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Plasmonic blackbody: Almost complete absorption of light in nanostructured metallic coatings
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We have experimentally demonstrated blackbodylike behavior in a thin nanostructured metallic layer shaped
in the form of a composite deep diffraction grating. This behavior is recorded over a wide optical wavelength
range (240-550 nm) and for a broad range of angles of light incidence (0—75°) for samples with metal
thickness of just 90 nm. The strong absorption at a level of 97-99% is observed for one light polarization and
is attributed to excitation of localized plasmons coupled to incident light waves. We show that the studied
structures exhibit anomalies which consist in disappearance of reflection for both p- and s-polarized light at
corresponding “Brewster” angles. An effective-medium approach provides a satisfactory qualitative description
of the reflection and transmission spectra in our samples and confirms their blackbody behavior.
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I. INTRODUCTION

By Kirchhoff’s definition, the blackbody is an object that
absorbs all light that falls on it. Perfect blackbody absorbs
electromagnetic radiation of any wavelength and does not
produce reflected or transmitted light under any kind of illu-
mination. Blackbody surfaces are of increasing importance
in many fields of science and modern technologies. It has
been shown recently that thermal emitters fabricated from
polar materials, which possess blackbodylike behaviors, can
be used as effective directional thermal infrared sources co-
herent over a large number of wavelengths.! Blackbody sur-
faces are often used as extremely low reflectance coatings in
optical instruments and sensors with dramatically improved
efficiency and precision.>* One of the most promising appli-
cation of the blackbody coatings is in the field of photother-
mal and photoelectrical conversions of the solar energy
where they could considerably increase the effectiveness of
solar cells.*©

A perfect blackbody is an ideal object’® that should to-
tally absorb light of all wavelengths and for all incident
angles. As a result, only few objects are able to demonstrate
blackbodylike behaviors. Currently, “blackbodies” are made
either from graphite’ or from cavities covered with black
paint often containing graphite particles (soot).'” Recently, a
theoretical calculation showed an extremely low index of
refraction (n=1.01-1.10) for low-density vertically aligned
carbon nanotube arrays.!"'? Using aligned nanotube compos-
ites, scientists produced blackbody with ultralow diffused re-
flectance in visible spectrum.'?> However, the aligned nano-
tube coatings consist from very thick (~100 mum) and
extremely fragile building blocks, which can degrade the ad-
vantage of their applications.

The promising candidates for a design of robust black-
body absorbing layers are plasmonic photonic crystal struc-
tures. While smooth metal surfaces reflect most of incident
visible light and cannot be used as blackbody surfaces, the
optical properties of a metallic film can be significantly al-
tered by its nanostructuring that allows one to “manufacture”
a desired index of refraction and achieve extraordinary opti-
cal properties. Collective electronic excitations called
plasmons—both propagating and localized—a Bragg reflec-
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tion, and a modification of density of states via plasmonic
band gap are the main physical mechanisms for achieving
strong absorption of light in periodic metallic structures.'4~'8

It is well established that shallow metallic gratings can act
as perfect absorbers. However, the total light absorption in
these gratings occurs only when the Bragg or Rayleigh reso-
nances take place and therefore is observed in narrow wave-
length bands.'®!® The resonance conditions originate from
matching of wave vectors of incident light; Bloch waves
generated by the periodic structure of the grating and propa-
gating plasmons;'®!° the total light absorption is attributed to
the incoming light being transformed into propagating sur-
face plasmons which convert the energy of light into thermal
energy. Narrow wavelength and incident angle ranges of the
total absorption observed in shallow metallic gratings make
them unsuitable for a blackbody fabrication.

The situation is different for metallic gratings with a deep
surface modulation that could break continuity of a metallic
film. In this case strong light absorption happens through the
excitation of localized plasmons (which are easily excited by
incident light) and therefore the conditions for observation of
strong absorption and blackbodylike behavior in this case are
more relaxed. A deep subwavelength metallic grating can be
considered as an array of metallic stripes and the “effective”
refractive index of the whole structure can be tuned to a
value that would guarantee strong light absorption. As a re-
sult, one may hope to fabricate the refractory metal coatings
and absorbing covering layers using nanostructured metallic
films with deep height modulations.

