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Abstract: We consider the design of optical systems capable of providing near 100% absorption
of visible light, consisting of a structured thin layer of a weakly absorbing semiconductor placed
on top of a dielectric spacer layer and a metallic mirror layer. We generalise a system recently
studied semi-analytically and experimentally by Stiirmberg et al [Optica 3, 556 2016] which
incorporated a grating layer of antimony sulphide and delivered high, narrow-band absorptance
of normally-incident light for a single polarisation. We demonstrate that bi-periodic gratings
can be optimised to deliver near—perfect absorptance of unpolarised light in the system, and
comment on the wavelength and angular ranges over which the absorptance remains near 100%.
We show that the properties of the systems studied depend on the interaction of multiple modes,
and cannot be accurately modelled within the quasistatic approximation.
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1. Introduction

The question of how to create an optical structure which is as black as possible, i.e. which reflects
the smallest amount of incident light is one which has long fascinated scientists, technologists
and even artists. The answer to the question depends upon what constraints are placed on the
structure- whether it is required to be thin or can be thick compared with the wavelength, whether
it is required to cover the visible spectrum, or can be narrowband, whether it must work over a
wide range of incident angles or not, and whether it must work for polarised or unpolarised light.

Some definitive statements can be made however. If the absorbing structure is required
to be much thinner than the incident wavelength and is up-down symmetric (precluding the
incorporation of a mirror in the system), then the maximum absorptance it can have is 50% [1, 2]
. The argument underlying this result relies on the wavelength being long enough compared with
the period of the structure that fields within it can be represented in terms of a superposition of a
symmetric and an anti-symmetric mode, with only one of the two able to contribute significantly
to the absorption. Surprisingly enough, it is not difficult to make an thin absorber (8-10 nm
thick) which comes close to delivering this optimal absorptance over a very wide wavelength
range (1.5 um to at least 43 pum) [3]. If the absorbing structure is allowed to be thick, then 100%
absorptance is possible, for example using plasmonic resonance for a single polarisation using a
metallic grating [4] or using a biperiodic metallic grating for unpolarised light, with the grating
parameters chosen to ensure plasmon resonances for two orthogonal polarisations at the same
wavelength [5]. A second method to deliver 100% absorptance is to place a perfectly reflecting
mirror behind a thin absorbing layer, at the appropriate distance with respect to the wavelength
to make the incoming waves from above and below interfere in phase at the layer. This is the
Salisbury configuration [6], with the associated mechanism sometimes being called coherent
perfect absorption [7-10].The design principle associated with this configuration is referred to as
critical coupling [11]: the system is required to satisfy the property that the absorption of the
layer exactly balances the rate of delivery of energy to it. The separation between the mirror and
the thin layer is a critical parameter of this method, and the bandwidth of strong absorption it
can deliver is generally narrow in consequence.

There is an extensive literature on the design of structured systems to achieve high absorp-
tance over either a narrow or a controlled spectral range. For example, in the development of
photothermal absorbing systems for alternative energy applications, composite material systems
composed of metallic particles mixed in a ceramic matrix have been designed and fabricated,
and show high absorptance for wavelengths up to 1.5 um, switching to high reflectance at longer
wavelengths [12]. For photovoltaic cells, the design requirements combine optical absorption
characteristics with electronic properties, necessitating use of different materials from those
prevalent in photothermal applications. Texturing has long been employed in this latter applica-
tion to reduce front-surface reflection losses and help maximise absorption in layers as thin as
possible. While singly-periodic texture profiles are often studied and have been shown to strongly
improve cell performance for a chosen polarisation of incident light, it is often desirable to
employ doubly-periodic texturing, which can deliver high polarisation-independent absorptance.
For an early example of a theoretical study of this less-studied effect of doubly-periodic texturing,
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see the investigation of thin photovoltaic cells consisting of indium-tin oxide front layers and
amorphous hydrogenated silicon absorbing layers on silver substrates [13]. The photovoltaic
application favours the use of semiconductors for light absorption, and it is desirable that the
materials used be compatible with CMOS fabrication.

