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conducting properties, with 7.’s of 117 K being increased
to 135 K on annealing in flowing O- at 300 °C. as shown by
ac susceptibility data in Figure 4b. In addition. a volume
fraction of >80% at 100 K is observed.""! An in-depth
study of the superconducting properties of samples pre-
pared by this route is reported elsewhere.!"'!

A vital consideration when preparing mercury-based
cuprates in sealed quartz tubcs is the possibility of pressure
build-up in the tubes. causing explosions, and for this rea-
son quartz tubes have always been encased in steel bombs
to contain any such eventuality. In the studies reported
here. we have deliberately increased the apparent pressurce
within the quartz tubes to exceed their estimated tolerance.
The pressure tolerance of sealed quartz tubes of the dimen-
sions discussed earlier is approximately 15 atm. A quick
calculation for a simple. single-skinned reaction vessel
would tell us that for these tubes (of internal volume
~5.5 % 107 m"). this maximum pressure would be attained
with just 1.08 x 10 ¥ mol of HgO. i.e. just 0.23 ¢ of mercury
oxide in the initial starting mixture. Of course. in the cases
of the DSRV-type reactions. the internal volume is arcatly
reduced. thus reducing yet further the apparent maximum
quantity of HgO possible to stay within the tolerance limits
stated above.

In previous studies, sample mass has generally been kept
low in order to give a minimum pressure of mercury. thus
minimizing the possibility of explosions. However. in those
reports. and others which have calculated the pressures
within the reaction vessels. it has been assumed that all of
the HgO decomposes at the reaction temperature. Through
our steady increase of the ratio of HgO to available space
within the reaction vessel. we have shown that not all of
the mercury is in the vapor state since if this were the case.
explosions would certainly have occurred. Indeed. we have
prepared samples of up to 20 g of Hg-1223 (corresponding
to 3 ¢ of HgO in the initial mixturc) in DSRV-tvpe reac-
tions. without explosions. Thus, this final constraint on sam-
ple mass has becen lifted. since the actual pressurc in the
quartz tubes is constant. given that enough HgO is present
to saturate the atmosphere. For the case of the quarts tub-
ing used here (with the dimensions stated above). this con-
stant reaction pressure is still below the strength limit of
the quartz. and thus any sample mass could. in principle. be
used.

In conclusion, we have developed a synthetic methodol-
ogy towards the bulk-scale preparation of high puritv sam-
ples of Hg-1223. Importantly, we have found that increas-
ing the sample mass actually increases the phase-purity,
and by this roufe. we have prepared bulk samples (up to
20 g) with ex~- «  t phase purity, substantial superconduct-
ing volume fraction. and 7, values in excess of 130 K. We
believe that there is no upper limit to the sample mass
which may be prepared by this methodology: there is a
clear potential for the production of kilogram-sized
batches, or even larger. We have shown that the reaction
for formation of Hg-1223 from the binary oxides proceeds
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primarily via a solid-state route. and thus that applied pres-
sure, which may be gained from increased sample mass, or
decreased volume of the reaction vessel. will give enhanced
phase-purity by coaxing HgO into the solid state.
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Fabrication of Polymeric Microstructures
with High Aspect Ratios Using Shrinkable
Polystyrene Films+*

By Xiao-Met Zhao. Younan Xia, Dong Qin,
and George M. Whiiesides™

Microstructures with high aspect ratios are increasingly
important in micro-clectromechanical systems (MEMS).
These structures are often fabricated by screen-printing.!’!
and more recently by a modified photolithographic proce-
dure:™* X-ray photolithography (LIGA) is also an impor-
tant new technique. " Fabrication of structures with high

aspect ratios challenges conventional photolithographyv in a
number of aspects. Special spin-coaters are necessary 1o
prepare homogencous films of photoresists thicker than
~20 um.I*! Multiple exposures to UV light or a single expo-

sure to a synchrotron X-ray radiation

s

lis typically needed

in order to pattern a film of photoresist thicker than 50 um.
With special optics (large exposure gap optics). it is now
possible for UV lithography to pattern layvers up to 100 um

H

thick in a single exposure.™ This procedure. however. re-
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quires a carefully carried out process of multilayer spin
coating/baking and specially designed proximity printing
equipment which is not available in most research labora-
torics. Here. we report a simple technique for fabrication
of polymecric structures—reactive ion etching (RIE) of a
stress-oriented. shrinkable polystyrene film!® coupled with
thermally induced shrinkage and shape-change in this film-
for fabrication of polymeric microstructures with with an
aspect ratio of ~10. and up to 120 um in height.

