JOURNAL OF VACUUM SCIENCE AND TECHNOLOGY B

X-ray and electron-beam lithography of three-dimensional array structures
for photonics
F. Romanato, D. Cojoc, E. Di Fabrizio, M. Galli, and D. Bajoni

Citation: J. Vac. Sci. Technol. B 21, 2912 (2003); doi: 10.1116/1.1629295

View online: http://dx.doi.org/10.1116/1.1629295

View Table of Contents: http://avspublications.org/resource/1/JVTBD9/v21/i6
Published by the AVS: Science & Technology of Materials, Interfaces, and Processing

Related Articles

Fabrication of nanoscale, high throughput, high aspect ratio freestanding gratings
J. Vac. Sci. Technol. B 30, 06FF03 (2012)

Surface plasmon waveguide devices with Tg-bonded Cytop claddings
J. Vac. Sci. Technol. B 29, 062601 (2011)

Process window modeling using focus balancing technique
J. Vac. Sci. Technol. B 29, 06F903 (2011)

Three-dimensional proximity effect correction for large-scale uniform patterns
J. Vac. Sci. Technol. B 29, 06F314 (2011)

Imaging of extreme-ultraviolet mask patterns using coherent
extreme-ultraviolet scatterometry microscope based on coherent diffraction imaging
J. Vac. Sci. Technol. B 29, 06F503 (2011)

Additional information on J. Vac. Sci. Technol. B

Journal Homepage: http://avspublications.org/jvstb

Journal Information: http://avspublications.org/jvstb/about/about_the_journal

Top downloads: http://avspublications.org/jvstb/top_20 _most_downloaded

Information for Authors: http://avspublications.org/jvstb/authors/information_for_contributors

ADVERTISEMENT

th I t" AT DIVISION/GROUP PROGRAMS: FOCUS TOPICS:
AVS 59 nterna IO (i ¢ Advanced Surface Engineering » Actinides & Rare Earths

4 Ly L ;  Applied Surface Science » Biofilms & Biofouling: Marine, Medical, Energy
Symp051um & I I ¢ * Biomaterial Interfaces * Biointerphases

¢ Electronic Materials & Processing s Electron Transport at the Nanoscale
¢ Magnetic Interfaces & Nanostructures ¢ Energy Frontiers
* Manufacturing Science & Technology  * Exhibitor Technology Spotlight

* MEMS & NEMS * Graphene & Related Materials

» Nanometer-Scale Science & Technology e Helium lon Microscopy
® Plasma Science & Technology » [nSitu Microscopy & Spectroscopy

® ) s Surface Science ¢ Nanomanufacturing
2]2 248- 0 ﬁ# E * Thin Film ¢ Oxide Heterostructures-Interface Form & Function
’ * Vacuum Technology * Scanning Probe Microscopy
uv;nyc@uvs.org * Spectroscopic Ellipsometry
WWW.uVS.Ol‘g ,  Transparent Conductors & Printable Electronics
X — ¢ Tribology

Downloaded 16 Nov 2012 to 155.69.4.4. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvstb/about/rights_and_permissions


http://avspublications.org/jvstb?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/329691072/x01/AIP/AVS59_JVACovAd_1640x440Banner_7_9_12/AVS59_1640x440_pdf_cover_ad.jpg/7744715775302b784f4d774142526b39?x
http://avspublications.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=JVTBD9&possible1=F. Romanato&possible1zone=author&alias=&displayid=AVS&ver=pdfcov
http://avspublications.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=JVTBD9&possible1=D. Cojoc&possible1zone=author&alias=&displayid=AVS&ver=pdfcov
http://avspublications.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=JVTBD9&possible1=E. Di Fabrizio&possible1zone=author&alias=&displayid=AVS&ver=pdfcov
http://avspublications.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=JVTBD9&possible1=M. Galli&possible1zone=author&alias=&displayid=AVS&ver=pdfcov
http://avspublications.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=JVTBD9&possible1=D. Bajoni&possible1zone=author&alias=&displayid=AVS&ver=pdfcov
http://avspublications.org/jvstb?ver=pdfcov
http://link.aip.org/link/doi/10.1116/1.1629295?ver=pdfcov
http://avspublications.org/resource/1/JVTBD9/v21/i6?ver=pdfcov
http://www.avs.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1116/1.4755815?ver=pdfcov
http://link.aip.org/link/doi/10.1116/1.3660801?ver=pdfcov
http://link.aip.org/link/doi/10.1116/1.3662407?ver=pdfcov
http://link.aip.org/link/doi/10.1116/1.3660785?ver=pdfcov
http://link.aip.org/link/doi/10.1116/1.3657525?ver=pdfcov
http://avspublications.org/jvstb?ver=pdfcov
http://avspublications.org/jvstb/about/about_the_journal?ver=pdfcov
http://avspublications.org/jvstb/top_20_most_downloaded?ver=pdfcov
http://avspublications.org/jvstb/authors/information_for_contributors?ver=pdfcov

