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Abstract. Molecular excitation via the simultaneous absorp-(< 200-300uW) laser pulses in a tightly focused single-
tion of two photons can lead to improved three-dimensionabeam geometry to cross the TPIP initiation threshold. It
control of photochemical or photophysical processes due ts apparent that the synthesis of chromophores with even
the quadratic dependence of the absorption probability ofarger two-photon cross-sections will unleash dramatic im-
the incident radiation intensity. This has lead to the develprovements in the capability and performance of a variety of
opment of improved three-dimensional fluorescence imagiwo-photon absorption applications, including optical limit-
ing, optical data storage, and microfabrication. The latteing [6, 7], nondestructive imaging [8], data storage [9], low-
of these involves the fabrication of three-dimensional strucenergy photocuring [10], and three-dimensional microfabri-
tures using a spatial variation in the incident intensity withincation [11, 12].

a photopolymerizable resin. In the past, the translation of Traditional, one-photon-induced polymerization has been
the focal plane of a tightly focused laser beam was usedell studied and has become an integral part of high-
to induce localized photopolymerization and fabrication ofprecision processing, such as microelectronic manufactur-
three-dimensional structures. Here we report the first sudng, rapid prototyping via stereolithography, and MEMS
cessful demonstration of large-area patterning via ultrafaghanufacturing [13]. Two-photon-induced polymerization has
holography-based two-photon polymerization of a commerbeen studied to a lesser extent and offers strong promise
cially available optical resin and a large two-photon crossas a method for the fabrication of 3D sub-micron struc-
section dye (AF380). This opens tremendous possibilities faures including 3D optical data storage devices and photonic
the wide-spread use of two-photon absorption for the thredband-gap structures [14]. The initiation of both types of poly-

dimensional control of photoinduced processes. merization relies upon a photo-induced molecular excitation
and subsequent generation of an initiating species.
PACS: 42.40.Eq; 42.65.Re; 82.35.+t We have been exploring the use of two-photon chro-

mophores for optical power limiting, [6,15] as well as for

a number of other applications [16]. Over the course of this
investigation, we have been successful in preparing chro-
Recently, the ability to fabricate 3D optical storage devicesnophores with some of the largest reportedalues [6, 16,

and ornate 3D microstructures has been demonstrated using]. These larges value chromophores allow us to explore
two-photon induced photopolymerization (TPIP) [1]. The 3Dalternative, non-focused laser geometries for TPIP microfab-
lithographic microfabrication presented in this reference posrication. We show for the first time the microfabrication of
sessed increased intricacy compared to the TPIP microfalg-TPIP-based structure by using a holographic technique (H-
rication work presented in previous reports [2, 3]. This subTpP|P). Specifically, we recorded a diffraction grating by com-
stantial increase in microfabrication complexity was madehining two femtosecond pulses of near-infrared light. This
possible by using chromophores with increased two-phototechnique opens the possibility of performing bulk, polymer-
cross-sectionsof) in conjunction with the confinement of pased 3D lithography instantaneously and represents a dra-
the two-photon absorption to a volume on the orderdif  matic advancement from the single-beam, translation-stage-
whereo is the wavelength of incident radiation [4]. How- based TPIP processes currently in use.

