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Abstract: An ethoxylated bis-phenol-A dimethacrylate based photoresin
BPE-100 of relatively high photosensitivity and modulus is used for the
creation of sub-50 nm features. This is achieved by using the direct laser
writing technique based on the single-photon photoinhibited
polymerization. The super-resolution feature is realized by overlapping two
laser beams of different wavelengths to enable the wavelength-controlled
activation of photoinitiating and photoinhibiting processes in the
polymerization. The increased photosensitivity of the photoresin promotes a
fast curing speed and enhances the photopolymerization efficiency. Using
the photoresin BPE-100, we achieve 40 nm dots for the first time in the
super-resolution fabrication technique based on the photoinhibited
polymerization, and a minimum linewidth of 130 nm. The influence of the
power of the inhibiting laser and the exposure time on the feature size is
studied and the results agree well with the prediction obtained from a
simulation based on a non-steady-state kinetic model.
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1. Introduction

In the past decade, the direct laser writing technique employing photo-initiated
polymerization has attracted enormous research interests due to its broad applications in
microfluidic devices, microelectromechanics systems, photonics and optical information
storage and processing [1-6]. However, fabrication resolution limited by the diffraction nature
of light in the direct laser writing technique represents a great challenge for achieving
functional structures and devices, such as metamaterials and photonic crystals operating in the
visible wavelength region. Interest in the development of a fast and inexpensive super-
resolution fabrication method, which is capable of generating deep-subwavelength feature
size with robust mechanical strength, is rapidly increasing.

Recently, a breakthrough in nanofabrication has been achieved by using the
photoinhibited polymerization process, in which a diffraction-limit-free fabrication was
demonstrated [7]. In this method, two laser beams of two colors were overlapped at the focal
spot. One laser beam (initiating beam) was used for starting the polymerization, while the
other (inhibiting beam) used to suppress the polymerization by generating a polymerization
inhibiting species. As the exposure zone of the inhibiting beam was modulated to a doughnut
shape, a diffraction-limit-free polymerization volume could be generated in the centre of the
exposed region. This approach neatly combined the production of a smaller photo-active
voxel and the prevention of dark polymerization [8], which is of great promise to realize
super-resolution fabrication. Based on this method, Scott and associates demonstrated 65 nm
dots with a single photon fabrication process. However, the photoresin used in the reported
work is of a slow curing speed and a low modulus after gelation [9], which could bring
unexpected loss in resolution and therefore imposes a great challenge for reaching the full
resolution capacity of the photoinhibited polymerization.

In photopolymerization, for a given polymerizable group, low curing speed indicates low
quantum Yyields related to the photoinitiation and chain propagation [10]. For a given light
absorber—a initiator or a photosensitizer and a polymerizable group, an increase of the
photosensitivity of the photoresin, where the photosensitivity can be expressed as the amount
of photoenergy that is required to react half of the monomers, can enhance the quantum yield
of the photoinduction and photopolymerization triggered by the photons absorbed. In this
regard, the population of photons required to achieve the polymerization threshold is
decreased, which potentially leads to a reduced light scattering. As a result, the
polymerization caused by the detrimental factor is minimized leading to a smaller
polymerization voxel. After the polymerization, the solvent washing process for removing the
unsolidified monomers can bring stress changes on the gelated structure. For a given stress
change, the high modulus of the gelated structure leads a low strain [11]. In this case, the high
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modulus and crosslinking can enhance the resistance of the photoresin to the developing
solvent, which prevents the distortion and size variance of the structure. Therefore, the
photoresin of high photosensitivity and high modulus after the gelation is essential for a
super-resolution fabrication.

In this letter, we demonstrate that a methacrylate-based monomer can be used to increase
the fabrication speed and reduce the feature size in the fabrication based on the single-photon
photoinhibited polymerization process. The monomer of high viscosity increases the
photosensitivity of the photoresin [12] and enables a fast polymerization speed. The high
modulus offers rigid strength [9] for a sharp edge of the patterns. The minimum feature size is
reduced to 40 nm by the irradiation of inhibition light, which is 1/12 of the wavelength of the
initiating laser used in the fabrication.