In this work we experimentally demonstrate plasmonic
blackbody based on deep diffraction gratings made of ex-
tremely thin (90 nm) and robust gold films deposited on
poly-methyl-methacrylate (PMMA) nanostripes. By black-
body in this paper we imply an object which strongly ab-
sorbs light in a wide spectral and angle range demonstrating
blackbodylike behavior. We measure reflectance, transmit-
tance, and ellipsometry spectra for the samples of two orien-
tations (gold stripes perpendicular plane of incidence and
gold stripes parallel to the plane of incidence) and for two
light polarizations (p-polarized and s-polarized light). We
show that optical spectra of our structures can be tuned by
adjusting the geometry of the gratings. For gold nanostruc-
tures, 97-99% of light absorption is observed in a wave-
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FIG. 1. (Color online) Schematics of plasmonic blackbody. (a) Schematic view of the coating layer on a substrate. (b) A contour plot of
the absorption coefficient in n-k coordinates. (c) The geometry of a 1D subwavelength grating. (d) Optical microscopy images in reflected

and transmitted light of the best structure.

length range of 240-550 nm for the large range of the inci-
dent angles (0-75°) for the light with electric-field vector
perpendicular to the grating stripes. The light with electric
vector directed parallel to the grating stripes was reflected
with the same efficiency as that from a plain gold film. As a
result, our structures can provide a high polarization separa-
tion ratio for reflected light in a wide incident angle range for
ultraviolet and visible light, and therefore, can be used as a
reflection polarizer. We experimentally found that the ab-
sence of reflection (which we refer to as Brewster-type ef-
fect) can be realized for both p- and s-polarized light simul-
taneously for the studied structures.

The paper is organized as follows. In Sec. I we discuss the
effective optical constants of thin blackbody coatings and the
sample design. In Sec. II we describe fabrication procedures
and experimental methods used in our work. In Sec. III we
discuss our experimental results, which include the reflec-
tion, transmission spectra for different light polarizations,
and sample orientations and demonstrate the blackbody be-

havior in our samples. In Sec. IV we present effective-
medium theory that gives qualitative description of our ex-
periments. Finally, the conclusion is given.

II. SAMPLE DESIGN

First, we briefly describe the main idea under the plas-
monic blackbody design. Let us consider a homogeneous
thin coating layer of thickness d of the refractive index N
=n+ik that covers a surface of materials with the index of
refraction Ny, [see Fig. 1(a)]. (For the sake of simplicity we
assume that the materials are in air with an index of refrac-
tion N,;,=1.) To produce a blackbody we search for the coat-
ing layer with the best absorbing characteristics. The trans-
mission and reflection of this system are given by the Fresnel
coefficients.?%?! A simple examination of the Fresnel coeffi-
cients shows that for any fixed thickness d there exists a
range of the indices of refraction of the covering layer N
which would guarantee the maximal light absorption. For
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example, the combination of n=1 and small k provides al-
most total absorption of light in the covering layer when d is
much larger than the wavelength of the light, . (The fact
that n= N, guarantees the absence of reflection from the
first interface and the imaginary part of the refractive index
assures the total light absorption in the covering layer pro-
vided 27kd/\>1.) This combination was used for produc-
tion of a blackbody based on aligned nanotubes.'> As we
explained above, the disadvantages of this approach are rela-
tively large thickness of the covering layer and its fragility
(n=1 implies an extremely porous structure for the layer).

Remarkably, the absorption of a coating layer in visible
light can be high even when the layer is very thin, just a few
hundred nanometers. Figure 1(b) shows the absorption coef-
ficient of the coating layer of the thickness d=140 nm as a
function of n and k. It is clear that one obtain absorption at
the level of 90% in the absorbing layer at the n=1.3 and &
=0.5 for A=400 nm. Therefore, the layer with the index of
refraction N=~1.3+0.5{ would guarantee a very strong ab-
sorption of visible light in the system shown in Fig. 1(a).
Such an index of refraction is difficult to find in natural
materials. However, the developing field of metamaterials
allows one to engineer the optical materials with desired in-
dex of refraction. For example, the optical constants of a
nanostructured metal can be governed by the geometry of the
structuring and can be tuned to the values that would guar-
antee a strong absorption in the covering layer.

We show below that effective constant of deep gold grat-
ings deposited on PMMA relief can be made equal to the
optimal values for the maximal light absorption in the coat-
ing layer. For this reason, we have investigated a structure
shown in Fig. 1(c) as a prospective design for the blackbody
covering. Figure 1(d) demonstrates the main experimental
result of our work—the optical photographs of our best
structures taken in reflection and transmission, which show
the blackbodylike behavior of the nanostructured metal in
visible light (the sample appears to be completely black in
transmission and reflection). Our results suggest that the
nanostructured metal of the thickness of about 100 nm can
be used as very effective antireflecting and absorbing coat-
ings (refractory metal coatings), which guarantee strong light
absorption in a large spectral range in the visible spectrum.

