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Invited Paper

Comparisons of
enhanced absorption in
closely-coupled grating-mirror
and random particle-mirror systems

Matthew D. Arnold**, Geoffrey B. Smith®
Institute for Nanoscale Technology, Department of Physics and Advanced Materials, University of
Technology Sydney, PO Box 123, NSW 2007, Australia

ABSTRACT

The grating-mirror geometry is a particularly rich plasmonic system due to the coupling of localized and global modes,
and it is applicable to negative index materials, plasmonic imaging, and spectral filters. Recently absorption in sub-
percolative films was found to be greatly enhanced by the addition of a mirror - a situation that is also reasonably
modeled by a grating-mirror geometry. A great deal of attention has been focused on the coupling of barely-sub-
wavelength periodic grating modes to surface plasmon polaritons that exhibit sharp spectral features. In contrast, island
films have only quasi-periodicity at a few tens of nanometers, and produce broader spectral features, suggesting the
influence of localized surface plasmons. In this work we examine how absorption is affected by variations in geometry
of grating-mirror systems, to identify basic physics for future investigations of particle-mirror systems.

Keywords: Metal-island films, total absorption, surface plasmons

1. INTRODUCTION

Evaporation of metal onto dielectric substrates results in beading of the metal into islands prior to percolation, which can
be seen in Figure 1, and the resulting metal islands exhibit interesting absorptive modes that become quite significant
near percolation. Recently it has been noted when sub-percolative silver-island films are grown some distance above a
relatively flat silver film, very strong absorption is observed over a wide spectral range in the near-infrared, which differs
significantly from the islands alone. Figure 1 shows that absorption strengthens and red-shifts as percolation is
approached. In order to fully understand this phenomenon, we seek appropriate theoretical models. One such model is
the grating-mirror geometry, where a periodic grating is suspended above a metal mirror, and in particular we will focus
on gratings which are invariant in one direction (as shown in Figure 2) in order to simplify calculation and analysis.
Whilst this geometry is easy to analyze, it does have limitations compared to the actual system that we are trying to
model. Metal-island films have only quasi-periodicity, and they are inherently structured in both dimensions. However,
the grating-mirror model is a useful first step to understanding this complex geometry.
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Figure 1. Electron micrograph showing sub-percolative metal island films (left) and evolution of absorptance (right).
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An important part of the grating-mirror model is the grating itself, since it is this that controls the coupling of radiation
via resonant scattering into different modes. Scattering of rays into a well-defined set of angles is the most basic
property of grating modes, but it well known that there is much exciting physics beyond this. Wood noted anomalous
absorption of gratings in situations corresponding to a mode traveling parallel to the surface. Ebbesen' observed that
transmission of periodic arrays of sub-wavelength holes is enhanced compared to effective medium models based on
geometric arguments. Despite the absence of multiple propagating orders, the grating can be partially reconstructed in
the near-field, with obvious applications to photolithography. All of these are the result of coupling of surface states of
some sort, whether evanescent waves, surface plasmon polaritons (SPP), or localized surface plasmons (LSP)’, and the
discussion of the relative contribution in various situations is on-going and extensive. While SPPs are obviously
important in gratings, LSPs apply to a wider range of structures, and result in interesting phenomena such as the strong
absorption of nanoparticles’, of which metal-island films are a particular type. Three-dimensional arrays of electrical
and magnetic resonators can be constructed from non-magnetic metals producing negatively refracting materials, which
is an active research field in its own right. Pendry* predicted that impedance matched negatively refracting materials can
reconstruct the evanescent fields of a grating creating a super-resolving lens, and that in fact a flat film of metal is
sufficient under the right conditions.

It is important to understand that the metal “lens” proposed by Pendry is also a retlector, and affects the imaging process
quite strongly®. In addition, it can be used as a type of super-mirror to improve the quality of near-field images by
increasing the depth-of-field®. The phase of the reflection is an important consideration, and notably the phase at the
plasmonic operating point is a quarter-cycle different from that at longer wavelengths where the metal is a “good”
reflector’. The unusual reflection phase at the edge of the SPP band is responsible for the suppression of resonant modes
of the gratings. The grating-mirror geometry has been considered in other contexts, and for example it has been deduced
that some modes of this system exhibit negative effective permeability®. Resonant transmission is observed with sharp
spectral features™, some of which are consistent with cavity modes, SPP modes of the mirror, and mixed LSP modes.
Along with resonant transmission, resonant absorption is possible’, which would be of great interest for use in capture of

solar energy'®.

