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The patterning of setgel-derived thin films by micromolding in capillaries can produce unintended
topographical deviations from the shape of the original mold that may limit the utility of the technique in
potential applications. During drying and heat treatment, nonuniform shrinkage across the film due to the
densification of the gel matrix results in “double-peak” film topographies whereby the film thickness is greater
at the lateral edges than in the middle. Using the same framework used to understand the imbibition and
wetting of the sot-gel in the capillary channels, we developed a mechanism to explain the formation of the
double-peak profile. As a model system, patterned RftZio.45Os thin films were studied. Atomic force
microscopic characterization was used to quantify the effect of the rate of gelation on the topography of the
patterned thin films. Modifications to the channel mold design eliminate the peak formation, producing more
homogeneous patterns that better replicate the features of the mold.

I. Introduction undesirable residual chemical artifacts. In the case of PZT thin-

) films, subtractive patterning requires dedicated RIE equipment
Considerable research effort has been focused on the develig minimize lead contaminatich.

opment of thin film technologies for ferroelectric materiiS. The successful implementation of thin film ferroelectric

Ferroelectric materials, such as lead zirconate titanate naterials in micrometer scale structures requires new additive
(Pb(Zr,Ti)Gs, PZT), can be used in integrated electronic devices paterning techniques that are compatible with existing technolo-
such as capacitors, transducers, pyroelectric detectors, thergies To minimize production costs, these processes must be
mistors, and dielectrics.A growing field of study is the  3pje to replicate patterns over large areas with high throughpui.
integration of patterned piezoelectric thin films in micro- The methods should not require investment in new, expensive,
electromechanical systems (MEMS). Traditional silicon-based gedicated capital equipment to be attractive to potential manu-
integrated circuit (IC) manufacturing methods and materials are factyrers. The use of the soft lithography techniques pioneered
combined with specialized processes, novel materials, andby Whitesides and co-workérhas resulted in the development

customized packaging techniques to fabricate MEMS capable of new fabrication methods for micropatterned ceramic thin
of sensing, actuating, and processing information. MEMS may fjjms.8.10-20

include such fabricated devices as accelerometers, infrared Tpe techniques used for patterning inorganic thin films fall
devices, flow meters, pumps, and motors ranging in sizes from i three categories. The first uses the elastomeric mold as a
the micrometer to centimeter length scA&4EMS have found stamp to effect the microcontact printinge@P) of self-
applications in the biomedical field as blood pressure ser¥sors, 5ssembled monolayers (SAM) of surfactants, most commonly
information processing as displa_(yand _the automotive industry octadecyltrichlorosilane (OTSY.The patterned SAM layer is
as accelerometers for deploying air bag. host of new then used as a template for the selective deposition of the metal
microactuator and microsensing applications can be realized byoyide thin film. A chemical precursor solution is spin-coated
successfully incorporating the superior piezoelectric and pyro- on top of the substrate with a patterned SAM. After heat
electric properties of inorganic ferroelectric materials into treatment between 300 and 406G, the regions of the film
MEMS devices. deposited on top of the SAM show poor adhesion and crack
Currently, nearly all microelectronic devices and IC archi- because of the pyrolysis of the underlying organic ligand
tectures are fabricated using subtractive processing methods. molecules. This material is removed with mild mechanical
Most deposition methods, such as spin- and dip-coating, produceabrasion using a cotton felt dampened with 2-propanol. A
continuous thin films across the entire surface of the substrate.higher-temperature heat treatment is then used to remove any
The various device features are defined in the thin film layer remaining organic components and convert the remaining
by selectively etching away the unwanted material leaving precursor to the desired crystal struct&t€.
behind the desired microstructure. The subtractive processing Jeon et al® first reported the use QfCP to pattern a SAM
steps usually require complex and costly lithographic patterning from OTS in hexanol as a template for depositing lithium
steps, followed by wet chemical etching or reactive ion etching niobate (LiNbQ) and lead lanthanum titanate (Ph,LaxTiOs)
(RIE).” These methods have worked very well for traditional on sapphire, silicon, and indium tin oxide substrates. Later work
silicon-based IC manufacturing but are of limited utility to by the same research group demonstrated the use of the
proposed thin film materials such as inorganic ferroelectrics. technique for patterning tantalum(V) oxide ¢C&) on silicon,
Depending on the material of interest, these methods may requirealuminized silicon, and platinized silicon waférand PZT on
highly controlled environments, etch anisotropically, or leave platinum!? They achieved line widths as small agth with
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100 nm resolution and vertical thickness of 80 to 120 nm with film at the edges can be nearly twice as thick as that of the film
their resulting patterned thin film oxidé&.Their work is well in the middle of the feature. By understanding the origins of
summarized in a review articfeA variation of the technique  this nonuniformity, alteration of the topography of the mold
has been used by Bechiniger efato pattern an array of 150  profile can be used to produce more homogeneous thin films.
nm tungsten oxide dots using a poly(dimethylsiloxane) (PDMS) While our experiments solely characterize PZT thin films, the
stamp cast from a self-assembled, hexagonally arranged, closeresults should be applicable to any material derived from
packed monolayer of 600 nm diameter polystyrene colloidal chemical precursor solutions that exhibit significant densification
spheres. The SAM was patterned from a combination of upon conversion to the desired phase.

