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1 Introduction

The chemical and physical processes that take place in the sub-pm’ volume of a tightly
focused laser beam during TPP writing are complex. Variations in photon flux, exposure
time, heat dissipation kinetics, and concentration of photoinitiator and monomer can
give rise to differences in the properties of the polymer material, such as the degree of
conversion, density, and mechanical properties. Quality control of the TPP process,
especially in terms of the chemical conversion during and immediately after laser illumi-
nation, is highly desirable. Alongside developments in TPP writing techniques, the
detailed chemical in situ characterization of TPP structures plays an equally important
role in driving the technology toward maturation [1].

Direct inspection of the chemical properties of TPP structures can be challenging.
Many analytical techniques, such as mass spectroscopy, differential scanning calorimetry,
or conventional optical spectroscopy, are either destructive or incompatible with in situ
characterization. The particular environment of the TPP process stipulates that the poly-
merized material can be examined on an optical microscopy platform, which offers lim-
ited physical space for the incorporation of additional analytical instruments. Fortunately,
the optical microscope itself offers several intrinsic analytical capabilities, such as simple
visual inspection, phase contrast microscopy, and laser scattering measurements, which
can be helptul for interrogating the morphology and density of the polymerized material.
Yet, measurements of this nature do not provide chemical information. To access chem-
ical properties, optical spectroscopy, and in particular vibrational microspectroscopy, can
be integrated into the platform used for TPP fabrication.

Vibrational spectroscopy uses light to probe molecular vibrational resonances in the
material. These motions correspond to localized chemical bond vibrations or vibrational
motions that include the coupled motions of several bonds. The chemical bond and
chemical group sensitivity make vibrational spectroscopy an ideal probe for chemical
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changes in the sample. An added benefit is that no extrinsic labels are needed to access this
information, as the contrast is derived directly from the material of interest itself.

Molecular vibrational modes have resonance frequencies in the 3100 THz range.
These modes can be driven in a resonant fashion when light is supplied in the same fre-
quency range, corresponding to wavelengths of ~4 to 100 pm, in the infrared (IR) range
of the electromagnetic spectrum. Resonant excitation results in an energy exchange
between the light and the material, which can be detected as wavelength-dependent
absorption losses on a spectrometer. A routine method for chemical analysis, IR absorp-
tion spectroscopy has also been used to measure the curing of the degree of conversion in
polymer resins [2]. The technique can also be incorporated in a microscope configura-
tion. Nonetheless, it is not trivial to use IR light in the microscope system optimized for
TPP fabrication. The high NA lenses used in TPP fabrication are opaque to IR radiation,
and many other optical components are incompatible for use with IR light. For this rea-
son, chemical analysis of TPP structures with IR absorption spectroscopy is not a natural
choice.

Raman spectroscopy ofters an attractive alternative. This technique is based on an oft-
resonant, inelastic scattering effect, which makes it possible to probe molecular vibrations
with visible laser light. In Raman spectroscopy, a narrow band laser beam is used to illu-
minate the sample and scattered light is collected and dispersed onto a spectrometer. The
Raman effect gives rise to scattered light contributions at red-shifted wavelengths, and
the observed frequency shifts correspond to the vibrational frequencies of the molecular
modes. Because visible or near-infrared light can be used, probing Raman scattered light
is relatively straightforward in the optical microscope system used in TPP fabrication.
Raman microspectroscopy has been successfully used for examining chemical details
of TPP structures in situ [3-5].

Despite the usefulness of Raman microspectroscopy for chemical analysis, the tech-
nique offers limited time resolution [6]. The Raman effect is weak, and in order to accu-
mulate a Raman spectrum of sufficient quality, pixel dwell times of 0.1-10 s are needed.
Such relatively long signal integration times are incompatible with rapid mapping of TPP
structures. Since fast mapping is as important as fast writing, regular Raman microspec-
troscopy may have limited utility in practical quality control of the TPP process.

Faster versions of the Raman microscopy technique are available. Coherent Raman
scattering (CRS) microscopy, a nonlinear version of Raman microscopy, ofters pixel
dwell times many orders of magnitude shorter than conventional Raman [7-9]. In
CRS, the sample is illuminated with laser light of difterent frequencies, such that the dif-
ference frequency of the incident laser beams corresponds to the frequency of a Raman
active mode in the sample. Under these conditions, molecular vibrational modes can be
driven in unison, producing a strong optical response. CRS microscopy methods have
been successfully used for rapid mapping of biological samples, producing chemically
selective images with pixel dwell times of less than a microsecond.



Visualizing TPP structures with coherent Raman scattering microscopy

Beyond biological applications, CRS microscopy also has attractive imaging proper-
ties for inspection of TPP structures [1, 10, 11]. In this chapter, we discuss the principles
of CRS microscopy and its promising applications to analyzing TPP microstructures. We
first provide a brief description of the Raman effect and how CRS can be used to increase
the yield of the Raman-derived signal. Next, we discuss the basics of the CRS micro-
scope and its integration with TPP microfabrication instruments. We highlight several
applications of CRS mapping of TPP structures, as well as show several examples in
which information about the degree of conversion can be obtained from CRS measure-
ments. Finally, we offer some prospects of the CRS technique in the context of charac-
terizing materials fabricated by the TPP technique.

