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Liquid meniscus condensation in dip-pen nanolithography
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The condensation of a liquid meniscus between a curved tip and a completely wetting substrate is
theoretically studied in the context of dip-pen nanolithograf@N). Utilizing the grand canonical
Monte Carlo simulation of a two-dimensional lattice gas model, we studied the onset and
broadening of menisci by tips with a range of curvatures. The tip—liquid interaction is characterized
in terms of the wettability of the tip, and both wetting and drying tips are considered to mimic the
various(hydrophilic and hydrophobjdank molecule—water interactions possible in DPN. We study

the microscopic details of the meniscus formation and examine the thermodynamic stability of the
meniscus by focusing on the fluctuation in its width. After its initial formation, a meniscus grows
continuously with increasing saturatigrelative humidity, but the meniscus is typically wider than

10 molecular diameters until the saturation is sufficiently high that the entire interfacial region frills
with liquid. For large tip—substrate distances, meniscus formation only occurs in the high saturation
limit where conventional capillary condensation occurs. A general trend is that a(shaajp radius

of curvature, dry tip results in a smaller meniscus width which further shrinks upon shortening the
tip—substrate distance and/or raising temperature. At very short tip—substrate distances, the nascent
meniscus is unstable and its width is independent of the tip curvature and wettability. The minimum
width corresponds to a physical dimension of about 2.5 nm20©2 American Institute of Physics.
[DOI: 10.1063/1.1446429

I. INTRODUCTION the tip and substrate, triggering a downward flow of ink mol-
ecules(designed to form a self-assembled monolayer on the

When gases are confined to narr@vano or microscale  substratg from the tip (see Fig. 1 With this novel technol-
pores or capillaries, their properties are significantly differentogy, it is now possible to construct molecular patterns on
from those of the bulk phase, and unique phase equilibriungolids with nanoscale resolution. Direct observation of the
properties emerge. Probably the most well known phenomwater meniscus has not been made, and the ultimate resolu-
enon is capillary condensatibm which a liquid uniformly  tion, exact mechanism, and thermodynamic dependence of
fills a pore at a pressur@r chemical potentiallowerthan  DPN are not known. We believe the resolution of DPN de-
the bulk saturation pressure. At pressures still lower than thpends crucially on the existence and width of the water me-
capillary condensation pressure, a discrete increase in th@scus between the tip and substrate. In this paper, we
liquid layer on the solidlayering or a sudden formation of present a theoretical investigation of the microscopics of lig-
a thick liquid film (prewetting can occur. Most theoretical uid meniscus formation relevant to DPN experiments.
studies of capillary condensation so far have relied on ideal- There are numerous theoretical approaches to condensa-
ized geometries such as infinitely long slitsand cylindrical ~ tion in confined geometries, the most common of which in-
pores®® Any real material however has a roughness thatlude the macroscopic Kelvin equati6h’*®mean-field den-
leads to geometrical and/or energetic heterogeneity on thsity functional theory(DFT),3~51011131910nte Carlo(MC)
solid surfaces. For such heterogeneous fluid—solidimulation?®9142921 and molecular dynamics (MD)
interactions:>~*4it is found that an initial liquid condensa- simulation’® Although all of these theories could be used to
tion might occur preferentially in the regions where a soliddescribe DPN, there are important limitations to most. Mac-
wall attracts fluid strongly or fluid molecules are geometri-roscopic theories are questionable for describing systems
cally more confined. With increasing pressure, this liquidwhose dimensions are only several molecular diaméfers,
bridge! or meniscus formed between solid surfaces underwhich is likely the typical tip—substrate distance in DPN. In
goes further capillary condensation to a liquid state in whichaddition, any macroscopic theory is not expected to give us
the entire pore is filled with liquid. insight into the microscopic details of condensati@ng.,

The onset of a liquid meniscus between solid surface$luctuation in the meniscus, an exact density profile of the
has important implications for the recently discovered phemeniscus, et¢. DFT probably has played a leading role in
nomenon of dip-pen nanolithograptiPPN).2>1 In typical ~ predicting phase behavior over a whole range of thermody-
DPN experimentgFig. 1), a sharp(radius curvature<20  namic states. It provides qualitativelyn many cases, quan-
nm) atomic force microscop€AFM) tip coated with ink titatively) correct results for average density profiles, but it is
molecules is brought to the substrate surface in ambient cotimited in its ability to define stability information such as
ditions. Then water molecules in the air condense betweearises with fluctuations in the meniscus width. To follow

0021-9606/2002/116(9)/3875/12/$19.00 3875 © 2002 American Institute of Physics
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FIG. 1. A diagram illustrating the suggested mechanism of the DPN experi-

ment. As an AFM tip coated with ink molecules is brought close to a sub-FIG. 2. The geometry of our system and the adopted boundary condition. A

strate(typically gold) surface, water in the air condenses between the tip andWo-dimensional plane is represented by a discrete square lattice, and our

substrate. The ink molecules, designed to form a self-assembled monolay8ystem is confined verticalliin y direction between the substrate surface

on the substrate, are then transferred through the meniscus to the substrdacated aty=0 and an elliptic tip surface with horizontal and vertical axes

By moving the tip parallel to the substrate surface, one can write patternwith lengthsr andr’, respectively. The tip is separated from the substrate

with nanoscale resolution. by h lattice spacings. The horizontal range of the system is betweeh
andx=r in units of lattice points, and corresponds to the right half of the
elliptic tip. The tip surface drawn in the figure refers to the aspect ratio,
r'/r=2, and looks a little corrugated because the surface is defined as a

such fluctuations, we need to examine our system at therm@pllec_;t_ion of lattice si_tes closest to the continuous_elliptic Ii_ne. The _boundary
dynamic equilbrium on  confguraton by configuration ba- {7 ALY horionia s of ur syt elecng: & st
sis. To do this we have chosen the grand canonical Mont@_ (ijed circle) with respect to thex=0 line. Likewise, a site ak=r
Carlo (GCMC) simulation as our method, which is conve- +1 (open squareis the mirror imagewith respect tax=r) of a site atx
nient for investigation of phase equilibria. MD simulations =r—1 (filled square.