octadecanethiol and 11-mercaptoundecanol on gold-coated glass

sheets and then dip-coated in the tungsten alkoxide precursotl. Experimental Section

solution. . . .

Th d thod dt it ics f thei A. Sol—Gel Preparation. The Pb(Zp52Ti0.49O3 chemical

h e slecon metho dl_Jset to pa ertn r;]er_amms ”rodm their precursor solutions were prepared by using a chelation synthesis
chemical precursor is a direct stamping technique called micro- sol-gel approach developed by Yi et ZlLead(ll) acetate

. 13 .
transfer molding 4TM).™ In 4TM, a prepolymer or chemical trihnydrate (Aldrich, Milwaukee, WI) was dissolved in glacial

precursor solution is deposited into the recessed regions of theacetic acid in a 2:1 mass ratio. The solution was heated to 105

patterned side of the stamp, most commonly by spin-coating. °C for 5-10 min to remove the water from the lead acetate

;I'he .sttan;p IS lthen brou%rlthlntgs:'(\)ﬂrgacltl with fthetiubstrgte. Tgetrihydrate. The solution was transferred to a humidity-free glove-
ow interfacial energy of the allows for th€ patterned 1, o the addition of stoichiometric amounts of zirconium-

material to remain on the surface as the stamp is peeled &iway. v) . o : . .
A, . X propoxide and titanium(IV) isopropoxide (both supplied
The material is then ready for heat treatment. This technique by Aldrich, Milwaukee, WI). After the solution was stirred for

has been used to pattern spin-on glass and_ zirconiag] 410 15—20 min for the chelation reactions to take place, the solution
a nqmber of subitratgand SrBsTa,00 (SBT) lines on a (0(,)1) . was removed from the glovebox, and distilled water was added
SrTiO; substrate? To date, the smallest reported resolution is to initiate the condensation reactions and promote the formation
500 nm, as reported by Lange and co-workers who pattemed ¢ ye metal-oxide oligomeric chains. The amount of the water

lines of monoclinic zirconia (Zrg) orientated epitaxially from 5 qition can be used to adjust the viscosity, but this also impacts

a zirconyl 2-ethylhexanoate precursor solutién. the amount of volumetric shrinkage of the sglel upon drying
The third technique, micromolding in capillaries (MIMI&);% and heat treatment.

