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ABSTRACT

We report a nanolithography technique that allows simultaneous direct control of the local chemistry and topography of thin polymer films.
Specifically, a heated atomic force microscope (AFM) tip can write sub-15 nm hydrophilic features onto a hydrophobic polymer at the rate of
1.4 mm per s. The thermally activated chemical reactions and topography changes depend on the chemical composition of the polymer, the
raster speed, the temperature at the AFM tip/sample interface, and the normal load. This method is conceptually simple, direct, extremely
rapid, achievable in a range of environments, and potentially adaptable to other materials systems.

In the past decade, there has been a tremendous increase i@hemical patterning has been achieved through different
the number of techniques for patterning materials on the strategies including direct assembly of chemically distinct
nanoscale (16100 nm), driven by numerous potential regions by microcontact printing,scanning probe-assisted
applications, for example in sensihglata storagé,opto- deposition on the surfacéand removal or manipulation of
electronic? display? nanofluidic® and biomimeti€ devices. functional groups at the surface via photolithography,
An ideal nanolithography technique would be able to: (i) catalytic probe lithographdf'? or other scanning probe
write with nm resolution, (ii) write with speeds of multiple methodgs.1° Scanning probe-based nanografting and re-
cm/s (while preserving nanometer-scale registry) for wafer- placement lithography techniques using self-assembled mono-
scale lithography, (iii) impart different chemical functionality |ayers (SAMs) are able to produce chemical features with
and/or physical properties (with or without topographical sjzes of the order of 10 nm at speeds of 2000 nm/g02L
changes) as desired, (iv) function in different laboratory Ejectrochemical lithography with a conductive AFM tip has
environments (for example, under ambient pressure or in peen ysed to write conducting polymer lines down to 45 nm
solution), (v) be capable of massive parallelization for both \yige22 5t speeds of the order pfn/s and has been employed
writing and metrology, and (vi) write on a variety of materials - 1 geprotect amine functional groups on suitable SAMs with
deposited on a variety of substrates. Specific applications g ijar speed and resolutidd.Dip-pen nanolithography
will require one or more of t_he attributes described above, (DPN) is extremely versatitéand can be used to pattern a
but the most versatile technique would encompass as many,, e of desired chemistries with spatial control by depositing
as possible. To our knowledge, no technique currently in several different kinds of molecules on the same substrate.

pral\t/lc;r?e rf:rr:oigll"gargfeﬁl% ai?éﬂna:lluogstiz‘:’]e freoat.ures. The intrinsic speed of DPN depends on molecular transport
y b 9 q protagie between the probe tip and the surface and is, therefore,
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Figure 1. (A) Experimental setup showing a resistively heated silicon cantilever controlled by an AFM (Multimode Nanoscope IVa from
VEECO) scanning across a polymer sample. This heated conical silicon tip initiates thermal reactions of the polymer film above certain
temperatures. (B) Structure of copolymer p(THP-M)(PMC-MA),,. (C) Attenuated total-reflection FTIR spectra of a bulk sample of
cross-linked p(THP-MAg p(PMC-MA)y film (a) before heating and (b) after heating to 15 °C. These show the growth of anOH
stretching band above 3000 chand a new carbonyl peak at 1720 chafter heating, consistent with thermal deprotection to give the
carboxylic acid. Accordingly, static water contact angles show a change from¥{&))760° upon heating. When the film is heated above
180°C, new peaks start to develop in the range 1780 and 1820, arharacteristic of anhydrides (not shown).

