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Direct optical fabrication of three-dimensional
photonic crystals in a high refractive

index LiNbO3 crystal
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Direct optical fabrication of 3D photonic crystals in a high refractive index LiNbO3 crystal by using the
femtosecond laser-induced microexplosion method is investigated. The focal distortion, caused by the refrac-
tive index mismatch-induced spherical aberration, can be significantly reduced by using a so-called thresh-
old fabrication method. As a result, 3D fcc photonic crystals are fabricated by stacking quasi-spherical voids
layer by layer. Photonic stopgaps with suppression rates of up to 30% in the transmission spectra are ob-
served. The angle dependence of the stopgaps is also revealed. © 2006 Optical Society of America
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Ultrafast laser-induced microexplosions have been
proved to be an efficient method to fabricate 2D and
3D photonic crystals in transparent solid materials
with a relatively low refractive index, such as
polymers,1–6 silica, and glasses.7 The refractive index
of those materials is �1.5 and is similar to that of the
immersion oil (1.52). Therefore the refractive index
mismatch-induced spherical aberration is not strong
and can normally be neglected in most microfabrica-
tion processes. However, the low refractive index
does not make those materials ideal for photonic
crystal fabrication. For photonic crystals, the higher
the refractive index contrast, the easier it is to open
large or complete bandgaps. One needs to fabricate
photonic structures in high refractive index materi-
als.

Lithium niobate �LiNbO3� is a well-known nonlin-
ear crystal with a high refractive index of 2.2 and a
large transparent range of 0.5–5 �m, making it an
ideal candidate material for photonic crystals.8,9 Fur-
thermore, nonlinear effects and therefore functional
devices are expected from LiNbO3-based photonic
crystals because of their strong nonlinear effects,
such as the Kerr effect.10–12 2D hexagonal photonic
crystals with a thickness of 1.5 �m have been fabri-
cated by using a focused ion-beam etching method,
but it is very difficult to fabricate thick 3D photonic
crystals.13 Our previous results have shown that
micrometer-sized voids can be generated deep inside
LiNbO3 by using the femtosecond laser-induced mi-
croexplosion method.14 However, the large refractive
index mismatch between LiNbO3 and the immersion
medium of the objective will introduce a very strong
spherical aberration effect at the focalus region.15,16

To fabricate photonic crystals in LiNbO3, one needs
to understand the spherical aberration.15 In this Let-
ter, we first investigate the effect of spherical aberra-
tion and then the fabrication of 3D photonic crystals,
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ing the femtosecond laser-induced microexplosion
method. The photonic bandgap properties are also in-
vestigated.

When a light beam is focused by a high NA oil im-
mersion objective into a slab of LiNbO3, the diffrac-
tion pattern at the focal region is distorted compared
with the diffraction-limited pattern in a refractive

Fig. 1. (a) Transverse and (b) axial cross sections of the 3D
IPSF at different depths in the LiNbO3 slab for a 1.4 NA oil
immersion objective. The inset in (a) shows the principle of
refractive index mismatch-induced spherical aberration.
The insets in (b) show the intensity distribution in the fo-

cus region at different depths.
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index-matched medium, as shown in the inset in Fig.
1(a). Figure 1(a) shows the transverse cross section of
the 3D intensity point spread function (IPSF), calcu-
lated by using the diffraction theory,15,16 when a
plane-wave light is focused into the LiNbO3 slab
through an NA 1.4 oil immersion objective. An aver-
age refractive index of 2.2 for LiNbO3 is used. When
the light is focused on the surface, the diffraction-
limit focus has the highest peak intensity and the
narrowest spot size. When the light is focused into
the crystal, the peak intensity drops dramatically, as
shown in Fig. 1(a). In the meantime, the focus region
becomes broader slightly in the transverse direction.
Figure 1(b) shows the axial cross section of the 3D
IPSF. Apart from the intensity drop and focus broad-
ening as seen in the transverse direction, there is a
clear focus shift and several obvious sidelobes. The
focus shifts as a function of the diffraction-limited fo-
cus depth is shown in Fig. 2, where an almost linear
dependence is observed. As the origin of the coordi-
nate located at the diffraction-limit focus, the slope of
this curve, �0.6, means that the real focus in the
crystal moves 1.6 �m as the objective or the
diffraction-limited focus moves 1 �m. From the in-
tensity distribution of the focal region in the inset in
Fig. 1(b), one can clearly see the distortion of the fo-
cus and its sidelobes along the axial direction. The
lower-order sidelobes may produce unwanted effects
in experiments if the laser power is so high that the
intensity of the sidelobe is higher than the threshold.
If one can choose the laser power properly, making
the main peak of the IPSF slightly above the thresh-
old and all the sidelobes below the threshold, the
sidelobes can be removed.