Grating mirror systems investigated so far have revealed some interesting physics, including relatively broad angular
response for arbitrary polarization'’, characteristic shifting with geometry, and the importance of an appropriate
thickness of grating'. However, these have mostly focused on barely sub-wavelength periods that are much larger than
metal-islands, and only varied one parameter at a time. In this article we will investigate geometries more appropriate to
metal-island films, and simultaneously vary all geometric parameters so that we can fully appreciate the global system
behavior.

2. METHODS
E_ E
Strip  Hole . T % ™
width  width | K
Grating *A—"*_r_’|r+
: t+ ]t 2
thickness gll' ,uk
Spacer | | _ .
thickness | | F
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thickness Ag ] |
I 1 v
Period Q

Figure 2. cross-section view of model geometry together with notation for remittance calculations and source polarization.
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We used rigorous coupled wave analysis (RCWA) to efficiently calculated remittances for a large parameter sweep.
RCWA couples structural eigenmodes in spatial frequency-space to plane-wave excitations in uniform layers, which is
the reason for its efficiency. It is known that there may be numerical difficulties under some circumstances, but our
initial tests indicate that the implementation used produced stable results, and some basic test comparisons to commercial
finite element solvers (as used in) were satisfactory. In particular, we used the freely available CAMFR package to
calculate the scattering matrices of the gratings"*, and separately calculated the remittances of the spacer/mirrors
analytically®, with careful combination of the results.

Briefly, we may denote the complex scattering matrices of the grating as r; and #,, and the diagonal scattering matrices of
the mirror , including spacer, as 7> and f,. Strictly this should include different senses of propagation, that is either
forward (+) or reverse (-) directions, as shown in Figure 2. The grating matrices are calculated by CAMFR for Fe Jot

and He JO - oefficients, where E and H are the electric and magnetic fields for TE and TM respectively. On the other

hand we calculated the mirror matrices using the method outlined in Hodgkinson & Wu?', which assumes E, e

coefficients, where E, is the projection of the electric field tangential to the planar interfaces. In this case it was also
necessary to normalize the internal calculations for the “phase” factor to prevent overflow of the reflected evanescent
waves. In combining the two results it is essential to correctly match the various conventions, especially when
calculating the energy fluxes, so we veritied that our resulting fluxes matched full CAMFR calculations. The scattering
matrices of the system, with multiplication transforming from incoming to outgoing waves, were given by

=1
+
rl

+_ o+~ -+
ro=r; ey I=rry

, ey
©))

_ -t
" ztj;[]—r] rﬂ IT .
and then the fluxes were calculated using the only propagating mode resulting from normal incidence illumination —
matrix index (00) - and all vacuum media. In particular the absorptance was given by
_ 2 2
A= l—l’”oml ~ltioel” -

3)

This strategy makes scanning the spacer distance particularly economical — calculating the combined results for all
spacer distances took an additional amount of time about the same as the grating on its own. We used N=50 modes
cither side of zeroth order, which is an oversampling on the order of five times compared to the minimum features used.
There was no obvious difference observed between N=20 & N=50. The calculation time grows roughly as O(N?), so we
opted not to extend the number of orders at this stage. A summary of the parameters used in the simulation is shown in
Table 1, and we discuss further details below.

Table 1. Summary of parameter values investigated.

Parameter Value
Incidence Angle 0° (normal)
Incidence Polarization Linear orthogonal (TE, TM)
Incidence Wavelengths 0.3 <1<3.0um

Metal permittivity (grating, mirror)

Media permittivity (cover, spacer, substrate)
Strip width

Hole width

Grating thickness

Spacer thickness

Mirror thickness

Ag as per CRC”
1
0.01, 0.02, 0.05pm
0.01, 0.02, 0.05pm
0.01, 0.02, 0.05um
0.0005 <d < 0.5um
lpm
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Normal incidence was assumed, and we calculated both polarizations, which we refer to as TE (electric field along the
invariant direction), and TM (electric field along the grating vector). We varied the each of the grating sizes (grating
thickness, metal strip width, and dielectric hole width) through 5, 10, 20, 50nm, which is larger than the range of sizes
expected in metal-islands. It was important not to vary the strip:hole ratio too much to avoid over-stretching the
accuracy of the RCWA calculation given the number of orders used.