would be another choice, but these are not likely to be prac-

tical for systems of the size we are interested in. ) ) ]

Instead of realistically simulating water menisci in a spe-2¢id groups, which would tend to make the tips more hydro-
cific DPN experimente.g., an AFM tip coated with octade- Philic. In addition, some experiments have been done with
canethiol on a gold surfat®', we opt to examine qualita- o_hgonucle_otlde inks _that should be_ quite hy_drophlhc. _In
tive behavior of the meniscus for a range of geometric andi€W Of this, we consider a range of tip properties, including
energetic parameters within a simple model. Specifically, th&€ompletely and partially wetting and partially drying tips.
water is modeled as a two-dimensional lattice gas confined TNiS paper is organized as follows: In Sec. Il, we de-
between a flat substrate surface and a tip that is modeled £§/P€ in detail our lattice gas model, the system geometry,
an ellipse. We systematically vary the tip curvature and jt2hd the method used in the GCMC simulation. We also ex-
distance from the substrate as well as the fluid—tip and fluid-Plain how we choose the wettability of the tip and the tem-
substrate interaction strengths. A useful measure of th@erature relevant to the water meniscus in modeling typical
fluid—solid attraction strength that is commonly utilized in PPN €xperiments. Results from simulations are reported in
the experimental characterization of organic films on solig>€¢- Ill. The microscopic details of the meniscus are dis-
surface®?* is the wettability of the solid surface by the cussed in Sec. llIAwith an emphasis on the average density
liquid.252® By measuring the contact angle between theproflle.and quctuauon; in the. meniscus width for each con-
solid—gas and liquid—gas interfaces, solid surfaces can b#duration generated in the simulations. The dependence of
categorized into completelgontact angle:0°) and partially the meniscus width on tip curvature, Wettabl|.lty, and dlstange
(0°<contact angle’1809 wetting or even drying(contact of the tip from. the substrate.are systematlca}lly studied in
angle=1809 surfaces, in decreasing order of fluid—solid Sec. llI B. Section IV summarizes our conclusions.
attraction?’

We take the fluid—substrate interaction in our study to bg|. SIMULATION DETAILS
a typical HLO—metal binding enerd’? so that the substrate is
completely wet at all temperaturésThe tip surface coated
with ink molecules, however, can be hydrophilic or hydro- The fluid is modeled as a two-dimensional lattice gas on
phobic depending both on the tip itself and on the ink mol-a square lattice bounded by an elliptic tip surface and a flat
ecule coating that tip. Usually, an AFM tip in DPN is coated substrate surfacéas shown in Fig. 2 In this model, each
with large alkane thiols(octadecanethiol, for example lattice site is either empty or occupied by just one particle,
which is quite hydrophobic. In this case, the tip can be modand each occupied site interacts with (tecupied nearest
eled as a partially wetting or drying tip using the terminology neighbor sites with an attractive energyParticles are con-
described above. However in some experiments, the alkarfened vertically between the lower flat substrate surface lo-
thiols have been functionalized with amine or carboxyliccated aty=0, and the upper elliptic tip surfagsee Fig. 2

A. Lattice gas model on a square lattice
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separated from each other hylattice spacings. The ellipse gas branch behavior is studied as the chemical potential is
has axis lengths af andr’ lattice spacings in the horizontal raised toward the bulk gas—liquid transition. Specifically, for
(x) and vertical directions, respectively, and the elliptic sur-the gas branch we take the initial lattice sites to be occupied
face is defined as the collection of lattice points nearest to theandomly to give an average occupation of 1/4 occupied lat-
continuous elliptic line. In the horizontal direction, our sys- tice. Liquid branch behavior is also studied by choosing the
tem ranges fronx=0 tox=r, thus only simulating the right initial lattice randomly occupied to give an average occupa-
half of the elliptic tip. A reflecting boundary condition is tion of 3/4. Typically, we start with 40000 MC steps for
invoked at the horizontal ends of the system: a particle at equilibration, and then 10 000 lattice configurati¢gsampled
=—1 (the open circle in the Fig.)2aken to be the mirror every 12 MC stepsout of 120 000 configurations are gener-
image of the particle at=1 (the filled circle in the figure  ated for evaluating the average occupancy of each lattice site
with respect to thex=0 line. Similarly, a particle ak=r and determining the liquid meniscus width for each configu-
+1 (the open square in the figuris the mirror image of the ration.

one atx=r —1 (the filled square in the figuyevith respect to We calculated the density profilg(x,y), which is de-

the vertical line atx=r. These reflecting boundary condi- fined as the average occupancy of the site located,& (
tions, which are compatible with symmetry of the system afThen the meniscus width is determined from the density pro-
equilibrium are invoked in an effort to simulatétavo timeg  file, p(x,y) as follows. Noting that average site occupancies
bigger system in the horizontal direction with the samefor bulk liquid and gas are always above and below 1/2,
amount of computational time. The lattice sites in our modekespectively, each site in our system is callelihaid site if

are naturally divided into bulk, tip surface, and substrate surits average occupancy is above 1/2, argha siteif it is less
face sites. A site positioned ak,fy) is taken to be a tip than 1/2 full on average. For each horizontal positiorve
surface site if its upper nearest neighbor site,y(+1), be-  checked vertically the average occupancies of sites of the
longs to the tip surface. A tip surface site feels an attractiveeolumn ranging from the lower substrate surface to the upper
binding energyb as well as the nearest neighbor attractiontip surface. If all the sites of a column are more than half full
€. The sites directly above the substrate surface @) are  on averagd p(x,y)>1/2 for all y], it is declared to be a
defined as the substrate surface sites and are attracted to figid column Then themeniscus widtls defined as a rela-
substrate with a binding enerdp, as well as to their nearest tive width of liquid columns,

neighbors with an energy. All the rest are bulk sites for

which only the nearest neighbor attractiems allowed. As a  Meniscus width

result, the Hamiltonian of our model can be written as —[2x (number of liquid columns-1]/(2r +1), (2.2