To confirm the linear dependence and the feasibil-
ity of the threshold fabrication method, we measured
the side view of the voids that represents the IPSF at
the focus region by using a confocal microscope (Fluo-
view, Olympus, Japan). In this work, a standard
microfabrication setup was used.14 A 750 nm irradia-
tion with pulse duration of 100 fs coming from a
femtosecond oscillator with a repetition rate of 82
MHz (Tsunami, Spectra-Physics, Mountain View,
California) was tightly focused into the crystal
through an Olympus 60� ,NA 1.4 oil immersion ob-

Fig. 2. Peak intensity of the IPSF and the calculated focus
shift as a function of the focus depth in the LiNbO3 slab.
The solid diamonds ��� denote the experimental focus

shifts. The objective is the same as in Fig. 1.
jective. The crystal was affixed to a computer-
controlled piezoelectric scanning stage (PI, Ger-
many). 0.01% iron-doped LiNbO3 was used because it
has a larger Kerr effect11,12 and a lower fabrication
threshold than the pure one.14 The crystal was cut
into 2mm�2mm�10mm pieces with four large faces
polished. To measure the side view of the fabricated
voids, the sample was rotated 90° after fabrication.
Figure 3(a) shows the typical shape of the voids when
the laser power is much higher than the threshold.
Clearly, the sidelobes can also generate voids when
the laser power is high enough. The dumbbell-shaped
and exclamatory-mark-shaped voids in Figs. 3(b) and
3(c) show the effect of the first and the first two side-
lobes, respectively. Reducing the laser power to the
condition that only the main peak is slightly above
the threshold results in quasi-spherical voids, as
shown in Fig. 3(d). Figure 3(d) also shows the voids
fabricated at the depths from 43 to 67 �m, which
gives the dependence of the focal shift on the depth
[see the solid diamonds ��� in Fig. 2]. The slope of
the experimental curve of 0.62 agrees well with that
of the calculated one. It should be pointed out that
the images shown in Fig. 3 were obtained in a trans-
mission mode. Thus they do not exhibit the weak
change in refractive index caused by the photorefrac-
tive effect.

Based on the understanding of focus shifts under
the threshold condition, we have fabricated 3D fcc
photonic crystals in the LiNbO3 slab. The 16-1ayer
structures were stacked with quasi-spherical voids
layer by layer with the deepest layer fabricated first.
During the fabrication process, the laser power needs
to be adjusted to meet the threshold for each layer,
which is determined by Fig. 2. Figure 3(e) shows the
confocal transmission image of a structure with a lat-
tice constant of 4.5 �m. The photonic properties were
measured by using a Fourier transform infrared
spectrometer with a NA 0.65 reflective objective
(Thermo Nicolet, Madison, Wis.). Figure 4 shows the

Fig. 3. (a)–(c) Side-view confocal transmission images of
voids fabricated in the LiNbO3 slab with a power far above
the threshold. (d) Side-view confocal transmission image of
voids at different depths fabricated near the threshold with
a depth difference of the diffraction-limit focus between ad-
jacent rows of 2 �m. (e) Confocal transmission image of a
16-layer fcc structure with a lattice constant of 4.5 �m.
transmission spectra of the fabricated structures at
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various angles of incidence measured by using the
angle-resolved method.6 In Fig. 4(a), one can see that
there is an obvious stopgap at around 2.2 �m with a
suppression rate of �15%. The position of the stop-
gap is dependent on the angle of incidence, as shown
in Fig. 4(b). By increasing the angle of incidence from
9° to 17°, the central position of the gap shifts from
2.07 to 2.36 �m. As shown in Fig. 4(c), the suppres-
sion rate of the stopgap increases dramatically to
more than 30% at small angles of incidence ��4° �.
Figure 4(d) shows the gap position of photonic crys-
tals with a lattice constant of 4.5, 5, and 5.5 �m at an
angle of incidence of �5°. As expected, a linear rela-
tionship was observed.

It should be pointed out that the bandgap in
LiNbO3 is not deep enough. One main reason is that
the fabricated voids are still not uniform. Although
the effect of the sidelobes can be removed by using
this threshold fabrication method, the strong spheri-
cal aberration effect is not completely removed, and it
is difficult to fabricate uniform voids at different
depths. Another reason is that the surface of the
voids is not smooth. The femtosecond laser-induced
high pressure may introduce a structure change of
LiNbO3 around the voids.17 To further improve the
fabrication quality, it is necessary to use the phase
compensation technique to remove the effect of the
spherical aberration caused by the large refractive
index mismatching.18,19

In summary, based on the theoretic prediction of
the focal shift and distortion, we have developed the
focal-shift-threshold method. As such, we have suc-
cessfully fabricated 3D photonic crystals in a high re-

Fig. 4. (a) Transmittance spectra of the 16-layer fcc struc-
ture with a=4.5 �m for the angle of incidence from 12° to
17°. (b) Dependence of the gap position on the angle of in-
cidence. (c) Transmittance spectra of the 16-layer fcc struc-
ture with a=4.5 �m for the angle of incidence from 0° to
3.4°. (d) Dependence of the gap position on the lattice
constant.
fractive index LiNbO3 crystal by using the femto-
second laser-induced microexplosion method. Photo-
nic bandgaps with suppression rates of 30% in the
transmission spectra have been observed. Although
the quality of the photonic crystals needs to be im-
proved, this technique opens a door to direct optical
fabrication of 3D nonlinear photonic crystals in a
high refractive index LiNbO3 crystal.
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