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To achieve efficient micro- and nanostructuring based on two-photon polymerization (2PP), the

development and evaluation of specialized two-photon initiators (2PIs) are essential. Hence, a reli-

able method to determine the two-photon absorption (2PA) spectra of the synthesized 2PIs used for

2PP structuring is crucial. A technique by which absolute visible-to-near-infrared 2PA spectra of

degenerate nature can be determined via performing a single dispersive white-light continuum

(WLC) Z-scan has been realized. Using a dispersed white light beam containing 8 fs pulses at

wavelengths ranging from 650 nm to 950 nm, the nonlinear transmittance as a function of the sam-

ple position can be measured for all spectral components by performing a single scan along the

laser beam propagation direction. In this work, the 2PA spectrum of three different 2PIs was deter-

mined using this technique. 2PP structuring was also accomplished using the developed 2PIs at dif-

ferent wavelengths. Tuning the wavelength of the laser to match the peak of the 2PA spectra of the

developed 2PIs resulted in lower intensity thresholds and facilitated higher structuring speeds. As

an example, using M2CMK 2PI for 2PP, the scanning speed can be increased up to 5 folds when

the laser wavelength is tuned to 760 nm (i.e., 2PA maximum) instead of the conventionally used

800 nm. VC 2017 Author(s). All article content, except where otherwise noted, is licensed under a
Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4989917]

Two-photon absorption (2PA) has found many applica-

tions owing to its unique capability to induce a permanent

physical/chemical change in a well-defined volume of a

material, which is smaller than the focal volume given by the

diffraction limit for linear absorption.1 Consequently, it is

feasible to produce 3D structures with resolution beyond the

diffraction limit by means of two-photon polymerization

(2PP)2 or 3D grafting3 which has found applications such as

in tissue engineering4 in the general field of biomedical engi-

neering.5 In order to exploit the advantages of 2PP and

advance it towards industrial applications, the throughput of

the technology has to be dramatically increased. For this pur-

pose, in addition to a higher laser pulse energy and repetition

rate, specialized photoinitiators (PIs) with a higher 2PA cross

section are also required. Tuning the wavelength of the laser

used for structuring to match the peak of the 2PA spectra of

the developed two-photon initiators (2PIs) results in greater

process efficiency and consequently allows the 2PP structur-

ing with higher throughput. Unfortunately, the linear absorp-

tion spectra do not allow us to exactly predict the 2PA

behavior of PIs. One may speculate that the 2PA spectral

maximum equals to twice the one-photon absorption (1PA)

maximum, but there is a blue shift of the 2PA spectra relative

to the 1PA spectra since the selection rules for 2PA are dif-

ferent from those for 1PA.6 Hence, developing a reliable and

fast method to determine the 2PA spectra of the synthesized

2PIs used for 2PP structuring is crucial.

For determining the 2PA spectra, a light source capable

of emitting different wavelengths with sufficient intensity to

induce optical nonlinearity is required. An adequate option

would be a tunable laser producing ultra-short pulses [e.g.,

an optical parametric amplifier (OPA) or optical parametric

oscillator (OPO)]. An alternative choice could be a white

light continuum (WLC) source with an ultra-broadband spec-

trum corresponding to sub-10 fs pulses. Using such a light

source in the conventional Z-scan,7 the 2PA cross section

can be determined step by step at each wavelength. In sum-

mary, the following methods have been proposed and imple-

mented for determining 2PA spectra:

(a) Using a tunable laser such as OPA or OPO: By tuning

the central wavelength of the laser output, the conven-

tional Z-scan can be repeated at different wavelengths,

and thus, 2PA spectra can be obtained. This is, of

course, cumbersome and time-consuming.8–12

(b) Using a WLC13 source with a series of narrow band fil-

ters: In this method, a narrow range of the WLC spec-

trum is selected by a narrow band filter and the

conventional Z-scan is performed. By changing the filtera)Author to whom correspondence should be addressed: ajami@semnan.ac.ir
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and repeating the Z-scan at different wavelengths, the

2PA spectra can be obtained in a point-by-point fashion,

which is again cumbersome and time-consuming.14–18

(c) Using a nondispersive WLC Z-scan: In this method, the

WLC beam is focused entirely in a single spot using a

spherical lens within the sample which is scanned along

the laser beam direction. Therefore, both degenerate and

nondegenerate 2PA (absorption of two photons at the

same and different wavelengths, respectively) occur in

the medium, and thus, it is impossible to determine the

pure degenerate 2PA spectra using this method.19–21

(d) Using dispersive WLC without scanning: In this

method, the WLC beam is spatially dispersed and then

focused by a spherical lens into the sample which is

mounted on the focal position. By comparing the trans-

mission of the sample at the focus to that of the pure

solvent, the relative (not the absolute) 2PA can be

determined.22–24

In this paper, an advanced method by which the abso-
lute visible-to-near-infrared 2PA spectra of degenerate
nature can be determined via performing a single dispersive
WLC Z-scan is described in detail. The specific features and

