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(vii) the large-scale curvature of the cycloi-
dal chains. Cracks that are not cycloidal
must have propagated faster or originated
from a different stress pattern, such as that
due to nonsynchronous rotation (4, 6, 18).

If Europa’s water layer were solid down to
the silicate layer without a substantial liquid
layer (tens of kilometers thick), then diurnal
tidal stress would be inadequate to fracture the
surface because the amplitude of the tidal vari-
ation would be too small. The creation of cy-
cloidal cracks requires a global ocean to gener-
ate substantial tidal stress over a diurnal cycle.
Even so, the formation of cycloidal cracks may
require that the ice be weak, because the max-
imum tidal stress is <40 kPa (<0.4 bar).

With so little stress, how deep can the
cracks penetrate? Geologic evidence of lateral
motion, dilation, and strike-slip motion on
Europa suggests that cracks (including cy-
cloidal cracks) from the surface penetrate
down to a low-viscosity layer (/3-15, 19,
20), possibly an ocean. However, with less
than 40 kPa of tensile stress, as in the case of
our model of cycloidal cracks, the tensile
stresses are overwhelmed by the compressive
hydrostatic overburden pressure at the depth
of only ~65m (27). These cracks could be
driven to greater depths by the insertion of
liquid water (22, 23) or of material due to
mass wasting (analogous to a wedge) (6, 23).
Cracks may also go to greater depth because
additional stress is concentrated at the base of
the crack (/6), but even that concentration is
unlikely to drive a crack from the surface
much deeper than ~1 km.

However, Crawford and Stevenson (24)
noted that a thicker crust could crack all the
way through if the crack initiates at the bot-
tom of the ice layer and liquid water mitigates
the overburden pressure. They noted that ini-
tiating a crack at the bottom would be diffi-
cult because the ice at the base would be
warmer and thus less brittle than the colder
ice at the surface. They also pointed out that
even if a crack could start, it could propagate
upward through only nine-tenths of the thick-
ness of the ice layer (that is, up to the float
line), but they speculated that additional forc-
es would be needed, perhaps from gases dis-
solved in the water, to drive the crack through
the remainder of the ice up to the surface.

Even if such an ad hoc process acted, it is
unlikely that cracks could penetrate more than a
few kilometers on Europa. At that depth, they
might reach a ductile ice layer, which in prin-
ciple could have served as the low-viscosity
layer for lateral motion (/9, 25). However, the
association of cracks with ridge pairs suggests
that the cracks penetrate to liquid water and not
just ductile ice (6, 10, 11, 20). Thus our model
implies that Europa’s ice crust overlies liquid
water and is thin enough that cracks go all the
way through.

Cycloidal lineaments on Europa appear to
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have formed in response to diurnal tides, a
process that occurs quickly over the course of
a few days, at a rate of one cycloid per
Europan day (3.551 Earth days). This theory
provides a specific time scale that is remark-
ably short for a major type of geological
feature. Other icy satellites do not appear to
have any analog to Europan cycloids, which
suggests that only Europa has the unique
characteristics necessary to form cycloidal
features: A global ocean, substantial diurnal
tidal stress, and a weak lithosphere.
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Ultrasonic Deposition of
High-Selectivity Nanoporous

Carbon Membranes
Mark B. Shiflett” and Henry C. Foley?

Ultrasonic deposition creates a thin film of polymer on a tubular, macroporous,
stainless steel support. Using polyfurfuryl alcohol as the nanoporous carbon
precursor and a pyrolysis temperature of 723 kelvin, a membrane was prepared
with the following permeances, measured in moles per square meter per Pascal
per second: nitrogen, 1.8 X 107 '2; oxygen, 5.6 X 10~'7; helium, 3.3 X 1079
and hydrogen, 6.1 X 10~ . The ideal separation factors as compared to that
for nitrogen are 30:1, 178:1, and 331:1 for oxygen, helium, and hydrogen,

respectively.

Molecular separations are energy-intensive pro-
cesses that can be used in a wide spectrum of
areas, ranging from emerging biotechnologies
to more classical fuels and chemicals produc-
tion. The global move toward greener produc-
tion is necessarily coupled with the need for
more energy-efficient, and hence novel, separa-
tions. Molecular separations based on differ-
ences in molecular size and shape using ceram-
ic membranes (/, 2) at ambient temperature are
particularly intriguing, because these materials
can conduct such separations with less energy.

"DuPont Central Research and Development, Experi-
mental Station, Wilmington, DE 19880, USA. 2Center
for Catalytic Science and Technology, Department of
Chemical Engineering, University of Delaware, New-
ark, DE 19716, USA.