While rigorous electromagnetic codes are typically used in simulations of structured absorbing
systems, it is sometimes the case that designs may be conceived on the basis of simple effective
medium approaches. These typically work best when the wavelength is much larger than the
scale size of the structuring, but the domain of applicability of course depends on the strength
of the contrast between the permeabilities or permittivities of the materials in use, with lower
contrasts favouring the use of effective medium formulae for wavelengths close to the scale size.
We will use here effective medium formulae [14] specifically derived for square and triangular
lattices of cylinders, and incorporating terms up to the twelfth power of volume fraction, rather
than the second order accuracy of the usual Maxwell-Garnett theory. We will show that the
resonant absorption effects given by rigorous codes show details and even gross effects which are
not predicted by the effective medium formulae for the geometries and materials studied here.

In a recent paper, Stiirmberg er al considered the weakly absorbing semiconductor material
antimony sulphide, and showed that thin layer ~ A /150f it could be incorporated into a system
with a silica spacer and a silver reflecting layer in such a way as to deliver total absorption, when
an appropriate lamellar grating profile was applied to the antimony sulphide layer. The system
was fabricated and had a visible absorptance of 99.3% at A = 591nm, in excellent agreement
with theory. Of the total absorptance of 99.3%, only 0.6% was due to the silver mirror. The
grating structure was singly-periodic, and the high absorptance only occurred in one polarisation
of normally-incident light.

It is our aim here to take the same chalcogenide material (antimony sulphide) as Stiirmberg et
al and use a doubly-periodic grating with cylindrical elements rather than a lamellar grating, and
investigate the design of systems capable of near-perfect absorption of incident light, for both
polarisations simultaneously. We will compare the two isotropic lattice arrangements (square
and triangular) appropriate to normal incidence, and determine the angular extent of the low-
reflectance regions for each, as well as the effect of the choice as to whether the antimony
sulphide is the connected or disconnected phase in the doubly-periodic surface topology, as
well as that of the second material used in the doubly-periodic grating structure. Our results
indicate that a range of these designs can deliver near perfect absorption, but that the designs do
deliver different absorption bandwidths, different proportions of absorption in antimony sulphide
and in the mirror as well as different angular sensitivities. The results are important, in that
the chalcogenide group furnishes a whole class of valuable CMOS-compatible materials for
photonics, with emerging applications in mid-infrared sensing, integrated optics and ultrahigh-
bandwidth signal processing [16]. We believe that the results we give here come from the
first investigation in the literature of polarisation-insensitive absorption enhancement for thin
chalcogenide layers.

2. Numerical studies

In order to generalise the lamellar grating of Stiirmberg et al [15] to a doubly-periodic grating
delivering polarisation-insensitive reflection and absorption for normally incident radiation, we
have chosen a structure composed of cylinders arranged in either the square or triangular arrays,
with equal spacing along periodicity axes. The cylinders have diameter D and height H, and
are arranged in a continuous matrix material, which we will denote with a subscript "1" when
specifying parameters, using the subscript “2" for cylinder parameters. For the materials 1 and 2,
we will consider the alternatives of antimony sulphide, air and silica. The grating structure is
placed on a silica spacer layer of thickness 7, and below this spacer is a silver layer, with thickness
130 nm sufficient to give negligible transmittance in the visible spectral range considered (0.52
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um to 0.65 um). For the complex refractive indices of silver, we have used the values from the
database Luxpop (www.luxpop.com/), and 1.46 for silica, while for antimony sulphide we have
digitised the data from Stiirmberg et al (see their Fig. S5). The structure is shown schematically
in Fig. 1 for the case of the square lattice.

[—
t $ Si0, D
Ag

Fig. 1. Schematic representation of the system consisting of a silver substrate, homogeneous
layer of SiO, with thickness ¢, and a grating with two-dimensional periodicity (period D in
both x and y-directions) and height H which is made of a matrix substance 1 and cylindrical
holes made of material 2 (specified in Table 1). The incident direction is specified by two
angles, the polar angle ¢ between the incident wavevector and the normal to the surface
(z-axis), and the azimuthal angle y between the projection kﬁ of k! on the xy-plane. The
polarization of the incident wave is kept perpendicular to the xz-plane..

