
bubble, compared to the inner 0.03 pm of 
the N, bubble. The radiating volume of Ar 
is -220 times greater than that of N2, and 
so, despite the opacity differences, the Ar 
bubble is brighter. This analysis may ex- 
plain why SBSL is brighter in noble gases 
than in diatomic gases (8). We believe that 
these results provide strong support for the 
hypothesis of Lohse et al. ( I  0) that a sonolu- 
minescing air bubble contains mostly Ar. 

The calculated spectra and power are 
sensitive to small changes in the expansion 
ratio, which also correspond to moderate 
changes in the amplitude of the driving 
pressure near the bubble. The short dashed 
lines in Figs. 2'and 3 show the calculated 
results for an Ar bubble with RIn,,/R, = 

10.4. The two expansion ratios represent 
only a 0.006-bar difference in the driving 
Dressure at the flask, which eauals a 0.07- 
bar difference in the driving pressure near 
the bubble (22).  Although the R( t )  values 
are similar, the pulse width (24 ps versus 43 
ps), the peak amplitude of the emitted pow- 
er (14 mW versus 32 mW), the number of 
nhotons Der flash 10.6 million versus 1.9 
million), and the spectra are sensitive to 
R,,,,/R, (the driving pressure). Experimen- 
tal data exhibit this same sensitivity (26). 
This result suggests that the reported sensi- 
tivities of SBSL to various parameters may 
be difficult to analyze quantitatively with- 
out concomitant measurements of R, and 
R,,,/R, for each experiment. 

The photon emission rate for the R,,,/ 
R, = 10.0 Ar calculation has a peak value 
of 2 x 10' ps-' at t = 103 ps and a value of 
10 psp' at t = 200 ps. It has been speculated 
that, after the "flash," there still should be 
visible radiation from the hot bubble as it 
expands and cools. Our model predicts that 
this afterglow will not occur, in agreement 
with experimental data (1 1). Equation 3 
shows that an optically thin plasma cannot 
radiate if its opacity is low, even if its tem- 
perature is high. When the temperature in 
the bubble drops below IP/4, the opacity in 
our model drops precipitously, which termi- 
nates the flash and all subsequent optical 
emission. Consequently, there is no after- 
glow as the bubble expands and cools. Our 
calculations show that the short pulse width 
and lack of afterglow are intimatelv related " 
and are due to electron conduction, adia- 
batic cooling behind the divergent shock, 
and the strong temperature dependence of 
the onacitv. 

  he physics of matter under SL condi- 
tions is not vet understood with high nre- 

experimentally that shock waves or Whte, D. A Young, Ph~s.  Lett. A 211,69 (1996)l. 
are present in a bubble SL, no 14. C A glesias and F. J. Rogers, Personal 

communlcatlon. 
other lnode' of which we are aware has been 15 G. C Pomraning, The EquationsofRadiation Hydro- 
able to explain such a broad array of exper- dynamics (Pergamon, New York, 1973), pp. 44-49. 
imental data. 16 R Lofstedt et ai , Phys. Nuids A 5, 291 1 (1994) 
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Block Copolymer Lithography: Periodic Arrays 
of -1 0" Holes in 1 Square Centimeter 

Miri Park, Christopher Harrison, Paul M. Chaikin, 
Richard A. Register, Douglas H. Adamson 

Dense periodic arrays of holes and dots have been fabricated in a silicon nitride-coated 
silicon wafer. The holes are 20 nanometers across, 40 nanometers apart, and hexagonally 
ordered with a polygrain structure that has an average grain size of 10 by 10. Spin-coated 
diblock copolymer thin films with well-ordered spherical or cylindrical microdomains were 
used as the templates. The microdomain patterns were transferred directly to the under- 
lying silicon nitride layer by two complementary techniques that resulted in opposite tones 
of the patterns. This process opens a route for nanometer-scale surface patterning by 
means of spontaneous self-assembly in synthetic materials on length scales that are 
difficult to obtain by standard semiconductor lithography techniques. 