has been used to produce ceramic features with dimensions g \icromolding in Capillaries. MIMIC, like other soft

smaller than 500 nri:*® MIMIC is a single-step patterning  |ithography techniques, begins with the fabrication of masters
process whereby an elastomeric mold is placed against a flatyith relief features that correspond to the desired features on
substrate to produce a network of channels that a liquid precursofine final patterned surface. Masters were produced by traditional
fills by capillary suction. Patterned microstructures of oxide ppotolithographic microfabrication techniques. The lithographic

materials such as Si3°!7Zr0,, SnQ,*® SINB,O7,'? and Pb-  masters were patterned by a photomask design that produced
(Zr,Ti)Os'2°have been fabricated from their respective chemi- jinear channels with widths of 2, 3, 5, 7, 10, 15, andu@0 in
cal solution precursors. close proximity to each other to permit a more systematic

The primary drawback of additive patterning techniques, such evaluation of the effects of different line widths. In this work,
as MIMIC, that use setgel precursors is the large nonuniform  the channels on the masters were patterned either in a photoresist
volumetric shrinkage of the materials during the drying and (Clariant AZ-5214, Somerville, NJ) thin film layer deposited
sintering of the patterned lines from the dimensions of the on the surface of a (100) Si wafer (SiliconQuest International,
original mold*&-29 Learning to control the evolution of the thin  Santa Clara, CA) or directly in the Si using RIE (PlasmaTherm
film topography is a critical hurdle that must be overcome for 790 RIE, Uniaxis USA, Inc., St. Petersburg, FL).
the use of MIMIC and other related techniques in commercial  The general procedure for MIMIC is depicted in Figure
applications. The presence of a highly irregular patterned surface] 923-256 A PDMS mold is cast against the lithographic master
makes it more difficult to later compatibly deposit functionalized by using the commercially available Sylgard 184 kit (Dow
coatings, metal contacts, and circuits to complete the device.cOming, Midland, MI). The liquid prepolymer is mixed in a
Typical microfabrication steps of spin-coating of proceeding 10:1 ratio with the initiator and poured on top of the master.
thin films, evaporation of metal layers, and pattern alignment The curing polymer is held under vacuum to remove any bubbles
for photolithography can become problematic with surfaces with introduced during the mixing and improve the fidelity of the
sharp peaks and irregular boundaries in the underlying layers.pattern transfer. After curing overnight, the PDMS is peeled
In MEMS, control of the shape of the film is of utmost off of the master and cut so that the microchannels are exposed.
importance in fabrication. For example, our research is focused The PDMS mold is placed patterned side down on a clean (100)
on the development of a free-standing piezoelectric micro- Sj wafer with a native oxide layer and a pool of the PZT-sol
cantilever for biodetection applications. Deviations in the shape gel is placed along the periphery of the mold. Capillary forces
of the patterned film from the intended rectangular cross section spontaneously draw the sefiel into the channels where the
may result in the introduction of additional resonance modes solution gels and dries forming the patterned thin film.
and blurring of the intended resonance peaks that degrade the The rate of drying is controlled by the conditions in which
device performance. the sample is placed. Fast drying conditions e#3 to gelation

The work reported in this manuscript evaluates the role of are achieved by allowing the sample to dry in the open air of
the drying conditions during MIMIC on the topography of the laboratory. Sealing the sample in a small Petri dish locks in
patterned setgel-derived PZT thin films. Previous studies have the humidity from the evaporating water, resulting in slower
neglected to explain the nonuniform topography of the patterned drying conditions that stretch gelation to periods as long as 48
film that can be clearly observed in the published atomic force h. The slower drying conditions permit the sglel to infiltrate
microscopy (AFM) image&® The patterned films have a the channels further, allowing defect-free areas as large as 1
characteristic “double-peak” profile in which the height of the cm? to be patterned®
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Figure 1. Schematic diagram of micromolding in capillaries to pattern
PZT from a sot-gel. The insets show AFM topography images of PZT
lines on a (100) silicon wafer patterned by MIMIC having® wide

by 1.85um high channels (B) after drying at room temperature and
(C) after heat treatment at 60C for 3 h. In panel A, a cross-section
view of the pre- (blue) and postheat treatment (red) lines more clearly
shows the evolution of film topography as shrinkage occurs.