2. Experimental
2.1 Materials and sample preparation

The  bifunctional monomer NK  Ester BPE-100 (2.2  Bis[4-(Methacryloxy
Ethoxy]Phenyl]Propane) and TEGDMA (Triethyleneglycol Dimethacrylate), which have two
reactive methyacrylate groups per molecule, were purchased from Shin- Nakamura Chemical
Co. Ltd, Japan. To prevent spontaneous polymerization, the normal inhibitor in the monomers
was retained and the monomers were used as purchased. The photoinitiator camphorquinone
(CQ), coinitiator ethyl 4-(dimethylamino)benzoate (EDAB), photoinhibitor tetraethylthiuram
disulfide were provided by Aldrich, USA. The solvent acetone, ethanol and isopropanol were
AR grade.

To prepare the photoresin, the photoinitiator, coinitiator and photoinhibitor in the
photoresin were firstly dissolved in acetone and then mixed with BPE-100. The mixture was
kept in the oven at the temperature of 50°C for 12 hrs to remove acetone. At last, the
photoresin used for the fabrication was consisted of photoinitiator of 1 wt%, coinitiator of 0.5
wt% and photoinhibitor of 3.5 wt%, respectively, stored in dark refrigerator. Samples used for
direct laser writing were prepared by spin-coating a drop of photoresin to achieve evenly
spread area and then sandwiching the photoresin between two coverslips separated by a 40
pm thick sticky-tape spacer [13]. The coverslip was used as purchased without surface
treatments.

2.2 Photodifferential Scanning Calorimetry (Photo-DSC)

A TA-Instruments Photo-DSC was used to characterize the polymerization of the photoresin
BPE-100 and the photoresin TEGDMA [14, 15]. A high pressure mercury arc lamp with the
output power of 100W was used to irradiate samples through two light-guided fibres, emitting
light of the spectra region from 250 nm-650 nm. The photoresin BPE-100 used for heat
characterization was consisted of CQ, EDAB and BPE-100 with the content of 1 wt%, 0.5
wt% and 98.5 wt%, respectively. The photoresin TEGDMA was formulated similar to the
photoresin BPE-100, where the monomer BPE-100 was replaced by TEGDMA. The exposure
intensity of the light was fixed at 60 mW/cm®.

2.3 Fabrication

A CW mode 375 nm inhibiting laser (Coherent-cube, USA) for inhibiting polyemrization was
modulated to a Laguerre-Gaussian mode by a planar vortex phase plate (RPC Photonics Inc.
USA). A CW mode 488 nm initiating laser (Melles Griot Laser 643-RYB, USA) of a
Gaussian mode was used to initiate the polymerimerization. The inhibiting laser beam was
circularly polarized and the initiating laser beam was linearly polarized. The inhibiting laser
beam and the initiating laser beam were combined by a dichroic mirror before entering a 100
x objective of NA = 1.4 (Olympus). Quantum dot clusters, emitting light of the wavelength
region from 550 nm- 650 nm, was used as a position indicator to align these two beams. After
fabrication, the coverslip containing the gelated structure was rinsed in the pure isopropanol
for 2 min and then in the pure ethanol for 30 sec.
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2.4 Scanning electron microscope (SEM)

A ZEISS Supra 40 VP Field Emission Scanning Electron Microscope, operating at 3KV, was
used to image the polymer patterns fabricated by laser direct writing. Before the
measurement, the sample was coated with a gold layer with the thickness of 3-4 nm.