I n  general, feature sizes greater than 300 standard semiconductor lithography tech- 
nm are routinely produced by photolithog- niques. Because of the drive toward smaller, 
raphy techniques. For feature sizes between faster, and denser microelectronic systems, 
300 and 30 nm, electron beain lithography different novel techniques for nanolithog- 
is commonly used. However, feature sizes raphy have been investigated by inany re- 
less than 30 nm are not easily obtained by searchers (1). Self-assembly in synthetic 

materials as a means of nano~atternine has " 

cision. Our iesults, based on approximate 
thermodynamic and transport property 
models, suggest that the basic strategy of 
hvdrodvnamic code siinulation is valid and 
that semiquantitative predictions are possi- 
ble. Although it remains to be confirined 

" 

M Park, C Harr~son, P M. Chakn, Department of Phys- 
also been proposed recently (2) .  Electronic 

~cs.  Princeton Universitv. Jadwin Hall. Pr~nceton. NJ often require 
08544, USA. lithography, but in many devices, simple 
R. A Register, Depariment of Chemlca Englneerlng, periodic patternillg is sufficiellt. various ap- 
Prnceton Universty, Prnceton, NJ 08544, USA 
D. H Adamson, Pr~nceton Mater~als Institute, Pr~nceton plications of nanometer periodic patterning 
~nvers ty ,  Princeton, NJ 08544, USA would include the creation of a periodic 
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electric potential in a two-dimensional 
(2D) electron gas system (3, 4), fabrication 
of quantum dots or antidots (4,5),  synthesis 
of DNA electrophoresis media (6), fabrica- 
tion of high-density magnetic recording de- 
vices (7) or of filters with nanometer pore 
sizes. and creation of auantum confine- 
menk for light emission. 'For these applica- 
tions, ordered diblock copolymers would 
seem ideal as lithography templates (8-1 1 ). 
Here we present a successful route for the 
transfer of dense periodic patterns, over a 
large area, from diblock copolymer thin 
films into silicon nitride with feature sizes 
less than 30 nm. 

Diblock co~olvmers consist of two 
A ,  

chemically different polymer chains (or 
blocks) joined by a covalent bond. Because 
of connectivity constraints and the incom- 
~atibilitv between the two blocks. diblock 
copolymers spontaneously self-assemble 
into microphase-separated nanometer-sized 
domains that exhibit ordered morphologies 
at equilibrium (12). In a given diblock co- 

C 
Stained sample 

u l t r ~ c i e  11 1 
RIE (CF, or CF,/O,) RIE ( c F . / o ~ ~  

RIE 

Holes Dots 

Fig. 1. (A) Schematic cross-sectional view of a 
nanolithography template consisting of a uniform 
monolayer of PB spherical microdomains on sili- 
con nitride. PB wets the air and substrate interfac- 
es. (6) Schematic of the processing flow when an 
ozonated copolymer film is used, which produces 
holes in silicon nitride. (C) Schematic of the pro- 
cessing flow when an osmium-stained copolymer 
film is used, which produces dots in silicon nitride. 

polymer system, the relative chain lengths 
of the blocks determine the resulting mor- 
phology. Commonly observed microdomain 
morphologies in bulk samples are periodic 
arrangements of lamellae, cylinders, and 
spheres. The sizes and periods of these mi- 
crodomain structures are governed by the 
chain dimensions and are typically on the 
order of 10 nm. Structures smaller than 10 
nm are also obtainable if one chooses ap- 
propriate blocks with a high Flory-Huggins 
interaction parameter (1 2) and decreases 
the block lengths. Diblock copolymer thin 
films spontaneously form nanometer-scale 
patterns over a large area. Furthermore, 
each block of the copolymer can be cho- 
sen for a specific application, and selective 
~rocessine of one block relative to the " 
other is possible by use of chemical or 
~hvsical  dissimilarities between the two 
hicks.  We used a monolayer of ordered 
microdomains to fabricate ~osit ive and 
negative patterns with a periodicity less 
than 40 nm. A similar periodic patterning 
by electron beam lithography would be 
limited in three asDects. First, routine Dro- 
duction of with feature sizes'be- 
low 30 nm is difficult to achieve with 
commercial electron beam systems, and, at 
best, the minimum feature size is -10 to 
15 nm. Second, the obtainable minimum 
periodicity of features is still not much 
below 100 nm (at best. -50 nm). Third. 
as with any scanning probe techniques, 
large-area lithography would be time-con- 
suming because the processing is serial. 

