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Direct visualization of photonic band structure for three-dimensional photonic crystals
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We propose a method to experimentally determine the full photonic band structure of photonic crystals by
monitoring the beam propagation, and we demonstrate the experimental results of the band-structure measure-
ment in the near-infrared regime for Si/SiO2 three-dimensional hexagonal photonic crystals fabricated by
autocloning bias-sputtering process.
-
ha
h

th
e
ic
of

py

an
li

e-
-
n
m
b

th
i

re
v

if
o

ea
an
o
a

or

ov
e

e
di

o
s,
h
.
-

tion

m-
aga-
es
s

mi-
r, it
it is
uffi-
be-
an-
or
op-
ure
pe-
n-

e-
C’s,

uc-
en-

eri-
by
ve-

-
tial
e
ace

nd
C
a-

’s,

e

Photonic crystals~PhC’s! have a great potential on pho
tonics technology because a photonic insulator— which
been believed to be nonexistent—can be realized if a P
possesses a full photonic band gap.1 In addition, light propa-
gation in PhC’s can be tuned to a large extent beyond
limitation of real materials by tuning their crystal structur
In other words, PhC’s enable band engineering in photon
by which we can artificially control the optical properties
solids.2 To study or design a PhC~to design light-
propagation properties or to modify the width or anisotro
of the forbidden band!, it is essentially important to know its
band structure, just as one must know the electronic b
structure to understand the electronic properties of a so
This is especially important for the fabrication of thre
dimensional~3D! full photonic band-gap materials in the op
tical wavelength regime, which is still a difficult task eve
with state-of-the-art technology. We have to carefully exa
ine the band structure of PhC’s that can be fabricated
available techniques, and have to know how to modify
structure to widen the partial gap to a full gap. This task
impossible without the knowledge of PhC’s band structu

From the viewpoint of theorists, various methods ha
been developed to calculate photonic bands,3 and it is not
very difficult to calculate them with a sufficient computer
the exact crystal structure is known. From the viewpoint
experimentalists, however, it is not so easy to directly m
sure the photonic band structure, especially in the visible
near-infrared regime. Although there have been many rep
on transmittance and/or reflectivity measurements, they
not directly related to the band structure; they are m
closely related to the density of states.4 In the microwave
regime, a coherent phase-sensitive measurement can pr
the band-structure information,5 but such a method cannot b
applied in the optical regime.

The direct measurement of the photonic band structur
especially important when the exact crystal structure is
ficult to know6 or the finite size effect is unnegligible~e.g., a
quasi-two-dimensional PhC of finite thickness!. In such
cases, we have to rely on direct measurement. Furtherm
when designing the beam propagation properties of PhC’
is not sufficient to know the band structure in some hig
symmetry axes, which is usually done in band calculation
is crucial to know thefull band structure, i.e., that not re
PRB 610163-1829/2000/61~11!/7165~4!/$15.00
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stricted within high-symmetry axes, because the propaga
direction is determined by the band curvature in thek space.7

The fact that beam propagation is influenced by the co
plicated band structure leads to various anomalous prop
tion phenomena recently observed in grating waveguid8

and photonic crystals.9 Since such propagation propertie
contain the information of the photonic band~this propaga-
tion mode is referred to as the Bloch mode10!, the possibility
of experimental reconstruction of the band structure by si
lar beam propagation experiments is suggested. Howeve
is not clear whether such a method really works because
unclear whether such propagation experiment data are s
cient for reconstructing the full band structure and also
cause the reported experimental results were not fully qu
titatively explained by the band-structure calculation. F
example,9 many of the observed modes propagate in the
posite direction from that predicted by the band-struct
calculation, and the deviation from theory is not small, es
cially in the region far from the Bragg condition. These i
dicate that reconstruction is not reliable.

In this paper we show the quantitative relationship b
tween the beam propagation and the band structure in Ph
and propose a versatile method for measuring thefull photo-
nic band structure, in which we reconstruct the band str
ture from beam propagation experiments. This method
ables us to obtain the complete relationship betweenv andk
for all directions. Furthermore, we demonstrate the exp
mental results on alternating-layer 3D PhC’s fabricated
autocloning bias-sputtering process in near-infrared wa
lengths.

