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Selective dip-coating of chemically micropatterned surfaces
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We characterize the selective deposition of liquid microstructures on chemically heterogeneous
surfaces by means of dip coating processes. The maximum deposited film thickness depends
critically on the speed of withdrawal as well as the pattern size, geometry, and angular orientation.
For vertically oriented hydrophilic strips, we derive a hydrodynamic scaling relation for the
deposited film thickness which agrees very well with interferometric measurements of dip-coated
liquid lines. Due to the lateral confinement of the liquid, our scaling relation differs considerably
from the classic Landau—Levich formula for chemically homogeneous surfaces. Dip coating is a
simple method for creating large area arrays of liquid microstructures for applications involving
chemical analysis and synthesis, biochemical assays, or wet printing of liquid polymer or ink
patterns. ©2000 American Institute of Physids$§0021-897@0)07122-X]

I. INTRODUCTION chemically patterned surfaces for use as chemical microreac-
tors. Biebuyck and Whitesides have used an immersion coat-
Thin liquid films are commonly deposited on planar or ing technique to fabricate microlens arrays on a chemically
cylindrical surfaces by a dip-coating process. This techniqugatterned surfact. Qin et al?® applied a similar technique
is widely used in industrial applications because of its sim-+to fabricate CuS@ and KNQ; microcrystals from aqueous
plicity and high throughput. A flat or curved substrate, whichsolutions. Braun and Mey®r have produced a structured
is normally smooth and wettable by the liquid coating, isthin polymer film by dip coating an array of water droplets
withdrawn at constant velocity from a liquid reservoir. De- on a hydrophilized gold surface. These approaches provide a
pending on liquid composition, layered coatings can be desimple yet elegant method for selective material deposition.
posited in this way in a controlled manner. The challenge to  In this article, we investigate the dip coating of chemi-
this technique, especially at higher withdrawal speed, is ta@ally micropatterned surfaces. Besides the liquid material
form a smooth coating without defects like blisters, holes,properties like the viscosity, surface tension, and density, the
cracks, or local material accumulatior® thickness of the liquid coating which adheres to the hydro-
With the aid of photolithography or microcontact philic portions depends critically on the pattern size, geom-
printing*® the wetting properties of surfaces can be tailoredetry and orientation. Since our application of interest is the
with submicron resolution. Molecules like alkylsilanes or al- “printing” of liquid micropatterns onto a secondary target
kylthiols form so-called self-assembled monolayers whichsurface, we require pattern fidelity between the designed
render a hydrophilic surface like silicon dioxide or gold hy- chemical pattern and the liquid microstructures formed, as
drophobic. This is reflected, for example, in the large in-well as a uniform coating thickness across structures of vary-
crease of the contact angle of water from 0° to about 110°ing size or shapes. In addition to these experimental investi-
By patterning such a hydrophobic monolayer, ultrasmall vol-gations, we derive a hydrodynamic model for the maximum
umes of liquid in the nanoliter to femtoliter range can befilm height deposited on vertically oriented hydrophilic strips
precisely distributed at desired locations by dip coating theon a hydrophobic plane. The predictions of this model,
substrate into a liquid bath or slot. Such small volume distri-which differs in two key ways from the traditional dip-
butions are difficult or even impossible to attain with con- coating analysis on homogeneous surfaces, agree remarkably
ventional dispensing techniques like ink jetting or microsy-well with experimental results.
ringe delivery.
The dip coating of plates, cylinders, and fibers has bee
investigated for over six decades. The majority of experi—ﬂ' EXPERIMENTAL SETUP
mental and theoretical studfes® have focused exclusively The samples were prepared frd@01]-orientedp-type
on chemically homogeneous surfaces. As the number dfoped silicon wafers using optical lithography. The wafers
techniques available for microfabrication and micropatternere first cleaned by immersion in a solution of concentrated
ing grows, there is interest in selectively coating or “inking” sulfuric acid and hydrogen peroxideolume ratio of 7—3at
90 °C for 15 min, then thoroughly rinsed in ultrapure, de-