In order to calculate the reflection and absorption within the doubly-periodic grating structures,
as well as the fields within them, we have employed a rigorous in-house code based on the
Fourier Modal Method [17, 18], in conjunction with the Normal Vector Method [19]. All results
shown have been verified by convergence studies to be of better than graphical accuracy.

A numerical technique employed in the exploration of the results presented in the next two
sections is worth describing. The doubly-periodic gratings investigated are all thin compared
with the wavelength, so that their upper and lower surfaces are strongly coupled. A significant
number of Fourier terms are needed to accurately model the scattering by such thin gratings,
and these are used in all calculations reported here (121, 11 for each direction). This does
not mean that all of these terms contribute strongly to the fields reaching the silver mirror. To
investigate which plane waves propagating in the silica are important contributors to the field at
the mirror and to the resonant phenomena arising between the mirror-grating system, a simple
method is to "turn-off" selected plane waves and see the effect on the reflection and absorption
by the full structure. This can be done by a post-hoc adjustment of the plane waves in question
within the program (after the scattering matrix of the grating layer has been calculated with the
full set of plane waves necessary for accuracy), making them so strongly evanescent that their
contribution to the mirror-grating coupling is negligible. This mirror-grating coupling involves
the interference between the various orders of diffraction generated by the doubly-periodic first
layer of the structure, and can affect the absorption within the grating layer in ways which are a
priori difficult to predict, for example shifting or splitting absorption peaks.

We have investigated ten different doubly-periodic structures, with common periods d =
0.375um along the x and y axes. For each, an optimisation of the values of the cylinder diameter
and spacer layer thickness has been made (using steps of 0.5 nm) for several values of the cylinder
length, minimising their reflectance at the chosen target wavelength of 0.591 pm. Details of the
characteristics of the ten structures and their optical performance are given in Table 1. R is the
reflectance at the design wavelength and @4, the flux of the Poynting vector through the top of
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the silver layer. Further discussion of the square grating systems will be given in Section 3, and
of the hexagonal systems in Section 4.

Table 1. The parameters of the 10 optimised doubly-periodic absorber systems: lattice
type, constituents (1 for the matrix, 2 for the inclusion), spacer thickness, cylinder diameter,
cylinder length, reflectance at the design wavelength and flux into the silver substrate.
Distances in ym.

system | lattice 1 2 t D H R Dy,
1 sqr | SbyS;3 air 0.252 | 0.247 | 0.04 | 35107 2%
2 sqr air SbyS3 | 0.220 | 0.308 | 0.04 | 6.5107* | 2.5%
3 sqr | SbaS3 | SiO, | 0.192 | 0.343 | 0.04 | 4.8107% | 6.2%
4 sqr | SbyS3 | SiO, | 0.287 | 0.280 | 0.04 | 2.1107* | 2.0%
5 sqr SiO, | SbyS3 | 0.234 | 0.322 | 0.04 | 3.4107* | 1.85%
6 hex | SbyS3 air 0.189 | 0.107 | 0.04 | 2510—4 | 64 %
7 hex air SbyS3 | 0.170 | 0.263 | 0.07 | 4.0107* | 4.7%
8 hex | SbyS3 | SiO, | 0.173 | 0.292 | 0.05 | 1.21073 13%
9 hex | SbpS3 | SiOp | 0.196 | 0.154 | 0.05 | 7.0 10—4 | 3.8%
10 hex SiOz | SbyS3 | 0.200 | 0.307 | 0.05 | 1.310—4 | 2.9%

3. Results for the square lattice

In Fig. 2 we show the normal incidence reflectance and absorptance in the silver layer as a
function of wavelength, and the angular dependence of reflectance at the wavelength of minimum
normal incidence reflectance. In the latter case, the direction of the incident wave is specified
in terms of the dimensionless quantities @ = sin ¢ cos ¥ and 8 = sin ¢ sin y, where ¢ and y
refer respectively to the polar and azimuthal angles specifying the propagation direction, normal
incidence corresponding to ¢ = 0, and y = 0 corresponding to a direction of periodicity of the
grating. (For guidance, 5° in ¢ then corresponds to & ~ 0.0873.).

