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Three-dimensional micro- and nanostructuring by combination
of nanoimprint and x-ray lithography

Massimo Tormen,? Filippo Romanato, Matteo Altissimo, Luca Businaro,
Patrizio Candeloro, and Enzo M. Di Fabrizio
TASC-INFM, Lilit Beamline, S.S. 14-km 163.5, 1-34012 Basovizza-Trieste, Italy

(Received 12 November 2003; accepted 29 January 2004; published 17 Margh 2004

We present results on a lithographic approach that combines nanoiniplin) and x-ray
lithography (XRL) for fabricating unconventional three-dimensio@D) polymer structures. The

use of XRL for structuring a prepatterned resist by NIL gives rise to high-resolution
high-aspect-ratio structures whose overall profile is enveloped by the original 3D imprinted profile.
The technological potential of this method has been demonstrated by patterning several different
types of structures with XRL on an hexagonal array of hemispheres previously obtained by
nanoimprinting. ©2004 American Vacuum SocietyDOI: 10.1116/1.1688356

[. INTRODUCTION Il. EXPERIMENTAL METHOD

In the fast run for device miniaturization, microelectronics ~NIL has 3D structuring capabilities. In order to exploit
has relied on planar lithography and layering of essentiall)lh's aspect a master with continuous 3D profile was fabri-

two-dimensional structures. Technological advances ifFated using isotropic etching of a fused silica substrate in
micro- and nanoelectromechanical systémmjcrofiuidic ~ Order to form an array of hemispherical caviti€sg. 1 mas-

devices micro- or nano-opticgdiffractive optics? high ef- ter picturg. After the evaporation of a 150 nm Cr layer on a

ficiency multilevel zone platesphotonic crystals® and in- fl?t slubitr?te of fuscciad silica, an hexagonald ‘f"”?}y céf‘r?l
novations in the toolset of biologymicrofluidic chips for circular holes spaced 2@m apart were opened in the Cr film

deoxyribose nucleic acid arr}ﬁyand medicinémicrosurgical 2|y Er1h0tor:ltrr]r10(?\/r??1?r/ ?n(docg:\(/l))mlﬂgn WettietCh:;g :\r;l)an am_mo-
tools, drug delivery will require the development of fully um ceriu ate . and acetic ac ague

. . . o ous solution. The openings in the chromium layer served as a
terlgeresg;rlréensmna(BD) structuring capabilities at the nanom mask for isotropic wet etchingl5 wt% HF in watey of

Several lithographic techniques have already been eXf_used silica. This resulted in the formation 20 um diam

. . . guasihemispherical cavities. The process of NIL stamp fab-
plored for 3D structuring at submicron resolution. EIeCtronrication was completed by stripping the chromium mask. For
beam lithography can generate “gray-scale” profiles control—,[he imprinting step, a silicon substrate was coated witht
ling the exposure dose. High resolution x-ray lithography ¢ 9= « poly(methylmetacrylate(PMMA), and the hot em-
(XRL) can replicate a multilevel mask amplifying the thick- bossing was performed according to standard procetfuaes
ness profil® and can generate complex 3D structures withy pressure of 20 MPa and a temperature of 210 °C. The sepa-
multiple exposure at tilted ahg'@focqsed ion beam lithog-  ration of the stamp from the imprinted polymer film did not
raphy has shown the capability for direct milling and in the yresent difficulties even in the absence of any specific treat-
growth of hard material® Nanoimprint lithography(NIL) ment of the stamp surface.
can mold 3D profiles! Soft lithography has shown interest- After the process of hemispheres imprinting, a set of
ing possibilities for fabricating microfluidic network with samples was exposed at the XRL LILIT beam lhselect-
complex topology” or for patterning curved substraféIn-  ing a spectrum energy windotirom 800 to 2.3 keV, peaked
terference optical lithography and more recently two-photoryt 1.6 ke that allows the full exposure of the thicke
lithography* are also emerging as 3D patterning techniques,m) part of the hemispheres. This ensures that the depth of

