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ince the introduction of the principle

of the photonic band gap, the design

and construction of three-
dimensional (3D) photonic crystal devices
has been the subject of intensive
research.’ 3 However, the fabrication of
such devices, operating in the visible range,
is still a major technological issue.

Nonlinear optical microstructuring, a
technique based on two-photon polymeri-
zation of organic materials, allows the fabri-
cation of 3D structures with high resolu-
tion. When the beam of an ultrafast infrared
laser is tightly focused into the volume of a
photosensitive material, the polymerization
process can be initiated by two-photon ab-
sorption within the focal volume. By mov-
ing the laser focus three-dimensionally
through the resin, 3D structures can be fab-
ricated. The technique has been used with
several acrylate and epoxy materials, and
complex 3D components and devices have
been fabricated, such as mechanical devices
and microscopic models.*> Resolution be-
low 100 nm has been achieved using this
technique.®
The fabrication of 3D photonic crystals

by two-photon polymerization (2PP) has
been researched extensively by several
groups.”® Much of this research has con-
centrated on the fabrication of photonic
crystals with complete band gaps located
in the near-IR region, at the telecommunica-
tion wavelengths—a challenging task, as
the structural resolution of such photonic
crystals approaches the limit of resolution
of the technology and the employed mate-
rials. A further shift of the band gaps’ central
frequency into the visible ranges requires
further downscaling of the structures and
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ABSTRACT Investigations into the structuring by two-photon polymerization of a nonshrinking,

photosensitive, zirconium sol—gel material are presented. This hybrid material can be photostructured even

when it contains up to 30 mol % of zirconium propoxide (ZP0); by varying the material’s inorganic content, it is

possible to modify and tune its refractive index. The introduction of ZPO significantly increases the photosensitivity

of the resulting photopolymer. The fabricated three-dimensional photonic crystal structures demonstrate high

resolution and a clear band-stop in the near-IR region. In contrast to common practice, no additional effort is

required to precompensate for shrinkage or to improve the structural stability of the fabricated photonic crystals;

this, combined with the possibility of tuning this material’s optical, mechanical, and chemical properties, makes

it suitable for a variety of applications by two-photon polymerization manufacturing.

KEYWORDS: hybrid materials - nonlinear optics -

materials - photonic crystals

imposes an even bigger challenge on the
current fabrication approaches and em-
ployed materials. Commonly used photo-
sensitive materials exhibit shrinkage, which
can lead to the distortion of the fabricated
crystals and the disappearance of the pho-
tonic band gap. In order to avoid such dis-
tortions, the structure can be numerically
precompensated or mechanically stabilized
by providing a solid support frame around
it.>°

Sol—gel organic—inorganic hybrid tech-
nology provides a very powerful tool for
the development of photosensitive materi-
als. Sol—gel materials benefit from straight-
forward preparation, modification, and pro-
cessing, and in combination with their high
optical quality, postprocessing chemical
and electrochemical inertness, good me-
chanical and chemical stability, they have
found several applications in photonic de-
vices such as photonic crystals and
waveguides.'® ' The copolymerization of
a silicon alkoxide with a zirconium alkoxide

photochemistry - polymeric
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has been shown to enhance the material’'s mechanical
stability and allow the modification of its refractive
index.">'® Sol—gel materials provide the possibility of
the incorporation of various functional groups by using
a guest—host or a side-chain—main-chain strategy.
One example is the incorporation of a nonlinear opti-
cal chromophore to produce an electro-optically active
sol—gel. Planar devices made of such materials have
been extensively studied.’”® Similar sol—gel systems
have been used for 3D lithography'® previous to this
work.
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Figure 2. Refractive index of the material as a function of ZPO con-
tent at 632.8 nm.
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In this work, we present our investigation
into the fabrication of 3D photonic crystals
by 2PP on a zirconium propoxide sol—gel.
We show that, by organically modifying zir-
conium n-propoxide only partially, structure
distortion due to shrinkage during photopo-
lymerization can be avoided; this eliminates
the need for design compensation or me-
chanical support for the structure. We also
show that, the addition of zirconium
n-propoxide significantly increases the pho-
tosensitivity of the photopolymer and that by
varying the inorganic content of the sol—gel,
the material refractive index can be tuned.