X-ray and electron-beam lithography of three-dimensional array structures
for photonics
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(Received 3 September 2003; accepted 6 October 2003; published 9 December 2003

The possibility to realize three-dimension@8D) photonic crystals and the capability to internally
insert a waveguide path poses a big challenge from the fabrication point of view. We present a
fabrication method for a 3D lattice with designed linear defects by multitilt x-ray exposures and
electron-beam lithography. This combination of different lithographies has been developed to
control the design and the realization of the linear defects inside the three-dimensional structure.
This method has been applied for the fabrication of Nickel Yablonovite lattices with a lattice
parameter of 1.8um and a total thickness of 1am, a value that allows us to achieve a full
three-dimensional optical behavior as confirmed by variable angle reflectance measurements.
© 2003 American Vacuum SocietyDOI: 10.1116/1.1629295

[. INTRODUCTION PCs, which are advantageous in high frequency region
(greater than 100 TH2wing to the fact that metals become
Molding the flow of light represents one of the goals of aimost completely reflectors. The metallic structure can also
photonics. Computational experiments showed that a fulbe envisaged as a template to be filled with semiconductor
waveguide control can be obtained by allowing light to travelmaterial to realize metallodieletric PCs, or after the removal
along linear defects designed in three-dimensi¢8B) pho-  of the metal, as a pure dielectric PC. Looking forward to this
tonic crystals(PCs),l‘3i.e., dielectric arrays with lattice pa- kind of application, we specifically fabricated a nickel
rameters comparable with the wave light. The possibility toYablonovite structure with lattice parameter of Juén, in-
realize a 3D PC for the visible spectrum and, moreover, aeresting for photonic application at a similar light wave-
waveguide defedfWGD) in the lattice structure represents a length. First-hand optical reflectance measurements had
considerable challenge from the fabrication point of view.shown that these metallic structures have characteristic reso-
This purpose requires a technique that is able to generateances as required for 3D PCs. In particular, we addressed
large and cheap 3D structuring and, at the same time, thdlhe issue concerning the optimization of the 3D structure
can introduce a designed photonic network inside the 3Dhickness. This is an important parameter, because it deter-
lattice. mines the number of lattice planes parallel to the sacrificial
At the very beginning of the research on 3D PCs, ansubstrate that must be large enough to ensure a bulk-like
original fabrication method was proposed by Yablonovitch optical behavior.
using millimeter-scale periodic arrays of holes drilled in a
dielectric material to realize a 3D PC at microwave frequen-
cies. The resulting lattice structure showed a net energy barf EXPERIMENTS
gap and took his name: Yablonovite. Hole drilling was also  Proximity x-ray lithography was performed at the LILIT
implemented using tilted x-ray lithograph)XRL) for the  beamliné! located at Elettra SynchrotrofTrieste, Italy.?
fabrication of a PC with a lattice parameter in the range ofThe LILIT beamline was designed for performing both soft
hundreds of microns,and subsequently, in the range of 1 and hard x-ray lithography, allowing the possibility to choose
um by Cuisinet al® the required energy window from the quite wide energy
Differently by other parallel approach&s,’in XRL itis  spectrum provided by Elettra bending magnétsm a few
possible to introduce all the information about the latticehundred eV to 25 ke)/ In the present work, anediumhard
structure in the form of pattern on the x-ray mask. We are nogpectrum was selecteffom 500 eV to 4 keV in order to
referring only to the obvious characteristicsymmetry, lat-  facilitate the exposure of thicker resist15 um). Several
tice parameter, filling factor, ef¢.but also to the possibility x-ray masks were used for this experiment. These masks
of extended defects generation by an appropriately designezbnsist of a gold film, which is typically 350 nm thick, pat-
of mask pattern. We present our progress for the fabricatioterned in a triangular array of circular holes supported on a
of a WGD inside 3D period arrays by means of tilted XRL self-standing 1lzm-thick S;N, membrane.
also in combination with electron-beam lithograpisBL). A tilted sample holder was fabricated having a the tilt
This fabrication method has been applied to metallic 3Dangle of§=35.26° in order to correctly generate Yablonovite
lattices from triangular mask arrays. The tilted mask and the
dElectronic mail: romanato@tasc.infm.it sample were mounted together on the mask stage of the
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x-ray stepper, ensuring a permanent and fixed contact be s
tween mask and sample. By using markers and references '
was possible to align the fixed system masiample to the
x-ray beam. The sample holder is capable of performing cir-
cular movements, thereby enabling a complete azimuth rota
tion with a step size of 15°. No relative alignment mask to
sample could be performed on the tilted sample holder.