III. EXPERIMENTAL DETAILS

Deep gold composite diffraction gratings were fabricated
on glass slides by electron-beam lithography and metal
evaporation. The glass substrates were coated with 5 nm of
chromium in order to minimize charging during the fabrica-
tion. PMMA of the total thickness of 120 nm was spun on
the substrate and was baked. The nanostripe arrays were ex-
posed by electron-beam lithography and the samples were
developed resulting in one-dimensional (ID) array of
PMMA stripes of width b with the array constant a. Thermal
evaporation has been used to deposit 5 nm of Cr and 90 nm
of Au onto the developed structures. This procedure resulted
in a gold film arranged in flat-shaped gold stripes of width b
formed on the top of the PMMA relief and gold stripes of
width a-b formed on the glass substrate in between PMMA
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a=320nm b=170nm

FIG. 2. A SEM image of one of the studied gold nanostripes
taken under a tilted angle.

stripes. Both types of gold stripes produced a square 1D
array with an identical grating constant of =320 nm. The
whole sample has size of 200200 wm?. Figure 1(c) de-
picts the schematics of the sample design and shows the
scanning electron micrograph of the sample taken under a
tilted angle (Fig. 2). The width of the stripes has been varied
between b~ 100 nm and ~170 nm, as determined by scan-
ning electron microscopy (SEM) (Fig. 2).

In 1D periodic gold nanostripe arrays there is a marked
distinction between the two orthogonal directions within the
plane of the stripes [see Fig. 1(c)]. One direction is charac-
terized by the existence of discrete translation symmetry. The
other direction supports continuous translational symmetry.
The two types of translation symmetry lead to drastically
different optical response of the stripes to the light of differ-
ent polarizations and planes of incidence. For this reason, we
studied optical properties of our samples for two different
orientations of the light polarization and two different orien-
tations of the stripe arrays. Our measurements confirmed that
the relative configuration between polarizations of light and
periodicity of stripe strongly influence optical response of
the studied structures.

The ellipsometric spectra and polarized reflection spectra
of the gold stripes have been measured by the focused beam
M-2000F spectroscopic ellipsometer (J. A. Woollam, Inc.)
which provides a small measurement spot (down to 30 wm).
This instrument is ideal for our investigations where the
measurement area is small. To determine the dispersion of
the modes associated with the periodical structure of stripes
we recorded a pair of ellipsometric parameters,’? ¥ (restored
angle) and A (phase shift), in the wavelength range from 250
to 1000 nm. ¥ and A are given in terms of the complex
reflection coefficients, r, and r,, as r,/ry=tan WX exp(iA)
(see Ref. 20). The ellipsometric parameters have been mea-
sured for incidence polar angles # ranging from 45° to 74°.
The samples were rotated along the vertical axis to provide
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the azimuth angle ¢ variations [see Fig. 1(c)]. Two configu-
rations of the azimuth angle, ¢=0° and 90°, will be dis-
cussed for which the plane of incidence is oriented either
along the stripes of the array or perpendicular to them, re-
spectively. The reflectance measurements were also per-
formed for the same two values of ¢. The reflectivity spectra
were acquired for two settings of polarizations of incident
light: p polarization (electric field in the plane of incidence)
and s polarization (electric field perpendicular to the plane of
incidence).

Optical transmission spectra were collected with a
visible—near-infrared Ocean Optics USB2000 spectrometer
(with the spectral range of 400-830 nm). A xenon lamp was
used as the light source. The light passed through a polarizer
and then was focused by objective on the surface of sample
to a spot of approximately 50 wm. The sample was mounted
on a rotation stage. The transmitted light was collected using
an optical fiber coupled to the spectrometer (200 wm core).
The angle of incidence was varied from 0° to 60°. The trans-
mission spectra were also measured for both p- and
s-polarized illuminations. The transmission spectra presented
here are found by normalizing spectra measured through the
gold nanostripes by spectra measured through the air.

IV. RESULTS AND DISCUSSION

We now discuss the optical response of the studied deep
gold composite diffraction grating (which we will refer to as
nanostripes) and, more importantly, we show that the reflec-
tion and transmission can show low values in a large wave-
length range (=1% for some angles of incidence). Figures
3(a) and 3(b) illustrate p- and s-polarized reflectivity spectra
measured at different incident angles (45° < #=74° in steps
of 4°) for gold stripes of width b~ 150 nm, the grating con-
stant a=320 nm, and the azimuth angle ¢=90°. For all in-
cident angles the reflectivity is close to zero for p-polarized
light at the wavelength range of 240-550 nm. A more de-
tailed analysis shows that for p-polarized light angular de-
pendence of spectra R,(\) exhibits minimum in the range
A~520-620 nm and then rapidly increases with increasing
the incident wavelength. These spectra reach maximum in
the region A ~550-650 nm, and after that R,(\) slowly de-
creases with increasing wavelength [Fig. 3(a)]. The
s-polarization spectra R,(\) do not show significant changes
for examined structure and look similar to the reflection
spectra observed for homogeneous thick gold films [Fig.
3(b)]. Inset of Fig. 3(b) shows the reflection spectra for p-
and s-polarized light measured at the normal angle of inci-
dence (#=0°) using reflection spectrometer.'* We see that the
reflection from our samples is very small for the p-polarized
light in a wavelength range of 370-530 nm for the normal
angle of incidence as well.

