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Abstract: An optically triggered liquid crystal infiltrated Q-switched
photonic crystal laser is demonstrated. A photonic crystal laser cavity was
designed and fabricated to support two orthogonally polarized high-Q cavity
modes after liquid crystal infiltration. By controlling the liquid crystal
orientation via a layer of photoaddressable polymer and a writing laser, the
photonic crystal lasing mode can be reversibly switched between the two
modes which also switches the laser’s emission polarization and
wavelength. The creation of the Q-switched laser demonstrates the benefits
of customizing photonic crystal cavities to maximally synergize with an
infiltrated material and illustrates the potential of integrating semiconductor
nanophotonics with optical materials.
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1. Introduction
Interest in photonic crystal (PC) [1,2] cavities has steadily grown in recent years as
researchers continue to discover new applications for their unique ability to strongly confine
light in volumes approaching a cubic wavelength. These structures are suitable for highquality-factor (high-Q) nanocavities [3], optical filters [4], compact lasers [5], cavity quantum
electrodynamics [6-8], and quantum information processing [9,10], amongst others. As
promising and as diverse as these applications are, they are based on “traditional” (air-filled)
PC cavities. A relatively unexplored but important aspect of PC cavities is that their intrinsic
porous structure enables efficient integration with fluids [11,12] and polymer featuring a wide
array of optical properties. Integrating PC cavities with these materials can take full advantage
of the tremendous design freedom and unique optical properties inherent in the cavities. In
this letter, we report on the use of birefringent liquid crystal (LC) [13-17] and
photoaddressable polymer (PAP) [18] to create optically triggered Q-switched PC lasers. The
Q-switched laser represents an initial example of an electromagnetically optimized optofluidic device which capitalizes on the synergy between PC cavities and birefringent
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materials. Further customization of PC cavities tailored to the unique properties of an
infiltrated material will enable novel applications and lead to new directions in PC research.
Microfabricated PC lasers enable the efficient interaction of the confined lasing field with
infiltrated materials. Although the light emitting into the lasing mode is generated within the
semiconductor material, it is possible to design high-Q optical cavities in which a large
fraction of the mode’s electromagnetic energy is concentrated within the PC’s holes and
cladding layers. This property of PC lasers enables the introduction of materials featuring a
wide variety of optical properties through infiltration into the holes of the PC or by depositing
the materials to form the cladding layers. Previously it has been shown that the PC laser
wavelength can be tuned by back-filling the PC with various liquids [19] or by controlling the
orientation of infiltrated nematic LC with electrostatic fields [20]. Such tuning methods rely
upon changing the cavity’s effective refractive index and the optical path length
corresponding to a single lasing mode. Here we demonstrate a fundamentally different
approach to tuning PC lasers based on switching the lasing mode between one of two high-Q
