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We report on the nanopatterning of conjugated polymers by soft molding, and exploit the glass
transition of the organic compound in conformal contact with an elastomeric element. We succeeded
in printing different compounds with resolution down to 300 nm at temperatures up to 300 °C in
vacuum. No significant variation of the photoluminesce(f®k) spectra nor heavy degradation of

the PL quantum yield was observed after the lithography process. Based on the high resolution
achieved and on the well-retained luminescence properties of the patterned compounds, we
conclude that high-temperature soft lithography is a valid, flexible and straightforward technique for
one-step realization of organic-based devices.2@4 American Institute of Physics.

[DOI: 10.1063/1.1644921

Soft lithographie’ represent a very appealing route to printing different conjugated polymers with resolution down
micro- and nanofabrication because of their high resolutionto 300 nm, without severe degradation of the emission
very wide chemical flexibility, large area operation, and low properties.
cost. They are based on the conformal contact between the A schematic of the lithography process is shown in
material to be patterned and an elastomeric replica of a masig. 1(a). First, we fabricated our master structures onto Si
ter structure. The most recent and promising method is softy both photo- and electron-beam lithography using a Raith
molding (SM), or capillary force lithograph§,which com-  Elphy Plus pattern generator, and subsequent RIE by a
bines soft and nanoimprint lithographysing elastomeric CF4/Ar mixture. We realized gratings with periods of 600
elements and exploits the glass transition of organic comAm, which can be employed as templates for the fabrication
pounds. In SM lithography the mol@n this case elasto-
meric is placed onto a polymeric film, which is driven above ~—PDMS
the glass transition temperatuf,, of the target compound. DRIGINAL RASTER . (a)
Subsequent cool down beloVy, freezes the pattern into the H::;:;l:;nng,
polymer, and the replica can be peeled off. PDMS

SM allows one to overcome the main limitations of N T pEPLICA
nanoimprint lithography. In fact, since penetration of the l Contact with the target polymer
polymer into recessed features of the replica is driven by

capillarity effects, SM is only marginally affected by prob- F—mﬁm—:"

lems of difficult polymer transport. Moreover, SM is cheaper [ SIS THATE ]

since it does not need any pressing setup to ensure contact

between the mold and the polymer. SM can also be used as a \ Heating above Tg of the target
low-cost alternative to traditional nanofabrication techniques

on inorganic surfaces, because the imprinted pattern can be | TARGET POLYMER |
transferred to the substrate by ap @lasma process onto [ SUBSTRATE ]
resists(to remove the eventual polymer bottom layéul- Caiinyani

lowed by reactive ion etchin@RIE) of the substraté Finally, l peeling off

SM does not present pattern shrinkage and distortion due to

the solvents employed by other soft lithography technigues. [ “avcerpovmer |

SUBSTRATE |

Notwithstanding these results, to date SM has been applied

[
only to a limited class of materiafsh® b ©
In this letter, we demonstrate that SM can be success- ( ) _E CHZ_{H_}
— l n

fully employed also for direct patterning of optically func-
tional molecules, thereby opening the way for one-step real- {Q—\l
ization of organic-based devices. We succeeded in directly N n \_/

FIG. 1. (a) Schematic diagram of the process of master replication and soft
dAlso at: Dipartimento di Fisica, Universitali Lecce, Via Arnesano, molding (features not to scaleBottom: Molecular structures of MEH-PPV
I-73100 Lecce, Italy; electronic mail: dario.pisignano@unile.it (b) and PVK(c).

0003-6951/2G04/84(8)/1365/3/$22.00 1365 © 2004 American Institute of Physics


http://dx.doi.org/10.1063/1.1644921

1366 Appl. Phys. Lett., Vol. 84, No. 8, 23 February 2004 Pisignano et al.

60.5 4

60.0 1

59.5 1

Heat flow (mW)

59.0 4

8.5 T L oy v T — T T T T

234 235 236 237 238 239
T(°C)

FIG. 2. Differential scanning calorimetry trace for P\(iith a heating rate

of 10 °C/min under nitrogen protectipriThe solid lines are guides for the

eye; the dotted lines indicate the glass transition regigpis at about
236 °C.

