
ARTICLES

nature materials | VOL 2 | FEBRUARY 2003 | www.nature.com/naturematerials 117

Since the concept of the photonic bandgap (PBG) was introduced
in 19871,2, the dream has been the creation of optical integrated
circuits,in which zero-threshold lasers,sharp-bend waveguides or

multiplexers are accumulated on one chip3,4. Although 3D crystals are
ideal to manipulate the flow of light at will,most of the efforts have been
aimed at two-dimensional (2D) crystals, because they can be easily
obtained using conventional semiconductor processing. Even with the
weakness of imperfect PBG, 2D photonic crystals have surprisingly
revealed their usefulness in the form of, for example, fibres5,
waveguides6–11, lasers12,13 and resonators14,15. However, we still feel that
3D structures are essential for the realization of photonic crystal 
devices.A 3D arrangement of elements and wiring has been adopted in
electronic devices to formulate highly integrated components. Thus,
it is expected that future photonic devices will also need to adopt a 
3D structure. For this to be possible, the use of 3D photonic crystals 
is fundamental.

Various trials16–30 have been conducted, and fabrication
technologies for 3D crystals have come in many forms such as angle
etching16–18, colloidal precipitation19,20, photopolymerization21–23, and
layer-by-layer methods24–30.These structures show that perfect PBGs do
exist in the real world,and greatly contributed to the increasing study of
this field. The first successful 3D full-bandgap structure (Yablonovite)
was realized by angle etching16–18, which requires an incredibly high 
level of accuracy.The severe etching conditions tend to weaken the high
symmetry of the structure, thus the optical properties of the crystals
obtained tend to deteriorate. Colloidal precipitation methods19,20 are
considered to be cheap for large-scale production of 3D photonic
crystals. The artificial face-centred cubic crystal, which is formed by
natural sedimentation of monodispersed spheres, is usually used as a
mould for the semiconductor inversed structure to obtain full PBG.
However, difficulties are encountered in the fabrication of large-scale
ordered structures or with the introduction of arbitrary defects in the
structure, because the formation of a periodical structure depends on
natural precipitation of the microspheres. A defect that requires a
combination of different materials, for example, a laser or a light-
emitting diode, cannot be introduced. The inversed materials are
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limited to silicon and germanium, which are not suitable for light
emission.The photopolymerization methods21–23 can construct a larger
domain of ordered structures than the colloidal precipitation methods.
Moreover, unlike the colloidal method, a predesignated defect could
also be introduced. However, the approach of making a mould and
replacing it with another material will encounter the same difficulty as
the colloidal precipitation method. The most promising methods to
date are thought to be layer-by-layer techniques24–30 that cleverly
incorporate well-established integrated circuit processing techniques.
Nevertheless, the complicated procedure, in addition to damage
inflicted on the fine structure by frequent dry etching, polishing, and
heating,made it difficult for further multilayering and the introduction
of various materials and defects.

In short, existing technologies seem to share a common problem in
the lack of flexibility in both design and materials, and have other
concerns particular to each method. All of these technologies have
concentrated on fabricating defectless large-scale crystals for the
purpose of measuring the optical characteristics.Hence there is now the
problem of proposing how the integration of multiple components can
be achieved using these techniques.

In our approach, the desired 3D structures were initially sliced into
several planar components. Each unit plate was prepared using a
conventional integrated circuit processing procedure with subsequent
assembly into 3D structures by micromanipulation. To achieve the
correct lamination of components, fiducial points and fixtures were
used (that is, precise ‘fixing’positions were used in each plane such that
the layering of the planes was exact). We report here the incorporation
into the plate of circular holes with diameters twice the thickness of the
plate, together with polystyrene microspheres whose diameters are
similar to the fiducial holes. Because neighbouring plates have holes in
identical positions, the layers are automatically aligned into the correct
position by inserting microspheres into the holes. Adaptation of
these procedures has resulted in several advantages over existing
fabrication techniques. First, all unit plates can be prepared using a
single sequence of an integrated circuit process without critical depth
control in etching or polishing.Consequently, the procedure is simpler,
with a lower risk of damage to the fine photonic patterns compared 
with existing techniques27–30. Second, accurate alignment of lattices is

achieved irrespective of photonic patterns or materials. Therefore, any
photonic structure can be assembled regardless of the materials or
complexity of the photonic pattern.Third,because micromanipulation
can handle objects of dimensions of the order of tens of nanometres,it is
capable of introducing small items, such as emitters, into arbitrary
positions in the structure.