The reflectance curves of Fig. 2 (left) show the presence of a double minimum, split from the
single minimum (black dots) present if only the order (0,0) is allowed to couple the grating with
the mirror layer (using the “switching-off" technique described in Section 2). The flux reaching
the silver layer maximises at the left reflectance minimum, with a local maximum at the right
minimum. The slight glitch in the accurate reflectance curve near 0.56 pm is in fact cause by
a discontinuity in the tabulated data for the complex refractive index of silver. The curves of
reflectance as a function of incident wave direction in Fig. 2 (right) show that the reflectance
begins to rise quickly for a variation of ¢ of about 2.5° away from normal incidence. The curves
show the symmetry one expects for this choice of bi-periodic grating (square lattice).

Similar curves for the systems 2-5 whose optimised parameters are given in Table 1 will be
found in the Appendix. Note that all five systems considered are capable of giving reflectance
minima of essentially zero, but that systems 2 and 3 achieve their minimum with the flux at the
silver mirror being significant higher than for systems 1, 4 and 5.

4. Results for the hexagonal lattice

In Fig. 3 we show the reflectance of structure 7 of Table 1 as a function of wavelength. This
structure gives reflectance below 20% over the wavelength range from 0.52 ym to 0.60 pum,
with two wavelengths of near-zero reflectance (0.555 um and 0.591 um). From the blue and red
curves, as well as the black points, it is evident that plane wave orders (0,0), (£1,0), (0,£1)
and £1,=£1) in the SiO, layer are all significant in generating accurate values for the reflectance.
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Fig. 2. (Left) Reflectance (black,left scale) and absorptance (red,right scale) in the silver
layer of the grating structure of Case 1, Table 1, as a function of wavelength. Full lines -
exact values, dots - taking into account the single order (0,0) inside the SiO, homogeneous
layer. (Right) Reflectance at the wavelength of minimum normal reflectance as a function of
dimensionless direction cosines & and . The electric field of the incident plane wave is
along the f3 axis.

It is interesting that for this case (right curve) the flux absorbed in the silver substrate remains
small where the reflectance is small, peaking strongly only after the reflectance minimum at
0.591 um. The curves below in Fig. 3 show that the process of homogenisation, wherein the
doubly-periodic grating is replaced by a layer with an effective permittivity deduced from the
equations of electrostatics, is not useful in this case. The technique of homogenisation can only
work if it is accurate to neglect the influence of all but the (0,0) order; we have already seen this
not to be the case in the upper left part of Fig. 3. The higher order plane waves created by the
grating interact significantly with the mirror, and have a strong effect on the amplitude of the
(0,0) order reflected beam leaving the structure. (Note that in the comparison made in the lower
frame of Fig. 3 the effective permittivity of the plane layer used to replace the grating is obtained
using an expression accurate up to 12th order in the volume fraction for the hexagonal array,
Eq.(12) in Perrins et al [14].)

The plots of reflectance as a function of direction shown in Fig. 4 exhibit the expected six-fold
symmetry of the hexagonal lattice. That at left for a shorter wavelength shows the influence of
several modes in its more complex dependence on & and 8, whereas that at right for 0.591 um
shows a simple dependence consistent with the accuracy of the results for the (0,0) order alone
in Fig. 3 in the upper wavelength range. At 591 nm, the angular dependence is weaker, with the
region of reflectivity smaller than 1% covering greater area of the contour diagram (to about 8a).
This weaker dependence is to be expected given the dominant role of the single order (0,0) in
this case.