of distributed feedback cavities. Elastomeric replicas of the
master were realized by pdbimethylsiloxang (PDMS)
(Sylgard 184, Dow Corning, Midland, Nllaccording to a
standard replica molding procedurend placed onto spin-
cast polymer films under their own weight. SM was carriedFIG. 3. Optical micrographs of master structut@sand SM resultgb) on
out on different prototype light-emitting polymefthe mo- ~ MEH-PPV.
lecular structures in Figs.(l) and Xc)], which are known to
exhibit good PL performance and are used to fabricate soliime, t, needed for the filling process is proportional to the
state lasefs and light emitting device&® poly-  square of the feature heigl, and to the polymer viscosity,
[2 - methoy - 5-(2' - ethylhexiloxy)-1,4-phenylenevinylere 7t
(MEHPPV) and poly9-vinylcarbazolg¢ (PVK). The influ- 2922
ence of the lithography procedure on the PL yield was tested t=———,
by measuring the PL absolute quantum efficienkyof the YRcosO
polymer films by placing the samples into an integratingwherey, R, and® indicate the fluid-air surface tension, the
spheré® before and after the patterning. hydraulic radius of the capillary, and the contact angle be-
Since oxygen is known to be responsible for heavy lu-tween the liquid and the surface of the capillary, respectively.
minescence quenching in organic molecules, particularlyn many organic compounds the viscosity above the glass
through the oxidation of the vinylene units in pgipenyle-  transition depends on temperature accordir§ to
nevinylené compounds! our SM procedures were per- DT
formed on a hot plate in a high-vacuum chamber  5(T)=y, exp( 0 ) 2
(107° mbar) to prevent degradation of the molecular prop- T=To
erties during the thermal cycfé.The T, of our compounds  whereD is referred to as the strength parameter &gk the
is between 210 (Ref. 8 and 240°C [an example temperature for which Eq2) shows a divergence in polymer
of a differential scanning calorimetifpSC) trace is shown
in Fig. 2]. The imprinting processes were carried out at a 19,9
temperature up to about 300 °C. The master pattern and its
transfer to MEH-PPV are shown in Figs(aB and 3b), re-
spectively. Unlike nanoimprint lithography, SM uses inter- ¢
mediate replicas to transfer the pattern thus preserving the
same shapépositive of the master. The high fidelity of the
pattern and the large patterned area, even with features as
low as 300 nm, can be clearly observed from a comparison
of Figs. 3a) and 3b). The periodicity obtained faithfully
reproduces that of the master, and the two-dimensional view
and cross section of the final polymer gratings, imaged by
atomic force microscopyAFM) in Fig. 4, show a well-
defined pattern, whose high quality suggests that the resolu-
tion achievable can be further reduced, depending on the e 2.5 5.0 215 10.0
starting masters. um
SM is based (_)n a capillarity effect that forces the IDOIy_FIG. 4. AFM two-dimensional view of a patterned polymer grating (10
mer to penetrate into the recessed features of PDMS. Sucfig ,m2) and corresponding cross sectifinsed. The height of the fea-
penetration is favored by a low polymer viscosity, since thetures is about 40 nm.

()

40.0 nm
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not show relevant degradation, thus demonstrating that high-
temperature soft lithography can actually be applied without
serious deterioration of the functionality of the target mate-
rials. A remarkable increase df (from 4.9% to 7.2% was
observed in PVK. This can be explained as follows: imprint-
ing of a surface grating with wavelength-scale periodicity
can enhance the light emitted towards certain forward direc-
tions due to grating-induced Bragg scattertfig’ thus re-
ducing the length covered by the photons and the self-
absorption inside the organic slab. A slight decredsem
8.0% to 7.1% of ® was instead measured in MEH-PPV:
Because the thermal-induced carbonyl substitution in
poly(phenylenevinyleneand its derivatives is strongly af-

400 500 600 700 800 fected by the process atmosph&texperiments of SM un-
Wavelength (nm) der higher-vacuum conditions aimed at better preserving the
PL quantum yield are currently in progress in our laboratory.

He-d [say In conclusion, we have shown that SM, besides allowing
high resolution and fast simple operation, can be applied to
light-emitting conjugated polymers without causing degrada-
tion. Even though a number of issues for SM need to be
investigated further, including its ultimate resolution and the
maximum aspect ratio achievable, which could be limited by
distortion and the collapse of soft PDMS structures, this
'S";ﬁg:zﬁng technique is undoubtedly very promising for organic-based
micro- and nanofabrication.

Mirror

The authors would like to thank Professor A. Maffezzoli
' M and Engineer G. Raho for DSC measurements, and Dr. F.
400 500 800 700 Della Sala for helpful discussions.