ever, as with previous work on two-photon-based optical

data storage [5], it was still necessary to sequentially scan

a series of extremely shorlQ0-150fg, high-peak-power 1 Experimental details
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nating andr-electron-accepting moieties separated by a constage with a resolution df6.6 fs/step From the optical de-
jugated aromatic core. The synthetic details will be pubday lines, the two beams were incident on the sample plane
lished elsewhere [18]. AF380 was selected on the basis @it an angle ofl0° to the normal, subtending an anglez§f
its large cross-sectio2@ x 10-?Lcn*/GW) and strong up- between them. As the spatial extent of each pulse is approxi-
converted luminescence centered@0 nm NOA 72™ is a  mately30um, care must be taken to ensure accurate temporal
commercially available free radical photopolymerizable thio-and spatial overlap. To ensure temporal overlap, a KDP crys-
lene optical adhesive which can be cured with light ranging irtal was placed in the sample plane and the translation stage
wavelength from 315 td50 nmvia photoinitiators with peak moved until the maximum of the second-harmonic generation
absorptions at 320, 365, ad@0 nm[19]. signal was determined. This process has the advantage of al-
lowing us to also autocorrelate the pulse at the sample plane.
By maximizing the temporal overlap, we were also forcing
1.2 Thin-film fabrication the two beams into coherence. In addition, both the KDP
crystal and the sample holder were mounted on rails to ensure
Thin films were fabricated by spin-coatindal wt. % blend  that the interaction plane was identical by sliding either one
of AF380 in NOA 72 onto polystyrene and glass slides usingr the other into the overlapping beams. The energy of each
a Solitec 5110-CT spincoater. To ensure solubility and dis- pulse was attenuated using thin neutral density filters, and
persion of the AF380 within the NOA 72 matrix, the chro- was measured at the sample plane using a calibrated power
mophore was dissolved in a small amount of benzene prianeter. The two beams had energiesl@uJ and 150pJ.
to blending ¢ 5% benzene by volume in final solution). The Both the energy and beam size were chosen to give an appro-
NOA 72 was passed throughZaum filter prior to mixing  priate intensity in order to initiate the two-photon photopoly-
with the chromophore. The final solution was filtered withmerization, as described earlier. Exposure times were varied
a 0.45pum syringe filter immediately prior to spin coating. from 2 to7 minutes
The films were abouflOum thick as determined by SEM
cross-section.

2 Results and discussion

1.3 SEM, AFM, & Optical parameters
The linear absorbance and photoluminescence of AF380 is
Electron microscopy was performed on a Leica 360FE scarshown in Fig. 1. From previous experiments, it is known that
ning electron microscope. Samples were coated witB-4  the one-photon-induced photoluminescence is nearly identi-
layer of tungsten before imaging. AFM analysis was percal to the upconverted, or two-photon-induced, photolumi-
formed on a Digital Instruments MultiMode atomic force mi- nescence. As can be seen from this figure, only the most
croscope operated in tapping mode. Optical microscopy wa®d-shifted initiator is activated by the upconverted lumines-
performed on a Nikon Optiphot microscope in transmissiorcence of the AF380. Due to the strong fluorescence observed
mode and captured using an integrad®&dnmcamera. during two-photon polymerization, the absorption of upcon-
verted fluorescence by th20-nm centered initiator of the
NOA 72 is believed to be the primary means of polymer-
1.4 Z-scan analysis ization as opposed to the direct formation of an initiating
species (i.e. radical) from the excited chromophore [1]. From
A standard Z-scan experiment was performed on the AF-38the Z-scan measurements, the two-photon cross-section was
chromophore in tetrahydrofuraiiF) to measure the two- calculated to b&.9 x 10-2*cnm*/GW (£ 10%) by using the
photon absorption cross-section. Details of this experiment
are described in the literature, therefore no description is
given here [20]. The experimental parameters for the sca
were a beam waist df30pum, pulse width of90 fs pulse en-
ergies between 2 artiJ, path lengths of 0.2, 0.5 aridcm,
at a wavelength a800 nm
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1.5 Optical holographic setup
46.0
The optical setup used to write the grating structures wa
a standard holographic configuration. A:sapphire fem-
tosecond laser system with regenerative amplification wa
used to generate a bandwidth-limi@@s, 950-uJ pulse cen-
tered at800 nmat a repetition rate of kHz. High-intensity, .
low-dispersion optics were used throughout the experimer . 0.0
tal arrangement. The spot size was reduced fllomn? to 300 400 500 600 700 800 900
4mn? using a pair of thin lenses in a telescope arrange Wavelength (nm)

