- x-ray lithography. Typical x-ray systems fire 
length light can write smaller features, 0.1 photons with a wavelength of just 4 nanom- 
much as a sharper pencil can write a eters and so can write far sharper features 
thinner line. Current, state-of-the-art 0.ot than their UV counterparts can. As early as 
lithography operations use ultraviolet 1977, Henry Smith and his colleagues at the 
(UV) light, which has wavelengths just 

0.001 
Massachusetts Institute of Technology showed 

below that of visible light. Industry that with an x-ray system, they could carve 
analysts have little doubt that the big 

"O 74 78 
'@ '90 '94 '98 '02 features in silicon wafers as small as 0.017 

shrink driving the semicon~uctor in- Ever smaller. Moore's Law has held true for more 
than 3 decades. micrometers-175 times finer than the stan- 

dustry will continue for another 10 dard of the day. They and others later built 
years as lithography operations use ever light-absorbing metal. Circuit designers use working electronic devices with features of 
shorter UV light waves. But beyond that, the an electron beam or laser to carve desired 0.05 micrometers. 
landscape gets hazy. With chip company features through the mask's metal coating to More recently, several groups have devel- 
brass for the first time facing the prospect of the transparent glass, much as one can use a oped x-ray systems that can not only produce 
not being able to pack more transistors onto Q-tip to trace patterns on a heavily sooted single devices, but pattern them by the mil- 
chips, "they are starting to sweat," says IBM windowpane. To transfer the pattern to a lions in parallel to build densely packed tran- 
physicist John Warlaumont. silicon wafer, the system shines UV light sistors on integrated circuits, an achievement 

Researchers around the globe are working through the mask; light that slips through still unmatched by any of the other upstart 
furiously to extend the life of Moore's Law by the mask's features is passed through a series technologies. In 1994, for example, Warlau- 
coming up with alternative chip-patterning of lenses that focuses the light patterns down mont and his IBM colleagues used x-ray li- 
techniques for use when current lithographic to about one-fourth their original size. thography to pattern 64 million transistors 
tools hit the wall. Already, they have come These tiny patterns are then focused on a on a memory chip known as DRAM. The 
up with a handful of possible contenders, thin layer of light-sensitive "resist," which sits smallest features, however, were 0.4 microme- 
among them, systems that pattern features atop a silicon wafer. Where it is bombarded ters across-much larger than the features 
with showers of electrons, or beams of x-rays by photons, the resist's molecular structure today's optical systems are capable of etching. 
or high-energy ultraviolet light. All three changes. Researchers use a variety of com- The IBMers and other groups are working 
have been shown to be capable of writing pounds and high-temperature gases to etch to pull off this feat with devices that have even 
features far smaller than those etched with away either the altered or unaltered regions of smaller features. At the IEEE International 
conventional optics, says Karen Brown, the the resist and traces of the silicon underneath, Electron Devices Meeting, which is being 
director of lithography at SEMATECH, a thereby carving features in the wafer. held this week in San Francisco, Kikuchi 
semiconductor industry consortium based in Current state-of-the-art systems use UV Yukiko and her colleagues at Toshiba in 
Austin, Texas. The big question is whether light with a wavelength of 248 nanometers, Kawasaki, Japan, along with co-workers at 
any of them can be scaled up to pattern the which allows them to write features of just NTT Basic Research Labs in Atsugi, are ex- 
billions of features an hour needed for a sys- 0.25 micrometers. Industry scientists expect pected to report that they have etched 4.7 
tem to be economically viable. that by the year 2001, they'll be able to mass- million devices on a chip with a minimum 
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feature size of 0.13 micrometers, or just half 
the size of the smallest features on today's 
best chips. They have yet to pattern an entire 
wafer with features this small and dense. But 
if they succeed, they will have crammed a 
record 4 billion transistors on a single DRAM 
chipabout  250 times the number on today's 
standard DRAMS. 

Cerrina calls such demonstrations "impres- 
sive" because they raise hopes that x-ray lithog- 
raphy can overcome a few serious obstacles. 
One is that because conventional lenses can't 
focus x-rays, researchers can't use a lens to 
shrink a mask's features. As a result, the mask's 
features have to be the same size as those on 
the wafer. But such ultrafine features are dif- 
ficult and time-consuming to write. 

