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Quantized state in a single quantum well structure of photonic crystals
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A quantum well structure was fabricated using two kinds of photonic crystal. The transmittance spectra were
measured in the millimeter wavelength range for various well thicknesses, and numerous sharp peaks due to
quantized states were observed in the high reflective frequency region of the barrier crystal. To discuss the
symmetry of observed quantized states, the electrical field patterns in the well crystal were measured. Even and
odd modes were observed alternately in each fine peak. The results of analysis showed that the observed fine
peaks were quantized states of a photonic band in a single quantum well.
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Much interest has been shown in photonic crystals ch
acterized by spatially periodic dielectric structures that cre
band structures for photons.1–3 Full three-dimensional~3D!
photonic crystals would be able to exhibit much more p
found effects, such as a much stronger confinement ef
and stop-band characteristics over a broader range of an
or even in all directions of light, like electronic band gaps
semiconductors. However, the impurity states of photo
crystals are expected to control the radiation field of light
the band gap.4–6 An impurity state is fabricated by makin
an ‘‘irregularity’’ in an ordered lattice, such as a distortion
defect. This state has been observed and found to explain
localized mode of the radiation field.

Periodic arrays of dielectric spheres provide us with p
totypical photonic crystals. The photonic band effect in su
systems has been studied both theoretically7–12 and
experimentally.13–17 In a spherical system, accurate theore
cal analysis is possible using group theory and the sphe
vector expansion method for a photonic crystal system c
sisting of a dielectric sphere. Experiments have been
formed in the millimeter-wave region, and the resu
showed good agreement with the results of theoret
analysis.17

Recently, the concept of the photonic quantum w
which consists of a quantum well structure similar to that
a semiconductor, has been proposed.18,19 In these studies
sharp peaks in the stop band were calculated and consid
as the effects of the bound state or resonant tunneling.
calculated peaks were not explained as the quantized sta
the photonic bands but as impurity states of the photo
crystal. But, in this photonic quantum well, the quantizati
of the photonic band will occur like the quantization of th
electron band in semiconductors. However, no experime
on the quantum well structure using a photonic crystal h
been performed.
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The aim of this study was to observe and determine
symmetry of the quantized state of a photonic band. For
purpose, we measured the transmittance spectra and th
tensity of electrical fields in a crystal containing a sing
quantum well structure fabricated in a photonic crystal
ranged in millimeter-sized Si3N4 spheres. The quantizatio
of photonic bands is discussed in comparison with a se
conductor quantum well.

To fabricate the single quantum well structure, two kin
of 3D photonic crystal were prepared. They were made w
a layered 2D periodic array of Si3N4 beads of millmeter size
as constituent spherical dielectric particles. The 2D perio
array is a close packed hexagonal lattice and stacked to m
a hexagonal crystal. The building block for the 3D photon
crystal we used was spherical balls of Si3N4 with a diameter
d51/8 in. Si3N4 has a fairly high dielectric constant («
58.67) in the millimeter wavelength region investigate
Figure 1 shows illustrations of two types of single quantu
well structure,~a! and~b!, made with photonic crystals. Th
photonic band gap can be controlled by changing the air
of layered three-dimensional photonic crystals. Here,A is the
barrier crystal andB is the well crystal. As shown in the
figure, the air gap ofA(Db) is different from that ofB(Dw).
Therefore, the frequency region of the band gap of the b
rier is different from that of the well due to the different a
gaps. The photonic band of the well crystal overlaps the b
gap of the barrier crystal, and is confined and quantiz
Both figures corresponded to a quantum well crystal of fo
layers. The reason that we consider these configuration
correspond to four-layered quantum well crystals will be d
cussed later. It is expected that sharp transmitted peaks
responding to the quantized photonic band in the band ga
the barrier crystal will be observed.

The transmittance spectra and the intensity of the elec
cal field in the air gap of the photonic crystals were measu
©2001 The American Physical Society16-1
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as a function of millimeter wavelength for normal inciden
by using a network analyzer~Wiltron 360B!. For measure-
ment of transmittance, two horn antennas were used to
duce a probe electromagnetic~EM! wave and to detect the
transmittance. We used two lenses (f 5300 mm) to make an
incident EM plane wave and to focus its transmitted com
nent. A semirigid cable of 0.8 mm in diameter was used
probe the electrical field in the air gaps of the well crysta

