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Abstract
Two-photon polymerization (TPP) technologies commonly rely on femtosecond lasers such as
Ti:sapphire which limits their accessibility due to high costs and complexities. Recently, multiple reports
showed TPP under near-infrared irradiation which enables the use of alternative light sources such as
Neodymium-doped lasers known to be affordable and e�cient for nanosecond and picosecond pulsed
generation. 4,4′-bis(dimethylamino) benzophenone or Michler’s ketone (MK), one of the photoinitiators
commonly used for photopolymerization under UV irradiation, also shows an absorption band in the
visible region which allows for two-photon polymerization at the fundamental wavelength of
Neodymium-doped lasers at 1064 nm. In this report, we investigated the two-photon absorption (TPA) of
MK in contrast with Irgacure-784 and Indane-1,3-dione, reported to also be promising photoinitiators for
the same TPP process. Among them, MK showed a large TPA cross-section measured via the nonlinear
transmission method and Z-scan technique with Q-switched Nd:YAG nanosecond pulse laser at 1064 nm,
demonstrating MK as a promising photoinitiator for the low-cost two-photon polymerization.

1. Introduction
Three-dimensional (3D) printing technologies have been widely used for over a decade because of their
usefulness for rapid modelling and prototyping. Recently, photopolymerization techniques have been the
focal points of many research efforts because they enable high resolution fabrication of complex
structures. Consequently, they have found applications in photonics [1], three-dimensional
microfabrication [2], micro�uidic [3], and drug delivery [4].

Photopolymerization is a form of radical polymerizations that uses light to initiate and propagate a
polymerization of a polymer chain. Photopolymers are usually composed of monomer, oligomer, and
photoinitiator. Under an irradiation of a photon at speci�c energy, the photoinitiator will be excited by the
irradiation. The excited energy will be passed along to other molecules to initiate the polymerization. The
photopolymerization can also be categorized by the types of light sources utilized such as continuous
wave [5] or ultrashort pulsed lasers [1–4, 6, 7]. However, to fabricate sub-micron structures, the two-
photon polymerization (TPP) process is required to circumvent the diffraction limit. While the
photopolymerization relies on the direct absorption of a photon, the TPP, on the other hand, relies on the
simultaneous absorption of two photons at a lower energy level, called two-photon absorption (TPA),
where the energy of one photon is insu�cient to complete the transition between the ground and excited
states. Since the simultaneous absorption of two photons rarely occurs in nature, a speci�c light source
that can provide high photon �uxes such as an ultrashort pulse laser is required.

Although sub-micron 3D printings have been demonstrated in literatures, the processes commonly rely
heavily on femtosecond lasers such as Ti: Sapphire lasers which increase both complexity and cost,
making it less accessible. In contrast, Neodymium lasers (Nd-lasers) are well-known as an inexpensive
alternative that can provide e�cient generation of nanosecond and picosecond pulses. However, most of
available conventional two-photon photoinitiators have the absorption band in the UV region and not in
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the visible [8, 9], resulting in them not being suitable for TPA at Nd-laser fundamental wavelength of 1064
nm. Although there were a few investigations into the two-photon polymerization by the Nd-laser at its
fundamental wavelength, a speci�c combination of photoinitiators and resists [7] or the femtosecond
pulses [10] were required. To our knowledge, no attempt has been made to quantify and compare the TPA
of commercialized visible light photoinitiators found in this work under an irradiation of nanosecond
pulses provided by Nd-lasers.