Mask patterning for x-ray lithography is 
typically done with a conventional "direct- 
write" electron beam machine, which pains- 
takingly carves out the features one at a 
time, much as a pencil draws lines on paper. 
To carve features as tiny and numerous as 
those in these masks can take from a day to 
weeks, says Warlaumont, yet to make the 
technique commercially viable, chipmakers 
would need to be able to produce at least one 
mask an hour. 

Another concern, ac- 
cording to Cerrina, is mask 
distortion. In most x-ray 
systems, masks are made 
of a patterned layer of an 
x-ray-absorbing material, 
such as tungsten, depos- 
ited on a thin, rigid layer of 
material that is transpar- 
ent to x-rays, such as sili- 
con carbide or silicon ni- 
tride. But in part because 
of poor atomic alignment 
between the two layers, 
strain often builds up be- 
tween them, which can 
"induce distortions into 

features directly on chips built for research 
purposes. But pencil-writing is far too slow 
for manufacturing purposes, says Lloyd Har- 
riott, who heads advanced lithography re- 
search at Bell Labs, the research arm of Lu- 
cent Technologies in Murray Hill, New Jer- 
sey. He and others are working on a pattem- 
inrz svstem that shines whole showers of elec- 
u ,  

trons through masks. Such attempts aren't 
new. But past efforts have faltered, largely 
because many of the projected electrons get 
absorbed by the mask, which heats it and 
deforms the features. 

To minimize heating, Harriott and his 
colleagues have constructed a mask from 
thin layers of metals, such as chromium and 
tungsten, that scatter rather than absorb 
electrons. These metal layers, into which the 
patterns are etched, are supported by a thin, 
rigid layer of silicon nitride that is transpar- 
ent to electrons. In the Bell Labs setun. both 
the electrons that slip through theLAask's 
features and those scattered by the metal 
coatings pass through the silicon nitride and 
then through a magnetic lens, which focuses 
the unscattered electrons down through a 
tiny averture in a molvbdenum sheet. Most 

tional rigidity, Harriott and his colleagues 
have attached a grid of silicon struts beneath 
the silicon-nitride, like 2 x 4s beneath a ply- 
wood floor. The grid has reduced the distor- 
tion. But the struts block electrons, so the 
features directly above the struts don't get 
printed onto the wafer, an effect the re- 
searchers are working to correct. 

Goina to extremes - 
Other researchers are exploring the limits of 
optical lithography with a patterning scheme 
that relies on mirrors to focus light at wave- 
lengths too short for lenses. Called extreme 
ul&violet lithography, the technique bounces 
EUV vhotons off an elaborate setuD of flat 
and curved mirrors-including a mask made 
out of reflective materials-which ulti- 
mately focuses the photons on a resist-coated 
silicon wafer. The photons have a wave- 
length of 13 nanometers, or less than one- 
tenth the wavelength of light used by today's 
most advanced o~tical svstems. 

Accordingly, the systems can etch far 
smaller features than those ~roduced bv their 
longer wavelength counterparts. Researchers 
based in Livermore. California. at Lawrence 

~ivermore ~a t iona l  Labora- 
tow and Sandia National 
Laboratory, have designed 
an EUV system that can pat- 
tern features as small as 
0.08 micrometers. And this 
spring, Richard Stulen and 
his Sandia colleagues re- 
mrted that thev had made 
the first working transistor 
by EUV lithography. Its 
minimum feature size is 
0.13 micrometers. 

But as Brown points out, 
EUV developers face "tech- 
nical challenges on several 
fronts." For one, E W  mir- 
rors-tv~icallv made with 

, I  

the tungsten," warping the Detailed work. Researchers beam showers of electrons through patterns carved into coatings of alternating films 
mask's features, says Cer- a mask (above) to etch features on silicon chips. of silicon and molybde- 
rina. Fortunately, many of num-are far less efficient 
the distortions are predictable, and mask- of the scattered electrons miss the hole and reflectors than the household variety. Indeed, 
makers are experimenting with changing the are absorbed by the molybdenum. A second EUV mirrors only reflect about 65% of the 
shape of the mask's features slightly to com- lens below the aperture then focuses the re- photons that hit them. Because in EUV sys- 
pensate for anticipated distortions. Also, re- fined beam on the chip substrate, reducing tems photons bounce a total of eight times 
searchers are working to create masks out of patterns to just one-quarter their size on the before they hit the wafer, the lossesmount until 
metal alloys that bond with less strain, such original mask. only 1% to 2% of the original photons wind 
as tungsten-titanium and tantalum-boride. At a conference last June, the Bell Labs up hitting their target. Fewer arriving photons 
The effort, says Cerrina, is "going in the right team members reported that with the tech- means long, costly exposure times to pattem 
direction," but is not there yet. nique, they were able to write features as wafers. To make the system cost-effective, re- 

