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We demonstrate the possibility to image microstructures fabricated by two-photon polymerization (TPP) using
coherent anti-Stokes Raman scattering (CARS) microscopy. The imaging contrast based on chemical selectivity
attained by CARS microscopy is used to gather qualitative information on TPP. Upon the basis of detailed
knowledge of the characteristic signatures of the photoresist Raman spectrum, quantitative relationships between
laser writing conditions and polymer cross-linking are demonstrated. The increase in degree of polymer
conversion as a function of laser average power follows a sigmoidal profile which is interpreted in terms of
a simple model based on the polymerization mechanism of the photoresist.

I. Introduction

In two-photon polymerization (TPP), near-infrared photons
are employed to pattern photoresists in a “spot-by-spot” writing
fashion. Although most photoresists are transparent in the near-
infrared region of the spectrum, excitation is induced through
two-photon absorption by employing ultrashort pulsed lasers
and by using high numerical aperture objective lenses. The large
photon densities attained under these conditions allow poly-
merization to take place exclusively within the focal volume of
the excitation laser beam, producing volume elements (voxels)
on the order of femtoliters. Hence, three-dimensional structures
with almost no topological constraints and with submicrometer
resolution can be easily manufactured by overlapping voxels
in predetermined patterns. After fabrication, the microstructures
are revealed by washing away the unpolymerized portion of
the photoresist with an organic solvent.1

TPP has a unique advantage over more conventional micro-
fabrication techniques in that it permits exploring the effects of
substrate topology on several phenomena in a way nearly
impossible to accomplish otherwise. This is most evident in the
field of photonic crystals, where microstructures with complex
three-dimensional periodicity such as diamond-like, spiral, quasi-
crystal, and slanted-pore lattices have all been successfully
fabricated.2-6 By adjusting the period length and lattice-type
of photonic crystals, the flow of light can be controlled through
these microstructures in extraordinary manners. Furthermore,
TPP has been shown to be a key manufacturing method for the
realization of devices in fields as diverse as bioengineering,
microelectronics, and microelectromechanical systems.7-10 Thus,
despite the relatively slow processing time that accompanies it,
TPP is a prominent addition to the growing arsenal of advanced
microfabrication techniques available to researchers.

Since the inception of TPP,11-13 several improvements have
been implemented that widen the variety of devices that can be
created using this method. For example, with the introduction
of clever electroless plating and inversion procedures, the

organic-base scaffold of microstructures fabricated by TPP can
be converted into semiconductive and conductive materials.14,15

In addition, two approaches have been shown to be effective in
reducing processing time. In the first, a microlens array is used
instead of a conventional objective lens to fabricate several
structures at once.16 In the second approach, microtransfer
molding is used to quickly stamp many replicas of a master
structure created by TPP.17 Writing resolution though is
undoubtedly the aspect of TPP that has evolved most rapidly
over time. Early observations of the existence of intensity
thresholds below which no polymerization is induced hinted
that breaking the diffraction limit could be possible.18 In fact,
by optimizing the writing parameters, voxels with diameters
smaller than 100 nm can now be easily formed.19,20 Furthermore,
in a recent report, resolution 20 times smaller than the
wavelength of the excitation laser beam was achieved producing
voxels as small as 40 nm.21

Despite these recent technical advances, understanding at a
molecular level of how experimental conditions influence the
ultimate mechanical properties of microstructures fabricated by
TPP is still incomplete. This information is essential for the
incorporation of TPP-fabricated microstructures in functional
devices. For instance, the Young’s modulus and glass transition
of polymers patterned by TPP with feature sizes less than a
micrometer were measured, the results being considerably
smaller than those measured for the corresponding bulk
materials.22,23 Such observations indicate that, depending on the
TPP conditions used for microfabrication, different degrees of
material cross-linking can bring about material properties in the
microstructure that deviate significantly from those of the bulk
material. While control of the degree of polymerization in the
voxel during the actual writing process is of the utmost
importance for further improving TPP, it has been a challenge
to directly measure the level of chemical conversion in the focal
plane.

Measuring the polymerization process during TPP puts some
specific demands on a potential probing technique. First, the
method needs to be sensitive to the degree of chemical
conversion. Second, the probing time should be compatible with
the relevant time scale of TPP, which is in the range of
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microsecond to millisecond per voxel. Third, the probing volume
needs to colocalize with the voxel addressed in TPP. These
requirements allude to an optical probing technique with
molecular selectivity and a sufficiently high spatial resolution.