H=—¢ E cicj—bs 2 ci—br 2 Ci, where the number of columns ranges from I 01, and the
i j=paoarest ;  substrate j— tp factor of 2 is to take into account the left half of our tip
»J = neighbor pair surface surface

(2.1)  surface(Fig. 2. The meniscus width is declared zero if no
liquid column exists. According to this definition, thieela-

wherec; is the occupation numbé0 or 1) for theith site. tive) meniscus width ranges from zef@hen no column ex-

The lattice gas system described above is designed tgts) to one(when the entire lattice is liquidlike Note also
mimic the region between the end of the tip and the substratthat our meniscus width defined this way refers to the waist
in a DPN experiment. With the reasonable assumption thatidth of a concave liquid meniscus.
our system is in thermal and phase equilibrium with a bulk ~ We also followed the instantaneous meniscus width for
reservoir specified by temperatufeand chemical potential each configuration generated in the simulation. The same
n, we perform a GCMC simulation. The relevant Hamil- definition as in Eq(2.2) applies to the meniscus width, but
tonian for GCMC isH— uN (N=number of occupied sites  the liquid column in this case is defined differently. For each
It is well known that a lattice gas model in a grand canonicalconfiguration, the occupancy of each site is either zero
(wVT) ensemble is equivalent to an Ising model in a canoni{empty or one(occupied, so a liquid column is now defined
cal (NVT) ensemblé® We thus adopt standard single spin as a column fully occupied by particles from the substrate to
flip dynamics for Ising magnets with Metropolis importance tip surface. We calculated the average meniscus width based
sampling® and interpret the results utilizing the correspon-on the width for each configuration and found no difference
dencec;<—(1—S)/2, whereS is the spin valuél or —1) of  (within the fluctuation in the width, see belpvirom the
theith site. For a given total number of sites of the systemwidth from density profile.
Ny, one MC step is defined as attempting a single spin flip  To address the issue of meniscus stability, we calculated
move N times. For each spin flip move, the position of the for every GCMC run thdluctuationdefined as
spin to flip is determined by randomly selectitegparately
the x andy positions of the site to flip. Since the tip surface Fluctuation= \/<(Meniscus widtR) —(Meniscus width?,
has a curvaturésee Fig. 2, this means that sites around the (2.3
vertical end of the tip(nearx=0 where the sites are geo-
metrically more confined in the vertical directijorare  which is the standard deviation in the configuration-
sampled more ofteftypically 2 or 3 times more ofterthan  dependent meniscus width. The meniscus width for each
the other sites. For most of runs, the initial configuration ofconfiguration in Eq(2.3) is similarly defined as in Eq2.2)
the lattice is chosen to be bulk-gaslike and the correspondingnd is the(configuration-dependentvidth relative to the
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horizontal range of our systemy 2 1. Then thenstability is In our lattice model, the nearest neighbor distance in the
defined as the fluctuation, E(R.3), relative to the average liquid phase is one lattice spacing. Referring to the TIPS
meniscus width, model®? the typical nearest ¥D—H,O distance in water
N ) ) ) could be approximated as the Lennard-Jones diameter for the
Instability=Fluctuation{Meniscus width. (24 0_0 interaction, 3.24 A. Then, the horizontal radius of the
The sharpness of tip is characterized in terms of aspedtp chosen in this study,= 70, is estimated to be~23 nm,
ratio, «, defined as which is a typical radius of curvature< 20 nm of the tip
a=r'/r 2.5 used in DPN. The tip—substrate distance is a variable in DPN

experiments. It is expected to be several molecular diameters
The radius of curvature at the vertical end of the tip is therwhen the tip is in near contact with the substrate. We take the
given byr/a. We taker =70 for our calculation, meaning shortest tip—substrate distance to be one lattice spacing
our system size for a circular tipr €r') typically ranges (~6.4 A) and vary the distance up to 24 lattice spacings
from 1300 (for h=4) to 3810(for h=24) sites. To see the (~78 A). To study the effect of tip curvature on DPN reso-
finite size effect of our simulation box, we also examinedlution, we systematically vary the aspect ratio=r'/r, of
bigger simulation boxes by increasing the horizontal radiughe elliptic tip asa=0.5,1,2,3 withr fixed to 70 lattice

by a factor of 2 (=140) and 3 (=210) for a tip—surface spacings(23 nm. Then the corresponding radius of curva-
distanceh=8. In doing so, we need to increase the aspecture (r/«) at the end of the tip is 46 nm, 23 nm, 12 nm, and
ratio correspondinglyby 2 or 3 timeg to keep the geometry 8 nm, respectively.