These comments based on reflectance as a function of angle are supported by the maps of
scattered field components just above the surface of the bi-periodic grating given in Figs. 5 and
6, and also by the plot of the total field with respect to the coordinate z in the direction normal
to the plane in Fig. 7. These field plots just above the grating surface naturally reflect the field
structures just within the thin layer, At the shorter wavelength, the different field components
have differing structures, reflecting the importance of different modes. For 0.591 um, there is
a single dominant field component (E,). However, for both wavelengths the strongest fields
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Fig. 3. (Left) Reflectance of the grating structure of Case 7, Table 1, as a function of
wavelength: black line, taking into account all diffraction orders in SiO», blue curve, only
the propagating orders (0,0), red line, orders (0,0), (0,£1), and (£1,0), black dots, adding
also orders (1, 1). (Right) Flux into the silver substrate as a function of wavelength.
Below: Reflectance curve (black) compared with the results of homogenisation (red curve).

occur in within the cylinders (made of antimony sulfide), rather than in the matrix (made of air),
and within the grating layer (for z between -0.070 ym to 0) rather than in the silica layer (from
-0.240 um -0.070 um). Note that in Fig. 7 there is evidence of stronger surface wave effects at
0.5557 yum than at 0.591 pum.

Similar curves for the systems 6,8-10 whose optimised parameters are given in Table 1 will be
found in the Appendix. All five hexagonal systems considered are capable of giving reflectance
minima of essentially zero, but systems 6 and 8 achieve their minimum with the flux at the silver
mirror being significant higher than for systems 7, 9 and 10.

5. Conclusion

We have presented the results of a theoretical study of the absorptance of thin doubly-periodic
structures composed of cylindrical inclusions placed on a dielectric spacer, and terminated by
a fully-reflecting silver layer. The absorbing material used was the amorphous chalcogenide
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Fig. 4. (Left) Reflectance for the structure of Case 7, Table 1 at a wavelength (0.540 um)
near the first minimum of normal reflectance as a function of dimensionless direction cosines
o and B. (Right) As at left, but for the second minimum wavelength (0.591 pm) of normal
reflectance.

material antimony sulphide. We have considered both square and triangular lattices of inclusions,
both of which generate polarisation-independent absorptance for normally-incident light, and for
each lattice we have presented five optimised designs which offer near-perfect absorptance at a
chosen wavelength (0.591 um). Those five designs cover the choices as to whether the antimony
sulphide fills the cylinders, or forms the matrix material separating them, and whether the second
material in the doubly-periodic layer is the superstrate material (air) or the substrate material
(silica). We have shown that the results of rigorous electromagnetic theory calculations are not
capable of being well represented by a quasistatic model accurate to the twelfth power of the
volume fraction constructed specifically for doubly-periodic arrays of cylinders. We have also
shown that the high absorptance arises due to the interaction of the plane wave diffraction orders
(0,0), (£1,0), (0,41) and (+1,+1). We have also studied the dependence of absorptance on
angles of incidence ranging from 0° to 30°.

The results will be of value in applications of thin absorbers based on chalcogenides and
similar weakly-absorbing seminconductors in the visible region. Their experimental validation
would be of value, as would their extension to near-infrared wavelengths. This would of course
require a determination of optical constants over a wider wavelength range than those reported
by Stiirmberg et al [15].

6. Appendix
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Fig. 5. Scattered field components just above the surface of the biperioidc grating, as a
function of position (x,y), for the first minimum wavelength (0.5557 um) of total reflectance.
The black dotted lines represent the cylinders made of antimony sulfide.
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Fig. 6. As for Fig. 5, but for the second minimum wavelength (0.591 pum) of normal
reflectance. The incident electric field is along the f axis.
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Fig. 7. Total electric field components with respect to z (in ©im), in the direction perpendicular
to the layers, for x =y = 0. (Left) First minimum wavelength (0.5557 um) of total reflectance.
(Right) Second minimum wavelength (0.591 pum) of total reflectance. The black dotted lines
represent the layers interfaces from the substrate (bottom) to the superstrate (top).
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Fig. 11. (Left) Reflectance (black) and absorptance (red) in the silver layer of the grating
structure of Case 5, Table 1, as a function of wavelength. (Right) Reflectance at the wave-
length of minimum normal reflectance as a function of dimensionless direction cosines ¢
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