The spacer distance was varied from 0.5nm to 500nm using 281 log steps. This covers all possible modes adequately,
although it is worth noting that at the minimum spacing field non-locality of the dielectric function is likely to be
observed, which we chose not to account for in order to keep the interpretation simple. The mirror was taken to be
1000nm thick, to avoid complicating the analysis by splitting of the mirror SPP, and transmission was always less than
107,

Bulk silver was assumed for both the gratings and the mirror. We used permittivity values interpolated from some
tabulated data in the literature?>. There is considerable variation among authors, but since this is a model system the
precise value is of little consequence. Ultimately experimental verification is necessary to ensure accurate results. We
used a log-wavelength scale with 91 steps from 300 to 3000nm. The choice of endpoints is somewhat arbitrary, being
similar to the range that we can access experimentally, but it covers all modes satisfactorily. Conversely the spacing is
quite deliberate — it is the minimum to reasonably resolve local modes of silver resonators, which are expected to have
quality factors less than 40, and indeed it is observed to be adequate. The metal parts are assumed to be embedded in a
vacuum — this was an arbitrary choice justifiable because we are most interested in basic physics. Embedding media will
change the numerical results but likely not the overall conclusion.  Once the nature of the modes is understood it should
be relatively straightforward to predict the results of changing the media.

3. RESULTS
TE Absorptance TM Absorptance
E c g
~ ~ 0.1
[72] w
w o
Q [0)]
C C
3 3
£ = 0.01
o o]
(& [&]
8 s
) > 0001 & M |
040 063 1.00 158 251 040 063 100 158 251
wavelength / pm wavelength / pm

Figure 3. example of system modes for a grating of thickness 20nm with strip widths 50nm and hole widths 50nm. Dark
color indicates strong absorptance. Various modes can be identified: B=bulk, C=cavity, M=grating, L=gap.

We begin with an example of a particular grating, to show the general form of modes in the wavelength-spacer
plane. In Figure 3 we can identify the various modes that we will later discuss in depth. Both polarizations show
strong absorption near the absorption band of bulk silver, which is also clearly evident in the mirror itself. We
exclude this region from later analyses, and will not consider it further except to say that it is slightly modulated by
spacer distance, and it would be interesting to consider systems where the mirror is composed of a different metal
than the grating. In the TE polarization there is only one type of geometrical mode present, and it is clear from the
nearly linear wavelength-spacer dependence that these are cavity modes related to the spacer. The TM polarization
has three types of modes that are complicated by mixing. As with TE, cavity modes are evident, but these are
broken up near a particular wavelength. Small spacer distances show two types of modes — one at a fixed
wavelength that is associated with the isolated grating mode, and one with approximately inverse wavelength-
spacing scaling that we assert is a plasmonic gap mode.
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3.1 TE cavity modes

As seen in Figure 3, the wavelength-spacer dependence of these modes is approximately, but not exactly, linear, due to
phase effects at the interfaces. Some of this can be attributed to the phase of the mirror changing phase with wavelength,
however some is due to the grating itself since there are minor variations in position with different gratings. We have
not considered the mode position in detail, but we have investigated the strength of the system modes in relation to those
of the grating itself. Note particularly that the system modes are always much stronger than that of the isolated grating.
In the TE polarization, the grating mode lies near the bulk absorption band, and so in the remaining wavelength range
where the cavity modes are most evident, the grating is typically highly reflective and not very transmissive. Figure 4
shows a clear correlation between the highest reflective grating modes and strongest cavity modes. We investigated the
effect of many system parameters, both individually and in combination, but only some of these were found to
significantly affect the grating and hence the cavity modes. Firstly to achieve strong modes the grating should be thick
enough — 10nm thickness does not seem to allow maximum absorption, whereas 20 and 50nm do. Second the hole
should not be wider than the strip (see Figure 6 for example) — and as we shall see this condition is observed several
times throughout the analysis.

