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Two-photon photopolymerization (TPP) with femtosecond laser is a promising method to fabricate three-
dimensional (3D) photonic crystals (PCs). Based on the TPP principle, the micro-fabrication system has
been built. The 3D woodpile PCs with rod space of 2000 nm are fabricated easily and different defects
are introduced in order to form the cross-waveguide and the micro-laser structure PCs. Simulation results
of the optical field intensity distributions using finite-difference time domain (FDTD) method are given,
which support the designs and implementation of the PC of two types in theory.
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Photonic crystal (PC)[1], as a unique and promising pho-
tonic device, which is thought to be the most promising
candidate to enable optical integration, has a periodic
dielectric materials structure containing the photonic
band gap (PBG) effect[2,3]. We have witnessed plenty of
research efforts related to the fabrication techniques of
PCs[4−7] in the past twenty years. Several groups have
demonstrated that nonlinear optical lithography based
on the two-photon photopolymerization (TPP) princi-
ple allows the fabrication of true three-dimensional (3D)
nanostructures and 3D PCs[8−12].

In a process of TPP, an electron jumps from a ground
state to an excited state by the simultaneous absorp-
tion of two laser photons[13]. With the focalization of
laser beam in a transparent material, high light power
is obtained in the focal spot region. Due to the Gaus-
sian distribution of intensity at the focal spot and its
quadratic dependence on the optical field intensity, by
adjusting the laser power properly, one can make the ex-
posure energy exceed a threshold, above which TPP can
occur at the center of a Gaussian laser focal spot[14,15].
By moving the laser focus three dimensionally through
the resin, any 3D structure with high resolution can be
fabricated.

In our experiment, the output beam generated by an
amplified Ti:sapphire laser system (homemade) with a
pump source (Coherent) is attenuated by a half-wave
plate/polarizer combination. After beam expansion, the
laser pulses are coupled into an inverted biological micro-
scope (Olympus). As shown in Fig. 1, the femtosecond
laser pulses (30 fs, 82 MHz, 800 nm) are tightly focused
into the volume of a photosensitive resin ORMOCER
with a high numerical aperture (NA=1.35) oil immer-
sion objective. The ORMOCER is placed on a 3D stage
controlled by software for the positioning of the laser
focus in the photosensitive resin. The charge-coupled
device (CCD) camera mounted behind a dichroic mirror
is employed for monitoring the TPP process online.

In order to increase the viscidity of the liquid resin,

ORMOCER is baked for about 1 min in oven at 100 ◦C
before the TPP process and about 3 min at the same
temperature after the TPP. In the post processing, the
3D woodpile PCs can be gained after the unexposed resin
is removed by washing in 4-methyl-2-pentanone about 1
min.

A sketch of the woodpile PC structure is shown in
Fig. 2. It consists of layers of one-dimensional (1D) rods
with a stacking sequence that repeats itself every four
layers with a repetition distance of c. Within each layer,
the axes of the rods are parallel to each other with an
in-plane rod distance of a, and the lateral rod diame-
ter is w. The orientations of the axes are rotated by 90◦

between the adjacent layers. Between the adjacent layers,

Fig. 1. 3D micro-fabrication system of TPP by femtosecond
laser.

Fig. 2. Diagram of the 3D woodpile PC, the right figure is
the planform image of the left one.
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the rods are shifted relative to each other by a/2. For
(c/a)2 = 2, this 3D lattice exhibits a face-centered-cubic
(f.c.c.) unit cell with a two-rod basis[16].

Figure 3 shows the scanning electron microscope
(SEM) images of a typical PC fabricated by the micro-
fabrication system in Fig. 1. The sample consists of 4
layers with an in-plane rod distance of a = 2000 nm
and (c/a)2 ≈ 2. Many other PCs of larger areas have
also been fabricated by TPP quickly. Figure 3 shows the
panorama view with the area of 100× 80 (µm), which is
sufficiently large for optical spectroscopy measurement
as well as for the use as potential devices. The enlarged
view shows the woodpile stacking sequence and demon-
strates the quality of our samples. In the enlarged view,
a remaining roughness of 50 nm is visible and the lateral
rod diameter is typically about 700 nm.

A linear defect and a dot in a PC can give rise to defect
states within the bandgap and act as a waveguide and a
micro-cavity, respectively. Light in the PC is confined to
and guided along the channel or in the cavity because the
PBG forbids light from escaping into the bulk crystal.
We report different PC devices with the cross-waveguide
(Fig. 4) and the micro-laser (Fig. 5) structures fabricated
by TPP. All these samples have an in-plane rod distance
of a = 2000 nm, 4 layers, and (c/a)2 = 2 with an area
of 20× 20 (µm). In order to study the working principle
of the cross-waveguide and the micro-laser PCs, we use
the finite-difference time domain (FDTD) method to
simulate the optical field intensity distributions of the
two different structures. The model is set up based on
the area of 20× 20 (µm), the lateral rod diameter of 700
nm, the in-plane rod distance of a = 2000 nm with the
elliptic rods. Firstly, we calculate the PBG of around 2.6
µm by FDTD. Secondly, a parallel beam with the wave-
length of 2.6 µm is used to irradiate the models, which
are designed as the cross-waveguide and the micro-laser
structures mentioned above.