Once the sotgel is dry, the excess material around the
periphery of the mold can be scraped off with a razor blade

and the PDMS peeled off of the substrate. PDMS is an excellent

choice for MIMIC because of its low surface energyphms-air

= 21.6 dyn cn1?), lack of reactivity with the PZT setgel,

and permeability to air and water vagge These features permit

the PZT gel to dry within the confines of the mold and adhere

strongly to the Si surface but not to the PDMS channel walls.
C. Heat Treatment. After removal of the PDMS mold, the

patterned PZT gel is heat treated in an electric resistance furnacd®

(Thermolyne type 47900 furnace, Dubuque, 1A) at 6Q0for

3 h. The samples are heated using a constant ramp rate of 1
°C/min. The heat treatment permits the volatilization of any
remaining organic components of the gel, densification of the
film, and conversion to the crystalline perovskite ph#kse.

D. Characterization. The topography of the patterned thin
films was examined with an atomic force microscope (Digital
Instruments Multimode SPM with Nanoscope llla controller,
Digital Instruments, Veeco Metrology Group, Santa Barbara,
CA) operating in contact mode with oxide-sharpened silicon
nitride probes (Digital Instruments NP-S). Quantitative data from
the cross sections of the patterned lines was obtained using th
section analysis tool from the instrument software. The results
were validated by examination with a field emission scanning
electron microscope (SEM) (Philips XL30, FEI, Hillsboro, OR).
The SEM samples were prepared by coating 20 A of iridium
and examined at 510 keV. Both plane view and cross-
sectioned samples were examined in SEM.

Ill. Results and Discussion

A. Shrinkage. Top-view SEM images of micropatterned lines
produced on a Si wafer using 1.8/ high channels are shown
in Figure 2 after (A) the removal of the PDMS mold and (B)
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Figure 2. SEM images of PZT lines on a (100) silicon wafer patterned
by MIMIC having 1.85um high channels (A) after drying at room
temperature and (B) after heat treatment at 800for 3 h. The line
widths on the mold vary from 2 to 20m, of which a section from 7
to 20um is shown in each of the images.

and 20um wide lines can be seen at the imbibition front. These
images clearly demonstrate the same shrinkage of the lines upon
sintering in the lateral dimensions as demonstrated in earlier
pers:®-20 While the imbibition front of the PZT lines does

appear to recede from their preheat treatment infiltration

docation, the majority of the shrinkage that occurs in the plane

of the substrate is in the transverse direction. The imbibition
front recedes approximately 10m during sintering, but this
represents less than 0.5% of the-®2 mm long lines; by
comparison, the width of the lines typically decreases by
3—10%. Because the relative shrinkage of the width of the lines
is significantly greater than the relative reduction in the length
of the lines, the effects of the lengthwise reduction in dimensions
are neglected for the purposes of this work.
A similar comparison of AFM images of PZT lines patterned

grom 5 um wide by 1.85um high channels is shown in the

insets of Figure 1. These images more clearly show that the
vertical direction is the axis of greatest shrinkage in the PZT
lines because there is no substrate to restrict the contraction of
material in this direction. These images also demonstrate the
development of the nonuniform “double-peak” profile in which
the edges of the lines have greater heights than the interior
region, which is discussed in more detail in a subsequent section.
The amount of volumetric shrinkage was estimated by using
computer software (Global Lab Image 2, Data Translation,
Marlboro, MA) to measure the cross-sectional area of the
patterned lines from images such as the one shown in Figure
1A. Figure 3 summarizes the evolution of the film density

the heat treatment. The lines were patterned from the mold for the PZT lines patterned from 14m high channels for
designed for these experiments that placed different sized linesslow and fast drying rates. Initially, the sedel contains

in close proximity to each other. In these images, the 7, 10, 15,

approximately 18% solids. During drying, the gel shrinks to
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Figure 3. The evolution of gel densities during drying and heat
treatment. The selgel begins with approximately 18% solids. Fast
drying results in a gel that contains453% solids, while slow drying
produces gels with 5868% of the final density. After sintering, the
gels have the same final density but differ in topography.

Figure 4. AFM contact mode image of a grid pattern of«eh wide
sintered PZT lines patterned from a 1,8 depth mold.

