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We have studied the offset printing of liquid polymers curable by exposure to ultraviolet light onto
flat and unpatterned silicon and glass substrates. The interplay of capillary, viscous, and adhesion
forces dominates the dynamics of ink transfer at small feature sizes and low capillary number. For
smooth and nonporous substrates, pattern fidelity can be compromised because the ink contact lines
are free to migrate across the substrate during plate separation. Using a combination of experiments
and equilibrium simulations, we have identified the physical mechanisms controlling ink transfer
and pattern fidelity. In considering the resolution limit of this technique, it appears that the dynamics
of ink flow and redistribution during transfer do not explicitly depend on the absolute feature size,
but only on the aspect ratio of film thickness to feature size. Direct printing holds promise as a
high-throughput fabrication method for large area electronics.231 American Institute of
Physics. [DOI: 10.1063/1.1389080

I. INTRODUCTION steps. Direct-write methods like ink-jet printing have been
used to fabricate organic light emitting diodésind contacts
Ink transfer by contact printing is the most common i, sjlicon based thin film transistof§FTe).3 Garnieret al*
technique for graphical and typographical reproduction espesng gaget al®® have fabricated organic TFTs by screen
cially for high-volume printing of newspapers and bOOKS. yinting. Kumar and Whitesid@sprinted alkylthiol patterns

Inherent advantages of this technique for image transfer argnio gold surfaces via microcontact printing. Mikaetial®

rapid throughput and simultaneous parallel processing Ognd Leppauori et al® used a hybrid gravure-offset tech-

large areas. The target substrate is usgally fl_ex_ible and pr%—ique to print photolithographic masks for TFT processing.
ces_sed from re‘?' to reel._ Commermal_ prlntnjg PreSSe¥leskovaet al. have employed laser-printed toner patterns as
achieve a resolution, as defined by the minimal linewidth Ofan etch mask in the fabrication of TE¥&Walton et al. have
the printed image, on the order of 40m. '

By contrast, patterns for semiconductor devices are proE’““tEd conductive patterns on flexible substrates like poly-

duced by photolithography, which offers a lateral resolutionethyler"a1 and paper with a standard offset lithographic
down to 100 nm. The patterns are usually defined by a se@rocessl.. . . )
quential step-and-repeat exposure of individual fields untii N this article we present experiments and numerical
the entire surface of a semiconductor wafer is processedmulations which elucidate the physical mechanisms gov-
Subsequently, the exposed photoresist layer is immersed in®"iNY pattern fldel!ty in direct printing of mlcroscale_fefature
developer bath, then dried, and used as an image transféizes at small capillary number. We used offset printing to
layer for etching or selective material deposition. After pat-transfer patterns of ultraviolet lightUV)-curable polymers
tern transfer the photoresist layer must be stripped off thé&nto flat and nonporous substrates like glass or oxidized sili-
wafer. While the achievable resolution is orders of magni-con wafers. Conventional offset printing involves the use of
tude smaller than for conventional contact printing, the techa fountain solution to cover the nonimaging regions of the
nique is only viable for patterning areas on the order ofPrinting plate and an immiscible ink, which adheres to the
square inches. imaging areas. A blanket roller serves as the intermediary for
For large area electronic applications, such as light emitimage transfer. In our studies, offset printing refers to the
ting displays, the required resolution is on the order of 20direct transfer of liquid from a smooth, rigid, chemically
um. This feature size can be achieved without photolithogpatterned surface onto a smooth, rigid and unpatterned sub-
raphy by using contact or noncontact direct patterning methstrate without the use of a blanket roller or a fountain solu-
ods. These are designed to transfer functional material sudion.
as conductors or resistors only to desired locations of a sub- This type of printing process comprises five major steps:
strate, thereby eliminating any postdeposition patterningabrication of the printing plates, dispensing of the liquid ink
onto the patterned substratepattern design modifications to

dAuthor to whom correspondence should be addressed; electronic mai@..nSl_Jre a unlfor'm'llqwd Coatmjj"nk transfer, and pattern
stroian@princeton.edu fixation after printing. In what follows we address each of
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these steps in an attempt to identify the key mechanisms
which influence pattern fidelity.

