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Abstract

®

CrossMark

Decreasing-width multilayers (DWMs) can behave as highly-efficient broadband reflectors with
wider reflection spectrum than periodic, disordered or other aperiodic structures made of the
same materials. In this article, we numerically analyze and optimize the reflectance R of a linear
DWM formed by the bilayer CsBr—Te from normal to grazing incidence and for a large
wavelength spectrum (from mid to far infrared). As a result, when the rate of the thickness
decrease of CsBr layers equals —59.5 nm/layer, an optimized average reflectance for p

polarization (R,) =1 — 6 x 1076 can be obtained in the 4-20 ym spectral range for all angles
of incidence. For s incident states, the average reflectance is even greater (R;) = 1 — 3 x 107".
Moreover, a near-zero transmittance region 7 < 107! occurs in the 12-20 um wavelength

interval constituting (to our knowledge) the widest spectrum for a single omnidirectional mirror

where such remarkable reflectance values can be achieved.

Keywords: high-reflectivity mirrors, omnidirectional reflectors, aperiodic multilayers

(Some figures may appear in colour only in the online journal)

1. Introduction

The quest for a perfect reflector that allows truly omnidirec-
tional reflection (ODR) for all polarizations over a wide
selectable spectrum is a subject of ongoing research. These
optical devices could be used in highly-desired applications
including solar energy collection, protection of surfaces
against high-power irradiation or creation of low-loss mirrors
in laser cavities, among others. A great amount of research
can be found in the literature reporting highly efficient
reflectors over certain frequency ranges.

The most widely used devices consist of periodic mul-
tilayers with alternating layers of high and low refractive
indices. Accordingly, the pioneering work by Fink er al [1]
stated high reflectivity for TE and TM polarizations from 10
to 15 pm (at angles of incidence from 0° to 80°) in multilayer
stacks composed of alternating micrometer-thick layers of
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polystyrene and tellurium. Photonic crystal devices based on
thin film bilayers of TiO, /SiO, [2] or Si/SiO, [3] have been
designed to obtain ODR over the infrared spectrum. In the
visible range, Deopura et al [4] described a highly efficient
reflector formed by a stack of 19 alternating layers of tin (IV)
sulfide and silica, while Lin et al [5] studied a highly efficient
reflector with a 12-layer-pair stack of TiO,/SiO,. One-
dimensional aperiodic multilayers can also behave as efficient
mirrors in the visible, as recently reported by Barriuso et al
[6] (generalized Fibonacci quasicrystals) or Bouazzi et al [7]
(Triadic-Cantor structures). All these reflectors (periodic or
aperiodic) combine high- and low-refractive-index layers
where, to attain maximum reflectivity, the high refractive
index should be larger than 2.26 and the corresponding low
index similar to 1.5 [8].

Alternative high-reflectance devices with fewer number
of layers are the triple-layer omnidirectional reflectors and the
metamaterial monolayers. In this way, high reflectivities have
been reported for all angles of incidence in the visible range

© 2017 IOP Publishing Ltd  Printed in the UK
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Figure 1. Our decreasing-width multilayer formed by N alternating isotropic layers with low n; and high ny refractive indices and initial
widths dil) and d,(f), respectively. A 20 ym thick germanium (Ge) layer was chosen as the substrate. A light beam is incident on the structure
at angle 6 under both polarizations s and p (perpendicular and parallel to the plane of incidence, respectively).

Table 1. Sellmeier parameters in the 4-20 pm spectral range for CsBr and Ge.

