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A sonoluminescing bubble has been modeled as a thermally conducting, partially ion- 
ized, two-component plasma. The model shows that the measured picosecond pulse 
widths are due to electron conduction and the rapidly changing opacity of the plasma 
and that these mechanisms are also responsible for the absence of an "afterglow" 
subsequent to the sonoluminescence flash while the hot bubble expands and cools. The 
calculated spectra for sonoluminescing nitrogen and argon bubbles suggest that a 
sonoluminescing air bubble probably contains only argon, in agreement with a recent 
theoretical analysis. 

Sonoluminescence (SL) arises from the nu- 
cleation, growth, and collapse of gas-filled 
bubbles in a liquid. A single acoustically 
levitated and trapped bubble (1, 2) exhibits 
SL characterized by light emission that is 
synchronous with the periodic acoustic 
driving field, has a measured pulse width of 
550 ps ( 3 ) ,  and displays emission spectra 
consistent with that of a 22-eV blackbody 
radiator (4). Although a definitive theoret- 
ical explanatinn of the acoustical-to-optical 
energy conversion is still lacking, nutnerical 
hydrodynatnic simulations (5, 6) suggest 
that shock waves generated during the col- 
lapse of the bubble can produce the short 
measured pulse widths and the inferred high 
temperatures. Additional support for the 
shock model comes from the experimental 
detection and numerical simulation of an 
acoustic pulse in the liquid near the bubble 
within 1 p,s after the flash, which is presutn- 
ably the rebound of the shock from the 
center of the bubble (7).  , , 

Correct theoretical predictions of the 
measured oulse widths constitute a tnini- 
mutn requiretnent for any proposed tnodel. 
Unfortunately, the tneasuretnents give only 
an upper bound, which is a weak constraint. 
A more cotnnrehensive numerical valida- 
tion of a model requires simulations of more 
accurately known quantities, such as spectra 
and the dependence of the optical output 
and pulse width on the type of gas in the 
bubble (4, 8) .  Calculation of these phe- 
nomena are beyond the capabilities of any 
previous theoretical mode!s of SL. 

If we assume that shock compression 
heats the bubble so that the emitted light is 
due to thermal emission from a radiating, 
partially ionized plasma, then additional 
physics beyond that described in the single- 
temperature hydrodynatnic conservation 
equations (5,  6,  9) and accurate high-tetn- 
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perature and high-pressure equations of 
state (6) is needed. What is required is that 
the partially ionized plasma be described by 
distinct but counled ion and electron tem- 
perature fields, with associated losses by 
olasma thertnal conduction, an emission 
tnodel for coupling the matter energy to the 
radiation field, and a tnodel for the onacitv 

L ,  

of the radiating matter. 
We show here that a collapsing bubble 

that is described by the partially ionized 
plastna model described above provides an 
explanation of many features of single-bub- 
ble SL (SBSL) that have not been collec- 
tivelv accounted for in earlier models. In 
particular, our calculations show that (i) 
the optical pulse width and spectra are very 
sensitive to the maxiinutn bubble radius, 
which is controlled bv the annlied acoustic 
pressure; (ii) the emiited light is described 
bv neither a nure Planckian nor a oure 
brernsstrahlung spectrum, but a convolution 
of the two; (iii) the spectral flux of nitrogen 
(N,) SBSL is approximately 1/25 that of air, 
which aerees with exoerimental measure- " 
tnents (8); (iv) the spectrutn of argon (Ar) 
SBSL is nearlv identical to the measured 
spectrutn of air' SBSL, which suggests that a 
sonoluminescing air bubble is actually an 
Ar bubble ( 1  0) undergoing SL and may also 
explain why SBSL in noble gases is more 
intense than in diatomic gases (8); (v)  elec- 
tron conduction and the ooacitv are the 

L ,  

mechanisms responsible for the picosecond 
duration of SBSL; and ivi) after the main . . 
flash there cannot be an "afterglow" emit- 
ted by the expanding hot bubble (1 1 ). 