Figures 3(c) and 3(d) show the transmission spectra of the
gold nanostripes for p- and s-polarized light, respectively, for
the same azimuth angle ¢=90°. There are negligible changes
in the intensity of transmission light for all spectral region,
and spectra for both polarizations are similar. The optical
transmission for both polarizations leads to an extremely low
value less than 0.5%. For angles of incidence 45° and 60° the
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FIG. 3. (Color online) Optical properties of the nanostripe array
with a=320 nm and b=150 nm measured for the azimuth angle
$=90°. The reflection spectra for the light of (a) p and (b) s polar-
izations. The transmission spectra for the light of (c) p and (d) s
polarizations. Insets show the polarization-contrast optical micros-
copy images for [(a) and (b)] reflected and (c) transmitted light.
Second inset of Fig. 3(b) shows the reflection spectra for p- and
s-polarized light at normal incidence.

level of intensity for the transmitted light in the whole spec-
tral range of 400—1000 nm is close to the experimental noise.
Small broad peaks in transmission occur at A ~500 nm for
the normal angle of incidence [Figs. 3(c) and 3(d)].

For all angles of incidence (at ¢=90°) we observed pro-
nounced reflectivity plateau with values of R,(\) as low as
1-3% in the spectral range 240-550 nm. Transmission ex-
periments revealed that within plateau only 0.5% of the in-
cident light is transmitted through the gold stripes. Using
Kirchhoff’s rule [the sum of the transmittance T(\), reflec-
tance R,(\), and absorbance A(\N) should be equal to 1 in the
absence of scattering and diffraction], we conclude that the
coefficient of absorption for the studied grating was about
97% in the frequency range of 240-550 nm. The contribution
of diffraction was negligible in the region of a[1+cos(6)]
<\ (see Ref. 21 chapter 8) and was below 10% for other
cases (this estimate was obtained using a theoretical ap-
proach suggested in Ref. 22). Therefore, the gold nanostripes
behave as an effective broadband absorbing coating mimick-
ing the behavior of a blackbody in a wide spectral range that
covers a large portion of visible spectra important for the
operation of solar cells and in a wide range of incident
angles.

The inset of Fig. 3 shows the polarization-contrast mi-
croscopy images of our samples, which confirm the black-
ness of our object. In experiment the electric field of the
white light was set to be either perpendicular to the stripes,
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FIG. 4. (Color online) Optical properties of the nanostripe array
with a=320 nm and »=170 nm measured for the azimuth angle
¢=90°. The reflection spectra for the light of (a) p and (b) s polar-
izations. The transmission spectra for the light of (¢) p and (d) s
polarizations. Insets show the polarization-contrast optical micros-
copy images for [(a) and (b)] reflected and (c) transmitted light.

TM mode of the polarization, or parallel to the stripes, TE
mode of polarization. The light transmitted or reflected from
the gold nanostripes was collected by an objective and was
sent to a charge coupled device (CCD) camera. These
polarization-contrast optical images provided a simple and
quick way to assess the blackness of the gold nanostripes
observed in the TM illumination.

For comparison, we also present the optical characteristics
of the nanostripe array with a nonoptimized value of
b~ 170 nm (and the same a ~320 nm and ¢=90°). Figure
4 depicts the reflection and transmission spectra measured
for p- and s-polarized light. Plots (a) and (c) show again
almost blackbody behavior for p-polarized light analogous to
that shown in Figs. 3(a) and 3(c). The reflectance value for
this configuration of nanostripes is at the level of about 10%
in the wavelength range of 240-550 nm. In contrast to the
p-polarization results, the s-polarization reflectivity for
¢=90° shows a monotone behavior [Fig. 4(b)]. At the same
time we can see that the T(\) spectra are quite similar to the
ones presented in Figs. 3(c) and 3(d), which implies that the
geometry of the diffracting grating has a small effect on the
sample transmission.