dAuthor to whom correspondence should be addressed; electronic maii.onized Water(lS MQ)- SUbseqL!emly’_thin Iayers of @5
stroian@princeton.edu nm) and Au (40 nm) were deposited with an electron beam
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evaporator. A layer of photoresist was spin coated onto thés discussed by Wilsot this result is only valid for low
metal layers, which were then patterned by optical lithogra<capillary numbers, CGauU/o<1, since the viscous contri-
phy and wet chemical etching using TFATransene bution to the normal pressure is neglected in the derivation.
Comp., Inc.) and CR-7(Cyantek Corp.). After stripping  Here,U is the plate withdrawal speed from liquid reservoir
off the photoresist, the samples were immerse@ il mM  andu, o, andp denote the liquid viscosity, surface tension,
solution of hexadecanethi@HDT) in pure ethanol at a tem- and density, respectively. The key point in obtaining this
perature of 30°C for 45 min. The thiol end groups of theexpression relies on matching the flat film profile above the
HDT molecules bond to the gold forming a hydrophobic reservoir to the profile of atatic meniscus. The character-
self-assembled monolayer since the alkane chains oriefgtic length,l.=\o/2pg, which determines the thickness of
away from the gold surface. The contact angle of water orthe entrained film, represents the radius of curvature of a
HDT was measured to be 1083°. static capillary meniscus on a completely wetting wall or

Regions where the gold and chromium layers are relikewise the height of capillary rise. For different geometries
moved and the silicon-dioxide exposed are hydrophilic withlike the dip coating of a very fine fiber, for which the menis-
a contact angle below 5°. If the samples are exposed tous radius of curvature is much larger than the fiber radius,
ambient air, the contact angle on the hydrophilic parts inthe relevant length scale becomes the fiber radius since its
creases over several days. This is likely due to organic corassociated capillary pressure dominates the Howhe cor-
tamination of silicon-dioxide, which is known to have a high responding prefactor in Eql) also changes slightly but re-
surface energy. mains of order one.

The masks used for the optical lithography of the Modifications by White and Tallmadd® and Spiers
samples were printed on a transparent polymer foil by at all® extended the applicability of this model toward larger
high-resolution image setter. The minimum feature size wasalues of Ca. Wilsof later corrected these two analyses and
approximately 25um. Smaller spacings between individual derived an expression valid to second order in Ca by using
elements could not be resolved by the image setter. the method of matched expansions

The liquid used in this study was glycerd,2,3 trihy-

droxy propane, gHgO3). It has a very low vapor pressure h. = \/E 1

such that evaporation could be held to a minimum, an im- ” P9 \1-sina

portant consideration given the small scale structures

formed. Glycerol is hygroscopic, however, and the absorp- «|0.94581C%3— 0'1068_5 % -a @)
tion of water reduces the viscosity significantly. The viscos- 1-sina '

ity was measured with a capillary viscometer as 0.97%ypereq is the angle of inclination as illustrated in Figal

+0.060 Pas at 22 °2C, the surface tension of glycerol isrhg fjjm thickness predicted by E€R) as a function of the

0.0634 N/m at 20 °C ) ) .. speed of withdrawall and the angle of inclinatiorx for
The apparatus used for dip coating the patterned S'I'Corbure glycerol =1.760 Pakis plotted in Figs. tb) and

wafers consisted of a computer controlled sample stagey ) More recent numerical studies of the dip-coating pro-
which allows for precise control of the speed of withdrawal. .as5 have been presented by Tangtyal’® and Reglat
The direction of withdrawal with respect to the liquid reser- ot 5116 schunket all” have extended the model to include
voir and the in-plane orientation of the sample were conyn,ss joss due to solvent evaporation within the framework

trolled with a precision of approximately2°. Film thick- ¢ 5 gne- and two-phase flow model relevant to sol-gel pro-
ness profiles of the deposited liquid microstructures Wer%essing.