For convenience in assembly, unit plates were sustained in air with
narrow bridges.Indium phosphide (InP) was chosen as the material for
the photonic crystal because InP group lasers have already won a
reputation as a stable and high-power light source for 1.5 µm
wavelength. Further, semiconductor materials can directly merge into
existing semiconductor devices.Manufacturing details of the air-bridge
unit plates used here—formed by a series of metalorganic chemical
vapour deposition, electron-beam lithography, dry etching and wet
etching—are given elsewhere31.

The unit plates were assembled using a micromanipulation
system32,33 installed in the specimen chamber of a scanning electron
microscope (SEM) with a field-emission gun. The plates were stacked
on an InP wafer polished on both sides and patterned with fiducial holes
whose diameter and positions were compatible with those of the first
layer. SEM images of the assembly procedure are shown in Fig. 1. One
sequence, as illustrated in Fig. 1a–f, was completed in a relatively short
timescale of less than one hour. In the future, all the assembly processes
could be automated by adapting a high-speed visual feedback system34,35

to bring the assembly speed to an industrial level. The key technique in
this sequence is self-bonding of plates promoted by the pressure applied
by the probe. In our previous report31, the 3D structure was maintained
solely by the friction between a fiducial microsphere and the plates.
Although aligned,stacked plates often peeled off by the adhesive force to
a probe or an upper plate, therefore multilayering was quite difficult.
In this work, we found that the plates never peeled off if they were
pressed down for 30 minutes with a probe after the arrangement in the
final position. It is known that adhesion force at a contact interface
increases with the progress of time under SEM observation36,37. The
same mechanism seems to be working in our case. By introducing this
self-bonding mechanism, multilayering over four layers became
possible. In the previously reported methods27–30, a high-temperature
process was indispensable for each layering, but then deterioration of

Figure 1 SEM images of micromanipulation. a,Two microspheres are inserted into pore openings of a substructure.b,A bridge of a plate iss broken by pushing it with a probe tip.
c,A photonic plate separated from a substrate iss picked up with a probe.d,The separated plate is transferred to the substructure in a.e,The tops of microspheres inserted into the
substructure guide the photonic plate into alignment by catching the holes of the plate. f,The 2D photonic plate is fixed on the substructure by inserting a microsphere into residual pore
opening and two more microspheres are inserted into holes of the plate for stacking of the next layer.Pressure was adapted on the plate with the probe to promote self-bonding of plates.
g,Side view of a 20-layer woodpile structure.The periods of rods,rod width and layer thickness are 1.4 µm,0.37 µm and 0.5 µm,respectively.The size of the structure is 25 x 25 x 10 µm3

and that of patterned region is 15 x 15 x 10 µm3.
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fine structure and difficulty in the combination of materials of various
melting points were inescapable problems. Such difficulties are
completely avoidable by our technique. If more rigid bonding is
required, high-temperature bonding should be applied only once after
the structure is completed. Figure 2a shows the top view of arrayed 3D
photonic crystals with 4,8,12,16 and 20 layers.Figure 2b shows the top
view of a 20-layered crystal; a side view of the crystal is presented in
Fig.1g.The periodical accuracy was in agreement with the four-layered
crystal31, with a structural error of within 50 nm, as observed from
Fig. 2b. Portions where the lattice intersects appear darker than that
sustained in air, indicate that the layers are in intimate contact with each
other. This demonstrates, to our knowledge, the first example of an
arrangement of a predetermined number of 3D photonic crystals for
use in optical wavelengths, with a fixed number of periods at
predesignated locations on a chip. Furthermore, this is also, to our
knowledge, the first achievement in the production of crystals for
optical wavelength of many periods whilst maintaining accuracy and
yield.These features are essential for mass production and integration of
photonic crystal-based devices. Additionally, it is desirable to achieve a
stable supply of crystals of many periods for highly efficient devices,
such as a resonator with a Q-factor as high as 103–104 (indicating long-
lasting resonance)38.