Asymmetric polystyrene-polybutadiene 
(PS-PB) and PS-polyisoprene (PI) diblock 
copolymers were synthesized (designated 
SB 36/11 and SI 68/12, respectively, with 
the approximate molecular weights of the 
blocks given in kilograms per mole). In 
bulk, the SB 36/11 microphase separates 
into a cylindrical morphology and produces 
hexagonally ordered PB cylinders embed- 
ded in a PS matrix; SI 68/12 adopts a spher- 
ical morphology and produces PI spheres 
in a PS matrix with body-centered-cubic 
order. We produced thin polymer films by . . 

spin-coating polymer solutions in toluene 
onto silicon nitride (13) and controlled 
the film thickness by varying spinning 
speed and polymer concentration. The 
films were annealed at 125OC, a tempera- 
ture above their glass transition tempera- 
tures, for 24 hours in vacuum to obtain 
well-ordered moruholoeies. 

u 

Our nanolithography template is a 
monolaver of ordered microdomains. To 
pattern the whole substrate, a uniform mi- 
crodomain monolaver must be ~roduced 
over the substrate area in a controlled man- 
ner. Such a microdomain monolayer on 
silicon nitride, depicting the continuous PB 
wetting layers at the air and silicon nitride 

interfaces for a PS-PB diblock copolymer 
film, is shown (Fig. 1A). [The existence of 
such wetting layers is confirmed by second- 
ary ion mass spectroscopy (14).] For the SB 
3611 1 film on silicon nitride, the microdo- 
main monolayer thickness is -50 nm, in- 
cluding the wetting layers (14). By spin- 
coating at this thickness, a uniform tem- 
plate can be routinely obtained over the 
entire sample area (15). 

We show schematically how to fabricate 
hexagonal arrays of holes and dots in silicon 
nitride from a spherical microdomain 
monolayer that consists of PB spheres or- 
dered in a 2D hexagonal lattice (10) (Fig. 
1). We used fluorine-based reactive ion 
etching (RIE) techniques (1 6) to transfer 
the microdomain pattern in the monolayer 
to the underlying silicon nitride, with the 
copolymer film itself as the etching mask. 
The unaltered microphase-separated PS-PB 
film alone does not produce a usable RIE 
mask because the etching rates of the PS 
and PB microdomains are almost the same 
under most RIE conditions. To transfer the 
pattern, a selective etching or masking be- 
tween dissimilar microdomain regions is es- 
sential. The microdomain monolayer film 
was exposed to ozone to selectively degrade 
and remove the PB spherical domains be- 
fore a CF4RIE or CF4/0, RIE (17) (Fig. 
1B). Ozone predominantly attacks the car- 
bon-carbon double bonds in the PB back- 
bone, cutting the bonds and producing PB 
fragments that can be dispersed in water. 
This results in regular spherical voids in the 
PS matrix and hence in a variation of the 
effective total thickness of the copolymer 
mask. The regions underneath the empty 
spheres are protected by a thinner PS mask 
than is the rest of the area and therefore can 
be exposed to the RIE, whereas the rest is 
still protected to produce holes in silicon 
nitride. A transmission electron microscope 
(TEM) image (18) of a PB spherical mi- 
crodomain monolayer (1 9) after ozonation, 
where the empty spheres appear lighter 
than the PS matrix, is shown (Fig. 2A). A 
TEM micrograph of hexagonal arrays of 
holes fabricated in silicon nitride from a 
copolymer film such as that in Fig. 2A is 
also shown (Fig. 2B). The remaining poly- 
mer has been completely removed, and the 
contrast in Fig. 2B is due to a thickness 
modulation. The holes [-I5 nm deep (20)] 
appear lighter, and their period is 30 nm, 
resulting in a density of 1.3 x lo1 holes per 
square centimeter. 