CH,

CH,

RESULTS AND DISCUSSION

The two main components of the copoly-
mer employed in this work are methacrylox-
ypropyl trimethoxysilane (MAPTMS) and
ZPO. By varying the molar ratio of these, the
refractive index of the composite can be
modified, as shown in Figure 2. It can be
seen that as the ZPO content increases, so
does the material’s refractive index. The fact
that this increase is linear greatly simplifies
the material design criteria, as typically such
increases are saturating so that the doping
concentration becomes very critical. How-
ever, in this concentration range, no such limitation is
apparent.

Figure 3 shows the UV—visible absorption of thin
films prepared from materials containing 0 and 30%
ZPO, with addition of 1 and 0% 4,4'-bis(diethylamino)
benzophenone photoinitiator (Pl), respectively. The PI-
free material does not show any absorption, while the
material containing 1% Pl shows a strong absorption
centered at 365 nm. From these spectra, it is clear that
the predominant absorption in the considered spectral
range is ascribable to the PI.

Figure 4 shows the UV—visible absorption spectra
of both liquids and thin films prepared from materials
containing 5 and 30% ZPO, to which 1% of Pl was
added. It is observed that for both liquid and solid
samples the increase of the zirconium concentration
provokes a significant decrease of the absorption band
located in the spectral range of 300—400 nm. However,
in the solid state, an additional absorption band ap-
pears in the spectral range of 450—500 nm. The inten-
sity of this band increases with the increase of the zirco-
nium content, as also reported by Bhuian et al.,
indicating an interaction between the ZPO and the
P1.'2 In addition, a shift of this absorption peak maxi-
mum to the longer wavelength is clearly evidenced.
This second peak disappears when the material is dis-
solved (Figure 3, solution curves), indicating that molec-
ular proximity is required.
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This effect could be ascribed to an electron transfer
mechanism between the organic photoinitiator and
the zirconium atoms and/or the formation of Zr—PI
complexes due to the free d orbitals of the zirconium at-
oms. A most plausible explanation for the observed
phenomenon could associate all these properties. In
the solid state, the electrophilic zirconium atoms will
tend to approach the electron-donating amino groups
of the Pl resulting in a close proximity and the forma-
tion of coordinated metal—ligand complexes. To the
best of our knowledge, this is the first study that high-
lights such a bathochromic effect of the zirconium atom
in the presence of PI. This phenomenon is critical as it
governs the photosensitive properties of the Pl and af-
fects the fabrication process of photonic devices, espe-
cially for industrial applications. However, a more de-
tailed investigation is required to verify the origin of this
effect, which is out of the scope of the present work.

In order to study the influence of the ZPO content
on the copolymer’s structural resolution, 3.6 pum long
free-hanging lines were fabricated, as shown in the in-
set of Figure 5. The dependence of the structure size on
the average laser power at a constant scanning veloc-
ity is shown in Figure 5. For an average laser power of
22 mW, the voxel height tripled even when only 1%
molar content of the chelated ZPO compound was
added to the material. When no ZPO was added to the
material mixture, no lines would survive the develop-
ment process for an average power below 22 mW. A
further increase of the ZPO content leads to a linear in-
crease of the material sensitivity.

The average power is measured before the scan-
ning unit, so after losses at the mirrors and the trunca-
tion by the microscope objective aperture, only 15% of
laser power reaches the sample.

The inset in Figure 6 shows the side and top view
of one of the fabricated woodpile photonic crystal
structures exhibiting a band-stop in the near-IR region;
in this case, the employed material had a 2:8 ZPO/
MAPTMS molar ratio. As the material exhibits negli-
gible distortion due to photopolymerization, no addi-
tional effort, such as precompensation or mechanical
stabilization to avoid structural distortions, are neces-
sary. All woodpiles were fabricated at scanning speed
of 200 wm/s, the used laser power was in the range of
8—12mW adjusted so the dielectric filling fraction is ap-
proximately 50% for all structures. The rod cross-section
height to width ratio is in direct relation to the used
power varying in the range of 2.5—3.1. The interlayer
distance was chosen such that the unit cell “width to
height” ratio is preserved for all structures with the
value of around 1.2. Fourier transform infrared spectros-
copy (FTIR, Bruker Optics, Equinox) measurements of
the reflection and the transmission spectra of wood-
pile structures with rod distances between 1.2 and 1.8
pm are shown in Figure 6. In accordance to Maxwell
scaling, the central frequency of a band-stop is shifting
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Figure 3. Transmission spectra of MAPTMS:ZPO and MAPTMS:PI thin

films.