45-53% of the final density when dried quickly in air but . . .

densifies further to 5868% solids when dried more slowly.  With [ateral dimensions greater than Ash. We speculate that
Water and organics diffuse through the PZT gel network to the thgre is an inverse re!atlon between the critical Wldths and
exterior surfaces of the line bounded by the PDMS and are then"€ights for crack-free lines that can be patterned for different
transported through the permeable mblds a result, a m_a_terlals_wa MIMIC. As the channe_l height is increased, the
concentration profile develops within the cross section of the C”t'?"?‘l width _for crapk—free lines is reduced t?ecau.se Fhe
PZT film whereby the interior has a higher concentration of addlt!onal yertlcal shrinkage that must occur during S|nter|ng
water and organics than the exted?3Eventually, the exterior  [oF thicker lines must be co;gmen_sgted by a lower stress loading
of the film reaches a low enough water and organic concentra- " the lateral dimension¥.%° Variations in the processing of
tion and forms a gel film of high elastic modulus that resists the PZT gells hlndgrgd attempts to test and guantlfy this effect.
further shrinkage. Stangle and Ak8&geveloped a theoretical ~ON€ Potential variation is the degree of aging of the-sel
model to calculate the concentration profiles of porous bodies prior to _deposmon; It was observed that there is a reduced
experiencing simultaneous momentum, heat, and mass transfeP'OPENSIty for cracking with selgels that have been aged for
Their results indicate that a slow-drying body held at isothermal Multiple days in sealed vials prior to deposition. These sols have
conditions will have a relatively flat concentration profile higher viscosities due to the increased cross-linking of the
compared to a much more pronounced concentration gradient™et@-0xygen oligomeric chains reducing the distance that sol
of water and organics for a fast-dried body. As a result, the ge! infiltrates the_channgls during MIMIC. Dur|_ng the adt_jltlonal
rigid outer gel layer forms sooner with the faster dried films at 29ing. the organic alkoxide groups of the starting materials have
a time when the interior of the film contains additional moisture time to disassociate from the metalxygen chains, allowing
and organics, leading to the measurements of lower density aftertn€m to0 be more readily removed during drying and sintering.
drying. More pertinent to the subject of this paper is the relationship

The data in Figure 3 also indicate a decreasing trend of between the drying rate and the propensity of cracking. In
volumetric loss during drying with decreasing line widths. As general, slow-dried samples showed little or no cracking, even
the line width decreases, the ratio of surface area to volumefor lines as wide as 2@m produced from the 1.8bm depth
increases. The increased relative surface area of the thinner line§hannels. Meanwhile, many of the fast-dried samples had
acts as additional scaffolding to counteract the shrinkage stressessignificant cracking for line widths of am. The concentration
resulting in a less-dense dried film. The additional porosity of gradient of the dried il has produced a gradient of the elastic
the thinner lines is removed upon densification during heat modulus across the thickness, the interior having a lower
treatment, and the final overall measured volumetric shrinkage modulus than the exterior. If the film is thick enough, the large
is nearly constant across all line widths. volumetric shrinkages result in the cracking of the patterned

Upon heat treatment, films patterned under either drymg lines. In the fast-dried situation, both the heat-treatment shrink-
condition will shrink to the same overall volume. The less-dense, age requirements and the elastic modulus variation are greater,
fast-dried films shrink by a greater amount during heat treatment resulting in increased stresses that lead to an earlier onset of
to remove the porosity. While the final density of the film is cracking. Our unpublished experimental results from samples
unaffected, the drying profile can contribute to two sources of Patterned from other channel widths and deposited on other
defects in the films: cracking of the patterned features and substrates also support the notion that slower drying rates reduce
alteration of the film topography. the propensity for cracking in the patterned thin films.