(radius of curvaturgaround the vertical end of tip invariant. We now attempt to set energetic parameters in our simu-
We then compared the meniscus widths fe=1 andr lation. Since we are interested in the density profile and
=70, =2 andr =140, anda=3 andr =210 (all of which  width of the meniscus, only the relative magnitudes of sur-
have a radius of curvature of 70 lattice spacini¥ithin the  face binding energies with respect to the fluid—fluid interac-
fluctuations in meniscus widtftypically 10%), the average tion, by/e andbg/e, are important. The binding energy to
meniscus widths for several thermodynamic state are founthe substrate surface is chosen to emulate water on gold sur-

to be invariant to the size of simulation box. face which is the most common substrate in DPRf The
hydrogen bond strength of water molecules is typically

B. Temperature and geometric and energetic 15-25 kJ/mol and kD usually binds to metals with

parameters relevant to DPN strengths of 40—65 kJ/m&f.Based on the above numbers,

Considering the simplicity of our model described the attraction to the substrate surface is three times stronger

above, it seems difficult to identify the geometric and ener{compared to fluid—fluid interaction so we have taken
getic parameters which will realistically resemble the wate@s/€=3 throughout. For our flat substrate surface in a
meniscus in a specific DPN experiment. However, in order tguare lattice model, the wetting behavior is known exactly
derive maximum physical insight from these calculations, wen terms of the magnitude of the fluid—solid binding energy
will give rough but reasonable estimates of some of the geotelative to the fluid—fluid attractionps/e.** The fluid—
metric and energetic parameters. With these parameters, \gélbstrate interaction chosen above gives rise to a complete
will later (in Sec. Ill) attempt to connect our results to DPN Wetting of the substrate by the liquid as the gas pressure
experiments. approaches bulk saturatidhln our two-dimensional system,
Temperature is reported in terms of a reduced temperdhe contact angleis defined as the angle between the solid-
ture defined ag* =T/T., whereT, is the bulk critical tem- gas interface line and the solid—liquid interface line at the
perature for the lattice gas model. This is known exactly tocontact point of the solidthe substrate in this casdiquid,
be kgT¢/e=(1/2)/In(1++2).%° In the GCMC simulations, and gas, and complete wetting means the angle is (ze®
we study a range of temperatures,9®* <0.6, which cov-  the Introduction.
ers normal temperatures of DPN experime(ite freezing The tip surface—water interaction is less well known be-
and boiling temperatures of water afe¢ =0.42 andT* cause the tip is coated with various ink moleculestade-
=0.58, respectively Most of results are presented for water canethiol, 16-mercaptohexadecanoic acid, for example
at room temperaturd,* =0.46. In the lattice gas model, Eq. discussed in the Introduction, depending on the ink mol-
(2.1), the chemical potentialy., at which the bulk gas— ecules, the tip surface could be either hydrophilic or hydro-
liquid transition occurs is also known exactly ags= —2e¢ phobic. To model this situation, we consider three types of
(temperature independégnEor a given temperaturg simu-  tip surface interactions that differ in their wettabilities. Un-
lations are run by varying the saturation defined as like the flat substrate surface described above, the wetting
. behavior of the curved tip surface is not known, and we refer
Saturatior=exfl (4= pe)/KgT]. 28 {6 a flat solid surface wﬂose wetting behavior a square
The saturation defined above is in the ideal gas limit thdattice gas modglis exactly known in terms db/e.% The
pressure relative to the bulk saturation pressure for the gastip wettability described below corresponds to that of the flat
liquid transition. This, of course, is just the definition of rela- tip surface. We first have chosen a strongly attracting tip with
tive humidity. In studying meniscus condensation, the satua binding energy ob;/e=3 (the same attraction as the sub-
ration was continuously increased from zero to one. Thestratg so that it is completely wettingCW) at all tempera-
saturation at which a liquid column condenses is located upures. For weakly attracting tips, we have selected tips with
to a resolution ofu/e=0.005. b;/e=3/4, andb;/e=1.4. In the temperature range consid-
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FIG. 4. Isotherms T* =0.46) of meniscus formation and broadening at
several tip—substrate distances for a completely wetting circular tip. For
short tip—substrate distancds= 4 andh=10), two consecutive transitions
occur. The first jump in the width defined in E(.2) corresponds to the
onset of a liquid meniscus and the second to filling of the entire system with
{jquid. In between, there is a continuous broadening of the meniscus. At the
argest distanceh(=16) however, the two transitions collapse into a single
gas—liquid transition which is characteristic of the conventional capillary
ﬁggdensation.

FIG. 3. Variation in liquid meniscus formation with increasing saturation
(with the temperature fixed af* =0.46) for a partially drying tip with
circular (@¢=1) shape. The tip—substrate distance is fixedhat3 lattice
spacings. The lattice points with a dense gas dengity Q.25—-0.5) are
drawn as open circles, and the grey and black filled circles represent liqui
densities withp=0.5—-0.75 angp=0.75—1, respectively. Initially, the sys-
tem is gaslike except near the substrate which is covered with liquid layer
(top). As the saturation increases, dense gas condenses around the end of
tip at 93% saturatiofimiddle), and finally leads to a liquid meniscus at 94%
saturation(bottom).
separated from the substrate by 8 lattice spacings. In the

o _ figure, open circles represent dense gas sites defined as sites
ered (0.4.T*<0.6), the tip withby/e=3/4 is always par- with average occupancy between 1/4 and 1/2. Gray and
tially wetting (PW) since the tip is completely wet only at black circles correspond to liquid sites with densities be-
temperatures above the wetting temperat(re:= 0.863*  tween 1/2 and 3/4 and between 3/4 and 1, respectively. Be-
The tip with the weakest attractiohy/e=1/4, is called par-  fore the meniscus formation, the completely wetting sub-
tially drying (PD) because, at temperatures above34a dryingstrate is already covered with two layers of liquid, but the tip
temperature T* =0.863), the tip is completely dr:** But ~is dry (top and middlg As the saturation reaches 93%
the tip is only partially drying at all the temperatures studied(middle), dense gas forms around the tip end, and a liquid
here. The binding energy of PD tip is chosen close to theneniscus results if the saturation is further increased to 94%

value of br/e~20% suggested by Luzar and Ledhgn  (bottom). The accumulation of dense vapor preceding liquid

