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In this study, the degree of conversion (DC) of an acrylic-based resin (IP-L 780) in two-photon polymerization (TPP)
is systematically investigated via Raman microspectroscopy. A quantitative relationship between TPP laser
parameters and the DC of the resin is established. Nonlinear increase in DC with increased laser average power
is observed. The resin DC is more sensitive to the laser average power than the laser writing speed. Nanoindentation
was employed to correlate the results obtained from Raman microspectroscopy with the mechanical properties of
microstructures fabricated by TPP. At constant writing speeds, microstructures fabricated with high laser average
powers possess high hardness and high reduced Young’s modulus (RYM), indicating high DCs. The results are
in line with high DCs measured under the same TPP parameters in Raman microspectroscopy. Raman microspec-
troscopy is proved to be an effective, rapid, and nondestructive method characterizing microstructures fabrication

by TPP. © 2014 Optical Society of America

OCIS codes: (350.3390) Laser materials processing; (160.5470) Polymers; (220.4000) Microstructure fabrication;

(170.5660) Raman spectroscopy.
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Over the past decades, two-photon polymerizatioon
(TPP) has emerged as a highly promising technique for
fabricating three-dimensional (3D) microstructures. It
permits the fabricatioon of microstructureswith feature
sizes on the order of tens of nanometers and with rela-
tively high throughputs [1,2]. In TPP, a laser beam from
a femtosecond (fs) laser is tightly focused in a resin.
Due to optical nonlinearity, light absorption is confined
within the laser beam focal volume allowing for the
realization of true 3D writing. Furthermore, it has been
demonstrated that subwavelength feature sizes are
achievable [1,3]. Novel fabrication techniques combined
with TPP have been also reported to improve the TPP
resolution and throughput, such as stimulated emission
depletion (STED) fluorescence microscopy [4] and con-
tinuous flow lithography [5]. Moreover, in TPP, hybrid pol-
ymer composites were applied to achieve the broadening
of microstructure functionalities [6,7]. A large variety of
applications has been investigated using TPP, such as
3D micro-optics [8], nanophhotonics [9,10], microelectro-
mechanical systems [11], bioengineering [12-15], and
microfluidics [16].

In acrylic-based resins, the degree of conversion (DC)
is used to quantify the amount of consumed carbon-
carbon double bonds (C—C) during polymerization. It
is related to the crosslinking of the ultimate polymers
[17,18]. In TPP, the DCs of resins can significantly affect
the final stability and mechanical properties of the fabri-
cated microstructures [19,20]. Thus, establishing the cor-
relation between the TPP parameters and corresponding
DCs is a fundamental step to achieving precise fabrica-
tion of desired structures using TPP.
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Several methods have been used to extrapolate DC
values of polymers: differential scanning calorimetry
(DSC); Fourier transform infrared (FTIR) spectroscopy;
Raman microspectroscopy; and more recently, coherent
anti-Stokes Raman scattering (CARS) spectroscopy
[18-24]. At the present time, DSC is the industry-standard
for characterizing DCs. Unfortunately, this thermoanalyt-
ical technique has a stringent minimum weight require-
ment and frequently causes damage to the samples [18].
Therefore, it is not suitable for testing microstructures
fabricated by TPP. Poor spatial resolution and specific
sample preparations are among the drawbacks of FTIR
spectroscopy [18,21]. Although unique in its ability to
monitor chemical processes in real-time, CARS is not
widely available and its signal is often difficult to interpret
[22]. Raman microspectroscopy is probably the best
choice for the static characterization of microstructures
fabricated by TPP. It allows for in situ and nondestructive
monitoring of specific bond vibrations with superior spec-
tral resolution and minimum sample preparation [18].
Meanwhile, for characterizing microstructures fabricated
via TPP, the influences of hatching distances on DCs have
been demonstrated using Raman microspectroscopy [20].

In this study, we investigated the DCs of micro-
structures fabricated with TPP using Raman microspec-
troscopy and established a quantitative relationship
between DC and TPP writing parameters. This relation-
ship has been confirmed and correlated on the basis of
mechanical property measurements gathered using
nanoindentation.

