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Abstract: Recently, it was noted that losses in plasmonics can also enable several useful
optical functionalities. One class of structures that can maximize absorption are metal
insulator metal systems. Here, we study 3-layer systems with a nano-composite metal layer as
top layer. These systems can absorb almost 100% of light at visible frequencies, even though
they contain only dielectrics and highly reflecting metals. We elucidate the underlying
physical phenomenon that leads to this extraordinary high and broadband absorption. A
comprehensive study of the particle material and shape, mirror material and dielectric spacer
thickness is provided to identify their influence on the overall absorption. Thus, we can
provide detailed design guidelines for realizing optical functionalities that require near-perfect
absorption over specific wavelength bands. Our results reveal the strong role of lossy FabryPerot interference within these systems despite their thickness being well below half a
wavelength.
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction
For decades, losses associated with plasmonics were seen as detrimental; however, it was
recently noted that losses can also enable several useful optical functionalities and are also
related to strong local field enhancements [1]. Thus, they can assist one in improving the
performance of various applications including solar power [2] and sensing [3], e.g. Raman
scattering [4]. One particular class of structures that can maximize absorption in the visible
spectrum (VIS) are metal insulator metal (MIM) systems [5]. Such 3-layer systems consist
typically of a metallic base layer (mirror layer), a dielectric spacer layer and an at least
partially metallic top layer. Although, dielectric top layers are also explored to maximize
absorption bandwidth and strength [6].
Several well-ordered and defined MIMs have been manufactured [7–14]. They have
typically periodic top layers and can achieve broad-band absorption levels in the range of 6080% for the case of thoroughly optimized systems [7], while certain systems can even absorb
up to 100% in the infrared spectrum [8]. The periodicity and the generally well-defined
geometry assists analysis, including their dipolar and quadrupolar resonances [9]. It is also
possible to quantitatively study the coupling of the localized surface plasmon (LSP) mode of
the individual nanostructures with the surface plasmon polariton (SPP) of the metallic mirror
layer [10]. Recently, MIMs were proposed that are oriented vertically and can even reach
nearly 100% absorption over a broad spectrum [11]. All these well-ordered structures require
however high precision manufacturing processes, such as ebeam lithography, which limits
manufacturing throughput and structured area size. Additionally, the achievable maximum
absorption and bandwidth of periodic systems is limited compared to systems where at least
one layer contains random elements. Typically, the top layer contains randomly sized and
arranged metal nano particles that are usually embedded in a dielectric matrix (in this article
we will call such a layer a nano-composite layer).
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Nano-composite layers can be created by direct thin layer evaporation [15–18], thermal
annealing [19–21], laser-induced dewetting [22], co-evaporation [23–26], spin-coating [27] or
even through simple drop-casting [28]. The MIM realization of Hedayati et al. in 2011
exceeded 95% absorption across the entire VIS, thus realizing a very strong and broad
absorbing MIM system with a relatively simple and scalable co-evaporation technique of gold
and SiO2, which produces a gold nano-composite layer [25]. Contrary to the needs for high
precision machining of periodic systems, in this approach one must only control two
evaporation rates. A similar optical performance was observed for gold, silver and copper
based nano-composites [29].
It is fascinating that a system consisting only of transparent and highly reflective materials
can absorb almost 100% of the incident light and the objective of this paper is to elucidate the
underlying physical phenomenon.
The random nature and nanometer dimensions of the composite layer obscure an
insightful analytical analysis of the system’s optical properties that lead to this performance.
Thus, other authors resorted to studying this system numerically using finite difference time
domain (FDTD) algorithms [30,31]. Etrich et al. focused on retrieving the optical parameters
of the nano-composite layer through simulations and optimized the dielectric spacer thickness
to enhance absorption [30]. This optimization was carried out with a transfer matrix
algorithm, which results agreed very well with those obtained by FDTD. Feng et al.
researched the optical parameters required to achieve high and broadband absorption [31].
They identified for example that perfect absorbers require a dielectric spacer layer at least 20
nm thick to assure modest requirements on the nano-composite layer permittivity.
Both research groups treated the metallic nano-composite layer as a homogenous,
dispersive and isotropic material and focused on its “macroscopic” properties. In contrast, we
focus here on understanding the microscopic absorption mechanisms of the system described
in [25], which was not undertaken yet to the best of our knowledge. In particular, we address
the question of the broad bandwidth light absorption and where it is absorbed locally.
Possible resonance broadening mechanisms associated with variations of the gold particles
shape, size, position or plasmonic coupling to the metal mirror were suggested in [25,29];
however, we rule out that latter mechanism, as discussed in Section 3. Instead we propose that
the resonance broadening effect is based on lossy Fabry-Perot interferences in combination
with plasmonic inter-particle coupling.
The paper is organized as follows: Section 2 describes the simulation model used; the
optical response of single particles at some distances above a mirror layer is discussed in
Section 3; while the response of many particle systems is discussed in Section 4, followed by
a conclusion.
2. Simulation methodology
Lumerical FDTD, a commercial-grade simulator based on the FDTD method is used to
perform all simulations below [32]. Figure 1 shows the general simulation layout used here. It
consists of a linear polarized light source in the x-z-plane, a metallic nano-composite layer, a
dielectric spacer layer and a mirror layer. This MIM structure is embedded in a lossless
dielectric background of constant refractive index 1.5. Plane waves first impinge on the nanocomposite layer before they pass the dielectric spacer layer and then hit the 100 nm thick
metallic mirror layer. Bloch-type periodic boundary conditions have been used and power
detectors were placed at appropriate positions.
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Fig. 1. Visualization
n of the simulated 3-layer model.

