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Colored ink dip-pen nanolithography
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Colored ink dip-pen nanolithograpli®PN) is demonstrated by the direct patterning of organic dyes

on substrates to generate optically active and arbitrarily shaped nanostructures with dimensions well
below 200 nm in a straightforward manner. The dye nanopatterns are indeed optically active as
confirmed by fluorescence emission under external pumping. The efficiency of patterning organic
materials on bare and chemically modified Si/Si€ubstrates reaffirms that DPN patterning of
organic molecules can be done without covalent linkages, and points to importance of noncovalent
interactions in DPN. The method can be extended to direct patterning of many colored/colorless
organic molecules, and should open many opportunities for miniaturized optical devices and
site-specific biological staining. @002 American Institute of Physics.
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Arbitrarily controlled patterning of functional molecules various noncovalent interactions. Principally, these organic
at nanometer scale is a critical step to construct miniaturizedyes have similar physical and chemical properties with col-
devices. Intense efforts have been focused on the developtless organic molecules except for their illumination char-
ment of nanometer scale approaches analogous to macraeters, thus other colorless organic molecules, could also be
scopic tools:~® Dip-pen nanolithographyDPN), in which  readily patterned by DPN.
inks adsorbed on the tip of atomic force microsc¢peM) Scheme 1 shows several key steps of colored ink DPN:
are transported to a flat substrate via capillary force, can
generate two-dimensional nanostructures of arbitrary shape:
with dimension on sub-100 nm length scaleShe initial
DPN was demonstrated by patterning thiol-functionalized or-
ganic molecules on gold surfaces through the water meniscu:
formed between the tip and the substrate. These nanopatterr
can be used as templates to construct highly ordered nanoal
rays of smaller building block¥? A great advantage of DPN 4P Adgregate without solvent
is the site-specific patterning of multiple inks at the same \
location with high registry® However, this advantage is not
as pronounced if the subsequent steps need parallel opera-

tions such as dipping into other solutions to form patterns(1) The formation of randomly distributed aggregates on an

Thus, it is hlgh'y desirable if the required molecules can qu(_coated tip after solvent has evaporatéﬁ); The disas-

directly patterned without addltlonal St('aps. In principle, DPNsemb|y of |arger aggregates to individual molecules or

can be extended to the direct patterning of nearly any SOlVSma”er aggregates inside the water menisé&bthe diffu-

able materials onto almost all flat substrates. Experimentallysion of dye molecules from the tip to the substra®; the

the numbers of inks that can be directly patterned are limite@ttachment of the dye molecules by noncovalent attractions

to_ several types of materlgls that can form covalent bon_dmg\,ith the substrates; an¢b) the subsequent aggregation of

with the SUbStrateS, which |nC|Ude, for example, thiol- dyes upon solvent evaporation_ As proof-of-concept experi-

functionalized protein and deoxyribonucleic a¢iONA) on  ments, rhodamine 6GR6G), coumarin 6(C6), acid red 8

a gold substrate, silanes on semiconductor substrates, metalrRg) and fluorescinFITC) were patterned on silicon oxide

nanostructures on conductive surface, and some sol-ggl modified silicon substrates.

composite inks on many substrafes:* _ All patterning and imaging experiments were done under
Here, we demonstrate the concept of “colored” ink DPN an ambient condition at relative humidity 6£30% and tem-

by the direct patterning of four representative organic dyegerature of~23°C using a ThermoMicroscopes CP AFM

on bare or chemically modified Si/Si@ubstrates. The idea driven by customized software. ConventionalNj cantile-

of using dye inks comes from the fluorescence staining ofers (ThermoMicroscopes sharpened microlever A, force

biological materials and the dyeing of organic fibers in tex-constant of 0.05 N/inwere used in all the experiments. Sub-

tile industry, where ionic dyes bind with fiber, polyelectro- sequent imaging of the generated patterns was performed

lytes, proteins or DNA that have ionized groups throughwith the ink-coated tip under conditions identical to those for

patterning but at a higher scan rdteHz).
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minated by 488 nm pumping light. The uniform photoillumi-
nation indicates that the dye molecules are uniformly distrib-
uted within the pattern.

