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Nanoimprint lithography of chromophore molecules
under high-vacuum conditions
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We report on high-vacuum nanoimprint lithography onto chromophore dye molecules embedded in
optically inert polymer matrices. A specifically designed high-vacuum 20 ¢ mbar) chamber

to perform nanoimprint lithography at temperatures up to 300 °C and pressures up fisi 1h

areas of more than 25 énallows us to imprint in principle any class of thermoplastic molecules
without loss of functionality. We tested our system by imprinting different polymers and polymer/
dyes blends, demonstrating that the photoluminescence efficiency of light-emitting molecules is
preserved in the lithography process. 2004 American Vacuum Society.

[DOI: 10.1116/1.1641096

[. INTRODUCTION under high-vacuum conditions by means of a suitably de-
signed chamber. Our setup operates up to 300 °C, with pres-
Nanoimprint Iithograph)(NIL)l has been demonstrated to sures as |arge as Fj_@si, and areas of more than 25%m
be a powerful and straightforward technique for patterningunder a vacuum of 1°—10"® mbar. This allows us to per-
organic materials, offering low cost, large-area operationform nanoimprint processes on virtually any organic thermo-
and extremely high resolutichiThe NIL is based on a master plastic molecule without degradation of functionality. We
pattern, realized into a hard mold, which is transferred to theested our system installed on a commercial laboratory press,
organic film under pressure (3010" psi). The process tem- for imprinting PMMA, which was used as optically inert
perature is chosen in order to decrease the viscosity of th@atrix embedding chromophore dyes. We achieve excellent
target compound, allowing the material to be displaced fronfidelity of the pattern transfer, with reproducible and easy
the protrusions of the mofiland the shape to be transferred operation conditions, and, more important, no degradation of
from the master to the polyméFig. 1). the luminescence efficiency of the light-emitting molecules.
NIL can compete with traditional lithographies for pattern
deﬁnition into pol)(methylmethacrylal)e(PMMA) and other Il. EXPERIMENT
resists used for the subsequent etching processes on
semiconductor&® In addition, it can be employed to directly ~ Two main systems can be envisaged to control the atmo-
pattern optically and electrically active molecules for one-sphere while performing NIL, i.e.(i) a large controlled
step fabrication of organic-based devices. Unlike inert poly-chamber surrounding the whole press environment(and
mers, NIL of active materials has to be carried out under #mall component to be placed between the pressing hot
vacuum® in order to avoid the degradation of their optical Plates, which should effectively transmit the high pressure
and e|ectrica| properties main|y induced by Oxygen incorpo.and the temperature to the Sample. The latter Conﬁguration is
ration and substitution occurring at the high temperature ofindoubtedly more convenient in terms of cost, volume, and
the imprinting process.Low-vacuum or nitrogen environ- flexibility. A photograph of our high-vacuum chamber is
ments, which have been used to prevent luminescencghown in Fig. 2. We built it by specifically designed
quenching in light-emitting moleculésysually require quite stainless-steel bellows and ultrahigh-vacuum Conflat®
a complex setup, such as large vacuum chambers with #anges(realized by Streas, Italywith copper gaskets allow-
controlled atmosphere surrounding the NIL prés@oom- ing high-temperature operatidwp to 450 °C). In order to
temperature NIL processes on curable monomers have ald@prove the mechanical stability of the chamber, which is a
been proposed to realize patterns on some functional senfifitical issue during the imprinting process, and to increase
conducting polymer&.In order to retain both the very cheap the system resistance to compression due to the concomitant
operation and the wide flexibility of the technique, one@application of the high vacuum and of the external pressure,
would need simple add-on components, which should b&e added four parallel steel springs to the bella®sy. 2).
compatible with most of the precision hydraulic pressesTwo steel cylinders (diameter58 mm) extend through the

available on the market and with different controlled atmo-flanges, thus providing the thermal contact with the hot
spheres. plates of a precision hydraulic pred@3/O/Weber, Germany