Table 1 su
ummarizes all relevant param
meters that are used for the siimulations. Thhe particle
diameter valu
ue is kept co
onstant as sizze variations mainly lead to different rresonance
amplitudes, following
f
the arguments by
y Etrich et al. [30]. Note tthat the mesh’s spatial
resolution is set to 0.3 nm in and around
d the spheres. This high resoolution was seelected to
assure good convergence off the solution.
Tablle 1. Summary off relevant simulattions parameters
Parameter
FDTD-ssimulation region
Boundarry conditions
Mesh typ
pe, refinement and
d accuracy
Time steep and minimum mesh
m
size
Source
Frequency domain power monitors
heres
Gold sph
Mirror laayer
Materiall parameters

Dielectriic background and
d spacer
Early Sh
hutoff

Vaalue
100 nm x 100 nm x 22000 nm
Bloch in X- and Y-ddirection.
Peerfect matching layyer PML with 32 laayers in z-directioon
Au
uto non-uniform, cconformal variant 1 and level 5
dt stability factor 0.999 and 0.3 nm
near polarized lighht in the X-Z-planee with bandwidth
Lin
300-800 nm. Injectedd at z = −800 nm w
with unit amplitudde
Transmission is recoorded at z = 700 nm
m
Reeflection is recordeed at z = −700 nm by subtracting thee
sou
urce’s field from tthe measured one ((most accurate)
Co
onstant diameter off 5 nm
Sp
panning across the X-Y-plane
Plaaced at Z = −90 nm
m, if not stated othherwise
Au
u (Gold) Johnson aand Christy with 8 coefficients
All (Aluminum) CRC
C with 6 coefficiennts
Ag
g (Silver) CRC witth 6 coefficients
Alll with 0.1 fit toleraance
Co
onstant value of 1.55
1E
E-6