To investigate the two-photon absorption of the commercialized visible light photoinitiators under the
irradiation of the Q-switched Nd: YAG nanosecond pulsed laser at 1064 nm similar to [11]. Three visible
light photoinitiators were selected for this study, i.e., 4,4‘-bis(dimethyl-amino)-benzophenone (Michler’s
ketone: MK) [6], Irgacure-784 (I784) [12, 13], and Indene-1,3-dione (Ind) [14]. Irgacure-784 (I784) is known
as a visible light photoinitiator. The photopolymerization under the irradiation at 460 nm was reported in
[12]. The photoinitiation mechanism in epoxy resin at 532 nm was presented in [13], making it an
excellent candidate for TPA measurement at 1064 nm. In the case of Ind, a combination of Indene-1,3-
dione (Ind) and a Zr-based organic-inorganic hybrid material was recently demonstrated as a
photoinitiator for the two-photon polymerization under the excitation of a picosecond pulses [7]. Though
the two-photon polymerization was achieved by a common picosecond laser, a part of the combined
photoinitiator was not commercially available on the market and di�cult to synthesize. Another success
was achieved by combining the 4,4‘-bis(dimethyl-amino)-benzophenone with a photoresist (SZ2080) [10].
The polymerization was obtained by an Yb:KGW laser at 1030 nm, still relying on a femtosecond pulsed
regime.

In this report, we aim to investigate and quantify the TPA of the commercially available photoinitiators
listed above which are suitable for polymerization with Nd-lasers. Linear and nonlinear absorptions were
characterized by the UV-vis spectrophotometer and the Z-scan technique, respectively [15]. Although, both
MK and I784 have strong linear absorption at 532, only MK showed an excellent nonlinear absorption at
1064 nm, comparable to other common TPP photoinitiators [16]. With the low-cost Nd: YAG Q-switched
nanosecond laser together with MK, the sub-micron 3D printing could be more applicable and affordable.

2. Materials And Experiment
4,4‘-bis(dimethyl-amino)-benzophenone (MK), and Indene-1,3-dione (Ind) were purchased from Sigma
Aldrich. Irgacure-784 (I784) was purchased from Shandong Allplace Environmental Protection
Technology. All photoinitiators were dissolved in Toluene and ultrasonicated for 30 minutes at 60°C. The
UV-Visible spectrophotometer (Analytik Jena Specord S100) was utilized to examine the linear absorption
characteristics for all photoinitiators at 10, 15, 20, and 25 mM concentrations.

Two-photon absorption is a nonlinear process, where two photons are simultaneously absorbed to excite
the subject molecule from ground state to a real excited state [16]. In this work, the nonlinear absorption
measurement was carried out by an open-aperture Z-scan technique. The schematic of the experimental
setup was shown in Fig. 1. The nanosecond pulses were provided by the Q-switched Nd: YAG
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nanosecond laser (CNI: MPL-FL-1064) with 10 Hz repetition rate,13 ns pulse duration, and 46 mW
average power. The laser pulses were focused and then collected by the convex lenses L1 and L2
respectively. The focal spot size is 45 μm in radius. The sample was placed at the center between the
two lenses and moved along the optical axis (z-axis). The transmitted power was monitored by the power
detector D (Gentec-e Power detector, UP19K-30H-H5-D0). The two-photon absorption can be observed as
a drop in the transmission (Fig. 4).

The two-photon absorption cross-section (σTPA) describe the e�ciency of this process to occur in a
particular material [17]. It can be de�ned as

where ћω is the energy of the absorbed photon, NA is the Avogadro’s number, and C is the concentration

in moles per liter. The two-photons absorption cross-section σTPA  can be obtained from a (3).

3. Results And Discussions
Among the three chosen photoinitiators, i.e., MK, I784, and Ind, all reported that they can either be used to
initiate the one-photon polymerization at 532 nm or two-photon polymerization with near-infrared
ultrashort pulses [6, 10, 13, 14], only I784 and MK showed linear absorbance at 532 nm while Ind does not
show detectable absorption at the same wavelength (Fig. 2). The absorbance of I784 was very strong
below the wavelength 550 nm. Beyond this wavelength, there was no absorption observed. On the other
hand, MK showed strong absorbance below 400 nm. However, a broad weak absorption band was
observed around the wavelengths 500–700 nm. Figure 3 showed the absorbance of the three
photoinitiators as a function of the concentration. While the absorption spectra at 532 nm were increased
with the concentrations, the absorption at 1064 nm was measured and remained unchanged.