2 Basics of coherent Raman scattering microscopy
2.1 Nature of the Raman interaction

The Raman eftect provides information about atomic displacements in a chemical struc-
ture. The motion of atoms relative to one another in a structure is sometimes referred to
as anuclear mode. For instance, the periodic modulation of the distance of the carbon and
hydrogen atom in a C—H bond qualifies as a nuclear mode. In this case, the on-axis
modulation of the interatomic distance is called a stretching vibration. There are different
kinds of nuclear modes, including the symmetric and asymmetric stretching vibrations,
bending vibrations, torsional motions, and combinations of such motions. More gener-
ally, the set of all possible motions of atoms in a chemical structure that are allowed by
symmetry forms a set of normal modes. A (nonlinear) chemical structure of N atoms has a
total of 3N-6 vibrational normal modes. The Raman effect can probe a subset of these
normal modes, namely, those modes that are Raman-active.

We can think of any normal mode as an oscillatory motion along a general nuclear
coordinate Q. A vibrational mode can then be modeled as a time-harmonic motion

along Q:
Q(t) =2Qqcosmy,t

Here Qg is the amplitude of the motion, and @, is the frequency of the nuclear mode.
What is special about the Raman eftect is that it can probe nuclear degrees of freedom
through the motions of electrons. At first sight, this is rather remarkable. Since vibrational
normal modes have resonance frequencies @, that are much lower than the frequencies @
of the visible or near-infrared excitation light, the incident radiation is unable to reso-
nantly drive the nuclear motions. The nuclei are too “slow” to follow the rapid oscilla-
tions of the electromagnetic field. However, the electrons, which are much lighter, can
follow the electric field oscillations. Consequently, upon illumination, the atomic nuclei
in the structure are surrounded by an electron bath that is rapidly moving along with the
driving field. The magnitude of the electron motions is indicated by the electronic
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polarizability a; the higher a, the easier it is to set the electrons in motion with the light
field. If there is any coupling between the electron motion and the nuclear motion, then
some of the motional energy of the electrons can be transterred to the nuclear modes.
Mathematically, we can describe such a coupling by the term da/6Q, which is nonzero
if'a small change in the electron polarizability (6a) leads to a small change in the nuclear
motion (6Q), or vice versa. We can then write the electronic polarizability as a Taylor
series expansion along Q [12]:

at) =ay + <§i> Q)+ -+

Q/y
where @ is the purely electronic contribution and the second term indicates the elec-
tronic motion that is affected by the presence of the nuclear mode. The Raman effect
probes the electron motions represented by the second term. The presence of the nuclear
mode shifts the oscillation frequency @ of the electrons with the nuclear vibrational
energy @,, giving rise to electron motions at frequencies (@ £ @,). This results in scat-
tered light contributions at new frequencies. By measuring the frequency shift of the
Raman scattered light, we can thus determine the frequencies of Raman active normal
modes of the chemical structure, see Fig. 3.3.1A.

The 6 /6 Q term plays an important role in Raman spectroscopy. The larger this cou-
pling term between electronic and nuclear degrees of freedom, the stronger the Raman
scattered signal. The magnitude of this term depends on the symmetry of the normal
mode. Consequently, it is related to the selection rule of Raman spectroscopy, which
states that a mode is Raman active if the polarizability changes as a consequence of
the vibration. In general, the change in electronic polarizability due to the vibration is
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Fig. 3.3.1 Jablonski diagrams for spontaneous Raman scattering (A), stimulated Raman scattering (B)
and coherent anti-Stokes Raman scattering (C). Here molecular ground state is indicated by |a> and
the vibrationally excited state is denoted as | b>. The | n> states are so-called virtual states, states that
are not supported by the molecule and in which the system can only reside for a very short time. A
curved downward arrow indicates a spontaneously emitted photon, a straight downward arrow
indicates a stimulated emitted photon. Both spontaneous Raman and stimulated Raman scattering
are two-photon processes, whereas CARS is a four-photon process.
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larger in chemical groups that have more isotropic electron distributions, relative to
groups that have a more anisotropic distribution of electrons. In practice, many modes
in organic molecules display Raman activity, making Raman spectroscopy and excellent
method for examining chemical content and structure.

2.2 The coherent Raman scattering signal

The major drawback of the Raman technique is its weakness. The Raman cross sections
of molecular modes are small, of the order of 10~ ® ¢m? for some of the strongest Raman
scatterers. For comparison, the cross section for electronic absorption of a dye molecule is
~107"® cm?, and the cross section of resonant IR excitation of vibrational modes is
~107"® em®. This implies that, in terms of the molecular response, Raman-type excita-
tion of a vibrational mode is about 10 orders of magnitude less efficient than a direct IR
excitation of a vibrational mode. Although Raman offers many advantages over IR
absorption spectroscopy, the strength of the molecular response is not one of them.

