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Plasmonic blackbody: Strong absorption of light by metal nanoparticles
embedded in a dielectric matrix
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We have experimentally and theoretically demonstrated strong absorption of visible light in a thin nano-
structured layer consisting of silver nanoparticles embedded in a dielectric matrix. Light absorption at the level
of above 90% is recorded over a wide optical wavelength range (240-850 nm) and for a broad range of angles
of light incidence (0°—70°) in extremely thin films (160 nm). We suggest a generic principle for enhancement
of light absorption in thin layers of artificial metamaterials and show that effective refractive indices of our
samples measured with the help of ellipsometry can be adequately described by an effective-medium theory.
We demonstrate that a substantial fraction of light can be trapped in the nanostructured film due to scattering

by noble metal nanoparticles and total internal reflection.

DOI: 10.1103/PhysRevB.81.165401

I. INTRODUCTION

An ideal blackbody is an object that absorbs all light that
falls on it. Being a perfect absorber, a blackbody could be
valuable for many important applications, e.g., photodetec-
tion or collection of solar energy (photovoltaic cells). Of
particular interest are thin black body films which could ef-
ficiently trap photons and transfer their energy into electric
or thermal energy. Such thin films are extremely difficult to
find because there do not exist many natural materials that
could absorb light over a wide optical wavelength range and
for a broad range of angles of incidence and be integrated
with silicon technology. A possible route to produce thin film
absorbing coatings is to use plasmonic photonic crystal
structures,'? periodic metallic structures,> in which desired
absorption is achieved via collective electronic excitations
called plasmons, both propagating and localized. However,
the resonant nature of these effects implies that absorption
can only be large over a relatively narrow range of wave-
lengths. For example, Popov et al® presented two-
dimensional crossed gratings for total absorption of unpolar-
ized light where high absorption was limited to small ranges
of angles of incidence due to the sharply resonant nature of
plasmon-polariton wave excitation. A strong absorption in a
wide angular interval but in a small spectral interval has been
demonstrated in shallow lamellar metallic gratings.’

In our recent work'? we suggested a generic design for
blackbodylike thin coatings and demonstrated its validity by
producing nanostructured gold films about 100 nm thick that
absorb visible light in a wide spectral range over a large
range of incident angles. By analyzing Fresnel coefficients
we showed that for any fixed thickness of a film, /, there
exists a range of complex indices of refraction, n, of the layer
placed on top of a substrate which would guarantee maximal
light absorption.'® The values of the refractive indices that
would yield the strongest absorption for the nanofilms are
not readily available in natural materials. We have shown,
however, that suitably nanostructured metal-dielectric com-
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posites could possess the desired effective refractive indices.
To describe optical behavior of our structures we used the
Maxwell-Garnett effective approach'''?> and showed that the
gold stripes can be considered as a homogeneous layer with
an effective refractive index that would guarantee very
strong absorption of visible light in the system. Our experi-
mental structures'® were made by electron beam lithography
which is expensive. A development of thin inexpensive ab-
sorbing coatings would greatly increase their area of appli-
cations. Feasible low-cost techniques could be based on sili-
con nanostructures which can be grown from the gas phases
(physical-vapor deposition methods) or chemical catalyzing
methods. The absorbing layer for solar cells should ideally
be thin (~100 nm) with the absorption above 90% in the
range of wavelengths 400-900 nm where the sun spectral
intensities achieve maximal values.

The main aim of this paper is to demonstrate blackbody-
like coatings working in wide spectral region [visible-near
infrared (IR)] and broad angles interval (up to 70°) produced
by an inexpensive evaporation technique. In this paper we
present results for nanostructured films made of a mixture of
Ag particles in Al,O; matrix. Silver has a very small imagi-
nary part of the dielectric constant and very high electrical
conductivity, which leads to the excellent optical and elec-
tronic properties of silver nanostructures. These excellent
properties have motivated us to study silver nanoparticles
embedded in a dielectric matrix with the aim to achieve
strong light absorption in a broad spectral region. In addition
to it, Ag, due to its lower absorption and lower cost is thus
better choice than Au, although it should be well encapsu-
lated to avoid oxidation effects that are not present for Au.
We chose Al,O; as a dielectric layer because of its very
stable chemical behavior and high refractive index ~1.7. We
demonstrate that extremely high absorption (~95%) could
be achieved with 100—120 nm Ag particles randomly distrib-
uted in AlLO; with volume concentration about 15%. It
should be stressed that manufacturing of such type of high
absorber devices does not require expensive lithographic
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(optical or electron beam) techniques and can be optimized
for production of large sizes of low-cost solar cells. These
structures permit a high level of absorption (more than 90%)
of unpolarized light in a wide range of incident angles
(—45°,445°). Absorption higher than 95% for p-polarized
light is revealed over a range of angles of incidence
(=70°,+70°).