Herein we report a conceptually simple, yet potentially ~ Here, we show how TCNL on a polymer substrate can be
very adaptable scanning-probe method that we call thermo-used to write chemical features with 12 nm line width while
chemical nanolithography (TCNL). TCNL employs a resist- controlling the topography of the surface. We demonstrate
ively heated AFM cantilever (Figure 1A) to induce well- that TCNL can be performed at rates of millimeters per
defined chemical reactions in order to change surface second. The technique is not limited to “SAM-friendly”
functionality of thin polymer films (or, potentially, SAMs).  surfaces, as the polymer films we use can be deposited on a
Such an approach is appealing as it is known that the thermalwide variety of substrates, and TCNL avoids the need for
profile in the vicinity of a heated AFM tip can give rise to additional chemicals to be present at the surface and/or strong
sharp thermal gradierits®® and that chemical reaction rates external electrical fields. Furthermore, we show patterning
increase exponentially with temperature; therefore, one can,under high humidity conditions, whereby a water film several
in principle, achieve a very high degree of spatial resolution. nanometers thick is present on the surface, suggesting that
A wealth of thermally activated chemistries can feasibly be TCNL may be extended to function in liquid environments.
employed to change the material’'s subsequent reactivity, Finally, large-scale parallelization of individually addressable
surface energy, solubility, conductivity, or other property of thermal probe tips has already been demonstrated it
interest as desired. The distance of the tip from the surfacehas further been shown that these cantilevers can be used
and the temperature of the tip can be modulated indepen-for both nanolithography and metrolog?.
dently, and the tip does not need to indent the surface. As a starting point, we examined the thermal deprotection
Therefore, it is possible that chemical changes could be of an ester group to give a carboxylic acid due to the large
written very quickly through rapid scanning of the substrate change in hydrophilicity accompanying such a transforma-
or the tip, as no mass is transferred from the tip to the surfacetion; this has the potential to be detected on the local scale
(writing speed is limited only by the heat transfer rate). In by lateral force microscopy (see below). Because small
addition, judicious choice of the physical properties of a molecules and SAMs can desorb at the relatively high
material (e.g., polymer glass transition temperatiligemay temperatures required for thermal deprotection, we attached
afford a system wherein chemical changes can be performedhe ester groups to a polymer backbone. Preliminary studies
either separately from, or accompanied by, topographical using films of commercial polyért-butyl methacrylate) on
modification as required (for example, abokgof a polymer, glass showed that a substantial change in the local hydro-
creation of substantial topographical changes (ripples) is philicity of the film may be achieved by heating with the
exponentially amplifiedJ® Furthermore, the use of a material AFM tip, as imaged by lateral force microscopy. However
that can undergo multiple chemical reactions at significantly this is accompanied by a large topographical deformation
different temperatures renders the possibility of a multistate (features with depth>100 nm) because the deprotection
system wherein different functionalities can be addressed attemperature]y, of the acid is significantly above the polymer
different temperatures. Tg. Inspection of the lithographic resist literature suggested
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Figure 2. (A) 10 um x 10 um AFM topography image and (Acorresponding friction image of a cross-linked p(THP-MA)(PMC-

MA) 5 film. The zone showing much higher friction (about 30% more on the left sid€ icoApared to the right side) was modified by

local heating to 160t 30 °C at a scanning speed of @8n/s. Insets show analogous comparison of topography and friction changes
between modified (upper part) and unmodified (lower part) regions of a p(THRMMPMC-MA),, film patterned at 142@m/s. (B) 1

um x 1 um AFM topography image and (Bcorresponding friction image of a cross-linked p(THP-MA)(PMC-MA),, film recorded

with a sharp-contact AFM cantilever. Ripples shown in (B) 1@ nm) result from thermal modification by local heating at H8@0 °C

while scanning at 8am/s. The friction measured in the modified zone is noticeably larger than in the unmodified zone (inset); the changes

in friction observable along the edges of ripples are presumably due to artifacts arising from the greater local contact area between the
AFM tip and the sample while scanning across a sharp edge.

