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We experimentally investigated the infrared properties of a set of randomly oriented silver
nanowires films deposited onto glass substrate. Infrared emission of the obtained films was
characterized in the long infrared range, i.e., 8—12 um, by observing their temperature evolution
under heating regime with a focal plane array infrared camera as well as a thermocouple. The
obtained experimental results showed that the infrared emission from a mesh composed of silver
nanowires might be tailored by opportunely assessing preparation condition, such as the metal
filling factor. From the theoretical point of view, the real and imaginary part of the electrical
permittivity components were retrieved from the calculations of effective permittivities of in-plane
randomly oriented metallic wires, thus giving the refractive index and extinction coefficients for
the four different silver nanowires meshes. Due to the correspondence between emissivity and
absorbance, the experimental results are interpreted with the reconstructed corresponding
absorbance spectra, thus suggesting that these coatings are suitable for infrared signature reduction

applications. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4759374]

. INTRODUCTION

In the seek of the perfect absorber' and selective
emitter,” © several proposals have been developed and dem-
onstrated at infrared (IR) frequencies, for sensing, thermo-
photovoltaics, and security applications. This is witnessed
by the increasing interest in developing wavelength selec-
tive IR devices exploiting their photonic,” phononic,'®
and plasmonic''™"* properties.

Considering IR radiation, the term infrared signature
generically describes how objects appear to infrared sensors.
The infrared signature of a given object depends on several
factors, including the shape and size of the object, its tempera-
ture and its emissivity, as well as external conditions (i.e., illu-
mination, surface, environment, etc.). One of the most
challenging tasks is to reduce the infrared signature of an
object at a given temperature. By definition, the IR spectrum
is very wide, spanning the range from 0.77 to 1000 um, i.e.,
from the red-light to microwave radiation. However, only two
atmospheric windows pertain high IR transmittance, i.e., 3-5
and 8-12 um, known as mid wavelength IR (MWIR) and long
wavelength IR (LWIR) windows, respectively. Outside these
windows, attenuation of IR radiation is strong, due to the role
of CO, and H,O vapour in both absorption and scattering
phenomena.'”

The idea behind selective thermal emission relies on the
control of material spectral absorbance which is equivalent
to managing material emissivity. Although several works
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have been made within this frame, as already mentioned,
very few relies on randomly oriented structures, i.e., configu-
rations that avoid complicated preparation steps and high
costs.

Very recently, subwavelength structures composed of
metallic nanowires have been realized'®° and successfully
employed for the realization of several nanoelectronics devi-
ces. By definition, nanowires have cross-sectional dimen-
sions that can range between 2 and 200nm, while their
lengths span from hundreds of nanometres to some milli-
metres. Nanowires based metamaterials have been designed,
where metallic nanowires are opportunely arranged into a
dielectric matrix.*" In Ref. 21, an array of parallel silver
nanowires was opportunely arranged into a porous alumina
matrix, with their axis perpendicularly oriented with respect
to the matrix surface and it was shown that when the separa-
tion distance between the nanowires is smaller than the inci-
dence wavelength, these structures behave as a so-called
“indefinite material,” i.e., a medium where the two dielectric
constants, parallel and perpendicular to the nanowires,
respectively, have opposite sign.”’** In addition, metallic
nanowires show peculiar optical properties, such as high op-
tical transmittance in the visible range, connected to the
extremely reduced dimension of wires diameter, while still
allowing for good electrical conduction,?* thus being suitable
for manipulation of IR radiation.

In the present work, we aim to exploit the selective emit-
ting properties of films composed of silver nanowires, ran-
domly oriented in the horizontal plane and deposited onto
glass substrate, for IR signature reduction. The structures
were characterized through emissivity measurements using a

© 2012 American Institute of Physics
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TABLE 1. Geometrical parameters and filling factor of the investigated Ag-
nanowires films.

Diameter Length Solution concentration Filling

[nm] [um] [% wt] factor
NW1 100 20-50 0.005 0.05
Nw2 100 20-50 0.01 0.14
NWwW3 60 5-15 0.005 0.08
NwW4 60 5-15 0.01 0.20

focal plane array (FPA) infrared camera operating in the long
wavelength infrared range, i.e., 8—12 um, showing the tuning
of infrared emission with different metal filling factors.

Il. INFRARED THERMOGRAPHY CHARACTERIZATION

For sample preparation, we utilised two different sus-
pensions of Ag-nanowires in isopropanol (IPA) (starting
concentration 5% wt), purchased from Seashell Technology.
For both short and long nanowires, two solutions were pre-
pared, using 0.1 ml of the IPA dispersion and an amount of
de-ionized water (either 50 or 100 ml, respectively). The ge-
ometrical parameters of the nanowires, as well as details of
the obtained solutions in water, are presented in Table 1. The
Ag-nanowires in suspensions were ultrasonicated, filtrated,
and transferred onto a glass substrate, following a procedure
similar to that described in Refs. 25 and 26, giving a film
which is schematically illustrated in Figure 1. In Figure 2,
we show the scanning electron micrograph (SEM) images
obtained for fabricated films, where blue frame holds for
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FIG. 1. Schematic drawing of the proposed nanowires based infrared
absorber.

long type nanowires (a) low density and (b) high density,
and red frame holds for short type nanowires (c) low and (d)
high density, respectively. In order to compare the different
nanowires density, same magnification was employed for all
samples.

