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All-optical switching properties of poly(methyl
methyacrylate) azobenzene composites
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In this paper, the all-optical switching polymer composites based on poly(methyl
methacrylate) (PMMA) and azobenzene dyes were prepared. The optical switching effects
of the composites were measured by using 514 nm pump beam and 632.8 nm probe beam.
The composites’ photoinduced reversible and repeatable change in the transmittance of
the probe beam is attributed to the photoisomerization of the azobenzene dyes. The
influencing factors of the optical switching properties, such as the modulation frequency,
pump beam intensity and temperature, were studied experimentally. The effects of pump
beam power and temperature on the optical switching response were also studied
experimentally. © 2003 Kluwer Academic Publishers

1. Introduction
In recent years, much attention has been paid to photon-
ics in which light can be controlled by light as a stimulus
as future technology for various photonic applications
such as optical switching, high-speed information pro-
cessing, optical image storage, and optical display [1].
Light has a lot of properties such as intensity, polar-
ization, and wavelength, and these properties are quite
useful for information processing. Therefore, by pho-
tonics, it may be possible to process much information
quickly. In photonics, switching devices play an im-
portant role in the control of light, changing their own
physical properties with the stimulus light.
Azobenzene-containing polymer systems have re-
ceived increasing attention because of their unique and
unexpected properties which allow various applications
triggered by light [2—6]. One of the attractive phenom-
ena is photoinduced alignment of the azobenzene moi-
eties upon irradiation of linearly polarized light. The
photoinduced anisotropy of azobenzene dyes has been
studied quite a lot for promisingapplications in optical
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data storage and all-optical switching [6—13]. As for op-
tical data storage, polymer systems containing azoben-
zene dyes have been reported by many researchers, e.g.
surface relief gratings and photoinduced birefringence
resulted from the photoinduced anisotropy of azoben-
zene in these systems [7, 8, 14—16]. As for all-optical
switching, various polymer liquid crystal (LC) compos-
ites containing azobenzene dyes have been studied; in
these composites, phase transitions of the LCs induced
by the photoinduced anisotropy of azobenzene are the
keys to optical switching effects; orientation of azo dyes
induced by irradiating the polarized light is considered
to be a driving force for the alignment of the liquid crys-
tals [17-19]. Few composite systems containing only an
inert host polymer and azobenzene dyes have been re-
ported for the all-optical switching effect. In the present
paper, we report long-term stable all-optical switching
devices based on composites consisting of poly(methyl
methacrylate) (PMMA) and the donor-acceptor type
azobenzene dyes 4'-(2-hydroxyethyl)ethylamino-2-
chloro-4-nitroazobenzene (Disperse Red 13, DR 13).
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Figure 1 Experimental setup for measurement of optical switching effect: F—filter; L—lens; P—polarizer; M—mirror; B.S.—beam splitter;

S—sample; PH—diaphragm.

The all-optical switching effects of these composites
were studied by using the 514 nm pump beam and
632.8 nm probe beam. In addition, the effects of the
modulation frequency of the chopper, the pump beam
intensity and temperature on the optical switching prop-
erties of the composites were investigated experimen-
tally as well. Long-term stability of over one year of
the devices was accomplished by carefully eliminat-
ing impurities, residual solvents, and air pockets in the
material.

2. Experimental

2.1. Sample preparation

Poly(methyl methacrylate) (PMMA, My, = 93000),
and 4’-(2-hydroxyethyl)ethylamino-2-chloro-4-
nitroazobenzene (Disperse Red 13, DR 13) were
purchased from Aldrich Chemical Company.