Figure 2 shows the transmission spectra when the num
of layers in the quantum well crystal is 3–9,Dw is 3.2 mm,
andDb is 1.1 mm. Figure 2~a! shows the experimental trans
mittance spectra and Fig. 2~b! shows the results of theoret
cal calculations. The lowest spectrum is for a well width
three layers, and the highest is for nine layers. The numbe
well layers is represented on the right-hand side of the fig
as, e.g., 3L. If the photonic crystals of both the barrier an
the well are perfect crystals, they will have band gaps
different frequency regions. The range of the band gap of
well crystal is 29–32 GHz, and that of the barrier crystal
33.5–40 GHz. Horizontal arrows show the range of ea
band gap. Therefore, in our experiment, the photonic ban
the well crystal in the range of 33.5 to 40 GHz is confined
the band gap of the barrier crystal. Based on theoretical
culations, the confined photonic band corresponds to
third photonic band@see Fig. 4~a! below#. As shown in Fig.
2~a!, some sharp peaks appear in the band gap of the ba
crystal. In the case of a four-layered crystal, whose sh
corresponds to that shown in Fig. 1~a!, three peaks are ob
served at 33.9 GHz, 36.5 GHz, and 38.4 GHz. It is thou
that these structures correspond to the quantized state
photonic bands in the well crystal. The quantized wave nu
ber of the quantized states is determined as follows. As
the quantized states in a semiconductor quantum well, if
lattice constant of the unit cell isa and the width of the
quantum well isl 5na, n is the number of one atomic laye
The wave number of the Brillouin zone boundary isp/a
5kB , and the quantized wave number of the first quantiz
state isp/ l 5p/na5kB /n. That is, if the well width is four
layers, the wave numbers of all quantized states are1

4 kB ,
2
4 kB , and 3

4 kB . Therefore, the second quantized level of fo

FIG. 1. Illustrations of a quantum well structure using two kin
of photonic crystal,A andB. Here, we changed the size of the a
gaps betweenA andB, Db andDw . ~a! and~b! represent two cases
Dw.Db andDb.Dw , respectively.
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layers, the third of six layers, and the fourth of eight laye
should have the same quantized wave number and quan
energy. The first~second! level of three layers, the secon
~fourth! of six layers and the third~sixth! of nine layers will
appear at the same positions. Thus, the wave numbers o
observed quantized levels are shown in the figure by do
lines and fractions such as 2/4. The number of layers~L! was
four for the spectra ofL54 and so on. Therefore, the boun
ary layers ofDw andDb in Fig. 1 are considered to belong t
the well crystal.

The experimental transmittance was compared with
theoretical calculations shown in Fig. 2~b!. The results of
calculation agree well with the experimental results in ter
of the frequency of sharp peaks, although the transmi
intensity of the sharp peaks is not unity in the experime
This discrepancy is due to the loss of electromagnetic ene
in the case of a thick sample. Because our sample
slightly distorted, it is thought that the loss occurred by t
scattering or diffusion of the EM wave on the 2D lattic
plane. It is therefore difficult to observe sharp peaks such
those seen in the spectra of a large well, for example, se
to nine layers.

FIG. 2. The transmittance spectra when the air gap of the w
crystal ~B! was 3.2 mm and that of the barrier was 1.1 mm. T
well is 3–9 layers.~a! and~b! show the experimental and theoretic
transmittance results, respectively. The regions shown by the h
zontal arrows give the photonic band gaps of well and barrier c
tal when the crystal is infinitely large.
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The intensity of the electrical field in the air gap of th
well crystal was measured in order to study the symmetry
each quantized structure. The results are shown in Fig
where the air gap of the well is 3.2 mm, and that of t
barrier is 1.1 mm, and the number of wells is six layers. T
transmittance spectrum is shown in the upper part of
figure. Although the observed sharp peaks are slightly dif
ent from those in Fig. 2~a! for L56, five sharp peaks ar
observed in the spectrum, at 32.75, 34.18, 36.33, 37.57,
39.25 GHz. The difference was caused by slightly chang
the photonic band gap of the barrier crystal toword the l
frequency region in order to clearly observe the 1/6 sta
The transmittance spectrum observed with a probe in the
gap was almost the same as the spectrum without the pr
The bottom of the figure shows the structure of the measu
quantum well. The gray boxes show the plane of the
lattice. The intensity of the electrical field in the air gap w