modes supported by the cavity. Whereas traditional Q-switching yields pulsed lasing from
temporally modulating a single cavity mode’s Q, the Q-switching presented here involves
selecting the lasing mode by quasi-statically modulating the relative Qs of two cavity modes.
This method utilizes a carefully designed PC cavity which features a modal structure to
optimally interact with birefringent materials. The Q-switching significantly enhances the
wavelength emission range of PC lasers by largely decoupling the tuning with the infiltrated
material’s birefringence and simultaneously enables control over the lasers’ emission
polarization. The Q-switched PC laser demonstrates the enormous potential of PC-based
nanophotonics and suggests even higher levels of optical functionality can be achieved.
2. Liquid crystal considerations and cavity design
Although infiltration of PC cavities with LCs enables spectral tuning, the cavity’s Q
substantially decreases due to the higher refractive index of the LC. The lower Q arises from a
smaller refractive index contrast between the PC slab and LC cladding layers, reducing
vertical confinement of the optical mode. Moreover, light scattering from heterogeneously
oriented or misaligned LC molecules results in further laser losses [21]. Thus, infiltration of a
PC cavity with LC presents a tradeoff between decreasing Qs and increases in cavity
tunability. Consequently, the nematic LC chosen for this project (ZLI-3086 from Merck)
offers a compromise which features adequate birefringence for tunability (no = 1.5040, ne =
1.6171 at 589 nm) [22] while simultaneously exhibiting a reasonably low no and ne values to
obtain sufficient cavity Qs for lasing. A further benefit of LC ZLI-3086 is its ability to be
aligned by PAP, rendering it optically controllable and avoiding the need for electrostatic
contacts [23].
The Q-switched PC laser is based on a cavity design that supports two orthogonally
polarized modes with high Qs--even after LC infiltration. Extensive finite-difference timedomain (FDTD) simulations were conducted to develop a cavity geometry that maximized the
Qs of both modes with an ambient refractive index of 1.5. Incidentally, optimizing a family of
cavity designs immersed in air (ambient refractive 1.0) usually does not correspond to the
optimal design for an ambient refractive index of 1.5. A scanning electron microscope image
of the optimized cavity is shown in Fig. 1. The cavity combines a square-like lattice defect
embedded within a graded hexagonal lattice [24]. This cavity geometry yields two dipole-like
high-Q modes, one polarized along the X axis of the crystal and the other polarized along the
Y axis (Fig. 2(a) and (b)). Simulations of Q values as a function of ambient refractive index
are summarized in Fig. 2(c). The X and Y modes feature a Q of approximately 12,000 and
30,000, respectively in air and remain above 4,000 even when the PC is surrounded by an
ambient refractive index of n ~ 1.5. Photonic crystal lasers using this design were constructed
from InGaAsP quantum well material by using a combination of electron beam lithography
and dry etching. Details of the laser fabrication procedure have been described elsewhere [26].
After fabrication, the lasers were infiltrated with the LC, and cells were constructed around
the lasers which included a PAP alignment layer (Fig. 3(a)) (see Appendix). Finally, the
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tunable PC lasers were mounted in an optical test setup (shown in Fig. 3(b)) for
characterization.