The nonlinear absorption was characterized by the Z-scan technique. The experiment was carried on by
the Nd: YAG nanosecond laser at 1064 nm with the 10 Hz. Although both I784 and MK exhibited
absorption at 532 nm, only the nonlinear absorption of MK was observed (Fig. 4).

Figure 5 showed the effect of MK’s concentration to the nonlinear absorption. While the concentrations of
the photoinitiators were increased, the change in the transmission at the center (z = 0) has been
signi�cantly increased. In the Fig. 6, TPA coe�cients were plotted as a function of the initiator’s
concentration. TPA cross-section was calculated by (3), to be 587 × 10 −50cm4 ∙ s ∙ photon −1.  In the
case of Indene-1,3-dione, though it was successfully used as a combination [7], the nonlinear absorption
was not observed by our current experiment. Moreover, it showed neither linear nor nonlinear absorptions,
suggesting that it is not suitable as a standalone photoinitiator for photopolymerization with Nd-lasers.

( )
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Despite the strong linear absorption of I784 at 532 nm compared to MK, strong TPA of I784 at 1064 nm
was not observed under the current setup. However, this could be caused by the limitation of our
experiment. Since a very small change in the transmission cannot be accurately measured due to the
noise level, measuring the TPA cross-section < 10 GM undetectable with the current setup.

It is worth noting that TPA cross-section of MK at 1064 nm is very large and comparable to those of
common TPP photoinitiators at their peak absorption wavelengths [16]. Moreover, the fact that we
obtained the large TPA cross-section with the nanosecond pulse at low repetition rates (10 Hz) indicated
that MK could be a very promising photoinitiator for the two-photon polymerization by nanosecond lasers
at low repetition rate.

4. Conclusion
Most of the two-photon polymerization technologies have relied on Ti: Sapphire femtosecond lasers,
limiting the accessibility signi�cantly due to the overall cost and complexity of the setup. Since MK
showed the absorption at the wavelength 532 nm, it is one of the promising photoinitiator for two-photon
polymerization at the wavelength 1064 nm. In this report, we measured the two-photon absorption of MK
and other two commercialized photoinitiators under the excitation of the Nd: YAG nanosecond laser at
1064 nm. MK was the only one that exhibited the nonlinear absorption. The two-photons absorption
cross-section of MK is 587 × 10 −50cm4 ∙ s ∙ photon −1, which is high compared to common
photoinitiators. As MK exhibited an excellent TPA, it is promising to use it as an initiator for the sub-
micron structuring by a low-cost and low repetition rate such as q-switched laser. Although TPA was not
observed for both I784 and Ind, we can set the upper limit for TPA cross-section to less than 
10 × 10 −50cm4 ∙ s ∙ photon −1 for both.
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Figure 1

Schematic of the open-aperture Z-scan setup. 
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Figure 2

Linear absorption of MK (triangle), Ind (asterisk), and I784 (circle) at 10 (solid), 15 (dash), 20 (dash-dot),
and 25 (dot) mM concentration.
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Figure 3

The absorbance spectra of all photoinitiators at 532 nm (solid) and 1064 nm (dash) as a function of
initiators concentration.
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Figure 4

The nonlinear transmission of the photoinitiators dissolved in toluene at 20 mM, i.e., MK (triangle), Ind
(asterisk), and I784 (circle).
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Figure 5

Open-aperture Z-scan results of Michler’s ketone at different concentrations, i.e., 2.5 mM (circle), 5 mM
(triangle), 10 mM (inverted triangle), 15 mM (asterisk), 20 mM (star), and 25 mM (square), under
nanosecond pulses irradiation at 1064 nm. The error bars showed the standard error of mean. The solid
lines showed the theoretical �t by Eq. (2). 
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Figure 6

The two-photons absorption coe�cient (circle) as a function of MK concentration. The solid line showed
the theoretical �t by (3). The two-photons absorption cross-section of MK is 587×10-50 cm4• S•photon-

1.Setting: peak intensity 5.11 GW/cm-2, focal spot radius 45 μm,pulse width 13 ns, and repetition rate 10
Hz.