A] B] C] B2 C2 B3 C3
CsBr 1 0.953 0.008 0.830 0.027 2.847 14164.689
Ge 9.282 6.729 0.441 0.213 3870.100 0.0 0.0

for an ODR formed by a semiconductor, a quarter-wavelength
transparent dielectric layer and a metal [9]. More recently,
Lee et al [10] obtained a high reflectance over the ultraviolet
(300-500nm) in a sapphire/MgF,/Al triple-layer and Liu
et al [11] described average reflectances exceeding 98% from
1.261 to 1.533 um with reflectors made from all-dielectric
metamaterials. On the other hand, Moitra et al [12, 13]
demonstrated an average reflectance over 98% across a
200 nm wide bandwidth in the infrared region for a silicon
metamaterial monolayer, while Slovick et al [14] developed a
0.45 pm thick, silicon-based metamaterial monolayer with
normal-incidence reflectivity over 99.999% at 1.5 pum.
Another good candidate that might fulfill the requirements of
ODR is a disordered system, essentially due to the fact of the
localization of light [15]. The design of high-performance
mirrors with a broader reflection band than periodic systems
with the same refractive indices has been reported in [16—19].

In this article, we propose a decreasing-width multilayer
(that is, a chirped structure or an aperiodic multilayer with a
linear decrease of the layers’ thickness) as a highly-efficient
reflector over a remarkable wavelength spectrum (from 4 to
20 pm) and from normal to grazing incidence. Moreover, the
aperiodic system achieves large average reflectance values for
both s and p incident polarizations constituting, to our
knowledge, the first single mitror to provide such significant
reflectance values from mid to far infrared.

2. System description and numerical modeling

Our aperiodic multilayer is formed by N alternating isotropic
layers with low n; and high ny refractive indices and initial
widths d{ and d?, respectively (see figure 1). The thickness
of the subsequent low-index layers follows a linear decrease
with negative slope ay:

dl(‘J) = dl(,l) —+ aLj fOI'j = 3, 5,~~-’N - 1’ (21)

where the phase matching condition n;d = nydy*" is
satisfied (therefore, the high-index layers also obey a linear
decrease imposed by the latter condition). We chose common
semiconductor materials (caesium bromide, CsBr, for low-
index layers and tellurium, Te, for high-index ones) with
near-zero extinction coefficients over the entire 4-20 ym
spectrum [20, 21]. Moreover, a 20 pm thick germanium (Ge)
layer was selected as the substrate of the dielectric multilayer.

In relation to the refractive-index values for an incident
wavelength )\, a Sellmeier-type dispersion equation was
included in our numerical calculations:

]1 /2

where the corresponding parameters are shown in table 1 (all
wavelengths in microns) and the subscript s stands for the Ge
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substrate. Regarding the refractive-index of the polycrystal-
line tellurium in the 4-20 pm transparency window, a value
of ny = 5.3 was chosen for our numerical calculations
according to Popescu [22] (the monocrystalline tellurium
birefringence disappears for Te thin films, as in our case). For
completeness, the extinction coefficients x of each material
(within the transparency window) have been included in our
model, leading to a complex refractive index for numerical
computation. Thus, CsBr layers have extinction coefficients
of about x; ~ 5 x 107 for wavelengths in the 4-20 ym
interval (see again [20, 21]) whereas for the Ge substrate, x;
ranges from 1077 to 2 x 10™* in the same wavelength spec-
trum. Regarding the polycrystalline Te layers, the extinction
coefficient is similar to the monocrystalline counterpart [22]
where now kg ~ 2 x 107 within the 4-20 ym spectral
range.

Once modeled our decreasing-width multilayer (DWM),
we numerically calculate its transmittance 7 with a Fortran 90
program code solving the transfer matrix equations [23]. It is
worth mentioning that the parameter 7 implicitly contains the
absorption term (due to the inclusion of the complex refrac-
tive indices in our model) so the relation 7 = 1 — R holds,
where R corresponds to the DWM reflectance.