The weakness of the Raman effect stipulates that it takes time to accumulate a signal of
sufficient signal to noise. Using the sub-pm> focal volume of a high NA microscope
objective as the probing spot, it is not practical to acquire a quality Raman spectrum from
TPP structures in less than 100 ms. Using more pump power is an option, but photo-
damaging effects put a limit on how much laser power can be used.

CRS provides a route to increasing the signal yield derived from the Raman process.
The key difterence between CRS and spontaneous Raman scattering is that the vibra-
tional oscillators are driven into motion by two laser field interactions. These two fields
lock the vibrational motions into phase, resulting in the synchronous vibration of Raman
scatterers in the interaction volume. This is different from the case of spontaneous Raman
scattering, where the vibrational phase of the molecules in focus are random relative to
one another, even though a (single) coherent laser beam was used to excite them. Phase
synchronization means that the radiation that follows from driven molecules is also in
phase, giving rise to a strong signal in the direction where the radiation constructively
interferes, the so-called phase-matched direction. This signal can be up to 10° times
as high as the spontaneous Raman signal, using approximately the same average excita-
tion power and the same microscopic probing volume.

To achieve the phase synchronized excitation of molecular oscillators, CRS uses two
fields, called pump and Stokes fields, of frequency w, and wyg, respectively. The vibra-
tional mode is driven by the diftference frequency 2 = w, — ws, and the molecular
response grows strongest when £2 matches the vibrational mode frequency @, The mod-
ulation at £2 in the sample can be detected as sidebands of the incident frequencies. There
are a total of four different frequencies, or sideband, at which the coherent Raman scat-
tering signal can be detected, namely, w, £ £2 and wg & £2. The most common strategy is
to detect the signal at w,, + £2, which is called the coherent anti-Stokes Raman scattering
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(CARS) signal, or at wg + £2 = w,, which is called the stimulated Raman scattering loss
(SRL) signal. The Jablonski diagrams for SRL and CARS are shown in Fig. 3.3.1B and
C, respectively. Although both signals report on exactly the same coherently driven
molecular vibration, and therefore reveal the same molecular information, there are some
differences between the CARS and SRL signals.

The CARS signal appears at a color different from the incident laser fields. It can be
isolated rather easily with a spectral bandpass filter and thus detected with a very high
efficiency using a standard photomultiplier tube (PMT) on the microscope system.
The signal is, however, accompanied by the so-called nonresonant background. These
are signal contributions at @, + £2 that are purely electronic in nature and do not involve
the nuclear vibration. Because the electronic contribution is coherently mixed with the
vibrationally resonant contribution, it is nontrivial to remove this nonresonant back-
ground. This is sometimes seen as a significant limitation of CARS, especially in cases
when the electronic contribution overwhelms the vibrational signal. For the visualization
of TPP structures, the electronic background is manageable, and even weak fingerprint
vibrations can be observed without significant difficulty [11].

The SRL signal is detected at the color of the pump beam. The signal appears as a loss
signal on the incident pump laser beam [13]. A sensitive PMT is in this case not a good
detector, as the photodetector needs to be able to discriminate small changes on a large
laser background. For this purpose, a simple silicon photodiode can be implemented,
which has an excellent dynamic range. To separate the SRL signal from the laser back-
ground, a modulation scheme can be used, whereby the Stokes beam is amplitude-
modulated and the SRL-mediated modulation transfer to the pump beam is registered.
Electronic demodulation of the pump signal then yields the magnitude of the SRL signal
[14-16]. Although this detection scheme is more complicated than in CARS, the added
benefit is that the SRL signal is devoid of the nonresonant background. In addition, the
SRL signal displays a linear dependence on the number of Raman scatterers in the focal
volume, which makes the SRL response easier to interpret than the CARS signal (which
has a nonlinear concentration dependence). The SRL spectrum is directly proportional
to the Raman spectrum, enabling a straightforward spectroscopic analysis. Both CARS
and SRL can be integrated on the same microscope, and they are typically registered
simultaneously.

2.3 Chemical sensitivity

Since both CARS and SRL depend on the spectroscopic information provided by the
Raman spectrum, it is relevant to examine what kind of information can be gleaned from
CRS microscopic measurements of TPP structures. Fig. 3.3.2 shows the Raman spec-
trum of a resin before and after photoinduced polymerization. The resin consists of
the photoinitiator Irgacure 369 and two acrylic monomers (SR499 and SR368). The
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Fig. 3.3.2 Raman spectroscopy of polymerized and nonpolymerized acrylic photoresist. Raman
spectra were taken in a Raman microscope. Sample was a thin film on glass before (black) and
after (red) UV illumination.

fingerprint region shown contains several important vibrational modes. The 1595 cm ™'
mode can be attributed to one of the aromatic ring vibrations of the photoinitiator. Since
the aromatic ring itself is not involved in the photochemistry, we do not expect a change
in the magnitude of this mode before and after polymerization. The 1635 cm ™' peak is
assigned to the carbon-carbon double bond of the acrylic polymer. The number of these
double bonds is depleted during polymerization, so we expect that the strength of this
band will decrease after the photoreaction. This is indeed observed. The change in
the 1635 cm ™' peak strength is directly related to the degree of conversion.