3. Few partiicle systems
Understanding
g the mechanisms that lead to broadband aabsorption witthin the MIM system is
essential for improving its performance and
a translatingg this conceptt to other systeems. The
ystem by Hedaayati at al. conssists of many rrandomly arrannged gold
experimentallly fabricated sy
nano particless above a gold mirror layer [2
25]. Investigatiions of such larrge random systems are
presented in Section 4; let us however get
g some basicc understandinng by investiggating the
nse of a few individual
i
partticles, which rrepresent the iingredients of the large
optical respon
system.
n what microscopic parameeters are mosst important fo
for strong
To answeer the question
broadband absorption, we fiirst study the response of a feew particles w
with diameter 5 nm. This
ood agreementt with Hedayaati’s mean diam
meter of approoximately 4.5 nm. The
value is in go
particles are embedded
e
in a lossless dielecctric medium oof refractive inndex 1.5 and ppositioned
90 nm above a highly-refleective mirror laayer, mostly a 100 nm thickk gold layer. T
The single
particles are placed within an arbitrarily
y sized region of 100 nm periodicity in xx- and ymulations with
h a 200 nm perriod revealed nno significant differences annd we can
directions (sim
assume that th
he periodic parrticle pairs havee thus negligibble coupling at 100 nm distannce).
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Fig. 2.
2 (a) Total absorpttion for a 3-layer system
s
with varyinng number of partiicles inside the topp
layer and (b) the correesponding absorption enhancementt. (c) Absorption enhancement forr
varyin
ng gap sizes and (d) mirror particlee distance. The toop left insets show
w a simplified topp
view of
o the system, wheere the blue arrow marks the source’’s polarization andd in (a), the bottom
m
left in
nset shows a front view.
v

Figure 2(aa) shows the to
otal absorption of the system for various nuumbers of partiicles atop
the gold mirro
or, while the ceenter to center distance of 5.33 nm is kept coonstant. In the case of 8
particles, we also
a plot the to
otal absorption of a system, w
where the goldd mirror is replaaced by a
perfect reflecttor. In this sim
mple case, it is obvious
o
that thhe total absorpttion correspondds also to
the absorption
n within the paarticles. The to
op left insets inn Fig. 2 show a simplified topp view of
the modeled system,
s
where the blue arrow
w indicates thee source polariization. In Fig.. 2(a), we
also show a front view for a 4-particle system. The 3 colored verrtical lines aree selected
t represent the
t primary collors red, green and blue.
wavelengths that
where total aabsorption equuals bulk
The secon
nd simple case is the “no particle”-case,
p
absorption off the 100 nm th
hick gold layerr and no energgy is absorbedd elsewhere. Inn all other
cases it is lesss obvious wherre light is absorrbed.
Figure 2(b
b) shows the rescaled absorp
ption within thhe particles, whhich we call abbsorption
enhancement and is defined
d in analogy to
o the absorptioon efficiency ffor the case off isolated
particles [33],,
absorption enhancement[[%] = A / G ⋅ paarticle absorptiion[%],

(1)

