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Abstract The shallow mini-band states have been clearly
located in experiment in the graded periodic structure which
was fabricated by the holography method. We demonstrated
that the band edge folding and splitting into individual shal-
low levels are due to long-periodic modulation. Numerical
simulations show strong slow-light effect and low second-
order dispersion of mini bands. By taking into account the
non-uniform distribution of the material, the numerical re-
sults agree quite well with the experimental results. To our
knowledge, this is the first instance in which shallow mini-
band states have been experimentally located in a graded
periodic film via the holography method.

1 Introduction

As we know well, semiconductors form the basis of all
electronics’ applications. Photonic crystals (PCs), the opti-
cal analogues of electronic semiconductors, are considered
as the next potential revolution of the information technol-
ogy and are attracting more and more researchers. Among
the researches on PCs, many previous studies have been fo-
cused on the manipulation of group velocity. Recently, the
“slow-light” effect in PCs [1] has attracted a great deal of
interest in practical applications, such as low-threshold las-
ing [2-4], pulse delay [5, 6], and enhanced nonlinear in-
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teractions [7, 8]. Generally, the defects in photonic crystals
[9-11] or periodically positioned structural defects in cou-
pled resonator optical waveguides (CROWSs) [12, 13] can
support localized modes and these localized modes in the
cutoff wavelengths can strongly modify the group velocity
in the vicinity. However, the fabrication of specific type of
defects at specific location within PCs is not so straightfor-
ward. Previous works on the CROWs were mainly focused
on theory and numerical simulation.

Another way to control the formation of states within
the forbidden gap is optical superlattice. There are narrow
bands with low dispersion induced by the bandgap folding
in an optical superlattice. These induce low group velocity
and high density of states. Furthermore, these researches of
narrow bands have been experimentally realized in several
superlattices such as optical fiber gratings [14], colloidal
photonic superlattices [15, 16], and superstructure surface
plasmons [17, 18]. Several theoretical researches have been
carried out for the slow light in the dual-periodic crystals
[19, 20], which were focused on the EM field enhancement
in a particular spatial region. For examples, the energy is
confined in the vicinity of every & shift region in moiré grat-
ing. Ymilov et al. [21] have reported the dual-periodic pho-
tonic crystals formed by four s-polarized laser beams the-
oretically. In this structure, the EM field is localized in the
whole multilayer regions. In other words, the active mate-
rials can be excited in larger region, which provides further
applications over the excitation and nonlinearity enhance-
ment. However, an experimental fabrication of holographic
superstructure in thin film has not been reported, yet.

This paper presents the fabrication of photonic super-
structure by four-beam interference holography on dichro-
mated gelatin (DCG) emulsion. Experimental transmission
spectra with three or four distinct mini bands between the
forbidden gaps were presented. By taking into account the
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non-uniform correction and surface grating of the structure,
the numerical analysis for transmission spectra is in good
agreement with our experimental data. The mini bands can
be seen as band-edge states folding and split off into shal-
low levels by the long-period modulation. Furthermore, re-
sults show that strong slow-light effect can exit in the mini-
band states of low second order dispersion, and the EM field
is confined in the whole multilayer regions. To our knowl-
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edge, this is the first instance in which shallow mini-band
states have been experimentally located in a graded periodic
film via the holography method.

2 Experimental

The recording plates were prepared similar to that reported
earlier in [22]. The photosensitive solution, by mixing 4.4 %
gelatin and 0.72 % ammonium dichromate with 94.88 % dis-
tilled water, was spread to a glass plate in a darkroom and
the thickness of dry film was about 20 um. A general exper-
imental configuration of 1D superstructure formed by four-
beam interference holography in DCG emulsion is shown
in Fig. 1. Two coherent s-polarized beams with wavelength
488 nm and power ratio of 59:41 are incident on the emul-
sion. The diameters of two beams are 20 mm and the in-
cident angles are about 65° &+ 3°, respectively. The gelatin
side was doped in the index-matching liquid (dimethylben-
zene). Under the liquid was a silver mirror. After exposure,
the DCG plate was dipped in 20 % Kodak Rapid Fixer. Then
the plate was soaked in distilled water for 15 min. After the
soaking step it was dehydrated respectively in 50 %, 75 %,
95 %, and 100 % isopropyl alcohol. Finally, the DCG plate
was dried in the oven at 40 °C.