how to overcome the drawbacks of the aforementioned

methods are presented in the following. In the setup used for

this work (Fig. 1), the output pulses of a femtosecond laser

amplifier at a central wavelength of 800 nm are focused at

the entrance of a hollow fiber placed inside a chamber filled

with argon gas (KALEIDOSCOPETM hollow fiber compres-

sor, Femto Lasers, Austria). The output WLC beam, which is

spectrally broadened in the range of 550–1000 nm, passes

through a compressor consisting of 8 chirped mirrors. The

compressor provides Fourier-transform-limited pulses with a

pulse duration of about 8 fs. The WLC is then spatially dis-

persed and collimated using a F2-glass prism-pair. The colli-

mated spatially dispersed beam (30 mm wide and 10 mm

tall) is focused by a cylindrical lens into a 50 lm tall line

within the sample. In this way, the width of the beam

remains unaffected, and thus, the spectral resolution does not

vary when the sample is moved along the laser beam propa-

gation direction. Since in this method different spectral com-

ponents of the WLC beam are spatially separated along a

narrow line inside the sample, each infinitesimal volume

within the illuminated region of the sample is irradiated with

a narrowband (e.g., 10 nm) radiation, leading only to degen-

erate 2PA originating from the same spectral components.

The transmitted intensity distribution is then imaged

into a charge-coupled device (CCD) line camera [CCD-

S3600-D from ALPHALAS (3648 pixels with pixel-width of

8 lm)] using a cylindrical lens. In order to prevent the satura-

tion of the output signal of the CCD line camera, appropriate

neutral density (ND) filters were used. The wavelength cali-

bration of the CCD camera was accomplished based on the

calculation results and utilizing the main amplifier beam as a

reference spectrum. The data measured by each camera pixel

yield the Z-scan signal for the specific spectral component.

In this way, it is in principle feasible to detect 3648 Z-scan

transmittance signals by performing only a single scan.

The spectrum of the transmitted spatially dispersed

WLC is measured at each z-position as the sample is scanned

along the beam direction. Therefore, the final measured data

represent a matrix of the NM dimension. In this notation, N
denotes the total number of pixels of the CCD line camera

(N¼ 3648) and M denotes the number of z-positions (steps)

during the entire scanning length. In the real experiment, the

resolution was reduced from 0.08 nm to 5 nm by adding the

signals from 60 pixels. This results in a sufficiently high sig-

nal-to-noise ratio.

By rearranging the acquired compact matrix of data, the

equivalent of 60 Z-scans at different wavelengths were

obtained by performing only a single scan. Figure 2(a) shows

a few Z-scans at some selected wavelengths for Rhodamine

B used as a standard dye to test the reliability of the method

and its implementation.

The 2PA coefficient at each wavelength can be extracted

by fitting Eq. (1) (Ref. 7) to the measured Z-scan for the

respective wavelength.

T zð Þ ¼
X1
n¼0

�a 2 L I0ð Þ n

nþ 1ð Þ
3
2 1þ z 2

z 2
R

 ! n ; (1)

where T is the normalized transmittance, L is the sample

thickness, zR is the Rayleigh range, z is the sample position

measured with respect to the focal plane, I0 is the peak on-

axis intensity at the focal plane, and a2 is the 2PA coefficient.

Then, the 2PA cross section can be calculated using the

following equation:25

r2 ¼
h c a 2

k NA q� 10�3
; (2)

where h is the Plank constant, c is the light speed in free

space, NA is the Avogadro constant, q is the concentration of

the examined solution in mol/lit, and k is the wavelength.

The CCD output signal was then calibrated with respect

to the sensitivity curve of the CCD and the transmission

FIG. 1. Setup of the dispersed white

light Z-scan.
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curve of the ND filters. Then, the spectral energy can be deter-

mined using (dI/DI)E, where dI is the summation of intensity

detected by each of the adjacent 60 pixels, DI is the summa-

tion of intensity detected by all 3600 pixels when the sample

is far away from the focal plane, and E is the entire pulse

energy that was measured prior to the prism pair. By deter-

mining the energy for each spectral region, the magnitude of

I0 required for fitting Eq. (1) to the Z-scan is obtained.

In order to test and verify this method, Rhodamine B

was measured since it is one of the few materials for which

the 2PA spectra can be found in the literature. Figure 2(b)

illustrates the 2PA spectra of Rhodamine B, indicating a

peak 2PA around 820 nm, which is in a reasonable agree-

ment with the data found in the literature.26,27

A few recently developed 2PIs have been examined using

the proposed technique. The organosoluble 2PI M2CMK28 is

typically used for submicrometre stereolithography and rapid

prototyping using acrylate resins, whereas P2CK and E2CK29

are water-soluble and were developed to facilitate the printing

of hydrogel scaffolds for tissue engineering.

