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pancreas and other epithelial sites; HBD-2 
is induced in skin and other epithelia dur- 
ing inflammation (see figure on this page). 
At submicromolar concentrations, these 
defensins attracted both immature dendrit- 
ic cells and memory T cells, which initiate 
a primary and recall immune response, re- 
spectively. The effect was evidently medi- 

cyclic peptide generated by head-to-tail 
peptide splicing of the products of two 
similarly truncated a-defensin genes! Al- 
though otherwise similar to a-defensins 
with their six cysteines, these novel de- 
fensin genes contained a "premature" 
stop codon in the segment after the third 
cysteine. This resulted in generation of 

, two abbreviated defensin 

Despite advances in prevention, diag- 
nosis, and treatment, infectious diseases 
continue to challenge us. We are facing the 
limitations of vaccine-based immunization 
strategies and the increasing resistance of 
microbes to existing antibiotics. The re- 
naissance of research into innate host de- 
fense mechanisms that do not depend on 
specific recognition of individual antigens 

Inflamed defenders. A model of defensin activity in an infected cells with the two de- 
epithelium. Epithelial cells synthesize antimicrobial defensins (red) , fensin cDNAs. This ele- 
both constitutively and in response t o  infectious and inflammato- gant model should pro- 
ry stimuli. Other defensins are introduced by the influx of phago- vide the requisite tools 
cytic cells that use them t o  ki l l  ingested microbes. Released de- that will allow the pro- 
fensins attract dendritic cells and memory T cells, setting the stage cessing and splicing 
for the adaptive phase of the immune response. mechanism to be worked 

out. The new 8-defensin 
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of adaptive (antibody and T cell-mediat- 
ed) immunity. Like the P-defensins, hu- P E R S P E C T I V E S :  D E V I C E  P H Y S I C S  
man neutrophil a-defensins also attract T 
cells. In addition, some defensins also 
block the adrenocorticotrovhin recevtor In Search of LOW-k Dielectrics 
and could inhibit the of theim- 
munosuppressive adrenal steroid hor- 
mones during acute infection (13). The 
ability of some defensins to act as signal- 
ing molecules could explain their biologi- 
cal effects when their concentrations are 
too low to be directly microbicidal. 

Comparison of defensin genes across 
vertebrate species indicates that they are 
rapidly evolving. As variations in de- 
fensin sequences and patterns of tissue 
expression bring out distinct aspects of 
defensin biology in each species, studies 
of defensins in diverse animals have often 
provided crucial insights. The article by 
Tang et al. on page 498 (5) reports on 
studies of white cell defensins in the rhe- 
sus monkey. Several of the defensins iso- 
lated from rhesus white cells resembled 
their human counterparts, but one was 
unique and initially refractory to conven- 
tional analysis. The puzzle was solved 
brilliantly when the investigators deter- 
mined that they were dealing with a 
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w ithin the next few years, high-per- 
formance chips containing as 
many as 0.5 billion transistors on a 

single chip will be produced. These ad- 
vanced chips may contain up to 10,000 m of 
on-chip wiring connecting the individual de- 
vices with each other and with the outside 
world. However, such increased device and 
wiring densities cannot be achieved with 
currently used materials. The search is now 

ide (see the figure). Both the resistance of 
the metal and the capacitance of the insulator 
increase markedly as the wiring dimensions 
and pitch decrease, resulting in crosstalk and 
capacitative coupling between the metal in- 
terconnect lines and thus increased signal 
delays (I). Several semiconductor manufac- 
turers have demonstrated recently that the 
traditional Al(Cu) wiring can be replaced by 
pure copper, which has a resistivity only 

on for materials that can replace silicon diox- 60% of that of aluminum (2). Performance 
ide as the insulator in these future devices. gain is then limited by the intra- and interlay- 
But despite a bewildering number of candi- er capacitance, dictated primarily by the di- 
date materials under investigation. a clear electric constant of the insulator. This has fu- " ,  

winner has yet to emerge. eled the frantic search for new dielectric in- 
In a typical microchip, layers of copper sulators with lower dielectric constants k 

interconnect wiring are separated by a di- than silicon dioxide (k = 3.9 to 4.2) (3). 
electric insulator, traditionally silicon diox- Any replacement low-k material must 

meet the current integration requirements, 

The author is a t  IBM Research Division, Almaden such in excess of 4000C, 
Research Center. San lose. C A  951206099. USA. good Inechanical properties, low ion con- 
E-mail: rdmiller@alma~en.ibm.com tent, breakdown fields in excess of 2 

www.sciencemag.org SCIENCE VOL 286 15 OCTOBER 1999 42 1 



MV/cm, low water uptake, lithographic pro- 
cessability, low thermal expansion coeffi- 
cients and film stresses, good adhesion to a 
variety of substrates, and low reactivity with 
conductor metals at elevated temperatures. 
Because of the difficulties associated with 
changing both the metal and the insulator 
materials simultaneously, advanced devices 
in the near term will first use copper and 
SO2. New low-k materials will be intro- 
duced subsequently, and the dielectric con- 
stant of the low-k insulators will be lowered 
progressively with succeeding device gener- 
ations, ultimately approaching a value of 1.0 
represented by a true air bridge. Given the 
extraordinary difficulties and costs assmiat- 
ed with introducing a new dielectric insula- 
tor, the "Holy Grail" for manufacturing 
would be a material with dielectric genera- 
tional extendibility: a group of insulators 
with similar material properties differing 
primarily in the effective dielectric constant. 

