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Abstract. A design for omnidirectional asymmetrical high reflectors for optical telecommunication wave-
lengths is described. Asymmetry was introduced by applying a power law, so that the coordinates y of the
transformed object were determined through the coordinates z of the quarter-wave stack air/H(LH)'® /air

in accordance with the following rule y = z'**

. Here k is the coefficient defining the asymmetry degree. It

is shown that a high-reflection band at any incident angle for both polarizations, i.e., an omnidirectional
high reflection band of 0.74 pm for optical telecommunication wavelengths 0.85 and 1.3 pm is found for
the transformed system: air/Te(SiO2/Te)'® /air corresponding to the optimized k value 0.24.

PACS. 42.70.QQs Photonic bandgap materials — 78.20.Bh Theory, models, and numerical simulation —

77.55.+f Dielectric thin films

1 Introduction

Over the past few years much effort has been devoted
to the study of the propagation of electromagnetic (EM)
waves in periodic dielectric structures [1,2]. The band
gap structure of photonic crystals has been studied ex-
perimentally, numerically, and analytically. All of these
studies confirmed the possibility of creating a complete
gap in the frequency spectrum. Various applications of
the omnidirectional high reflector as a one dimensional
photonic band gap structure may be expected to improve
the performance of photonic devices [3—6]. It is impor-
tant to notice that the most results obtained for 1D, 2D
and 3D structures are obtained by means of these numer-
ical methods and others developed to this end. However,
the few analytical studies performed to date concerned
only the low dimensional photonic crystals. Probably the
first analytic work for the 1D Bragg scattering system, a
number of theoretical and experimental papers reporting
studies in the far field transmission have been published,
with emphasis placed on the occurrence of the photonic
band gap (PBG). However only a few studies have been
made on the field of near field optics, with emphasis on
what really happens in the middle of this photonic struc-
ture. It is well known that quarter-wave optical thickness
multi-layer stacks with alternant low- and high-refractive
index dielectric layers are widely used as high reflectors
in a limited range of wavelengths and incident angles [7].
The deviations of periodic multilayer structures from per-
fect ones are an important problem in optics since the
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structure of real multilayer systems differs from the ideal
periodic multilayer structures.

The purpose of this research consists in searching for a
possibility for asymmetry of one dimensional periodic mul-
tilayer structure with a controlled asymmetry to be eval-
uated optically. Asymmetry was introduced by applying
a power law, so that the coordinates y of the transformed
object were determined through the coordinates x of the
initial (periodic structure) object in accordance with the

following rule:
1+k

y==zx

Here k is the coefficient defining the asymmetry de-
gree. So for example, the periodic structure is projected
into itself without any changes of dimension, if £ = 0.
Deviation of the magnitude of k£ from zero leads to an
asymmetry appearing in the transformed periodic multi-
layer structure. The aim of this work is to study the effect
of this asymmetry on the optical reflection properties of
the transformed periodic multilayer structure.

2 Method

The method that we introduce here for calculating the in-
tensity of the electric field is based on Abele’s method [8]
in terms of forward and backward propagating electric
fields, that is, Et and E~, which were introduced to cal-
culate the reflection and transmission.

Abeles showed that the relation among the amplitudes
of the electric fields of the incident wave E(;r , reflected



182

wave E;, and transmitted wave after m layers E,/ | is
expressed as the following matrix for stratified films within

m layers.
B
N (1)
Em+1

(=)

Here, C; is the propagation matrix with the matrix ele-
ments.
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where t; and r; are the Fresnel transmission and reflec-
tion coefficients, respectively, between the (j — 1)th and
jth layer.

The Fresnel coefficients ¢; and r; can be expressed as
follows by using the complex refractive index n; = n; +
ik; and the complex refractive angle 6;: for parallel (P)
polarisation:

fj_1cosf; —njcosf;_q

Tip = 3
P fij_1 cosf; + njcosti_y (3)

b — Qﬁj,1 COS@jfl (4)
P ﬁj_l COSHJ‘ —l—ﬁj COS@j_l'

Moreover, for perpendicular (s) polarisation:

fij_1 cosfj_1 — 7 cosb;

(5)

Tis =
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fij_1 cosB;_1 + 7 cosb;

fij—1 cosf;_
tje=2— A — L (6)
fj—1 cosB;_1 + 7 cosb;

The complex refractive indices and the complex angles
of incidence obviously follow Snell’s law: n;_;sinf;_; =
n;sind; (7 =1,2, ..., m+ 1). The values ¢;_; in equa-
tion (2) indicate the change in the phase of the wave be-
tween the (j — 1)th and jth boundaries and are expressed
by the equation available for j < 1

$o =0 (7)

d)jfl = QTﬁﬁjfldjfl COS 9]',1, (8)
where A is the wavelength of the incident light in vacuum
and d;_; indicates the thickness of the (j — 1)th layer.