measured by optical microscog@lympus BX6Q using a

green bandpass filter whose transmission band was centered
about 550 nm. B. Capillary rise on a heterogeneous surface

As outlined in the previous section, the curvature of the
(vertical static meniscus has a decisive influence on the en-
11l. THEORETICAL DESCRIPTION trained film thickness. When dip-coating patterned surfaces,
like vertically oriented hydrophilic strips, however, there is a
second curvature in the direction transverse to the liquid rib-
Landau and Levich” and Deryagifi were the first to  bon adhering to the hydrophilic strip. As we will show, the
calculate the maximum thickness of a film,, entrained on transverse curvature depresses the radius of curvature in the
an infinite flat plate withdrawn vertically from a reservoir of vertical direction and thus the entrained film thickness. This
a Newtonian liquid. In their derivation, they assumed thatallows for the deposition of much thinner liquid films.
gravitational drainage was negligible and that the coating We conducted energy minimization calculatihsf the
thickness was established by a balance between viscous aabape of the static meniscus on an isolated vertical hydro-
capillary forces. Their expression, obtained in the lubricationphilic strip as shown in Fig.(@). As the input parameters for
approximation, which essentially requires laminar and smalthe computations, we used the material constants of glycerol
aspect ratio flov is given by and equilibrium contact angles of 5° and 95° on the hydro-
philic and the hydrophobic regions, respectively. The com-
h.=0 946\/2 c# 1) putational domain had dimensions of*422 mn¥, which is
o P9 ' much larger than the capillary lengtfv/pg=2.26 mm.

A. Dip-coating of homogeneous surfaces
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FIG. 1. (a) Sketch of the dip-coating geometry for homogeneous substrates.
Entrained film thickness of glycerol as a function(bj the speed of with- -0.1 L L L
drawalU and (c) the inclination anglex on a homogeneous plate. 0 2 4 6 8 10
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Figure Za) shows a front view of the static meniscus FIG. 2. () Liquiq surface profi_le ofavert_ical 31,2m_wid_e hydroph?lic line

. . . e . on a hydrophobic surfacéb) Linear meniscus profiles in the vertical sym-
proflle on a 312um wide isolated hydrOph”'C line. In Fig. metry plane of isolated lines for various linewidths ranging from 78.1 to
2(b), we compare various cross sections of the calculatedsoo um. The linewidth increases by a factor of 2 from one curve to the
surface profiles through a vertical plane at the center of theext.(c) Linear meniscus profiles in the vertical symmetry plane of ah2
hydrophilic line for a series of six linewidths ranging from wide lines in a periodic array with line separations ranging from 0.78 to 12
78.1 to 2500um. For linewidths large compared tg, the
meniscus profile is indistinguishable from that formed on an
infinite, uniformly hydrophilic plane surface. For linewidths
much smaller than., the meniscus shape away from the strip. Meniscus shapes for linewidths smaller than about 78
wall is depressed downward, similar to the behavior of aum require excessive computational time since very fine sur-
hydrophilic liquid against an infinite, uniformly hydrophobic face triangulation is required to capture the detailed profile
plane. In the immediate neighborhood of the wall, the liquidshape at the plane surface. However, the observed trend of a
senses the chemical heterogeneity and wets the hydrophillmear decrease in both the height of capillary rise and the
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vertical radius of curvature, remains valid down to muchplate, we restrict attention to low capillary number flow
smaller linewidths provided the film coating is not so thin (Ca<1), small aspect ratios and negligible Bond number
that disjoining forces become important. (Bo=pghZ/o<1).