Fig. 1. Scanning electron micrograph of a fabricated 2D PC laser. The periodicity of holes is
450 nm. The inset shows a close up of the cavity geometry taken with a sample tilted 15°.
Scale bar, 2 μm. Inset scale bar, 1 μm.
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Fig. 2. Photonic crystal cavity modes and simulated Qs. Finite-difference time-domain
simulation of Z component of magnetic field for a, X-polarized and b, Y-polarized modes. c,
Simulated Q for X and Y-polarized cavity modes as a function of the ambient refractive index.
Although the X-polarized mode has a Q significantly below that of the Y-polarized mode in air,
both possess comparable Qs above 4000 even at an ambient refractive index of n ~ 1.5 [25].
Shaded region denotes ambient refractive index accessible by the infiltrated LC [22].
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Fig. 3. Schematics of LC cell, optical setup, and PAP/LC photoinduced alignment. a,
Schematic of PC laser LC/PAP cell. Thickness of LC and PAP films are approximately 5 μm,
and 31 ± 1 nm, respectively. Top coverslip is not shown. b, Schematic of PC laser optical
characterization setup. c, Schematic representation of the LC reorientation via PAP
photoinduced alignment. The PAP orients itself orthogonally (along X axis) with respect to the
writing laser polarization direction (Y axis) which in turn induces a similar alignment in the
LC.
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3. Experimental realization of Q-switching
Lasing spectra were recorded by optical pumping of the PC cavities while systematically
varying the LC orientation in the top cladding layer via the PAP layer. The PAP orientation is
controlled by illuminating the PC laser with polarized 532 nm light from a frequency-doubled
Nd:YAG laser (Fig. 3(b)). As the PAP orients itself orthogonally with respect to the writing
laser polarization [18,28,29], the LC molecules are in turn oriented parallel to that layer [23]
(Fig. 3(c)). Immediately after spin-coating, the PAP possessed a planar orientation [30] but
invariably underwent photobleaching [31] as it was repeatedly written throughout the
measurement process. A typical measurement cycle consists of first writing the PAP with the
green laser and subsequently pumping the PC cavity with a near-IR laser. The laser spectrum
can then be recorded with an optical spectrum analyzer (see Appendix).
Spectra recorded for a PC cavity that supports two high-Q lasing modes are shown in Fig
4 and 5. As the PAP’s orientation is varied from the Y to the X axis, the LC in contact with
the PAP undergoes the same rotation, and this realignment propagates through the bulk LC in
the cladding layer above the laser cavity. Due the cavity modes’ orthogonality, as the LC is
rotated from the Y axis to the X axis one cavity mode experiences a maximum cladding index
(ne) whereas the other mode experiences a minimum in the refractive index (no). As the
refractive index of one mode increases, its lasing wavelength red-shifts and its Q decreases
until the lasing is quenched by increased losses and gain competition with the other mode.
Conversely, the orthogonal mode’s resonance blue-shifts and its Q increases until that mode is
driven above threshold and starts lasing. Thus, rotating the LC switches the laser output from
one polarized mode to the other. This switching between lasing cavity modes effectively
amplifies the spectral emission range of the cavity far beyond what would be possible by
tuning the cavity length of a single mode. The switching in the PC lasers is both reversible
and reproducible as supported by many switching cycles with little loss in fidelity.
4. Discussion and conclusions
The tuning of each individual cavity resonance seen in Fig 5 (X-polarized ~1.4 nm, Ypolarized ~1.5 nm) is attributed to changes in the effective optical path lengths experienced by
the cavity modes due to the rotated LC. Given the magnitude of the resonance shifts, FDTD
computer simulations suggest only the LC in the top cladding layer follows the PAP
orientation. The LC in the PC holes can experience relatively strong surface anchoring, which
inhibits the cladding LC orientation from propagating into the PC holes [13,20]. One
possibility for circumventing this limitation in the future is to eliminate the LC and instead
infiltrate the PC with the PAP itself. The underlying alignment mechanism for PAP (photoinduced isomerization cycles) is fundamentally different than for LC and therefore PAP may
be relatively immune to surface effects present within the confined geometries of PC holes.
The ability to control the orientation of PAP, LC, or some other birefringent material in the
holes of a PC would not only significantly increase optical-path-length-based tuning, but
could also enable more complicated switching behavior in PC cavities supporting more modes
by increasing the selectivity between the modes.
The wavelength switching range of the PC laser is not limited by the birefringence of an
infiltrated material but ultimately may be limited by the quantum well gain spectra. Future
enhancements in the quantum well structure and cavity design can potentially further increase
the wavelength switching range far beyond the observed 7 nm. Lasing after LC infiltration
requires maximal gain and minimal losses and both lasing modes are observed close to 1550
nm, the engineered maximum of the quantum well emission. If the grown quantum well
structure were re-designed to exhibit two distinct maxima in the gain spectra and if the
orthogonally polarized PC cavity modes can be designed to coincide with these gain maxima,
then the laser emission may be switched over a wavelength range exceeding 100 nm.
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Fig. 4. Confirmation of orthogonally polarized lasing modes. a, The laser spectra is taken with
PAP/LC aligned with the Y axis and the collected light is passed through a polarizer oriented at
various angles. The collected power is maximized with the polarizer oriented at 0° (X axis) and
minimized at 90° (Y axis) which indicates the resonance is the X-polarized dipole mode. b, The
laser spectra is taken with the same conditions as in a but with the PAP/LC aligned with the X
axis. The collected power is maximized with the polarizer oriented at 90° (Y axis) and minimized
at 0° (X axis) which indicates the resonance is the Y-polarized dipole mode. Insets a and b show
simulation of cavity modes’ polarization profile. The spectra in parts a and b are normalized to
the same power.