The paper is organized as follows. Section I provides the
description of experimental methods and procedures. We dis-
cuss the results obtained on the fabricated samples in Sec. II.
In Sec. III we discuss the theory of a plasmonic blackbody
based on artificial films produced by inclusion of metallic
nanoparticles into a dielectric host. We provide the analytical
formula for the silver dielectric constants derived from the
spectroscopic ellipsometry measurements and present the re-
sults of the calculations based on the Maxwell-Garnett
theory. We compare the experimental results with theory in
Sec. IV. Finally, the conclusion is given.

II. EXPERIMENTAL PROCEDURES

The Ag.(Al,O3),_, nanostructured films (where x
=0.07-0.9 is the atomic fraction of Ag) of large areas (2.5
X 2.5 cm?) of thickness ~150—160 nm were deposited us-
ing e-beam evaporation from Ag and Al,O; independent
sources onto glass substrates. The pressure was less than
10™* Pa during the film deposition. The composition of the
films was determined using energy-dispersive x-ray analysis.
The crystalline structure was investigated by x-ray diffrac-
tion and scanning electron microscopy (SEM). The fabrica-
tion conditions were adjusted to achieve an average particle
diameter D~ 100—120 nm with an average interparticle
separation distance larger than the particle diameters (0.08
<f<0.3, f is the volume fraction of Ag particles). The
thickness of deposited films has been chosen slightly higher
than the average diameter of the silver spheres.

The ellipsometric measurements were performed with a
Woollam VASE variable angle ellipsometer of rotating-
analyzer type in the wavelengths range of 240-1000 nm. The
complex dielectric function e(N\)=g;(\)+ie,(\) was directly
determined from ellipsometric parameters (\) and A(\)."3
The inversion of ellipsometric data was performed within the
framework of film-substrate model (pure substrate was also
measured). We take into account possible perturbations of
the ellipsometric data due to surface roughness or grain tex-
turing. Our measurements at multiple angles of incidence
from 45° to 80° confirm that the surface roughness effect on
e(\) is less than 2—-5 % over the measured spectral range
and therefore does not significantly influence relative
changes in e(\). From atomic force microscopy images the
rms value of the surface roughness was found to be less than
~10 nm.

We have also measured reflection and transmission for p-
and s-polarized light for angles of incidence of light 0° —80°
using Ocean Optics USB2000 spectrometer. The spectrom-
eter is equipped with a xenon light source. The light passed
through a polarizer and then was focused by objective on the
surface of the sample to a spot of approximately 200 um.
The sample was mounted on a rotation stage. The transmitted
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FIG. 1. (Color online) Schematics of perfect absorber black-
body. (a) Schematic view of the nanostructured layer on a substrate.
(b) A SEM image of one of the studied silver nanostructures. (c)
AFM image of silver nanostructures with volume filling factor of
Ag, f=0.15. (d) Schematic illustration of the light trapping in nano-
structured film due to dipole scattering on a nanoparticle.

light was collected using an optical fiber coupled to the spec-
trometer (200 wm core). The transmission spectra were
found by normalizing spectra measured through the sample
with respect to the spectra measured through the air.

III. EXPERIMENTAL RESULTS

Metal films are usually highly reflective in the visible and
infrared regions even at small thicknesses. Indeed, light
waves are evanescent inside metals and penetrated at small
distance in metallic films (the skin depth). Using the mea-
sured refractive index for pure Ag film'# we can estimate
skin depth as N/(4k), which is about 13 nm in the visible
and near IR region. If the thickness of an Ag film is much
larger than the skin depth, transmission can be neglected and
most of light is reflected. The reflectivity of bulk silver is
almost independent of wavelength and close to 100% over
the entire visible region.'* Consequently, the absorption of
plain Ag layers is usually small. For example, 100-nm-thick
plain Ag film absorbs only about 3—4 % in the visible region
and about 2-3 % in the near IR region. It comes, therefore,
as a nice surprise that a composite material made from Ag
nanoparticles embedded into a dielectric layer can demon-
strate extremely high level of absorption as described in the
experiments and theory below.

Silver nanoparticles of varying volume filling fractions, f,
were deposited into Al,O; amorphous matrix. SEM image,
Fig. 1(b), shows a typical morphology of these films. Particle
sizes and the filling fraction were controlled by the deposi-
tion ratio of Ag and Al,O5. Film thickness was determined
from ellipsometry and profilometry and ranged from 150 to
160 nm. The structural characterization was also done by
atomic force microscopy (AFM). AFM analysis is performed
in the tapping mode on the sample to examine the surface
morphology in a scan area of 1.0 X 1.0 um?. AFM image of
the Ag-Al,O5 nanostructure is shown in Fig. 1(c). AFM im-
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FIG. 2. (Color online) Optical properties of the Ag-Al,O3 nano-
structures for different filling factor of Ag, 0.08=f=0.28. (a) The
reflection spectra for the light of p polarization at normal incidence
and (b) the transmission spectra for p-polarized light at normal
incidence. Insets show the polarization-contrast optical microscopy
images for reflected light for two samples: f=0.15 and f=0.28.

age demonstrates the presence of a large number of Ag nano-
particles in films. The average particle diameter was between
80 and 120 nm (about 100 nm in the composite with f
~15%).

