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All-optical switching in an optofluidic polydimethylsiloxane: Liquid crystal

grating defined by cast-molding
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We report an optofluidic photoswitchable grating, based on a polydimethylsiloxane periodic
structure on a glass substrate, separated by a thin liquid crystal film. The polydimethylsiloxane
microstructure was realized via high resolution replica molding and was employed to both confine
and align a photosensitive nematic liquid crystal. In the absence of any surface treatment, the liquid
crystal exhibited homeotropic alignment. By inducing planar alignment on the glass substrate, a
hybrid orientation of the liquid crystal was achieved, inducing polarization sensitive transmission.
The photosensitivity of the liquid crystal enabled the all-optical control of the grating transmission
and 20% diffraction efficiency was measured. © 2010 American Institute of Physics.

[doi:10.1063/1.3377801]

Light responsive materials are promising candidates for
the realization of optically addressed devices. In particular,
dye-doped nematic liquid crystal (NLC) has attracted
significant attention for its potential applications in the
areas of all-optical holographic gratingsl’2 and optical phase
conjugation. These light sensitive liquid crystals (LC) con-
tain photochromic molecules, which can undergo reversible
trans-cis isomerization. This transition can be induced with
UV/visible light and reversed by heating or irradiation with
light at longer wavelength.‘"5 The combination of the NLC
properties with on-chip photonic structures have been widely
explored,6 however the integration of NLCs with cost-
effective and high-resolution nanostructures remains an open
challenge. To this end, polydimethylsiloxane (PDMS) has
attracted significant attention as a high-quality optical mate-
rial, namely, due to its transparency, low surface energy, low
dielectric constant and Young’s modulus, and thermally and
optically enabled polymerization. The emergence of optoflu-
idics, where microfluidics are integrated with optics, has
sparked renewed interest in PDMS for optical applications.7’8

The birefringent properties of LCs with the enhanced
optical characteristics of PDMS have been recently com-
bined to realize tuneable high-Q microresonators and trans-
mission gratings.g’10 In these, the NLC is dispersed in a
PDMS matrix and the photonic structure was defined either
via self-assembly, or holographically, placing thus a limit in
the morphology and shape control. In this letter, we report
the integration of NLCs with a PDMS microstructure real-
ized by cast-molding lithography and demonstrate an opti-
cally controlled transmission grating. Such hybrid device
combines the advantage of cost-effective and high resolution
diffractive structures with the tuneability of LCs. Its applica-
tions may involve optical switching or lab-on-a-chip optof-
luidic applications. The construction strategy of the device
was based on high-resolution cast molding lithography,
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opening thus an alternative path toward cost-effective and
highly multiplexed optical functionalities for lab-on-a-chip
and information processing applications.“ We found that the
low surface energy of the PDMS in combination with a
“rubbed” bottom surface enabled a hybrid orientation of the
LC and thus a polarization dependent transmission. We em-
ployed this finding to all-optically control the transmission of
the hybrid grating.

As shown in Fig. 1(a), the device consisted of a PDMS
grating and a modified glass substrate, with the NLC “sand-
wiched” between the two. The NLC was the E7 (Merck,
Germany) doped with the nonmesogenic azo-dye methyl-red
(MR) at a 2% ratio in weigh. This ratio was identified as
optimum after testing the solubility of MR in NLC and per-
forming a probe-pump experiment by placing a NLC sample
doped with MR between crossed polarizers and by measur-
ing the transmitted intensity versus the pump power. The
suitable concentration (2%) has been chosen by combining
the totally solubility of MR in NLC and the lower pump
power able to induce the switch off of the transmitted inten-
sity between crossed polarizers.

The glass and PDMS surfaces were brought into contact
via 1 um glass microspheres and the LC was introduced by
capillary action in isotropic phase (65 °C). The sample was
brought below the isotropic-nematic transition point by
means of a controlled, very slow, linear cooling down to
room temperature. The employed glass substrates were both

(@)

FIG. 1. (Color online) A cross-sectional schematic of the hybrid grating (a)
and the corresponding SEM image of the master grating (b).
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FIG. 2. (Color online) The polar diagram of the first diffracted order as a
function of the polarization angle. In the inset, the conoscopic image of the
PDMS-LC grating under no additional alignment layer is reported.

unmodified and coated with thin polyimide layer rubbed by
means a precision rotary stage and a soft tissue in order to
induce planar alignment. The PDMS grating was fabricated
in two steps.

First, the master grating mold was defined on a 2 um
thick SU8 film (GM-1040, Gersteltec Inc., spin speed of
1100 rpm) on a silicon wafer by electron beam lithography
(Vistec EBPG5000, 100 kV acceleration voltage). SUS is a
negative photoresist, but also exhibits a high sensitivity un-
der electron beam irradiation.'” In our experiments, the clear-
ance dose was 6 uCb/cm?, enabling thus very short expo-
sure duration despite the relatively large area of the grating
(0.25 cm?). The scanning electron microscopy (SEM) pic-
ture of the master grating structure with a period of 4 um is
shown in Fig. 1(b). Each line had an approximate width of
2 um. The second part of the grating fabrication involved
treatment of the SU8 master with trimethylchlorosilane va-
por (2 min) and subsequently transferring the pattern of the
structured SU-8 to PDMS (Dow Corning Sylgard 184) by
replica molding.