Masks used in RIE can be either commercial products.
such as TEM grids and metallic masks fabricated by clec-
troforming, or home-made. free-standing polymeric micro-
structures fabricated by MIMIC and lift-off!”™ Figure la
shows a scanning clectron micrograph (SEM) of a free-
standing epoxy web. This custom-designed pattern. which
we call an inverted honeycomb. is interesting as a possible
negative Poisson ratio material.l”l The polydimethvlsilox-
ane (PDMS) mold used to fabricate this free-standing mi-
crostructure was made by a recently developed rapid proto-
typing technique""! This free-standing film was ~9 wn
thick. 5 mm wide, and 7 mm long. This polymeric web was
coated with ~30 nm of Au to protect it from being ctehed
in the O plasma. The arca of the home-made polvmeric
mask is limited by the fragility of the micron-thick film: the
largest mask we have ever made is 1 x 1 em® in size. Fabri-
cation of the polvmeric mask requires careful work because
the film is fragilc. but an intact mask. when coated with Au.
is reusable many times.

J ii 'W»”i o . iwiwii .
nﬁqi Biwsi — 100 um,

— 25 um

Fig. 1. SEM dwidged of a) a gold-coated free-standing polvmeric microstruc-
ture used as the mask in RIE: b} a polystyrene film after 30 min of RIE
through the mask shown in a): ¢) the shrunken film b): and d) a polyurethane
replica from the sample shown in ¢). The mask shown in a) was made of
heat-curable cpoxy and was coated with ~30 nm of gold by sputtering. The
features in this free-standing film were a little buckled after being coated
with Au. The height of the honevcomb structures was b) ~2.3 um before
shrinking and ¢) ~45 pm after shrinking. The image in d) was taken at a tilt
angle of ~30°.

The pattern of inverted honeycomb shown in Figure la
was transferred into a shrinkable polystyrene film by RIE.
Figure 1b shows an SEM image of the polystyrene film that
has been etched for 30 min in an O- plasma. The feature
shown in Figure 1b was 2.3 um deep. measured using a pro-
filometer. This etched polystyrene film was allowed to
shrink at 110°C for ~2 h. The shrunken film is shown in
Figure lc. This polyvstyvrene film shrank by a factor of ~5 in
the v direction and by a factor of —4 in the v direction. The
depth (~45 um) of the patterned features increased by a
factor of ~20 (45 um = 2.3 pm x 20). Figure 1d shows an
SEM image of a polvurethane replica of this shrunken film.
The protrusive bow-tic-tvpe structures were ~45 um high.

We have made structures with aspect ratios as high as
~10. Figure 2b-d shows epoxy replicas (rom shrunken poly-

bif. 5.
Aspect ratio ?:ig‘%
~6 : ';
~8
~10

Fig. 2. SEM iamges of a) an Au-coated Nimash and b d) three epoxy repli-
cas from different shrunken films. The three polisivrene films have been
cteched in an oxveen plasma through the mask shown ina) for 45, 60, and
75 min. respectively, followed by thermal shrinkage at 110°C. The diameter
of the posts shown in parts b—d was ~12 um: the height was b) ~71 um. ¢)
~96 um. and d) - 121 wm. Images b—d were tahen at a tilt angle of =507,

styrenc films that have been etched in an O- plasma for 45.
60, and 75 min. respectively. followed by thermal shrinkage
at 110°C for 2 h. Duc to the softness of the polymers
(epoxy and polvurcthane) used in replication. and the ca-
pillary force!"'! acted between these structures. posts with
aspect ratios higher than eight tend to collapse and stick
with each other (Fig. 2d) after sonication in cther, removal
from the solvent. and drving.

We have also fabricated complex 3-dimensional struc-
tures using multiple cvcles of RIE through a different mask
in each cycle. A shrinkable polystyrene film covered with a
metallic mask (Fig. 3a) was exposed to an O- plasma for
10 min. The mask was then rotated ~90° (Fig. 3b) and re-
used to further pattern the same film in the second 10 min
exposure to the plasma. The etched film was then allowed
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to shrink at 110 °C for 2 h. Figure 3c shows a polyurethane
replica from this shrunken film. A similar procedure was
applied in the fabrication of the second sample (Fig. 3f).
except that the mask shown in Figure 3d was used in the
first exposure (30 min) to the plasma and the mask shown
in Figure 3e in the second (40 min). The mask shown in
Figure 3d was a rotary encoder disc having 80 lines/revolu-
tion. Since structures in the two masks (Fig. 3d and ¢) had
different spacings, the array of square posts (Fig. 3f) scat-
tered over the region of the rotary disc. The height of indi-
vidual structures depended on the time of exposure. The
top of a post (~62 um high) sitting right on a line (~48 um
high) was ~110 um away from the base.