The photoresist used in this study is IP-L 780 (Nano-
scribe GmbH). It consists a branched acrylic monomer
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and an a-aminoketone photoinitiator. During polymeriza-
tion, the C=C bonds of the ester units in the monomer
are consumed to form carbon-carbon single bonds
(C—C) leading to a highly crosslinked polymer.

TPP microfabrication was performed with a 3D laser
lithography system (Nanoscribe GmbH, Photonic Profes-
sional). The excitation source is an fs laser with an emis-
sion center wavelength, pulse width, and repetition rate
of 780 nm, 120 fs, and 100 MHz, respectively. The laser
beam was focused within the resin using a 100x micro-
scope objective with a numerical aperture of 1.3. The
samples for Raman characterization include a series of
solid cubes with dimensions of 10 pm x 10 pm x 8 pm fab-
ricated using different TPP parameters. For nanoinden-
tation characterization, solid cubes with dimensions of
20 pm x 20 pm x 4 pm were fabricated. All the microstruc-
tures were fabricated with 200 nm hatching distance.

Raman spectra were recorded using a Renishaw
Raman microscope (inVia H 18415). The excitation
source is a diode laser with a wavelength of 785 nm.
Excitation and signal collection were carried out using
a 100x objective with a numerical aperture of 0.85.
The laser average power was 10 mW. Raman spectra
were recorded with an accumulation time of 10 s.

Nanoindentation tests were performed using a
Hysitron TI 750 Ubi nanoindenter. A conical-shaped
probe (TI-0093) with a tip radius of 3 pm was used to min-
imize plastic deformation and stress concentrations [25].
Loading distances were fixed at 500 nm. Working times
were 10 s for the loading and unloading processes, and
3 s for the creep processes.

Representative Raman spectra of nonpolymerized and
polymerized IP-L 780 are shown in Fig. 1. Two distinctive
peaks are observed at 1635 and 1723 cm™!, and are
ascribed to the vibrational modes of the C=C and the
carbonyl (C=0) groups of the monomer units, respec-
tively [22]. Upon polymerization, the C=C bonds are
homolytically opened and converted to C—C bonds.
Therefore, as a consequence of the diminished concen-
tration of the C=C bonds, the intensity of the peak at
1635 cm™!' reduces during polymerization. The Raman
peak at 1723 cm! is utilized as an internal reference
when calculating polymer DCs since the peak of C—=0
bonds does not change upon polymerization [22].

Polymerized

Raman Intensity (a.u.)

Non-polymerized,

1500 1550 1600 1650 1700 1750 1800
Raman shift (cm™)

Fig. 1. Raman spectra of polymerized and nonpolymerized

IP-L 780. The spectra are shifted vertically for viewing clarity.

The inset shows a typical scanning electron micrograph of a
solid cube (5 pm scale bar).
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To understand how the writing parameters in TPP
affect the DC of polymerized IP-L 780, Eq. (1) is used
to extrapolate DC values from Raman spectra [22].
Ac=c, Ac=0, A= and A—, are the integrated peak
intensities of Raman peaks related to the C=C and
C=0 moieties in the polymerized and the nonpolymer-
ized resins, respectively.

DC = [1 - (AC:C/AC:O)] % 100. )

Ao/,

A comprehensive representation of how average laser
powers and writing speeds affect the DCs of IP-L 780 is
shown in Fig. 2. At constant writing speeds, DC values
monotonically increase with increasing laser powers.
At a writing speed of 20 pm/s, a nonlinear increase in
DC from 26% to 42% is observed with the increasing laser
power. The maximum laser power used is 15 mW; above
that the resin begins to boil and bubble, and therefore
cannot form stable microstructures. The resin boiling
and bubbling are ascribed to the significant temperature
changes in overexposure regimes [26]. Below the critical
laser power, the temperature within the resin does not
change obviously [26]. The maximum DC is ascribed
to the branched nature of the acrylic monomer. During
polymerization, crosslinked oligomers are formed that
are difficult to diffuse freely. With increasing DCs, the
mobility of the oligomers is so limited that further polym-
erization process is terminated, therefore limiting the
maximum DC to below 50% [22]. The phenomenon of in-
complete conversion of a resin into a polymer is common
when using highly branched acrylic monomers. Similar
results are observed to be independent of the polymeri-
zation initiation mechanism [27]. To verify the maximum
DC value obtained in the TPP process, IP-L. 780 was
polymerized using a conventional UV light source
(395 nm, 12 mW/cm?). The maximum DC value of 45%
was obtained via the conventional photopolymerization
process, which coincides well with the maximum DC
value obtained by TPP.