notes the particcles’ geometriccal cross sectionn projected onn a plane, i.e. G = nπ a 2
where G den
for n sphericcal particles of
o radius a an
nd A is the siimulation areaa. Equation (1) has the
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advantage that the calculaated absorption
n enhancemennt is independdent of the ssomewhat
arbitrarily cho
osen x-y-period
dicity.
In contrast to the total ab
bsorption in Fig. 2(a), the abssorption enhanncement reporteed in Fig.
2(b) indicatess how much lig
ght is absorbed
d at a specificc wavelength w
within the partiicles. We
see that the pllasmon resonaance red-shifts for increasing number of parrticles in Fig. 22(b) [34].
We also obsserve that thee resonance strength
s
dram
matically increases and excceeds the
geometrically
y possible abso
orption by a faactor of 7. Thhe enhancemennt in the blue and cyan
parts of the spectrum
s
remains however relatively low aand nearly connstant. Please note that
this behavior is highly polaarization sensittive. In the casse of 90° rotatted source pollarization,
the absorption
n enhancemen
nt is even redu
uced with incrreasing numbeer of particles (data not
shown).
Figure 2(cc) shows the strong gap depen
ndence of the aabsorption enhhancement. The dimer’s
enhancement is maximal in
n the case of a negative gap aand thus overllapping particlees, where
the absorption
n maxima is allso most red-sh
hifted. Increassing the gap reeduces the enhaancement
and already att a gap of 2 nm
m, the enhancement is only aabout 50% stronger than in thhe case of
isolated particles (95 nm gap).
g
Thereforre, we concluude that small gaps and overlapping
particles are key
k for stronglly enhanced an
nd red-shifted aabsorption. Thhis is in agreem
ment with
previous repo
orts that the gap
p size must be smaller than 100% of the partiicles diameter to realize
strong red-shiifts and enhanccements [35,36
6].
The stron
ng enhancemen
nt could be a consequence of two differeent mechanism
ms; interparticle couplling and plasmo
onic mode cou
upling of particcles with the m
metallic mirror ddue to the
small distancees. The latter was investigatted for examplle by Nordlannder and Prodaan for the
case of a sin
ngle particle atop
a
a metallicc mirror [37]. However, Figg. 2(d) showss that the
hybridization of the modes is negligible here.
h
The absoorption enhanccement of 8 paarticles is
symmetric aro
ound a mirror distance of 80
0 nm. The rannge over whichh it is symmetrric varies
with the waveelength. Comp
paring for exam
mple the mirrorr distances 50 nm and 110 nnm in Fig.
2(d) reveals that
t
it is most symmetric arround the resoonance. This inndicates that thhe strong
absorption enhancement is mainly
m
a conseequence of enhaanced resonancces due to interference.
Actually, Li et al. realizzed nearly perffect absorptionn based on intterference withh an even
simpler MIM
M system [38]. They used a thin and hhomogenous chhromium layeer atop a
chromium mirror
m
layer, separated by a 90-100 nm
m thick SiO
O2 spacer layeer. They
experimentallly achieved an
n average absorption greateer than 95% iin the VIS annd clearly
demonstrated that the high absorption is the result of ttheir manufacttured lossy Fabbry-Perot
cavity. Similaar absorption performance
p
caan be achievedd also for embbedded systemss, even at
elevated temp
peratures [39,40]. Ghobadi ett al. recently shhowed that onne can even inccrease the
bandwidth further by replaccing the homo
ogenous top layyer with a muulti-step one [441], while
Ding et al. used two dielecctric thin metaal layer pairs tto broaden and maximize abbsorption
[42].

Fig. 3.
3 Intensity distrib
bution in the X-Z
Z-plane at three ddifferent wavelenggths λ for 8 goldd
particles embedded in a semi-infinite diellectric atop a perfeect reflector, whichh is located at Z =
n
−90 nm.
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Both works agree with our finding that interference enhances absorption and in fact,
simulations without gold mirror reveal that one needs almost 4 subsequent layers of 8
particles at 150 nm distance in light propagation direction to reproduce the strong
enhancement (data not shown). This is another indication for interference as ideal 2 beam
interference enhances intensity by a factor of four, which is here the case. Figure 3 shows that
the intensity is certainly greater than 3 times the incident intensity at the location of 8
particles 90 nm above a perfect reflector. This makes sense despite the small distance of 90
nm, as the perfect reflector leads to a phase change of 180° and the 90 nm spacing to phase
changes from 150° @ 650 nm to 216° @ 450 nm. These phase changes add up to almost 360°
within the nano-composite layer, which is required for perfect constructive interference and
we can conclude that the enhancement is also significantly influenced by lossy Fabry-Perot
interference. Let us note that a similar phase phenomenon has recently been used to build
ultrathin planar cavity metasurfaces by Wang et al. [43].
Although manufactured particles at single nanometer length scales tend to be spherical
[15,18,25], let us for completeness also report on the response of other possible particle
shapes. Figure 4(a) shows the absorption enhancement of a few spherical particles, which was
reported in Fig. 2(b) and is included here for easy comparison with the other results. Figures
4(b)–4(d) show the absorption enhancement for three possible particle shapes; hemi-spheres,
pillars and cubes, accounting in Eq. (1) for the different geometrical cross sections of these
particle shapes. We find that other particle shapes lead to higher amplitudes compared to
spherical ones. Note that this is also true if we normalize the data to the effective particle
volumes.
For non-spherical particles, we also find that increasing the number of particles in a chain
aligned with the source polarization leads to a red-shifted and strengthened resonance, as in
the case of spherical particles. However, the resonance of a single non-spherical particle is
already red-shifted compared to the spherical case and thus one would need to use different
materials to absorb strongly in the VIS, especially in the blue and green part of the spectrum.
This is an option that is explored in Section 4 for the case of spherical particles.
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Fig. 4.
4 (a) Absorption enhancement for a 3-layer system
m with varying nuumber of sphericall
particles inside the top
p layer as reporteed in Fig. 2(b) annd the enhancem
ment for (b) hemi-spheriical, (c) cylindricaal (pillars) and (d) cubic particles. T
The top left insets show a simplifiedd
top viiew of the system next to a graphiccal visualization off the particle shappe, where the bluee
arrow
w marks the source’s polarization.