3. Result and discussion

When free radical polymerization is used for fabricating micro/nano-structures, the
performance of the monomers becomes significant. In general, a monomer of high viscosity
can shorten the exposure time and improve the photosensitivity [9]. A monomer of good
mechanical stability can resist the variance of the size and the shape during fabrication and
post-processing. Specially, in the case of photoinhibited polymerization, it should be noticed
that increasing viscosity is able to increase the polymerization rate by suppressing the
bimolecular termination reaction on one hand [12]. But on the other hand, the inhibition
efficiency is decreased due to the reduced mobility of the inhibitor. Thus, the viscosity of the
photoresin has to be carefully controlled to provide enough photosensitivity without
decreasing the inhibition efficiency. To satisfy the criteria of photoinhibited polymerization,
the monomer of NK Ester BPE-100 was introduced into the photoresin. It was an ethoxylated
bis-phenol-A dimethacrylate with and average of 2.6 ethyleneglycol units per molecule. The
viscosity of BPE-100 was 1000 mPa-s, much higher than the photoresin TEGDMA
(triethyleneglycol dimethacrylate) that was used in the previous work, where the viscosity was
8 mPa-s [16]. Moreover, the aromatic groups in the BPE-100 can provide higher modulus [17]
to enhance the mechanical stability to resist the distortion during solvent washing.
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Fig. 1. (a) The heat flow against the exposure time of the photoresin TEGDMA and BPE-100
measured by the Photo-DSC (the inset is the relevant conversion percent against exposure
time). (b) Scheme of the optical setup for photoinhibited polymerization. (c) Optical
microscopic and SEM images of the dashed line fabricated in the photoresin BPE-100 by the
irradiation of an inhibiting laser beam at intervals. The violet columns represent the sections of
the line exposed to the inhibiting laser. The status of the exposure of the inhibiting laser
switches the polymerization.
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The polymerization processes of the photoresin BPE-100 and TEGDMA were
characterized by the photoDSC (TA-Instruments Q1000) at the temperature of 20°C. For a
given temperature and an irradiation density, the peak of the heat flow during the
polymerization is proportional to the photosensitivity of the photoresin. Figure 1(a) shows the
heat flow against the exposure time for the photoresin BPE-100 and TEGDMA. The
maximum heat flow of the photoresin TEGDMA is 2.1 W/g. In comparison, the exothermal
peak of BPE-100 is at 8.4 W/g, which indicates the photoresin BPE-100 has an enhanced
photopolymerization kinetic [18]. According to the profile of the conversion percent, 50%
percent conversion was reached within 1 min in the photoresin TEGDMA and 0.2 min in the
photoresin BPE-100. This result suggests that the photosensitivity of the Photoresin BPE-100
is five times higher than that of the photoresin TEGDMA. The heat flow peak of BPE-100 is
much sharper, implying a faster initial polymerization speed and thus a shorter exposure time
is required to achieve the threshold.

