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Abstract: Birefringent materials have many applications in optical devices.
An approach to obtain optically induced birefringence is to employ a guest-
host strategy, using a polymer matrix containing an azodye. However, such
method normally leads to low residual birefringence. Therefore,
methodologies to produce microstructures with optimized birefringence are
still on demand. Here we report on the fabrication, using two-photon
polymerization, and characterization of birefringent microstructures
produced in a polymer blend containing an azopolymer. Such
microstructures present good structural integrity and residual birefringence
of approximately 35 percent, depending on the sample formulation used,
which indicates this approach for the fabrication of microoptical devices.
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1. Introduction

Materials displaying photoinduced birefringence have been widely studied owing to their
potential applications in optical devices such as optical data storage [1-3]. In the case of
azocompounds, birefringence arises from a reversible photoisomerization (trans-cis-trans)
and consequent molecular orientation [1,4]. While irradiated by linearly polarized light, the
azochromophores undergo trans-cis-trans isomerization cycles, which are accompanied by
molecular orientation. After several of these cycles, an excess of chromophores are aligned
perpendicularly to the laser polarization, resulting in a macroscopic birefringence in the
sample. When the excitation laser (writing beam) is turned off, some relaxation of the
orientation occurs in the sample. Nevertheless, a considerable percentage of molecules
remain oriented. Such optically induced birefringence can be observed by measuring the
transmittance of a probe beam that passes through the sample when it is placed between two
crossed polarizers. Aiming at applications in data storage devices, polymeric materials doped
with azochromophores, presenting photoinduced birefringence, have been produced [4-8]. In
such case, the guest-host strategy adopted to incorporate the azochromophore into the
polymer led to low residual birefringence due to the high mobility of the chromophore in the
polymeric matrix [9,10].

In this work, however, we report the fabrication of microstructures containing an
azopolymer, which is expected to increase the residual birefringence. Thus, we prepared a
polymeric blend containing the azocopolymer of 2-hydroxyethyl-methacrylate and 4-[N-
ethyl-N-(2-methacryloxy-ethl)]-amino-2’-chloro-4’-nitro-azobenezene (HEMA-DR13) and a
tri-acrylic resin, used as the base resin for the microfabrication. The microstructures were
obtained by two-photon polymerization (2PP), a technique that allows the fabrication of
complex 3D topologies with no intrinsic constraints [11,12] and resolution bellow the
diffraction limit [12—15]. Furthermore, by doping the resin used for 2PP with distinct
compounds, some groups have achieved microstructures with interesting optical, biological
and electrical properties [16-20]. The azopolymer-doped microstructures fabricated present
birefringence when excited by an Ar’ laser operating at 514.5 nm. Because the
azochromophore (DR13) is attached to the polymer backbone of HEMA-DRI13 as a side
chain, limiting the mobility of the azodye, we have been able to achieve a remaining
birefringence of about 35% of the maximum birefringence value. These doped
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microstructures open new possibilities for applications in micro optical devices such as micro
optical storage and selective polarization devices.

2. Experimental

The experimental apparatus used for the fabrication of polymeric microstructures via two-
photon polymerization (2PP) is composed by two movable mirrors, a precision motorized
stage and a CCD camera for monitoring the fabrication. The laser source used is a Ti:
Sapphire oscillator operating at 86 MHz and delivering 100-fs pulses centered at 790 nm. The
pulsed laser beam is focused through a microscope objective (0.25 NA) into the resin, which
is placed between two glass slides. In a region around the focal volume, light intensity is high
enough to induce two-photon absorption and locally initiate the radical polymerization.
Further details on this experimental setup can be found elsewhere [18]. After polymerization
the sample is immersed in ethanol to wash away all uncured resin, leaving on the substrate
only the fabricated microstructures.

The resin used for the microfabrication is composed by two three-acrylic monomers;
tris(2-hydroxyethyl) isocyanurate triacrylate (resin A) and ethoxylated(6) trimethylolpropane
triacrylate (resin B) [21]. Because guest-host systems, in which an azodye (such as DR 13) is
dispersed in a polymeric matrix, usually present low residual birefringence (smaller than 10
percent), in this work we prepared a polymer blend of HEMA-DRI13 and the acrylic resin
(base resin). A solution of HEMA-DR13 in ethanol was mixed to the resin formulation, in a
proportion of 0.75 weight % of the azopolymer, for approximately 1 hour. After mixing, the
sample is left for 24 hours in a 50°C oven, for evaporation of the solvent. To this formulation
we add the photoinitiator ethyl-2,4,6-trimethylbenzoyl phenylphosphinate [21] in 1.5 weight
percent. The final formulation results in a red viscous liquid. A drop of this liquid is placed
on a glass substrate between two spacers and then it is ready for the 2PP process. For
comparison purposes we have also prepared macroscopic samples (thin films), which were
polymerized using a UV-lamp, with the same composition of the 2PP microstructures.