The film samples were prepared as follows: PMMA
was dissolved in toluene. A clear solution was obtained.
To this clear solution, DR 13 (equivalent to 2.5% of
PMMA by weight) was added. Then the mixture was
heated and stirred for 5—6 h until a clear, red solu-
tion was obtained. Afterwards, the solution was filtered
(5.0 um, Teflon) into another beaker. Later, the solution
was heated on a hotplate to evaporate some of the sol-
vents. After the solution volume was reduced to about
3 x107° m? (this solution is used as the solution sam-
ple in the experiment), the remaining solvents were re-
moved by heating the solution on a piece of stainless
steel. The stainless steel plate was placed on a hotplate
and heated to 60°C-70°C. The solution was pipetted
onto the stainless steel plate drop by drop and stirred
with a stainless steel spatula until all of the solvents ap-
peared to have evaporated. The soft polymeric material
was then rolled into a ball and cut into small pieces for
film preparation.

Prior to film preparation, the above-mentioned ma-
terial was placed in the vacuum oven and dried at 65°C
for 4 days just before use. The drying was found to
be necessary for preventing formation of bubbles in the
film due to residual solvent. Then the dried material was
placed on the glass slide, 4 Teflon spacers (50 pm thick)
were placed on the four corners of the glass slide. The
glass slide was placed on the hotplate, until the material
softened. Afterwards, a second glass slide was used to
sandwich the material in between the two glass slides.
At the same time, pressure was applied to the glass
slides. Finally, the device was allowed to cool to room
temperature in air.
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2.2. Measurement

The all-optical switching effect of the composites were
measured by using the experimental setup as shown in
Fig. 1. An argon laser beam (514 nm) with a diameter
of 0.5 mm was used as the pump beam. The sample
was placed between two orthogonal polarizers (P2 and
P3) in the path of a He-Ne laser beam (632.8 nm, probe
beam, 1.16 mW, with a diameter of 0.3 mm). The angle
between the polarization direction of polarizers P1 and
P2 s 45°. The optical change of the samples induced by
pump beam was monitored by detecting the intensity
of the probe beam transmitting through polarizer P3.
The intensity was automatically recorded with a digital
oscilloscope.

3. Results and discussion

Fig. 2 shows the intensity of the transmitted probe beam
as a function of time at different modulation frequen-
cies (pump beam power = 27.4 mW). In the figure,
at the peak points of the curves, the pump beam was
turned off; while at the valley points of the curves, the
pump beam was turned on. When the pump beam was
blocked, the transmitted intensity of the probe beam
was quite low; this is because the angle between po-
larizers P2 and P3 is 90°. When the pump beam was
unblocked, the probe beam could be detected. This is
because the polarization of the probe beam is changed
while passing through the sample due to the photoin-
duced anisotropy resulted from the irradiation of the
pump beam. It is well known that, azobenzene groups
can exist in two configurations: the cis form and the
more stable trans form. When exposed to light of a cer-
tain wavelength, the stable trans form can be photoi-
somerized to the cis form. Cis-trans isomerization can
occur thermally and/or photochemically. By the rep-
etition of the trans-cis-trans isomerizations, photoin-
duced anisotropy will occur. In our composite systems,
the photoinduced anisotropy changes the polarization
of the probe beam.

From Fig. 2, we can see that, as the pump beam is
turned on, the intensity of the probe beam increases
rapidly; while as the pump beam is turned off, the in-
tensity of the probe beam decreases quickly. This indi-
cates the all-optical switching effect has quick response.
As the modulation frequency increases (from 300 to
1000 Hz), the switching response becomes quicker, but
the modulation depth (all-optical switching effect) be-
comes less. This is because, at higher modulation fre-
quency, there might be in sufficient time for the oriented
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Figure 2 The intensity of the transmitted probe beam as a function of time under different modulation frequencies.
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Figure 3 The intensity of the transmitted probe beam as a function of time at different pump beam powers.

azobenzene molecules to relax to their fully random
structure; hence the modulation depth becomes less.

Fig. 3 shows the intensity of the transmitted probe
beam as a function of time at different pump beam pow-
ers (modulation frequency = 500 Hz). It can be seen
that, under a given modulation frequency, the modu-
lation depth becomes greater as the pump beam in-
tensity is increased. This is because, at higher pump
beam intensities, the photoanisotopy of the compos-
ites is stronger, which in turn leads to greater modu-
lation depth. From Figs 2 and 3, it also can be seen
that, under different modulation frequencies and pump
beam intensities, there is no obvious crosstalk for the
device.