Reflection and transmission properties of the crystals were evaluated
using a microscopic Fourier-transform infrared measurement system33

at room temperature. The sample was characterized using an
unpolarized beam that was collimated within a 20-degree divergent

angle.The incident angles of the light were normal to and 20 degrees from
the vertical direction of the (100) surface of the crystals, for the
measurements of transmittance and reflectance, respectively. The area
exposed to light was limited to the size of the photonic pattern using a
rectangular slit. To determine absolute transmittance and reflectance,
reference spectra were taken from an InP wafer polished on both sides,
and a gold film that was deposited on the same InP wafer by sputter
coating. The results are shown in Fig. 3. The fabricated crystals are
estimated to have a stopband centring at around 4µm by the plane-wave
expansion method;the spectra of the crystals revealed such a stopband in
the expected wavelength region. As the number of crystal periods was
increased, the reflection peak became stronger and clearer. The
intensities reached 75% with the eight-layer crystal and remained at
similar values with thicker crystals. In the transmittance spectra, a gap
appeared in the same wavelength region where the reflectance peaks were
observed.The gap became deeper as the number of layers was increased,
and the attenuation reached above 25 dB with the 20-layer crystal. This
value is small compared with previously reported values27,28. This was
attributed to the small pattern size of the crystal and spread angle of
incident light31. Preparation of larger crystals would be expected to
deliver results equivalent to reported values.We can surely prepare large
crystals with shorter periods, but would reach the size limitation of a
relatively soft material such as InP. With other materials such as silicon
(Si) and gallium arsenide (GaAs), or by hardening InP by adding GaAs,
further enlargement and scaling down of the lattice constant would be
possible.A gallium indium arsenide (GaInAs)/GaAs laser is also suitable
for light-emitting devices for optical communication wavelengths.
Silicon is useful for passive devices and excellent with electric devices.It is
also possible to insert active components in Si-based devices.

Characteristic features were observed in the transmission regions in
both the reflection and transmission spectra. Undulating structures
appeared in the regions below 3.2 µm and above 4.5 µm, and their

Figure 2 SEM images of 3D photonic crystals. a,Top view of 3D photonic crystals made
of 4,8,12,16,and 20 layers (corresponding to one to five periods).b,Surface view of the
20-layer woodpile structure shown in Fig. 1g.

Figure 3 Optical properties of the fabricated 3D photonic crystals. a,Reflection
spectra. b,Transmission spectra.The peaks appearing at 4.2 µm in all spectra are derived
from absorption of carbon dioxide in air.
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periods became shorter as the number of crystal layers increased.
In particular, this feature is remarkable in the wavelength region longer
than 4.5 µm of reflection and at 2.5–3.2 µm of transmission. Further,
transmittance tends to diminish as the wavelength becomes shorter.
Because there are no examples of an optical wavelength crystal of such a
thickness, there are no reports describing the transmission regions of
the spectrum. However, similar spectra have been reported for
millimetre-wave scale multilayer crystals39,40—the undulating structure
and fall off in transmission in the high-frequency region in our 
results is in good agreement with these. The vibration is based on
Fabry–Perot interference of reflections of both the front and back
surfaces of a crystal41.

To demonstrate the flexibility in design of our technique, an eight-
layer photonic crystal incorporating a defect was assembled on the same
chip on which the crystals shown in Fig. 2a were integrated. Two layers
with a rod width d=0.47µm were sandwiched between two sets of three
layers with d = 0.37 µm. Figure 4a,b shows the transmission spectra of
the normal and defective eight-layer photonic crystals,respectively.The
PBG shifted from 3–4.5 µm to 3.2–5 µm through incorporation of
defect layers.A shift of the gap to a lower frequency as the dielectric filling
ratio becomes larger is as expected42. One remarkable difference
between the normal and defected crystal transmission spectra was a