The numerical simulations of static equilibrium ink sur-
face profiles were performed witSURFACE EVOLVER
which is an energy minimization software that computes lig- L
uid equilibrium conformations given the volume, geometric
boundary conditions, and surface energies associated with
the liquid—air, liquid—solid, and air—solid interfaces. Gravi- —l—
tational forces were ignored since the dimensionless Bond
numbet® is exceedingly small for feature sizes in the tens ofFiG. 1. Diagram of the hydrophilic surface patterns used in the experiments.
microns range. The lengthL of the horizontal segment is 120, 240, or 48®; the spacing

s between the horizontal and vertical segments ranges from O b
steps of 10um.
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II. PRINTING PLATE FABRICATION

For both gravure and letterpress printing, liquid ink is segmentation was introduced to avoid excess entrainment of
confined to the imaging regions of the printing plate byliquid during ink depositioff and to examine intentional pat-
means of a surface relief. The ink either resides insideern coalescence during printifg.
grooves for gravure or rests atop ridges for letterpress print- The liquids used as inks for this study axerland op-
ing. In contrast, offset printing plates are essentially flat. Lig-tical adhesive§NOAs) No. 61 and No. 63, which are pre-
uid is instead confined to the imaging portions by chemicabolymers of polyurethan¥. The viscosityz of these liquids
surface patterns, for example, by hydrophilic patterns on @t 22 °C is 400 and 2000 mPas, respectively. Both have a
hydrophobic background. surface tensioy=40 mN/m and a density= 1231 kg/n?.%°

The printing plates used for this study were preparedThe contact angles of these liquids were measured to be ap-
from silicon wafers andCorning 2947 glass slides. These proximately 50° on the hydrophobic HDT monolayer and 0°
substrates were first cleaned by immersion in a mixture obn the hydrophilic Si@ regions.
approximately 70% sulfuric acid and 30% hydrogen perox-  We selectively deposited a thin layer of these liquids
ide at a temperature of 80°C for 15 min. After rinsing in onto the hydrophilic patterns by a capillary meniscus coating
de-ionized water, the sample surfaces were further cleanechnique. This method is similar to dip coatthdput only
with oxygen plasmdO, flow rate 40 sccm?® pressure 100 requires a small ink reservoir volume. In order to speed up
mTorr) in a Plasmatherm 790 reactive ion etcher. Subsethe deposition process, the viscosity of NOA63 was reduced
quently, chromium and gold were deposited with an electrorby dilution with acetone, which evaporated after deposition.
beam evaporator with layer thicknesses of 5 and 40 nm, re-
spectively. The metal layers were then patterned by opticaly, UNIFORMITY OF INK FILM THICKNESS
lithography and wet chemical etching with THAransene
Comp, Inc.) and CR-7(Cyantek Corp.). After stripping off
the photoresist, the samples were immersed 1 mMhexa- The deposition process selectively distributes a liquid
decanethiol(HDT) solution in ethanol at a temperature of volume onto the hydrophilic areas of the printing plate such
30 °C for 45 min. HDT forms a self-assembled monolayer onthat the initial surface profile does not correspond to its equi-
gold!” The alkane chains of the HDT molecules are orientedibrium shape, which would be a surface of constant mean
away from the gold surface rendering the hydrophilic goldcurvature. Before the ink is transferred onto the target sub-
surface hydrophobic. The contact angle of water on HDTstrate, local differences in capillary pressure induce flow and
coated regions was measured to be 198°. The regions redistribute liquid on the hydrophilic patterns. The character-
where the gold and chromium layers were removed to existic time scale of this relaxation process depends critically
pose the underlying SiOsurface were completely hydro- on the feature size and the coating thickness, as well as the
philic with a water contact angle of 0°. liquid surface tension and viscosity.

