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Microcavities in polymeric photonic crystals
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We report the fabrication and characteristics of planar microcavities in a log-pile photonic crystal
structure formed using light-induced photopolymerization of resin. A planar defect was introduced
into the middle of the log-pile structure as a single layer with every second rod missing. The
existence of confined cavity states was confirmed experimentally and by numeric simulations. The
cavity resonance found at the midgap wavelengthlM;4.0 mm had a quality factor of about 130.
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The possibility of controlling light emission and prop
gation using photonic crystal~PhC! structures has attracte
much interest in the past decade. Embedding an optic
active medium into a PhC structure inhibits light emissi
into undesired modes,1,2 and allows the realization of highly
efficient optical emitters, such as light emitting diod
~LEDs! and thresholdless laser diodes~LDs!. The essential
requirement for the realization of these, as well as for ma
other PhC-based devices, is the ability to form PhC mic
cavities by introducing defects into their periodic structur

So far, most successful PhC structures have been fa
cated in semiconductors,3–5 since semiconductor processin
techniques provide the most advanced tools for the fabr
tion of nanometric structures. To mention just a few e
amples, line,4 air-bridge,3 and bent waveguides5 as well as
low-threshold lasing6 have been reported. Simultaneous w
the development of semiconductor PhC structures, the se
for other fabrication techniques is going on. Recent progr
in the molecular engineering of polymers has stimulated
development of organic photonics.7 Organic structures em
ploying various geometries, such as microdisk, microri
sphere, vertical-cavity surface-emitting, distributed Bragg
flection ~DBR!, distributed feedback~DFB!, and fiber grat-
ing, have been used in lasers and amplifiers.8–11 One prob-
lem often encountered in designing organic LD and LE
structures is the inherent absence of mirrors, which would
valuable for providing positive feedback for the lasing~in
semiconductor structures, cleaved facets of the sample
ally play this role!. Although this problem can be partl
solved by using DFB and DBR structures,9 the emission ef-
ficiency is still unsatisfactory. Therefore, it is interesting
investigate whether or not the use of PhC mirrors can
prove the efficiency of organic photonic devices. Despite
promise of organic PhC structures, realization of them
technically difficult, and with few exceptions has not be
addressed in the literature.12,13

Earlier, we investigated the possibility of fabricating o
ganic PhC structures in resins using femtosecond laser
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crofabrication. The fabrication of a log-pile three
dimensional ~3D! PhC structure employed resi
photopolymerization induced by the two-photon absorpt
~TPA! of tightly focused, powerful femtosecond las
pulses.12 The structure obtained exhibited significant pho
nic band gap~PBG! effects. Encouraged by this, we ex
tended our studies to the formation of planar microcavit
by introducing defects into the log-pile PhC, and we rep
the results in this letter. We have observed pronounced ca
resonance modes in our structures, indicating the poten
applicability of organic PhC microcavities in light emittin
devices.

Our fabrication of polymeric PhC structures was simi
to that reported previously.12 Femtosecond laser pulses we
tightly focused inside liquid resin, which is transparent
pulses below the TPA threshold power density. The pu
intensity was adjusted so that the light power density at
focal spot of the laser beam exceeded the TPA threshold,
strong absorption in this highly spatially localized region r
sulted in photopolymerizaton of the resin. By scanning
coordinates of the focal spot, predesigned patterns were
corded in the liquid resin. The wavelength and tempo
width of the laser pulses used for the fabrication were 4
nm and 150 fs@full width at half maximum~FWHM!#, re-
spectively, and the pulse repetition rate was 1 kHz. The la
was focused by a microscope objective with 1003 magnifi-
cation and a numerical aperture~NA! of 1.35. A commer-
cially available photopolymer, Nopcocure 800~San Nopco!,
was used for fabrication. Laser irradiation rendered the
posed regions insoluble, while unexposed regions were
solved in acetone and removed during the postproces
stages.

Figure 1~a! shows schematically the structure remaini
after the removal of unsolidified resin. This type of period
3D structure is commonly known as a log pile, and it co
sists of horizontally stacked layers of parallel rods, with p
riodically varying rod orientation and horizontal displac
ment~period: four layers!. The structure fabricated consiste
of 20 layers of rods. A planar defect was introduced by
moving every other rod from the 10th layer, which was l
© 2001 American Institute of Physics
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cated in the middle of the PhC structure. Removal was
complished by simply closing the laser beam while draw
the particular lines. We want to emphasize here the flexibi
of direct laser writing for 3D fabrication compared to oth
techniques, such as holographic lithography, s
organization, and semiconductor processing. Arbitrary
fects can be introduced at desired locations without d
culty. This technique also allows easy fabrication of P
waveguides. However, as the first step, we chose the mis
rod planar defect, which has already been demonstrate
exhibit microcavity features in semiconductor PhCs.3–5

Figure 1~b! shows an optical micrograph of the lay
with a defect. The arrows indicate the positions of miss
rods. Since the top view image presented does not revea
features, we note here that the 3D character of laser mi
fabricated log-pile PhCs in resin was confirmed earlier
scanning electron microscopy.12 The threshold exposure fo
polymer solidification depends on the photon fluence,
TPA cross section, the quantum efficiency of the initia
molecules, the chain length, and the branching ratio in
polymerization. The TPA photopolymerization threshold
Nopcocure-800 was found to be;0.2 mJ under the focusing
used,14 and the rod diameters could be tuned down to s
diffraction size by carefully adjusting the exposure to sligh
above the threshold. The penetration depth depends we
on the pulse energy because of negligible linear absorp
and because of reduced Rayleigh scattering for longer w
lengths. Therefore, photopolymerization via TPA should
low the recording of much thicker structures~hundreds of
micrometers! than is possible with the single-photo
process.15 TPA also allows increased spatial resolutio
which is required in the fabrication of photonic crystals w
PBG in the visible range.12 The log-pile PhC shown in Fig

FIG. 1. Schematic of the log-pile structure~a! and optical micrograph of the
layer with the defect~top view! in the log-pile PhC~b!.
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1~b! has a rod diameter 2r;0.8 mm ~assuming a cylindric
rod shape!, an in-plane periodd;1.3 mm, and a rod length
L;40 mm. For the PBG midgap wavelengthlM'4.0 mm
determined as described below, the geometric thicknes
the defected layer 2r;0.8 mm is somewhat smaller tha
lM/2, indicating that localized modes will significantly pen
etrate into the PhC mirrors.