All lithographies above have their own specificity and po-the XRL patterning is completely independent of the local
tentialities that in many cases are still not completely eXresist thickness. An x-ray mask consisted of au thick
ploited and cannot cover the entire spectrum of the fabricasilicon nitrate membrane with zone plate structures with 500
tion needs. However, as we show in the present articleam gold in the absorbing regions, corresponding to a trans-
combining two of them allows us to extend the fabrication tomitted intensity contrast of 15:1 between transparent and ab-
a much wider class of micro- and nano-objects that pave thgorbing regions. A second x-ray mask consisted of @n®
road to device categories. In particular, we demonstrate athick SN, membranes carrying a variety of gold structures
approach by consecutive use of NIL and XRL. This allows(array of dots, rings, lines, crosseslectroplated to a thick-
generating nonconventional 3D structures consisting of higimess of 400 nm.
aspect ratio features whose overall envelope is modulated The results we present below have been obtained mount-

according to the original 3D imprinted profile. ing the masks at two different angles, i.8535° andd#=0°

with respect to the x-ray beam. Patterns were exposed on the
dElectronic mail: tormen@tasc.infm. it array of PMMA hemispheregFig. 2) with an aerial dose of
766 J. Vac. Sci. Technol. B 22 (2), Mar/Apr 2004 1071-1023/2004/22(2)/766/5/$19.00 ©2004 American Vacuum Society 766
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767 Tormen et al.: Three-dimensional micro- and nanostructuring 767

Fic. 3. (a—0 Zone plate structure superimposed to the 3D profile of an array
Fic. 1. Array of hemispherical cavities defined on the fused silica masterof hemispheres(d) Inverted 3D structure by nickel electroplating. Bars
The bar corresponds to 3@m. correspond to 1Qum.

4000 mJ/crh and developed in a solution of metyl-isobutyl .
chetone and isopropy! alcohél:3) for 4 min. reproduce defects already present in the master, the surface

One of the samples that were three-dimensionally Strucguality of the imprinted 3D structure appears very high. This

tured by NIL/XRL was further processed in order to demon-Tesults allows us to envisage the possibility of using NIL in
strate the possibility of generating a master for imprinting oriN€ Production of optical elements and other devices with
injection molding. The sample was sputter coated with a 4@tingent fabrication requirements. _
nm film of palladium—gold. The film was used as base plat- The .f|rst.example of the combined use of NIL and XRL is
ing for the electrochemical growth of Ni. The electroplating Shown in Fig. 8a) where a set of concentric circles of a zone
bath was kept at 55 °C and a current density of 150 mA/cmPlate optic pattern were exposed on an imprinted array of

was maintained during the growth up to a deposit thicknes§€mispheres. The patterning of the central zone shows a net
of ~100 um. Finally, in order to release the nickel structure CUtting of the hemispheregig. 3(b)]. The high penetration

the silicon substrate and the PMMA structured film weredePth Of the x rays makes the lithographic image almost
dissolved i a 5 M solution of KOH in water. insensitive to the thickness modulation the preexisting struc-

ture. At the same time, the high optical contrast of the x-ray
Il RESULTS mask provides an almost complete radiation absorption in

' the shadowed areas obtaining a negligible deformation of the

Figure 1 shows an array of PMMA hemispherical holesunexposed PMMA regions.
closely packed in a 2@m hexagonal lattice at the surface of  The zone plate design represents a severe test pattern be-
a fused silica substrate. The imprinted structures in PMMAcause of the progressive reducing period of the concentric
are_homogeneously reproduced on the entire &€ax5  rings. In the present case the outermost zone periodwh2
mn) of the stamp that is shown in Fig. 2. With the excep-was successfully reproduced on the hemisphere generating
tion of the edges of the patterned field, where imperfectionsitructures with aspect ratios as high afF®y. 3c)], i.e., a
value that can be considered quite relaxed for x-ray lithog-
raphy. In this case no specific process to improve the stability
of the structures has been used that, on the contrary, could be
applied to obtain lithographic resolution on the order of 100
nm and aspect ratio on the order of 10115,