their lattice gas modeling of a hydrophobic surface. meniscus formation is in accord with observations made in
simulating capillary condensation in nanosfitsNote that
IIl. RESULTS the liquid—gas interface in the meniscus is diffuse, indicating
: _ _ the instability of the initial meniscus which we will describe
A. Mechanism of meniscus formation later.
We first show how the equilibrium density profile Once initially formed, does the meniscus broaden con-

changes from a gaslike state to a liquid meniscus as the sattinuously until it fills the entire system as saturation further
ration increases at constant temperature and tip—substraitecreases? In Fig. 4 are drawn isotherriid € 0.46) of the
distance. In Fig. 3, density profile@t a temperaturd™ meniscus width defined in EQR.2) for a completely wetting
=0.46) for 3 saturations, 91%op), 93% (middle), and 94% circular tip that is separated from the substrate ktog), 10
(top), are drawn for the partially drying circulawE 1) tip  (middle), and 16 (bottom lattice spacings. For the two
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shorter tip—substrate distances, one can clearly see that tr
meniscus broadens continuously after its initial formation
until it shows another jump in width which corresponds to an
abrupt filling of the region outside of the meniscus. This is
similar to the splitting of the gas—Iliquid capillary condensa-
tion into a gas—Iliquid bridge transition and a liquid bridge—
liquid transition, as observed in density functional studies of
energetically heterogeneous slitike pofesAs the tip—
substrate distance increases, the iniffainimum) meniscus
width increases and the range of saturations in which the
continuous filling occurs decreaséwniddle). At the longest
tip—substrate distance showhottom), the two transitions
collapse into a conventional capillary condensation in which
the entire system gets uniformly filled with liquid. This con-
ventional capillary condensation is of little relevance to
DPN, so we focus our attention on the initial formation and 1385
continuous broadening of the meniscus. The broad range o 3eee083888s8s00e. oo
the continuous filling found for the shortest tip—substrate dis-
tance has an important implication for possible thermody-
namic control of DPN. Based on our rough estimate of the
physical dimension of the lattiog&ec. Il B), the result shows
that, at a tip—substrate distance of 1.3 nm, the width of me-
niscus can be continuously tuned from 4.5 nm to 32 nm by>
controlling the pressuréor humidity).

We also checked meniscus evaporation for the same ge
ometries in Fig. 4 by studying the liquid branch behavior
(running simulations starting from initially liquidlike con-
figuration, see Sec. Il A Except for the first transitiofme-
niscus formatiohfor h=4, the resulting meniscus evapora- X
tion curves, together with the condensation curves in Fig. 4G, 5. picture of the liquid meniscus as the tip approaches the substrate at
form hysteresis loops characteristic of a first order phaseonstant temperaturelt =0.46) and saturatioi70%). As in Fig. 3, the
transition. The rounded jump in the meniscus width and absri]tes with denjeb?askd?_?lsiév#_0-2|5—0.5) are dral\{vn _35 Epen_ circles, rimd
sence of hysteresis loop imply that the st transitontior "3 9%, e Veck, Mlee crcks epesen e series it
=4 is supercritical due to the small system size. For OtheF:ircular in shape ¢=1). Both the tip and substrate surfaces are covered
transitions in the figure, the saturations at which true thermowith layers of liquid for large tip separations where there is no meniscus
dynamic transitions occur are expected to be lower tharfop). As the tip—substrate distance reaches 10 lattice spacngd@), a

those in the figure. The exact location of true thermodynamidduid meniscus forms and its boundary is rather fuzmyiddle). Further
decreasing the tip—substrate distance results in broadening of the meniscus

tranSiFion may be found US_ing a thermoqynamic imegr‘?ltiorhnd thinning(and thus stabilizing the menisousf the gas—liquid interface
technique, for examplIn view of qualitative nature of this (bottom.

work, we do not attempt to find the exact transition points
but rather focus on the gas branch behavior hereafter.

Figure 5 illustrates the density profile change as the tip  How different are the individuafequilibrium) configu-
approaches the substrate at constant temperature and prestions from the average density profile? Figure 6 illustrates
sure (T* =0.46 and 70% saturatipfor a completely wetting three individual configurations that were taken from the
circular tip. The symbols are drawn in the same way as desimulations with a partially wetting circular tip under a ther-
scribed in Fig. 3. At the longest tip—substrate distante ( modynamic condition of 90% saturation ati=0.46. Each
=11) (top), the system is gaslike, whereas the tip and subeircle in these snapshots represents an occupied site. The
strate are covered by liquid layers. As the tip—substrate disshape of meniscus fluctuates significantly from configuration
tance decreases by one lattice spadimgddle), a meniscus to configuration. Out of 10000 such configurations, the av-
forms, but the liquid—gas interface is rather diffuse at thiserage occupancy of each site is calculated, and liquid sites
point. This again indicates that the initially formed meniscuswith average occupancy above half are drawn in the lower
is rather unstable, but it should be noted that this meniscus igft. The average and standard deviation of the meniscus
also of minimal width and this is preferred for increasing thewidth in this case are about 51 and 6 lattice spacings, respec-
resolution of DPN. Unlike the case where saturation is in-tively, meaning that the relative fluctuation is more than
creased for fixed geometry and temperatiiig. 3), we do  10%. It is this fluctuation that leads to the diffuseness of the
not see an accumulating dense gas before formation of tHe&uid—gas interfacgFigs. 3 and b and which destabilizes
meniscus. As the tip gets even closer to the substrate (the meniscus.
=9) (bottom), the meniscus broadens and is stabilized in the  To further pursue the issue of meniscus stability, we
sense that the liquid—gas interface is sharper. checked the fluctuation in the meniscus width for various tips
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FIG. 7. Instability of the meniscus vs its width. At a fixed temperature,
X T* =0.46, the saturation, Eq2.6), is increased, leading to formation and
. . o ) ) broadening of the meniscus until the entire system is filled with liquid.
FIG. 6. Individual equilibrium liquid configurations and average structure Among the multitude of menisci, only meniscus widths up to 0.4 are shown
generated from a Monte Carlo simulation for a partially wetting circular tip j the figure. The fluctuation, E42.3), and average of the meniscus width
at temperaturél* =0.46 and 90% saturation. In the three figures startingwere calculated for various tip—surface distanéemging from 4 to 24
from the upper left clockwise, drawn as circles are the occupied lattice siteggttice spacings The plot shows the instability defined in E(@.4) as a
illustrating fluctuations in the liquid configurations. In the lower left, circles fynction of the average meniscus width for partially dryitigp), partially
represent sites whose average density is liquidiikere than half occu- wetting (middle), and completely wettingbottom) tips. For each tip, its
pancy on average10 000 snapshots are sampled from 120 000 equilibriumeyryature is also varied as=0.5, 1.2. In the figure, the multiple points for
configurations generated in the simulation. The meniscus width from the, given width refers to the instabilities for different tip—substrate distances.
average liquid structurgower left) is 55 lattice spacingéote only the right 1,4 instabilities for small menis6ivith width less than 0)lare noticeable,