that a tetrahydropyranyl (THP) analogue would undergo logue, poly(tetrahydro42-pyran-2-yl methacrylatg) poly(3-
deprotection at a lower temperatdfeCharacterization of a  {4-[(E)-3-methoxy-3-oxoprop-1-enyl]phendyyropyl 2-meth-
p(THP-MA) homopolymer in the bulk by IR and thermo- acrylate) (p(THP-MA)go p(PMC-MA),0, Figure 1B), which,
gravimetric analysis (TGA, see Supporting Information) after spin-coating and photocross-linking of the cinnamate
suggested the removal of THP around 220and formation groups?® exhibited no glass transition at or below thg T
of anhydrides above 18, with the expected concomitant Bulk thermal properties of p(THP-MA)p(PMC-MA),, were
changes in polymer hydrophilicity as determined by water essentially identical to those of p(THP-MA) (Figure 1C).
contact angle measurement. Use of an AFM tip to locally = We modified a pristine p(THP-MA) p(PMC-MA) film
heat a thin film of p(THP-MA) on glass to 14& 20 °C on glass by heating it locally with a silicon thermal cantilever
gave a patterned structure with the desired local changes into 160+ 30 °C, at which we expect a transformation from
hydrophilicity detected by lateral force imaging. However, hydrophobic to hydrophilic to occur. In ambient conditions,
these changes were accompanied by significant rippling of the Si tip is covered by a thin layer of native silicon dioxide,
the film, as the polymeily is comparable to it3q. While which makes the tip somewhat hydrophilic. The magnitude
such simultaneous chemical and topographical changes mayof the friction force between the tip and the sample surface
be advantageous for certain applications, we were interesteds a sensitive relative measurement of the sample hydrophi-
in probing the limits of resolution possible solely by licity, e.g., larger the friction force, the more hydrophilic
introduction of a chemical change in these systems. There-the samplé® 4! Figure 2&X shows a 12um x 12 um
fore, we synthesized a photocross-linkable copolymer ana-frictional force image of a copolymer sample where we have
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Figure 3. (A) 3 um x 3um AFM topography image and (Acorresponding friction image of a cross-linked p(THP-MA(PMC-MA),,

film showing a high-density line pattern written chemically on the left side. This pattern was produced by modifying alternate lines at a
speed of 9.etm/s. (B) AFM topography and corresponding friction imagé @ a modified copolymer film written at a speed of Q&/s,

with the indentation depth kept within 3 nm. The resulting friction cross-sectith $§Bows about 12 nm half-width within the modified

zone (in the letter G); topographical changes are minimal, similar to those shown in Figure 2A. Interestingly, the modified zone appears
wider in the topography image than in the friction image; this is under further investigation but potentially has its origin in the convolution
of the true topography with the tip profile.

chemically modified the left-hand side by means of local with varying speeds offers a means to create high-resolution
heating. The frictional force is clearly higher in the modified hydrophilicity/hydrophobicity gradients, which could have
region, supporting the occurrence of a chemical change inimportant impact in the area of nanofluidic deviéés.
this area. The AFM topography image taken over the same Our TCNL technique can be employed to write a con-
12 um x 12 um area (Figure 2A) shows no significant trolled chemical pattern on a polymer surface with high
induced topographical differences, as desired. The slightdensity and at high resolution. Parts A antld& Figure 3
difference in height{1.6 nm) between the modified and show use of TCNL to write a chemical change on the
unmodified areas is consistent with removal and vaporization copolymer (via deprotection of the carboxylic acid func-
of dihydropyran (bp= 84 °C) upon heating. The insets of tionality) as a series of lines with a linear density of about
parts A and Aof Figure 2 show a similar TCNL experiment, 2 x 10’ lines/m (corresponding to 260 GbitAh.in the
this time performed at a scanning velocity of 1.4 mm/s (i.e., absence of significant topographical changes (the differences
16 times faster, but with similar results). visible in the topographical image arise from desorption of
If topographical changes are desired, this can be achieveddihydropyran as before). Parts B antd & Figure 3 show
by varying the normal load, tip temperature, and scanning topography and friction images of “GIT” written chemically
velocity used during the TCNL process. Parts B aridB on a copolymer sample. Figure 3@ives the cross-section
Figure 2 show topography and frictional force images, of a friction line, demonstrating that chemically modified
respectively, of a um x 1 um copolymer area modified lines can be created reproducibly with width at half-
on the left side by heating. Because of the higher tip maximum as small as 12 nm. The very small feature size
temperature and loads (see figure caption), regular ripplesachievable is attributed to the large temperature gradients in
appear in the topography. Figure ' 28ows that the friction  the polymer in the vicinity of the tig°
force in the modified area is higher than in the unmodified = The fundamental limit to writing speed in TCNL is the
area, consistent with a chemical change as described abovéhermal diffusivity of the substrate material as opposed to
(Figure 2A) and is essentially constant in this area. Thus mass diffusivity which limits deposition-based approaches.
both the local topography and chemistry of the polymer film For example, the mass diffusivity of small molecules
can be modified by simultaneously activating a chemical typically used in DPN is~1071° m?%/s3 while the thermal
reaction and exploiting the mechanism of ripple formation, diffusivity of the organic substrates used in the present work
as required. Ripples of different sizes (ranging from 2 to 8 is ~107 m?/s2* Thus, the speed of our TCNL technique is
nm in height) can be created in a controlled manner on this currently limited by accessible AFM scanning velocity.
substrate; however, use of a p(THP-MA) homopolymer film However, modeling (see Supporting Information) suggests
enables the formation of even larger ripples, up to 300 nm that the maximum patterning speed can be estimated as about
in height (see Supporting Information). We note that scanning 30 mm/s and is, therefore, much faster than any comparable
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Figure 4. (A) Epifluorescence microscopy image of a cross-linked p(THP-BPMC-MA),, film stained using a tertiary amine fluorescent