The masks used for the patterning of the printing plate  Orchard® developed a theoretical model for the leveling
by photolithography were printed on a polymer foil with a of brush marks in thin Newtonian paint films. The surface
commercial image setter, which has a minimum feature sizgrofile was expanded into a Fourier series, whose coeffi-
of about 25um. The linewidth of the hydrophilic patterns on cients were shown to decay exponentially in time. Under the
the printing plates was 6@m with an edge roughness on the assumption that the lateral wavelengtiof small amplitude
order of 5um. surface corrugations was much larger than the average film
thickness(h), he derived the characteristic decay time of
disturbances according to

4

The hydrophilic patterns were designed in the shape of tio(N)= % 7 &T (D)
continuous or segmented half-loops as sketched in Fig. 1. Y
The lengthL of the horizontal segment was 120, 240, or 480The surface leveling timge, is linearly proportional to the
um; the spacings between the horizontal and vertical seg- viscosity » and inversely proportional to the surface tension
ments ranged from O to 5@m in steps of 10um. The . However, there is a strongly nonlinear dependence. on

A. Time scale of capillary relaxation

IIl. PATTERN GEOMETRY AND INK DEPOSITION
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FIG. 2. Simulations of ink surface profiles at the junction of two straight w|—— Line width w
line segments meeting at an angfe=60°. The volume fill-factorf in N T T S )
(a),(b) is 0.1 and 0.2 ir(c),(d). (a),(c) are top views(b),(d) are side views in 0 60 120 180
the viewing direction as indicated by the arrow(@. Only the left halves of

the surface profiles are shown in the side views. Corresponding points A—D

are labeled in both top and side view images and the coordinate system§s 3. The diameter of the largest circle that can be inscribed in the corner
indicate the viewing angles. region of a junction of two lines as a function of the junction angle

Junction angle ¢ (deg.)

and(h). For a value ofA=120um (twice the linewidth, _The side views clearly show a local maximum of the
hY—6 dvi s ing f 1 to 2000 mP h film thickness in the corner region, which becomes more
<h>_ pman ;"SCOS'“?S ranging ror? to 075m asl,t Cpronounced as the fill-factor increases. Since the effective
N fg?ftenifl'% e;:}a;(g tlr:neosl, ran%el drom><5 to ificall linewidth in the corner increases by a factor[12/

x S t.oug rchard’s model does not specifica y+sin(<p/2)], it is energetically favorable to accumulate more

consider liquid elements on a patterned surface, the mOd‘ﬁhuid in this region. This concept is illustrated in Fig. 3,

b ite short i . Sj . Svhere the diameter of the largest circle that fits into the hy-
can be quite s ort_ or small gature SIZES. SInce in our Cas&rophilic corner region is plotted as a function of the junc-
the time between ink deposition and transfer exceeded seyr

I mi he ink vol distributi ded to i on anglee. For ¢=90° the diameter is about 20% larger
cra _r_mnutes, t '€ Ik volume Istribution corresponded 10 it§ 4, the channel width. The inscribed diameter progressively
equilibrium profile.

increases for smaller junction angles and the relative change
in the height of the ink profile scales as the square of the
relative change in width of the hydrophilic pattern. Figure
2(b) shows that for relatively large values of the fill-factor

A necessary condition for pattern fidelity is the uniform f=0.2, the liquid is forced to spread into the hydrophobic
distribution of ink on the hydrophilic patterns of the printing wedge, which in view of Fig. 3 further amplifies the bulging
plate. The minimum separation between printing plate aneffect.
target substrate that is required to transfer all parts of a pat- Acute junctions connecting hydrophilic stripes or a small
tern is determined by the minimum film thickness. When thisradius of curvature of hydrophilic/hydrophobic boundaries
limiting thickness is significantly smaller than the maximum must therefore be avoided to maintain pattern fidelity. Fig-
film height anywhere on the plate, the thickest portions araires 2 and 3 together indicate that the ideal junction geom-
very likely squeezed out beyond their designated boundariestry requires the radius of an inscribed circle to be constant.
causing image distortion. In the following we study which Figure 4 shows simulations of the ink surface profile on a
pattern shapes give rise to uneven surface profiles and how tounded junction for a fill-factor of =0.2. The surface does
minimize or eliminate this effect.