to shorter wavelengths as the unit cell size is reduced.
The transmission suppression of up to 60% is achieved
in fabricated structures. Since the reflection peak mea-
surement is much more sensitive to scattering inside
the photonic crystal and on the woodpile—glass/
woodpile—air interfaces, the reflection peak ampli-
tudes do not exceed 20%. In addition, the spectra show
the appearance of higher order bandstops in all
samples, indicating the high quality of the fabricated
structures. There are two additional bands at 3 and 3.4
pwm whose origin is the absorption of the material, as
confirmed by measurements of transmission through
flat, unstructured layers. As seen, the material has no
natural absorption in the spectral region of 550—2700
nm, which makes it suitable for structuring by 2PP us-
ing a 780 nm laser, and for making photonic crystal
structures at telecommunication wavelengths.

The observed splitting of the absorption and trans-
mission peaks (e.g., for the period of 1.6 wm, this split-
ting occurs around 2.4 pm) can be explained by taking
a closer look at the experimental setup used for the FTIR
transmission measurements. In order to focus the beam
to the size of the fabricated photonic crystal, a Casseg-
rain reflective optical assembly is used. In contrast to
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Figure 4. ZPO:MAPTMS:PI spectra in film and solution.
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Figure 5. Voxel height dependence on the average laser power in relation to the ZPO content in the material (photoinitia-
tor content is kept at a constant level of 1%). A constant scanning speed of 200 um/s was used for all the structures. The in-
set shows the SEM images of examples of the structures used for free-hanging line height analysis.

the ideal case, when the measuring beam is perpen-
dicular to the surface of the structure, this assembly
provides illumination of the structure with a hollow
light cone having an acceptance angle between 15 and
30°. Previous studies on 3D photonic crystal systems
have shown that scattering of the measuring beam en-
tering the photonic crystal at a large angle leads to the
reflection peak splitting and a blue shift of its central
position.?*2* Theoretical simulations have also con-
firmed these observations.?®

The majority of materials used in 2PP applications
with free-radical polymerization are viscous liquids. The
zirconium-containing material employed in this work,
however, is a gel; this improves processability. In compari-
son to the SU8, which is another solid material used in
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Transmittance / Reflectance [A.U.]

2PP microfabrication, the presented hybrid is marked by
the straightforward preparation and postprocessing pro-
tocol. The overall sample processing times are also greatly
reduced. Its real advantage over other 2PP materials de-
rives, however, from its negligible shrinkage (see ex-
amples shown in Figure 7), due to its high cohesion at
the molecular level. This molecular cohesion is intimately
linked to the double polymerization ability of sol—gels.
First, the mineral hydrolysis and condensation that occurs
during the sol—gel synthesis allows the formation of poly-
condensable M—OH (M = Si, Zr) groups capable of form-
ing strong covalent Si—O—Si, Zr—O—Zr, and Si—O0—Zr
bonds. After mixing the two monomer solutions,
MAPTMS and MAA-Zr, in the third step, a condensation
of the hydroxyl mineral groups takes place to form an in-

-
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Figure 6. Transmittance and reflectance spectra of woodpile photonic crystal structures with different structure period d,
varying between 1.8 and 1.2 pum. The absorption bands, indicated by gray rectangles, result from the material absorption.
The inset shows the SEM side/top view images of a woodpile photonic crystal structure.