A third significant signature peaks near 1720 cm™'. This vibrational energy corre-
sponds to the carbonyl stretching mode. We see that the magnitude of the vibration
decreases and that the feature slightly shifts to higher vibrational energies. Since the num-
ber of carbonyl groups is conserved during polymerization, these observations cannot be
attributed to a chemical change. Rather, the change reflects subtle changes in the local
chemical environment of the carbonyl group [11]. After the polymer is formed, the adja-
cent C=C bond has been converted to a single bond, which breaks the n-bond electron
delocalization with the carbonyl group. The loss of electron delocalization increases the
localization of the carbonyl stretching vibrational mode, which generally leads to a loss of
Raman scattering efficiency and a corresponding blue-shift.

This example shows that Raman spectroscopy can provide a rather in-depth account
of the chemical changes that take place during polymerization. However, a correct
reading of the Raman signatures is important. The signatures for different resins can
differ markedly from the example discussed here. Additional care has to be taken to
identify signatures of the photoinitiator, which sometimes overlap with vibrational lines
of the monomer and polymer. Nonetheless, with the proper interpretation of the
Raman spectral lines, the vibrational spectrum can provide a wealth of information
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on the local polymer density and the degree of conversion, as well as identify unex-
pected chemical impurities in the material.

2.4 Resolution and concentration sensitivity limits

The resolution of the CRS microscope is comparable with the spatial resolution of'a con-
focal microscope. The probing volume is defined by the overlap of the tightly focused
pump and Stokes laser beams. The actual size depends on the wavelengths and micro-
scope objective used. For a typical microscope objective with a numerical aperture of
1.0 or higher and NIR excitation beams, the lateral spatial resolution in CRS is of
the order of 0.3 pm. Because CRS is a nonlinear process, the probing volume is confined
in three dimensions, with an axial resolution that is commonly in the 1-2 pm range. This
implies that CRS is capable of optical sectioning and that 3D reconstructions of TPP
structures can be made based on a depth-resolved stack of CRS images.

The spatial resolution of CRS microscopy is not high enough to resolve features of
the TPP structure that are beyond the diffraction limit. Although attempts have been
made to adopt superresolution techniques in CRS microscopy, none of the current solu-
tions represent a practical approach for examining TPP structures at a resolution beyond
0.3 pm when using NIR excitation light [17-19]. New developments that make use of
excitation light at shorter wavelengths have shown promising results for high-resolution
biological imaging well beyond 0.3 pm, and may have useful applications for TPP visu-
alization as well.

The concentration sensitivity of CRS varies with the type of application. Assuming
that the polymer structure is devoid of electronic resonances near the NIR excitation
wavelengths, a typical detection limit is about 10> vibrational oscillators within the focal
volume. For instance, when tuning to a carbonyl stretching vibration, a TPP structure
that fully overlaps with the focal probing volume must have a density of about a million
carbonyl groups per fL, corresponding to a local concentration of about 2 mM. These
conditions are fulfilled for typical TPP structures, implying that most TPP samples
can be analyzed with CRS techniques. However, for progressively smaller features
and lower density materials, the number of Raman scatterers (target chemical groups)
may be too low and the CRS sensitivity may prove insufficient to produce a signal above
the noise floor of the measurement.

3 The CRS microscope

The CRS microscope system consists of a laser light source, a laser scanner, a microscope
frame, proper optics and detectors, and a computer equipped with image acquisition soft-
ware. The most defining feature of the CRS system is the light source, which largely
determines the type of CRS experiment that can be conducted. We will discuss the light
source first, followed by a description of the imaging system.
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3.1 Laser light source

CRS scales nonlinearly with the intensity of the incident light. Like other optical non-
linearities, the CRS process benefits from pulsed radiation over cw light. The magnitude
of the CRS signal Scps scales as [20]:

Scrs < g

t
(f2)""
where ¢ is the pixel dwell time, fis the laser repetition rate, 7 is the pulse duration, and Pis
the effective, average excitation power. The intensity scaling is indicated by the order #,
where n = 2 for the SRL process and n = 3 for the CARS process. Keeping the average
power (P) and pulse repetition rate (f) constant, the efficiency of CRS signal generation
increases when the pulse duration is shortened. This implies that 100-fs pulses produce
much stronger CRS signals than 10-ps pulses [21]. However, the temporal width and the
spectral resolution are inversely related. By shortening the pulse, it becomes more diffi-
cult to resolve vibrational features. Since many Raman spectral signatures manifest them-
selves on the 10 cm™ " scale, a corresponding pulse duration of about 1 ps is preferred. For
this reason, many CRS laser-scanning microscopes use narrow bandwidth, picosecond
pulses. The use of picosecond pulses has the added benefit that the resonant-to-
nonresonant signal ratio is much higher than that for femtosecond pulses [21].