Fig. 3. 3D woodpile PC. (a) Panorama view; (b) partial en-
larged view.

Fig. 4. Example of the cross-waveguide PC fabricated from
ORMOCER.

Fig. 5. Example of the new-style micro-laser PC fabricated
from ORMOCER.

The laser parameters in TPP for the lateral rod diame-
ter above are the laser power of 60 mW and the scanning
speed of 80 µm/s. Meanwhile, we experimentally ver-
ify that with the fixed NA, the rod diameter decreases
as the laser power decreases or the scanning speed in-
creases. By contrary, the rod diameter increases as the
others reverse, correspondingly. In order to achieve the
high machining efficiency and the good PC qualities,
we use the laser power ranging from 40 to 80 mW, and
the scanning speeds from 60 to 120 µm/s to fabricate
PCs. With the flexibility of the TPP method, we have
fabricated a wide variety of lattice parameters with the
in-plane rod distances ranging from 1000 to 3000 nm
(not shown). All these indicate that TPP is an effective
method to rapidly fabricate PCs with different in-plane
rod distances.

In the cross sectional view of the cross-waveguide PC
(Fig. 4), ac is the x direction waveguide and bd is the y
direction waveguide (a, b, c, and d are marked in Fig. 4).
The two cross waveguides intersecting each other are fab-
ricated by removal of two rods of the adjacent layers in
TPP. As Fig. 2 shows, the two waveguides are not in the
same plane but separated from each other by c/4 in the z
direction. Such asymmetry structure breaks the balance
of the optical field distributions. A signal is imported in
the port a and exported from c. Figure 6 shows the op-
tical field distributions of the single-channel case, which
validates the phenomena. The majority of the signal
travels along the x direction and the minority transfers
into the y direction. When signals in both directions are
present, the signal in one direction may influence the sig-
nal transport in the other direction[17]. With PCs, it is
possible to create waveguides that permit 90◦ bends with

Fig. 6. Optical field intensity distributions of the cross-
waveguide PC with single signal.
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Fig. 7. Optical field intensity distributions of the cross-
waveguide PC with double signals.

100% transmission. This phenomenon can be under-
stood through the analogue of 1D resonant tunneling in
quantum mechanics. The overlapping part of the two
waveguides breaks the balance in the two directions and
makes the two signals influence each other. Figure 7
shows the optical field intensity distributions of the two-
channel case. The overlapping part may provide chances
for the exchange of the signals. One signal in one di-
rection may influence the signal in the other direction,
which makes the two signals relative and controllable. It
can be used as all-optical switch, optical isolator, optical
transistor, and so on.

The quest for a compact micro-laser[18], with high
quality factor and small mode volume, has been a cen-
tral part of research in the field of integrated optics. The
micro-lasers can be divided into three different types:
point-defect laser, band-edge laser, and vertical cav-
ity surface emitting laser (VCSEL)[19]. We develop a
new 3D micro-laser structure. The section image of the
fabricated new-style micro-laser PC (Fig. 5) with the
waveguide structure in A and the micro-cavity structure
in B (A and B are marked in Fig. 5). The waveguide
and micro-cavity are fabricated in the same layer by re-
moving parts of the rods in TPP. We can also control the
width of cavities for different demands by changing the
laser parameters of TPP. The high-quality optical micro-
cavities with mode volumes far below a cubic wavelength
have already been obtained, and can be used to obtain
very high optical field intensities. In such a structure,
the cavity may supply resonance for the light confined
inside[20]. The emitted laser may propagate along the
waveguide if some parameters are modified. Figure 8
shows the optical field distributions of the micro-laser
PC, which verifies the above assumption. The most en-
ergy localization is in the cavity under resonance and
amplification. There is some energy in the waveguide,
which may be the laser overcoming the energy barrier
and emitting out. Figure 9 is the optical field profile of
the guided mode calculated in the cavity and the waveg-
uide. The ideal curve and the actual one are both given
in the figure. In the area of the cavity, the ideal and the
actual curves accord with each other well, while in the
area of the waveguide, some regular deviation appears
due to the block between the two structures. We can
adjust the structures of the cavity waveguide and block
to avoid the deviation. Such new-style micro-laser PC
may be useable as micro light sources in the future.

In conclusion, we report a promising method, TPP

Fig. 8. Optical field intensity distributions of the new-style
micro-laser PC.

Fig. 9. Gaussian profile distributions of the new-style micro-
laser PC. Solid line: actual curve; dashed line: ideal curve.

to fabricate 3D woodpile PCs and set up a 3D micro-
fabrication system. With direct femtosecond laser
writing[21], TPP has been realized in a photosensitive
resin ORMOCER, and different 3D woodpile PCs with
the in-plane rod distance a = 2000 nm have been fabri-
cated. Simulation results of the optical field distributions
are given by using the method based on FDTD.
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