This approach is particularly important for the
removal of water from biotechnological broths
in which the hydraulic load is high, but it is just
as much an issue for gas separations such as the
separation of nitrogen (N,) from air, which is
done by energy-intensive cryogenic distillation.
Ceramic, as opposed to polymeric, membranes
can operate under harsh conditions and at ele-
vated temperatures (3), such as occur in reactive
separations. Zeolites (4), sol-gels (39), and nano-
porous carbons (NPCs) (6) are each candidate
materials for the preparation of novel size-se-
lective ceramic membranes.

Continuous nanoporous carbon membranes
can be prepared as thin films supported on
porous stainless steel by means of ultrasonic
deposition (UD) of polyfurfuryl alcohol (PFA).
These supported nanoporous carbon mem-
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Fig. 1. An SEM radial image of the membrane
surface.

branes (SNPCMs) show unprecedented size
and shape selectivities, even among very small
molecules with similar dimensions. Using the
rate of N, permeation for comparison, hydro-
gen (H,), helium (He), and oxygen (O,) are
transported through an SNPCM 330, 178, and
30 times faster. If the molecules were transport-
ed on the basis of Knudsen diffusion rather than
on the basis of size selectivity, these transport
ratios (H,/N,, He/N,, and O,/N,) would be
3.73, 2.65, and 0.94, respectively. The ultrason-
ic deposition technique makes it possible to
prepare membranes as films that are mechani-
cally robust and selective but remain below a
critical thickness for crack formation.

Membrane synthesis and fabrication have
proven to be critical problems with these mate-
rials, because continuous films are difficult to
achieve. Nanoporous carbon molecular sieves
are disordered solids with densities between 70
and 80% of that of crystalline graphite. Nano-
pore dimensions range from 0.3 to 0.7 nm, with
a maximum between 0.35 and 0.55 nm (7-10).
These structural features, which are reminiscent
of fullerenelike fragments, make the NPC mo-
lecular sieves ideally suited for the production
of N, from air by kinetic separation (8, 9).
Membranes consisting of NPC on support me-
dia offer a new and potentially more efficacious
means to O,/N, and other small-molecule sep-
arations (6).

Two types of NPC membranes have been
prepared in the past: unsupported (planar
monoliths and hollow fibers) and supported
(asymmetric membranes) (/7). The unsupport-
ed NPC materials provided high selectivities
but suffered from extreme fragility. Recent
work avoided this drawback by forming NPC
layers on support media such as porous graphite
and sintered stainless steel (6). These materials
were more robust and displayed good selectiv-
ity but reproducibility was problematic. Poly-
mer precursor deposition and pyrolysis are two
of the key steps that must be precisely con-
trolled to overcome this problem.

The membrane supports that we used were
sintered stainless steel tubes (SS304, Mott Met-
allurgical) with an outside diameter of 6.35
mm, a wall thickness of 1.48 mm, and a nom-
inal pore size of 0.2 pm, and were coated with
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Table 1. Permeances and ideal separation factors for SNPCMs. The pyrolysis temperature for each sample
is given. Thicknesses are calculated on the basis of final masses. Samples | through Ill were coated three

times, and sample IV was coated six times.

NPC
Sample  Temperature mass/ Permeance
no. : ) thickness (mol m~2 Pa=1s-1 x 10-12) Separation factor
(mg)  (wm)

N, o, He H, O,/N, He/N, H,/N,
| 423 105 129 0 0 0 0 0 0 0
Il 573 186 229 0.786 106 125 138 135 160 175
11 723 173 213 183 557 326 605 304 178 331
v 873 85 104 455 127 1080 1356 2.80 23.7 29.8

PFA resin with an ultrasonic nozzle (/2). The
low-momentum deposition provided by an ul-
trasonic nozzle offers more precise control of
the coating process as compared with conven-
tional high-pressure gas spraying, including a
102 to 10° lower spray velocity that minimizes
penetration into the support. The droplets are
narrowly distributed in size from 10 to 100 pm,
depending on nozzle operating frequency. The
precursor delivery rate can be accurately con-
trolled with a syringe pump. The coated tubes
were then pyrolyzed (/3), and upon completion
of the heat treatment the furnace was shut off
and the tubes were allowed to cool.

We prepared four membranes (SNPCM [
through IV) whose total masses and NPC layer
thicknesses are presented in Table 1. Typically,
the first carbon layer ranged in mass from 8 to
11 mg, corresponding to a carbon yield of 20 to
30%, based on the wet coat mass. In-successive
steps after each heat treatment, we added less
NPC per coat: Second coat masses were 5 to 7
mg, and third coat masses were 0.1 to 0.4 mg.
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Fig. 2. (A) N, permeance as a function of carbon
mass. (B) An SEM image of a cracked surface of a
film 19.1 wm in thickness.