Nonetheless, there are numerous alternative CRS excitation schemes that make use
of broadband laser pulses. Examples include the combination of a picosecond and a fem-
tosecond pulse, allowing excitation of many Raman modes simultaneously, which can
subsequently be discriminated on a spectrometer [22, 23|. Another popular technique
that uses femtosecond pulses is based on stretching the pulses in time, thus applying a
spectral chirp, which can be used to “spectrally focus” the effective difference frequency
[24, 25]. The spectral focusing technique makes it possible to perform CRS imaging
experiments at a relatively high spectral resolution while using broadband pulses. Since
femtosecond pulsed light is commonly used for the fabrication of TPP structures, the
broadband CRS techniques may be particularly attractive, as it would enable imaging
of TPP structures with a light source that is already part of the fabrication platform.

Besides the pulse width, another consideration is the repetition rate. The earlier equa-
tion suggests that the CRS signal increases when the pulse repetition rate is lowered while
keeping the average power the same. Typical ultrafast laser oscillators have a repetition
rate in the 50-100 MHz range. Keeping average powers below 10 mW in focus to avoid
linear heating effects, pulse energies are commonly in the 100-pJ range. Lowering the
repetition rate increases the signal yield, while increasing the pulse energy. Many struc-
tures, including TPP structures, experience photodamage as a consequence of nonlinear
effects. Such effects can already be observed for pulses in the nJ range. This nonlinear
photodamage puts a limit on the flexibility in tuning the repetition rate. In addition,
when imaging directly in the resin, the peak power of the CRS imaging beams should

237



238

Three-dimensional microfabrication using two-photon polymerization

remain well below peak powers that induce TPP. In practice, the 100-MHz range has
proven to be a good range for a wide host of CRS imaging applications [26].

An important requirement of CRS microscopy is the availability of laser light fields at
the frequencies w, and ws. In the case of narrowband excitation, this invariably means
that two independent beams of different colors are needed. A typical narrowband CRS
light source consists of a picosecond pump laser and an optical parametric oscillator to
provide a second, spectrally adjustable light beam. Femtosecond CRS systems often
use a main source and a single-pass frequency conversion step to generate a second beam.
Some femtosecond sources provide such a wide bandwidth that both pump and Stokes
frequencies are contained within the spectrum of a single pulse. In this chapter, we will
discuss examples of both narrowband and broadband CRS light sources.

3.2 The imaging system

CRS microscopy can, with the proper modifications, be carried out on any standard
inverted or upright optical microscope. Fast imaging requires a method for rapidly scan-
ning the laser beam across the sample. For this purpose, a galvanometric scanner is the
preferred choice. Some TPP fabrication platforms already have such a beam scanner
incorporated. A scan lens and tube lens are used to map the beam angle onto the back
aperture of a high NA microscope objective. The CRS signal is phase-matched in the
forward direction, which implies that, for thin or transparent samples, the signal is stron-
gest in the forward propagating direction. The signal is captured by a condenser lens,
spectrally filtered, and subsequently sent to the photodetectors. We have seen that for
CARS, detection is accomplished by a PMT, while for SRL a silicon photodiode is used
instead. A rendering of a typical CRS imaging system is shown in Fig. 3.3.3.

3.3 Image acquisition

The pixel dwell times in narrowband CRS imaging applications vary between 100 ns to
200 ps. To visualize TPP samples, a pixel dwell time of 1-10 ps is typical. This results in a
frame rate of about 1 frame/s for a 512 x 512 image, although faster image acquisition
rates are possible. This frame rate allows a quick inspection of the TPP structure, and
direct mapping of the structure during the writing process in situ. At average illumination
powers in the 10-mW range, the pixel dwell times are too short to produce enough rad-
icals for starting polymerization. Hence, under typical imaging CRS conditions, the visu-
alization process does not alter the laser writing process [10].

The fastest CRS imaging studies are accomplished when the lasers are tuned to a sin-
gle vibrational band at a given vibrational energy. The intensity of this band is then
mapped, yielding an image that reports on the number density of a particular chemical
group in the TPP structure. Such an image contains limited spectral information, as only a
narrow range of the vibrational spectrum is used for generating contrast. The spectral



Visualizing TPP structures with coherent Raman scattering microscopy
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Fig. 3.3.3 Basic layout of a laser-scanning CRS microscope. A galvanometric scanner is used to
translate the laser focus rapidly in the sample plane. The CRS signals are commonly detected in
the forward propagation direction, where they are captured by a condenser and sent to the
photodetector. In CARS, a PMT is used whereas in SRS a photodiode is employed.

information can be expanded by recording sequential images at different vibrational
energies. This produces a data cube (x, y, @), where every (x, y) pixel contains spectral
depth (). The data can subsequently be segmented using multivariate analysis or multi-
component computational methods. Naturally, recording of such a data cube extends the
overall acquisition time. Whereas individual images can be acquired in less than a second,
a typical spectral stack with 100 spectral points takes about a minute or so. Although this is
much slower than rapid mapping based on a single Raman line, the information content
is much higher. Several CRS schemes have been developed for accelerating the acqui-
sition of hyperspectral data stacks [27].

Another form of data cube acquisition is three-dimensional mapping. Here (x, y)
images are taken at different settings of z, thus producing a (x, y, z) data stack. Similar
to the recording of hyperspectral data, 3D imaging extends the measurement time from
several seconds to several minutes.