Several experiments were carried out in order to cover a
broad range of stripes width b~ 110, 120, and 130 nm [the
spectra of T(\) and R,(\) are not shown here]. Within this
range the magnitude of reflection coefficient R, at ¢=90°
tends to be ~5-10% at the wavelengths from 240 to 550
nm, and the transmission 7 is below 1% for both polariza-
tions. This value is larger than those presented in Figs. 3 and
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FIG. 5. Optical properties of the nanostripe array with
a=320 nm and =150 nm measured for the azimuth angle ¢=0°.
The reflection spectra for the light of (a) p and (b) s polarizations.
The transmission spectra for the light of (¢) p and (d) s
polarizations.

4. Our measurements showed that the smallest value of
R,(N) is very sensitive to the variations of the width of the
gold nanostripes. From the obtained results we can conclude
that the changes in the stripe width (the fill factor of the gold
in the structures, see below) strongly affect the blackbody
behavior. Thus the optimal 1D stripes parameters for the de-
sign of blackbody were determined to be filling factor
f=b/a=0.5, and grooves depth #=90 nm.

The reflectance measurements were also performed for
the second configuration when the stripe lines are parallel to
the incident plane, ¢=0° [Fig. 1(c)]. The spectra observed in
this configuration (Fig. 5) are completely different to those
shown in Figs. 3 and 4. In case of ¢=0° it is the reflection
spectra R,(\) of the gold stripes [see Fig. 5(b)] that display a
more complex structure than the reflection for p-polarized
light shown in Fig. 5(a). At low incident angles 0=55° the
reflectivity R,(\) for ¢=0° is actually close to the reflection
R,(\) observed for the case of ¢=90°, compare Figs. 3(a)
and 4(b), while R,(\) for ¢=0° is analogous to Ry(\) for
¢=90° [and R(\) for a gold film], compare Figs. 3(b) and
4(a). For incident polar angles (55° = §=74°) the R,(\) at
¢=0° shows a pronounced dip at A ~530-550 nm. The
spectral position of the dip is shifted toward lower wave-
lengths when the angle 6 increases. The dip in Ry(\) be-
comes more pronounced, and its magnitude strongly in-
creases with the increase in the incident angle. The
magnitude of R (\) reaches exactly zero for incident angle of
6~ 55°. Therefore, our structures can show “Brewster ef-
fects” (the absence of reflection) for the light of s polariza-
tion at ¢p=0°. For all spectra the amplitude of R (\) increases

205405-5



KRAVETS, SCHEDIN, AND GRIGORENKO

Y (deg)

800 1000

600
A (nm
300+ (d)
. 250
(@]
@ 200
Z
> 150
100 450
501
730 04
30 4 | 73°
-50
20 450

‘ ‘ ‘ 100 ‘ ‘ ‘ :
200 400 600 800 1000 200 400 600 800 1000
A (nm) A (nm)

FIG. 6. Spectroscopic ellipsometry for the nanostripe array with
a=320 nm and 6=150 nm. The ellipsometric parameters for the
azimuth angle ¢=90° (a) ¥ and (b) A. The ellipsometric param-
eters for the azimuth angle ¢=0° (c) ¥ and (d) A.

in the spectral region of A ~550—1000 nm. The spectral be-
havior of R,(\) is less complicated, and the reflectivity ver-
sus angle as well as wavelength is a monotonous function.
The measured transmittance is presented in Figs. 5(c) and
5(d). For comparison, we again tested the samples at differ-
ent angles of incidence. The transmittance is again very low
and its value is consistent with the results presented in Figs.
3(c), 3(d), 4(c), and 4(d).

Now we turn our attention to ellipsometric spectra ob-
served in our structures. We observe significantly different
ellipsometric spectra, ¥ and A, for the diffracting grating;
whether the plane of incidence is parallel (¢»=0°) or perpen-
dicular (¢$=90°) to the stripes. The ellipsometric spectra
shown in Fig. 6 for different angles of incidence are almost
identical for wavelengths above 600 nm, whereas they
clearly differ from each other in the 240—600 nm wavelength
range. This lower wavelength region is therefore the most
relevant for the appearance of grating anomalies which de-
termine the shape of ellipsometric functions. It was found
that spectral dependences of functions W and A are sensitive
to the angle of incidence. In the case of ¢$=90°, two en-
hancement minima are visible in the curves W and A for gold
stripes [Figs. 6(a) and 6(b)] which are peaked at wavelengths
A~300 and ~550-600 nm. The minima positions are gov-
erned by the grating constant a. Similar results were obtained
on SiC gratings.! Second minimum (A ~550 nm) is more
prominent than the first one. This dip becomes stronger and
narrower with an increase in 6 from 45° to 74°. It should be
noted that the slopes of the ¥ curves in the region 550-600
nm, which corresponds to changes for W from minimal to
maximal values, are practically vertical. We found that the
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wavelengths of the dip for functions A are slightly larger
than spectral positions of the minima for the corresponding
functions of W (Fig. 6). Figure 6(c) shows that the ellipso-
metric parameter W has a maximum where the s-polarized
reflection goes through zero. This is unexpected since usu-
ally it is the p-polarized Fresnel reflection that has a zero
reflection at the Brewster angle in the case of a light falling
onto interface between two media. The existence of the
Brewster-type effect for both p- and s-polarized reflection
waves (Fig. 6) is explained in our case by the fact that our
system is a thin nonhomogeneous film on a dielectric sub-
strate for which destructive interference can lead to the ab-
sence of reflection for both polarizations. The fact that the
reflection coefficient for our sample goes through zero is also
confirmed by the spectral properties of ellipsometric func-
tion, A. Note that the phase shift A demonstrates a jump on
180° at the critical angles and at resonance wavelengths even
in the case of s-polarized reflection [Fig. 6(d)], which is a
sign of singularity in reflection.??