half of the tip is shown in the figuyeThe average and fluctuation, B8.3,  and the menisci get stabilized as they broaden. No appreciable dependence
for the configuration dependent width of the meniscus are 51 and 6 latticg, the tip curvature is found.

spacings, respectively.

the meniscus and convergétypically, to 0.2 at widths
with different wettability, curvature, and distance from the ahove 0.3. Also note that small menisci with relative width
substrate. For every combination of parameters above, Wss than 0.1 are very unstable, the fluctuations being far
followed meniscus formation along an isotherfii*(=0.46)  |arger than their averages. Small menisci for the partially
by increasing the saturation, E@.6), up to 100%. For each drying tip look less unstable than other tips, but considering
case specified by its thermodynamic state and geometric anfejr |arge instabilities the difference seems immaterial. We

energetic parameters, the meniscus widths for 10000 conyiso find from the figure that the curvature of tip plays no
figurations(out of 120000 configurationgenerated in the gle in determining the meniscus stability.

simulation have been collected, and the instability defined in
Eqg. (2.4) is calculated. In Fig. 7, we plot the instability of
meniscus as a function of its average width. Data are plotte
for partially drying (top), partially wetting (middle), and We now explore the effects of relative geometry of the
completely wettingbotton) tips. For each tip, the curvature tip with respect to the substrate and its wettability. In Fig. 8,
and distance from the substrate are varieda®.5, 1,2 and we illustrate how the changing the tip curvature effects the
h=4-24 (with an interval of 4 lattice spacings, respec- meniscus for a completely wetting tip by fixing the thermo-
tively. In the figure, multiple values of the instability for a dynamic condition T* =0.46, 50% saturation Liquid sites
given meniscus width and tip curvature represent differentvith density above 50% are shown as circles for the tip as-
tip—surface distances. Although data are scattered, we cagect ratios,a=0.5, 1, 2, 3. The completely wetting tip and
clearly see that the instability decreases with broadening afubstrate give rise to contact angles near zero: that is, the

g. Dependence on the geometry and energetics
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FIG. 8. Tip curvature dependence of the meniscus at constant temperatuFdG. 9. Dependence of the meniscus on the tip wettability for fixed tem-
(T*=0.46) and saturatiofb0%). As the aspect ratio of the elliptic tipy, perature and saturatioft =0.46 and 91% saturatipnThe binding energy
increases from 0.5 to 3, the meniscus width decreases to half its originaf an elliptic tip (with a curvature ofa=2) is varied from completely
size. Drawn as circles in the figures are lattice sites with a liquid densitywetting (top), partially wetting(middle), to partially drying(bottom). From
(above half occupancy on averag&he tip is a completely wetting tip. the density profile calculated from the GCMC simulations, lattice points
with liquid densities(more than half occupigdare drawn as circles. As the
tip gets drier(its wettability changes from completely wetting to partially

liquid—gas interface is parallel to the substrate, and tangerf*cting and dryingthe meniscus width reduces dramatically.

tial to the elliptic tip surface. As the tip gets sharper, we
notice an appreciable decrease in the meniscus width from
48 (¢=0.5) to 18 @=3) lattice spacinggnote only the Probably the most convenient variable in a DPN experi-
right half of tip is shown in the figupe This dramatic change ment is the tip—substrate distance. To determine how this
in the width with the curvature tells us that tip sharpness ixhanges the meniscus width, we varied the tip—substrate dis-
crucial in achieving higher resolution in DPN experiments. tance starting from 1 lattice spacifitpe closest distance pos-
How does the meniscus depend on the wettability of thesible in our lattice modg¢lunder 70% saturation. The results
tip for a given thermodynamic condition? At 90% saturation,for circular tips with different wettabilities are shown in Fig.
we changed the wettability of the tiseparated from the 10 at several temperature$} =0.4 (top), 0.46 (middle),
substrate by 6 lattice spacingffom completely wetting 0.52 (bottonm). The meniscus width from the density profile,
(top), partially wetting(middle), to partially drying(bottom) Eq. (2.2, is plotted, along with the fluctuation in width, Eq.
(Fig. 9. Evidently, changing wettability has an even more(2.3), drawn as error bars. In general, we see a linear de-
dramatic effect than the tip curvature effect shown in Fig. 8.crease in width with increasing the tip—substrate distance.
Here the meniscus gets smaller in width by a factor of 10 a§or the completely wettingT* =0.4, 0.46) tip and the par-
the wettability reduces from complete wetting to partially tially wetting (T* =0.4) tip at low temperatures however,
drying. We also note that the contact andlee angle be- there is a sudden decrease of the width to zero at a critical
tween the tip—gas interface line and the liquid—gas interfaceistance, which can be interpreted as a “snap-off” of the
line at the contact point of the tip, liquid, and gder the  liquid meniscus. The meniscus width for the partially drying
partially wetting tip is about 90°, and the angle is nearly 150°ip and the wetting tips at higher temperatures smoothly go
for the partially drying tip. The above findings suggest thatto zero. The maximum distance for which a meniscus is al-
increasing the dryness of the ink moleculesking the mol-  lowed decreases as the tip gets drier. As in Fig. 9, we observe
ecule more hydrophobjicwill enhance the resolution of that a drying tip results in narrower menisci than wetting tips
DPN. for all the temperatures consideréld;, = 0.4, 0.46, 0.52.