A gold metalization(5 nm thick was deposited on silicon -4
substrates, and subsequently, they were spun with poly -
methyl methacrylatéPMMA) resist of different thicknesses =
(from 10 to 20um). PMMA was developed for 1 min in 1:1
solution of methyl Isobutyl ketone and isopropil alcohol
(MIBK:IPA) and rinsed in IPA. The patterned areas were first
filed by electroplating deposition with nickel, and then NN BB G v s xz}g:: zg:_l-ol
PMMA was stripped in acetone at 50 °C.

Electron-beam lithography with a JEOL 6400 at 30 keV ) _ . )

. 1G. 1. Yablonovite lattice generated by x-ray lithography on a PMMA film.
was performed for the generation of the mask pattern. ’{met: crossing pillars made by nickel and fabricated by multiexposure tilted
450-nm-thick SAL negative resist was exposed and cureel-ray lithography.(A) Tripod-like structure generate by a single hole in the
with a prebaking at 105° for 60 s and postbaking at 105° fox-ray mask.(B) Five crossing tripods generated by five close holes.

75 s, and finally, developed in MF312 diluted 1:1 ip®

EBL was also performed for the generation of the WGD aSine samples as large as 2000 foan be expose at once

described in the following. and a step-and-repeat process allows us to cover complete 5
Optical characterization was performed by means of the P peatp P

variable angle reflectance technique introduced b);n' wafers.
Astratov® The reflectance was measured in the 0.3-1.5 e\,
spectral range by means of a Fourier transform spectrometer
(Bruker IFS-66 at a spectral resolution of 1 meV. Light from  Looking forward to device application, not only the lat-
a broadband Hg arc lamp was collimated and focused dowaral dimension but also the 3D PC thickness plays an impor-
to a spot of about 10um on the sample surface with a tant role: it must be large enough to provide full 3D optical
spread angle of-1°. The angle of incidence was varied be- behavior. In the literature several different critical thick-
tween 5.4° and 59.4° with steps of 5.4° in the plane of inci-nesses have been reported depending on the specific structure
dence normal to the sample surfa@assic mount Mea-  and material taken into account. Flemiegal!® have shown
surements were performed for light incident along the higtthat for metallic structures four plane lattices parallel to the
symmetry orientatiod’-X of the sample, both for transverse substrate are enough to completely open the band gap. This
electric(TE) and transverse magnefi€M) polarized light. number is certainly too low for semiconductor PCs. The rule
of thumb that the thickness must be much larger than the
[Il. RESULTS AND DISCUSSION wavelength(i.e., of the lattice parameteimplies that the
number of lattice planes must be greater at the list than 5-7.
Moreover, in the perspective of the introduction of a WGD in