A common geometric pattern for interconnects in micro-
electronic circuits is the junction of two straight lines meet-
ing at an anglee. Figure 2 shows numericaURFACE
evoLver' simulations of the equilibrium surface profile of
liquid deposited on two straight lines that meet at an angle
¢=60°. The contact anglé of the liquid on the solid sur-
faces was chosen to be 15° on the hydrophilic stripes and
100° on the surrounding hydrophobic areas. To quantify the
ratio of the average liquid heiglih) to the stripe widthw,
we introduce the ink fill-factof = V/(Aw), whereV denotes R —
the deposited ink volume andl the hydrophilic area. The A S I e
fill-factor was f=0.1 in Figs. 2a) and 2b) and f=0.2 in A y B
Figs. 4c) and 2d). Top views are shown in Figs(&@ and FIG. 4. Simulation of an ink surface profile at the rounded junction of two

2(c) and side views along the viewing direction in Figeh)2 perpendicular lines. The fill-factdris 0.2:(a) top view, (b) side view in the
and 4d). same orientation as Fig(19.

B. Influence of the pattern geometry
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10 T T Fig. 5 corresponds to the transfer coefficient function,
given in Ref. 22 forg,=60°. The simulation data closely

approximate the curve obtained from this geometric model

* of liquid transfer at quasistatic conditions.
£ The scatter in the data obtained from the simulations is
& 06 ] mainly due to the mesh refinement and adaptation procedure
& used to discretize the surface profiles during the energy mini-
§ 04 . mization calculations. Despite this scatter, certain general
= trends are evident. 1B;=6,, the transfer ratio is exactly
oz| Contactangle o | 50% as dictated py symmetr_y. Fér>0,, _|t is energe_tlcally_
on printing plate A favorable for the ink to remain on the printing plate in which
6,=30 ¢ . caseR sharply decreases to zero. Convers@&ysapidly ap-
0% e t o - 2 - proaches 1 fo!ﬁt<_0p. The transfer ratidR can never ex-
Contact angle on substrate 6, (deg.) actly equal unity since for contact anglésand ¢, smaller

than 90°, the snap-off point of the liquid meniscus is always
FIG. 5. Simulation of the ink transfer rati® as a function ofg, for two located inbetween the surfaceR=1 only occurs for6,
values of0p=3_0° (diamond$ and 60° (trigngles. The solid curve repre- =90°, which would correspond to a hydrophobic printing
sents the functior, for 6,=60° according to Ref. 22. plate. From a practical point of view, it is unfavorable to
have equal contact angleg=6,>0° on both plates, since
small deviations will have a large influence & The pref-

not exhibit a corner bulge but maintains a flat profile. The . _
erable stable operating range is thereféye 6, .

radius of curvature of the inner hydrophilic/hydrophobic
boundary was set equal to the channel width. For large fill-

factors, however, bulges can still form in corner regiéhs. .
B. Control of plate separation

V. INK TRANSFER PROCESS Since the surfaces used in this study are flat, smooth, and
. ) o nonporous, ink patterns are squeezed beyond the designated
A. The influence of surface energies on quasistatic boundaries when the separation between the printing plate

ink transfer and the target substrate becomes too small. The simplest way

Chadov and Yakhnf?? investigated the transfer and to maintain a minimum plate separation is to introduce rigid
volume partition of liquid droplets in the mm size range from spacer elements on the printing plate as shown in Fig. 6
one unpatterned solid surface to another for varying rates ofhe spacers should preferably be hydrophobic to avoid lig-
plate separation. The fastest separation rates showed that thiel entrainment during ink deposition and subsequent unde-
liquid volume was equally partitioned among the two sur-sirable transfer. The thickness of the spacers must match the
faces. For slow separation rates such that quasiequilibriumlate separation required for faithful reproduction of the ink
conditions were maintained, they found that the volume parpatterns.
tition was completely determined by the receding contact The optimal separation depends not only on the volume
angles on the respective surfaces. In the limit of small Bonaf ink confined to the hydrophilic patterns and their feature
number, the partition ratio was independent of the liquid vol-size but also on the pattern geometry. In Figp)6we con-
ume used. They further developed a simple geometric modelider two limiting cases of geometric aspect ratios: a circular
for the transfer coefficient for quasistatic printiffg. pad and a stripe whose length far exceeds its width. The