To investigate the behavior of the photoresin BPE-100 in photoinhibited polymerization, a
single-photon fabrication setup was developed, as show in Fig. 1(b). A 488 nm laser
(initiating beam) for activating initiator radicals and another 375 nm laser (inhibiting beam)
for exciting inhibitor radicals were combined by a dichroic mirror, and then focused with an
objective of NA = 1.4. The photoresin BPE-100 was scanned at a speed of 2 um/s by the 488
nm initiating laser at the power of 200 nW. During the scanning, the 375 nm inhibiting laser
with a Gaussian profile was focused to the same position to inhibit the polymerization. We
found that the polymerization in the region under the inhibiting laser irradiation was
completely halted when the power of the laser reached 2.5 pW, as shown in Fig. 1(c) in the
interval between the line segments. The fabricated polymer segments have sharp boundaries
manifesting the photoresin BPE-100 of high photoinhibiting efficiency for the photoinhibited
polymerization.
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Fig. 2. Simulation results of the conversion rate of monomer are plotted along the transverse
direction at different levels of the irradiation intensity of the inhibiting laser. The arrow
indicates the direction of increasing the ratio of the irradiation intensity of the inhibiting laser
to the initiating laser. The inset is the normalized dot size as a function of the ratio of the
irradiation intensity of the inhibiting laser to the initiating laser. In the calculation, the
absorption cross section of initiator and the inhibitor is 2.1 x 10?'cm* and 5.9 x 10*'cm?
respectively, The rate constants for the initiation caused by the photoinitiator (CQ), the
termination caused by the photoinhibitor (TED), and the initiation caused by the photoinhibitor
(TED) are 3 x 107 cm®mol's ™), 1.2 x 10% cm®mol™!s™! and 3 x 10° cm®mol™'s™!, respectively.
The rate constant for the polymerization is 2 x 10° cm®mol™'s™". The rate constant for the chain
termination is 4 x 107 cm®mol™'s™". The diffusion constant of initiator/inhibitor radicals is 0.25
um?%s and the diffusion constant of chain-initiating radicals is 0.05 um?s. These values were
based on the literatures [11, 20, and 21] and estimated from the fits to the experimental data.
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To predict the theoretical limit of the photoinhibited photopolymerization with the
photoresin BPE-100, we built up a non-steady-state kinetic model to simulate the variation of
the achievable feature size by changing the power ratio between the initiating beam and the
inhibiting beam [19]. This model involves the dynamic process of the light absorption, the
radical generation, initiation, inhibition and polymerization, which could calculate time-
dependent conversion rate variation of the monomer under certain light irradiation. We
considered the recombination of free radicals caused by the confining effect, photo-inhibitor
induce polymerization, the diffusion of the photo-initiator radicals and the photo-inhibitor
radicals and the changes of the polymerization kinetic constants caused by the increased
viscosity within the focus spot [20, 21]. Figure 2 shows the plot of the conversion rate of the
monomers in the focal plane for an exposure time of 0.7 s, where the exposure time was
estimated according to the fabrication parameters used for fabricating the line shown in Fig.
1(c). The conversion rate of the monomers around the focal spot can be determined, given the
distribution of the light intensity at the focal spot by the vectorial-Debye theory [22]. In the
calculation, a Laguerre-Gaussian beam was used for the inhibiting beam. It reveals that
increasing the irradiation intensity ratio of the inhibiting laser to the initiating beam leads to a
significant suppression of the conversion rate in the exposed region of the inhibiting laser,
which implies an improved fabrication resolution can be achieved. As the monomer of BPE-
100 is a bifunctional molecule, the threshold of the polymerization is the conversion rate of
33% [11], which determines the feature size of the dots. According to the conversion rate plot,
the change of the normalized feature size of the dots reveals two gradients with the increase of
the irradiation intensity ratio of the inhibiting laser to initiating laser, as shown in the inset of
Fig. 2. When the irradiation intensity ratio of the inhibiting beam to the initiating beam
increases up to 25, the gradients of the variance of the feature size of the dots are reduced with
the increase of the intensity of the inhibiting laser, indicating a reduced inhibition strength of
the inhibitor radicals.
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Fig. 3. The dot sizes are plotted as a function of the power of the inhibiting laser in the
photoresin BPE-100. The dots were fabricated under the exposure of the initiating laser of the
power of 200 nW at the exposure time of 0.7 s. The SEM images are corresponding to the dots
fabricated under the exposure of different power of the inhibiting laser. The red curves are the
simulated results with the exposure time of 0.7 s, 0.5 s and 0.4 s, respectively, and the exposure
of the initiating laser of power of 200 nW.
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The theoretical predication on reduced feature size was confirmed by the dot fabrication at
different power levels of the inhibiting laser. In experiment, the dots were fabricated with a
fixed initiating laser power of 200 nW at a constant exposure time of 0.7 s. As shown in Fig.
3, it is clearly that the dot size decreased from 1200 to 330 nm when the power of the
inhibiting laser increased. These results agree remarkably well with the numerical simulation
and the deviation between the experimental value and simulation data is less than 25%. As the
power of the inhibiting laser increased from O to 5 uW, the dot size decreased to 1/3 of that
fabricated without the inhibiting laser. On the contrary, the dot size only decreased by 13%
when the power of the inhibiting laser was further increased to 7 pW, which implies that the
inhibition effect approaches saturation. In addition, we recognized that the size reduction
percent of 75% in the photoresin BPE-100 by increasing the power of the inhibiting laser is
smaller than that of 87% revealed in the photoresin TEGDMA [7]. This can be explained by
the decreased inhibition efficiency in the photoresin BPE-100 caused by high viscosity
induced low mobility of the inhibitors. Moreover, when the exposure time is changed to 0.5 s
and 0.4 s, the curves represent similar tendencies to that obtained at the exposure time of 0.7
s. For the exposure time of 0.4 s, the experimental values became smaller than the calculated
result, when the power of the inhibiting laser was larger than 2 uW. This is attributed to the
low conversion percent of the monomer in the exposure region, which might cause partially
polymerization, resulting in the deviation from the experiment. From these results, we can
conclude that the dynamic processes in the fabrication control the super-resolution
fabrication.
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Fig. 4. The experiment results of the dots fabricated with different exposure conditions. The
dot sizes are plotted as a function of the power of the inhibiting laser and the exposure time.
The exposure power of the initiating laser is (a) 130 nW, (b) 160 nW and (c) 200 nW. (d) is the
SEM image of the dot fabricated under the irradiation of the initiating laser of 200 nW and the
inhibiting laser of 6 uW at the exposure time of 0.4 s.