By putting E,, ; = 0, because there is no reflection
from the final phase, Abeles [8] obtained a convenient for-
mula for the total reflection and transmission coefficients,
which correspond to the amplitude reflectance r and trans-
mittance t, respectively, as follows:

Ey ¢
r=—"=- 9
Ef a ©)
Ef . titgedmy

t = =
EO+ a
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Periodic multilayer structure (Bragg mirror)
Fig. 1. Principle of introducing an asymmetry into the one di-
mensional periodic multilayer system: Transformation of a per-
fect one dimensional periodic multilayer system into an asym-
metric one, for example for k = —0.2.

The quantities ¢ and ¢ are the matrix elements of the
product of all C; matrix:

b
C1CoC5...Cppy = (Zd) : (11)

By using equations (9) and (10), we can easily obtain en-
ergy reflectance R as:
R=|r’ (12)

for both polarisation, and the energy transmittance T as:

Am 9"774
7, = Re (Mt | (13)

T cos By

T, = Re cos 9m+1/7:1m+1 ﬁri@-i-l "
cos By /o Mo
A1 COS Oy 1 2

=Re| —— | |t 14
e( ng cos By )|p| (14)

for s and p polarisation, respectively, where Re indicates
the real part.

The asymmetry was introduced by applying a power
law, so that the coordinates y which represent the trans-
formed object were determined using the coordinates x of
the initial object in accordance with the following rule:

y = azttk,
Here k is the coefficient defining the asymmetry degree.
Figure 1 shows the principle of introducing asymmetry
into the periodic structure.
The initial optical phase thickness when we apply the
y function is:

2
¢ = T nd cos

A
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which takes the following form:

2T . . k+1
b; = %o (ij -(G-1 ) cos ;.
Here j designates the jth layer and xzy = % is the op-

tical thickness of the each layer of the periodic structure
with the reference wavelength Ag = 0.5 pm. For the trans-
formed system, the optical thickness of each layer becomes
variable and depends on the jth layer and k the coefficient
defining the asymmetry degree. So, the optical thickness
of each layer after transformation by the y function takes
the following form:

= (=G =DM for j= 1

)
In the following numerical investigation, we chose
firstly SiO2 (L) and TiO2 (H) as two elementary layers,
with refractive indices ny, = 1.45 and ny = 2.3, respec-
tively. Secondly we chose SiOg (L) and Te (H) as two
elementary layers, with refractive indices ny = 1.45 and
ng = 4.6, respectively. For our study, all the regions are
assumed to be linear, homogeneous, non absorbing, and
with no optical activity in the spectral region [0.2—2] ym.
Here, we study the optical reflection properties in
the spectral range [0.2—2] um of the transformed system
H(LH)! by the y function as described by Figure 1. The
value 15 of the periodical (LH) corresponds to the mini-
mal (LH) number which can be traced to have a photonic
band gap with maximal reflectance of about 100%. We
note that from the value 15 of the periodical (LH), no
considerable improvement in the performances of the sys-
tems is observed.
It is clear that for a given value of k, the periodic
system becomes deformed and the thickness of each layer
increases with increasing k.

3 Results and discussion
3.1 TiO,/SiO; system

The reflectances R at normal incidence of a transformed
quarter-wave stack air/H(LH)'® /air by the y function are
shown in Figure 2, as a function of wavelength and the pa-
rameter k. The reference wavelength is A\g = 0.5 pm and
the parameter k is chosen to vary between —0.2 and 0.316
for which the photonic band gap does not exceed the spec-
tral range [0.2—2] um. As the parameter k increases, the
center wavelengths of the photonic band gaps shift to the
higher wavelength region as shown in Figure 3 and the re-
flection bandwidth is broader for the high values of k as we
can see from Figure 4. We then thought to use the trans-
formed stack as omnidirectional high-reflecting mirror in
the spectral range [1—2] pm, which generates the telecom-
munication wavelength 1.55 pm. In Figures 5 we represent
the reflectances for both polarisation parallel (P) and per-
pendicular (S) for k£ = 0.316 for which the photonic band
gap is broader. The S-reflection bandwidth is broader than
at normal incidence, whereas the P-reflection bandwidth is

Fig. 2. Reflectances of a quarter-wave stack of the trans-
formed TiO2/SiO2 system at normal incidence as a function
of wavelength and asymmetry degree k in the spectral range
[0.2—2] pm.
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Fig. 3. The central wavelength of the photonic band gap of

the transformed TiO2/SiO2 system at normal incidence, as
a function of the asymmetry degree k in the spectral range
[0.2—2] pm.
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Fig. 4. Bandwidth of the photonic band gap of the trans-

formed TiO2/SiO2 system at normal incidence as a function of
asymmetry degree k in the spectral range [0.2—2] pm.
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Fig. 5. Reflectances of a quarter-wave stack of the transformed
TiO2/Si02 system as a function of wavelength and incident an-
gle for the optimal asymmetric degree k = 0.316 in the spectral
range [0.2—2] pm (a) for S-polarized light (b) for P-polarized
light.