sharp peak that appeared at the high-frequency edge of the PBG
(bottom of the conduction band) in the spectra of the defected crystal.
This peak gradually shifted to a higher frequency and merged with other
peaks as the incidence angle was increased,as highlighted by the arrows
in Fig. 4b. A systematic 3D finite-difference time-domain calculation
was performed to investigate the origin of this peak.Theoretical spectra
calculated for normal incidence are also illustrated as blue plots in
Fig.4a,b.The positions of the PBG for both crystals and the transmission
peak at 3.2 µm of the defective crystal were reproduced well in the
calculated spectra. Major changes in spectral features corresponding to
an increase in the incidence angle were also reproduced in the theoretical
plots (data not shown). Sharp fringes appearing in the range of
2.5–3.0 µm in the calculated spectra appear to be smoothed out in the
observed spectra due to divergence of the incident light. By calculation
of the electromagnetic fields, it was found that energy concentrated in
the rods parallel to the polarization of the incident light in the modified
layers, that is, the fourth or the fifth layer, at the transmission peak at
3.2µm.The energy distribution in the x–zplane for x-polarized incident
wave at the peak frequency is shown in Fig. 5a. Because the rods of the
fifth layer are parallel to the x axis,energy is localized into the rods of the
fifth layer.The magnetic and electric fields at the maximum moment at
the same frequency are shown in Fig. 5b and c, respectively. The y

Figure 4 Transmission spectra of the normal and defective eight-layer photonic
crystals.The incidence angle is systematically shifted from the (001) to (110) axes of the
crystal orientation.Blue spectra are calculated transmittance by finite-difference time-
domain calculation for normal incidence.a,Normal eight-layer crystal. b,Defected eight-
layer crystal.The peak appearing at 3.2 µm is derived from the resonance in the defect
layers with incident light.The peaks at 4.2 µm in all spectra are derived from absorption of
carbon dioxide in air.

Figure 5 Electromagnetic fields in the x–z plane of the defected eight-layer
photonic crystal at the peak transmission frequency calculated by the finite
difference time domain method.The x,y and z axes are indicated in the figure.The x-
polarized plane wave is incident on the crystal from the bottom along the z axis.a,Energy
distribution,which was obtained by integrating electric and magnetic energies to the
direction of y axis and time.The colour scale represent the strongest (red) to weakest (blue)
intensity.Perspective outlines of the crystal structure are superimposed on the diagram
(white lines).b,The y component of the magnetic field is plotted in the x–z plane on the
linear scale.The x–z plane passes along the centre of the rod of the fifth layer.c,The x-
component of the electric field in the same plane as in b.The colour scale for b and c
represents positive (red) to negative (blue).
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component of the magnetic field is localized in the centre of the rod in
the fifth layer. In contrast, the x component of the electric field is anti-
symmetrically distributed at the upper and lower surfaces of the rod.
Moreover, there was a 90° phase difference between them. These are
typical characteristics of the zeroth transverse magnetic mode for slab
waveguides.To conclude,a resonant guided mode is excited in the rods of
the defect layers by the external fields polarized in parallel with the rod.
The light is subsequently coupled out to the opposite side by this defect
mode and is observed as a transmission peak.

In the past, models magnified to millimetre-wave scale38 have been
used to investigate detailed defect modes of photonic crystals.
Verification of these defects by a real-size model is indispensable for the
realization of photonic crystals,because the introduction of such defects
is limited using conventional fabrication technologies. The
establishment of our technology has enabled a detailed relationship to
be explored between the structure and photonic characteristics using
real-scale crystals.Also a technology that can perform stable assembly in
the order of a micrometre or submicrometre scale is indispensable, not
only to the field of photonic crystal devices, but to the field of micro
electromechanical systems (MEMS; the expression ‘micro system
technologies’ (MST) is more popular in Europe)43, which is a key-
technology in miniaturizing and upgrading electronic devices.
Furthermore,other photonic crystal fabrication techniques can explore
new possibilities by incorporating our technology44.

In this article,we have fabricated prototype crystals for wavelengths
longer than optical communications to confirm the essential soundness
of our idea. In the next stage, we will go on to the production of larger
crystals for optical communication wavelengths, introduction of more
complicated defects such as lasing elements, multilevel crossing and
branched waveguides,and integration of various elements on one chip.

Received 3 October 2002; accepted 25 November 2002; published 12 January 2003; 
corrected 14th January 2003 (details online).
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