To assess the induced birefringence, we measured the transmission of a linearly polarized
He-Ne laser at 632.8 nm (reading beam) passing through the sample, that is located between
two crossed polarizers. Birefringence is induced by exposing the sample to a linearly
polarized Ar" laser at 514.5 nm (writing beam).

3. Results and discussion

Typical structures are shown in the scanning electron microscopy (SEM) and bright field
microscopy images presented in Figs. 1(a) and 1(b), respectively. For birefringence
measurements on microscopic samples, we setup the apparatus illustrated in Fig. 2(a). To
observe the light transmission through the sample, placed between crossed polarizer and
analyzer we used a 0.25 NA microscope objective and a CCD camera. Figures 2(b) and 2(c)
show, respectively, the image of the sample obtained with the reading beam (He-Ne laser)
before turning the excitation laser on (Ar' laser - writing beam) and after the writing beam
exposure (one minute).
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Fig. 1. Microscopy images of a microstructure containing HEMA-DR13. (a) Scanning electron
micrograph and (b) bright field image.

a Spectral filter b
Polarizer +45° Sample
633 nm
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\ | —
514 nm Polarizer 90° R
Analizer -45°

Fig. 2. (a) Experimental setup used to observe the optically induced birefringence in
microscopic samples. (b) Image observed in the CCD camera before the writing beam
irradiation and (c) after writing beam exposure (one minute).

Since the polarizer and analyzer are crossed, no light from the reading laser (He-Ne) is
observed on the camera (Fig. 2(b)). A spectral filter is used to block any light coming from
the writing laser. As the writing laser impinges the sample, reading laser transmission
increases due to the photoinduced birefringence. Thus, reading beam light can pass through
the analyzer (Fig. 2(c)), whereas other parts of the illuminated camera image area remain
dark. Every sample passed through several writing and erasing cycles without any
considerable damaging of their optical properties. To evaluate the influence of the resins on
the residual optical memory, we have performed transmittance measurements in microscopic
samples with different proportions of resin A and B. Sample 1 has 70% of resin A and 30%
of resin B, while Sample 2 has 50% of each monomer. Both samples have the same amount
of HEMA-DRI13. Considering that resin A increases the rigidity of the resulting polymer
[21], it is expected that samples with higher amount of this monomer will yield higher
residual birefringence because relaxation of the aligned molecules will be decreased. For each
sample we have performed transmittance measurements for different writing irradiances.
Figure 3 shows the transmittance as a function of the exposure time for a macroscopic sample
(thin film with the same composition of Sample 2), obtained with a writing beam irradiance
of 140 mW/cm’.

In Fig. 3, no transmission of the reading beam is observed prior to the writing beam
excitation, indicating the random orientation of the azochromophores. When the writing beam
is turned on (point I), transmittance increases as a result of the induced birefringence in the
material. When the writing beam is switched off (point II), the transmittance decreases to a
saturation value (point III). The ratio between this value and the maximum signal is defined
as the residual signal. As can be seen in Fig. 3, the residual signal we obtained for this sample
is approximately 30 percent.
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Fig. 3. Optically induced birefringence experiment for a macroscopic sample with Sample 2
composition (50 wt % of resin A and B). The writing beam irradiance for both samples is 140
mW/cm?. The writing beam is turned on and off at points I and II, respectively. The point IIT
denotes the residual signal after turning off the writing beam

Typical optically induced birefringence curves were also obtained for microstructures (as
the one displayed in Fig. 1) with distinct compositions (Sample 1 and Sample 2). Figure 4
displays transmittance curves for a writing irradiance of 330 mW/cm?. The optically induced
birefringence (4n) can be determined by measuring the probe beam transmittance after the
analyzer, T, according to: An = A/nd sin”'\'T, where A is the wavelength of the incident
radiation and d is the sample thickness. By calibrating the transmission (7) from the image
and considering the microstructure thickness (~100 pm), we obtained An =4 x 107,

da
10}

b

~35%

Normalized Transmitance

~15%

1
0 50 100
Time (s)

1
150 0 50 100 150
Time (s)

Fig. 4. Optically induced birefringence experiment for microstructures: (a) Sample 1 (70 wt %
of monomer A and 30 wt % of B) and (b) Sample 2 (50 wt % of monomer A and B). The
writing beam irradiance for both samples is 330 mW/cm®.