3.4 Combination with other modalities

The CRS modality is often combined with other microscopy modalities. It is relatively
trivial to supplement the CRS channel with a transmission and reflection channel. These
forms of contrast report on refractive index differences, which is often sufficient for
obtaining a good impression of the micrometer scale morphology of the structure.
The availability of pulsed laser light also offers the possibility of detecting additional opti-
cal nonlinearities, including third-harmonic generation (THG) and multiphoton excited
fluorescence. THG is sensitive to interfaces and can provide additional information about
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morphology. This technique has recently been used for the purpose of mapping TPP
structures [28]. Fluorescence contrast is useful if the photoinitiator has a nonzero fluo-
rescence quantum yield, in which case the distribution of the photoinitiator can be exam-
ined in the structure. Because both THG and multiphoton fluorescence are nonlinear
techniques, they benefit from an intrinsic 3D resolution, enabling depth-resolved imag-
ing of TPP structures.

4 Chemical mapping of 3D TPP microstructures
4.1 Material density mapping with C—H mode contrast

The most abundant chemical group in organic monomer and polymers used in TPP
microfabrication is the carbon-hydrogen bond. This includes the CH, methylene unit
and the CHj; methyl groups. The carbon-hydrogen stretching vibrations can be found
in the 2800-3000 cm ™' range of the vibrational spectrum, where they often form over-
lapping band structures. Because of the abundance of these chemical groups, the corre-
sponding band structure in this high-energy range is one of the strongest features of the
Raman spectrum of TPP materials. Although C—H bonds are not involved in the poly-
merization reaction, their presence and strong signature can be used to map out TPP
structures based on material density.

An example is shown in Fig. 3.3.4A, where TPP cubes are visualized with SRS
microscopy. The signal is derived from vibrational modes in the 2800-3100 cm ™' range.

Raman intensity (a.u.)

2700 2800 2900 3000 3100

(A) (B) Wavenumber (cm~")

Fig. 3.3.4 SRS density mapping. (A) Pattern of TPP cubes on a glass slide, visualized with SRS imaging
with contrast based on the CH vibrational modes in the 2800—-3100 cm ™' range. Scale bar is 100 pm.
(B) SRS spectrum of the TPP cubes in the CH-stretching range (red) and the corresponding Raman
spectrum (black).



Visualizing TPP structures with coherent Raman scattering microscopy

The TPP structures stand out clearly against the background. In Fig. 3.3.4B, the SRS
signal intensity is plotted as a function of vibrational frequency in red. When the lasers
are detuned to 2800 cm ™', virtually no signal from the structures is observed, whereas the
SRS signal is maximized near 2950 cm ™. This vibrational energy corresponds to CHs-
stretching modes, which is an indicator of the density of methyl groups in the polymer. A
second band, near 3050 cm ™!, is attributed to the CH vibration of the methine functional
group (=CH—), and can be used as an indicator of carbon-carbon double bonds in the
polymer structure. The Raman spectrum, measured on the same structure, is shown in
black in Fig. 3.3.4B. It is clear that the SRS and Raman spectrum report the same vibra-
tional information.

Fig. 3.3.5A shows an SEM image of two pyramids fabricated with TPP. These struc-
tures were made with acrylic resins that are rich in methylene groups. The CARS image
in B is obtained by tuning the Raman shift to 2840 cm™', near the maximum of the
methylene symmetric stretching vibration. In this example, narrowband (10 ps) pump
and Stokes pulses were used. The 3D rendering is made possible by acquiring about
50 optically sectioned images at different depths. The CARS image reproduces the main
features seen in the SEM image, down to a length scale of ~0.5 pm. The advantage is that
the CARS image can, in principle, be obtained directly in situ on the TPP microfabrica-
tion unit, whereas the SEM image requires transportation of the specimen to a dedicated
electron microscope.

Fig. 3.3.6A shows a CARS 3D rendering of another pyramid structure. Since the
structure is fully digitized plane by plane, the 3D dataset can be inspected in various ways.
Fig. 3.3.6B depicts a rendering, which allows an inspection of the bottom of the pyramid.
This kind of information is difficult to obtain with electron microscopy, which is based
on surface morphology and does not permit a closer look at the interior of the structure.
This example thus shows that 3D optical imaging based on material density is a useful
capability that goes beyond morphological mapping with SEM.

—1

Fig.3.3.5 CARS density mapping based on C—H contrast at 2840 cm™ . (A) SEM image of two pyramid
structures. Scale bar is 20 pm. (B) 3D rendering of CARS images of the same structures.
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(A) (B)

Fig.3.3.6 CARS density mapping based on C—H contrast at 2840 cm ™. (A) 3D rendering of a pyramid
structure. Scale bar is 10 pm. (B) Same structure, but with the structure digitally tilted, allowing a direct
inspection of the bottom and interior of the structure.