4. Many parrticle system
ms
Figure 2 reveeals the absorpttion enhancem
ment mechanism
ms for systemss containing onnly a few
well-ordered particles, wh
hile laboratory
y samples conntain many unnordered partiicles. To
simulate the optical
o
perform
mance of these samples, we m
must include a m
mean of randomization.
Several appro
oaches to mim
mic randomizatiion were evaluuated and a syystem with dennsely and
partially overrlapping particcles exhibited the most proomising performances for aachieving
perfect absorrption. In this approach, parrticles can ovverlap a maxim
mum of 1 nm
m and are
otherwise freely placed witth the only resstriction that pparticles are noot allowed to cross the
periodic boun
ndaries. A reprresentative partt of this realizaation is shownn in the insets oof Fig. 5.
Systems with
h up to 4 gold particle layers are simulateed and 2 differrent reflector m
materials,
gold and alum
minum, are stud
died. The mirro
or-particle disttance is chosenn to be again 900 nm as it
showed maxim
mum absorptio
on in the case of
o fully periodiic particle layerrs.
Figure 5(aa) shows that both
b
4-layer sy
ystems reach 1 00% absorptioon in the red ppart of the
spectrum. Thee absorption en
nhancement is thus large enoough in this reggion to reach saaturation.
However, Fig
g. 5(a) also sho
ows that the alluminum mirroor system’s abssorption is low
wer in the
blue and greeen parts of the spectrum com
mpared to the ggold mirror onnes. Still, thesee systems
absorb on aveerage almost eq
qually well, esp
pecially abovee 450 nm. This is certainly unnexpected
as the bulk ab
bsorption of th
he aluminum layer is significcantly lower thhan the gold layer one,
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but can be ex
xplained by in
nvesting wheree light is absoorbed in the syystem. To thiss end, we
computed the absorption of the particles an
nd of the mirroor separately.
The ratio of particle layer absorption to
t total absorp tion is plotted in Fig. 5(b) annd shows
that for both mirror
m
materialls most energy is absorbed w
within the particcle layers in the red part
of the spectru
um. However, the situation changes
c
in the green part annd is clearly different in
the blue part of the spectrum
m, where partiicle absorptionn remains only high for the aaluminum
case. It is thiis higher particle absorption
n that compenssates for the loower absorptioon of the
aluminum mirrror layer. Rep
placing the gold
d layer by an aaluminum layeer at little costss in terms
of total absorp
ption for the 4--layer case certtainly helps reaalize the system
m on an industtrial scale
[33]. One cou
uld even additio
onally reduce the
t mirror thicckness, since thhe average trannsmission
across the VIS of a 50 nm thick
t
aluminum
m layer is alreaady smaller com
mpared to thatt of a 100
nm thick gold
d layer.
The lack in
i absorption efficiency below
w 450 nm visibble in Fig. 5(a)) might be com
mpensated
by a proper particle materrial choice. We
W therefore sttudy in the fo
following, if oone could
increase abso
orption in this part of the sp
pectrum by chaanging the parrticle material to either
silver or alum
minum. We sellect these mateerials as their plasmon frequuencies are in the blue,
respectively UV
U region of th
he spectrum [4
44]. Simulationns of a few silvver particles’ abbsorption
enhancement showed signifficantly increassed absorptionn efficiency in the blue and ggreen, see
Fig. 6(a), com
mpared to the on
ne of a few gold particles shoown in Fig. 2(bb).