V. EFFECTIVE-MEDIUM THEORY

A number of different techniques have been used to model
optical properties of deep metallic gratings. These include
rigorous coupled-wave analysis (RCWA),>*? integral equa-
tion methods,?>?6-2° discrete dipole approximation,®® etc.
However, the geometry of our gold nanostructures is differ-
ent from deep rectangular metallic gratings that have been
investigated in above-mentioned references. In contrast to
deep metallic gratings prepared by plasma etching methods,
our structures are produced by a deposition of gold onto a
PMMA stripe-relief. For this reason, the geometry of our
structures is more complicated and should be described by
two gratings (PMMA-gold and gold-air) placed on top of
each other with a translational shift. Such a system has not
been considered using a rigorous approach before. For this
reason, to describe the interaction between the incident light
and gold nanostripes we utilize the effective-medium ap-
proximation (EMA) and assign a complex effective index of
refraction to our structure. For subwavelength diffraction
gratings this refractive index can be calculated by using, e.g.,
Maxwell-Garnett approach.'>3! It has to be noted that this
approach is valid when a <\. Surprisingly, we found that the
EMA approach described below gives a good agreement
with our experimental data even when a~\. Within this
theory the effective dielectric constant can be written as a
function of the polarizability of an individual stripes a(w)
and the depolarization factor L; (describing dipole interac-
tion between stripes) which depend on the polarization of the
incident light,'?

folw)

1 -fLyjo(w)’ m

Seff((‘)) =1+
where f=b/a is the volume fraction occupied by stripes. In
this approach the relief structure of gold stripes will be ap-
proximated by an anisotropic uniaxial medium characterized
by the effective dielectric constants for direction perpendicu-
lar (e, ) and parallel to the stripes (g). (Such an approxima-
tion works well for thin samples discussed in this paper and
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simplifies the calculations considerably.) The perpendicular
polarizability obeys the following law:'?

(2)

where L;=1/2 and &(w) is the dielectric function of gold.

The parallel polarizability is given by a)(w)=e(w)-1.

Therefore, the effective dielectric constants are given by'?
oL e(w)+ 1+ fle(w)-1]
Fett = e(w)+1-fle(w) - 1]

(3a)

eff—fs(w)+(1 -f. (3b)

The permittivity, e(w), of the gold film was incorporated
by fitting our experimental data with Drude model completed
by three Lorentzians. The values of gold permittivity have
been extracted from ellipsometric data measured on a flat
90-nm-thick gold deposited at the same conditions as the
studied samples. Thus, both the intraband and the interband
parts of the dielectric constant were rigorously described.
The interband electron transitions between the valence and
conduction bands mostly affect the effective refractive indi-
ces in the spectral region 250-600 nm. The dielectric func-
tion of gold e(w) was expressed as the sum of Drude and
Lorentz terms,

2 3 2
w, Z ASJ»Q]. ' @
o +iwy wz—sz-+ichj

e(w)=gy—
J=1

The fitting parameters are g,=3.9, Ag;=(0.25,0.5,3.75),
fiw,=897 eV, hy=0.03 eV, AL, (268 3.09,4.35) eV,
and il';=(0.449,0.845,3) eV, where j=1,2,3. Figure 7
shows the spectral dependences of the complex refraction
index n+ik=ve(w) for a gold film of thickness 90 nm ex-
tracted with ellipsometry (the solid curve) and fitted by ex-
pression (4) (the dash-dotted curve). It is worth noting the
good agreement between the experimental data and the
Drude-Lorentz fit.