When an optical beam is launched from a material 1~air!
to a material 2~dielectric!, the beam propagation in the ma
terial 2 is determined by the conservation law of tangen
components of wave vectork. This conservation law can b
graphically represented by plotting the equifrequency surf
~EFS! and a normal line in thek space, as shown in Figs. 1~a!
and 1~b!. In the case for the dielectric, EFS is a sphere, a
thek conservation leads to Snell’s law. If material 2 is a Ph
@Fig. 1~c!#, Snell’s law does not hold, but the beam propag
tion direction is still governed by thek conservation with
some modifications to the dielectric case. First, in PhC
EFS should be infinitely periodic in thek space.11 In Ref. 9
they considered EFS only within the first Brillouin zon
7165 ©2000 The American Physical Society
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FIG. 1. ~a!–~c! Schematics of
the EFS plot for the beam inciden
problem. ~d! The measuremen
setup and the 3D PhC sample fa
ricated by autocloning bias sput
tering.
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~BZ!, but it is not generally clear whether the first BZ
sufficient. Furthermore, the propagation direction in t
PhC’s is determined by the group velocity of Bloch mod
which is related to the band structure and EFS byvg
5gradk(v).7 ~Here we assume that the propagation direct
is always the same as the group velocity, not in the oppo
direction.!

For the beam propagation experiment, we measure
incident and propagating angles (u in andup). u in determines
the tangential component ofk provided the refractive index
of the outside media~normally air! is known, andup deter-
mines the orientation of group velocity, which correspon
to the normal direction of the EFS, and is expressed
dky /dkx5tan(up). Thus, we can estimate the EFS by int
grating the propagation angle in thek space. One may notic
that there is uncertainty in determining the EFS due to
arbitrariness of the integration constant. However, if
symmetry of the PhC is known, the EFS can be unambi
ously determined. Note that the knowledge of the crys
symmetry is also required when we apply the generali
conservation rule mentioned above. If the symmetry is
known, it can be determined by an optical bea
diffraction,12 which is analogous to x-ray diffraction mea
surement for determining the crystal structure of a solid.

Consequently, the actual band determination procedu
the following: first integrate the angle data to obtain a par
the EFS, and then regenerate other parts of the EFS from
first one with considering the crystal symmetry. We rep
this until further regeneration does not change the shap
the EFS within the first BZ. In this procedure, the extend
zone scheme is essential to construct the EFS. We will
cuss this point again after we analyze the experimental d
By this procedure, the unknown EFS can be determined
,
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the beam propagation measurement. This method may
regarded as a photonic counterpart to cyclotron resona
measurements on metals, which provide information on
Fermi surface. In contrast to Fermi energy, we can varyv
almost arbitrarily with the help of a tunable laser. This e
ables us to determine the shape of the EFS as a functio
v, which means that we can know thefull band structure,
that is, the complete relationship betweenv and k in all
directions.

Figure 1~d! shows how the measurement is carried out
nearly collimated beam is launched from a waveleng
tunable Ti:sapphire laser to a PhC.up is measured by a
charge-coupled device~CCD! camera monitoring from thez
direction as a function ofu in . The sample was a Si/SiO2
alternating-layer 3D hexagonal PhC fabricated byautoclon-
ing bias-sputtering deposition.13 We wrote a 2D hexagona
pattern bye-beam lithography and transferred it to a SiO2
layer on an InP substrate by dry etching.a-Si/SiO2 layers
were then deposited alternatively on this patterned subst
By choosing the appropriate sputtering condition, the surf
of layers takes on a certain stable shape after a few la
deposition, and each layer deposited hereafter keeps the
periodic pattern even until 40-layer deposition. This au
cloning deposition results in a 3D hexagonal PhC structu
We used a 40-layer PhC with an in-plane lattice constanta of
0.24mm. The thickness of each layer was 0.16mm. The unit
structure is composed of complicated tilted and bent s
faces. The beam incident interface is thex-z plane, perpen-
dicular to theG-K direction, and the incident plane is thex-y
plane. Furthermore, the incident beam hasp polarization in
which electric field lies within the incident plane.

Figure 2 shows the relation betweenu in and up at 0.86
mm. The measured relationship is far different from t
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Snell’s law and should be attributed to the complicated E
shape. Between 21.5°–28°~shaded area!, the beam propaga
tion was not observed, which indicates the existence o
partial gap in the photonic band. By integrating these an
data, we constructed the EFS at each frequency assu
hexagonal symmetry. Figure 3~a! shows a deduced EFS i
the k space at 0.86mm. The raw data correspond to th
shaded region, and other branches are the result of rege
tion. Note that the raw data are located outside the first
This shows that the extended zone scheme~inclusion of the
zone outside the first BZ! is essential to quantitatively unde
stand the relationship between the beam propagation an
band structure. The starlike shape in the first BZ reflects
in-plane symmetry of the PhC at symmetry points in thek
space. Figure 3~b! shows an EFS at 0.93mm. In 3~b!, there
are partial gaps~as indicated by an arrow! aroundK points.
The beam propagation is most strongly altered around th
partial gaps; the group velocity of the Bloch photons b
comes slow and the propagation angle significantly diff
from Snell’s law due to strong multiple scattering. For re
izing a full photonic band gap, we have to enlarge the
partial gaps centered at symmetry points. When integra
the experimental data, the EFS becomes discontinuous
uncertain at symmetry points due to the appearance of g
But if we take the known symmetry of the PhC into accou
we can safely determine the integration constant with
help of the knowledge of the symmetry around such symm
try points.