The idea underlying the realization of a three-dimensionathe middle of the lattice structure, the critical number of
lattice by x-ray lithography is quite simple. Let us considerlattice planesN., doubles, as required above and below the
the pattern of an x-ray mask exposed on the resist sample 8GD.
different directions. This can be achieved by tilting the mask From a lithographic point of view, a constrain dh be-
+sample set in front of the x-ray beathFrom the frame of comes a condition on the length of the metallic pillars. In the
reference of the sample, each opening of the x-ray mask carase of Yablonovite, the pillar length along the tilted direc-
be considered as a collimated light source that expose thi#gons isL=N_.a, i.e., proportional to lattice parametarFor
resist along designated directions, generating different holes between 1 and Zum, this means that would range be-

A single hole generates a tetrahedral tripod-like structuréween 10 and 2@&m. Because, typically, the pillar diameter,
(Fig. 1 inset, structure A When the x-mask openings are d, ranges betweea/3 anda/2, conditions orL. mean that the
close enough, the light paths superpose and the holes inteaspect ratio of the pillars, ARL/d, must be of the order of
sect(Fig. 1 inset, structure B; 15 pillars are generated by five2N.—3N., i.e., between 23 and 42m. These are aspect
close holes of the x-magkWhen the x-ray mask openings ratios that XRL can accomplish also during tilted exposures.
were organized in plane array and the exposure directions aten example of tilted pillars, nickel made, is shown in Fig. 2.
along the major axis of the associate 3D lattice structureTheir length and diameteiat the surfaceare, respectively,
then the exposed pillars organize themselves in a 3D lattic&5 and 0.55«m for a resulting aspect ratio of 45.

Specifically, if the planar array has triangular geometry and However, new lithographic problems arise using tilted ex-
three exposures take place every 120° rotation, the latticeosures. One is a progressive thinning of the pillars as func-
that is generated is the Yablonoviteig. 1). At LILIT beam-  tion of the thickness. A closer view of Fig. 2 shows that the

LILXIT 3JeKu

Thickness optimization

A. Generation of 3D structures

JVST B - Microelectronics and  Nanometer Structures
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already reached their maximum size. This method provides
an almost complete straightening of the pillars with a re-
sidual thinning effect that, typically, is smaller than 3
X 1074, i.e., the diameter size reducex 30 * um for each
micron along the pillar length.

However, developing over time can be performed without
causing structural crashes of the patterned areas only if the
mask contrast is sufficiently great, i.e., if the thickness of the
gold absorber is sufficiently thick. On the other hand, a thick
mask increases the broadening of the TLP. The mask thick-
ness becomes therefore a crucial parameter that must be ac-
curately optimized case by ca¥e.

Typically, in order to successfully expose 20m of
PMMA resist it is necessary that a mask contrast at the list of
0.8, i.e., a mask thickness of 330 ffDuring a tilted expo-
sure a positive contribution to the mask contrast is provided
Fic. 2. Single x-ray exposure of tilted pillars with aspect ratio of 45. Bottom by the apparent absorber thICkneS$ that |r_1cre_ase_s- as
inset: geometry of tiled exposures. The absorber digital profile transforms— t/cos(). On the other hand, a negative contribution is due
into a trapezoidal-like profile. Top inset: Yablonovite lattice of crossing pil- t0 multiple exposures. In order to deliver the necessary ra-
lars generates up to 14 parallel lattice planes. diation dose for each tilt of the three directions, the opaque

regions of the x-ray mask must absorb a triple radiation dose.
The two contributes have a partial compensation and a final
pillars at the bottom are 145 nm thinner than on the topcontrast of 0.8 for triple tiled exposure is achieved with a
Typical values of thinning measured on other samples are aheoretical increasing to 360 nm of the mask thickrnégs
the same order of magnitude, i.e., a diameter reduction o& confirmation of this estimation, the top inset of FigR&f.
0.6% per unit length, an amount that cannot be accepted im9) shows a successful exposure of a Yablonovite 3D struc-
the design of a PC. ture that has been generated from a x-ray mask patterned