Figure Za) shows an interesting detail involving the The flow profile exhibits three distinct regions. Far
shape of the contact line as the liquid is forced to accommoabove the reservoir, the thickness of the entrained liquid film,
date the presence two chemically different regions. The corh,., is uniform and independent of In this region only
tact line precisely follows the vertical junction between theviscous forces determine the upward flux of liquid since cap-
hydrophilic and hydrophobic portions over a fairly long dis- illary pressure gradients vanish in the streamwise direction.
tance. This point has been addressed by Boruvka andt the reservoir the liquid surface assumes the shape of a
Neumanrf® who derived a semi-analytical solution of the static meniscus whose profile is strictly determined by the
Laplace—Young equation for the case of zero gravity. Thebalance of capillary and hydrostatic pressures. The transition
contact angle is found to change from its hydrophobic to thezone between these two regions, often called the dynamic
hydrophilic value along this vertical segment. Schwartz andneniscus regime, is governed by a balance between viscous
Garoff®2” performed similar studies of the shape of theand capillary forces. The film curvature in this region
liquid—solid contact lines on surfaces of mixed wettability. smoothly matches the value of the static meniscus curvature

For a dense array of vertical lines, the meniscus shapat the lower end and the film thickness approadhess x
depends not only on the linewidth but also on the line sepa~ + .
ration. Plotted in Fig. &) are the meniscus profiles along the Within the lubrication approximatiof® the Navier-
vertical symmetry plane of a 312m wide hydrophilic line  Stokes equation governing the steady-state flow field in the
for line separations ranging from 78lm to 12 mm. The transition zone reduces to
meniscus shape for 6 and 12 mm is practically identical.

However, as the line separation decreases below the capillary ap J°u

length(2.26 mm), interference effects with neighboring lines B (?_X+'ua_y2 =0, )
increase the meniscus radius of curvature. This “cross-talk”

leads to thicker film deposition on dense arrays than isolatedhich represents a balance between the capillary pressure
lines. The increased liquid pickup can promote coalescencgradient and the gradient in shear for nearly one-dimensional
with neighboring lines to produce a film coating which cov- flow, based on the geometric requirement, (W)2<1. The

ers not only the hydrophilic but the intervening hydrophobicpressure, viscosity, and streamwise velocity are givep,by
portions as well. wm, andu, respectively. This equation is solved subject to the

The surface profile of an infinite line after dip coating no-slip condition at the solid-liquid interface
corresponds to a section of a circular cylinder. The contact
angle depends both on the natural contact angle on the hy- u=U aty=0, (4)
drophilic strip and on.the deposited liquid volume. If the and vanishing shear stress at the air-liquid interface
natural contact angle is larger than the contact angle corre-
sponding to the liquid pickup, the liquid will recede from au
part of the line and capillary breakup of the continuous line MEZO aty=h(x,z). ©)
into two or more segments is very likely to occlrlf the
hydrophilic strips are not completely wetting and if the speed  The pressure appearing in E() is governed by the
of withdrawal is smaller than the maximum contact line Laplace pressure
velocity2° very little or no liquid may be entrained on the

hydrophilic parts. This is observed primarily for contami- —5p=0Vsﬁ
nated samples, where the contact angle is notably larger than 5 )
0°. . hy(1+h3)+h,(1+hy)—2hh,h,, ©

(1+hZ+h2)%2

whereV is the surface gradient operator amdhe outward
unit normal of the air-liquid interface. The subscripts refer to
partial differentiation, i.e.h,,= 9%h/dx>2.

In what follows, we develop a model for the maximum Within the lubrication approximation, Sindqf<]_ and
film thickness of a hydrophilic liquid entrained on a hydro- h§< 1, the earlier expression reduces to
philic strip surrounded by a hydrophobic coating. Consider
the dip coating of a narrow, hydrophilic, vertical strip of ~ —dp~a(h,+h,,). (7)
half-width W surrounded by a planar, hydrophobic surface a

sfketchegl n Fig. @_' A _CarteS|an coord_lnate sys_tem IS de- integrating twice with respect tg, and using the boundary
fined with x the dlref:tlon of plate withdrawali.e., the conditions in Eqs(4) and (5) yields the parabolic velocity
streamwise direction y the direction normal to the plate, profile

andz in the plane of the plate and normal to the direction of
withdrawal. In deriving a relation for the maximum film
thickness and liquid flux dragged upwards by the moving