From a hydrodynamic point of view, quasistatic transferequilibrium profile of liquid on a circular pad is a spherical
of a liquid from one solid surface to another corresponds ta@ap. As the printing plate approaches the target surface, ink
flow at low ReynoldsRe and very low capillary numbe€a,  will be redistributed isotropically, i.e., in the two-
whereCa= nv ¢/ y. Herev s denotes the rate of plate sepa- dimensional plane parallel to the plates. The equilibrium pro-
ration. In this regime, capillary forces dominate over viscoudfile of liquid on a long hydrophilic stripe is a segment of a
forces implying that the volume partition is determined onlycircular cylinder. In this case, the printing process redistrib-
by the surface energies. For surfaces which are flat andtes the ink only in the direction normal to the long axis of
smooth, such that topological features like roughness anthe stripe. Because the liquid only spreads in one direction,
porosity are absent, the liquid contact angle on the printinghe optimal spacer thickness will be smaller for circular pads
plate 6, and on the target surfacg completely determine than for long stripes even for the same apparent contact angle
the volume transfer rati® = Vyansterred Viotal - 0., provided the linewidth equals the circle diameter.

In Fig. 5 we present simulations o®(6,) for liquid Shown in Fig. 6b) are simulation results of the optimal
droplets transferred from one surfag@inting plate to an-  spacer thickness as a function of the apparent contact angle
other (target substrajefor two values off,=30° and 60°. 6, of the liquid confined to a hydrophilic area. The spacer
Both solid surfaces were assumed to be unpatterned, i.éigight is normalized by the relevant feature widile., the
chemically homogeneous. The geometrical model devised bwidth of the long stripes or the diameter of the circular pads
Chadov and Yahknff assumes that the vertical cross- The angled, is a measure of the ink volume deposited. The
sectional profile of the liquid meniscus, which forms uponsolid curves are obtained from simulations for circular pads.
detachment, resembles two circular arcs. The solid line imhe dotted lines represent analytic results which are easily
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I Target o . o e 0
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Printing plate

0.4 T T T T T T (b)
Circular pads: 6, =30 (v) (b)

0= 60° (m) FIG. 7. Ink contact line for printing without spacefa) Optical micrograph.
= 00 AW

o Because the separation of stamp and target substrate was too small, the ink
0.3 6,=90° (-) .oé\f??." 7 contact line was squeezed beyond the boundaries of the hydrophilic rect-
‘ “‘ 3 angle.(b) Corresponding numerical simulation. The width of the rectangle is
- 500 pm.
Long stripes respondingSURFACE EVOLVER simulation for the common

perimeter for the case of no retraction.

0.1
C. Contact line motion upon plate separation

Spacer thickness / feature width
=3
]

Circular pads

Ink transfer is accompanied by liquid flow both perpen-
0 =l = : g - L dicular and parallel to the _printing plate and_ target substrate.
The roughness and porosity of a substratelike paper can pre-
Apparent contact angle 0, (deg.) vent ink contact line migration during plate separation. In
FIG. 6. (a) Spacer elementgross hatchedenforce the proper separation of our case the target surface is smooth and flat. Thus contact
plates required for faithful pattern reproductidh) Optimal spacer thick-  lines can move freely, especially for partially wetting inks,
ness for long stripetdashed lingsand circular pads¢solid lines as a func-  which can effectively diminish pattern fidelity. Simulations

tion_of the apparer]t contact anglg . The dotted line is the apex height of of the deformation of a quuid meniscus during a quasistatic
the ink features prior to contact of the plates. The two sets of curves corre- . f th | h in Fia. 8. The liquid
spond to contact angles on the target substratg=e0° (bottom), 30°, 60°, separation of the plates are shown in Fig. 8. e liquid was

and 90° (top). confined to a hydrophilic rectangle on the printing plate and

the contact angles were assumed to be 30° on both surfaces.