dye in THF/EtOH after modification. The areas of highest fluorescence intensity correspond to the thermally modified regions, consistent
with an acid-base reaction between thermally generated carboxylate groups and the dye. The excitation wavelength was 480 nm and the
bright regions show emission at 520 nm. (B) SEM image of a cross-linked p(THRoNMIMC-MA),o film stained with Pb(acag)in

MeOH after thermal modification. The areas of brightest contrast show assimilatiod ofriegistry with the pattern drawn (ax7 7 grid

of approximately 12um x 12 um squares), arising from concomitant local deprotonation of thermally generated carboxylate groups by
acetylacetonate ion.

chemical nanopatterning technology. In addition, the single- pressure and lends itself to massive parallelization through
tip actuation time for our resistively heated AFM cantilevers use of dense arrays of thermal tips. These features offer some
approaches s while thermomechanical actuation of advantages relative to other nanolithography techniques and,
similar tips requires closer to 1 M%. as such, TCNL could have the ability to complement some
To show that the modified areas can be further function- of these techniques (specifically if high resolution over large
alized, we have performed a range of different experiments surface areas is required), for example in biological and
that provide further evidence that the thermally modified nanoelectronics applications, and may also be a robust
zones correspond tehemicallymodified areas. First, a technique for the study of thermally-induced chemical
fluorescent dye in tetrahydrofuran/ethanol (THF/EtOH) was reactions at the molecular scale.
reacted with a modified copolymer film. Figure 4A shows ]
an epifluorescence microscope image obtained from this Acknowledgment. This work was supported by NSF
sample after reaction; three squares, eachri2< 12 um, (through STC program DMR-0120967, DMR-0405319 and
are clearly distinguishable as the areas of highest fluorescenc&AREER CTS-02_38888_), DOE (DE-FG02-06ER46293 and
intensity, corresponding to the thermally modified regions. PECASE), Georgia Institute of Technology Research Foun-
This is consistent with the occurrence of an adigise dation, and ONR Nanoelectronics. We would like to thank

reaction between thermally generated carboxylate groups and®!- Néal Armstrong, Dr. Ken Nebesny and Paul Lee for XPS
tertiary alkylamine groups of the dye, staining the locally measurements, Dr. Sam Graham and Namsu Kim for thermal
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modified copolymer film (consisting of 47 squares, each 12
um x 12 um) resulted in incorporation of lead into the
modified areas, consistent with deprotonation of the car-

boxylic acid groups by acetylacetonate ion and concomitant TCNL; control friction AFM experiments on hydrophobic

ugg\(zbﬂ!zatlon offPtI?] 1ons. ,;l\t.scanmr;g eIechon mlc.ros_?'ope N and hydrophilic polymers; control friction AFM experiments
( ) image of the resulting surface shows significant | ... high loads; control over formation of ripples; details