Figure 2(a)—(d) shows the transmission spectra of the su-
perstructure (sample a—d) fabricated by four-beam interfer-
ence. The optical transmission spectra were measured with
a fiber spectrometer (Ocean Optics, HR4000). A collimated
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beam from tungsten—bromine lamp with a diameter of 5 mm
was used as white light source. There are three or four dis-
tinct mini bands within the forbidden gap in each sample
(Fig. 2(a)—(d)). Four-beam interference pattern can form a
surface grating on x—y surface, which leads to the spatial
distribution of energy, as shown in the inset of Fig. 2(e).
Therefore, there is about 30 % of transmission energy in the
zero order. Fig. 2(e) is the atomic force microscopy (AFM)
image of the emulsion surface of sample d, the periodic of
grating is about 5.7 um, from which we can get the incidence
angles a = 63.4° and b = 68.5°, precisely.

3 Theoretical analysis and discussion

The dielectric function formed by interference photolithog-
raphy method can be written in the form

n:no—i—An[acos(k]x)+,Bcos(k2x)]2, a+pg=1. (1)

Here ng is the bulk refractive index, An is the maxi-
mum reflective index change of the material. k; = Ko sin(a),
ko = Ko sin(b), where K is the wave vector of writing beam
in vacuum. «:f is the ratio of energy of two beams. The
refractive index is modulated by two spatial periods: the
slowly varying period L = 2m/(|k; — k2|) and the rapidly
varying period [ = 2w /(k1 + k2). The Bragg frequency is
determined by the rapidly varying frequency wp = m/nol.
The long-period modulation can induce band edge folding
in the Brillouin zone and leads to the mini bands which can
be seen as band-edge states split off.

In our experiment, the structure of the DCG PCs is not
strictly periodic because of the absorption and development
process [23, 24]. They lead to gradually-varied amplitude
and spatial frequency of the n(x). To further analyze these
three mini bands, numerical simulated transmission spectra

by taking into account the non-uniform of DCG was cal-
culated to match the measured curves. The amplitude and
spatial frequency of n(x) are given by

An(x) = AnO)[(1 - p)" + p], (2)
X
K=K(0)—AK?. 3)

An(0) and K (0) are the amplitude and spatial frequency of
refractive index in the air—gelatin interface, respectively. T
is the thickness of the emulsion. We get parameters of sam-
pled: p=0.1,r =0.8, AK =0.0152 x K(0). Substituting
Egs. (2) and (3) into Eq. (1), Fig. 2(f) shows the distribution
of the refractive index modulation by taking into account the
non-uniform of DCG.

We consider that a plane wave is incident normally on a
multilayer structure in an air background. The wave propa-
gates along the x direction. The EM fields within different
layers can be connected to each other with a transfer ma-
trix by which Maxwell’s equations are solved within every
single layer. The transfer matrix for a long period can be
expressed as

Mz[nm m12:|_ @)

mop  m
According to Bloch’s theorem, one can easily obtain the
dispersion relation for the superstructure under normal inci-
dence conditions.
miy +mop

cos(kL) = — (5)

In the Brillouin zone, the back scattering light has the
same phase as the forward light, which interference to be a
standing wave, and the group velocity is zero. Because the
slow light mode is the resonant mode of the lattice, the slow-
light mode can be controlled by adjusting the geometrical
parameters of the PC structure. If the Brillouin zone was
compressed by the long-period modulation, the band-edge

@ Springer



372

C.-F. Ying et al.
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modes folding into series of bands, and the interference be-
tween back scattering light and forward light induce them
split off into mini bands. Some of these bands correspond to
as sharp peaks in the forbidden gap region in transmission
spectra.