Each frame in Fig. 8 represents an ink meniscus in equilib-
derived for long stripes since the menisci form arcs of arium, i.e., a surface of constant mean curvature. The initially
circle. The technologically relevant range in contact angles igectangular ink meniscus is drawn into the center of the hy-
0< #,=15°. Within this interval, the optimal spacer thick- drophilic line segment as the plates are moved apart and
ness is essentially independent of the contact angle on tHeésembles more and more an axisymmetric surface. The
target substrate. However, there is a difference of about 20%
in the optimal plate separation between lines and circular
dots. Therefore, if lines and dots are to be printed simulta-
neously, the pattern design must compensate for this differ-
ence.

Figure {a) is a photograph of an ink meniscus in trans-
fer from a hydrophilic rectangular pad to an unpatterned
glass slide. The target surface is transparent and contains no
spacer elements. The plate separation was so small that the
ink was squeezed beyond the boundaries of the hydrophilic
region. The ink was primarily displaced in a direction per-
pendicular to the stripe. This preferential spreading continues
until the liquid—solid contact lines adopts a circular shape.
From that point on, progressive squeezing displaces the ink
isotropically. The faint outer perimeter in Fig(aJ is the
liquid—solid contact line on the target substrate. The liquid
extended beyond the contact line on the printing plate be-
causef,~0, whereas the contact angle on the hydrophobidzlG-_g- Image sequence of qu_asistatic simu!ations _for an ink menisc_us de-
regions was approximately 50°. Moreover, the target plat%rmlng between partially wetting plates for increasing plate separation

. . nly the bottom plate surface is shown for better visualizationdAs-
was slightly retracted from the substrate before the imaggreases; the contact lines move inwards and the contact line shape on the

was recorded. Figure(ld) represents a top view of the cor- target substrate becomes circular.
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(a)

FIG. 9. Photographs of ink patterns and menisa).Liquid patterns on a
printing plate before contact with the target substrée.lnk menisci be- )
tween the printing plate and a transparent target for a plate separation close .

to the optimal value(c) Meniscus narrowing for larger plate separation. The o o

ink recedes towards the centers of the stripes as illustrated in Fig. 8.

printed pattern is therefore severely distorted when the con- (b) i o
tact line is free to recede on the target surface. Figure 9
demonstrates this distortion during plate separation. As the

printing and target plate are pulled further apart, liquid mi- ' L ’ :
grates toward the center of each of the hydrophilic stripes. © u - &_‘JJ . LL‘J._J

Pattern fidelity can be improved by tuning the dynamical
parameters governing the printing process. Generally, a con- ; ,
tact line will recede from a surface only when the dynamic v feo! P4 —

(receding contact angle falls below a minimum valég,,.>* = M l ' '

Moreover, the contact line speed decreases with decreasing - H |

contact angle since viscous dissipation increases. This reces-

sion of the contact line can therefore be reduced or supg,g 10 Photographs of polymer patterns printed onto glésh) The
pressed by using an ink which completely wets the targepartially wetting target surface led to strong pattern distortions. The three
surface because in this cagg;,=0. re_ctangles of thg segmented half-loop(lm each produced a central ink dot

A second dynamical parameter which can improve patfs “1el Sieie SeTese ) Conpiet v e sueee e
tern fidelity is the rate of plate separation. The simulationsjeposition and before printing.
shown in Fig. 8 demonstrate that when the plate separation is
performed very slowly, the contact lines recede inward and
the ink redistributes toward the center of the rectangle. If theated at the margins of the target substrates. In Fig&) 10
plate separation velocity is much higher than the intrinsicand 1@b), the NOA61 polymer wets the target surface only
contact line speed, this volume redistribution can be reduceqbartially (6,,;,>0). As discussed above, strong pattern distor-
The contact line speed is determined by the liquid viscosityfions occur during plate separation. In these examples, most
surface tension, ané.,;,.>> Rapid plate separation induces a of the ink volume was redistributed onto the central rectangle
narrowing of the menisci whose speed can exceed the speed the half-loop with contact lines resembling circles rather
of the contact line. In this case, the ink transfer ratio is 50%than rectangles. As shown in Fig. (&) the dewetting pro-
for printing from unpatterned surfaces irrespective of thecess left behind only thin filaments where there previously
chemical composition of the ink or the surfaCe&Sharma has were liquid rectangles. These filaments originate from capil-
calculated the shape of the liquid meniscus between two cittary breakup which also created the satellite droplets in Fig.
cular plates separated at constant sgééthder the assump-  10(b).
tion of stationary contact lines, the surface profile prior to ~ The patterns depicted in Figs. (&D and 1@d) were
pinch-off resembles a double cone extending to the edges qirinted with NOAG3, the viscosity of which is five times
the plates. In this high shear rate limit, a significant volumehigher than that of NOA61. In addition, the target substrate
of liquid remains at the outer perimeter of the circular plateswas completely wettingd;=0) which made the transferred
This cone shape was also observed in the experiments ghtterns resemble the designed half-loops much more
Yakhnin and Chadoy{Fig. 4(a) in Ref. 23. closely. The ink viscosity was further increased by precuring