We first qualitatively describe the phys- 
ics in our tnodel to simplify the interpreta- 
tion of the quantitative results. During the 
collapse of the bubble, a shock is generated 
that cotnpresses and heats the contents of 
the bubble. More heating occurs at the 
center of the bubble than at its boundary 
because the shock strength increases as it 
approaches the bubble's center. The hotter 
regions begin to ionize and create a two- 
cotnponent plasma of ions and electrons. 

the photons. Although work is done on 
both the ions and the electrons as the bub- 
ble collapses, the mechanical energy from 
the shock goes only into the ions (1 2); this 
can create high icn temperatures but rela- 
tively low electron temperatures. Because of 
the high density (p - 1 g cmp3), the self- 
collision titnes of the ions and electrons are 
very short (on the order of femtoseconds or 
less) (12), so that the ions and electrons are 
each self-equilibrated; that is, the ions and 
electrons can each be described by a spa- 
tially and temporally varying Maxlvellian 
distribution represented by an ion tetnper- 
ature T,(r, t )  and an electron temperature 
T,(r, t ) ,  where r is the radial distance from 
the center of the bubble and t is time. The 
ions and electrons exchange energy colli- 
sionally, so after a few collisions TI equals 
T,. The ion-electron collision titne is at 
least 40 times greater than either of the 
self-collision times (12), which is still very 
short, even cotnpared to picosecond SL, so 
that TI # T, occurs only very briefly and 
does not affect the results discussed here 
(1 3). Nevertheless, we still need to treat the 
ions and electrons separately because losses 
by plasma thermal conduction occur at very 
different rates in the ions and electrons. 
Normal atomic thermal conduction is Dro- 
portional to T112 and is tnuch slower than 
plasma thermal conduction, which is pro- 
portional to T~12Zp4M,11"or ions and 
T~l"plMpll"or electrons, where 2, M,, 
and Me are, respectively, the ion charge, ion 
mass, and electron mass (12). Electron con- 
duction is typically the dominant energy 
loss mechanistn because of the mass term. 
and we show below that it has a significant 
influence on the calculated optical pulse 
width. 

In the final steo of the cascade, the 
electrons lose energy to the photon field to 
oroduce the SL flash. The electron-nhoton 
coupling can be due to bremsstrahlung, 
Compton scattering, photo-ionization, and 
line transitions. However, for what we be- 
lieve to be tvoical SBSL conditions, , 
bremsstrahlung is probably the dominant 
mechanism 11 4). Our calculations show 
that light is emitted from regions that are 
optically thick and thin. If the emitting 
region is optically thick, then the coupling 
mechanism is irrelevant. The emitted opti- 
cal energy flux comes only from the surface 
of the region and can be calculated from the 
blackbody expression uT2, where u is the 
Stefan-Boltzmann constant. However, if 
the region is optically thin, then the cou- 
pling tnechanism is important and the emit- 
ted optical power is a volume integral of the 
emissivity, which is proportional to the 
product of a source function and the com- 
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bined ooacities (inverse densitv titnes the use of typical values for R,, Rw,  o, and Pa, 
because the bubble collapse is primarily an 
inertial effect of the liquid compressing the 

cornbination of data and theorv and is 
inverse photon tnean free path)'of the cou- 
pling mechanisms (9). Unfortunately, it is 
difficult to calculate the electron-photon 
couoling and the source function in a nar- 

believed to be valid for the densities and 
temoeratures in these calculations. The 
equation of state is in general a description 
of material behavior that has no adiustable 

gas. Any set of parameters that produces a 
tvnical bubble radius, as a function of time, 

L L, 

tially ionized plasma, because the plasma is 
too hot to be described accurately by "cold 
physics" and too cold to be described accu- 
rately by "hot physics." Despite this difficul- 
ty, the emission calculation for an optically 
thin emitter can be simplified greatly if the 
matter and photon field satisfy certain con- 
ditions, which we describe next. 

Typical SBSL spectra (4,  8) can be in- 

sku ld  be sufficient 'to supply the inertial 
forces that generate the flash. The naratne- 

parameters after it is constructed. The Ar 
(20) and water (21) eauations of state 

ters we have chosen are typtcal(16fbut not 
representative of any particular experiment: 
R, = 4.5 km, Rw = 3 cm, and o = 2 ~ ( 2 7 . 6  
kHz). The values of PC% will be d~scussed 
below. 

were obtained from more sophisticated 
models. Simpler models, such as a van der 
Waals equation of state with a constant 
specific heat (5) ,  are not valid at the 
densities and the tetnperatures that are 
reached during the final stages of the bub- 
ble's collapse (6). The equations of motion 

We neglect viscosity, surface tension, 
nortnal heat conduction, and tnass diffu- 
sion, because they have only second-order 
effects on the energetics of the pritnary 
adiabatic collapse of the bubble. Because of 
LTE, we are able to ignore the photon field 

tegrated to show that the energy per flash is 
at most one-millionth of the thermal enerev 