The integration of nanophotonics with birefringent nonlinear materials enables the
complete utilization of polarization as a degree of freedom and may form the basis of future
integrated opto-fluidic systems. In particular, the Q-switched PC lasers can potentially fulfill a
variety of scientific and technological needs. The LC PC laser can serve as a polarization
sensitive optically triggered switch within optical information processing architectures.
Furthermore since the PAP orientation is stable, no external energy or input, such as an
electrostatic field, is required for the laser to maintain its lasing wavelength and polarization.
Liquid crystal PC laser arrays can also serve as an optical re-programmable read-only memory
elements. More significantly, the successful integration of LC and PAP (itself a material with
#7483 - $15.00 USD

Received 16 May 2005; revised 3 June 2005; accepted 6 June 2005

(C) 2005 OSA

13 June 2005 / Vol. 13, No. 12 / OPTICS EXPRESS 4705

enormous potential with photonics integration) [18,31,32] in the creation of the Q-switched
PC laser illuminates the extraordinary design freedom and capabilities of PC cavities and
further demonstrates the full potential of integrating semiconductor nanophotonics with
nonlinear optical fluids and polymers.

Fig. 5. Experimental realization of Q-switching. The laser spectra is taken after PAP writing laser
aligns the PAP/LC at several orientations. After writing at 0° (PAP writing laser polarized along X
axis which causes PAP/LC to orient along Y axis), emission is maximized for the X-polarized
mode and minimized for the Y-polarized mode. As the PAP writing laser polarization is rotated
towards 90°, the cladding refractive index for the X mode increases, raising losses until the lasing
is quenched and emission terminates. Meanwhile, the Y mode experiences a decreasing refractive
index, lowering cavity losses and driving the mode above threshold and lases.
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Appendix
PAP film fabrication
The PAP used in this study contains azobenzene chromophores and mesogenic side groups
[29] and was dissolved in tetrahydrofuran with a concentration of 15 g/L. The solution was
mixed for 10 minutes with a magnetic stir bar to help ensure complete dissolution of the PAP
in the solvent. The PAP was then spun on a coverslip at 3500 RPM for 40 s. The PAP was
deposited on the coverslip after the coverslip was already spinning at the target RPM to aid in
creating a homogenous film. Finally, the PAP samples were baked on a hotplate at 60°C for
10 min to ensure complete solvent removal. Atomic force microscopy measurements indicate
the PAP film thickness to be 31 ± 1 nm with an estimated surface roughness of 1 nm.
Liquid crystal cell fabrication
To construct the LC cell around the lasers, the sample along with two spacers were attached to
a glass microscope slide with polymethylmethacrylate (PMMA). Next, a drop of the LC ZLI3086 was placed on the PC sample and the PAP film/coverslip was glued to the spacers with
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the PAP film facing towards the LC. The spacers were sufficiently thick to obtain an
estimated 5 μm gap between the sample and PAP film.
Photoaddressable polymer writing
The PAP was written using 532 nm light from a frequency-doubled Nd:YAG laser with an
intensity ranging from 6 W/cm2 (x polarization) to 12 W/cm2 (y polarization) and a spot size
of approximately 11 μm. To ensure writing saturation, the PAP was written for intervals of
one second, although the onset of tuning was observed even for the shortest writing intervals
of approximately 10 ms. The PAP writing time can likely be reduced further to ~100 μs with
little loss in writing efficiency. The PAP writing occurs during photo-induced isomerization
cycles between the trans and cis conformations of the azo moiety and has an absorption cutoff
of approximately 630 nm [29]. The visible absorption cutoff is critical for it means the pump
beam (830 nm) does not write the PAP. A low intensity white light was necessary for imaging
purposes to initially locate individual PC laser samples. A removable polarizer oriented along
the Y axis was always used with the white light to prevent photobleaching and to initialize the
PAP to the same orientation for the subsequent laser characterization.
Laser characterization
Lasing after LC infiltration was confirmed by the recording of a characteristic output power
versus input power curve (L-L curve). The lasing modes were also linearly polarized in
agreement with FDTD simulations (see Insets Fig. 4(a) and 4(b)). The PC lasers were pumped
with 4.3 mW from a semiconductor laser diode at 830 nm with a pulse length of 30 ns and a
periodicity of 3.0 μs. Pump light was transmitted through the transparent coverslip, PAP film,
and the LC onto the PC slab.
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