In this work, we explore the use of coherent anti-Stokes
Raman scattering (CARS) microscopy as a potential diagnostic
tool for characterizing the chemical changes in microstructures
fabricated by TPP. CARS microscopy has been a successful
imaging technique in biological and biomedical research.24

Recently, the CARS approach has also been used to visualize
engineered materials such as polymer blends,25,26 liquid
crystals,27,28 and thin film photoresists.29 CARS microscopy
derives its analytical capability from the Raman active modes
of molecules. Unlike spontaneous Raman scattering, CARS
signals can be collected at very high acquisition rates, down to
the microsecond time scale. In addition, the three-dimensional
probing volume in CARS microscopy resembles the voxel size
in TPP. Most importantly, CARS signals can be detected on
the same platform used for TPP manufacturing, offering
opportunities for simultaneous writing and probing during
microfabrication. Here we show that CARS microscopy provides
rapid characterization of the degree of polymerization of a
typical photoresist used in TPP. These results demonstrate the
diagnostic potential of CARS microscopy in rapidly analyzing
written patterns in the native photoresist.

II. Materials and Methods

A detailed description of the experimental setups employed
for TPP and CARS microscopy can be found elsewhere.30,31

Briefly, TPP excitation is provided by a Ti:sapphire laser
delivering 100 fs pulses at a repetition rate of 80 MHz and with
center wavelength of 775 nm (MaiTai DeepSee, Spectra-
Physics). The laser beam is focused into the photoresist by
means of a 40× microscope objective lens with a numerical
aperture of 0.75. During microfabrication, the excitation focal
point is kept fixed, while the sample is moved in predetermined
geometries with the aid of a computer-controlled, motorized,
three-axis translation stage assembly (XMS, Newport Corp.).
The characteristic average laser power and writing speed used
for TPP are 5 mW and 10 µm/s, respectively.

For CARS microscopy, a synchronously pumped optical
parametric oscillator (OPO) system is used as the light source.
The Stokes beam at 1064 nm is delivered by a 76 MHz, 7 ps
Nd:Vanadate laser (PicoTrain, High-Q Laser), while the pump
beam is produced by the OPO (Levante Emerald, APE) which
can be tuned from 760 to 960 nm. This light source provides
broad tunability (1000-3500 cm-1 Stokes shifts) and high
spectral resolution (2-5 cm-1). The CARS signal is generated
in the photoresist by matching the frequency difference between
pump and Stokes beams to the frequency of a Raman active
vibrational mode of the sample. CARS spectra are obtained by
scanning the frequency of the pump beam. The beams are
focused by a 40×, water immersion objective lens with a
numerical aperture of 1.15. Typical illumination powers at the
samples are ∼10 mW per beam. Imaging is achieved by raster-
scanning the focal spot using a galvanometric mirror pair
(Fluoview 300, Olympus) and detecting the spectrally filtered
CARS signal with a photomultiplier tube (Hamamatsu, R-3896).
In this study, only the forward propagating CARS signal was
collected.

The photoresist employed for TPP consists of three compo-
nents homogenously mixed together, resulting in a viscous liquid
that can be applied onto flat glass substrates by either spin or
drop casting.32 A Norrish type I photoinitiator (Irgacure 369,

Ciba) makes up 3% of the photoresist, while the remainder is
equally divided between two trifunctional acrylic monomers
(SR499 and SR368, Sartomer). Molecular structures of the
photoinitiator and both monomers are shown in Figure 1(a-c).
Upon two-photon absorption, the photoinitiator generates two
radicals through a unimolecular reaction in which the bond
between the carbonyl group and the tertiary carbon atom breaks
homolytically. The two newly formed radicals initiate poly-
merization of the monomers through a chain reaction mecha-
nism. During the propagation step of this process, the
carbon-carbon double bonds of the monomers are quickly
consumed generating an interconnected network of monomers
linked by carbon-carbon single bonds, a polymer. Immediately
after excitation, the molecular weight of the polymer grows with
the successive additions of excess monomer units. A series of
termination processes though slow down the polymerization
until no more new carbon-carbon single bonds can be formed.33

In addition, since our photoresist is not degassed before use
molecular oxygen dissolved in the sample plays an important
deactivation role in the polymerization process.34

III. Results and Discussion

A. Chemical Imaging in the Range between 2800 and
3000 cm-1. As a result of the high density of aliphatic and
aromatic carbon-hydrogen bonds, organic materials exhibit
strong signals in their Raman spectra in the 3000 cm-1 range.
The photoresist employed in this study contains an abundance
of these modes (Figure 1), permitting visualization of micro-
structures fabricated by TPP with excellent vibrational contrast.
We fabricated a tower 20 µm tall, and with sides 30 µm long.
To enhance its adhesion to the glass substrate, a layer of polymer
only a few micrometers thick was fabricated between the
substrate and the tower. A scanning electron micrograph of this

Figure 1. Molecular structures of the photoresist components used
for TPP: the photoinitiator (a) Irgacure 369 and the two acrylic
monomers (b) SR499 and (c) SR368.
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