3. Numerical results

First of all, let us compare the transmittance values T of our
DWM with other periodic, aperiodic or disordered structures
which have been reported as highly-efficient reflectors (main-
taining similar total lengths). To this end, figure 2 shows con-
tour plots for 7 versus the incident angle and wavelength. Five
different structures formed by the bilayer CsBr-Te have been
investigated for p-polarization where the Ge substrate thickness
was chosen to be 20 um, in all cases. Hence, in figure 2(a) we
represent our numerical results for a DWM (48 layers) where
d{” = 3313.3 nm and d = 1037.7 nm with a total length of
80 um. The quarter-wavelength (QW) condition is fulfilled for
this multilayer at 20 um and the rate of thickness decrease for
the CsBr layers corresponded to a; = —32.2 nm//layer. It can
be observed a near-zero transmittance domain (or, equivalently,
a broadband high-reflectivity region) between 12 and 20 pum
with higher transmittance values for lower wavelengths (an
aspect that will be optimized shortly upon modifying the
parameter a;). In figure 2(b), a QW Fibonacci distribution of
Oth generation (55 layers) was taken into account where now
dp = 2530.1 nm and dy = 792.5 nm. The total length of this
QW Fibonacci multilayer was 80 pm. In this case, the existence
of low-transmittance bands is clear but with alternating resonant
regions, being this aperiodic multilayer suitable as an excellent
reflector over certain wavelength regions [6].

A QW triadic Cantor structure of 3rd generation with 27
layers is depicted in figure 2(c) (dp = 5400.0 nm and
dy = 1691.3 nm) where its total length corresponded to
75.5 pm. Similarly to the Fibonacci structure, a number of
reflection and transmission bands appear leading to a good
reflector at specific spectra domain [7]. In addition, a QW

periodic multilayer was numerically studied in figure 2(d) (38
layers) where the layers’ thickness were chosen to be
dp = 32229 nm and dy = 1009.4 nm with a total length of
80 um. In this case, near-zero transmittance values (less than
10~'2) were achieved in the 16-20 pm range, apart from other
wavelength intervals. Consequently, QW periodic multilayers
constitute excellent reflectors (as it is well-known) but with
narrower reflectance bands than aperiodic systems like the
decreasing-width structures (compare again figures 2(a) and
(d)). Finally, in figure 2(e), a disordered multilayer is ana-
lyzed (48 layers with a total length of 80 pm). In this case, the
arrangement of layers has random boundaries, that is, we
allow a total random variation of the layers’ thickness (with a
minimum of 100nm up to 3 um) where 500 disordered
configurations have been taken into account for the averaging
process. One notices a generalized average reflectance of
I — 10~* over the entire spectrum and for all incident
angles. Nevertheless, the disordered multilayers’s remarkable
reflectance values are low if compared to DWMs or QW
peridic structures in the same wavelength region.
Subsequently, from figure 2(a), it can be seen that
decreasing-width mirrors behave as exceptional reflectors
over significant wavelength regions. However, this only
occurs for certain values of the parameter a;, where average
reflectances greater than 1 — 107% over the 4-20 um range
can be achieved (as we will show). For completeness, figure 3
(upper panels) shows the transmittance of our DWM versus
the incident wavelength and angle (same number of layers
and initial thickness as in figure 2(a)) for three different
values of the decreasing rate a;. A widening of the stop band
(clearly noticeable between 4 and 20 um) for increasing
values of the parameter a; appears, that is, as the aperiodicity
of the multilayer becomes more pronounced, better reflec-
tance values are obtained. After this, a question arises natu-
rally: can the reflectance of our DWM be optimized in terms
of the aperiodicity parameter a;? The answer is depicted in
figure 3 (bottom panel) where we represent the average
transmittance (7) (over the entire spectrum and incident
angles) as a function of the modulus of |a;|. The periodic case
(where a; = 0) is also exhibited where, as expected, high
average transmittance values are recovered. Moreover, when
the aperiodicity parameter |a;| > 70.5 nm/layer no DWM
exists due to the negativeness of the layers’ thickness values
(just bear in mind that the decreasing rate a; is negative). In
the interval 0 < |az| < 70.5 nm/layer, the average (T') is
depicted for both s and p polarizations, where the average
transmittance corresponding to upper panels (labeled as (a),
(b) and (c)) is also presented. One observes a diminishing of
the parameter (T) up to |az| ~ 59.5 nm/layer where a mini-
mum transmittance value (or, equivalently, maximum aver-
aged reflectance) is achieved. Despite s polarization presents
better reflectance values than p states (due to the Brewster
effect for p polarization [24]) the shape of both curves is
similar. Subsequent numerical calculations with different
layers’ materials (not shown in this work) confirm that this
average reflectance curve is of general nature. As the
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Figure 2. Transmittance values T versus the incident angle and wavelength for five different multilayer structures (and p-polarization) formed
by the bilayer CsBr-Te. (a) Decreasing-width multilayer (48 layers, where dil) = 3313.3 nm and d,(f) = 1037.7 nm with a total length of
80 pm). The rate of thickness decrease for the CsBr layers corresponded to @, = —32.2 nm /layer and the QW condition is fulfilled at 20 ym.
(b) A QW Fibonacci distribution of 9th generation with 55 layers (d; = 2530.1 nm and dy = 792.5 nm). The total length of this QW
Fibonacci multilayer was 80 ym. (c) A QW triadic Cantor structure of 3rd generation (27 layers, d; = 5400.0 nm, dy = 1691.3 nm and a
total length of 75.5 um). (d) A QW periodic multilayer (38 layers, d; = 3222.9 nm, dy = 1009.4 nm). The total length corresponded to
80 pm. (e) A disordered multilayer with a total random variation of the layers’ thickness (48 layers with a total length of 80 ym and 500