ACINAN() voL. 2 « NO.11 = OVSIANIKOV ET AL

www.acsnano.org



organic matrix with M—O—M moieties. The formation of
these bonds is irreversible, as previously described.?” Dur-
ing sample drying, alcohol, water, and any other solvents
present in the film are released from the system and the
unstructured material shrinks. This procedure results in
the formation of a soft glass matrix onto which there are
covalently attached organic methacrylate groups. The fi-
nal step involves the photocopolymerization of the
MAPTMS and MAA monomers. The organic groups at-
tached to the inorganic backbone are polymerized using
two photon polymerization with the aid of the photoini-
tiator by the formation of irreversible and fully saturated
aliphatic C—C covalent bonds that further increase the
connectivity of the material. At this stage, when the 3D
structures are formed, the photoinitiated reaction results
in linking together the pendant methacrylate groups of
the system without the release of any molecules, and thus
no significant distortion of the structures due to shrink-
age is observed. The combination of the sol—gel conden-
sation and the effect of irradiation produce a non-
shrinkable material, the structure of which could be de-
scribed as an organic skeleton rigidified by strong min-
eral bonds at its ends and makes it an ideal candidate for
the fabrication of 3D structures.

An approach taken by many groups is the templat-
ing of photonic crystals by inversion, infiltrating them

METHODS

Materials. Methacryloxypropyl trimethoxysilane (MAPTMS,
99%, Polysciences Inc.) and methacrylic acid (MAA, >98%,
Sigma-Aldrich) were used as the organic photopolymerizable
monomers. Zirconium n-propoxide (ZPO, 70% in propanol,
Sigma-Aldrich) and the alkoxysilane groups of MAPTMS served
as the inorganic network forming moieties.

The difference in reactivity of the alkoxysilane and the zirco-
nium precursor required a three-step procedure for the success-
ful formation of the combined inorganic network: (1) MAPTMS
and ZPO were separately hydrolyzed and stabilized by MAA, re-
spectively (Figure 1a,b); (2) the prehydrolyzed MAPTMS was
slowly added to the zirconate complex; and (3) final hydrolysis
of the mixture was carried out (Figure 1c).

The hydrolysis of MAPTMS was performed using HCl solu-
tion (0.01 M) at a 1:0.75 ratio. Since MAPTMS is not miscible
with water, the hydrolysis was carried out in a heterogeneous
phase. However, after 20 min of stirring, the production of
methanol and the hydrolysis of the alkoxysilane groups were suf-
ficient to allow the miscibility of all species present in solution.

Strong complexing ligands have often been used in order
to control the relative hydrolysis and condensation reaction
rates of non-silicate metal alkoxide precursors. MAA has been
employed as such a ligand and was shown to be covalently
bound to the zirconium atom through its carboxy group. In our
synthesis, MAA was added dropwise to the ZPO solution at a 1:1
MAA/Zr molar ratio. MAA reacted with ZPO to form a modified
Zr(OC3H,),_ (MAA), complex. Due to the equimolar proportions
of metal alkoxide and MAA used in this preparation, the most
probable resulting complex is Zr(OC5H,);MAA.

After 45 min, the partially hydrolyzed MAPTMS was slowly
added to the zirconate complex. The molar ratio of MAPTMS to
ZPO was varied from 10:0 to 5:5, in order to investigate the pro-
cessability and the refractive index variation of the resulting gel.
Following another 45 min, water was added to this mixture
with a final 2.5:5 MAPTMS/H,O molar ratio.

www.acsnano.org
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Figure 7. Three-dimensional photonic crystal structures produced by the

2PP technique.

with another, higher refractive index material.®'® The
materials described here can also be used for template
fabrication. Like most hybrids, their organic compo-
nents decompose at relatively low temperatures (ap-
proximately 220 °C). Therefore such processes like CVD
or annealing of the structures will cause deformations.
Increasing the ratio of the inorganic component was re-
ported to result in less deformation of the annealed
structures.”® The inorganic components, however,
which are dominant after condensation in the materi-
als described here, are very resistant to high tempera-
tures and chemicals.

Finally, the photoinitiator (Pl) 4,4'-bis(diethylamino) ben-
zophenone (Sigma-Aldrich) (Figure 1d), at a 1% w/w concentra-
tion to the final material, was added to each mixture. After stir-
ring for 24 h, the materials were filtered using 0.22 pm syringe
filters.