It is interesting to find out that DC values are more sen-
sitive to average laser power than writing speed. Depend-
ing on the writing speeds from 80 to 20 pm/s, maximum
DC values range from 35% to 42%. A two-fold increase is
observed in the measured DCs when increasing the aver-
age laser powers from 8 to 15 mW. At constant average
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—v— 80 pm/s
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Fig. 2. Dependence of polymerized IP-L 780 DC on average
laser power and writing speed.



3036 OPTICS LETTERS / Vol. 39, No. 10 / May 15, 2014

Table 1. DC Comparison of Data Points

Writing Average Laser
Point  Speed (pm/s) Power (mW) Q DC (%)
A 60 10 1.67 31.34
B 80 12 1.80 31.91
C 60 13 2.82 35.23
D 80 15 2.81 35.03
E 60 14 3.27 36.01
F 20 8 3.20 26.61

laser powers, DC values monotonically increase with
decreasing writing speeds. Increases of about 5 to 6
percentage points are observed by decreasing the writing
speed from 80 to 20 pm/s. It indicates that the concen-
tration of radicals generated by two-photon absorption is
more sensitive to the average laser power than writing
speed, similar to the reported results [28].

Based on the two-photon absorption model [1], it is
expected that the DC would be proportional to the square
of average laser power and the reciprocal of writing
speed. Therefore, it is predicted that TPP parameter
sets with a similar Q index (average laser power)?/
writing speed) would lead to a similar DC. It is found
that, as shown in Table 1, the results obtained at high
writing speeds fit well with the above prediction, indicat-
ing that both average laser power and writing speed play
an important role in determining the DC value in high
writing speed regions (i.e., 60 and 80 pm/s). For exam-
ple, A and B as listed in Table 1 have similar DC values
(31.34% and 31.91%, respectively) but fabricated using
different parameters. The same phenomena can be found
in C and D as well. However, the results obtained at low
writing speed do not fit with the above prediction very
well. For example, although the data point F has a similar
Q index (~3.2) as the data point E, the DC value (26.61%)
of F' is much lower than the DC value (36.01%) of E. The
results suggest that in the low writing speed region the
average laser power plays a more important role than
the writing speed in determining the DC value. In other
words, the average laser power dominantly controls the
DC value in the low writing speed region. It is believed
that, for a given average laser power, the DC increases
rapidly at the early stage of TPP exposure and gradually
becomes saturated at the late stage of TPP exposure [29)].
Therefore, the DC values of data points in the low writing
speed region (i.e., 20 pm/s) no longer follow the same
reciprocal relationship with writing speed as that in
the high writing speed region (i.e., 60 and 80 pm/s). It
is expected that DC values in higher writing speed region
(>80 pm/s) will match with the theoretical prediction of
the DC dependence on squared average laser power
much better than that in the low writing speed region.

By using Raman imaging, spatial distribution of the DC
values of the polymerized resins is visualized in Fig. 3.
Figures 3(a)-3(d) exhibit top-surfaces of four solid cubes
fabricated by TPP at a constant writing speed of 20 pm/s
and average laser powers of 8, 10, 12, and 14 mW, respec-
tively. For each pixel (1 x 1 pm) in Fig. 3, a Raman spec-
trum of the sample is acquired, and a value of DC is
assigned to that pixel using Eq. (1). The false-color
contrast represents DC variation in the sample. As the

(b

Degree of conversion (%)
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Fig. 3. Raman mapping of DCs under average laser powers
of 8, 10, 12, and 14 mW, respectively, from (a) to (d), with a
constant writing speed of 20 pm/s. The scale bars are 2 pm.