While for Sample 1 we observe residual signals of about 15 percent, for Sample 2 these
values are in the order of approximately 35 percent. Also, the maximum transmittance
measured is higher for Sample 1, as indicated by the signal to noise ratio. These results show
that, although Sample 1 has a higher relative amount of resin A, which increases the final
structure rigidity, it actually presents a lower residual signal than Sample 2 (which has the
same amount of the two resins). We believe that such behavior could be related to a larger
free volume [22] in Sample 1. That extra space would allow a higher freedom of movement
for the chromophores, making it easier either to align under illumination or to misalign when
the writing laser is turned off. Decay times also depend on the free volume inside the polymer
as does the residual transmittance signal.

The time evolution of the transmittance signal (rising curve, from point I to II) can be
fitted with a bi-exponential function T = A/ [1-exp(-t/ty)] + A, [1-exp(-t/t,)], where the indices
f and s refer, respectively, to fast and slow contributions to the optically induced
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birefringence. The fast contribution is associated to the local mobility of the azo moieties,
which is controlled by the interactions and free volume around them, while the slow
contribution depends mainly on the mobility of the backbone polymer segments. By fitting
transmittance signals (rising curves), similar to the ones in Figs. 4(a) and 4(b), at different
writing beams intensities with the double-exponential function, we were able to obtain 1
Such results are summarized in Table 1.

Table 1. Fast Response Time as a Function of Writing Beam Intensities for
Samples 1 and 2*

Sample 1 Sample 2
I(mW/cm?) Ay T (s) A, T, (S) I(mW/cm?) Ay T (s) A T, (8)
240+ 10 0.92 35+0.2 0.08 25 260 + 20 0.90 43+03 | 0.10 25
330+ 20 0.98 23+0.2 0.02 15 33020 0.97 3502 | 0.03 15
420 + 30 0.99 1.9+0.1 0.01 25 400 + 30 0.99 22+0.1 0.01 15

*The fitting errors for Ay, A, and 7, are, respectively + 0.05,+ 0.02 and £ 5 s.

From the data in Table 1 we observe that the fast response component is the major
contribution to the optically induced birefringence. Since the slow response time Ty is
associated with the motion of the polymer chain it is expected to be much slower (about 10
times) and basically independent of the experimental conditions, as we observed considering
the fitting errors. As can be seen in Table 1, for all tested writing beam irradiances, Sample 1
presents smaller 1, than Sample 2, indicating a higher free volume in Sample 1 in comparison
to Sample 2, corroborating the smaller residual signal observed for Sample 1 (Fig. 4). This
larger free volume is an effect of the lower total double bond conversion. During
polymerization, the cross linking of the acrylic resin raises the glass transition temperature at
a rapid rate, leading to a low mobility of free radicals. This in turn results in low conversion
rates (reducing the amount of cross linking), leading to a higher free volume in the polymer.
Therefore, although resin A provides greater hardness, it also reduces the total conversion
rate rendering the sample higher free volume. This indicates that achieving high residual
signal is not a simple matter of increasing polymer hardness. Our results show that an
optimum point should be found in order to obtain maximum induced birefringence, which is a
fundamental aspect for designing micro optical memory devices.

4. Conclusion

Using two-photon polymerization we fabricated microstructures from a blend composed by
two acrylic resins and the azopolymer HEMA-DR13. The designed microstructures presented
good residual birefringence and structural integrity. By using the azopolymer instead of a low
molecular weight azodye, we could achieve high residual memories compared to previous
results reported in the literature. By modifying the matrix polymer composition, we could
optimize the residual induced birefringence of the microstructures. Through the analysis of
the birefringence time-evolution curves we found that by decreasing the proportion of
monomer A, responsible for providing hardness to the polymer microstructure, we could
decrease the free volume in the material, giving less mobility to the azochromophores, which
in turn increased residual optical memory. Our results show that increasing residual memory
is not a matter of simply increasing polymer hardness, but depends on finding an optimum
composition for the base resins and the azopolymer, which is a fundamental aspect for
designing micro-optical storage devices.
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