C. Dip coating of a vertical hydrophilic strip: Scaling
analysis for h,,

S;Substituting this expression for the pressure into B),

ay?
U=U—; ?_hy (hyxxthyz2). 8



J. Appl. Phys., Vol. 88, No. 9, 1 November 2000 Darhuber et al. 5123

The volumetric flow rate per unit width, which is con- In the general case where both the streamwise and trans-
trolled by the competition between the upward drag of fluidverse curvature contribute to the flow, there are two condi-
and the downward capillary drainage, is given by tions which determine the scaling behaviortf, namely

1 (+W (h h3 .
Q= ij_w fo udydz ©) Xs~W and XSNW(Ca) . 17
ah3 The linear relation betweeX, andW was also obtained from
=AhU+ Bﬁ(hxxx_l' hyz2), (10 our simulations of the static meniscus discussed in Sec. I B.
Equating these two expressions leads to the final result

whereA andB are constants of order one resulting from the 13
o . ST R . h..~W(Ca3 (18)

nonuniformity of the film profile in the direction. Equation

(10) assumes that the streamwise gradient of the capillaryn contrast to the Landau—Levich result in Ed), the expo-

pressure is only weakly dependent anFar above the dy- nent associated with the capillary number is decreased from

namic meniscus region, the entrained film thickness is uni2/3 to 1/3. In addition, the length scale controlling the de-

formly flat in the direction of withdrawal. Under steady-state posited film thickness is not the capillary length but the

conditions, the flow rate emanating from the dynamic menischannel half-widthV. These two differences allow for depo-

cus regime must therefore equal the flow ratexas+ o, sition of much thinner coatings for comparable material con-

namely Q=Ch,U. The film thicknessh,. represents the Stants and withdrawal speeds.

steady-state height at the center of the strip., atz=0).

The constan€ is a number of order one which results from IV. EXPERIMENTAL RESULTS

averaging the film profile in the direction. (For example, The key variables which control the film thickness de-

C_: 2/3 for a I.iquid ribbon whose Cross section is the arc of aposited on a homogeneous surface by dip coating include the
circle) Equating the two expressions for the flow rate yleldsspeed of withdrawal, liquid viscosity, surface tension, and

a third order equation for the interface shapéx,z) density. For micropatterned surfaces, additional variables

3uU 3u like the angular orientation of the hydrophilic shapes with
(T Ah+Bh3(hyy,+hy,)= (T) Ch,. (11 respect to the withdrawal direction, and the width and geom-
etry of the dipped patterns affect the shape and thickness of
Since the capillary pressure terms vanish #nédh, asx the coating film. We investigate the influence of these vari-
—oo, A=C and Eq.(11) becomes ables next.
hs(hxxx+ hyz) =K(3Ca(h..—h), (12 .
A. Velocity

whereK=A/B denotes a constant of order one.
This equation may be written in dimensionless form by
introducing the set of reduced variables

Using optical interferometry, we measured the maxi-
mum film thickness of glycerol entrained on an isolated 49
um wide and 4 mm long hydrophilic strip on axil cn?

h z X hydrophobic sample. The cross section of the entrained lig-
7= Sy fzx_s' (13 uid ribbon forms a sector of a circle. The sample was
. o . _ clamped at one of the upper corners and the line completely
where X, is a characteristic length scale in the streamwisgmmersed in the liquid bath prior to withdrawal. The experi-
direction to be determined later from the matching of theqental data for the maximum film height, of glycerol

curvature to the static meniscus. _ _ entrained on a hydrophilic line versus the speed of with-
Introducing these scaled variables into Etjl) gives drawal U is shown in Fig. 3. The solid line indicates power
) ) law behavior of the fornh,,~U%3%00%5in excellent agree-
o (W XW ment with the theoretical prediction of E¢L8). Lines cor-
7\ 5| Meee Mece| =K(3CA———[1—7]. (14) . P :
s o responding to exponents of 0.32 and 0.34 are drawn for com-

For the limiting case of a homogeneous flat pldtes 1 and panson.