The samples were prepared by spin-coating or drop-casting
onto glass substrates, and the resultant films were dried on a
hotplate at 100 °C for 1 h before the photopolymerization. The
heating process resulted in the condensation of the hydroxy
mineral moieties and the formation of the inorganic matrix (Fig-
ure 1e).

Refractive Index Measurements. The refractive index of the
sol—gel films at 632.8 nm was determined from an m-line prism
coupling experiment, using a He—Ne laser.2° A thin film of the
material was first made by spin-coating and subsequent curing
under a UV lamp. A Schott Glass SF6 prism, as a higher refractive
index medium, was used to couple light into the TE modes of
the material waveguide; the sample was then mounted on a
high-resolution rotation stage. The laser beam was directed to-
ward the sample, and the transmitted light was detected with a
photodiode. The coupling angles were then determined, and
from the prism angle and refractive index, the mode indices of
the modes could then be determined. From the crossing point of
the modes supported by the thin film, both the thickness and
the refractive index of the film could be then calculated from the
mode equation.'®%°

Transmission Spectra. The transmission spectra of both liquids
and thin films samples were recorded in the 250—1100 nm spec-
tral range using a Perkin-Elmer UV —vis spectrometer. Thin films
were prepared by spin-coating the solutions and after drying on
a hotplate at 100 °C for 1 h, and curing using a UV lamp.

Fabrication Using Two-Photon Polymerization. Two-photon polym-
erization is a direct laser writing technique, which allows the fab-
rication of complex 3D structures with a resolution below 100
nm.2"2? |n the present work, a Ti:sapphire laser (Chameleon, Co-
herent) delivering pulses of 140 fs duration at a repetition rate
of 80 MHz and a central emission wavelength of 780 nm was
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used. A 100X microscope objective lens (Zeiss, Plan Apochro- 12. Kline, A. A; Rogers, T. N.; Mullins, M. E,; Cornilsen, B. C,;
mat, N.A. = 1.4) was used to focus the laser beam into the vol- Sokolov, L. M. Sol—Gel Kinetics for the Synthesis of Multi-
ume of the photosensitive material. The complete experimental Component Glass Materials. J. So/—Gel Sci. Technol. 1994,
setup and procedure has been described elsewhere.?® The em- 2,269-272.
ployed material is transparent in the used near-infrared laser ra- 13. Serbin, J,; Egbert, A,; Ostendorf, A; Chichkov, B. N.;
diation; therefore, only two-photon absorption can initiate a Houbertz, R; Domann, G,; Schulz, J.; Cronauer, C;; Frohlich,
photopolymerization process. Due to the threshold behavior L.; Popall, M. Femtosecond Laser-Induced Two-Photon
and nonlinear nature of the 2PP process, the light—material in- Polymerization of Inorganic—Organic Hybrid Materials for
teraction region is confined to the small volume within the focus Applications in Photonics. Opt. Lett. 2003, 28, 301-303.
of the laser beam. Resolution beyond the diffraction limit can 14. Oubaha, M, Kribich, R. K; Copperwhite, R, Etienne, P.;
be realized by controlling the laser pulse energy and the num- O'Dwyer, K; MacCraith, B. D. New Organic Inorganic Sol—
ber of applied pulses. In this step, the final organic—inorganic Gel Material with High Transparency at 1.55 pum. Opt.
network is formed by polymerizing the pendant methacrylate Commun. 2005, 253, 346-351.
moieties. The material is polymerized along the trace of the mov- 15. Bhuiar), B, Winfield, R. J.; O'Brien, S.; Crear.\, G: M.
ing laser focus, thus enabling fabrication of any desired poly- Investigation Qf the TWO_‘PhOtof‘ Polymgnsatlon ofa Zr-
meric 3D pattern by direct “recording” into the volume of a pho- Based Inorganic—Organic Hybrid Material System. Appl.
tosensitive material. In a subsequent processing step, the Surf. Sci. 2006, 252, 4845-4849. . )
material, which was not exposed to the laser radiation, is re- 16. Segawa, H.; Yamaguchi, S.; Yamazaki, Y.; Yano, T; Shibata,
oy scing inproganl St andpo . SHT L o tieng i o
cated structure is revealed. Appl. Phys. A: Mater. Sci. Process. 2006, 83, 447-451.
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