average laser power increases, the overall intensity of
the extrapolated DC signals from the sample increases
as well. Some inhomogeneous spots were observed in
Raman mapping. There are two reasons for the inhomo-
geneity. One is ascribed to the signal acquisition process.
It is believed that the focal position of the Raman laser
may not always be perfectly on the sample surface in Z
direction, which may mainly cause the relatively large in-
homogeneity in the Raman mapping images. Besides, the
instability of laser power during the long-time Raman
mapping process (b—6 h) may also induce the additional
inhomogeneity. The other reason is ascribed to the inho-
mogeneity of as-fabricated samples by the TPP process.
The TPP parameters may not be well optimized to
achieve high uniformity of the polymerized samples.
From the TPP fabrication aspect, optimizing the degree
of voxels overlapping [30,31] and TPP parameters will
further improve the uniformity. The results show that
Raman mapping provides a direct visualization on DCs
of polymerized resin with different TPP parameters.

The mechanical properties of polymers are signifi-
cantly influenced by DCs [19]. Generally speaking, a high
DC results in improved mechanical properties [27]. Thus,
the nanoindentation technique was used to verify the ef-
fectiveness of Raman microspectroscopy in evaluating
DCs. Based on the load-displacement curve, the hardness
H and reduced Young’s modulus (RYM) E,. can be deter-
mined using Eq. (2):

_dP
" dh2JA’

where A is the projected contact area, P, is the maxi-
mum load and % is the displacement of indenter relative
to the specimen. The relationship between FE, and
Young’s Modulus E is given by Eq. (3):

_Pmax

H="5%and )

1 _(-y (-4

£ F T & 3)

where v is the Poisson ratio of the resin sample, v; and E);
are the parameters for the indenter, which are 0.07 and
1140 GPa, respectively. Most materials have Poisson’s
ratio values ranging from 0.0 to 0.5, which represent
the negative ratio of transverse to axial strain [32].
The E, describes the contact between a microstructure
and the nanoindenter tip, and represents the elastic
deformation that occurs in microstructures as shown
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Fig. 4. RYM and hardness of TPP polymerized structures as

the functions of the DCs. As-fabricated cubic structures are

shown at the lower-right inset with 10 pm scale bar.

in Eq. (2). If the crosslink density changes the amount
of viscous deformation, the Poisson’s ratio of the as-
fabricated structures will change, too. Since Young’s
modulus highly depends on Poisson’s ratio, as shown
in Eq. (3), there could be a different reaction of polymer
against the indentation, which, in turn, affects the modu-
lus calculation [25]. For the convenience of discussion,
E, is discussed in this study to represent the mechanical
modulus of the polymerized resin.

Figure 4 shows the variation of £, and H of polymer-
ized resins with respect to corresponding DCs. It is
observed that both E, and H increase with increasing
DCs. The nanoindentation results coincide with the
Raman microspectroscopic studies and prove the reli-
ability of Raman microspectroscopy in characterizing
the DCs of polymerized structures in TPP. Meanwhile,
it quantitatively correlates DCs with the mechanical
properties of the polymerized resins.

In conclusion, the dependence of DC on TPP parame-
ters was successfully established by Raman microspec-
troscopy using the peak intensity change of C—C
bonds in resin. DC shows more dependence on the aver-
age laser power than the writing speed. Furthermore, DC
visualization of the polymerized resin was realized by
Raman mapping. The effectiveness of Raman microspec-
troscopy was also confirmed via nanoindentation mea-
surement, which presents an effective evaluation of
mechanical properties on DC variation. The results indi-
cate that Raman microspectroscopy is a convenient and
accurate method to characterize TPP processes in
molecular levels. Meanwhile, the results reveal how
the TPP parameters affect the DCs and how to tailor
the future fabrication with effective writing strategy. It
is also demonstrated that the Raman microspectroscopy
could be used to predict mechanical properties of the
fabricated microstructures.

This research work was financially supported by
National Science Foundation (CMMI 0900419).
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