The second processing technique, which 
results in the fabrication of dots instead of 
holes in silicon nitride and uses the same 
spherical microdomain monolayer tem- 
plate, is schematically described (Fig. 1C). 
In this technique, CF4/0, RIE (1 7) is used 
and etching selectivity is achieved by stain- 
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ing the PB domains with osmium. Exposing 
the copolymer films to Os04 vapor results 
in a selective staining of PB because osmi- 
um adds across the carbon-carbon double 
bonds in the PB backbone. Osmium stain- 
ing reduces the etching rate of the PB do- 
mains during the CF4/02 RIE (21 ), produc- 
ing an etching selectivity of PS to stained 
PB of -2: 1. The regions underneath the 
PB domains are thus partially masked from 
the RIE process, resulting in the fabrication 
of dots. The electron beam exposure done 
on the sample during the examination of 
the monolayer template before the etching 
process appears to enhance the contrast of 
the transferred microstructures. 

The schematics shown in Fig. 1 are 
drawn with a spherical microdomain mono- 
layer as the template. However, the pattern 
transfer techniques can also be applied to 
produce lines, with the use of a monolayer 
of cylindrical microdomains as the tem- 
plate. In thin films, cylindrical microdo- 
mains generally lie parallel to the substrate 
and form a fingerprintlike pattern; with 
such a template, fingerprintlike troughs [in 
the case of an ozonated sample (Fig. lB)] or 
lines [in the case of a stained sample (Fig. 
lC)] can be fabricated. A TEM micrograph 
of a cylindrical microdomain monolayer, 
consisting of osmium-stained PB cylinders 
in a PS matrix, is shown (Fig. 2C). The 
stained PB cylinders appear darker than the 
PS domains because of greater high-angle 
electron scattering. A TEM micrograph of 
the pattern in silicon nitride that was trans- 
ferred from a stained copolymer film such as 
that in Fig. 2C is shown (Fig. 2D). The 
remaining polymer was removed, and the 
contrast in Fig. 2D was produced by a thick- 
ness modulation. The darker regions are 
thicker [-I5 nm (20)] silicon nitride lines 
that were protected by the stained PB mi- 
crodomains; the period of the lines is 30 nm. 

To show the utility of our techniques for 
more practical lithographic processes, we used 
a spherical-phase copolymer, spin-coated and 
processed the polymer films on a thick wafer, 
and made all observations with a scanning 
electron microscope (SEM). A uniform 
monolayer film of spherical microdomains was 
obtained from SI 68/12, a spherical PS-PI 
block copolymer. With this copolymer, the 
thickness of a microdomain monolayer was 
-70 nm (22), and a uniform template of 
ordered PI spheres was routinely produced 
over an entire 76-mm wafer. The 2D mi- 
crodomain morphology in the copolymer tem- 
plate on a thick substrate was directly imaged 
by an SEM technique combined with a non- 
selective RIE. This technique (23) allows one 
to depth profile copolymer films with -10- 
nm depth resolution. For the film-processing 
steps discussed in this report, PI blocks behave 
similarly to PB blocks. The PI blocks also wet 

the air and silicon nitride interfaces (see Fig. 
lA), and any selective processing performed 
on PS-PB copolymer films can also be per- 
formed on PS-PI copolymer films. An SEM 
micrograph of periodic arrays of holes in a 
silicon nitride-covered silicon wafer is shown 
(Fig. 3B). The pattern was transferred to the 
silicon nitride layer from an ozonated SI 
spherical monolayer film (see Fig. 1B). An 
SEM micrograph of the copolymer mask par- 
tially etched so that the ozonated empty 
spheres are exposed is also shown (Fig. 3A). In 
an SEM micrograph, the holes [-20 nm deep 
(20) in Fig. 3, A and B] appear darker because 
fewer secondary electrons can escape from the 
depressions. The typical size of the arrays is 
-10 by 10. The period of the holes is 40 nm, 
which results in a density of 7 X 10'' holes 
per square centimeter. We have fabricated 
structures such as that shown in Fig. 3 uni- 
formly over an area as large as a quarter of a 

76-mm silicon wafer, putting 8 X 10' ' holes 
in that quarter of a wafer by a single process. 
m e  sample size is not the limitation of this 
technique. One quarter of a wafer is the larg- 
est piece that can fit in our ozonator (24).] 