2
(WIXg)*—<0, and Eq.(14) reduces to B. Angular orientation

3

X We have measured the entrained coating film as a func-
7= 5 (3Cal1= 7], (15 9

tion of the azimuthal sample orientation, where the substrate
is held vertical but rotated about an axis normal to the
which determines the dependence of the streamwise leng§ample. The sample was withdrawn at a speed of.40s.
scale on the capillary number The experimental data for the entrained film thickness are
X.=h.(3Ca 13 (16) plotted in Fig. 4. The solid line serves as a guide to the eye.
As can be seem)., increases monotonically from about 1.5
Using this relation in matching the film curvature at the um for vertically oriented lines to approximately twice this
lower end to the static meniscus yields the classical resultalue for horizontal lines. The azimuthal dependence is
given in Eq.(1). rather weak for the range of angless@=45°. This plateau
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FIG. 3. Dependence of the height of entrained liquid lines on the speed oFIG. 5. Dependence of the height of the liquid lines on the width of the
withdrawal U. The solid line represents a power law relation~U# with hydrophilic channels. Several different samples were investigated as indi-
B=0.33. The dashed and dotted lines represent equivalent power law rel&ated by the circles, squares, and triangles.

tions with exponents 0.32 and 0.34, respectively.

o o ) locity U/cose parallel to the sample surface, if the sample is
region is highly advantageous for printing purposes since th@ted and withdrawn at the same vertical veloclty The

entrained film thickness is rather uniform across a broadnych smaller increase of, on the lower side as compared

range of angles. _ . to the upper side is qualitatively consistent with the reduced
We also investigated the influence of tilting the samplemeniscus curvature on the upper side of the sample.
during withdrawal, i.e., the sample was rotated around an

a?ds parallel to both the rgse.rvoir and the sample surfacez. width and geometry

Figure 1 suggests that the liquid volume pick-up increases on , ,

the upper side ¢>0) and decreases on the lower side ( To determine the dependence of the entrained volume on
<0) of the sample. Eberle and Reich have used this effedf€ linewidth of the hydrophilic strip, we investigated the
for the fabrication of optical filter® In our case, however, diP-coating process for linewidths ranging from 40 to 110
the vector of the sample velocity during withdrawal wat ~ #M Withdrawn at a speed of 30n/s. The experimental re-
parallel to the sample surface as shown Fig),lbut perpen- sults for three different samples are shown in Fig. 5. Within
dicular to the surface of the liquid bath. Thus, the flow pro_experimental error, the maximum film thickness entrained on
file is different from the one which leads to the derivation of & Vertical strip scales linearly with the linewidth. -

Eq. (2) and the results are not fully comparable. The experi- ~ Given the dependence of the maximum film thickness on
mental result for a tilt angle ofr=30° is an increase di.. the linewidth perpendicular to the direction of withdrawal, a
by about 7% on the upper side for linewidths ranging fromSa@mple withdrawn at an azimuthal ange=0 will present

46 to 65m and a very smalhcreaseon the lower side. We @n effective linewidtiW/cose. This larger width should en-

attribute the increased pickup to the higher contact line velr@in more liquid, which implies that hydrophilic lines ori-
ented toward the horizontal will entrain a thicker coating
than lines oriented closer to the vertical.