In the case of SNPCM-IV, however, three pri-
mary coatings with a total mass of 5 mg were
put down, followed by three more coatings of
14, 1.0, and 1.1 mg.

Scanning electron microscope (SEM, Hi-
tachi S-4000) images were taken of the exte-
rior surface and of cross and axial sections of
a sacrificial membrane. We prepared this
membrane under the same conditions as those
used for SNPCM-II. The micrograph (Fig. 1)
reveals a film with a uniform radial thickness
of 15 = 2 um. The axial profiles were sim-
ilarly uniform, and the surface view showed a
continuous defect-free coating.

In order to measure the gas permeance, the
tubular membranes were inserted into a module
that consisted of a cylindrical membrane holder
with knife-edge flanges on either side sealed
with copper gaskets. The flanged ends were
welded to compression fittings. With external
compression applied to the fittings, pressures up
to 7000 kPa were maintained, with no measur-
able leakage at 295 K. Pressure-rise experi-
ments were performed on all tubular mem-
branes (/4).

The N, permeance of another sacrificial
membrane prepared in the same way as
SNPCM-III was measured after the addition of
each NPC layer. The N, permeance initially
decreased as the NPC mass increased (Fig. 2A).
Once a critical mass of NPC was reached, the
last carbon layer added resulted in an increase
in permeance and a concomitant loss in selec-
tivity. An SEM analysis of this membrane film
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Fig. 3. Pressure rise as a function of time for
sample SNPCM-III.
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revealed that catastrophic crack formation had
occurred (Fig. 2B). In this case, the total mass
of NPC on the support was 14.8 mg before the
cracking process and 15.5 mg after. Given that
the density of the NPC is 1.6 g/cm? (9), these
masses correspond to calculated thicknesses of
18.2 and 19.1 wm, respectively. Asymmetric
films of this kind are known to have a critical
thickness below which the film has mechanical
properties that are more plasticlike than those of
the bulk material (/5). Based on these data, we
can estimate that the onset of bulk-like NPC
properties and catastrophic cracking occurs in
the vicinity of a critical film thickness of 20 =
3 wm. Thus, the deposition process must be
carefully controlled in order to produce mem-
branes below this thickness.

We sought to prepare the membranes
(SNPCM-I through IV) so that the final masses
of NPC produced films that were below the
critical thickness. SNPCM-III consisted of
three layers of NPC with corresponding masses
of 11.0, 5.9, and 0.4 mg and calculated thick-
nesses of 13.5, 7.3, and 0.5 wm. The change in
shell side pressure as a function of time for each
gas shows that the slopes of the pressure-rise
curves decrease with increasing molecular size
(Fig. 3). There is a measurable difference be-
tween the slopes of these rates even for N, and
O,, which differ by only 0.02 nm in kinetic
diameter (/6). The small-molecule selectivity

can be explained by examining the pore size -

distribution for a similar SNPCM prepared at
873 K with a mean pore size centered around an
average of 0.50 nm. (Fig. 4). From the ideal gas
law, the time rate of change in shell side pres-

sure, P, is (17)
08 aHelum T
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Fig. 5. Permeance as a function of pressure for
sample SNPCM-III.
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Integrating from the initial shell side pres-
sure P_, at time ¢, = O to the final shell side
pressure P at f, = ¢ results in

!

Vss I |PCS—PSSO| _ ™ 2
ART ™ -R] T %! )

A plot of the left side of Eq. 2 versus time
gives a straight line with a slope of
1T’
< = To

)
the gas permeance. Permeances and ideal
separation factors (the ratio of permeance
with respect to N, permeance) for SNPCM-
I (Table 1) are 30 to 90 times greater than
the calculated separation factors based on
Knudsen diffusivities (16).

It was assumed in the integration of Eq. 1
that m, was independent of pressure. To test
this assumption, the permeances were mea-
sured as a function of pressure from 300 to
7000 kPa and were found to be pressure-inde-
pendent (Fig. 5). This result shows that there
was no Poiseville flow through the membrane.

Finally, using UD to control thickness, the
effect of membrane synthesis temperature dur-
ing pyrolysis was tested by also preparing ma-
terials at 423, 573, and 873 K (Table 1). The
membrane prepared at 423 K was impermeable,
whereas that prepared at 873 K displayed per-
meabilities that were over an order of magnitude
greater than those of the others. Its selectivities
were less than those of SNPCM-III but were still
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Fig. 6. O,/N, selectivity versus O, permeability
(m').

higher than the Knudsen values. These selectiv-
ities indicate that the membrane was not cracked
but that the higher pyrolysis temperature
brought on lower selectivity. When pyrolized at
573 K, the resulting membrane, SNPCM-II,
showed good selectivities but not as high as
those of the membrane prepared at 723 K. That
thermal effects should play such a role in deter-
mining membrane properties, and hence selec-
tivities, is expected on the basis of previous
work with bulk NPC materials (9). O,/N, selec-
tivity versus O, permeability for SNPCM-II,
-IIL, -IV, and two additional membranes pre-
pared at 723 K are plotted versus the best known
reported values (/8), which lie on or below the
dividing line (Fig. 6).