TE : max[A,(k,spacer)]

1 y i 1t 15 < -
- ¥ § ) “ “
] R 05|, 05 o Tl
0 0 0
0 0.5 1 0 0.5 1 0 0.5 1
grating R grating A grating T

Figure 4. correlation of TE mode strength for isolated gratings compared to those of the corresponding system. Each dot
represents the system mode strength maximized over all wavelengths and spacer thicknesses, as a function of the
minimum (red), mean (blue), and maximum (green) remittances of the grating.

3.2 TM grating mode

We have examined the correlation between grating characteristics and the maximum strength of system TM modes
across all spacings and wavelengths, since it can be difticult to isolate the modes. Once again, the strength of the system
modes is correlated to those of the isolated grating, even if the system modes occur at different wavelengths to those of
the grating. The maximum system mode is always more absorbing than the isolated grating mode. In particular, Figure
5 shows that strong grating modes with significant absorption peaks and suppressed transmission result in the strongest
system modes. We investigated the effect of many system parameters, both individually and in combination, but only
two were strongly correlated to grating absorption. Figure 6 shows that to achieve strong grating absorption under TM
illumination the holes should not be wider than the strips, although thicker gratings are less sensitive to this effect. We
have also considered the position of the isolated grating mode, and the strongest correlation was found with the ratio of
strip width to thickness, with flatter strips leading to longer wavelengths (Figure 6).
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TM : max[A,(L,spacer)]

Figure 5. correlation of TM mode strength for isolated gratings compared to those of the corresponding system. Each dot
represents the system mode strength maximized over all modes, wavelengths and spacer thicknesses, as a function of
the minimum (red), mean (blue), and maximum (green) remittances of the grating.
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Figure 6. Main scaling of TM isolated grating absorption mode for all gratings, showing (a) the mode wavelength as a
function of the ratio of strip width to thickness, and (b) the absorption of the mode as a function of the ratio of strip
width to period.

3.3 TM gap mode

The gap mode is perhaps the most interesting because it requires close interaction between the grating and mirror. For
each grating, we located the wavelength of strongest absorption when the spacer thickness was d=0.5nm as in the blue
dot in Figure 7. The resulting wavelength and absorption was then compared to the grating parameters in Figure 8. Yet
again, we find that strong modes require that the strip is at least as wide as the hole. Conventionally gap modes are
plasmonic modes of the gap of a metal-dielectric-metal system, and it might be expected that the grating couples into
these modes at a particular permittivity via its periodic structure. However, we find that scaling of the gap mode
permittivity is best explained by the strip width compared to the spacer thickness, which is perhaps indicative of LSP-
type character. To demonstrate this scaling, in Figure 7 we show a gap mode overlaid on the earlier example, using

wld~—1.1¢, 4)

where w is the strip width d is the gap thickness, and ¢ is the real part of the permittivity at the corresponding
wavelength. In Figure 8, this same model is compared to numerically determined mode positions. The figures indicate
that this is a reasonable model, at least for small gaps sizes or narrow strips.
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Figure 7. example of TM absorption modes (dark colors) overlaid with the gap dispersion (cyan curve) and the mode
wavelength at the minimum spacer thickness (blue dot). The numerically determined wavelength forms one
measurement in the figure below, and also the same gap dispersion model given by (4) is used.
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Figure 8. Main scaling of TM gap absorption mode for all gratings, showing (a) the mode wavelength as a function of the
strip width, and (b) the absorption of the mode as a function of the ratio of strip width to period.

4. CONCLUSION

In conclusion we have examined the modes of silver grating-mirror systems with small feature sizes, with a reasonably
comprehensive parameter sweep, using an implementation of RCWA. We found several types of modes, which in
general are strongly correlated with those of the isolated grating, but considerably more absorbing. The TM case is
particularly interesting, with mixing of cavity, grating, and gap modes. To achieve strongly absorbing system modes, the
grating should be designed with holes narrower than the strips, and the grating thickness should be greater than 10nm.
The positioning of the modes in wavelength is generally correlated to the strip width, with wider modes leading to longer
wavelengths. Specifically the grating mode itself depends on the ratio of strip width to grating thickness, whereas the
gap mode depends on the ratio of strip width to spacer thickness. The modes undergo significant mixing, and some
broadening, especially around the spacer thicknesses that are experimentally accessible. In the future we plan to
examine the mixing of these states, and generalize the results to random systems like the island-mirror systems that
inspired this work. It would be interesting to examine the relative absorption in different metals and spacer materials.
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