The origin of the vertical thinning is addressed to tilted with a triangular array of 1.3um lattice parameter and 345
exposures. Typically, in a perpendicular exposure the maskm absorber thickness. The 3D lattice of crossing pillars gen-
pattern is shadowed on the resist by the absorption of the &rates up to 14 parallel lattice plane. The developing over
rays. In this case, the vertical edges of the gold mask profil@me in this case was estimated to be 3896+30 s over-
do not determine any distortion of the patténeglecting, in  time) and it was enough to almost completely straighten
a first approximation, diffraction effegtsOn the contrary, in  the pillars, leaving only a residual vertical thinning of
tilted exposures a fraction of the x-ray beam impinges on the x 1073,
lateral walls of the mask determining a length path through
the absorber that is proportional to the position height on th
lateral wall(bottom inset of Fig. 2 It results in the box-like
profile of the x-ray mask pattern being transformed into an Preliminary optical characterizations performed on the
apparent trapezoidal-like profil€TLP). The vertical wall sample shown in Fig. 2 are reported in Fig. 3. The experi-
edge broadening amounts@e=t tan(f), wheret is the thick-  mental reflectance spectra show several sharp features which
ness of the gold mask absorber ahi the tilting angle. As  display a well-defined dispersion in their energy position as
a consequence, also the exposed dose profile suffers a brodde angle of incidence is varied, both for TE and TM polar-
ening resulting from modulation of the TLP with the gold izations. These kinds of resonances, which are very similar
absorption coefficient. to those observed in two-dimensiorfaD) and 3D dielectric

The vertical thinning can be explained as follows: at thephotonic crystalé®?! are likely to be associated with the
beginning, the developing front starts to open on the resiséxcitation of the 3D photonic bands of the metallic sample.
surface holes in correspondence of the exposed areas arihe observation of such structures is a clear indication of the
successively, proceeds along the exposed direction. Howrery good quality and true three-dimensionality of the
ever, due to the TLP, the developing front in the open regiorsamples. In particular, the sharp minimum observed at low
progressively enlarges the hole size. The holes of the topnergy in the TM reflectance spectra may be related to the
regions exploiting a longer developing time open wider withexcitation of a surface-plasmon polariton, while the other
respect to the deeper regions that are reached by the devstep-like features are most probably associated with the ex-
oping front only successively. citation of the allowed photonic modes of the metallic 3D

The solution for this problem is obtained by developingstructure. The determination of the photonic band dispersion
over time of the order of 50% with respect of the time re-may be extracted from the energy positions of the structures
quired for the developing front to reach the substrate interobserved in the reflectance curves versus the wave vkctor
face. Developing over time provides a full development for=(w/c)siné of the incoming radiation field. However, the
the bottom regions, in the meantime the top regions havenambiguous interpretation of the experimental spectra

LILIT 3I7TEU

%. Optical characterization

J. Vac. Sci. Technol. B, Vol. 21, No. 6, Nov /Dec 2003
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would require the development of a theoretical model andyjeometry can be usefully exploited in order to generate com-
the comparison of the experimental measurements to the cgblex structures. However, these types of defects are limited

culated photonic bands. by their tilted or vertical direction with respect to the sub-
strate interface. What is really interesting is the possibility of
D. Role of electron-beam lithography fabricating a WGD parallel to the substrate that can be intro-

duced inside the PC structure.

There is still a residual drawback in the realization of . . N
multiple tilted exposures. The developing overtime provide Itis useful to remember that the final aim is the genera-
P P i ping P ion of a defect in the template of the 3D structure that after

a final over size of the pillars diameters with respect to thethe semiconductor infiltration and metallic etching will leave
mask hole dimensions; the greater the TLP broadening, the . ) 9 .
n empty tube. Therefore, in the template it must appear like

greater is the overall size. In the case of the sample shown i id 1 o h . £ th bined f
Fig. 2 the original holes diameter in x-ray mask were 445 nft SONA TIn€. Lur approac co_nssts 0 t_e combined use o
(by design was selected=a/3=433nm) against a maxi- EBL and XRL(Fig. 4). Some lines are written with EBL on