B. Cracking. Cracking is a phenomenon that develops during  C. Double-Peak TopographiesThe evolution of the double-
the drying and sintering of the gelled film as additional shrinkage peak topography in the patterned thin films is consistent with
takes place in a nonpliable solid material. In the case of the the published AFM images presented in earlier papetsThe
sintering of patterned PZT sebel films, our experience has presence of these peaks can pose significant hindrances to the
shown that the development of cracks appears to be a complexdeposition of succeeding layers in device fabrication. The peaks
function of the following variables: (i) height and width of the also occur in more complicated geometries than straight lines,
patterned lines, (i) aging of the segel prior to deposition, as shown in the grid pattern in Figure 4. The existence of peak
and (iii) drying rate. formation is validated in the SEM images of a cross-sectioned

Beh et al'® showed that Zr@lines patterned by MIMIC with PZT line in Figure 5. It is important to note that the presence
molds having 2um depth channels will crack for line widths  of troughs between the peak regions is not due to “buckling”
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line on Si patterned from a 1.88n depth PDMS mold (A) after drying 0 5 10 15 "0
and (B) after heat treatment and (C) a schematic diagram of the drying Line width (um)

process leading to peak formation. The black line represents the original

contours of the rectangular capillary channel formed by the PDMS Figure 6. Trough to peak height (A) after drying and (B) after heat
mold. During early gelation, the drying film debonds from the flat treatment at 600C for 3 h as aunction of line width for slow- and
PDMS sidewalls while the corners continue to wet (green). As the film fast-dried films.

continues to dry, the shape of the corners is locked-in by the increased

evaporation rate (blue). Heat treatment fails to remove the peaks, instead

[Pr?rec?_Sirclig thé? r_e|tativz Sizef'IOf t?he ?rotruiions for faSt-drietdcfj"fmS (redt)- @s the perovskite grain structure evolves. The entire film profile
e dried and sintered profiles that are shown are generated irom actuaghrinks by approximately the same proportions, so the depth of
ﬁggtaCt'mOde AFM topography data for a fast-driedrb wide PZT the trough appears to decrease when the peaks are actually
' shrinking at the same rate as the interior of the film. AFM
measurements indicate that the peak heights decrease-by 32
of the PDMS molds. The PDMS molds used in this study are 44% for the slow-dried films, while the film thickness at the
not of high enough aspect ratio or thin enough to experience trough is reduced by 3346%. The increased porosity at the
any sort of sagging of the tops of the capillary chanfidfs. interior of the fast-dried thin films is removed during heat
sagging did occur for these mold geometries, the double-peaktreatment, leading to the observation of amplified shrinkage in
topography would have been observed with all materials the trough regions. AFM measurements reveal that the peak
patterned in previous studies, such as polymers and colloidalheights decrease by 322% for the fast-dried films, which is
crystals, and not merely ceramic materials derived from-sol comparable to the values for the slow-dried films. The dis-
gels that exhibit significant volumetric shrinkage upon drying similarity lies in the reduction of the substrate to trough distance
and sintering. by 52—60% for the fast-dried patterns, resulting in the observed
The difference in the height of the peaks and the bottom of increase in trough heights.
the trough was measured from the AFM data to quantify the  The propensity of the patterned thin films to form double
peak formation. Figure 6A summarizes the trough height for peaks can be minimized by drying the thin films more slowly
films that were fast- and slow-dried for different width lines. during the gelation and imbibition process. However, the
The trough height increased with line width because the effects question remains of how to eliminate the characteristic double-
of the pinned edges were reduced for the wider lines. The trendpeak profiles entirely. Because the peaks are being formed by
asymptotically approaches a limiting value as the shrinkage the presence of the sharp corners of the PDMS mold, a series
behavior in the middle of the film approaches that of large- of PZT lines were patterned from PDMS molds having no sharp
area continuous thin films. The patterned films that dried faster corners. These molds were cast against lithographic masters of
had smaller trough heights than the slow-dried heights after the patterned photoresist that were baked longer than usual at a
drying step. The increased rate of evaporation throughout thetemperature above the glass-transition temperature after devel-
bulk of the film results in the onset of rigid skin formation on opment to round out the corners. Figure 7 shows a pair of SEM
the flat surfaces at a time closer to the onset of skin formation images of PDMS molds mounted in cross section to show how
at the corners. As a result, the interior of the film has not the rounded photoresist produces corner-free channels with depth
densified as much as in the slow-dried films, leading to a lower of 1.4 um.
measured trough height. As the AFM traces in Figure 8 indicate, the lack of sharp
After heat treatment, the troughs for the fast-dried films corners entirely eliminates the formation of peaks in the
increase in height, while those for the slow-dried films decrease, patterned film. The images include an overlay of the topography
as shown in Figure 6B. The same rapid film formation that is of the original PDMS mold to demonstrate the fidelity with
responsible for the smaller difference in the trough height prior which the features of the mold are replicated in the dried and
to heat treatment is the cause of the increased trough to pealsintered films. To further illustrate the point, a 20n wide
differential afterward. For the slow-dried films, the majority of lithographic master was produced with rounded corners and a
the shrinkage during sintering is due to densification of the gel small “hill” feature down the middle of the channel. This feature
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Figure 7. SEM images of cross-sectioned PDMS molds patterned from
lithographic master with (A) rounded edges and maximum depth of
1.4 um and (B) sharp corners and depth of 1,88.
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the drying speed is still important for controlling the propensity
for cracking during sintering and the maximum imbibition
distance in the capillaries.