We measured reflection and transmission coefficients for
Ag-Al,O5 nanostructures with different volume concentra-
tion of Ag. Figure 2 shows the corresponding reflectance and
transmittance spectra of nanocrystalline Ag-Al,O5 films at
normal incidence. The reflected intensity (Fig. 2) is expect-
edly high (~5-10 %) at A ~400 nm; it then falls monoto-
nously below A~450 nm and reaches approximately con-
stant values ~2-3 % for wide spectral range 500-1000 nm.
Note that with a decrease in the volume concentration of Ag
nanoparticles the reflectance decreases at all wavelengths. As
we can see from Fig. 2, the fabricated nanocomposite layer
behaves like bulk silver for large volume concentration of Ag
(f~0.3) resulting in no transmission. The transmission
peaks at around 320 nm are connected to plasmon reso-
nances of silver nanoparticles. The transmission of less than
3% 1is observed for wide spectral region 250-800 nm for
concentration of Ag nanoparticles of about 15 vol %. It is
worth noting that with increasing of volume concentration of
Ag the particle size slightly increases.

Our measurements reveal that the smallest value of R(\)
and T(\) is very sensitive to the volume concentration of Ag
nanoparticles. Thus we conclude that the changes in concen-
tration of Ag particles embedded in Al,O; matrix (and their
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sizes) strongly affect the enhancement of absorption. We
found that the optimal geometrical parameters for the design
of blackbodylike nanostructures are as follows: volume
filling factor f=0.15, diameter of silver particular D
~100-120 nm, and thickness of layer A=~160 nm. More
importantly, it was found that the reflection and transmission
can show low values in a large wavelength range (=2% for
some angles of incidence). Note that the absorption can be
approximately enhanced by 2 orders of magnitude over bulk
Ag.

To further investigate enhancement of absorption for the
studied metamaterials, we recorded the reflection and trans-
mission at different angles of light incidence. Measurements
of optical transmittance, T(\), and reflectance, R(\), were
made over the spectral range 250-1000 nm at angles of in-
cidence, 6, from 0° to 70° for both incident p- and
s-polarized radiations. The results are shown in Figs. 3(a)
and 3(b) and the most important features of these curves are
as follows. For incident angles up to 65° the reflectivity is
close to 2% for p-polarized light at the wavelength range of
240-1000 nm. For these angles of incidence we observed
pronounced reflectivity plateau with values of R,(A) as low
as 2% in the spectral range 400-1000 nm. More detailed
analysis shows that for p-polarized light angular dependence
of spectra R,(\) exhibits maximum in the range \
~350-370 nm for #=60° and then decrease with increas-
ing the incident wavelength. This peak becomes increasingly
prominent with increasing incident angle.

Figure 3(b) shows the transmission spectra of the studied
nanostructures for p-polarized light, for the incident angles
0=0°-70°. They show an increase in the intensity of trans-
mitted light with increasing wavelength. The spectra for dif-
ferent angles of incidence, 6, are similar. The optical trans-
mission for p-polarized light leads to a low value less than
3% for a wavelength range of 240-850 nm. For angles of
incidence =60° the level of intensity for the transmitted
light in the whole spectral range of 240-1000 nm is close to
1-2 %. We see that the changes in the intensity of transmit-
ted light for investigated spectral region are negligible. Note
that the value of transmitted intensity for low wavelengths is
close to zero, except near A ~320 nm where it is about 1%.
In Fig. 3(c) we see that the absorption rises to the relatively
large value more than 95% for wide spectral region 400-850
nm and angles of incidence from 0° to 70°. This result con-
firms that the absorption of light is very high and is rather
insensitive to angles of incidence due to spherical symmetry
of the silver nanoparticles. This enhanced absorption occurs
for p-polarized light in a range of angle of incidence equal
(=70°:70°).