J. Chem. Phys., Vol. 116, No. 9, 1 March 2002 Liquid meniscus condensation in dip-pen nanolithography 3883

[ T I T | T ’ T | T | T i
0.5+ o—eo h=2 . —]
s =—a h=4 PD tip 1
0.4_— —+h=6 ]
03 4A— h=8 -
02— EE_E_E_E_E_E § E E } i _
01— " _
0_ 1 T él vA‘ | & Iv -+ - I[I II I 1 i
0.4 0.45 0.5 0.55 0.6
T ’ T | T T T | T
in PW tip 7
0.4 — -
03 = = = = ;—ﬁ —
0.2 LSS N S s A SN ]
0.1 _ﬁ —
i Lo - :
O - - - - - - - 1 1 Al e | e I ’1— Al _;l 4 L. _l‘ 1
0
1 2 3 4 5 6 7 8 9 10 11 12 04 s o5 X5 3
T T T T T T T T T
T T I T | T | T l T
< 05 = T T — — _ B
=S S 05 c 52
E 04 2 o4k I s S i 4
3 03k @ T i :\_E-\f;\::\:- ]
N o B 7
= 02 g 02+ CW tip a ]
= 01 O 01— -
) S S e = ol
12 3 4 5 6 7 8 04 045 05 055 06
Tip-substrate distance *

FIG. 10. Tip—substrate distance dependence of the meniscus width. For
circular (@=1) tip, the tip—substrate distance is varied from 1 to 12 lattice

spacings at several temperaturés,=0.4 (top), 0.46 (middle), 0.52 (bot- spacings, the meniscus width, E§.2), is studied by varying temperature in

tom), by fixing the saturation at 70%. The partially drying tip shows a linear the range 0.4T*<0.6. In general, the liquid meniscus evaporates with

decrease in width down to zero with increasing tip separation from the|ncreasin temperature, and thus its width decreases. The patrtially drying ti
substrate. For a partiallyT¢ =0.4) or completely wettingT* =0.4, 0.46) 9 P ’ : P Y drying tip

. - . L ._(top) closest(separated by 2 lattice spacings the substrate is however
tip at low temperatures however, the width decrease linearly with |ncreasmgsn o . - L .
the separation up to a finite value, and then falls abruptly to @rsnap sensitive to temperature, and so s the partially wettingrtifidle) in the

* — —_
off” of the meniscus. For each width in the figure, the fluctuation in width, temperature rangd,” =0.46-0.52.
Eg. (2.3, is also shown as an error bar.

ﬂG. 11. Temperature dependence of the meniscus width for a circular tip at
a constant70%) saturation. For short tip—surface distante®,4,5,8 lattice

For all other tip—substrate distances, the meniscus narrows

We now look more closely at the temperature depenwith temperature rise as observed in Fig. 11. Overall, in the
dence of the menisci considered in Fig. 10. Under the samrange of temperatures studied, the temperature effect on the
saturation (70%), we study a range of temperatures, 0.4meniscus width is not as great as that which comes from
<T*=<0.6, covering the melting T* =0.42) and boiling varying the saturatiofFigs. 3 and 4, the tip curvaturdFig.
(T* =0.58) temperatures of water. In Fig. 11, the meniscus), its wettability (Fig. 9), or its separation from the substrate
widths for some short tip—substrate distandes 2,4,6,8 lat-  (Figs. 5 and 10
tice spacingsare plotted by varying temperature. Here we At a given temperature, what is the minimum saturation
see that the meniscus generally narrows with increasing tengrelative humidity in DPN necessary for a meniscus to
perature. The drying tiftop) closest fi=2) to the substrate form? At temperature,T* =0.46 (the temperature corre-
however is completely insensitive to the temperature insponding to water at room temperature, see Sec), |l
crease while folm=4 the meniscus width gets smaller for located the minimum saturation for meniscus condensation
higher temperatures. For the partially wetting tip, we sedor tips with various curvatures, wettabilities, and separations
plateaus in the width at temperatures ranging from 0.46 tédrom the substrat€ranging from 4 to 24 lattice spacings
0.52. The meniscus widths for the completely wetting tipFigure 12 shows resulting meniscus condensation lines as
monotonically decrease with temperature. Although noffunctions of saturation and the tip—substrate separation for
shown in the figure, we find that there is an inversion in thetips with curvatures otr= 0.5 (top), 1 (middle), and 2(bot-
temperature dependence of the width for certain tip—tom). For each tip curvature, the wettability of the tip is
substrate distances. This can be seen in Fig. 1yfd® and  varied from partially drying to partially and completely wet-
10 lattice spacings, where the menisci foifthe widths ting. The lines in the figure are just to connect data points
change from zero to finijewith increasing temperature from obtained from the simulation. A meniscus forms when a gas-
T*=0.4 (top) to T*=0.46 (middle), but then they get like state(a point in the plane left of the condensation )ine
smaller upon increasing the temperature to 0(b@ttom. crosses the line toward a lower tip—substrate distance and/or
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and tip—substrate distance. A meniscus forms as saturation approaches hgs. 13. Minimum meniscus width vs tip—substrate distance at a constant
line from left and/or tip—substrate distance decreases from above the line @&mperature T* =0.46). For a given tip—substrate distance, the onset of a

a constant temperatur&; = 0.46. Decreasing the tip—substrate distance re-meniscus has been located by increasing the saturation from zero. The width
sults in dramatic shifts of the condensation points toward lower saturationef the nascent meniscus, which is the minimum width, is studied for tips