(Eq. 1)  and the equations of state cotn- 
bined with the boundarv and initial con- -, 

in the compressed bubble. Consequently, 
the  hoto on field cannot affect the tnatter 

ditions given above can be solved for the 
radial and tetnnoral variation of all the 

field. (The temperature would have to be 
more than two orders of tnaenititde hieher 

field quantities. 
Figure 1 shows the final 80 os of the 

energy and the electron-photon coupling. 
We believe that the ~hvsics we have in- - " 

for the photon and matter fields to have 
comoarable energies.) The combination of 

cluded in our model is sufficiently cotnplete 
to accuratelv describe a hot im~lodine bub- 

c, 

simulated collapse of a N2 bubble; Pa was set 
at 0.23 bar, which produces a 44-pm max- 
imum bubble radius ( R m a x )  A pressure of Pa 
= 0.23 bar applied at Rw produces the 
1.5-bar driving pressure near the bubble 
(22) that is typical for SBSL experiments. 
The thick solid line shows the time depen- 
dence of the bubble radius R(t). The thin 
solid line shows the shock, which reflects 
from the center of the bubble at t = 15 ps. 
The value of R(t) decreases until the re- 
flected shock reaches the gas-liquid inter- 
face, after which the divergent shock con- 

the 'insensitivity YOf the matter field to the 
nhoton field and the aro~erties of the mat- 

ble undergoing SL. The resulting equitions 
for the conservation of mass, momentutn, 
and energy for the systetn are (9,  17) ter being dominated by collisions creates a 

condition of local thermodynamic equilib- 
riutn (LTE). This condition constrains the 
source function to be the Planck function, 
whether or not the photon field is in equi- 
librium with the matter field, so that the 
emissivity of the matter is proportional to 
the of the opacity and the Planck 
function (9, 15). Consequently, the calcu- 
lated spectrum frotn an optically thin plas- 
ma in LTE is a convolution of the soectra 

tinues to propagate into the liquid (7) and 
R ( t )  increases. The arrival of the reflected + K,,(T, - T,) + V.(K,VT,) (1)  

associated with the electron-photon cou- 
pling tnechanism (such as bremsstrahlung) 
and a blackbody. It resembles neither a pure 
bretnsstrahlung nor a pure blackbody spec- 
trum. The simplification introduced by LTE 
allows the emitted ootical Dower to be cotn- 

~, 

shock at the gas-liquid interface usually is 
sufficient but not necessary to reverse the 
collapse of the bubble. The increasing pres- 
sure near the eas-liauid interface of a col- u L 

lapsing bubble would eventually cause the 
radius to begin to increase even without a 
shock wave. The long dashed and dotted 
lines show the power emitted between 180 

puted entirely frotn the properties of the 
matter, specifically p, T,, and the opacity K, 

which is a function of p, Te, and the photon 
frecluencv v. This comoletes our aualitative 

where 

descriptibn of the eneigy cascade'in a bub- 
ble undergoing SL. 

We assume spherical symmetry and con- 
sider the motion of a bubble filled with N, 
or Ar gas with initial radius R, surrounded 
by a shell of water, whose outer radius is Rw. 
The gas and water are initially at atmo- 
spheric pressure, Po = 1 bar, in thermal 
equilibrium at room temperature, and at 

and p, v, Q(IVv1" Vv), P, and E are, respec- 
tively, the density, .velocity, artificial vis- 
cosity (1 8, 19), pressure, and specific inter- 
nal energy; K,,, K,, and & represent, respec- 
tively, the ion-electron coupling and the 
ion and electron thermal conductivities. 
The pressure and energy are partitioned 
into ionic and electronic components. 
Equation 1 comprises a simplified descrip- 
tion of the LASNEX "hydrocode," which 
has been used extensively to study inertial 
confinement fusion (1 7). 