In contrast to the p-polarization results, the s-polarization
reflectivity shows an increase in intensity from 7% to 47%
[Fig. 4(a)] with increasing incident angle. At low angles, 6
=45°, the reflectivity spectra for both polarizations are simi-
lar. This is due to the fact that the absorption for both polar-
izations at low incidence angles is generated by the electric-
field component parallel to the film plane. At high incidence
angles, the perpendicular to plane of incidence electrical-
field component becomes much larger than the parallel one
which affects reflection of p-polarization. Figure 4(b) shows
the optical transmission spectra for the light of s-polarization
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FIG. 3. (Color online) Optical properties of the Ag-Al,O5 nano-
structures with f=0.15 and D~ 120 nm. (a) The reflection spectra
for the light of p polarization and 45° = #=70°. (b) The transmis-
sion spectra for the light of p polarization and 0° = §=70°. (c) The
absorption spectra for the light of p polarization.

and 0° =6=70°. We can see that the transmission spectra
for both p- and s-polarizations [Figs. 3(b) and 4(b)] are simi-
lar only values of T are slightly higher than T, for long
wavelengths. Combining data shown in Figs. 3 and 4 we
conclude that such metal nanostructures can strongly absorb
light (more than 90%) of both p- and s-polarizations (or
unpolarized light) in a wide range of incidence (0° =4
=45°).

As the average particle size of the embedded nanocrystal-
line silver into Al,O5; matrix is changed, we observe by eyes
a marked change in its color, from white (in the bulk) to
black for particles with sizes of 100-120 nm. Inset of Fig.
2(a) shows the polarization-contrast optical microscopy im-
ages for reflected light for two samples: f=0.15 and f
=0.28. We see that the reflection from our sample (f=0.15)
is very small for the p-polarized light. This picture confirms
the blackness of our nanostructured film.
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FIG. 4. (Color online) Optical properties of the Ag-Al,O3 nano-
structures with f=0.15 and D~120 nm. (a) The reflection spectra
for the light of s polarization and 45° = §=70°. (b) The transmis-
sion spectra for the light of s polarization and 0° = #=70°.

IV. THEORY

Let us consider a monolayer of metal nanoparticles em-
bedded in oxide matrix and deposited onto a dielectric sub-
strate as shown in Fig. 1(a). It is supposed that the spatial
distribution of nanoparticles in the oxide matrix is random
and the distances between particles are comparable with the
wavelength of light. We are looking for a structure that could
strongly increase light absorption (and hence improve effi-
ciency of a solar cell or a photodetector). There are two basic
ways how an enhancement of photocurrents due to the pres-
ence of covering layers can be achieved: (i) concentration of
a scattered (diffracted) light into an absorbing (e.g., photoac-
tive) region or (ii) near-field light concentration into an ab-
sorbing region. According to the Mie theory for a single
spherical particle,’” the relative strengths of light absorption
and scattering can be determined from the absorption and
scattering cross sections o, and oy, of the individual
particles,

Gups = —Im(a), (1a)
A
1 (2m7\*
= o 2 ()
6\ N

Here, « is the polarizability of the particle and \ is the wave-
length. We define the scattering efficiency Q,,, of the par-
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FIG. 5. (Color online) (a) Scattering efficiency for the Ag-Al,O;
nanostructures as a function of particle diameter, D; (b) the numeri-
cal results for transmission and reflection spectra at normal inci-

dence for the Ag-Al,O5 nanostructures with different volume frac-
tion of Ag:f=0.1,0.15,0.2.

ticles as Q,,4=0yca! (Tseat+ Taps)- Note that Q,,, represents
the fraction of the extinction energy that is reradiated.

Figure 5(a) shows a plot of Q,,; as a function of the
particle diameter, D. The scattering efficiency Q,,, increases
as the particle size is increased. This occurs because larger
particles have higher polarizabilities, resulting in larger ra-
diative losses. The sharp drop in Q,,, at short wavelengths is
due to interband transitions in silver particles. Note that the
size of particles cannot be increased indefinitely because the
particles should be much smaller than the wavelength of
light. Figure 5(a) demonstrates that scattering efficiency
more than 80% can be achieved for Ag nanoparticles embed-
ded into Al,O5 with diameters about 120 nm. For dense par-
ticle arrays, the light scattered by nanoparticles is responsible
for reflected or refracted rays due to light interference. How-
ever, in our case of a sparse array of nanoparticles embedded
into a dielectric matrix (with particle separation comparable
with the light wavelength) the light scattered by nanopar-
ticles could be effectively trapped in the dielectric layer due
to the total internal reflection, see Fig. 1(d), and be eventu-
ally absorbed. It is easy to evaluate the trapping angle of
light as arcsin(1/n)=35° for the normal light incidence at the
air-film interface. This implies that only radiation going into
the top 1.2 sr [which is about 1.2/(47)=9% of the total
solid angle] will partially escape the film into the air. There
exists an optimum combination of the particle diameter, D,
and their filling fraction, f, in dielectric matrix (with high
real refractive index, n) that maximizes the light trapping and
optical absorption based on such structures.
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We can therefore associate attenuation of a light coming
through our samples with scattering and absorption. The ex-
tinction cross section is therefore the sum of the scattering
and absorption cross sections: O,,=0.,+ 0 Applying
Lambert-Beer’s law the resulting intensity transmitted
through a monolayer of the noninteracting metal particles is:
Txexp(=No,h,z) (where the particle number density, N
=ﬁ%, is related to the filling factor f and the particle radius
a; h, s is the effective thickness of particle layer and its mag-
nitude is larger than geometrical thickness of layer, /). In our
simulation we set h,~10N (N is the wavelength). This
value is consistent with the average path length of a trapped
beam for Lambertian surfaces estimated by Yablonovitch
(Ref. 16). Figure 5(b) shows the calculated transmission
spectra versus wavelength for silver particles in Al,O; ma-
trix for low filling factor, f, ranging from 0.1 to 0.2. It can be
seen that the decrease in the filling factor f gives rise to the
transmission 7 for the large wavelengths. Note that the in-
tensity of transmission spectra drops below 5% in the spec-
tral region A=800-900 nm, which is important due to light
trapping at wavelength near the band gap of Si, commonly
used in solar cells.