Sv?qrgrr:ﬁg t;o;raes%(;r;(rj]mg ti?’n Iir(icreedasiﬁdreb rilgtrr]tnv?/isti Lri:er?r?ilt?r}%f AFM experiments shown in main text figures. This
€ lea S assimiiated, gistry A material is available free of charge via the Internet at http:/

modified pattern. X-ray photoelectron spectroscopy of a pubs.acs.org
similar patterned copolymer film confirms local enrichment T
of lead in the modified regions (see Supporting Information). References

In c_onclusmn, we have Qemonstrated a new and \_/ersatlle (1) Wang, Y. H.; Maspoch, D.; Zou, S. L.; Schatz, G. C.; Smalley, R.
chemical patterning technique, TCNL, which can write and E.; Mirkin, C. A. Proc. Natl. Acad. Sci. U.S./2006 103 2026~
read in situ chemical patterns at speeds faster than 1 mm/s, __ 2031 .

ith sub-15 nm feature size and line density of 27 lines/ (2) Vettiger, P.; Despont, .M.; Drechsler, U.; Durlg', U.; Haberlg, W
with su : . ty ’ ! Lutwyche, M. I.; Rothuizen, H. E.; Stutz, R.; Widmer, R.; Binnig,
m. TCNL works under high humidity conditions in ambient G. K. IBM J. Res. De. 200Q 44, 323-340.

Supporting Information Available: Materials, synthesis,
and characterization; thermal cantilever fabrication and
calibration; modeling of maximum speed achievable by

1068 Nano Lett., Vol. 7, No. 4, 2007



(3) Wang, J.; Sun, X. Y.; Chen, L.; Zhuang, L.; Chou, SAYpl. Phys.
Lett. 200Q 77, 166-168.

(4) Rogers, J. A.; Bao, Z.; Baldwin, K.; Dodabalapur, A.; Crone, B.;
Raju, V. R.; Kuck, V.; Katz, H.; Amundson, K.; Ewing, J.; Drzaic,
P.Proc. Natl. Acad. Sci. U.S./2001, 98, 4835-4840.

(5) Mijatovic, D.; Eijkel, J. C. T.; van den Berg, A.ab Chip2005 5,
492-500.

(6) Jeong, K. H.; Kim, J.; Lee, L. FScience2006 312, 557—-561.

(7) Mamin, H. J.Appl. Phys. Lett1996 69, 433-435.

(8) Lyuksyutov, S. F.; Vaia, R. A.; Paramonov, P. B.; Juhl, S;
Waterhouse, L.; Ralich, R. M.; Sigalov, G.; Sancaktaf\&t. Mater.
2003 2, 468-472.

(9) Matsui, S.Proc. IEEE1997, 85, 629-643.

(10) Park, M.; Harrison, C.; Chaikin, P. M.; Register, R. A.; Adamson,
D. H. Sciencel997 276, 1401-1404.
(11) Garcia, R.; Martinez, R. V.; Martinez, Ghem. Soc. Re 2006 35,

29-38.

(12) Suez, |.; Backer, S. A.; Frechet, J. M.NRno Lett.2005 5, 321—
324.

(13) Xia, Y. N.; Whitesides, G. MAnnu. Re. Mater. Sci.1998 28, 153
184.

(14) Tseng, A. A.; Notargiacomo, A.; Chen, T. R.Vac. Sci. Technol.,
B 2005 23, 877-894.

(15) Sun, S. Q.; Chong, K. S. L.; Leggett, G.Nlanotechnology005
16, 1798-1808.

(16) Muller, W. T.; Klein, D. L.; Lee, T.; Clarke, J.; McEuen, P. L,
Schultz, P. GSciencel995 268 272-273.

(17) Peter, M.; Li, X. M.; Huskens, J.; Reinhoudt, D. l.Am. Chem.
Soc.2004 126, 11684-11690.

(18) Nyffenegger, R. M.; Penner, R. NChem. Re. 1997 97, 1195-
1230

(19) Samori, P., EdScanning Probe Microscopies Beyond Imagmgley
& Sons: New York, 2006.

