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In this paper, we consider a hybrid photonic crystal symmetrically deformed (Bgs/Cu;/Bgs) con-
sisting of the third generation of the copper mean sequence (Cus;), sandwiched between two Bragg
mirrors at the fifth generation (Bgs). Our system realizes a polychromatic filter that transmits five
wavelengths in the visible spectrum independently of the polarization of the light transverse electric

or transverse magnetic. Secondly, the photonic crystal (Bgs/Cu;/Bgs) undergoes the deformation

v =x**1 (where kis the degree of deformation, x and y are respectively the coordinates of the sys-

tem before and after the deformation). With a proper choice of the degree of deformation %, this
photonic crystal maintains its property of polychromatic filter whose transmission wavelength is
independent of the polarization’s state. Thanks to this deformation, we can disperse the optical win-
dows in different spectra of visible light and exactly in the violet, blue, green, and orange light.
This system can be used in the fabrication of color filter devices and the white light emitting diodes.
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1. Introduction

The study of one-dimensional photonic crystals is the subject of several research projects
over the past decades. The fundamental property of a 1D photonic crystal is the existence
of forbidden frequencies regions called a photonic band gap that allows the realization
of novel materials. Besides, a deeper knowledge of the behaviors of the photonic crys-
tals permits us to create novel systems for photonic applications. The existence of de-
fects confirms the presence of sharp peaks in the transmission spectrum. Generally, in
the far field of photonic crystals applications the focus lies on asymmetrically chirped
structures such as the omnidirectional reflectors [1]. The investigation of the behavior
of the defects allows the improvement of the performance of the filters [2]. Some lit-
erature reported that multiple channeled filters based on chirped photonic crystals cov-
er essentially the microwave and infrared regions. Contrarily, the multiple color filters
that allow the propagation of transverse electric (TE) and transverse magnetic (TM)
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modes at oblique incidence and covering the visible range are rarely investigated [3].
One of the most primordial features of 1D photonic crystals filters is the tenability of
the photonic band gap and the resonant defect modes. Besides, the transmission of light
through photonics crystals is affected by both the geometric and computational param-
eters [4, 5]. Thus the tunable resonant modes can be realized by the symmetrical chirp-
ing of geometrical thickness of the layers.

From this point of view and based on the transfer matrix method, we analyze the
optical properties of the hybrid symmetrically chirped photonic crystal (Bgs/Cus/Bgs)
consisting of the third generation of the quasi-periodic copper mean sequence Cu; in-
serted between two Bragg mirrors Bgs at the fifth generation. Also, due to the symmet-
rical chirping, we will be able to disperse the resonant modes in different spectra of
visible light.

We consider the simple copper mean multilayers which are composed of two building
blocks H and L and arranged according to the subsequent recursive relationships [6, 7]

S

2 .
jer = S-Sy J>2

with S, = L, §; = H, and S; is the j-th generation of the copper mean sequence. The sym-
metrical copper mean sequence is obtained as the method described in [8, 9]. The Bragg
sequence Bg, is arranged as (LH)"H.

The study is structured as follows: in the next section we present a brief summary
of the transfer matrix method. Section 3 is devoted to the results of numerical simula-
tion and discussion while the conclusions are summarized in Section 4 [10].

2. Simulation method

The TMM approach technique is a finite difference method particularly well suited to
the analysis of PBG materials and widely used for the description of optical properties
of the stacked layers [11, 12].

Furthermore, Abeles proves that the amplitudes of the incident electric field Ej,
the reflected electric field £ and the transmitted wave after m layers E, . | arerelated
by the following matrix [11, 12]:

E; E,
°| = C,C,GC, [ !
E& E;q+1

here C,, is the well-known transfer matrix whose elements are

exp(—ip,,) rnexp(io,,)
Cm — tm tm
7w €Xp(—ig,,) exp(ig,,)
t t

m m
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where ¢, is the phase shift between the layers m and m + 1 and ¢,,, ¢, are the Fresnel
reflection and the transmission coefficient. It should be mentioned that the phase ¢,,
is extremely dependent on any deformation of the multilayers.