mum pillar diameter of 550 nm. This final value is in good the surface of a PMMA film prewpusly exposed W'th, XRL.
agreement with the estimated value of the TLP, which/Afterwards, a second PMMA film is spun above the first one
amounts to 562 nm. The residual difference can be explaine@d & second x-ray exposure is performed. Finally, the whole
by the convolution of the TLP with the gold absorption co- PMMA multilayer has been developed at once. The basic
efficient that generated under exposed tails. idea is to introduce linear defects at the m_terface between the
This effect can be computed and taken into account as §V0 PMMA layers and perform around it a 3D lattice by
correction factor in the design and on the fabrication of theXRL (Fig. 5. An EBL dose matrix has been performed: sev-
x-ray mask pattern. In fact, EBL allows almost completeera| lines, 2um wide and longer than the total 3D lattice
freedom on the design and fabrication of the main param(400x400.m? have been exposed at doses ranging from 50
eters of x-ray mask pattern arrdgymmetry of the lattice, t0 110 uClent in steps of 20uCient (Fig. 5). The results
lattice parameter’ and dot and Shape)siEeL' furthermore, show that the eXpOSGd line defects at the interface between
gives the possibility of designing selectively specific part ofthe top and bottom 3D lattice have been, indeed, gold filled
the x-ray mask in order to introduce defects or special patafter the development and the electrolytical growth. Details
tering, i.e., missing dots, and dots with changed size or comef the lines at different doses show that both vertical and
plex structure. As an example, we have previously considlateral broadening has been achieved for the higher doses
ered structure A in Fig. 1 as a single isolated tripod-like(right-bottom inset of Fig. b For the lowest dose a good
structure. This structure represempier sea simple litho-  vertical confinement but a residual lateral broadening still
graphic exercise, but it is sufficient to take out a hole in theremains(left-bottom inset of Fig. b
triangular array of mask pattern to generate exactly a nega- Two crucial elements can allow us to realize these linear
tive tripod in Yablonovite structures. This type of defect will defects. The first is the low dose exploited for the EBL in
represent the unit structure for a device connecting threerder to develop only a thin interface line. The second is the
waveguide in 3D PC. Several types of defects can be envissonnected structure of the 3D lattice that allows us to de-
aged that can be directly exposed on the resist and theuelop both the top and bottom PMMA layers and the line at

JVST B - Microelectronics and  Nanometer Structures
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PMMA —» the interface while keeping the whole lattice standing.
. a The vertical alignment between the top and the bottom
substreate layer is a critical parameter. Only a few nanometers of toler-

ance, in principle, can be admitted to avoid pillar misalign-
X-ray ments. This accuracy requires a specific system of alignment
not available at the present. A rough masample prealign-

m«/ b ment was performed under optical microscopy. By chance, a

al good alignment was obtainedop inset of Fig. % which
confirms the validity of the process but requires the develop-

Defect €-beam l ment of a specific system of alignment.

OSBR\ C
: IV. CONCLUSION

The article reviews the present possibility to fabricate a

electroplating m d 3D lattice structure by x-ray lithography for the fabrication
of 3D metallic PC or as template for the infiltration of semi-

conductor. Discussion on the condition for tilted multiple

PMMA m e x-ray exposure addressed, in particular, the optimization of
an x-ray mask for a 1.&m lattice parameter Yablonovite

structure that was realized with 550 nm pillar diameter,

straightened within X 10™2, and with a length such that up
\WM to 14 parallel lattice planes have been achieved. Preliminary
optical characterization showed resonance features, which
X-ray AOOOON. | are likely to be associated with the excitation of the 3D pho-
m tonic bands of the metallic sample. Strategies for the intro-
duction of controlled vertical and tilted linear defects to in-
troduce in the x-ray mask design have been proposed.
slecitonlatin m g Preliminary results of an original combination of EBL—XRL
p g for the introduction into 3D structure of parallel waveguide
defects have shown the potentiality of the method proposed
Fic. 4. Scheme of the process for the fabrication of waveguide defect inIImIted by the lack of a nanometric alignment system be-

three-dimensional structure§d) PMMA spun on a substratéb) multitilt tween the mask and the sample.
x-ray exposure and developmelift) electron beam lithography of linear
defect, (d) metal electroplating(e) second PMMA spun(f) second x-ray
exposure and development, afg) second metal electroplating and final
(not shown PMMA strpping.
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