Fig. 4 shows the optical switching effect of the
sample under different temperatures (modulation fre-
quency = 500 Hz, and pump beam power = 39.3 mW).
It can be seen that, as temperature increases, the optical
switching becomes less obvious. The glass-transition
temperature of the system is 104°C (measured by using
a Perkin Elmer DSC 7 differential scanning calorime-
ter (DSC) with a heating rate of 10°C/min under nitro-
gen). In this experiment, the testing temperatures are
under the glass-transition temperature of the system.
The experimental phenomenon is probably because, as
temperature is increased, the cis-trans back isomeriza-
tion of the azobenzene molecules occurs more quickly.
In this experiment, in addition to film samples, we
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Figure 4 The intensity of the transmitted probe beam as a function of time at different temperatures.

also measure the optical switching effect of the solu-
tion sample. No optical switching effect could be ob-
served for the solution sample. This may be explained
as follows: Upon exposure to the pump beam, in film
samples, through the trans-cis-trans transitions, azo
dye molecules are arranged in an ordered way, thus
photoinduced anisotropy occurs. Compared with film
samples, in solution, the cis-trans back isomerization
of azo molecules is much easier, and the polymer chain
segments are also in free motion, so no significant pho-
toinduced anisotropy could occur.

In the present study, the effects of the pump beam
power and temperature on the system’s optical switch-
ing response were also investigated, and the experimen-
tal results are shown in Figs 5 and 6. Fig. 5 shows the
intensity of the transmitted probe beam as a function of
time at different temperatures when the pump beam is
kept turned on (pump beam power = 38.7 mW). Fig. 6
shows the intensity of the transmitted probe beam as a
function of time at different pump beam powers when
the pump beam is kept turned on. It can be seen that,
under lower temperatures or lower pump beam powers,
the intensity of the probe beam intensity first increases
with time, then levels off; under higher temperatures or

higher pump beam powers, the intensity of the transmit-
ted probe beam first quickly reaches a maximum value,
then decreases with time; as the temperature or the
pump beam power increases, the peak of the transmit-
ted probe beam intensity becomes more obvious, but the
peak value becomes smaller. These experimental phe-
nomena can be explained as follows: under lower pump
beam power, photoinduced anisotropy due to trans-cis-
trans isomerizations of azo dyes occurs, and the inten-
sity of the transmitted probe beam increases with time
and finally levels off; as the pump beam power or tem-
perature is increased, the intensity of the transmitted
probe beam decreases, this might be caused by thermal
effects. As for lower pump beam power, thermal effects
in the sample may be neglected; while under higher
pump beam powers, the sample’s temperature could be
changed due to thermal effects, and the relaxation of the
orientated molecules in the sample could be induced. As
the temperature is increased, thermal disturbance of the
oriented molecules due to the linearly-polarized pump
beam is increased, thus the randomness in the sam-
ple is increased; in turn, the photoinduced anisotropy
decreases, and the intensity of the transmitted beam
decreases.
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Figure 5 Response characteristic at different temperatures.
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Figure 6 Response characteristic at different pump beam powers.

4. Conclusions

In this article, we have prepared PMMA -based azoben-
zene composites. The composites’ photoinduced re-
versible and repeatable change in the transmittance of
the probe beam is attributed to the photoisomerization
of the azobenzene dyes. As the modulation frequency
increases, the switching response becomes quicker, but
the modulation depth becomes less. At a given modula-
tion frequency, the modulation depth becomes greater
as the pump beam intensity is increased. Under lower
temperatures or pump beam powers, the intensity of
the transmitted probe beam first increases with time,
then levels off. As temperature or pump beam power is
increased, the intensity of the transmitted probe beam
decreases.
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