Using the similar procedure, we have patterned CB6,
FITC, and ARS8 on bare or chemically modified Si/Si€ub-
strates by DPN. Among these, C6 is a neutral organic dye
and FITC and ARS8 are anionic organic dyes. We found dif-
FIG. 1. (a) Topographic AFM image of R6G patterned on Si/giDbstrate; ~ fusion of C6 very fast on Si/SiOsubstrate during DPN pat-
g‘g W::;gg Spfeﬂisfﬂﬁ?g ggg;';;'erfé‘s toefcigcglhz;d Sgﬂfa;?rg'oif‘;’éé terning, although there seems no electrostatic interaction be-
fo-rmﬂed b,y s-ugcess’ively hc->Iding a}1 RGpG-coat()ald tip on the Zubstrate. Thgween_ C6 with the. substrate. The anionic FITC and ARS8 are
holding time for each dot is 1 $c) Fluorescence microscope image of 20 negative charged in water solutions; they are supposed to be
wm parallel lines formed by moving an R6G-coated tip at a tip moving negatively charged in the tiny water meniscus formed be-
speed of 0.Jum/s. tween the AFM tip and the substrate. For their patterning, we

prepared chemically modified substrates by dipping the
water and alcohol, respectively. The substrates are negativeiare Si/SiQ substrate into 1 mM solution of 3-amino-
charged in water due to the existence of exposed hydroxypropyltrimethoxysilane in ethanol for 30 min. The modified
groups. The dyes studied here were obtained from Aldrictsubstrate is positively charged in water and also has strong
and used without further purification. Prior to the DPN pat-ability to form hydrogen bond due to the existence of amine
terning experiment, AFM tips were dipped into a 0.05 mM groups. FITC and ARS8 can be easily patterned on the chemi-
dye solution in watefR6G and ARS8 or in ethanol(C6 and cally modified substrate. In addition, we tried to pattern
FITC) for about 20 s and blown dry with compressed difluo-FITC and ARS8 on bare Si/SiCsubstrate. It is surprising that
roethane. Fluoresces images were collected on a Zeiss Axithe two negative charged dyes could be patterned on the
vert 100A fluorescence microscope. negative charged substrates, reaffirming that noncovalent in-

R6G shows strong fluorescence and has been widelteractions may also play an important role in the DPN.
used as laser dye. The cationic dye can be easily patterned on In principle, at least four types of noncovalent interac-
negatively charged Si/SiCsubstrate. Four parallel lines are tion exist between dye molecules and substrates, namely
formed by scanning a Rh6G-coated tip across an arbitrarilglectrostatic force, van der Waals’ force, hydrophobic inter-
selected area on the substrate. Immediately after the deposietion, and hydrogen bondirtg.In reality, organic dyes in-
tion, a topographic AFM image within a larger scan areateract with their substrates in a complex way and it is diffi-
allows one to distinguish the pattern from the surroundingcult at this time to differentiate experimentally which one has
substrate[Fig. 1(a)]. The widths of these lines were con- a predominant effect. On the other hand, although complex,
trolled by moving the ink-coated tip at the speed of 0.05,the interaction between the dyes and the substrate is strong
0.02, 0.2 and 0.0m/s (from the left- to right-hand side  enough to withstand the imaging force from AFM tip. Actu-
The topographic featuréneight range from 0.8 to 3 nms  ally, the imaging force can be controlled small enough to
higher than the length of the moleculess than 1 nmn This  observe the nanostructures of water patterned by the similar
suggests the formation of aggregates of the dyes upon tH2PN process®
evaporation of solvent. The patterned structures also exhibit The diameters of dots formed by R6G and C6 increase
relatively higher lateral force that means the dye moleculewith longer tip—substrate contact timgsig. 2(@)]. The data
has strong interaction with the substrate. Figu@i®) Shows for octadecanethio{lODT) on gold substrate are shown in
the image of a high-density dots array formed by holding the~ig. 2(a) for comparison. The widths of lines formed by
R6G-coated tip on the substrate. The holding time for eaclrITC and AR8 reduce at higher tip moving sp¢éey. 2(b)].
dot is 1 s. More complex features as that shown in Scheme The expected? dependence of dot diameter is in accord
(inseb can be formed easily by driving the R6G-coated tipwith the model used to describe DPN proc¥s€ The large
across a predetermined pathway. These pattered nanostrulifference in the dimensions of patterned structures can be
tures are stable in air for more than one week, which excludattributed to the structural difference of the four dyes. When
the possibility of any solvent condensation. the organic dyes are dissolved in the water meniscus, the

Figure Xc) shows the fluorescence emission from eightphysical properties of the water menisdesy., mobility and
parallel lines(length of 20 um), which were patterned on surface tensionare certainly changed.

Si/SiQ, substrate at the tip moving speed of (ufin/s. The In conclusion, we demonstrate the ability of DPN to di-
fluorescence image was collected in reflect mode when illurectly pattern organic dyes through the concept of colored
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