Let us note y as the coordinates of the system after deformation that may be con-

nected to x, the coordinates of the initial system according to the subsequent function
k+1

y=x""", where k is the degree of the deformation. In the absence of any deformation
we talk about the initial phase which can be expressed as [1]:
A
0, = %xo cos(6,) with x;, = TO

After the deformation the phase shift between the layers m and m + 1 becomes

2z k+1 k+1
Om = = xo[m —(m—-1) }cos(@m)

Then, we calculate the transmittance of energy 7 for both of polarization s and p:

n cos (6O )
TS - Re m+1 m+1 |ts|2
nycos(0,)

n cos (0 ) )
T, = Re|—2- uss P
P { nycos(6,) |p|

3. Results and discussion

For the numerical simulation of the transmittance of the above-mentioned photonic
crystal in the visible range of wavelengths, we select the TiO, and SiO, as two dielectric
materials with high and low indices of refraction, respectively, ny = 2.3 and n;, = 1.45.
The dielectric materials are assumed to be isotropic, linear, non-absorbing and with
no optical activity. The geometrical thickness of both kinds of layers (dy, d;) is taken
to form quarter wave stack such as nydy = n;d; = 1,/4 with A, = 0.5 um as the refer-
ence wavelength [13]. The focus lies on the analysis of the symmetrical photonic crys-
tal constructed by using the copper mean quasi-periodic photonic crystal intercalated
between two periodic photonic crystals. We supposed that the incident medium is the
air with refractive index ny = 1 as well the glass is used as a substrate with refractive
index ny = 1.5. We consider both the TE and TM polarized waves in our calculations.
Figures 1 and 2 explicit the optical response of our system in 3D and 2D, respectively.
We perceive the realization of a polychromatic filter within which the positions of the
optical windows depend on the incident angle for TE and TM polarizations.

As depicted in Fig. 2 we remark that the TM and TE modes behave similarly at
normal incidence but when the angle of incidence increases, the width of the peaks
becomes larger for the TM mode than in the TE mode. We should note that the defect
modes and the band gap have shifted to the small wavelengths as the incident angle
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Fig. 1. The 3D transmittance spectra of the system (Bgs/Cu;/Bg;) for the polarization TE and TM.
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Fig. 2. The transmittance spectra of the symmetrical photonic crystal (Bgs/Cus/Bg;) for different incident
angle.
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Fig. 3. The variation of the position of the peaks versus the incident angle.

increases for the TM and TE polarized waves. This displacement is well-known as the
blue shift [14]. So, the defect modes and band gaps are very strongly dependent on the
incident angle and polarizations.

Also we can perceive that the photonic crystal acts as a polychromatic filter. The po-
sitions of peaks are invariant for the two polarizations as long as the incident angle is
less than 0.6 rad. We are able to filter the same wavelengths for the two polarizations.

In addition, we express in Fig. 3 the variation of the positions of the peaks as a func-
tion of the angle of incidence. The positions of the peaks as a function of g, verify
a polynomial law of fourth degree

A = a,+b,0,+c,00+d 0+ m, 6,

where /; (in micrometers) is the wavelength of the peak, a;, b;, ¢;, d; and m; are constants
depending of each peak.

We seek to improve the performance of the filter. For this reason we apply sym-
metrically the deformation designed by y = x** !, where x and y are the coordinates of
the system before and after the deformation, and £ is the deformation degree as pre-
sented in Fig. 4.
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Fig. 4. Symmetrical deformed 1D photonic crystal with different degree of deformation k=9 x 107,
k=9x10° and k=9 x 1073
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Fig. 5. The transmittance spectrum of the deformed photonic crystal Bgs/Cu;/Bgs versus k and A at the
normal incidence.

Figure 5 shows the optical response of the system as a function of £ and 4.

The defined deformation allows the enlargement of the geometrical thickness of
the layers when k increases. Consequently, as k rises, the optical thickness of each layer
increases and the wavelength confined in the cavities becomes larger.
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Fig. 6. Position of the peaks versus the incident angle for different degree of deformation: k=9 x 107 (a),
k=9x10"°(b), k=9 x 10 (¢c) and k=9 x 107 (d).
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Therefore, it is important to note that 4, 4,, 45, 44, and 45 are the wavelengths lo-
calized in the cavities of the system. According to the Bragg condition, the confined
wavelength A, must verify that nd = mA,.,/2 where nd is the optical thickness of
the cavity at normal incidence and m is an integer [15].