Successful pattern transfer to silicon ni- 
tride was possible because the etching rate 
of silicon nitride is at least comparable to or 
slightly faster than PS under the RIE con- 
ditions used above, resulting in the fabrica- 
tion of nanostructures with an aspect ratio 
of - 1. If the etching rate of the substrate is 
negligible under a given RIE condition, 
then even if selective etching is possible 
between the two blocks, no pattern can be 
transferred to the substrate unless multiple 
RIE steps are taken with different gases. 
However, if the etching rate of the substrate 
is increased relative to the rate of the poly- 
mer mask, then fabrication of features with 
higher aspect ratios would be possible. 

printlike lines in silicon ni- 
tride after RIE. The pattern was transferred from a copolymer film such as that in (C). The darker regions 
are -1 5-nm-thick ridges in the silicon nitride, which were protected from RIE. 

ordered arrays of holes 
in silicon nitride on a thick silicon wafer. The pattern was transferred from a copolymer film such as that 
in (A). The darker regions are -20-nm-deep holes in silicon nitride, which have been etched out. 
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Control of Mouse Cardiac Morphogenesis and 
Myogenesis by Transcription Factor MEF2C 
Qing Lin, John Schwarz, Corazon Bucana, Eric N. Olson* 

Members of the myocyte enhancer factor-2 (MEF2) family of MADS (MCMI, agamous, 
deficiens, serum response factor)-box transcription factors bind an A-T-rich DNA se- 
quence associated with muscle-specific genes. The murine MEF2C gene is expressed 
in heart precursor cells before formation of the linear heart tube. In mice homozygous 
for a null mutation of MEF2C, the heart tube did not undergo looping morphogenesis, 
the future right ventricle did not form, and a subset of cardiac muscle genes was not 
expressed. The absence of the right ventricular region of the mutant heart correlated with 
down-regulation of the dHAND gene, which encodes a basic helix-loop-helix transcrip- 
tion factor required for cardiac morphogenesis. Thus, MEF2C is an essential regulator 
of cardiac myogenesis and right ventricular development. 

T h e  mechanisms that regulate heart forma- 
tion during embryogenesis are only begin- 
ning to be elucidated (1). Members of the 
MEF2 family of transcription factors bind a 
conserved A-T-rich DNA seauence associ- 
ated with most cardiac muscle structural 
genes (2) and are expressed in cardiogenic 
precursor cells and differentiated cardiomyo- 
cytes during embryogenesis (3). MEF2 fac- 
tors are also expressed in skeletal and smooth 
muscle cell lineages (3, 4), and MEF2 bind- 
ing sites are essential for expression of muscle 
genes in all three muscle cell types (5). 

There are four MEF2 genes in vertebrate 
species, designated MEFZA, -B, -C, and -D, 
share homology in an NH2-terminal 
MADS-box and an adjacent motif known 
as the MEF2 domain (5). These protein 
domains mediate DNA binding, homo- and 
heterodimerization, and interaction with 
basic helix-loop-helix (bHLH) transcrip- 
tion factors (6-8). 

In the mouse, MEF2B and MEF2C are 
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co-expressed in the precardiogenic meso- 
derm beginning at embryonic day 7.75 
(E7.75), and MEF2A and MEF2D are ex- 
pressed about 12 hours later (3,  8) .  MEF2 
gene expression is detected in skeletal 
muscle precursors in the somites and in 
smooth muscle cells beginning at about 
E9.0. Loss-of-function mutations in a sin- 
gle MEF2 gene in Drosophila, D-mef2, pre- 
vent differentiation of cardiac, skeletal, 
and visceral muscle cells (9) ,  but the func- 
tions of the vertebrate MEF2 genes in the 
embryo have not been determined. 

To investigate MEF2C function during 
mouse embryogenesis, we inactivated this 
gene with a targeting vector (10) that 
deleted the second protein-coding exon, 
which encodes amino acids 18 to 86 (Fig. 
1) .  The MADS and MEF2 domains are 
contained in residues 1 to 56 and 57 to 86, 
respectively, and the residues deleted by 
the mutation are essential for DNA bind- 
ing and dimerization (7). The vector was 
introduced into embryonic stem (ES) cells 
by electroporation, clones were isolated 
after positive-negative selection ( 1  1 ), and 
genomic DNA was analyzed by Southern 
blot analysis for gene replacement at the 
MEF2C locus (12). The frequency of ES 
cell clones bearing a targeted MEF2C al- 
lele mas l : 7. Three targeted ES cell clones 
were injected into blastocysts isolated 
from C57BL/6J mice to generate chimeras, 
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