The N2 gas was described by an analyt- 
ic equation of state (6) that includes ro- 
tational-vibrational excitation, dissocia- 

rest. The outer radius of the water is driven 
by an oscillatory pressure P, - Pa sin ot, 
where Pa is the applied acoustic pressure 
and w is its freauencv of oscillation. We 

Time (ps) 

Fig. 1. The f1nal80 ps of the calculated collapse of 
a N, bubble. The left ordinate shows the time 
dependence of the bubble radius [R(t), thick solid 
Ilne], shock location [R,,(t), thin solid Ilne], and the 
shock-induced optically thick region [R,,(t), short 
dashed line]. There is numerical noise in R,,(t). The 
right ordinate shows the amplitude of the em~tted 
power with (long dashed line) and w~thout (dotted 
line) losses by plasma thermal conduction. 

calculate the budble's ;esponse to only one 
cvcle of the driving oscillatorv Dressure, that , 
is', only one of t G  many growth and col- 
laose cycles that the bubble ex~eriences. 
w e  assime that the physics tha; governs 
the creation of anv one of the steadv-state 

tion, ionization, and repulsive and attrac- 
tive intermolecular potentials. This equa- 

SL flashes can be' approxitnated wiih the tion of state was constructed frotn a 
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and 750 nln with and without plastna ther- 
mal conduction, respectively. The optical 
emission begins before the shock reaches the 
center because of the temperature increase 
during the collapse and peaks when the 
shock reflects from the center of the bubble. 
The reflected shock creates a small optically 
thick region (short dashed line) near the 
center of the bubble, but most of the emis- 
sion is frotn the optically thin region. 

The intensity of the emission and the 
extent of the optically thick region are con- 
trolled by K,  which is a fiunction of the 
matter density, electron temperature, and 
photon. frequency. There is currently no 
accurate method to calculate ~ ( v )  of a cool 
( < l o  eV), partially ionized dense plasma 
(23), so an approximate model was con- 
structed for Ar and N2. Our calculated elec- 
tron temperatures never exceed 10 eV, so 
we obtain an upper bound 011 the opacity by 
calculating a density-dependent Rosseland 
mean opacity that is valid at T, = 10 eV 
(24, 25). We assume that the values are 
constant below 10 eV until the onset of 
ionization, which in a compressed gas at 
liquid density begins at approximately 114 
of the ionization potential (IP) (14) ( P A ,  
= 15.8 eV, IP,, = 14.5 eV). We let K 

decrease exponentially when the tetnpera- 
ture is below IP/4. The etnitted power is 
calculated with the expression (9) 

Optical power = q(T,)aTe4dAth J 

where T, varies spat~ally and temporally, 
and q ,  Ath, R,  and Rth are, respectively, the 

E Air data 

Calculat~ons 

"200 300 400 500 600 700 

A (nm) 

Fig. 2. The wavelength (X) dependence of the 
measured SBSL spectrum for air (crcles) and cal- 
culated spectra for N, (solid line) and Ar (long and 
short dashed lines). The calculated spectrum of 
an N, bubble undergo~ng SL is only 4% as intense 
as the measured alr spectrum, In agreement w~th 
exper~mental data. The dotted line shows the cal- 
culated N, spectrum mult~plied by 25. 

fraction of the Planck spectrum between 
180 and 750 ntn, the area of the optically 
thick region, the bubble radius, and the 
radius of the optically thick region. The 
quantity Rtl, is defined by the expression 

Figure 1 shows that the entire bubble is 
optically thin (R,, = 0) except during the 
time 15 ps < t < 34 ps. 

Electron conduction accounts for the 
difference between the two optical power 
curves in Fig. 1. The calculated ion conduc- 
tive losses are negligible, which agrees with 
the qualitative description given above. Fig- 
ure 1 shows that plasma thermal conduc- 
tion must be included in the analysis; oth- 
erwise, the calculated pulse width is longer 
than the measured upper bound of 50 ps. 
[Even the emission from a fully ionized 
plastna produces a calculated pulse width 
less than 50 ps (not shown)]. The peak 
output is 1.5 mW: 3.3 X lo4 photons with 
a total energy of 0.15 MeV per flash. The 
light is emitted by only the inner 0.05 pm 
of the bubble in a 15-ps full-width at half- 
maxitnutn pulse. 

The calculations show that T,(Rt,, t )  
never exceeds 9 eV. Although the center of 
the bubble reaches Ti = 94 eV and Te = 29 
eV during the peak optical output, these 
temperatures cannot be seen outside the 
bubble; T, = Te everywhere except near the 
center of the bubble, and both decrease as r 
+ R. When the flash occurs, T,(R) = 0.36 
eV, which is comparable to the temperature 
due to an isentropic compression of a room- 
temperature ideal gas (ratio of specific heats 
y = 1.4) from R = 4.5 to 0.3 km. 