To optimize the fabrication condition, the measured feature sizes of dots were plotted
against the inhibiting laser power and the exposure time at different power levels of the
initiating laser, as shown in Fig. 4. It clearly reveals that the short exposure time can produce
smaller dots. For a longer exposure time from 0.5 s to 0.9 s, the minimum feature sizes are all
above 100 nm. For example, under the exposure of the initiating laser power of 160 nW and
the exposure time of 0.6 s, the minimum feature size is 310 nm. Because the long exposure
time complicates the fabrication process, such as the polymerization initiated by the scattered
light, the fabrication is not just dominated by the ratio of the input power of the inhibiting
laser to the power of the initiating laser. As a consequence, the feature size is difficult to
reduce by only changing the power of the inhibiting laser. Moreover, the reproducibility of
the fabrication is also decreased. For a lower power of the initiating laser of 130 nW, the
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minimum feature size cannot be reduced below 190 nm. These results suggest that the
fabrication of nanodots can only be realized in a limited region of the fabrication condition,
where the higher power of the initiating laser and the shorter exposure time are desirable.
With the initiating laser of 200 nW and the inhibiting laser of 6 uW, a dot of 40 nm was
produced, which is around 1/12 of the wavelength of the initiating laser.

With the resin BPE-100, we also investigated the line fabrication based on the
photoinhibited polymerization. In principle, the fabrication of lines is different from the
fabrication of dots where the centre of the dots is not irradiated by the inhibiting laser. During
scanning a straight line, all of the points on the scanning routine were under the exposure of
the inhibiting laser, which leads to unavoidable change in the conversion rate profile of the
lines. Accordingly, the irradiation intensity of the inhibiting laser has to be well controlled to
minimize the feature size of lines and maintain the continuity. Figure 5(a) shows a
homogeneous line scanned at a speed of 3 pm/s and the power of the initiating laser of 200
nW. The sharp edge of the line also indicates good mechanical strength of the photoresin that
can resist the distortion after the solvent washing. Figures 5(b)-(e) show the linewidth
variation against the power of the inhibiting laser. It clearly depicts that increase of the
inhibiting laser power from 0 pW to 2 uW can reduce the linewidth from 400 nm to 130 nm.

= =
i
e

(a)

Fig. 5. (a) is the SEM image of a line fabricated at a fixed scanning speed of 3 pm/s, under the
exposure of initiating laser of constant power of 200 nW. (b)-(e) are the lines fabricated with
different power levels of the inhibiting laser: for (b) 0 uW, (c) 1.0 uW, (d) 1.5 pW and (e) 2.0
nW, at the scanning speed of 3 um/s, under the irradiation of initiating laser of 200 nW. The
scale bar represents 200 nm.

4. Conclusion

In conclusion, the photoresin NK Ester BPE-100 of high photosensitivity and mechanical
stability has been developed to improve the fabrication resolution based on the single-photon
photoinhibited polymerization. A CW mode inhibiting laser beam of 375 nm was used to
inhibit the photopolymerization. The high inhibition efficiency of the photoresin allows the
inhibiting laser to easily terminate the polymerization. A kinetic model has been developed to
simulate the function of the power of the inhibiting laser in the fabrication of dots, which
reveals the inhibiting laser can significantly reduce the dot size. Experimentally, we have
demonstrated a dot of 40 nm, which is 1/12 of the initiating laser wavelength. We found that
the nanodots are presented only at a short exposure time and a relatively high power level of
the initiating laser. Moreover, straight lines with the reduced linewidth of 70% have been
fabricated under the exposure of the inhibiting laser, compared with a 400 nm line fabricated
without the inhibiting laser. These findings reveal that the development of the photoresin can
provide more opportunities for single-photon direct-laser-writing technique to fully explore
the capacity of the photoinhibited polymerization. Tuning the diffusion ability of the inhibitor
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to increase the inhibition efficiency of the photoresin and applying multifunctional monomers
to enhance polymer crosslinking networks could potentially bring a further improvement to
achieve the feature size in a sub10 nm scale.
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