(20) Xu, S.; Miller, S.; Laibinis, P. E.; Liu, G. YLangmuir1999 15,
7244-7251.

(21) Kramer, S.; Fuierer, R. R.; Gorman, C. 8hem. Re. 2003 103
4367-4418.

(22) Jang, S. Y.; Marquez, M.; Sotzing, G. A. Am. Chem. SoQ004
126 9476-9477.

(23) Fresco, Z. M.; Suez, |.; Backer, S. A.; Frechet, J. M. Am. Chem.
Soc.2004 126, 8374-8375.

Nano Lett., Vol. 7, No. 4, 2007

(24) Ginger, D. S.; Zhang, H.; Mirkin, C. AAngew. Chem., Int. EQ004
43, 30-45.

(25) Su, M.; Pan, Z. X.; Dravid, V. P.; Thundat, Tangmuir2005 21,
10902-10906.

(26) Bullen, D.; Wang, X. F.; Zou, J.; Chung, S. W.; Mirkin, C. A.; Liu,
C. J. Microelectromech. Sys2004 13, 594-602.

(27) Salaita, K.; Wang, Y. H.; Fragala, J.; Vega, R. A;; Liu, C.; Mirkin,
C. A. Angew. Chem., Int. EQR006 45, 7220-7223.

(28) Stoykovich, M. P.; Muller, M.; Kim, S. O.; Solak, H. H.; Edwards,
E. W.; de Pablo, J. J.; Nealey, P.$cience2005 308 1442-1446.

(29) Feldkamp, U.; Niemeyer, C. MAngew. Chem., Int. EQ006 45,
1856-1876.

(30) Fryer, D. S.; Nealey, P. F.; de Pablo, JMhcromolecule200Q
33, 6439-6447.

(31) King, W. P.; Kenny, T. W.; Goodson, K. E.; Cross, G.; Despont,
M.; Durig, U.; Rothuizen, H.; Binnig, G. K.; Vettiger, Rppl. Phys.
Lett. 2001, 78, 1300-1302.

(32) Lee, J.; Beechem, T.; Wright, T. L.; Nelson, B. A.; Graham, S.; King,
W. P.J. Microelectromech. Sys2006 15, 1644-1655.

(33) Nelson, B. A.; King, W. PRev. Sci. Instrum2007, 78, 023702.

(34) King, W. P.; Saxena, S.; Nelson, B. A.; Weeks, B. L.; Pitchimani,
R. Nano Lett.2006 6, 2145-2149.

(35) Bakbak, S.; Leech, P. J.; Carson, B. E.; Saxena, S.; King, W. P.;
Bunz, U. H. F.Macromolecule2006 39, 6793-6795.

(36) Gotsmann, B.; Durig, U.angmuir2004 20, 1495-1500.

(37) Taylor, G. N; Stillwagon, L. E.; Houlihan, F. M.; Wolf, T. M.; Sogah,
D. Y.; Hertler, W. R.Chem. Mater1991 3, 1031-1040.

(38) Zhang, Y. D.; Hreha, R. D.; Jabbour, G. E.; Kippelen, B.; Peygham-
barian, N.; Marder, S. R]. Mater. Chem2002 12, 1703-1708.

(39) Carpick, R. W.; Salmeron, MChem. Re. 1997 97, 1163-1194.

(40) Szoszkiewicz, R.; Kulik, A. J.; Gremaud, G.; Lekka, Appl. Phys.
Lett. 2005 86, 123901.

(41) Szoszkiewicz, R.; Riedo, Bppl. Phys. Lett2005 87, 033105.

(42) Morgenthaler, S. M.; Lee, S.; Spencer, N.angmuir2006 22,
2706-2711.

(43) Sheehan, P. E.; Whitman, L.Bhys. Re. Lett. 2002 88, 156104.

(44) Grulke, E. A.; Abe, A.; Bloch, D. RPolymer HandboaokWiley &
Sons: New York, 2003.

NLO70300F

1069