Fig. 5.
5 (a) Total absorp
ption of varying go
old particles layerrs atop an aluminuum or gold mirrorr
layer and (b) the corresp
ponding relative paarticle absorption fraction.

Figure 6(b
b) shows thatt in the case of aluminum particles, absoorption can allso be in
enhanced in the
t blue, but significantly
s
leess in the greeen compared too silver. In booth cases,
absorption in the red region
n of the spectrrum is lower ccompared to thhe gold particlle case in
Fig. 2(b). Thu
us, we mix golld particles witth silver or aluuminum particlles in equal proportions
to boost abso
orption in the blue/green
b
than
nks to the alum
minum or silvver particles’ abbsorption
behavior. To evidence the im
mprovement provided
p
by succh a mixture, w
we study a sysstem with
only 3 particle layers to reeduce absorption saturation in the red. Alluminum is seelected as
mirror layer material to clearly investig
gate the absorrption effects related to thee particle
material choicce and not due to the mirror layer material.
Figure 6(cc) shows that mixtures
m
of golld and silver paarticles (dottedd orange line) aas well as
gold and alum
minum particless (dotted dark red line) do inndeed absorb m
more in the bluee than the
pure gold parrticle system (g
gold line). However, the sysstems containinng only silverr particles
(light blue lin
ne) or aluminum
m particles (gray line) absorbb even better thhan their correesponding
mixtures with
h gold particless.
Given thaat the pure silv
ver particle sysstem absorbs eeven better in the blue thann the pure
aluminum on
ne, we thereforre surprisingly
y conclude thaat silver with its relatively low bulk
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absorption is best for max
ximizing the sy
ystem’s total aabsorption in the visible paart of the
spectrum. Altthough this mig
ght be counteriintuitive, this iis in agreementt with Etrich et al. [30];
it can also be understood by
y the fact that the
t silver abso rption enhanceement results sshow redshifted and strrongly enhanceed absorption with
w increasingg number of paarticles, see Fig. 6(a). It
is remarkablee that only 8 silver
s
particles with 5.3 nm center-to-centeer distances acchieve an
absorption enhancement of almost
a
100% throughout the whole VIS. Inn Fig. 6(c), the system is
much denser,, and thus onee can exploit th
his relative ennhancement to increase also the total
absorption to 100%. This ex
xceptionally hiigh absorption is a result of pplasmonic inteer-particle
interaction an
nd interference effects due to
o the 3-layer syystem. These tw
wo effects signnificantly
boost the abso
orption rather than
t
the silver’s pure bulk maaterial propertiies.
Please notte that indepen
ndent of the parrticle material choice, on aveerage more thaan 93% of
the light is ab
bsorbed within the particle laayer, see Fig. 66(d). This in aggreement with Li et al.,
who found th
hat their ratio of
o thin film to mirror energyy dissipation iss larger by moore than a
factor of 15 for a lossy ch
hromium Fabrry-Perot configguration [38]. This shows aagain the
similarity of both
b
systems an
nd the strong role played by iinterference.

Fig. 6.
6 (a) Absorption
n enhancement fo
or a 3-layer systeem with varying number of silverr
particles and (b) varying number of alum
minum particles insside the top layer atop an aluminum
m
mirrorr layer. (c) Total absorption
a
of 3 parrticle layers with vvarying material m
mixtures and (d) thee
corressponding relative particle
p
absorption
n fraction.