narrower. The variation of Ajong(60) and Agport(60) in both
S-and P-reflection bands is shown in Figure 6 as a function
of incident angle 6y. Note that a high reflection band at
incidence angle below 57° exists for both polarizations and
no omnidirectional high reflection band can be established
for any incidence angle. Consequently, the transformed
system by the y function for the system TiO3/SiO2 ex-
hibits i) for the telecommunication wavelength 1.55 pm
an omnidirectional high reflecting mirror only for incident
angles below 57° and ii) present the advantage that the
center wavelengths of the photonic band gaps shift to the
higher wavelength region without changing the reference
wavelength as reported in [6]. Furthermore, is it possible to
extend the omnidirectional high-reflection bandwidth to
cover the optical wavelength telecommunication 1.55 pm
for any incident angle? The solution resides in the choice
of the high index layer. Indeed we chose tellurium as a
layer of high refractive index of value 4.6. Examination of
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Fig. 6. Reflection band shift of the transformed TiO2/SiO2
system as a function of incident angle for the optimal asym-
metry degree k = 0.316 in the spectral range [0.2—2] pum. The
omnidirectional high-reflection band is obtained only for an
incident angle less than 57°.

Fig. 7. Reflectances of a quarter-wave stack of the trans-
formed Te/SiO2 system at normal incidence as a function of
wavelength and asymmetric degree k in the spectral range
[0.2—2] pm.

the transformation of the system Te/SiO2 permits us to
reach our objectives.

3.2 Te/SiO; system

The reflectances R at normal incidence of a transformed
quarter-wave stack air/H(LH)!® /air by the y function are
shown in Figure 7 as a function of wavelength and the pa-
rameter k. The reference wavelength is A\g = 0.5 pm and
the parameter k is chosen to vary between 0 and 0.24 for
which the photonic band gap does not exceed the spec-
tral range [0.2—2] pm. We observed the same behavior
for the displacement of the center wavelengths as well as
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Fig. 8. Reflectances of a quarter-wave stack of the transformed
Te/SiO; system as a function of wavelength and incident angle
for the optimal asymmetry degree k& = 0.24 in the spectral
range [0.2—2] pum (a) for P-polarized light (b) for S-polarized
light.

the widening of the reflection bandwidth compared with
the case ny = 2.3. In Figure 8 we show the reflectances
for both polarisation parallel (P) and perpendicular (S)
for k = 0.24 for which the photonic band gap is broader.
The S-reflection bandwidth is broader than at normal in-
cidence, whereas the P-reflection bandwidth is narrower.
The variation of Ajpng(6o) and Aspore(6o) in both S-and
P-reflection bands is shown in Figure 9 as a function of
incident angle 6, for the optimized k value 0.24. As long
as /\llzng(90°) is larger than Agport(0°), a high-reflection
band at any incident angle for both polarizations, i.e., an
omnidirectional high reflection band of 0.74 pm, exists
between Agport(0°) and )\fzn (90°). Consequently, the om-
nidirectional high-reflection bandwidth covers the optical
wavelength telecommunications 0.85 and 1.3 pm. It is in-
teresting to note that this result is impossible to reach for

the system not transformed by the y function as shown in
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Fig. 9. Reflection band shift of the non transformed Te/SiO2
system as a function of incident angle for the optimal asym-
metry degree k = 0.24 in the spectral range [0.2—2] pm.
The dashed area represents the omnidirectional high-reflection
band.
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Fig. 10. Reflection band shift of the non transformed Te/SiO2
system (periodic system) as a function of incident angle corre-
sponding to the asymmetry degree k = 0 in the spectral range
[0.2—2] pm. The dashed area represents the omnidirectional
high-reflection band.

Figure 10 for the case k = 0. Indeed, the omnidirectional
high-reflection bandwidth of 0.4 pum, does not covers the
optical wavelength telecommunications which are known
to be 0.85, 1.3 and 1.55 um.

Conclusion

We have studied the reflection-band of the transformed
quarter-wave multilayer systems air/H(LH)'%/air by the
function y = x'**, where the coordinates y which repre-
sent the transformed object were determined through the
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coordinates x of the initial object. In the following numer-
ical investigation, we chose firstly SiO2 (L) and TiO, (H)
as two elementary layers, with refractive indices ny, = 1.45
and ng = 2.3 and secondly we chose SiO2 (L) and Te (H)
as two elementary layers, with refractive indices ny, = 1.45
and ny = 4.6. The results show that a high-reflection
band at any incident angle for both polarizations, i.e., an
omnidirectional high reflection band of 0.74 pm for optical
telecommunication wavelengths 0.85 and 1.3 pm is found
only for the transformed system: air/Te(SiOs/Te)'s /air
corresponding to the optimized k value 0.24. The advan-
tage of this work over previous studies is the necessity
for only 15 periods (LH) and a reference wavelength
Ao = 0.5 pm to reach our objectives. In the previous
work [6] 30 to 40 periods (LH) and a reference wavelength
Ao = 1.8102 pm are used to reach the same objectives.
In summary, we have proposed a simple figure of merit
that allows for an improvement in the performance of
omnidirectional reflectors, especially when the number
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of periods is not too large by comparison with previous
studies.
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