To reveal the signatures of PBG and cavity states,
optical transmission of the PhC sample was investigated
ing a Fourier-transform infrared~FTIR! spectrometer com-
bined with a microscope imaging system. Figure 2 shows
transmission spectra of the investigated sample with a de
~solid line! and the reference sample without a defe
~dashed line! for unpolarized light along thê001& stacking
direction. In both samples, the effects of residual absorp
were compensated for by normalizing the measured spe
to the absorption spectrum of a uniform photopolymeriz
material. In the reference sample, a pronounced transmis
dip at 3.98mm with a spectral width of approximately 91 nm
~FWHM! is seen. The dip magnitude also implies the ex
tence of a photonic pseudogap rather than full PBG in t
structure, as can be expected in the case of a relatively
refractive index contrast~about 1.6–1!. This expectation is
also confirmed by our numeric simulations~see the descrip-
tion below!. In spite of the incomplete PBG, signatures
evolving defect modes can nevertheless be seen in
sample with a defect. The transmission spectrum of t
sample reveals a similar, but slightly broader, PBG transm
sion dip at the same spectral position, and a pronoun
transmission peak within it. The physical origin of the pe
can be explained roughly in terms of multiple reflections
light between two PBG mirrors surrounding the layer w
the defect and forming a planar microcavity. Hence, the p
marks the formation of the microcavity resonance. Lig

FIG. 2. Measured transmission spectra of the reference PhC without de
~dashed line, offset by20.1 for clarity! and PhC with a defect. The top inse
illustrates the direction of the light propagation in transmission meas
ments, and the bottom inset shows a detailed view of the defect peak.
cense or copyright; see http://apl.aip.org/about/rights_and_permissions
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trapping by the cavity is usually characterized by the qua
factorQ5v0E/P, whereE is the energy stored in the cavity
v0 is the resonant frequency, andP5dE/dt is the dissipated
power. The transmission data allow us to estimate the qua
factor using the expressionQ5lR /Dl'130, wherelR and
Dl are the peak center wavelength and width, respectiv
assuming measured values ofDl529.8 nm ~FWHM! and
lR54.01 mm. It is helpful to note here that semiconduct
microcavities formed from high-refractive-index materia
may have quality factors as high as 1600.16 In our case, the
relatively low Q value means that the planar defect loca
perturbs the light modes at the midgap, but their spa
spreading and escape from the defected region are also
nificant.

Formation of the PBG and microcavity resonance w
also confirmed by numeric modeling. Figure 3 shows
transmission spectra of the reference sample and the sa
with the defect, calculated using the transfer-mat
technique.17 The model structure shown in Fig. 1~a!, with
measured values of parameters (r ,d);~0.4,1.3! mm and re-
fractive index of rodsn51.6, was used for the calculation
Transmission for the transverse electric~TE! ~broken line!
and transverse magnetic~TM! ~solid line! linearly polarized
modes was considered separately in anticipation that the
sence of some oriented rods in the sample with the de
would result in different conditions for the propagation of T
and TM modes. The calculated transmission spectrum of
reference sample is shown in Fig. 3~a!. The spectral positions
of the calculated transmission dips are close to those
served experimentally, but the calculated dips are somew
deeper and broader~the gap to midgap ratio is about 9%!. A
similar result was obtained for the sample with the def
@Fig. 3~b!#, but in this case a distinct peak within the d
marking the microcavity resonance is seen for each polar
tion. The peaks were centered at 3.801~TM! and 3.838mm
~TE!, and they had Lorentzian line shapes and almost id
tical amplitudes~about 16%! and Q factors ~about 85!. As

FIG. 3. Simulated transmission spectra for the reference~a! and log-pile
PhC with the defect~b! structures.
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expected, there was a slight displacement between the p
of different polarizations due to the anisotropic nature of
defect. Altogether, the numeric simulations qualitatively
produced the experimental data. The simulations routin
yielded PBG at slightly shorter wavelengths than the m
sured ones. This is likely to be related to our assumpt
about the cylindrical shape of the rods, whereas in rea
they might be oval shaped, with a slight elongation along
layer-stacking direction, resulting in a higher lattice const
and scaling up of the PBG center wavelength. The elonga
may be explained by the fact that the diffraction-limited si
of the focal spot along the recording beam propagation~co-
incident with the layer-stacking direction!, Dz52nl/NA2, is
larger than that in the perpendicular planeDx,y51.22l/NA.

In conclusion, we have fabricated and characterize
prototype of planar microcavity, formed by two log-pil
polymeric PhC mirrors. The fabrication technique used
lows easy tailoring of the structure and introduction of ar
trary defects into it. Despite the fact that the refractive ind
of the polymerized resin used in the PhC mirrors is insu
cient for achieving full PBG, the structure reveals clear s
natures of cavity mode formation, and may be considered
a step toward the realization of polymer-based light emitt
in the future. The refractive index contrast may be increa
by using other initial materials, or by using the polymer
structures fabricated as templates for subsequent in filling
high-refractive-index materials.
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