small as 0.08 micrometers. SEMATECH's searchers would need to boost the reflectivity 
Electron showers Brown calls the work "exciting progress." of their mirrors to at least 72%, says Brown. 
Researchers are twine to circumvent some of However, she notes that iust like. the x-rav Livermore's Donald Sweenev believes that 
the problems ariskgfrom the use of high- masks, el'ectron-shower Aasks have distorl goal can be reached, although it may take a few 
energy light by relying on high-energy elec- tion problems stemming from the poor years. He notes that researchers have already 
trons to etch features on chips. Researchers atomic alignment between the top, etched had some success in making higher reflectivity 
have long used direct-write electron "pen- metal layer and the silicon nitride beneath, mirrors from new combinations of materials, 
cils" not only to carve masks but to etch tiny among other factors. To give the mask addi- such as molybdenum and beryllium. 
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No winners? - - 

Investigators are pursuing a host of other 
lithographic schemes that create circuit pat- 
terns with everything from beams of ions and 
neutral atoms to arravs of miniature electron 
guns and atomic imaging probes (Science, 1 
November, p. 723). Research also is under 
way on embossing resist layers on silicon 
wafers with miniaturized polymer stamps 
(Science, 5 April, p. 85). Still, some industry 
experts aren't optimistic about any of the 
technologies' market prospects. 

The fundamental obstacles are not only 
technological but economic, says Abbas 
Ourmazd, a physicist and lithography expert 
at the Institute for Semiconductor Phvsics 
in Frankfurt, Germany. Silicon technology is 
driven by cost reduction, and soon, economic 
incentives for packing more transistors on 

chips may evaporate, contends Ourmazd. As 
the number of devices integrated on a chip 
increases, each additional device represents a 
smaller fraction of the total, thus providing a 
smaller economic benefit, he says. A t  the 
same time, as the number of devices per chip 
goes up, so does the chance that a chip will 
contain enough defective transistors that it 
has to be discarded. These economic realities 
aren't new. In fact, researchers have long 
sought to counter the creeping increase in the 
discard rate by making lithographic systems 
ever more reliable. But achieving the added 
reliability is becoming increasingly costly, 
says Ourmazd, which is why he thinks the 
big shrink may exhaust itself by about 2010. 

He's in the minority, though. According to 
Bijan Divari, a silicon integration expert at the 
IBM Semiconductor Research and Develop- 

ment Center in East Fishkill, New York, smal- 
ler has meant better for over 30 vears. and that 
probably won't change for a while. With just 
the feature-size reductions promised by the op- 
tical systems under development, chip design- 
ers will, for the first time, be able to fully inte- 
grate the two principal types of device func- 
t ions log ic  and memory-into a single chip. 
Says Divari, "That [alone] could have a tre- 
mendous [economic] impact. The economics 
of intemation . . . warrants the ~ a i n  we have to - 
go through to come up with new lithographic 
techniaues." As lone as these economic incen- - 
tives don't disappear, chipmakers may have a 
shot at extending the life of Moore's Law. 

-Robert F. Service 

In an upcoming issue, Science will explore the new 
types of devices made possible by these technologies. 

Fly Sex Drive Traced to fru Gene 
H u m a n s  are far from being the only animals genes influencing sexual differentiation in 
with complicated sex lives. Take the fruit fly flies and mammals are unrelated. 
Drosophila melanogaster, in which males stalk Researchers have known for several years 
the females and woo them with song before that four genes called sex-kthal (sxl), m a m f m  
mating with them. Yet in the fly, at least, (ma), m a m f m - 2  (ma-2), and doubksex (dsx) 
most of this complex rep- 
ertory turns out to  be con- 
trolled by a single gene. 