ment, a”‘?‘ the beam was split in two using g3 ultrafast Fig. 1. Linear absorbance of #40~4-M solution of AF380 inTHF (1cm
beam splitter. Each of the two beams was propagated aloRgyette left solid ling and neat NOA 7245 cm cuvette dasheql. Photolu-
optical delay lines, one of which was a variable translatiorminescence of AF380 in NOA 72ight solid ling)
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standard analytic fit equations. A variation of the pulse energio the position in the sample where the threshold intensity is
was also performed and no cumulative effects were observedrossed. From simple holographic theory, it can be shown that
Based on earlier experimental observations employinghe grating spacingd, for a single-frequency interference
focused-geometry measurements, it is believed that a threspattern is given byA = 1o/(2 sin®) where g is the wave-
old intensity exists, above which two-photon photopolymerdength used to write the pattern aadis the angle subtended
ization can take place. Below this threshold, there is noby the two beams. Using the experimental parameters above,
enough photon density to initiate the process. Additional ina grating spacing o2.3um is calculated for a single fre-
vestigations into this threshold are needed to quantify thajuency. Taking into account the entire bandwidth of the pulse,
value. Using this concept as a guide, one can holographicallye find a predicted grating period 83 um from Fig. 2.
write an intensity pattern that falls across this threshold value, Using the holographic set-up described above, a series of
as illustrated in Fig. 2. The dotted line represents an arbitrargratings were written. Figure 3 shows an optical image of
intensity threshold, while the solid line represents an intensita portion of the grating region at 400 magnification. The
distribution calculated by interfering twB0-fs pulses inte- total area uniformly covered by the grating isnn?, rep-
grated over the bandwidth. The abscissa is in arbitrary interresenting the central portion of the overlapped pulses. From
sity units. Note that the intensity does not fall to zero, becausthe absorption edge of NOA 72 shown in Fig. 1, one may
of the bandwidth of the femtosecond pulses. Instead, a beapeculate that NOA 72 may have a two-photon absorption.
pattern is observed oscillating about the peak intensity befordowever, control films without AF380 failed to produce any
the pulse is split in two. One would expect that in the regiongype of grating structure or polymerize under the identical
where the intensity is above the threshold, photopolymerizaexperimental conditions, indicating a negligible two-photon
tion is initiated, whereas in regions below it is not initiated. Itabsorption cross-section. Figure 4 is a SEM image of an-
is also expected that some blurring of the features might occur
around the intersection of the intensity profile and the thresh-
old due to either propagation of the polymerization &ord
material stress caused by the intensity discontinuity impose
for small grating periods. Subsequently, the modulation dept
is defined as the vertical distance from the profile maximu

Fig. 4. SEM image ofgrating lines Scale bar i um
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Fig. 2. Intensity profile verses displacement across filnpim. Dotted line
indicates arbitrary intensity threshold

200.00 nm
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Fig. 3. Optical image of large area two-photon grating. The grating spacingig. 5. AFM image of grating structure illustrating &8-um spacing and
is approximately3.8 um a 50-nm modulation depth
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other grating written under the same conditions. The measaboratory and AF380 synthesis was supported by the US Air Force Office
ured spacing from the image is ab&tm. Figure 5 shows an of Scientific Research through contract F4962093C0017.

AFM image of the grating region. The spacing was measured
to be3.8 um with a modulation depth &0 nm Some varia-
tions in the grating profile can be observed. This is primarily
due to pulse fluctuations over the time scale of the expo- 1.
sure. As the intensity pattern represents a statistical function
of the probability of having a two-photon absorption event
at a discrete molecular site, the exposure time should influ- 4.
ence the filling factor of the polymerized region versus the
unpolymerized region at a constant intensity. Subsequently,
the diffraction efficiency should reflect this dependency. We
define the diffraction efficiency), as the ratio of the energy

in the first-order diffraction spot relative to the zeroth-order 7.
spot. Using a helium—neon laser as a reference wavelength,
we find the following diffraction efficiencies versus exposure 8
time. The diffraction efficiency values would imply saturation

tion pattern we also calculated a grating spacing.5fum.
available photopolymer, the process of two-photon-induced, ,

polymerization can be spatial by controlled by using holo-
graphic technigues from a fs laser. This opens a path towards

the rapid generation of three-dimensional microstructures foiS.

optical data storage and photonic band-gap materials as well

as to the spatial 3D control of other photo-induced processesyg.
17.
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