The procedure described here combines RIE. shrinkable
polymeric films, and the rapid prototyping technique into a
convenient system for rapid fabrication of complex 3-
dimensional structures (with aspect ratios up to ~10) with
custom-designed patterns at low cost. This system provides
a new route in thick-film technology to fabricate micro-
structures with high aspect ratios without access to sophisti-
cated photolithographic facilities. The tvpes of structures

Sample 1

- 50 um

Sample 2

ig. 3. SEM images of different metallic masks (a. b. d. and ¢) and polvur-
cthane replicas (¢ and f). The first polystyrene film has been ctched twice in
arcactive ion etcher for 10 min each duration using the mask shown in a) in
the first 10 min of cxposure and the mask shown in b) in the second. The
sceond polystyrene film has been exposed to an oxygen plasma for 30 min
through the mask shown in d) (a rotary cencoder disc) and for 40 min
through the mask shown in ¢) (an array of squares). The two patterned films
were allowed to shrink at 110°C for 2 h. The polyurcethane replicas from the
two shrunken samples are shown in ¢) and f). The image in ¢) was taken at a
tlt angle of 45° image f) at 30°.
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that we have made so far do not have straight sides and
sharp angles between planes. and are unsuitable for some
types of applications. They can. however., be made on
curved surfaces, and readily yield structures with multiple
levels of relief (e.g. Fig. 3c and f).

Experimental

Figure 4 summarizes the experimental procedure for fabrication. A me-
tallic (Cu. or Au coated Ni) or metal-coated polymeric mask was clamped
with steel clips onto the surface of a polystvrene film. The film was exposcd
to an O> plasma. and the pattern in the mask was transferred into the poly-
styrene film by ctching through slots in the mask. The dimension (r) of the
features etched into the polystyrene film was slightly larger than that of the
corresponding slot in the mask due to undercut. The patterned film was then
transferred into an oven heated at T107C and left there for 2 h. It shrank by
a factor of =4=5in both v and v directions (r = 47 to 5r7). while expanding by
a factor of =20 in the = direction (2 = 2020 4" = 20/ the volume of the film
remained roughly unchanged. The aspect ratio (4771 = 100 i1/r) of the micro-
structures increased by factor of =100 in this shrinking process. A liquid
prepolymer was then used to replicate the structures on the surface of the
shrunken film (Figure 4d and ¢). After curing. the shrunken film was re-
moved by dissolving mn cther.

The metallic masks shown in Figures 2 and 3 were obtained as gifts from
Dynamics Rescarch Corporation (Wilmington. MA ). A mask and a stress-
oriented polystyrene tilm (Kama Corp.. Hazelton. PA) was brought into
contact and held in place with steel clips on the stage in @ home-made reac-
tive ion etcher. The film was oxposed to an Os plasma (170 mTorr, 34 W,
13 scem) tor 5120 min. The patterned lilm was allowed to shrink i an oven
heated at T10°C for 2 ho A thin Taver of a liquid prepolvimer was applied to
the patterned surfuce of o shrunken tilme: the whole system was placed in a

Y | \J
, mask
=N a) Add a drop of

polystyrene prepolymer
film b) Cure in situ

Remove the mask

T Sonicate in ether
h~4.8um to dissolve the
polystyrene mold

Shrink at 110 °C

Fig. 4. Schematic diagram of the fabrication of microstructures with high as-
pect ratios. The stress-oriented polvstyrene film was 25 um thick. At 110°C.
it shrank by a factor of ~4 in the machine direction and by a factor of -3 in
the transverse direction. It expanded by a factor of =20 (4 x 3) in the :
direction (h and z). leaving the volume of the film unchanged. The aspect
ratio of the structures (#/r) in the surface of the polystyrene film increased
at least by a factor of ~100 (#'r/hr’).

n
(5]
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desiccator under vacuum for 20 min to remove air bubbles trapped in the
liquid prepolvmer. When features on the surface of the shrunken film were
deep. many small air bubbles could not escape but scttled down at the inter-
face between the liguid prepolymer and the solid shrunken film. The air
bubbles were thus replicated into the replica after the prepolymer was soli-
dified (c.g. the surface texture shown in Fig. 2b-d). We used a UV-curable
polyurcthane (NOA73. Norland Products. New Brunswick. NJ) and a heat-
curable epoxy (F114. Tra-Con. Medford. MA) to replicate the surface of
shrunken films, The prepolymer of NOA73 was irradiated with a UV light
(Type 7825-34. Canrad-Hanovia 450 W medium-pressure Hg vapor lTamp.
Ace Glass. Inc.. Vineland. NJ) for 45 min. with samples placed at o distance
of ~1-2 cm from the lamp. The precursor of F114 was cross-linked at 65 -
for 4 h.
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The Synthesis of Micrometer- and
Submicrometer-Size Spheres of Ordered
Mesoporous Oxide MCM-41%*