FIG. 3. ~a! Transmittance spectra when the air gap of the w
crystal is 3.2 mm and that of the barrier crystal is 1.1 mm, and
well consists of six layers, which corresponds to that shown in F
2~a! for L56. ~b! Intensity of the electrical field in the air gaps a
a function of the distance from the surface. The large squares s
the experimental results and the broken lines show the result
theoretical calculations.~c! Diagram of the measured quantum we
structure. The gray boxes show the plane of the 2D lattice.
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measured and calculated. The calculated intensities are
ted in the middle of the figure as a function of the distan
from the surface of the Si3N4 beads. The theoretical calcula
tions are shown by broken lines for ReE and uEu2. Im E is
omitted as it has the same symmetry as ReE. In our mea-
surement, the square of the intensity of the electrical fi
was observed. The experimental results are plotted with
calculateduEu2 as large squares. As shown in Fig. 3, t
experimental results are in good agreement with the theo
ical calculations foruEu2. Moreover, the symmetry of the
sharp peaks will be discussed. From the calculation of ReE,
one can see the symmetry, that is, the first, third, and fi
quantized states are even modes, and the second and f
are odd modes. The intensity at the third air gap, which is
the center of the well crystal, is almost zero for the seco
~34.18 GHz! and fourth~37.57 GHz! peaks, but it is nonzero
for the first, third, and fifth states. Considering that the cen
is a loop for even parity and a node for odd, the experimen
results clearly show that the mode of the sharp peaks cha
alternately between even and odd parity. This indicates
the envelope function of the quantized electromagnetic w

FIG. 4. The dispersion relation of photonic bands. The so
lines show the results of theoretical calculation. The frequency
observed fine structures is plotted by the circles as a function
wave numberk5n/L. Here,n represents the quantum number a
L is the number of well layers. Air gap of well is~a! 3.2 mm and~b!
0.3 mm. Vertical dotted lines were guidelines of the wave numb

ll
e
.

w
of
6-3



l
th
e
si
k

n
.3

d
a
th
r
la
um
te
id

io
s

er
co
rs

d

re
ar
b

plit.
on
y-

he
the

om
ick-
ed
at
.
us-
re

ave
ell
aks
e of
iffer-
as
ng
ach
f the
aks

c
ul-
nce

BRIEF REPORTS PHYSICAL REVIEW B 63 153316
is given by sin(np/L). Thus, the difference of the electrica
field pattern for the sharp peaks is well explained by
various even and odd quantized states in the quantum w

Next, the quantized state of the photonic bands is con
ered. In Fig. 4, the frequency of the observed sharp pea
plotted as a function of wave numberk5n/L. The calculated
photonic bands (G –X) are shown by solid lines. Figure 4~a!
shows the third photonic band for an air gap of 3.2 mm, a
Fig. 4~b! is the second photonic band for an air gap of 0
mm. Here,n represents the quantum number as assigne
Fig. 2, andL is the number of well layers. The experiment
results for different barrier crystals are also plotted in
figure. The experimental data for the same wave numbe
different quantized states, for example, 1/2 and 2/4, over
Therefore, multiple circles are plotted at the same wave n
ber. The experimental results agree well with the calcula
photonic bands. Thus, these agreements indicate that the
of quantized photonic bands is a good model.

Our experiment was performed in the frequency reg
where the band structure was simple. So the photonic cry
can be considered as 1D multistack dielectric layers. Th
fore, the observed peaks may also be explained by the
pling of the impurity states in the multistack dielectric laye
because the air gaps of the well crystal are considere
irregular lattices. For example, in the case of four layers~see
Fig. 1!, there are three air gaps of the well crystal. Therefo
the number of impurities is three and the number of sh
peaks is simply expected to be 3. This expected num
agrees with the experimental result@see Fig. 2~a! 4L#. Thus,
s.
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en
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it is thought that these impurity states are coupled and s
However, in the higher frequency region, the phenomen
cannot be explained by the idea of multistack dielectric la
ers, because the photon state~photonic band! is more com-
plicated from the effect of the 3D crystal. In contrast, in t
quantum well model, one can estimate the frequency and
number of transmission modes in all frequency regions fr
the band structures of well and barrier crystals and the th
ness of the well crystal. Therefore, the idea of a ‘‘quantiz
state’’ in the quantum well structure is more helpful than th
of a ‘‘coupled impurity state’’ in multistack dielectric layers

In summary, a quantum well structure was fabricated
ing two kinds of photonic crystal. The photonic crystals we
fabricated from a 2D lattice made of Si3N4 spheres. The
transmittance spectra were measured in the millimeter w
region in normal incidence for the 2D lattice when the w
crystal was 3–9 layers. Numerous sharp transmitted pe
were observed in the band gap of the barrier crystal. Som
these peaks were observed at the same frequency for d
ent well numbers. The intensity of the electrical field w
measured in the air gap of the well crystal. An alternati
even and odd pattern of electrical field was observed for e
peak. These features can be explained by the concept o
quantization of a photonic band, that is, the transmitted pe
are the quantized states of a single quantum well.
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