Wavelength (nm)

Y. Xia and G. M. Whitesides, Angew. Chem., Int. E&¥, 550 (1998.
FIG. 5. PL spectra beforircles and after(line) SM for MEH-PPV(a) and 2K. Y. Suh, Y. S. Kim, and H. H. Lee, Adv. Mate(Weinheim, Ge). 13,
PVK (b), respectively. Inset: Schematic diagram of the experimental setup 1386 (2002).
employed for measurements of the PL absolute quantum efficiémey 3S. Y. Chou, P. R. Krauss, and P. J. Renstrom, App| Phys 6étt3114
ments not to scaje (1995; Science272, 85 (1996.

4K. Y. Suh and Hong H. Lee, Adv. Funct. Matér2, 405 (2002.

. . . . . ®Y.S.Kim, K. Y. Suh, and Hong H. Lee, Appl. Phys. LeT®, 2285(2001).

structural relaxation time and, consequently, in ViSCosity.s| s Roman, O. Ingaisa T. Granlund, T. Nyberg, M. Svensson, M. R.
Consequently, a proper increase of temperature can be exAndersson, and J. C. Hummeen, Adv. Matéieinheim, Gej. 12 189

ploited to reduce the viscosity of the organic compotid, 7g020-T bul T F. K W L Barned. and I D.W. S | Svnth
thus allowing filling of the pattern in a few minutes. Mot '121”'17‘;7’(2'00']) rauss, W. L. bamned, and 1. L. W. Samuel, syni.

PL spectra of polymer films before and after SM are #1.q. Nguyen, R. C. Kwong, M. E. Thompson, and B. J. Schwartz, Appl.
shown in Fig. 5. The minor differences that can be observenghy_s. Lett.76, 2454(2000. _
are possible consequences of the lithography process on théz-6 2K;d((i'9 gé)"'ongaw& K. Okuyama, and K. Nagai, Appl. Phys. L&8,.
films. In order to more thoroughly assess the luminescencey ¢ Greenham, I. D. . Samuel, G. R. Hayes, R. T. Phyllips, Y. A. R. R.
properties of patterned conjugated polymers retained, weKessener, S. C. Moratti, A. B. Holmes, and R. H. Friend, Chem. Phys.
measured the PL efficiencyp, before and after SM. The 11Lett. 241, 89 (1999.

; ~M. Yan, L. J. Rothberg, F. Papadimitrakopoulos, M. E. Galvin, and T. M.

numbe; of gh(r)]tons emltteddf_i)el’ abSOI’dbed phOt(()jnbby the un Miller, Phys. Rev. Lett73, 744 (1994, and references therein.
fcexture and the patterne_ ilms was determined by accountz; "\wang “x. sun, L. Chen, and S. Y. Chou, Appl. Phys. L#g, 2767
ing for those photons which are not absorbed by the sample(1999.

at their first incidence, and are absorbed after successive r&D. Myers, Surfaces, Interfaces and Colloid$Viley—VCH, New York,

: : - : 1999.
flections on the surface of the integrating sphiére: 144, Vogel, Phys. 722, 645(1921): G. S. Fulcher, J. Am. Ceram. Sc&.
P,—(R+T)P, 339 (1925; G. Tamman and W. Hesse, Z. Anorg. Allg. Chehs6, 245
= (3 (1928
(1-R=T)X, 15K. L. Ngai and D. J. PlazekPhysical Properties of Polymers Handbgok

o . edited by J. E. Mark(American Institute of Physics, Woodbury, New
whereR andT indicate the reflectance and transmittance of v 1956. . Y Y

the system, respectively?; and P, are the photolumines- 16B. J. Matterson, J. M. Lupton, A. F. Safonov, M. G. Salt, W. L. Barnes,
cence signals measured with the laser beam incident on theand I. D. W. Samuel, Adv. MatetWeinheim, Gej. 13, 123(2001.

sample and on the integrating sphere, respectively,Xand ‘SHQS'TSLT“BZ 4P'l';’;‘irze;"(’;bg"]')l‘]°ry' W. L. Barnes, and |. D. W. Samuel,
stands for the excitation signal, measured with the laser insg Papadimitrakopoulos, K. Konstadinidis, T. M. Miller, R. Opila, E. A.

cident on the sphere without the sample. Thevalues did Chandross, and M. E. Galvin, Chem. Mat@r1563(1994.