Figure 3 shows the 2PA spectra of the selected 2PIs

obtained by our method.

The water-soluble initiator P2CK shows the largest 2PA

cross section as compared to other initiators with the main

peak around 810 nm. The second water soluble initiator

E2CK has its main absorption peak at 830 nm. M2CMK pos-

sess a broad absorption band ranging from 700 nm to 850 nm

with the main peak around 760 nm.

3D polymeric structures were produced in a solution of

the 2PI dissolved in a 1:1 equimolar mixture of trimethylol-

propane triacrylate (TTA, Genomer 1330) and ethoxylated-

(20/3)-trimethylolpropane triacrylate (ETA, Sartomer 415).

The sample is mounted on an assembly of three linear transla-

tion stages for complete 3D movement. A tunable femtosec-

ond laser oscillator (MaiTai DeepSee by Spectra Physics) was

used for 2PP structuring. An acousto-optical modulator was

employed for fast switching of the laser beam and for adjust-

ing its intensity. The beam was focused into the sample with a

water-immersion microscopy objective (32x/NA¼ 0.85). The

woodpile structures were created by scanning the beam within

the sample by using a galvo scanner (HurryScan, ScanLab).

Figures 4(a) and 4(b) show the laser scanning micros-

copy (LSM) images of the 3D polymeric structures created

based on 2PP using M2CMK applying two different wave-

lengths of 760 nm and 800 nm, respectively. In both tests, the

laser power varied in the range of 4–22 mW and the writing

speed varied in the range of 20–200 mm/s. At the lowest

scanning speed of 20 mm/s, a laser power of 6 mW is suffi-

cient to produce defect-free structures using 760 nm, whereas

8 mW is still not sufficient to create the same structure using

800 nm. It can be asserted that the power threshold is

reduced by more than 20% using 760 nm instead of 800 nm.

This observation is in good agreement with the 2PA spectra

shown in Fig. 3, explained by the fact that the energy

absorbed in the 2PA process is proportional to the product of

the 2PA cross section and the square of the laser intensity.

Tuning the laser wavelength to match the 2PA peak of

M2CMK resulted in a possible increase in the writing speed.

By comparing Figs. 4(a) and 4(b), one can recognize that in

the power range of 8–10 mW, the writing speed can be

increased by a factor of at least 5 using 760 nm instead of

800 nm. For instance, at a laser power of 10 mW, the scan-

ning speed should be less than 40 mm/s to produce a defect-

free structure using 800 nm, whereas the scanning speed can

be increased up to 200 mm/s using 760 nm wavelengths. This

can be understood because 10 mW is just above the threshold

using 800 nm, while for 760 nm, 10 mW is substantially

above the threshold and consequently leads to producing

much more polymer, thus allowing a substantial increase in

the scanning speed. The developed method provides means

to screen spectral 2PA characteristics of different compounds

in a quick and reliable manner. The obtained data can serve

as a guideline for the design of specialized 2PIs. It has to be

noted that, while the change in the 2PP threshold values was

FIG. 2. (a) Selected Z-scan curves of

Rhodamine B measured at different

wavelengths (data fit). (b) 2PA spectra

of Rhodamine B; the solid circles indi-

cate the data measured in our work,

while the crosses indicate the values

taken from the literature.

FIG. 3. 2PA spectra of three different 2PIs (M2CMK, P2CK, and E2CK)

measured using the developed method.
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observed, additional methods have to be used in order to ver-

ify the resulting double-bond conversion within the 2PP pro-

duced structures.30

In conclusion, we have shown that the absolute visible-

to-near-infrared 2PA spectra of degenerate nature of nonlin-

ear materials can be determined in a quick and reliable man-

ner by a single scan. A WLC produced by a hollow fiber was

used to measure the 2PA spectrum of a few selected 2PIs in

the range of 650–950 nm from which the peak 2PA for each

2PI was determined. In order to verify the result of the 2PA

spectral measurement, 3D structuring based on 2PP was also

realized using the examined 2PIs at different wavelengths

delivered by a tunable laser. The 2PP results using the exam-

ined 2PIs were consistent with the 2PA spectrum: (1) the

power threshold to induce 2PP decreases with the increasing

2PA cross section of the 2PI and (2) tuning the wavelength

of the laser to match the peak of the 2PA spectra allows pro-

ducing 2PP structures at significantly higher scanning speed

(e.g., more than 5 times higher in our work).

This work was supported by Austrian Science Fund

(FWF) with Project No. 27555-N28.
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