Only the uniform filling of the system with liquid is allowed at large tip— with various wettabilities and curvaturea € 0.5,1,2). As the tip—substrate

surface separation, and the line approaches the bulk gas—liquid condensatiggparation increases, the minimum width for a partially drying (tgp)

line (saturation=1). Increasing the tip wettability shifts the meniscus con- converges to a value less than dasinite meniscus which decreases with

densation line toward lower saturation. Decreasing the tip curvature alsghcreasing the tip curvature. For a partiaftyiddie) or completely(bottom

causes menisci to form at lower saturation, but the effect is minor. wetting tip however, only the entire filling of the system with liquithe-
niscus width=1) is allowed at large tip—substrate separations. At shorter
separations, the minimum width generally decreases with increasing tip cur-
vature. At the shortest approach of the tip to the substffmer lattice

a h|gher saturation. The second transition line discussed f@pacing}showever, the m_iqimum width converges to a value independent of

the isotherms in Fig. 4 is not drawn since our interest here &P curvature and wettability.

in the onset of meniscus formation. Qualitatively, all the

lines have the same shape in that they are shifted signifi-

cantly toward lower saturation with decreasing tip—substrat¢hat additional processédiffusion and depositionare likely

distance. For example, for a completely wetting tip at itsto be equally important. We have already learned that the

closest approach to the substrédelattice spacings a me-  answer depends on the tip curvature, its wettability, and its

niscus begins to form at only 2% saturation. At large tip—distance from the substrate. The condensation lines drawn in

substrate distances, the line approaches the bulk gas—liquilg. 12 only give us the saturation at which the inititdus

condensation ling(vertical line at saturationl), and, as minimal in width) meniscus forms. To answer this question,

found in Fig. 4, only uniform filling of the system with liquid we use the same temperatufg* & 0.46), tip curvaturese

is possible. The condensation lines show systematic shifts0.5, 1, 2, and the tip—substrate distandes,...,24 as in

toward lower saturations with increasing the tip wettability. Fig. 12, and we calculated the minimum width for each com-

As the tip gets sharpér increasing from 0.5 to 1 and,2he  bination of parameters described above. The results are

lines are generally shifted toward higher saturations, but thehown in Fig. 13 for partially dryingtop), and partially

tip curvature effect is not as pronounced as that of wettabil{middle), and completelybottom wetting tips. Along with

ity. the width from density profile, Eq2.2), we show the fluc-

We now try to answer the question, “What is the mini- tuation in width, Eq(2.3), as error bars in the figure. We first

mum width of liquid meniscus possible under the thermody-note that the minimum width converges to a constant value

namic conditions relevant to DPN?”. This issue is germaneor large tip—substrate distancégpically aboveh=16 lat-

to the ultimate resolution of DPN although we should notetice spacings For the wetting tips, the constant value corre-
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sponds to the system entirely filled with liquid, but for the ultimate resolution of DPN, the minimum width has been
drying tip it is a meniscus which gets smaller as the tip isfound to be on the order of 10 molecular diameter2 nm,
sharpened. For intermediate tip—substrate distances,he.g.,see Sec. Il B, but this meniscus at its minimal size is un-
=8,10,12 lattice spacings, we see that the minimum widttstable due to large fluctuations compared to its size. Since an
decreases as the tip gets sharper. The minimum width howinstable meniscus is not expected to give reliable molecular
ever shows no pronounced dependence on the wettability dfansport from the tip in DPN, the ultimate resolution of
the tip, in contrast to the systematic dependence of the minBPN is likely to be larger than thiecurrently, 15 nm is the

mal saturation for meniscus formation on the wettabilityfinest resolution in DP/f).

found in Fig. 12. The most striking observation is that, for In addition to improving our model to simulate more
the shortest tip—substrate distanbes 4,6 lattice spacings, realistically the thermodynamic equilibrium properties of the
the width is nearly independent of curvature and wettability,water meniscus in DPN, we are interested in two dynamic
considering the fluctuation shown in the figure. We thus seéeatures of DPN: the transport of the ink molecules through
another convergence in the width in the short tip—substratéhe meniscus and their subsequent self-assembly to form a
distance limit. Due to the smallness in width and relativelymonolayer on the substrate. In a recent paper, we have begun
large fluctuation, the menisci in the short tip—substrate disto address these other features with the assumption of a con-
tance limit are expected to be very unstalfier stability  stant flux of ink molecules to the substrate using an infinitely
analysis, see Fig.)7We conclude that a nascent meniscussharp tip, no meniscus, and a stochastic diffusion model to
formed by a tip at its closest approach to the substrate idescribe pattern formulation and self asseniblit is our
independent of the tip geometry and wettability. When con-hope that we can combine the equilibrium aspects from the
verted to a physical dimension relevant to DP&e Sec. present work with this dynamics modeling to develop a more
[ B), the minimal meniscus width for the shortest distance incomplete picture of DPN in the future.

Fig. 13 is estimatedtaking the minimum width foh=4 to

be 0.05 to be 2.3 nm. ACKNOWLEDGMENTS
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