Geneticist Jeff Hall of 
Brandeis University first 
showed in the 1970s that 
the gene, called fruitless 
(fru), influences sexual 
preference; males with a 
mutation in the gene 
court both males and fe- 
males. But in the new 
study, which appears in 
today's issue of Cell, a 

largely determine a fruit 
fly's sex. In females, sxl acti- 
vates ma and ma-2, and the 
Tra and Tra-2 proteins 
splice dsx messenger RNA 
into a female-swcific form. 
The Dsx protein made from 
this RNA then activates 
various genes lower on the 
genetic ladder that build fe- 
kale  body parts. In males, 
sxl, ma, and ma-2 are inac- 
tive, so default machinery 
d i c e s  Dsx RNA into a 

multiuniversity team of re- Chain gang. Males with a mutant form encoding a male- 
searchers, including Hall, fru gene court each other, some- specific protein. 
reports that  males with times forming chains. In 1992, however, Or- 
more severe mutations 
aren't just indiscriminate, but sexless. That 
finding, along with evidence that the protein 
encoded by fru can turn other genes on and 
off and is present in only a handful of nerve 
cells, suggests that fru is a high-level regula- 
tory gene that somehow equips specific cen- 
ters in the brain to coordinate male courtship 
behavior, the scientists say. 

"It's a real breakthrough," says Dean Hamer, 
a researcher at the National Institutes of 
Health who studies whether sexual orienta- 
tion in humans has a hereditam comDonent. 

egon State University ge- 
neticist Barbara Tavlor found that the mowth 

c3 

of a specific muscle found only in male flies, 
the Muscle of Lawrence (MOL), is con- 
trolled by Tra and Tra-2, but not by Dsx. 
"That said there had to be a seDarate branch 
in the sex-differentiation gene hierarchy, 
analogous to the dsx branch" but regulating 
MOL development, Taylor explains. 

Reasoning that the Tra proteins work the 
same way for the MOL-controlling gene as for 
dsx, Lisa Ryner, who works with Stanford Uni- 
versitv eeneticist Bruce Baker. looked for other , "  

"It confirms what everyone suspectei but no genetic sequences containing the target site 
one had really proven-that sexual behavior used by Tra and Tra-2 to regulate dsx splicing. 
can indeed be genetically programmed in an  And she found a big one: a gene fragment that 
animal." But Hamer and other researchers mapped to the same spot in the fly's chromo- 
caution that the study sheds little direct light somes where Hall and postdoc Don Gailey had 
on sexuality in Homo sapiens, because the roughly located fru in genetic studies several 

years earlier. At  the same time, Taylor found 
that females ex~osed to male Dsx acauire male 
anatomy but don't display courtship behavior, 
an indication that the MOL-controlling gene 
branch also influences behavior. 

Using Ryner's gene fragment and other 
pieces offru identified by developmental ge- 
neticist Steve Wasserman and graduate stu- 
dent Diego Castrillon at the University of 
Texas Southwestern Medical Center in Dal- 
las, the Baker, Hall, Taylor, and Wasserman 
labs eventually cloned the entire fru gene, 
finding that the protein it encodes is likely a 
transcription factor, a protein that turns 
other genes on  or off. A n  independent group 
led by geneticist Daisuke Yamamoto of the 
Mitsubishi Kasei Institute of Life Sciences in 
Tokyo also cloned part of the gene. 

Consistent with fru's proposed role in 
regulating male sexual behavior, the U.S. 
group now reports that the RNA making its 
protein product is spliced together in distinc- 
tive male and female forms by Tra and Tra-2, 
just as Dsx RNA is. And males with severe 
mutations in fru lose the will to  follow other 
flies, play courtship songs on their wings, or 
attempt copulation, indicating that the gene 
somehow orchestrates these behaviors. Fur- 
ther supporting that idea, Taylor showed that 
fru is expressed primarily in nine small clus- 
ters of nerve cells, including several previ- 
ously mapped by Hall as "courtship centers." 

And that means researchers are "starting 
to get a handle on how the neural circuits 
that generate complex behaviors are put 
together," says Michael McKeown, a de- 
velopmental geneticist at the Salk Insti- 
tute in La Jolla, California. These circuits 
are bound to be even more com~lex  in hu- 
mans, McKeown says, but the latest insight 
into fruit fly sex is "a major stepn--or maybe 
six-toward understanding them. 

-Wade Roush 
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