In this article, we report on NIL experiments carried out The Cylinders transmit heat and pressure to the Samp|e inside
the chamber, moreover assuring a correct contact between

dAlso at Dipartimento di Fisica, Universitali Lecce, via Arnesano, the_ master gnd the sample _during imprinting, by virtue of
I-73100 Lecce, ltaly; electronic mail: dario.pisignano@unile.it their parallelism. The overall internal volume of the chamber
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The molds for the NIL were realized by photolithography ) ) ’ Ax-(mrr;) ) ) )
and by electron-beam lithography by an Elphy Plus pattern
generator(Raith, Germany controlling a Stereoscan 440 _

. lectron microscoggkeica, Germany and subse- Fic. 2. (& Photograph c_)f the add-on hlgh—yacuum chambe_r. Inset: chamber
scanning € _eC . - ! o scheme. The arrow indicates the vacuum li#e. Pressing cylindergexter-
quent reactive ion etching (GFAr) onto silicon substrates. nal part leaning oit (B) Main bellows.(C) Additional external springgD)

The etch depth of the molds was comprised between 200 arfebnflat® flanges(b) Calibration of the applied force vs the chamber com-
600 nm. We directly used these masters to imprint PMMAPression at different operation temperature: room temperédaliel circles,

. ) Idrich _ ° fil f hick d 200 °C(open circleg and 230 °Qsolid squares Dotted lines are guides for
(Sigma-Aldric ,Tg—120 C) films of a thickness ar,OU”, 1 the eye. The continuous line is a linear fit of the elastic regime Tfor
mm. The surface morphology of the masters and of imprinted-200 °c. Inset: Sample temperature vs temperature of the press hot plates.
samples was investigated by optical and scanning electrofhe maximum measured temperature difference between hot plates and
microscopy[(SEM) Leica Stereoscan 430 sample is 70 °C al =340 °C.

Different dye molecules were embedded in these optically
inert polymer films, namely 4dicyanomethylene2-methyl- . -
6-(4-dimethylaminostyryt4H-pyran (DCM) and Coumarin forcer,”W? deterrlmnt_ad ;hﬁ dgp;ndencgl;obllw X, finding a
334 (C334, commonly employed for the realization of opti- E)gg%yk'\llr;ear € ashtllg Denavio .(OCX) V\fnlt € ar:]stlc :(L:(())Or/lstandt.f
cally pumped organic solid-state lasé?§.he photolumines- f: : mm, €x $': |t|n29 \llar|at|?jns ° esl,lst an 10% at f;
cence(PL) efficiency, np,, of spin-cast films of the polymer- erteBt :emper?;uri( tlg.I )t. nstez t’ha sma 'Flfemp(alratur(;)ho i
dye blends was measured before and after the NIL procescse gweenr de ot piates and € s.ampbe? aonng € d
by using an integrating sphere. The sphere is hollow an@(r)efé'ng ﬁym emliorgezz%r? ' rang;n'g ewV?Ien gn
coated with a diffusely reflecting material, thus collecting the ;n t e_tLange — ; O;get 8 ig. 3. We teste
average emitted photons per solid angle, independent of theﬁ)r“rlvlSe ;Jp Wlt azvacuum up to d tm ar. t PMMA in th
angular distribution, toward a charge coupled device specﬁ_ has er s ruchures Wel\rﬁl_ used o |_m§r|nt both b in the
trograph(Fig. 4). We excited samples by a He—Cd lasgr ( ﬂ:g —vacuutm ¢ dfam tler. V;’:S ca(;neft ou ¢ ° t y tus!?hg
=325 nm, excitation density0.1 W/cnf), at near-normal TS? ma? ers dlrecl y ?}‘T‘ moll san zazezrl a reahmlen with a
incidence and at room temperature. The optical measuré:fi’ggg 0 Iocta/ecly tric orosiiane m660b 'mm?t ipe_ntane
ments were carried out under nitrogen flux to prevent dam_g H'b't thvo ume_l;o ur;:‘, §p|nt():altst at th rij ord?,hmn |
age of samples under photoexcitation. inhibit the possible adhesion between the mold and the poly-

mer during NIL. No substantial difference was observed in
the patterns printed by the two procedures. The imprinting
lll. RESULTS AND DISCUSSION process on PMMA on different substrates was performed at