It is necessary to stress that a studied metamaterial is in
the borderline between the effective medium and a random
array of individual scatters. This leads to interesting and rich
physics that includes light localization, random hot spots of
absorptions, etc. At the same time, it makes extremely diffi-
cult for one to model all properties of the material with just
one model. As an alternative to the theoretical model de-
scribed above, we consider an effective medium approach to
fabricated samples modified by the presence of trapped light
modes. In our previous work (Ref. 10), using Fresnel coeffi-
cients for transmission and reflection coefficients we have
shown that a thin film (of thickness ~100 nm) with the ef-
fective refractive index n.p=~1.2-1.7 and k.;~0.3-0.6 in
the visible and near IR region guarantees the maximal ab-
sorption of incident light. We show here that the studied
arrays of Ag particles in the dielectric matrix also possess
analogous optical constants.

To calculate the effective refractive index of the studied
nanocomposites we use the Maxwell-Garnet -effective-
medium approximation (EMA).!"'2 EMA describes the inter-
action between the incident light and nanostructured materi-
als and assigns a complex effective index of refraction to
such structures. This approach worked surprisingly well be-
ing applied to plasmonic blackbody nanostructures based on
gold nanostripes.'® Here, the size of Ag particles is not small
as compared to the wavelength of ultraviolet and visible
light, and it becomes important to take into account the ef-
fects of multiple scattering in the optical response of the film
structures. In this range of particle sizes the scattering effects
are described with the help of the Mie theory of scattering. '’
In the dipole approximation of Mie’s theory each nanopar-
ticle can be represented by an electric dipole, p, with the
dipole polarizability «. For particles sizes D= 100 nm with
non-negligible absorption loss in the approximation intro-

duced by Doyle,'” a dynamic polarizability can be written
as, 1517
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3a®
= '_a . 2
a 12)63 1 (2)
where x=2mn a/\ is the size parameter (n,= \s"s—d is the re-
fractive index of Al,Os3, a=D/?2 is the radius of the particle).
The Mie coefficient a, is given by!'>!7:18

_ m‘ﬁl(mx)lﬂi (X) - lﬂl(x) zﬁi(mx)
Y ma (mx) € (x) — & () (mx)

where ¢(x) and & (x) are the Riccati-Bessel functions, m
=\el/g, is the ratio of the index refraction of the silver
spheres, ¢, to that of the host dielectric (Al,03).

This dipole approximation was shown to be adequate
when distances between particles are on the order of or larger
than their diameter D, i.e., for small volume fractions f
(f<0.5). To calculate effective optical constants of a mix-
ture, we follow the Maxwell-Garnet approach!’"'? and as-
sume that the effective dielectric function of nanocomposite
material is related to the dipole polarizability of nanopar-
ticles by the Clausius-Mossoti equation,

3)

Ler=fa S, @)
g rt2e, a

This yields
formula, !’

the following extended Maxwell-Garnett

3
a’+2fa
=——_—¢&,. 5
Eeff a3—fa €q (5)

To take into account the dispersion of the particle sizes (natu-
rally arising during the deposition process), we introduce a
size distribution function as a log-normal distribution,!”

(In D/Dav)z} ©

1
D)=——— —
fin(D) (2m) In anp[ 2o

where D, is the average diameter of the nanoparticles and o
is the standard deviation (o=1.5, in our calculation). Then,
the complex effective dielectric function, Eoff> CAN be written
as

Eoff= fo &opf(D)fn(D)dD. (7)

It is easy to see that the effective dielectric function, &
strongly depends on dielectric function of silver nanopar-
ticles [see Egs. (2)—(5)]. Permittivity of silver is the sum of
the interband and intraband components and often depends
on the way how silver was fabricated. In our calculations we
assume that the permittivity of Ag nanoparticles of size
~100 nm is the same as that of a silver film of thickness
~100 nm. To find the optical constants, we have evaporated
a thin silver film under the same conditions that were used in
technology processes for preparing of Ag-Al,O; mixtures.
We have extracted the spectral dependences of the complex
refractive index n+ik=\r’m for the fabricated silver films
using spectroscopic ellipsometry (performed with a Woollam
spectroscopic ellipsometer). The extracted dielectric func-
tion, &, was then modeled by fitting with two Lorentz func-
tions and the Drude term,'©