Using Egs. (3a) and (3b) for 2 and &ly;, we determmed
the effective complex refraction index ng+ikZ and nl;
+zk!“ which have been used to calculate the optical response
of the samples with the help of Fresnel coefficients for the
EMA model. The EMA model consisted of air, uniform layer
of nanostripes (effective medium), and substrate (glass or
bulk gold). Optical response almost does not depend on type
of the substrate. Figure 7(b) shows the spectral dependence
of the effective optical constants n;;; and kg, while Fig. 1(c)
shows the optlcal constants 7' and k! The dispersion ob-
served for ng; and kg is different from that of the bulk gold.
It is easy to check that nJ; and kJ; increase with increasing
filling factor f. We note that nr; and k;; demonstrate nearly
flat bands in the wavelength range (240-500 nm). Note that
the characteristic parameter of the effective wave attenuation
(or loss ratio) y=|kk/nk| is less than 1 within all spectral
region, with very low number y=0.3 in the region black-
body’s behaviors. This is in contrast to the pure noble metals
which have considerable plasmon losses, y=1. It is also
worth noting that the effective EMA constants obtained for
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our structure in the wavelength range of 240-520 nm of
blackbody behavior, nj;~ 1.6 and k=~ 0.3, are close to the
values of the effective constants which would guarantees the
maximal absorption in accordance with the Fresnel coeffi-
cients shown in Fig. 1(b). [We should not expect the total
coincidence of these effective parameters because the com-
posite deep diffraction gratings studied in our work have
been modeled by two layers in the EMA approach and by
one layer for the graph in Fig. 1(b).]

The shape of the functions n!y and k! is similar to that
for a thick gold film [compare to Figs. 7(a) and 7(c)]. Our
data [Figs. 7(b) and 7(c)] are consistent with the complex
refractive index for homogenous gold layers of surface-relief
grating, which produce zero reflectivity, calculated by using
a rigorous coupled-wave approach.?* Note that the difference
in the complex refract1ve 1nd1ces of effective-medium layer
between ng+iks and nl+ikl, suggests significant optical
anisotropy of the gold nanostripes. The measurements of po-
larized reflection spectra (Figs. 3 and 4) demonstrate explic-
itly that the gold nanostripes are indeed birefringent. These
structures are moderately reflecting for polarization perpen-
dicular to the stripes arrays and highly absorbing for polar-
ization along the arrays. The polarization ratios |[R )
—R,M1/[R,(N)+R (N)]| for the spectral region 250— 550 nm
are close to 1. Thus, these gold nanostripes could be used as
a polarizer over the entire ultraviolet and short wavelength
visible spectral region.

To calculate reflectance and transmittance of our system
for the azimuth angle ¢=90° we assume that ¢, —s o and
g,=€l, while for ¢=0° we take ;= and & —seff The
reflectance and transmittance curves were calculated using
the Fresnel equations for the three-layer system: air, uniform
layer of nanostripes (effective medium), and thick gold (90
nm).?>2! The only parameters in the calculations are the geo-
metrical sizes of stripes (lattice constant a and width b) and
the dielectric constants of gold films, &(w). We emphasize
here that there is no adjustable parameter in these calcula-
tions. This makes the agreement of EMA model with experi-
ments even more striking. Figure 7(e) shows the polarized
reflection spectra for the case of ¢p=90°, which are in good
qualitative agreement with our experimental data shown in
Figs. 3(a) and 3(b). For p-polarized light there are two re-
gions. In the first region, 250-550 nm, the magnitude of
R,(N) is close to zero, and in the second region, 650-1000
nm, the magnitude of R,(\) tends to one. Figure 7(d) shows
that the transmission spectra reaches the maxima at wave-
length A\~500 nm where the reflection R,(\) drops to
minima. We note that extremely low transmission and reflec-
tion are consistent with the measured results presented in
Figs. 3 and 4.

Figure 7(f) displays the theoretical reflectance from the
gold stripes as a function of the wavelength of incident p-
and s-polarized light when the incident plane is perpendicu-
lar to the arrays direction, ¢»=0°. The shape and spectral
positions of the dips for the reflectivity of s-polarized light
[Fig. 5(b)] are well described by our theoretical model [Fig.
7(f)]. Tt is worth noting that the spectral behaviors of effec-
tive complex refraction index ny+ik, correlate with fea-
tures in R,(\) and T(N). Noticeable variations in ng; and kg
from 0pt1rnal values result in the enhancement of R ()\) and
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FIG. 7. The effective-medium theory. (a) The complex refraction index for a flat 90 nm gold film as a function of wavelength extracted
with ellipsometry (solid line) and theoretical fit (dash-dotted line). (b) The real and imaginary parts of the effective refractive index for the
light with the electric field perpendicular to the stripes. (c) The effective refractive index for the light with the electric field parallel to the
stripes. (d) The numerical results for transmission spectra for the perpendicular polarization. The theoretical reflection spectra for p- and
s-polarized light for gold nanostripes for case a=320 nm and b=150 nm calculated for (¢) $=90° and (f) ¢=0°. Inset to (f) shows the

theoretical reflection spectra for p-polarized light.
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T(N). The abrupt change in R,(\) in the region 500-600 nm
can be explained by a drop of k; to zero [Fig. 7(b)]. Effec-
tive medium exhibits a dielectriclike nature of gold stripes
for the region 650-1000 nm in the sense that ;> k.