This is an undesirable consequence for printing applica-
tions where a uniform film height prior to printing is re-
quired. For patterns containing lines of arbitrary orientation,
however, one could chemically micropattern a surface such
as to segment lines into smaller rectangles to maintain a uni-
form film height throughout all hydrophilic regions. These
hydrophilic patches would be separated by very narrow hy-
drophobic regions. Upon contact printing, these elements
would coalesce and establish a continuous line as desired.
We are exploring this tessellation procedure as a workaround
to the orientation dependence of film height produced by dip
Velocity U = 40 pm/s coating as discussed above.

. . . . . . . . An additional problem involving nonuniform liquid
0 20 40 60 80 pickup exists for the case alosedloops consisting of hy-
Azimuthal orientation ¢ (deg.) drophilic lines on a hydrophobic substrate. In Figa)6is
FIG. 4. Dependence of the height of the entrained liquid lines on the azi-Shown a.squgre loop ConSISt.mg of four straight line segmepts
muthal sample orientation. The continuous line serves only as a guide to tht00 M in width and 1 mm in length. When such a loop is
eye. withdrawn at speeds ranging from 10 to 100fn/s, the en-

h,, (um)
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(a) M (d t
|_|

100 wm

=
) C
© 0

FIG. 7. The liquid volume entrained on a half-loop structure depends on its
azimuthal orientation with respect to the direction of withdrawal. De-
signed pattern in an upright positiofih)—(e) experimental hydrophilic half
loops dipped in various orientations with the same speed of withdréfyal,
disconnected half loop. Whereas the half loop structure picks up much more
liquid in the orientations shown ifd) and(e), a disconnection of the upper
part of the half loop avoids the undesired entrapment of liquid in the hydro-
phobic interior region.

(©) which would otherwise be trapped in the hydrophobic inte-
rior of the hydrophilic loop, as the liquid meniscus recedes
FIG. 6. (a) The designed pattern is a closed square loop, wibtls filled from the loop region. Therefore, the topological solution to
completely with liquid during the dip-coating process) This undesired  interior entrapment of liquid is to disconnect closed line seg-
effect can be avoided by breaking the loop in at least one position in thgnents.
upper portion. The position of the broken or disconnected point in an
otherwise closed loop is critical for the deposition process
since the volume entrained depends strongly on the pattern
tire interior (hydrophobi¢ region becomes coated with a lig- orientation. In Fig. 7a) is shown a sketch of a U-shaped
uid film whose height exceeds the height entrained on awpen loop. If during the vertical withdrawal process, the loop
isolated hydrophilic strip of the same width and length. assumes orientations as shown(a—(c) (in which O0<¢
As the square loop just exits the reservoir during the<90°), the level of liquid pickup is approximately invariant.
withdrawal process, a meniscus forms between the loweHowever, once rotated beyond this angle such that the con-
horizontal segment and the liquid bath. When this meniscutinuous part of the half loop appears at the top as in Figs.
snaps off, the contact line recedes to éxéerioredges of the  7(d) and 7e), liquid once again becomes entrapped in the
loop thereby entrapping liquid throughout the hydrophobicinterior hydrophobic region as discussed earlier for a closed
interior as shown in Fig. ®). This behavior induces a com- loop. The excess volume does not distribute evenly on the
plete loss of pattern fidelity which is detrimental for printing hydrophobic interior but recedes to the inner corners of the
applications. Liquid entrapment of this sort occurs for loopsstructure in order to minimize the overall surface curvature
of arbitrary azimuthal orientation withdrawn at speeds rangand contact energy. These liquid bulges would again induce
ing over two orders of magnitude whose feature sizes spaa loss of pattern fidelity upon printing.
length scales ranging from microns to millimeters. The solution to this problem rests with inducing multiple
Figure Gc) illustrates a solution to this problem. The disconnection points. When the half loop is separated into
loop shown consists of lines measuring 66 in width and  three straight line segments as shown in Fid), ho liquid
600 um in length and is disconnected in the leftmost cornerentrapment occurred. Furthermore, the liquid pickup on each
This single interruption allows for a dewetting of the liquid, separated line segment is not vastly different. The spacing
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