PHYSICAL REVIEW B 81, 165401 (2010)

(a)
—n,k- exper.
X 61 —..nk-theor.
<
i}
5 ]
®
C
Q
o
© 2
Q
a
o n
0 T T T — 1
400 600 800 1000
Wavelength (nm)
(b)
84 e
‘, — —
x -
. 1.54 Vs
.z
- n
€ 1.24 - -
i)
& 094 —£0.10
8 — -£0.15
= —--£0.20
0.6 e
3 N0k
a 034 _/'/IQ\\'\\
- o
0.0 = . . ,
400 600 800 1000

Wavelength (nm)

FIG. 6. (Color online) (a) The complex refractive index for a
dense 100 nm silver film as a function of wavelength extracted with
ellipsometry, solid line, Drude-Lorentz fit, dash-dotted line; (b) the
real and imaginary parts of the effective refractive index for the
Ag-Al,O3 nanostructures with different volume fraction of Ag:f
=0.1,0.15,0.2.
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A very good agreement between the extracted experimental
dependence of ngy,=n+ik and the analytical formula (8) was
obtained for the following parameters: g,=4.5; Ag;
=(1.0,1.1); 4©,=9.0 eV fiy=0.07 eV; f);=(4.5,5.7) eV;
Ail';=(1.2,2.7) eV, where j=1,2. Figure 6(a) shows the real
and imaginary part of the refractive index of Ag particles
used in our calculation as a function of wavelength. The
optical constants of an Al,O5 film have been parameterized
by the Cauchy function. To find Cauchy coefficients we
again carried out spectroscopic ellipsometry measurements
of pure Al,O; film. The refractive index of Al,O; films
shows low dispersion with values of n,;=1.725-0.02
throughout the visible and near IR spectral range.

Using Egs. (2)—(8), we simultaneously calculated the ef-
fective refractive index (see Fig. 6), optical transmission and
reflection spectra [Fig. 5(b)]. The reflectance spectra at nor-
mal incidence were calculated with the help of the Fresnel
equations for a two layer system: a uniform layer of silver
nanospheres in Al,O; matrix (effective medium) and a thick
glass substrate (1 mm). The thickness of the effective layer
has been chosen to be higher than diameter of silver nano-
particles (2~ 160 nm). The main goal of the calculations
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was to find conditions at which the reflectance R and trans-
mittance 7 are minimal. Figure 5(b) shows the calculated
reflection and transmission spectra of the Ag-Al,O5; nano-
structures for small filling factor, f, ranging from 0.1 to 0.2
and average diameter of particles about D~120 nm. The
reflectance at normal incidence was calculated using the ef-
fective index of refraction and including log-normal particle-
size distributions. Using the Kirchhoff’s rule (the sum of the
transmittance T(N), reflectance R(\), and absorbance A(\)
should equal 1 in the absence of diffuse scattering), we con-
cluded that the coefficient of absorption for the studied nano-
structure can be higher 95% in the wavelength range of 240—
800 nm, see Fig. 5(b). Thus the light absorption was
optimized for normal light incidence with respect to three
parameters, f, D, and h. Numerical optimizations for &
=150-160 nm suggested that the lowest reflected and trans-
mitted intensities (of about 2—5 %) are achieved for the val-
ues of the f=0.1-0.2, D=100—-120 nm. The calculated de-
pendences demonstrate that the studied composites can be
optimized to yield absorption of light at the level above 95%
for unpolarized light in spectral region 240-850 nm.

The calculated complex refractive index of Ag-Al,Oj
composite films using the EMA approach is shown in Fig.
6(b). We compared the values of n,.+ ik, for the Ag-Al,04
nanostructures of different volume fraction f. Figure 6(b)
shows that n.g+ik.; depends more strongly on f at the
wavelength region 600-1000 nm. We also see that the real
part of the refractive index n, increases with the increase in
wavelength. The values of n,; ranged from 1.2 to 1.7; they
are much higher than that of bulk Ag [e.g., n=0.04, \
=825 nm (Ref. 14)]. The imaginary part of refractive index,
kegs, increases with increasing volume concentration of Ag
particles, f. One pronounced extinction peak appeared in all
koss curves, see Fig. 6(b). This peak can be associated with
excitation of localized surface plasmons in silver particles.
This absorption peak is redshifted when the volume concen-
tration of silver particles is increased. The values of k. are
small, except for those in the surface plasmon resonance ex-
tinction region, indicating that these nanostructures selec-
tively absorbed and scattered incident light at specific wave-
length bands. The silver nanoparticles embedded in Al,O3
matrix exhibit a spectrally broad dipolar resonance due to
distribution particles in sizes. Note that the n,z curves are
highly affected by the k. dependences. In the weakly ab-
sorbing region (values of &, are small for A <500 nm) the
refractive index n,z remained constant (1'2<neff< 1.3) for
the various samples. In the absorbing region (k,;>0.2) the
refractive index curves exhibited abnormal dispersion behav-
iors. We can conclude that spectral region between 600 and
1000 nm is highly sensitive to the extremely small changes
in the effective optical constants for plasmonlike nanostruc-
tures.