4.2 Fingerprint contrast

The most useful property of CRS microscopy is that it enables imaging with contrast
based on the density of certain chemical groups that play a role in the polymerization
process. An example is shown in Fig. 3.3.7 In panel (A), the CARS fingerprint spectrum
of a polymerized and a nonpolymerized resin is shown. This spectrum shows a lot of sim-
ilarities with the Raman spectrum of Fig. 3.3.2, with prominent peaks near 1635 and
1720 cm ™', the C=C and C=0 stretching vibrations, respectively. Nonetheless, unlike
the Raman spectrum, the CARS spectrum is dispersive. It floats on a nonresonant back-
ground and the peaks are slightly shifted toward lower wavenumbers. At the same time, a
dip can be seen to the blue side of the peak. These features are well understood and are
due to the interference between the resonant and the nonresonant contributions to the
CARS signal [29]. At first sight, the dispersive line shape appears unattractive; however,
the peak-dip difference provides additional contrast that can help discriminate polymer-
ized from nonpolymerized materials.

Fig. 3.3.7B shows a CARS image of a TPP structure that spells out the word CARS.
The structure is still surrounded by the (nonpolymerized) resin. Hence, this scenario
mimics the visualization of a TPP structure in situ. The Raman shift is tuned to
1643 cm™ ', which is off-resonance and at the dip of the C=C stretching mode. For this
setting, indicated by the red shaded area in panel (A), the signal from the nonpolymerized
resin is very low, whereas the CARS signal of the polymerized material is slightly higher.
Fig. 3.3.7B is normalized to the maximum signal, showing excellent contrast between the
polymerized and nonpolymerized material. When the Raman shift is tuned to
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Fig. 3.3.7 CARS spectral imaging of TPP structures. (A) CARS spectra of polymerized and
nonpolymerized acrylic resins. The green shaded area is on-resonance with the C=C stretching

mode, the red shaded area is off-resonance with the C=C mode. (B) Off-resonance CARS image at

1643 cm™' of a TPP structure that spells out the word CARS. (C) On-resonance image at 1628 cm™ .

Images have been rescaled for maximum contrast. Scale bar is 20 pm.

1628 cm ™', on-resonance and near the peak of the C=C stretching mode, the contrast is
reversed, as shown in Fig.3.3.7C. Now the strongest signal is obtained from the nonpo-
lymerized material, whereas the polymerized material is significantly less. This example
illustrates the usefulness of chemical imaging at certain settings of the Raman shift.

4.3 Degree of conversion

In the earlier example, the number density of the C=C modes is a direct measure of the
amount of acrylic groups that have undergone polymerization. In Fig. 3.3.8A, CARS
spectra are shown of TPP structures that have been written under identical conditions
at different illumination powers. For higher illumination powers, we expect a higher
degree of conversion, and thus a more significant decrease in the number of C=C
groups. This is indeed observed. The CARS signal at 1628 cm™ ', on resonance with
the C=C vibrational mode, is decreasing when the illumination power is raised.

Since the CARS is not linear with the number Raman scatterers, the information in
panel 8(A) is not a direct quantitative account of the number of C=C bonds in the sam-
ple. It is possible to extract the vibrationally resonant information from the CARS spec-
trum by applying a phase retrieval algorithm. There are several of such algorithms that
have proven reliable, among which are the maximum entropy method (MEM) and
the modified Kramers-Kronig method [30]. In Fig. 3.3.8B, the retrieved Raman spec-
trum is shown after phase retrieval with the MEM. Because the Raman spectrum scales
linearly with the number of vibrational oscillators, the intensity of the C=C resonance is
now directly proportional to the number of C=C bonds.
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Fig. 3.3.8 (A) CARS fingerprint spectra of TPP structures fabricated under identical conditions but with
different illumination powers. (B) Retrieved Raman spectra after application of the maximum entropy
method for phase retrieval. The inset shows the degree of conversion (DC) as a function of laser
illumination power.

The degree of conversion can now be computed. It is useful to ratio the C=C
Raman signal to an internal reference. In this case, the 1595 cm ™! resonance of the
photoinitiator is a good choice for the internal reference, since this resonance is unaf-
fected by the polymerization process. However, this peak is not universal, as it depends
on the use of photoinitiator. In general, it is helpful to use an internal reference that is
independent of the photoinitiator. The C=0O resonance is a reasonable choice. Even
though the C=O0O Raman resonance may shift and change in amplitude before and after
polymerization, these changes are relatively small, as is evident from Fig. 3.3.8B. With
these assumptions in mind, we may define the percentage of the degree of conversion
(DQC) as follows:

Ac=c/Ac=o0
Acec/A c—o

where the integrated intensities of the Raman resonance before polymerization are indi-

DC—[l— ]XlOO

cated as A'c_c and A’ o, and after polymerization as Ac—c and Ac—o. A plot of the
DC, based on the data in Fig. 3.3.8B, is shown in the inset. The sigmoidal dependence of
the DC with laser power is consistent with established models of polymerization of highly
branched acrylic monomers [31]. This example underlines that CRS imaging allows a
direct recording of DC, with the possibility to retrieve such information in situ with sub-
micrometer resolution.