Below, we discuss sample d formed by four-beam inter-
ference in our experiment. The refractive index as a func-
tion of x-axis is shown in Fig. 2(f). The bulk reflective index
no = 1.5426, and the maximum reflective index change of
the material An = 0.1. Considering the loss of the transmis-
sion energy induced by the surface grating, the transmission
spectra are normalized. After the TMM calculation, one can
see in Fig. 3(a) that the simulated result agrees well with
measured ones within the transmission gap. There are three

@ Springer

distinct transmission mini bands between the forbidden gaps
and the band-width of each mini band is about 5 nm. The
Q factors (Q = wo/Aw, wp is the center frequency of
mini bands) of each resonator for the center wavelength of
A1 =555.72 nm, Ay = 544.29 nm, and A3 = 534.93 nm are
01 =155, 0> =120.5, and Q3 = 103, respectively, which
were obtained by Gauss fitting of the measured curves. The
great agreement between the numerical simulation and ex-
perimental result provides convincing evidence that the ob-
served mini bands arise indeed from superstructure effect.
Figure 3(c) is the photonic band structure of the superstruc-
ture calculated by the TMM. There are three bands between
four forbidden gaps.
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Let’s discuss some details of these mini bands. The dis-
persion of group velocity can be expanded in Taylor series

K (w) = Bo+ Bi(® — wp) + %(w—wo)2

+%(a)—wo)3+~-~, (6)
_C_(* 7
p1= v (dw)w_wo, O

where 1, B2, and B3 are the one, two and three-order disper-
sion expand coefficients of the group velocity, respectively,
¢ is the speed of light in vacuum, and k' = ka /27 is the
normalized wave vector. The localized factor can be defined

as
bulk 1

=2 1/%\/;8_1. ®)
8

f denotes the electro-magnetic field localization ability of
resonators. From the Egs. (5), (7) and (8), the localized fac-
tor turns out to be functions of the transfer matrix M for one
super periodic of uniform grating. The localized factors f
versus frequency for three bands is shown in Fig. 4(d)—(f).
Within the center frequency of each band, f is almost con-
stant, which indicates low second order dispersion of group
velocity in the band. Therefore, these mini bands have weak
distortion in pulse signal and have advantages in informa-
tion processing applications. The field distributions within
the superstructure for three bands with center frequencies
of w1 =0.307, wp = 0.3153, w3 = 0.3225 are given in
Fig. 4(a)—(c). For the center frequency of band-1 and band-3,
the energy is localized at the peak region of n(x) in a super
cell, but at the valleys of n(x) for the center frequency of
band-2.

The valleys and peaks region of n(x) can be regarded
as resonators in which the EM field can be confined. Pho-
tons can be localized within these regions by multiple re-
flections when the specific condition is satisfied. The long-
period refractive index modulation creates periodic spatial
bending which can be separated the resonators by the tun-
neling barriers. The mini bands with slow light effect are
created due to the interaction between the resonators via
weak coupling across tunneling barriers like the CROWs.
Therefore, one can expect the electric field intensity | E 1% to
be increased considerably in the localized regions for spe-
cific narrow band mode. In application to the nonlinearity
and fluorescence excitation, enhancement intensity in large
region would provide larger active region.

4 Conclusion

In this work, we present a large-area and high-quantity fab-
rication method of 1D photonic superstructure in gelatin

emulsion using the four-beam interference technique. Ex-
perimental transmission spectra exhibit obvious mini bands
in the forbidden gap. The electric intensity is localized in the
whole multilayer region within the center frequency of mini
bands. This is the first time mini bands were observed in
non-uniform film via holographic method. Based on TMM
and non-uniform correction, numerical simulations of trans-
mission spectra agree well with the experimental results. Re-
sult shows that the mini bands have strong slow-light ef-
fect and weak second order dispersion of group velocity.
Because of the advantages of DCG, the superstructure has
potential in application of holographic crystals. Meanwhile,
unlike the CROWs and other superlattices, the electromag-
netic field was enhanced in the whole region of multilayer
structure and the active materials can be excited in larger
region. A study on the application of excitation and nonlin-
earity enhancement in this superstructure will be carried out
in our further work.
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