Effective-medium calculations suggest that a high level of
light absorption can be realized in thin artificial layers made
of metal nanoparticles embedded in dielectric matrix. The
size of the metal nanoparticles plays an important role in the
observed effects. Larger nanoparticles have larger polariz-
abilities and provide higher absorption efficiencies. It is
worth noting that suggested nanostructured films are rela-
tively simple and cheap to fabricate over large areas. Below
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FIG. 7. (Color online) Experimental approbation of the
effective-medium theory. The complex refractive index for the
Ag-Al,O5 nanostructures as a function of wavelength extracted
with ellipsometric measurements based on model of effective layer
for different volume fraction of Ag:f=0.12,0.15,0.2.

we compare our experimental results with these theoretical
predictions.

V. DISCUSSION

Measured wavelength dependences of the Rp(\) and
Tp(\) coefficients [Figs. 3(a) and 3(b)] are in good agree-
ment with the theoretical data [Figs. 5(a) and 5(b)]. In par-
ticular, the position of the maxima (A~350 nm) in Rp(\)
spectral dependences is nicely reproduced, and the reflection
and transmission spectra show small variations with wave-
lengths and incident angles and keep the level at 2—5 %.
Broad peaks in transmission occur at A ~320 nm for all
angles of incidence (Fig. 2). An absorption peak at A
~320 nm can be assigned to the interband transitions of d
electrons in silver particles modified by the presence of di-
electric host {i.e., at the plasmon resonance condition
Re[e(Ag)]=—-2¢,4(Al,05)}. The real part of the silver dielec-
tric constant significantly increases at these wavelengths
(Fig. 6).

In order to understand the role of silver nanoparticles in
the enhancement of light absorption we have compared the
experimental and theoretical effective dielectric functions.
The effective complex index of refraction n,.+ik,; was di-
rectly extracted from the measured ellipsometric parameters
#(N\) and A(N). The result is shown in Fig. 7 as a function of
filling factor, f. It is easy to see that ks increases with in-
creasing filling factor f while the n,z decreases in the region
400-800 nm. We notice that ng is ranged between 1.2 and
1.7 over the entire visible and near IR region, implying
mostly dielectric response. The dependences of n,/ and k.
display three broad peaks. The extinction peaks, k,z are
blueshifted in comparison to those in the n,z curves. Addi-
tionally, the effective refractive index n,pr+ik, s inverts the
main tendency of the refractive index of noble metal, Ag.
The values of the complex refractive index of Ag, which are
typical for all noble metals, are next: smallness of the real
part n (less than 1) and a large of the imaginary part k=1 in
visible and near-IR spectral regions. Obtained values n, and
ks are in good agreement with values of njffxlﬁ and
k.~ 0.3 for the effective EMA constants obtained for gold
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nanostripe structures in our recent work (Ref. 10) that de-
scribed the plasmonic blackbody in the wavelength range
240-520 nm. There are some difference between extracted
and calculated values of k,; which arises due to the presence
of trapped light modes. These modes effectively increase the
path of light propagation in the metamaterial and therefore
increase the sample thickness in the EMA approach. It is also
worth noting that the effective optical constants extracted for
Ag-Al,Oj structures in the wavelength range of “blackbody”
behavior (400-850 nm), are close to the values of the effec-
tive constants which would guarantee the maximal absorp-
tion in accordance with the Fresnel coefficients shown in
Figs. 5 and 6.