Crucial for the application of the proposed technique is
the possibility of fabricating 3D high resolution masters for
nanoimprinting and injection molding suitable for mass pro-
duction. Figure &) shows the 3D profile of a nickel master
obtained inverting the polymer structure by electroplating.
All the features of the NIE-XRL pattern are finely repro-
duced on the master and the cusps at the crossing of three
edges are sharp. The origin of a few extra structures in the
form of small scale nickel pillars can be traced back to de-
fects in the polymer structure surface. This roughness is
likely due to the random dissolution of part of the resist
Fic. 2. Hexagonal array of microlenses imprinted in PMMA. exposed at subthreshold dose, and to the prolonged develop-

JVST B - Microelectronics and  Nanometer Structures
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Fic. 4. Examples of trenches formed into curved structures. The cuts argg. 5. High spatial frequency features defined by XRL on low spatial fre-
directed at 35° from the normal to the sample substrate. Bars correspond tuency structures by NIL.
1 pum.

down to the substrate. In this case, we point out that the local

ing time used to completely develop the fully exposed areagrofile of the original NIL structure is preserved at the scale
of the pattern. These small defects further testify to the higtof single structures as it can be easily recognized from the
fidelity of the mastering process, and they can be avoided bglope of the top of the pillars in a closer view imald&g.
slightly optimizing the exposure dose and therefore reducing(c)].
the developing time. It is worth noting that a full development of the pattern

Net cutting can be performed not only perpendicularly towould have completely removed the hemisphere in the ex-
the substrate surface but also along a tilted direction. Finposed area leaving only the standing pillars. On the contrary,
tilted structures resulting from the transversal cutting of thewe have deliberately developed only partially the patterning
hemisphere§Fig. 4(a)] after an exposure of 4000 mJ/&m to also show that the original shape of the NIL pattern can be
did not show any structural collapse. The stability of theprogressively dissolved and shrunk almost preserving the
structures is shown by cutting microsphere slices at severalriginal shape. It results in an array of pillars imaginarily
planeqFig. 4(b)] demonstrating that straight and curved pro-stuck on a hemispherical pillojFig. 5(b)].
files, high aspect ratio, and high resolution can be combined On a closer view further details can be noticed. The pillar
in a single microstructure. tips shows a central column and an external ring that are not

Another interesting technological combination of NIL/ present in the original mask, with details at 100 nm scale. At
XRL is represented by the possibility of creating a superpofirst sight these details could appear quite uncontrolled, re-
sition of structures with different spatial frequencies. Figuresulting from a complex process. This is not the case. The
5(a) shows patterned regions that contain three possibléormation of ring structure, corresponding to full dots in the
lithographic combination: XRL, NIL, and the overlap of the mask, has been already reported as diffraction effcts.
two. The x-ray generated pattern is formed by gl pitch  These are dependent on the spectrum and the coherence of
square array of high aspect ratiz-10) pillars that is also the x-ray source as well as on the resist-mask gap during
exposed on the 2@m lattice period of hemispheres. Figure exposure. We have simulatétboLseTcode®) the operative
5(b) clearly shows that the pillar tips are precisely envelopedconditions at which the XRL has been performed experimen-
by the shape of the prepatterned array of hemispheres. Thially in this work (spectrum peaked at 1.6 keV, 0.83 mrad
is a complementary approach with respect to the exampldseam divergengetaking into account the diffraction effects
shown in Figs. 2 and 3 where the hemispheres were full cufor a mask-resist gap of 1om, and the attenuation of the

J. Vac. Sci. Technol. B, Vol. 22, No. 2, Mar /Apr 2004
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Fic. 6. Simulated dose image curves at the resist suffam&inuous linesand at a depth of &m in the resistdashed linesfor different exposure conditions:

(a) soft spectrum with high spatial coheren¢e), soft spectrum with low spatial coherende) hard spectrum with high spatial coheren@®; hard spectrum

with low spatial coherencéor the quantitative meaning of soft, hard, and low and high spatial coherence see ih&hexinsets show the 3D simulated
structures after development. The simulated structuréajinis qualitatively in good agreement with the fine structure of the microstructures obtained
experimentally{Figs. §b) and Fc)].