4.4 Comparison with spontaneous Raman scattering

As emphasized in the chapter, the most important advantage of CRS microscopy over the
conventional Raman microscope is the much-improved image acquisition time. To
make this more explicit in the context of TPP structure imaging, Fig. 3.3.9 shows a
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Fig. 3.3.9 Comparison between the imaging speed of CARS and Raman microscopy. A hexagon TPP
structure is visualized in a CARS microscope (A), with an image acquisition time of 1 s, and in a Raman
microscope (B), with an image acquisition time of 5 h. Scale bars are 20 pm.

comparison between CARS microscopy and Raman microscopy when visualizing
the same TPP structure. The CARS image, shown in panel 3.3.9A, was taken with an
800-nm pump beam and a 1050-nm Stokes beam, both derived from a femtosecond light
source. Under these conditions, the structure is visualized based on the density of CH
vibrational oscillators. The average power was 4 mW for the pump and 10 mW for the
Stokes. Using a 1.1-INA objective lens, a 512 X 512-pixel image was acquired from the
hexagon TPP structure within 1 s. The structure is clearly visible under these conditions.

By contrast, the Raman image was taken by using a 514.5-nm laser light source at
total average power of 35 mW. A 0.75-NA objective lens was used, and the image con-
tains 14K pixels, with a total acquisition time of 5 h. Although the structure is clearly
imaged, the acquisition time is more than four orders of magnitude longer. Even though
the CARS and Raman images are obtained under slightly different conditions, it is evi-
dent that the CRS approach offers chemical imaging of TPP structures at imaging speeds
that are orders of magnitude higher than what can be acquired on a conventional Raman
microscope. In the next section, we will discuss a particular application enabled by CRS
that goes much beyond what can be achieved with Raman microscopy.

5 Following polymerization during TPP fabrication

The earlier examples illustrate that CRS microscopy can provide useful information
about TPP structures before and after polymerization. In principle, the imaging speed
of CRS is fast enough for measuring TPP structures during the writing process. The abil-
ity to see the TPP structure during laser writing can be particularly useful. For instance,
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the shrinking and/or swelling of polymerized material immediately after illumination is
an important factor that defines the material property of the eventual structure. Control-
ling such parameters during writing, by revisiting areas of lower quality, can be impor-
tant. More generally, direct in situ visualization provides a direct link between the
structure and the laser writing pattern. Since there are multiple laser writing patterns that
can be pursued to attain a desired end result, on-the-spot inspection can help identify the
best scanning patterns to achieve a given structure.

An example of the capability of in situ imaging during laser writing is shown in
Fig. 3.3.10 [10]. Here the structure is written in an acrylic resin with a fixed laser beam

Fig. 3.3.10 Direct CRS visualization of TPP structures in situ during laser writing. The images are taken
at different times during the writing of a two-dimensional microstructure. Scale bar is 25 pm.



Visualizing TPP structures with coherent Raman scattering microscopy

by movement of the stage, while CARS imaging is conducted through galvanometric
laser scanning with an additional pair of pump and Stokes beams. The system is based
on a single near-infrared femtosecond light source with a center wavelength near
800 nm. Part of the laser beam is used for TPP structure fabrication, while another por-
tion of the laser power is used to produce the pump and Stokes beam for CARS imaging.
The pump beam consists of the 800-nm pulses, while the Stokes beam is generated
through supercontinuum generation. This broadband configuration allows excitation
of the entire C—H stretching band at once, enabling rapid imaging based on the density
of C—H groups in the material. Since the density of the polymerized material is markedly
difterent from the nonpolymerized material, the C—H signal provides sufficient contrast
for discriminating the TPP structure from the nonpolymerized resin.

The two-dimensional TPP structure shown in Fig. 3.3.10 can be clearly identified
during the writing process. At a frame rate of 2 images per second, the fabrication process
can be followed on a timescale sufficient to identify crucial features. The example also
illustrates that CRS imaging can be performed under conditions that do not perturb
the writing of TPP structures. At a pixel dwell time on the microsecond scale, the peak
powers of the pump and Stokes beams are sufficiently low so as not to trigger polymer-
ization in the resin.

Although this example underlines the usefulness of CRS imaging in TPP fabrication,
there is room to further exploit the chemical sensitivity of the technique. By tuning to the
fingerprint region, as discussed earlier, a direct metric of the degree of polymerization can
be obtained. It is attractive to perform CRS imaging based on such metrics during laser
writing, which would provide critical information about structure quality in situ.

6 Conclusion and outlook

In this chapter, we have discussed the utility of CRS microscopy for the inspection and
characterization of TPP structures. The examples shown emphasize that meaningful
chemical information can be obtained with CRS imaging, including material density
as defined through the density of C—H chemical groups and the degree of conversion.
Such information is difficult to acquire with other techniques, especially in situ. None-
theless, despite these attractive features, the CRS technique requires that a dedicated light
source, laser scanner, and suitable detectors be incorporated into the TPP fabrication plat-
form. Although feasible, such modifications are currently nonstandard and rather expen-
sive. In this regard, the smart use of a femtosecond light source for both TPP structure
fabrication and CRS visualization would facilitate the use of coherent Raman technology
for this purpose. Recent progress in laser light sources and light management makes it
possible to not only implement more compact solutions, but also to devise excitation
schemes that maximally use the chemical sensitivity of CRS. It can be expected that
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technical developments along these lines will make the CRS implementation simpler and
more reliable, thus improving their utility for TPP structure writing.
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