By Michael Griin, Iris Lauer, and Klaus K. Unger”

Since its discovery in 1992, MCM-41 has become the
most popular member of the M41S family of silicate and
aluminosilicate mesoporous materials."= MCM-41 exhibits
a regular pore system which consists of an array of unidi-
mensional, hexagonally shaped pores with a narrow pore
size distribution. The pore walls are composed of amor-
phous silica. as indicated by X-ray diffraction (XRD) mca-
surements!'l Transmission electron microscopy suggests
that the pore walls have an approximate thickness of about
1 nm.Fl The pore size can be adjusted to between 2 and
8 nm during the synthesis by use of surfactants of different
chain length or by adding organic auxiliarics such as 1.3.5-
trimethylbenzene. High specific surface areas of up to
1500 m¥/g have been achieved. Due to its regular pore

[*] Prof. K. K. Unger. M. Griin. I. Lauer
Institut fiir Anorganische Chemie und Analytische Chemic
Johannes Gutenberg-Universitit
J.-J. Becher Weg 24, D-55099 Mainz (Germany)
[*#] This work was financially supported by the AIF, project number
10206 N.
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structure and narrow pore size distribution. MCM-41 has
been used as a model system for sorption isotherms of var-
jous gases''! as well as a packing material in size exclusion
chromatographyISI and normal phase chromatography.“"
Several articles have been published dealing with the syn-
thesis and characterization. formation mechanisms, struc-
ture. and catalvtic activity of MCM-41 and related materi-
als."”! The incorporation of various metals. e.g. aluminum
and titanium into the MCM-41 framework to adjust its cata-
lytic propertics has also attracted considerable attention.™!

The synthesis of MCM-41 can be accomplished by sev-
eral routes. which differ mainly in the pH of the reaction
mixture and the source of silica. Amphiphilic templating
agents. e.g. alkvltrimethylammonium halogenides, are used
together with silica precursors such as tetraalkoxysilanes or
colloidal silica. Atter the reaction the template is removed
by calcination. MCM-41 offers unique properties as an
adsorbent in separation science and technology. The mate-
rial obtained by the classical procedure of Beck et al !
however. viclds loose agglomerates consisting of a wide par-
ticle size distribution. The agglomerates are composed of
primary particles ol about 30-100 nm." Thus. grinding and
sizing to defined narrow cuts vields a large amount of
fines!® and the control of the particle morphology of MCM-
41, i.e. the svnthesis of beads of defined size could open up
new possibilities for the application of MCM-41 as a pack-
ing matcrial in chromatography or as an easy-to-handle
form of MCM-41 for catalytic purposcs. So far, only hex-
agonal prisms of MCM-41 have been reported in the litera-
ture.'N This communication describes the first synthesis of
spherical silica particles featuring an MCM-41 structure.
All samples were characterized by XRD. nitrogen sorption
at 77 K. and scanning clectron microscopy (SEM).

The synthesis procedure itself is a modification of Sto-
ber’'s well-known synthesis  of  monodisperse  silica
spheres.!"'! which involves the hvdrolysis of tetraalkoxysi-
lane in a mixture of a low-boiling alcohol and aqueous am-
monia. We modified this procedure by adding a cationic
surfactant to the rcaction mixture, thus providing a source
of micelles which plav a crucial role during the formation
of MCM-41."!'In this study. n-hexadecyltrimethylammo-
nium bromide (Sample 1) and n-hexadecylpyridinium chlo-
ride (Sample 2) were used as cationic surfactants, while
cthanol was chosen as the solvent and tetracthoxysilane
served as the silica source. Aqueous ammonia was used as
a catalyst. After the reaction, the surfactant was removed
by calcination at 823 K.

The XRD patterns show several Bragg pecaks at low
reflection angles between 2.5 and 7.0° 20 which are typical
of MCM-41 materials. They rcflect the quasi regular
arrangement of the mesopores in the bulk material. The
Bragg peaks can be indexed assuming a hexagonal symme-
try. As no order is present along the /-axis only (hkl) peaks
with / = () are observed. The repeat distance a, between
two pore centers can be calculated from a, = (2/V’§) - dy.
The pore diameter can be calculated by subtraction of
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