The experimental results (Fig. 7) are in a good agreement
with the simulated functions of n,+ik, . (Fig. 6) for wave-
lengths 500-850 nm. A poorer agreement between experi-
mental and modeled refractive index was obtained at longer
and shorter wavelengths. We explain this by the presence of
the guided light modes propagating along the film and aris-
ing due to total internal reflection [Fig. 1(d)]. The deviation
of the theory and experiment at short wavelengths can be due
to the interband transitions in silver nanoparticles. Intro-
duced Drude-Lorentz approximation is not ideal for descrip-
tion of optical properties of silver nanoparticles. In bulk sil-
ver the interband transition from occupied d states to
unoccupied p and s states above Fermi level appear at 4 eV
(310 nm) and 3.5 eV (350 nm),'* respectively. For silver
nanostructures such electron transitions from d states to p
and s states become allowed at frequencies below 3.5 eV
(350 nm) and depend on nanostructure geometry. Addition-
ally, the quantitative differences between experimental (Fig.
7) and theoretical (Fig. 6) data at short wavelengths could
arise because of the presence of nonstoichiometric AgO, ox-
ides and nonspherical Ag nanoparticles. We found that the
Fresnel model with an additional roughness layer with voids
(~3-5 nm thick) on top of Ag-Al,O; film resulted in a
better fit to experimental ellipsometric functions ¢(\) and
A(N). This agrees with the conclusion of Aspnes et al.?’ who
stressed that noble film grown at slightly different conditions
could have considerably different optical constants n,;; and
ks above the interband transitions due to contribution of
small defects such as voids.

It is worth noting that the spectral behavior of the calcu-
lated effective refractive index reflects the main features in
R,(\) and T,,(\). The occurrence of broad peaks in the R ,(\)
and R (\) spectra (Figs. 3 and 4) is correlated with main
features of effective refractive index n,+ik,; which de-
scribes the collective optical properties of the nanostructures.
First, the energy position of broad peak at 300-500 nm in
R,(N), Ry(N\), and A, (N) spectra (Figs. 3 and 4) correlates
with appearance of the maxima in n,5. Second, the broad
maxima in the region of 650-800 nm in the n.z and k4
spectra look like as the features in R,(\) and A,(\) depen-
dences for large angles of incidence. These features in R,,(\)
and A, (\) are shifted toward the larger wavelengths in com-
parison to ones in the n,. and k. Physically, the origin of
these broad maxima can come from excitation of localized
plasmons in isolated silver particles. Due to the negative real
part of the dielectric constant of silver, Re[e(w)], incident
light excites localized plasmon resonances, which shift in
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near IR region (700-800 nm) for particles of large sizes (D
=100 nm).?'"?3 These resonances can occur at discrete fre-
quencies and are strongly localized in skin surface layer of
large particles. Due to dipole-dipole interaction between en-
semble of particles and strong coupling between localized
plasmon these resonances tend to broadening and producing
tight bound bands. Existence of such plasmon bands is a
good condition for creating plasmonic structures with black-
body behaviors.! An important part of the interaction of
light with plasmon-active nanostructures is the trapping and
conversion of the incident radiation which can be used to
enhance the efficiency of solar cells and photodetectors.?*2>
In this research it was also experimentally shown the strong
correlation between macroscopic optical characteristics as a
reflection and transmission and spectral dependencies of the
effective optical constants. Due to this connection it is pos-
sible to determine the effective complex refractive index
Nofr+ikysr in situ using ellipsometry and obtain desire values
of absorption spectra. Such control of the optical properties
can be very important during performance of large area of
high-efficiency solar cells.

VI. CONCLUSIONS

We showed that the optical properties of Ag-Al,O; nano-
structures can be tuned by adjusting the size and concentra-
tion of silver nanoparticles in Al,O3 matrix and thickness of
layer. The main properties of these systems are studied
within the frame of the Mie theory of particle dipole polar-
izability and macroscopic behaviors described by the
Maxwell-Garnett-type effective-medium theory. We demon-
strated that for such structures the level of light absorption
more than 95% can be achieved in a wavelength range of
240-850 nm for the large range of the incident angles
(0°—-70°) and for the light with electric-field vector parallel
to incident plane (p-polarized light). Absorption higher than
90% for both polarizations (p- and s-polarized or unpolar-
ized light) in a range of angle of incidence equal to (0° -45°)
was revealed. It was shown that experimentally observed de-
pendence of the absorption in nanostructure thin film can be
explained on the basis of EMA theory with introduction of
effective complex refractive index and using Fresnel reflec-
tion and transmission coefficients for thin film on top of
glass substrate. We found that the effective optical constants
nefrtik,s of silver nanostructures determined through spec-
troscopic ellipsometry are highly sensitive to changes in the
particle sizes, particle covering, and thickness of layer. It is
therefore important to monitor the refractive index of fabri-
cated plasmonic metamaterial in situ with the aim to achieve
desired absorption characteristics.

The proposed method for fabrication of thin-film black-
body inexpensive metamaterials (which strongly absorb light
in broad spectral range as well as a wide interval of angles of
incidence) could be applied to other metallic nanoparticles
(Cu, Au, and Pd) that have a large reflectivity for bulklike
states and for Si nanostructures or Si nanoparticles covered
by Ag shell. The light incident on these structures can excite
localized plasmon resonances, inducing polarization currents
in the individual particles and transfer a significant portion of
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energy into surface modes. Metal nanostructured thin-film
metamaterials can find application for subwavelength energy
accumulation in photodetectors, photoconverters, and a new
generation of low-cost high-efficiency solar cells.
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