Physically, the origin of the blackbodylike behavior (total
absorption) comes from excitation of localized plasmons in
an isolated gold stripe. Due to the negative real part of the
dielectric constant of gold Re[e(w)] incident light excites
localized plasmon resonances.'®~'° These resonances can oc-
cur at discrete frequencies and are strongly localized in skin
surface layer of stripes. Due to dipole-dipole interaction be-
tween ensemble of stripes and strong coupling between lo-
calized plasmon, these resonances tend to broaden and pro-
duce tight bound bands. The existence of plasmon bands is a
necessary condition for creating plasmonic blackbody. The
sufficient condition for appearance of almost 100% absorp-
tion in our samples is given by a proper choice of the struc-
ture parameters of stripes. For noblelike metallic periodical
structure the plasma wavelength A ,=27w,/c~140 nm (Au)
is a characteristic scale. We have found that the reflection
and transmission can be zero when the width of gold stripes
is b=\, and exciting plasmon waves can pass through the
stripe width completely. It was observed that as b decreases
b<\, the absorption decreases substantially. This is due to
the increased reflection at the interface between air and gold
stripes.

In order to test our theory further, we calculated the con-
dition for occurrence of the Brewster effect observed for p
and s polarizations. EMA predicts the minimum for spectral
dependences in R,(\) [Fig. 7(e)] and Ry(\) [Fig. 7(f)] close
to the values observed in experiment [Figs. 3(a) and 5(b)].
Since the effective indices of refraction are different for dif-
ferent configurations of incident plane and direction of
stripes arrays, the absence of reflection occurs also at distin-
guish incident angles for p- and s-polarized light [compare to
Figs. 6(a) and 6(c)]. It should be noted that the values of the
“Brewster angles” (the angles at which reflection goes to
zero) are localized at 50—55° for s-polarized light [Fig. 7(f)]
and at 60—65° for p-polarized light and strongly depends on
geometrical parameters a and b of measured structures. Our
experiments showed that there are zeros in the reflection p-
and s-polarized spectra [Figs. 3, 4, 7(e), and 7(f)], which are
described well by EMA.

EMA provides a reasonable agreement between the calcu-
lated [Figs. 7(e) and 7(f)] and experimental polarization
spectra (Figs. 3 and 4). We have also extended our simula-
tion to subwavelength grating based on other metals, namely,
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Ag and Cu. It was found that the absorption of Cu nanos-
tripes can be at the level of >98% in the wavelengths region
250-500 nm and for broad angles range 0°—-75° when the
grating parameters are following: the filling factor f=b/a
=0.5 and #=65 nm. Near zero-reflectance and transmittance
for Ag subwavelength grating can be achieved in the ultra-
violet range region (250-400 nm) for the case of grating
parameters equal to: the filling factor f=0.125 and h
=180 nm. The presented results could be useful as a starting
point in subwavelength grating blackbody design optimiza-
tion.

VI. CONCLUSIONS

We have shown both experimentally and theoretically that
composite deep metallic gratings are promising structures for
absorptive coatings working in a wide spectral range and for
a wide range of incident angles. We demonstrate that plas-
monic structures consisting of gold stripes combined with
PMMA stripes exhibit almost complete wide-angle absorp-
tion over a broad spectral range in visible spectrum impor-
tant for solar cell operation. We found that polarization and
periodicity (grating geometry) play key roles in determining
the optical characteristics of the one-dimensional refractory
metallic coatings. It was shown that for the gold stripes the
reflection totally vanishes for the light with electric vector
perpendicular to the stripes in the spectral region 240-550
nm, while the reflection for the other polarization is analo-
gous to that from the plain gold film. We also found that the
reflection and transmission spectra in ultraviolet and visible
ranges can be controlled by adjusting the width of the gold
nanostripes which can be useful for device applications.

We observe the absence of reflection at some angle of
incidence (Brewster-type effect) for reflection of both p- and
s-polarized waves. Significant birefringence indicates the po-
tential usefulness of a deep metallic subwavelength grating
as a reflection polarizer. The reflection and transmission
spectra of the gold stripes were interpreted using the
effective-medium approximation. This theory confirms
blackbodylike behavior and provides satisfactory qualitative
description of the optical response of the studied system.
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