Figure 6 illustrates the optical response of the system Bgs/Cu;/Bg; for a different
value of £.

Figures 6a—6d show the variation of the positions of the peaks as a function of the
incident angle for four different values of k. The property of the independence of
the polarization is observed again. We highlight a displacement of the positions of the
peaks to the higher wavelengths also called a red shift.

By observing the behavior of the wavelength 45 in Fig. 6d, we detect a displacement
of the position of the peak from 0.571 pm when & = 0 to 0.5904 um when k=9 x 1073
at normal incidence. A similar behavior is obtained for the wavelengths 4, 4,, 45, 4.

An interesting application of the symmetrical deformation is the construction of
a filter whose optical windows are distributed in the various spectra of the white light
and covering the spectra of violet, blue, green, and orange light. Let’s take the case of
our filter in the absence of deformation (k£ = 0) at normal incidence that enables the
transmission of wavelengths 4, 4,, 13, 44, and A5 which respectively belong to the spec-
tra of green, green, blue and violet light. Indeed, when & is equal to 9 x 107, the de-
formed photonic crystal can localize the wavelengths 4,, 4,, 45, 4,4, and 5 respectively
in the violet, blue, green, and orange light. The equations which control the positions
of the optical windows as a function of §,, when k reaches 9 x 1073, are as follows:

(45.96 +0.1520, — 8.8670; + 2.0450, + 0.37903) x 10

N
I

J, = (48.5-0.02950,— 0.07646; — 0.015916, + 0.034096;) x 10

J; = (51.66 + 0.088966, — 9.3520, + 1.1366, + 1.13665) x 10

J, = (5524 +0.2076, - 10.18660; + 1.6926, + 1.13663) x 10
2 3 4 -2

Js = (59.04—0.06076, — 9.54260, — 2.50, + 4.1670;) x 10

In order to investigate extensively the characteristics of the filter, we must study
the behavior of the bandwidth of the filter when the degree of deformation £ increases.
The Figure 7 shows the transmission peak of each wavelength for both k=0 and
k=3x10".

The value of the deformation degree £ must be taken very small in order to avoid
the displacement of the position of the peak and we can compare the bandwidth of the
filter with the case £ = 0. As can be seen in Fig. 7, the width of each transmission peak
A1> Ay, A3, A4, and As is constant when the deformation degree & increases and reaches
precisely k=3 x 107°.
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Fig. 7. The transmission peak at normal incidence for different wavelength 4, (a), 4, (b), 45 (¢), 44 (d),
and A (e) for k=0and k=3 x 107,

Now, let the deformation degree k rise and attain k = 3 x 105, Figure 8 represents
the five transmission peaks when k=0 and k=3 x 107°.

The photonic crystals behave as in the previous case and the bandwidth of the filter
remains unchanged. We conclude that the symmetrical deformation y = x** ! saves the
bandwidth of the filter when £ increases. The theoretical analysis of the optical re-
sponse of the system Bgs/Cu;/Bgs gives helpful information for the designing and the
manufacturing of a tunable filter [14].

The polychromatic filters covering the white light are not abundant compared to
the infrared and microwave ranges. As well, the system allows the transmission of five
wavelengths which represents a powerful optimization of the filter cited in [16] that
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Fig. 8. The transmission peak at normal incidence for different wavelength 4, (a), 4, (b), 45 (¢), 44 (d),
and A5 (e) for k=0and k=3 x 10°°,

simply permits the transmission of only three wavelengths in the visible range. Taking
these results into consideration, we can make more practical tunable filters [14]. There-
fore, it is important to advertise that our system can be exploited in the engineering of
white light emitting diode devices (LED).

4, Conclusion

In summary, the symmetrical photonic crystal Bgs/Cu;/Bgs realizes a polychromatic
filter with five peaks where the positions of the peaks are independent of the nature of
the polarization TE or TM. Due to the symmetrical deformation, we can ameliorate
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the performance of the filter by assuring the distribution of the positions of the peaks
in a different range of visible light. This primordial property allows us to use the system
in the fabrication of color filter devices and white light emitting diodes (LED).
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