disordered configurations for the averaging process).

aperiodicity of our DWM is increased, higher transmittance
values are gained.

A reasonable explanation for the existence of such
transmittance minimum is the following: when the decreasing
rate a;, reaches the value —59.5 nm/layer, all of the layers in
the structure satisfy the QW condition (which is a funda-
mental condition to improve the reflectance) over the entire
4-20 pm spectral range. It is easy to observe that the first
layer (formed by CsBr and 3313.3 nm in length) fulfills the
QW condition at a wavelength of 22 ym, whereas the last one
(in this case Te and 162.7 nm) satisfies the same requisite at
3.5 um. As the aperiodicity parameter |a;| is reduced, the
shorter wavelengths do not present acceptable reflectance

values. On the other hand, large decreasing rates |a;| lead to a
loss of efficiency because thin (or ultrathin) layers do not
contribute extensively to a reflectance improvement within
this spectral range (in other words, we have less ‘useful’
layers in our DWM).

Once the optimization of our aperiodic structure has been
carried out, let us now take a closer look at the transmittance
values for the minimum average (7'), that is, for
laz| ~ 59.5 nm/layer (see again figure 3, bottom panel). So,
in figure 4 we display our numerical results for 7, versus the
incident angle and wavelength, for our best DWM (total
length 59.5 um). Remarkable reflectance values can be dis-
cerned (greater than 1 — 1078) for practically the entire
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Figure 3. (Upper panels) Transmittance values of our decreasing-width multilayer versus the incident wavelength and angle (same number of
layers and initial thickness as in figure 2(a)) for three different values of the thickness decrease rate a;; (bottom panel) average transmittance
(T') (over the entire spectrum and incident angles) as a function of the modulus of the parameter |a,|. The three upper cases are also shown,

labeled as (a), (b) and (c), respectively.

incident angle (deg)
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Figure 4. Transmittance values for our optimized DWM (48 layers
with a total length of 59.5 ym) versus the incident angle and
wavelength, where d{" = 3313.3 nm, d{¥ = 1037.7 nm and a

thickness decrease rate of |a;| = 59.5 nm/layer.

4-20 ym range, with a significant near-zero transmittance
region (shown in deep blue) where T < 10712,

4. Conclusion

In conclusion, our CsBr-Te decreasing-width multilayer con-
stitutes the first reported omnidirectional reflector achieving
average reflectances of 1 — 6 x 107 for p polarization and
even better results (I — 3 x 1077) for s incident states in the
4-20 pym spectral range. Absorption losses are practically neg-
ligible, less than 0.25% for the total transmittance with respect
to the ideal non-absorbing cases, so experimental devices (such
as surface protection films against high-power irradiation or
low-loss mirrors in laser cavities, among others) might benefit
from our DWM reflector in the mid and far infrared.
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