x-ray intensity through um of PMMA resist. The results resists, is the ratio between the dose at the depthwoh&nd
relative to a 1um diam 350 nm thick gold dot as mask at the surface of the resist in the region outside the absorber
absorber are given in terms of lateral dose distribution ashadow. In this case we have 0.51 for “soft” spectaaand
different depths in the resigin the plot are shown only the (b) and 0.74 for “hard” spectrdc) and (d).
doses at the resist surface and at the depth @i A good
qualitative agreement between the experimentally fabricate
structureq Fig. 5@)] and simulations is observed. R/ DISCUSSION

Further simulations have been performed using harder en- NIL is a high resolution(sub-10 nm, low cost, high
ergy spectrum{peaked at 2.1 keMand lower spatial coher- throughput technique that has intrinsically three-dimensional
ence of the x-ray beanfangular blur 1.50 mradthat are replication potentiality. Due to these characteristics NIL is
controllable exposure parameters at the LILIT beam*fid®@  emerging as a possible mass-production technology in the
[Figs. 6b)—6(d)]. From the dose intensity curves we ex- field of micro- and nanosystems.
tracted three significant parameters. The first parameter is the The results of Fig. 2 show the capability of NIL to form
shift [see arrows in Fig. @] between the edge positions at smooth curved surfaces over a large area. It is evident that a
the surface and at a depth of /8n corresponding to 0.5 large variety of 3D master profiles can be transferred into a
transmitted intensity. This shift is 35 nm f@) and(b) while  polymer film by NIL. However, principle and practical limi-
is 23 nm for(c) and (d), showing that the steepness of the tations exist for arbitrary structures. For example, it would be
structure walls can be increased using the hard spectrum. Thilifficult to fabricate arrays of pillars nonperpendicular to the
second parametg¢see horizontal dashes in Fig(ap| is the  substrate or any structure having overhanging parts. Their
amplitude of the ripples normalized to the transmitted intenpresence would make it impossible to separate the mold from
sity in the shadowed region under the absorfygwsition the polymer in a nondestructive way. This remark can be
1500 nm). In this case the relative amplitudes of the ripplestranslated into a requirement for the stamp surface profile
are 1.7, 1.2, 1.4, and 0.9 f@), (b), (c), and(d), respectively. which ensures that after the embossing step no obstruction
This indicates that the diffraction effects “perturbing” the prevents the removal of the master. The requirement is that
structures with fine details can be reduced, both reducing théne orthogonal projection onto the plane of the stamp sub-
spatial coherence and increasing the hardness of the x-rarate of any two nonoverlapping areas at the surface of the
beam. The third parametgsee vertical dotted arrows in Fig. 3D stamp must not overlap. A second limitation in the 3D
6(a)], which is a measure of the aptitude to expose thickNIL patterning capabilities is related to the aspect ratio of the

JVST B - Microelectronics and  Nanometer Structures
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structures. Due to stresses produced by shear and tens@eploring the suitability of positive tone CARs as common

forces at the surface of micro- nanostructures during the reresists for NIL and subsequent XRL imaging.

lease of the master, high aspect ratio structures suffer hi

mechanical stresses and may easily break. At present, the CONCLUSION ]

highest aspect ratios that can obtained by NIL a&: In conclusion we have shown that performing a step of
Both these NIL limitations do not concern XRL. In this imprinting into a thermoplastic f_ilm and utilizi_ng that prepat-

respect, XRL is well known to provide aspect ratios attainingt€'ned polymer layer as a resist for x-ray lithography pro-

values of~20 (for structures withum scale resolution and vides a flexible method to fabricate a wide class of complex

resolution that at its present status of development can g@mall-scale 3D structures. The combined method exploits the

below 50 nm. Geometrically, the structures obtainable byadvantages and overcomes most of the limitations of both

XRL can be described as the intersection of the volume shadMPrinting and x-ray lithography. Moreover, the fact that

owed by a two-dimensional pattern defined on a mask wittP0th NIL and XRL are parallel patterning techniques would

the volume of the resist film. As the two-dimensional pattern@/low us to upscale the fabrication of complex three dimen-

of the mask can be projected in arbitrary directions withSional nano- or micro-objects to a mass-production level.
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