Time (ps) 

Fig. 3. Calculated pulse w~dths and ampl~tudes of 
the emtted power are sensitive to bubble dynam- 
ICS. Although a difference of only 0.006 bar In 
drivng pressure at the flask (0.07 bar near the 
bubble) for an Ar bubble produces a small differ- 
ence n R(t) (R,,,IR, = 10 versus 10.4), the pulse 
width and peak amplitude of the emitted power 
change by more than a factor of 2. 

Figure 2 shows the wavelength depen- 
dence of the computed spectral content 
(solid line) for the calculation sholvn in Fig. 
1. The experimental SBSL spectrum for 
rootn-temperature air (4) is also shown. Our 
calculation agrees with the observation that 
the measured air soectrum is -25 times 
more intense than the measured N2 spec- 
trum (8). 

Experimental measurements have shown 
that the intensity of air SBSL is affected 
strongly by the amount of noble gas (0.956 
Ar) in the air (8). The addition of 0.9% Ar 
has a negligible calculated effect on the opti- 
cal emission and cannot account for the factor 
of 25 for the calculated results shown in Fig. 2. 
Lohse et al. (1  0) have suggested that chemical 
reactions due to the high temperatures in an 
air bubble iundergoing SL can rectify its con- 
tents so that onlv the chemicallv inert Ar 
remains. Figure 3 shows the calculated optical 
emission (long dashed line) and R(t) (thick 
solid line) of a collapsing Ar bubble, for a 
bubble expansion ratio (R,,,/R,) of 10.0 (Pa 
= 0.234 bar). The pulse width is 24 ps, with a 
peak output of 14 mW; 6 x lo5 photons with 
a total energy of 2.6 MeV per flash. The 
calculated spectrum is plotted (long dashed 
line) in Fig. 2. The agreement of this Ar 
calc~ulation with the air data is very good. Our 
calculations show that the entire Ar bubble is 
optically thin except during the time 86 ps < 
t < 111 ps (not shown in Fig. 3), during 
which time T,(RKlI, t )  never exceeds 5 eV. 
The quantities T, and T, never differ by more 
than 0.2 eV, never exceed 7 eV at the center 
of the bubble, and decrease as r + R. When 
the flash occurs, T,(R) = 0.8 eV. This tem- 
perature is below the 3-eV temperature of an 
isentropic cornpression of an ideal y = 513 gas 
from R = 4.5 to 0.43 p.m, because of losses by 
electron conduction. 

We conclude from the preceding discus- 
sion that the shock is stronger in the N2 
than in the Ar bubble. It is more difficult to 
generate a shock in Ar than in N,, because 
Ar has a higher specific heat ratio, 513 
versus 715. This produces higher sound 
speeds in Ar, for similar compressions, yet 
the calculated output of the Ar bubble is 
over 20 times greater than that for the N, - 
bubble. Equation 3 shows that the output is 
proportional to the opacity, which com- 
pounds the paradox because the opacity of 
N2 is two to three times greater than that of 
Ar (20, 25). Although the shock is weaker 
in Ar than in N,, the temuerature is a 
stronger function of compression in Ar be- 
cause of the larger specific heat ratio. Con- 
sequently, the Ar bubble is compressed 
more isentropically than the N2 bubble and 
has a lower peak temperature but a higher 
average temperature. This is confirmed by 
the calculations, which show that the light 
is emitted by the inner 0.18 krn of the Ar 
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bubble, compared to the inner 0.03 pm of 
the N, bubble. The radiating volume of Ar 
is -220 times greater than that of N,, 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 prec~pitously, 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 Inode' of which we are aware has been 15 G. C Pomraning, The Equations ofRadiation Hydro- 
able to explain such a broad array of exper- dynamics (Pergamon, New York, 1973), pp. 44-49. 
imental data. 16 R Lofstedt et a;, Phys. Nuids A 5, 291 1 (1994) 

(f~aure 1) 
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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 beam lithography different novel techniques for nanolithog- 
is commonly used. However, feature sizes raphy have been investigated by many 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 
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also been proposed recently (2) .  Electronic 

ics. Princeton Universitv. Jadwin Hall. Pr~nceton. NJ often require 
08544, USA. lithography, but in many devices, simple 
R. A Register, Depariment of Chemical Engineering, periodic patternillg is various ap- 
Prnceton Universty, Prnceton, NJ 08544, USA 
D. H. Adamson, Prnceton Materals Institute, Prnceton plications of nanometer periodic patterning 
~ n v e r s t y ,  Princeton, NJ 08544, USA would include the creation of a periodic 
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