In addition to transient experiments,
a steady-state experiment was run using
SNPCM-III to separate air. High-pressure air
from a gas cylinder was fed at a constant
pressure of 3550 kPa to the core side of the
membrane. The shell side operated at atmo-
spheric pressure, and a gas chromatograph
was used to analyze the permeate, which
contained 44% oxygen, a 100% enrichment.
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Room Temperature Lasing at
Blue Wavelengths in Gallium
Nitride Microcavities

Takao Someya,’* Ralph Werner,? Alfred Forchel,?
Massimo Catalano,® Roberto Cingolani,* Yasuhiko Arakawa’

Lasing action has been demonstrated at blue wavelengths in vertical cavity
surface-emitting lasers at room temperature. The microcavity was formed by
sandwiching indium gallium nitride multiple quantum wells between nitride-
based and oxide-based quarter-wave reflectors. Lasing action was observed at
a wavelength of 399 nanometers under optical excitation and confirmed by a
narrowing of the linewidth in the emission spectra from 0.8 nanometer below
threshold to less than 0.1 nanometer (resolution limit) above threshold. The
result suggests that practical blue vertical cavity surface-emitting lasers can be
realized in gallium-nitride—based material systems.

Blue nitride-based semiconductor laser diodes
(LDs) and light-emitting diodes (LEDs) have
been developed over the past few years (/-13)
and are having a large impact on industry as
well as on fundamental research. Blue vertical
cavity surface-emitting lasers (VCSELs) have
attracted increasing attention (/4, /5) because
they are expected to surpass conventional blue
nitride LDs in many applications. In particular,
the use of two-dimensional arrays of blue
VCSELSs would drastically reduce the read-out
time in high-density optical storage (compact
disc and digital video disc) and increase the scan

speed in high-resolution laser printing technol-

ogy (14). The short vertical cavity configuration
is also especially suitable for reducing the
threshold current in blue lasers, because wide
band gap materials have large optical gain due
to the giant joint density of states (/, 2). In
addition, field patterns from VCSELSs are natu-
rally completely circular, whereas the aspect
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ratio between vertical and horizontal modes is
still 4 in conventional edge-emitting nitride la-
sers (10).
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The main obstacle to the room-temperature
operation of blue VCSELSs is the crystal growth
of highly reflective nitride mirrors consisting of
GaN and AIN or GaN and Al Ga,_ N with
high aluminum content x on which the high-
quality InGaN active regions are subsequently
grown (/6—19). The problems that arise in epi-
taxial growth of high-quality films are the large
difference in thermal expansion coefficients be-
tween GaN (5.6 X 107%K) and AIN (4.2 X
10~%/K) and the large difference in their lattice
constants (2.7%) (20). However, progress in
crystal growth technology is now opening the
door to the synthesis of highly lattice-mis-
matched nitride semiconductor systems.

We report here the fabrication of blue
nitride VCSELs and the observation of lasing
action at room temperature. Using a micro-
cavity with a high Q factor of 500, we ob-
served lasing action at a wavelength of 399
nm under optical excitation.

Disk-shaped VCSEL structures 18 pm in
diameter are formed from a planar multilayer
by reactive ion etching and arrayed in a two-

Fig. 1. (A) Scanning electron microscope image
of a two-dimensional array of GaN-based VC-
SELs. (B) Cross-sectional image of the VCSEL
structure observed by transmission electron
microscopy. The structure of the GaN-based
multilayer, grown on a (0001)-oriented sap-
phire substrate, is as follows: a 30-nm GaN
nucleation layer, 400-nm GaN, a nitride distrib-
uted Bragg reflector (DBR) consisting of 43
pairs of 38-nm GaN (dark layers) and 40-nm
Aly3,Gag 6N (bright layers), 195-nm GaN,
multiple quantum wells (MQWs) consisting of
26 periods of 5-nm In,,,Ga, oN barrier and
3-nm Iny ,Ga,gN quantum well, and 18-nm
GaN. The aluminum content x = 0.34 of the
Al Ga,_,N was determined by x-ray diffraction
measurements. The oxide DBR consisting of 15
pairs of 48-nm ZrO, (dark layers) and 68-nm
SiO, (bright layers) was evaporated on the top
of the GaN-based multilayer to form a vertical
cavity.
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