D. Theory. The results with the rounded capillary channels
clearly demonstrate that the double-peak profile is the direct
result of the presence of sharp corners in the rectangular capillary
channels. Two phenomena work in concert with one another to
effect the final nonuniform topography: (i) preferential wetting
of the sol-gel and (ii) increased rate of segel drying at the
capillary corners.

1. Preferential Wetting of SelGel to Capillary Corners.
Studies of the imbibition of wetting fluids in noncircular
capillaries have demonstrated the preference of fluids to wick
along the corners over the sid@s? This effect is thermody-
namically driven by the minimization of total surface energies
that drive the fluid to adopt rounded and circular profiles. The
fluid preferentially wets to zones of small radii of curvature,
an effect similar to capillary condensation. The smaller the radius
of curvature is, the greater the localized pressure becomes and
the thicker the layer of fluid that covers the surface becomes.
In the case of capillary channels with rectangular cross section,
the fluid preferentially adheres to the corners the radius of
curvature of which is very small compared to the flat surfaces
that have an infinite radius of curvatuf&This effect should
not be confused by the distinct phenomenon that drives the
actual fluid flow that fills the channels; the flow is driven by
the relationship between the curvature of a ligtgpor
interface and local pressure described by Laplace’s equ#tion.
A gradient of decreasing capillary pressure is induced by the
increasing radius of curvature of the liguidapor meniscus
along the flow directior?!

The shape of the imbibition front is made more complicated
by the difference in surface energies of the three PDMS walls
compared to the Si substrafe®®> Goniometric measurements
show that the contact angle of the PZT sgkl is 46 + 3°
on PDMS and 2% + 2° on Si3 As a result, the setgel
preferentially contacts the Si substrate to the walls of the PDMS
mold. Thus, because of the stronger adhesion of thegsilto
the Si, the fluid prefers to wet the bottom corners of the channels
bound by the substrate and the PDMS over the all-PDMS
corners of the mold. This results in the imbibition front along
the Si/PDMS corners stretching further ahead than for the
corners formed by the PDMS mold alone, as depicted in
Figure 9.

As the gelled PZT shrinks due to the evaporation of water
and other volatile organic components, certain surfaces of the
capillary channels once again become exposed as the gel
debonds from the surface. The regions that de-adhere from the
surface first are the areas that were the least favorable for wetting
or the surfaces of lowest surface energy. An analogy is that
this process is the reverse of the melting of a nonspherical
particle whereby the surface liquid prefers to collect in the areas
of high curvature on the particfé.In this case, the gel debonds
from the PDMS walls first and remains adhered to the substrate.
Similarily, because of the preferential wetting of the corners