Consequently, if viscous forces also contribute to flowthe polymer patterns after deposition on the printing plate but
dynamics, some liquid will be left at the margins of the hy- before printing. The precure time w& s for Fig. 10c) and
drophilic pattern as the meniscus narrows. For a long stripe20 s for Fig. 10d). A comparison of Figs. 1@) and 1Qd)
the ink transfer is then a process analogous to the dip coatinghows that a higher viscosity is advantageous for increasing
of hydrophilic lines as described in Ref. 12. In this case, aghe fidelity between printed and designed patterns as outlined
the meniscus necking velocity increases with increasing platabove. Alternatively, lower fill factors will have the same
separation speed,s, more and more liquid is entrained effect; however, both approaches increase the force required
along the entire stripe. for plate separation.

Figure 10 shows photographs of half-loop patterns  As shown in Fig. 10d), we have successfully printed
printed onto glass slides with a parallel plate assembly on &-shaped patterns with feature sizes of g6 onto com-
motorized translation stage. The spacer elements for thegdetely wetting glass and oxidized silicon samples. This line-
experiments were photoresist lin€Slariant AZ-5214) lo-  width does not represent the resolution limit of this tech-
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nigue. For conventional offset printing, the printed ink film for feature sizes in the tens of micron range. At these small
thickness is on the order of Am for typical feature sizes of scales, gravitational and inertial forces do not contribute to
100 um or larger. The fill factoif is typically 0.01, whereas the dynamics of liquid transfer. Only capillary, viscous, and
in our processf ranges between 0.01 and 0.1. Since inertialadhesion forces govern ink redistribution during and after
and gravitational forces are negligible in the limit of small printing. Our experiments and equilibrium simulations sug-
aspect ratios and small feature sizes, only capillary and visgest that the key parameters affecting ink transfer and pattern
cous forces affect the printing dynamics. According to thefidelity are the uniformity of the ink profile on the patterned
BuckinghamlI-theoren?’ this leads to a functional relation printing plate, the wetting angle on the target surface, and the
between the capillary number and the fill factor. The characink viscosity. Nonuniformities in the ink thickness can lead
teristic velocity for ink redistribution is therefores to incomplete transfer or undesired squeeze-out effects. Par-
=yG(f)/7n independent of feature size. The dimensionlesdially wetting target surfaces can induce severe pattern dis-
function G depends on the specific flow geometry. For Or-tortions due to contact line recession during plate separation.
chard’s one-dimensional model, the spreading of an axisym¥he experiments suggest that higher ink viscosity, lower de-
metric droplet on a flat wettable surfagr the steady-state posited ink volume, or increased rate of plate separation will
dip coating of long hydrophilic stripe’$, G(f )~f3. This  enhance viscous effects thereby minimizing unwanted lateral
scaling argument leads to the expectation that the velocitink redistribution and migration during the transfer process.
required for faithful pattern reproduction does not depend orA scaling argument for the interplay of capillary and viscous
the actual feature size but just on the relevant aspect ratioforces indicates that pattern fidelity can be retained at much
However, as the linewidth is reduced, the spacer thicknessmaller length scales, since the characteristic velocity of ink
must be decreased proportionally, making it more challengredistribution depends only on the relevant aspect ratio of
ing to maintain a constant plate separation over large arealm thickness to feature size and not the absolute feature
For ultrathin liquid films below about 100 nm, the scaling size.

relation may have to be modified to account for additional
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