Several classes of insulating materials 
are cummtly under consideration as replace- 
ments for silicon dioxide. They can be 
roughly classified as inorganic-like or or- 
ganic. Deposition methodology is also an 
important distinguishing factor. Until now, 
insulator deposition has been accomplished 
by plasma processes, chemical vapor depo- 
sition, or combinations of the two. Processes 
using these gas phase deposition techniques 
are generally well controlled, but the equip- 
ment is expensive. A potentially cheaper al- 
ternative is solution-spin-on technology, 
which is used extensively for the application 
of thin-film photoresist materials. 

In general, three material generations 
can be distinguished: materials with dielec- 
tric constants k > 3.0, k = 2.5 to 3.0, and k < 
2.2. There are several promising candidates, 
for both vapor and spin-on deposition, at 
3.0 < k < 4.0 and in the low-k midrange (2.5 
to 3.0) (see supplementary material), but 
relatively few dielectric candidates for the 
ultimately required ultra-low-k materials (k 
< 2.2). Also, none of the materials ensure 
generational extendibility and continuity of 
processing methodology, with the possible 
exception of porous materials. 

Among the homogeneous polymers, on- 
ly highly fluorinated alkane derivatives 
reach the dielectric target of k < 2.2. For ex- 
ample, polytetrafluoroethylene (Teflon) 
films with dielectric constants of 1.9 to 2.1 
can be spun from surfactant-stabilized 
aqueous microemulsions (4). Unfortunately, 
they are very soft, their thermal stability 
above 400°C is questionable. There are also 
serious concerns about the effect of fluori- 
nated dielectrics on the interconnect metals 
and metal liners at elevated temperatures. 

Porous materials may have dielectric 
constants in the ultra-low-k region. Porosity 
raises specific integration concerns, but it is 

clear that no true dielectric generational ex- 
tendibility to the ultra-low-k region can be 
achieved without embracing the concept of 
porosity. Porosity may be classified as ei- 
ther closed or open cell, the latter character- 
ized by interconnected pores. Ideally, the 
porosity of on-chip insulators should be 
closed cell, present at a level no higher 
than necessary to meet the dielectric con- 
stant objectives, uniformly distributed and 
controlled to the nanoscopic level. 

Porous silica (Si02) prepared by cat- 
alyzed sol-gel polymerization of orthosili- 
cate esters has received considerable atten- 
tion. Solvent is removed from the gelled 
films by supercritical extraction (aerogels) 
(5) or solvent exchange and careful drylng 
(xerogels) (6). However, both techniques 
are process intensive and yield highly 
porous (50 to 98%), hydrophilic, open- 

Complex wiring on a small scale. Top-down 
view of an IBM seventh generation microchip. 
The silicon dioxide insulating Layers have been 
selectively removed to reveal the complexity 
of the wiring schemes. 

celled silica. Moreover, the high dielectric 
constant (k = 4.0 to 4.2) of the densified 
silica matrix requires high porosities (50 to 
80%) to achieve an ultra low-dielectric 
constant. Large void volumes also adverse- 
ly affect other important film properties 
such as thermal conductivity and stability. 

One of the more interesting approaches 
to generating porosity in thin films in- 
volves the removal of a nanodispersed, 
thermally liable pore generator @orogen) 
from a high-temperature matrix. Nanodis- 
persed hybrids can be produced by the sol- 
gel polymerization of orthosilicate esters, 
templated by monomeric (7,8) or polymer- 
ic surfactants (9). These films are subse- 
quently converted into mesoporous silica 
by calcination, and a variety of regular 
open-cell porous structures with dielectric 
constants < 2.2 can be generated. This ap- 

proach has also been applied to the genera- 
tion of polyimide nanofoams (k = 2.2 to 
2.3) (lo), with suitable block copolymers 
mediating the self-assembly of a nanodis- 
persed thermally labile phase. The develop- 
ment of other classes of porous polymers is 
a topic of considerable current interest. 

In principle, dielectric constants < 2.2 
could be achieved at low to medium porosi- 
ty levels if the intrinsic dielectric constant of 
the matrix material were substantially lower 
than that of Si02. For example, porous films 
of methylsilsesquioxane (MSSQ), which has 
a dielectric constant of 2.8, have been pro- 
duced (I&, 11, 12). Nanoscopic inorganic- 
organic hybrids were generated by vitrifying 
low-molecular weight MSSQ derivatives 
templated by highly branched macromolec- 
ular porogens with controlled molecular ar- 
chitectures. Dielectric constants in the 2.0 to 
2.2 range were achieved at porosity levels of 
<20%, and the voids seem not to be inter- 
connected. 

The drive toward increased device densi- 
ties and impr&ed performance in the semi- 
conductor devices makes the switch from 
Si02 on-chip insulators to low-k materials 
inevitable. Although there are a number of 
promising candidates for the advanced de- 
vices of the future, no clear winner emerges 
as yet among materials with dielectric con- 
stants < 3.0. Given the daunting integration 
challenges and costs associated with the in- 
troduction of a new dielectric, it is disturb- 
ing that there is no clearly defined route to 
dielectric generational extendibility. The in- 
troduction of porosity into dielectric materi- 
als provides, in concept, a route to dielectric 
generational extendibility into the ultra- 
low-k range. The switch to low-k, on-chip 
insulators continues to be a formidable 
challenge to chemists, physicists, materials 
scientists, and integration engineers. 
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