Since Fig. 3 is a cross section of the full band structure
eachv, we can construct the band structure by sweepingv.
Figure 4 plots the full band structure around theK point
between 0.84–0.96mm. We introduce here normalized fre
quencyv52pc/a. For a clear view of the bands near theK
point, the other branches far from theK point are not plotted.
A clear gap appears around 0.92mm between the upper an
lower bands. Both bands exhibit threefold rotational symm
try of the K point. Note that the symmetry axis differs b
180° between the upper and lower bands. By this method
can measure the relation betweenv-(kx ,ky). In the present
case, the small area of (kx ,ky) around theM point is out of
the measurable range because the refractive index differ
between air and the Si/SiO2 PhC is too large. But if we
perform a supplementary measurement in which the incid
interface lies in they-z plane~that is, rotating the sample b
90°!, any point of (kx ,ky) becomes accessible. In addition,

FIG. 2. Incident angle versus the propagating angle al
50.86mm.
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we change the incident plane to thex-z or y-z plane, we can
measure (kx ,ky ,kz) points with nonzerokz .

Next, we compare the experimental data with calcu
tions. We calculated the band structure of the present
PhC in typical high-symmetry axes assuming an appro
mated hexagonal shape by a full vector calculation with
plane-wave expansion method.14 Figure 5 shows~a! experi-
mentally determined and~b! calculated band structure fo
high-symmetry directions~G-K-M! in the case of p
polarization.15 The measured results are basically similar
the calculated ones, which shows the feasibility of our m
surement method. Since it is difficult to know the accura
3D shape and index profile of the present PhC, we beli
that the measured band structure iscloser to the real band
structure than the calculated one. In addition, this agreem
denies the existence of any anomalous modes propagatin
the opposite direction to the group velocity in our result.

In the above discussion we discussed only thek conser-
vation, but the amplitude of the field should be conserved
well, which is not included in the framework of the EFS plo
The amplitude conservation determines the amplitude r

FIG. 3. Experimentally determined EFS’s of the 3D PhC in t
kx-ky plane at~a! l50.92 and~b! l50.86.
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of the allowed Bloch modes. This means that some of Bl
modes allowed in the EFS plot are not practically excited
our experiment the number of the observed modes is sm
than that of the allowed Bloch modes in the EFS plot, pr
ably because the amplitude of some modes is too small t
observed or practically zero. But it is not necessary to m
sure all of the Bloch modes, and the number of the obs
able modes is sufficient for PhC’s with high symmetry
construct the full band structure because many of the allo
modes are equivalent due to their symmetry.

We end this article with comments on the accuracy
versatility of this method. This accuracy mainly relies on
accuracy ofup . This uncertainty leads to the uncertainty
ky as Dky'kx tanupDup (Dkx is negligible!. up is limited
by the beam width and the sample size, which are appr
mately 30 and 500mm in our case. Although the error can

FIG. 4. Experimentally determined photonic band struct
around theK point in thev-(kx-ky) space.
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large whenup is large, we can safely avoid such data
using the crystal symmetry. The error ofky /kx is less than
4% in our case. Of course, this can be further improved if
use a smaller beam and larger samples.

This method relies on the existence of weak scatter
light for the vertical direction, which may limit the versatilit
of this method. We think that most of bulk 2D/3D PhC
with sufficiently small thickness meet this demand if we u
a sufficiently intense laser beam. If the PhC is embed
within some waveguiding structures, such scattering li
may not be detected. But the propagation angle can stil
determined by monitoring the beam position at the out
edge of the PhC’s.

In summary, we have shown that the exact shape of
EFS can be deduced from a beam propagation measurem
This method with a tunable light source enables the exp
mental determination of the full photonic band structure. N
only can the band along high-symmetry axes be determin
but we can also determine any points in bands within
incident plane, which is important to understand various
pects of propagation phenomena in PhC’s. We have dem
strated successful measurements of an alternating-laye
hexagonal PhC fabricated by autocloning bias sputtering

We acknowledge T. Kawashima, T. Satoh, H. Kosaka,
Tomita, and M. Naganuma for valuable discussions.

e

FIG. 5. ~a! Experimentally determined photonic band for hig
symmetry directions.~b! Calculated band structure for high
symmetry directions. About 1200 plane waves per each polariza
were used in the calculation. The inset shows the approxima
shape of the 3D PhC used in this calculation. Frequency is norm
ized asv52pc/a.
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