Figure 6(d
d) shows that most of the light
l
is absorbbed within the particle layerr, but not
where it is absorbed
a
locallly. To answerr this questionn, we calculatee the local heat source
density within
n the particle layers
l
and integrate in z-direection. Accordiing to Baffou et al., the
local heat sou
urce density q (ri ) is defined as
a [45]:
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q ( ri ) = ω Im ( ) Ei ,
2

(2)
2

where ω den
notes the frequeency,  the tottal permittivityy and Ei the intensity at thee location
ri within the particle. The local heat is a consequence
c
oof absorption annd the local heeat source
density q (ri ) is thus an indiirect measure of
o local absorpttion.
Figure 7 shows
s
the aveerage q (ri ) in z-direction foor the three specific wavelenngths that
were marked in the figures above by colo
ored vertical ddashed lines. T
The average heeat source
density valuess were divided by 7000 J / s µm
µ 2 and relativve values exceeding one are pplotted in
red for easy comparison. In the case of 3 dense
d
gold partticle layers 90 nm above an aaluminum
mirror layer, one
o can observ
ve three waveleength-dependennt behaviors, ssee Fig. 7(a). Inn the blue
at 450 nm, ab
bsorption with
hin the particlees is dominatedd by bulk matterial absorptioon and is
thus mainly maximum
m
in th
he center of th
he particles. Inn the green at 550 nm, one notices a
transition from
m bulk to reson
nant absorption as edge and gap effects staart to play a roole. In the
red at 650 nm
m, absorption iss almost only determined
d
byy resonant effeccts at the particle edges
just beneath th
heir surface.
This agreees with the go
old particles’ absorption enhaancement simuulations, whichh showed
reasonable ressonant absorpttion enhancement in the greeen and strong eenhancement inn the red.
Comparing qualitatively
q
th
he results of Figs.
F
2(b) andd 7(a) indicattes that simulations of
relatively sim
mple few partticle systems provide
p
some understandinng for the miccroscopic
absorption behavior of the much
m
more com
mplex many paarticle systems..

Fig. 7.
7 Heat source den
nsity maps evaluaated at three differrent wavelengths for MIM systemss
contaiining (a) 3 gold paarticle layers, or (b
b) 3 silver particle llayers atop an alum
minum mirror.

Figure 7(b
b) shows that the
t behavior is quite differennt in the case of 3 dense silveer particle
layers floating
g 90 nm abov
ve an aluminum
m mirror layerr. Here, the abbsorption is deetermined
mainly by ressonant effects independent
i
off the wavelenggth. This in agrreement with oour silver
particles’ abssorption enhan
ncement simu
ulations in Figg. 6(a) that sshow great abbsorption
enhancement throughout thee VIS for varyiing number of particles.
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5. Conclusion
We have investigated numerically the optical response of MIM systems with a top nanocomposite layer and different mirror materials, particle materials and dielectric spacer
thicknesses. We found that small gaps and overlapping particles are required for strong
resonance enhancements within the nano-composite layer. In agreement with others, we
found the resonance is red-shifted with increasing number of particles. Our data indicate that
the distance of the composite layer to the mirror layer is of key importance as the MIM’s high
and broadband absorption is a consequence of lossy Fabry-Perot interference rather than a
pure plasmonic effect. Consequently, interference strength can be maximized with highly
reflecting mirror materials. Hence, systems with an aluminum mirror layer can maximize
absorption despite their high reflectivity, while other highly reflecting materials would be
equally suitable for that purpose.
Most of the light is resonantly absorbed within the particles, just beneath their surface.
Thus, one can tune the absorption behavior by modifying particle material as shown here or
by changing particle size or density. These results demonstrate the flexibility and versatility
of MIM systems to absorb light efficiently over specific wavelength bands and the guidelines
provided can assist one in realizing functionalities that require near-perfect absorption over
specific wavelength bands.
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