Figure 8. AFM traces showing cross-sectioned view of the pre- (blue) OVer the straight sides in the rectangular channels, the gel
and postheat treatment (red) PZT lines using rounded PDMS mold of debonds from the flat PDMS surfaces prior to the corners. The

1.4 um depth (green): (A) 1@m wide line dried slowly; (B) 2Qum
wide line dried rapidly.

side bounded by the two all-PDMS corners is also the longest
side due to the rectangular shape of the channel, so this side is
the most favorable for debonding of the gel. The result is that

was captured in the PDMS mold upon casting and then the shrinking gel forms a concave shape after the side debonds
reproduced in the same proportions in the PZT thin film, as from the sidewall, but the corners are still in contact.

shown in Figure 8B. The film reproduces the topography of

2. Faster Drying at Capillary CornersThe evaporation of

the mold regardless of fast or slow drying conditions; however, water and organic components occurs fastest at the corners
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Figure 9. The imbibition front of the PZT setgel, which is led by S

the wetting along the corners of the rectangular capillary channel. O
Because the PZT sebel wets the silicon preferentially over the PDMS, j Channel
the leading edges of the front are longer along the Si/PDMS corners & Height

: 0.0 g
on the bottom over the PDMS corners at the top (after Dong and Channel Width 0.2

8l
Chatzis’). Figure 10. Concentration of water and organic material remaining in
the drying sot-gel in a PDMS capillary channel ¢f= 5 atr = 0.001
because of the higher surface area-to-volume ratio. This is I:(Z)rrgAe)rtpee i)”rf're channel cross section and (B) a close-up of the PDMS
validated using a two-dimensional, transient mass transfer glon-
equation to model the evaporation of fluid from a solid cross
section: system at early times when the volumetric shrinkage is negligible
and the gel boundaries are still in contact with the PDMS mold:
ic_pfic , i 0 T
ot » oy 0(X,Y,0)=1 (initial condition) @)

. . . i @(X,l.r) =0 (no penetration at substrate surface) (8)
whereC(x,y,) is the concentratiorD) is the diffusion coefficent, ay

tis time, x is the position along the width of the channel, and 0(0,Y,7) = 0(B,Y,r) = 6(X,07) =0 9)

y is the coordinate in the height direction. For the purpose of

simplification, it is assumed that all of the water and organic wheref is the aspect ratio of the channgl & W/H). The
components that are volatilized during drying can be treated asboundary conditions in eq 9 assume that the diffusion of the
a single component with one diffusion coefficient. The equation water and organic material through the PDMS mold is infinitely

is nondimensionalized to fast compared to the diffusion of the material through the-sol
gel network because of the permeability of PDMS membranes

90 20 50 to gaseous speciéd-or the purposes of this analysis for early
P o2 | av? (2) times when the PDMS membrane is well below its saturation

limit of water and organic content, this assumption is sufficient.

The mass transfer equation was solved analytically using the
finite Fourier transform methot¥ 40 The result may be
expressed as

after defining the following variables:

c

oY) =< (3)
: oovn =ty 3
Xsﬁ (4) e _nznz‘m: n(m—}) "
Y= Y (5) °
H
2 o AR HHm-(U2)PT sin(@) sin (m - })nY . (10)
= % (6) :

Because the solution is only valid at early times prior to the
whereCy is the initial concentration anld is the channel height.  debonding of the drying gel from the channel walls, the plots
The following boundary conditions are imposed to model the shown in Figure 10 are at = 0.001. Figure 10A is a three-



4268 J. Phys. Chem. B, Vol. 107, No. 18, 2003 Martin and Aksay

dimensional plot that describes the residual water and organicgoniometer. The main portion of this work was supported by

concentration over the channel cross section the width of which NASA Grant NAG-2-1475. Partial support by the NASA

is five times the channel height. Figure 10B is a close-up of University Research, Engineering and Technology Institute on

the corner that illustrates how much faster the corner region Biolnspired Materials (BIMat) under Award No. NCC-1-02037

dries with respect to both the flat surfaces and bulk regions of is also acknowledged.

the capillary channel. By taking the integral of our solution,
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