As a consequence of the reactién,of the bellows and of about 160 °C with an applied pressure of 1&i. A vacuum
the springs to compressior, the pressure actually applied of 10> mbar was applied for NIL on films of polymers/dyes
to the sample during NIL is weaker than that applied by theblends.
external hot plates. In order to exactly know the applied Figures 3a)—3(b) and 3¢)—3(d) show an example master
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Fic. 4. Schematic diagram of the experimental setup employed for the mea-
Fic. 3. SEM two-dimensional view of master pattefii@ and (b)] and of surements of the PL absolute quantum efficief@lgments not in scale
the corresponding transfers into PMM£S) and (d)].

between 450 and 700 nm, and peak wavelengths of 580 nm

nd of 507 nm, for DCM and Coumarin blends, respectively.

he PL quantum yield of DCM/PMMA blends was found to

e almost constangslightly increasing around a value of

20%, whereas an appreciable increasingzef was mea-

%ured for Coumarin/PMMA blends, varying from 9% to
ore than 14% after patterning. This increase can be as-

and the final patterns obtained on PMMA, respectively, im-
aged by SEM, demonstrating the excellent fidelity achieve
with the replication procedure. Features having size comp,
prised between 300 nm and 1@0n were imprinted by us
with the same fidelity onto areas up to severafcive be-
lieve that these limits are due to the employed molds, an

that by using proper master structures it would be possible tgribed to the diffusion of choromophof@s™ inside the

achigve the very high resolution allowed by NitThe high PMMA film at the temperature abovgy needed to imprint,
quality of the Iarge-area pattern "a”SfeF also demonstratq ading to more uniform dye distributions within the polymer
the good parallelisms between the two internal surfaces o |

ab and consequently reducing the intermolecular decay

the pressing cylinders of the ch_amber. . . . channels responsible for the concentration quenching of PL
In order to assess the retained optical functionality of

. o : ; usually observed in dye molecules. Another element which
light-emitting organic _compounds after hlgh—vacuum_l\_IIL, can contribute to the increase of the PL yield is the
we measured the luminescence absolu_te quantum eﬁ'c'?n(ixfavelength-scale structures patterned onto the film. This en-
npL, Of dye chromophores embedded in polymers matriceg,

bef d after the lith h Th ber of ph ances the emission in the forward direction, thus reducing
etore and after Ine fithograpny process. The nUmber of PGy g et apsorption of the radiation inside the polymer &fab.
tons emitted in PL per absorbed photon by the untexture

: . . he effect is indeed better appreciated with high-density 300
and the patterned films was determined by accounting foﬁm-sized imprinted features, which were the higher-

t.hOS? p_hotons which are not absorbed by the samp_le at thellso ution features that we transferred in our experiments. A

f!rst incidence, and are absprbed ‘%“ef the su.ccesswe r‘aﬂeffirther discussion of the possible mechanisms at the basis of
tions on the surface of the integrating sphere: the increase ofp, Will be presented in a forthcoming article.
P,—(R+T)P, More in general, the fact thajp, does not show any degra-

PL= (1-R-T)X, ' (D dation demonstrates that high-vacuum NIL can be applied

. . without deterioration of the functionality of the target mate-
whereR andT indicate the reflectance and the transmittancgia|s, even if a quantitative comparison with previous

of the system, respectivel?; and P, are the PL signals sygie§ of NIL on light-emitting molecules in controlled at-

measured with the laser beam incident on the sample and %Rosphere is not possible, as the, values were not previ-
the integrating sphere, respectively, akd stands for the ously reported.

excitation signal, measured with the laser incident on the

sphere and without sample. After placing the sample in the

sphere, we measurét},, by directing the excitation beam on IV. CONCLUSION

the sphere wall, an®,, by directing the laser on the film. In this article, we reported on NIL experiments on poly-
Finally, we removed the sample and measurgdby the  mers and polymers/dyes blends under high-vacuum condi-
laser signal. All of the signals were normalized by the spections (10 ° mbar) by means of a specifically designed im-
tral response of the experimental setgpe Fig. 4 The NIL  print chamber. Our system in principle allows us to carry out
process was carried out on polymer/dye films spin cast ontaanoimprinting on large areagsip to 25 cm) on optically
Spectrosil substrates, whose absorption at 325 nm can fand electrically active compounds, without any degradation
neglected, as in Eql). We found for our samples a PL of the luminescence performances of organic molecules, as
spectral range comprised of between 490 and 710 nm, antbnfirmed by measuring the PL efficiency of laser dye chro-
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