The capacity of the PDMS microstructure with an un-
modified cover glass to align the confined NLC was investi-
gated by observing the dependence of the first diffracted or-
der on the polarization state of the incident light. For this
experiment, we employed a linearly polarized He—Ne laser
beam (633 nm), which prior to impinging on the sample at
the Bragg angle, its polarization was controlled with a half-
wave plate. At this wavelength we expect the transmission
through the cell to be rather high, due to the low absorption
cross-section of the MR. The results are shown in Fig. 2 as a
function of the rotation angle of the half wave-plate, clearly
indicating that the structure is polarization independent. The
orientation of a birefringent material strongly influences the
diffraction efficiency of the grating, which in turn depends
on relative angle between the incident electric field and the
average orientation of the NLC director. In our experiments,
we noticed that the intensity of the first diffraction order was
relatively low suggesting that the incident electric field ex-
periences a low index contrast between the NLC and the
PDMS. Such low index contrast would mostly manifest itself
in the case of homeotropic alignment induced by the PDMS
microstructure on the NLC component. To confirm this, we
inspected the sample under a conoscopic imaging system,
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FIG. 3. (Color online) The polar diagram of the first diffracted order as a
function of the polarization angle. In the inset is reported the bright spot
obtained with the optical microscope in the Bertrand lens configuration.

realized by placing a conventional microscope between
crossed polarizers and including a condensing and a Bertrand
lens (BL) (inset of Fig. 2). At the back-focal plane of the BL
we observed a dark Maltese cross. This clearly indicated that
the NLC molecules are homeotropically aligned between the
PDMS grating and the unmodified cover glass.

In order to induce the planar alignment of the NLC, we
modified the bottom cover glass by adding a thin “polymide”
layer, where a preferred planar direction was induced via
rubbing. The NLC and the PDMS gratings were the same as
mentioned before. In Fig. 3 the intensity of the first diffracted
order is plotted as a function of the polarization angle of the
incident beam. In contrast to the homeotropic alignment, the
polar diagram reveals a maximum and a minimum of the
diffracted intensity. This indicates that the incident light ex-
periences a variation in the LC birefringence. We confirmed
this via conoscopic imaging with an optical microscope in
BL configuration (inset of Fig. 3). The image exhibits a
strong variation upon rotating the sample, with the minimum
intensity values being very close to zero. These observations
confirm a quasiplanar NLC alignment in our hybrid grating.

To further confirm the NLC hybrid alignment, we per-
formed an all-optical pump-probe experiment. As shown in
Fig. 4, for the pump laser we used a CW diode operating at
A=532 nm. At this wavelength, MR efficiently absorbs the
incident radiation and thus photoisomerizes from a cis- to
trans-state. The absorption of the dye doped NLC (2% MR in
1 wum thick sample) component was investigated by means
of absorption and found to be approximately 10% at the
pump wavelength. For the probe beam we employed the
same He—Ne laser as previously, operating at a wavelength
of A\=633 nm. The probe beam impinges on the sample at an
angle of 2°, which corresponds to the Bragg angle. The probe
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FIG. 4. (Color online) The experimental setup for the observation of all-
optical switching. PD,: photodetector; HWP: half-wave plate; P: polarizer;
ES: electronic shutter.
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FIG. 5. (Color online) Changing in the first-order diffracted intensity by
switching on and off the pump beam. In the inset is reported an optical
microscope view of the structure.

was additionally p-polarized in order to experience the high-
est index contrast, which in our experiments we estimate to
be 0.15. The excitation area was 2 X I mm?, corresponding
to the patterned area of the grating. The powers of the pump
and probe beams were 20 mW and 4 mW, respectively. The
grating operates in the Raman—Nath regime and thus exhibits
a multi-order diffraction pattern. To perform all-optical
switching, we monitored the intensity variation in the first
diffracted order.

When the hybrid grating is excited by the pump beam,
the NLC molecules become disordered, due to the trans-cis
photoisomerization process, and the probe experiences the
average refractive index. This index is very close to the one
of PDMS and thus causes the diffracted intensity to signifi-
cantly decrease. This state corresponds to the first 15 s in
Fig. 5. When the pump beam is switched off (130 s in Fig.
5), cis-trans photoisomerization of the azo-dye takes place,
which in turn induces orientation of the NLC director and the
strong diffraction is re-established. The diffraction efficiency
(defined as the ratio of the diffracted intensity over the im-
pinging intensity) was measured to be approximately 20%.
The peak in the first order diffracted intensity observed at the
time of turning the pump beam off (Fig. 5) reached to 35%.
The reason of this big jump is due to the competition be-
tween the high ordered state induced by cis-trans back
isomerization process (fast response) and the boundary con-
ditions imposed by the surface and grating walls (long term
response).

Appl. Phys. Lett. 96, 131112 (2010)

However, due to the low pump power density used in
our experiments (0.6 W/cm?), we consider negligible the
local heating (isothermal phase transition) induced by the
pump beam on the dye doped NLC component as reported
in.""'> We attribute the variation in the diffracted intensity
(Fig. 5) to the local change of the order parameter induced
by the trans-cis photoisomerization process of the MR.

In conclusion, we have reported the observation of all-
optical control device realized by cast-molding lithography
in PDMS. The value of the diffraction efficiency is not the
highest reported in the literature of composite diffraction
gratings16 and current ongoing investigations aim at enhanc-
ing this efficiency by increasing the NLC alignment (full-
planar condition) and employing shorter grating periodicity.
In addition, to improve the response time, mesogenic azo-
dye materials'” will be investigated by using as pump a suit-
able pulsed laser.
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