Quantitative characterization of infrared radiation, also
known as infrared thermography, is retrieved from the infra-
red images obtained using a calibrated IR-camera (i.e., radio-
metric camera). The infrared emission of the Ag-nanowires
coatings was thus measured and compared to the emission of
the bare heating source. Samples were placed onto a hotplate
holder, acting as the heat source, allowing maximum heating
temperature +200°C with fast heating-up by powerful inte-
grated electrical heater, homogenous temperature distribution,
and over-temperature protection inside the plate. A clear

Signal A= InLens

Date 9 May 2012
Mag = 5.00 KX p

, =N
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FIG. 2. Scanning electron micrographs of the four NW silver nanowires deposited onto glass substrate (see Table I): Blue frame holds for long type nanowires
(a) low density and (b) high density; red frame holds for short type nanowires (c) low and (d) high density, respectively. Same magnification was employed for

all samples.
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analog display for setting of temperature of the integrated
heater allows to set the temperature with a resolution of
~10°C. However, once the hotplate temperature is set with
this resolution, the actual temperature is accurately read by a
thermocouple, which is placed in direct contact with the heat-
ing plate.

In order to avoid oscillation of the heating current, a sta-
bilized power supply was employed. A radiometric forward
looking infrared (FLIR) camera operating in the long wave-
length infrared range was used to measure the amount of
infrared radiation emitted by the four different samples
between 8 and 12 um, providing detailed thermographic
images. The FPA sensor of this radiometric imaging system
is based on a grid of 320 x 240 pixels, made of vanadium ox-
ide (VOXx) uncooled microbolometers, having a pixel size
characteristic length of 25 um (pitch) and a noise equivalent
temperature difference (NETD) of 80 mK, usually referred
as the sensitivity of the sensor. For preventing detector satu-
ration, the temperature of sample holder was never set above
90°C. A complete set of infrared images were recorded by
placing the samples in direct contact with the heating holder
and by acquiring consecutive images, during both heating
and cooling processes, with a time step of 60 s. In this config-
uration, the wires’ coatings are facing the infrared camera, in
order to avoid sample deterioration. In the resulting infrared
images, the four Ag-nanowires samples were observed in the
meantime, while the image of the background heated surface
was taken as a reference. In order to prevent thermal reflec-
tion on the sample surface generated by external environ-
mental sources, the camera/sample setup was protected by
black opaque shields, thus confining the complete camera
field of view (FOV).

In Figure 3, we report an example of image taken with
the radiometric camera. This image was recorded after the
samples were taken for approximately 12min at the fixed
temperature of 60 °C. Looking at the corresponding colorbar,
it can be recognized that the four samples, namely, NWI,
NW2 NW3, and NW4, appear to be darker, with respect to
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FIG. 3. Infrared image recorded with a long wavelength IR camera after
12 min of heating at about 60 °C. The four different samples, as well as the
background heated surface taken as reference, are evidenced by the colored
rectangles.
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the heating substrate, i.e., after being at the high temperature
for 12 min, the infrared images of Ag nanowires films show
only a weak bleaching. The different sample positions are
evidenced with colored rectangles, while further details can
be found within Figure 3 caption. It is worth to mention that
an attempt was made in order to use the bare glass substrate
as a reference but its infrared images were completely dis-
solved in the hotplate image, due to the high absorbance of
glass in the 10 um range.

The digital images were then analyzed with MATLAB soft-
ware in order to retrieve the analytical values from the images
data. For each sample, a uniform area was selected over the
images and the data arising from the selected image’s pixels
were numerically integrated so to obtain the mean value of
the resulting IR intensity level, which was then converted
into temperature data by means of thermocouple output data.
Given a set of consecutive images, the data collected are
reported in Figure 4, where the resulting apparent tempera-
ture of NW samples as a function of time is given. During the
first 25 min, the samples are slowly heated, then the current is
switched off and the cooling behavior is also observed.

In particular, we observe that under the same heating
conditions, of about 90 °C, the apparent temperature of the
four nanowires samples qualitatively follows the trend of the
corresponding heating holder temperature, i.e., the four
curves have the same shape. This is no longer the case for
their absolute values, being the apparent temperature of the
four samples always below that of the driving heat source.
Furthermore, there is a difference between the heating
behaviour of low density samples NW1 and NW3, reaching
the highest apparent temperature, and high density samples
NW2 and NW4, whose apparent temperatures keep some-
what lower.

The obtained experimental results indicate that by keep-
ing constant the wires’ dimensions, IR signature effective-
ness increases with increasing nanowires’ density. At the
same time, given a comparable metal filling factor, the short
wires (i.e., NW3 and NW4) display a better shielding behav-
iour, with respect to the long wires (NW1 and NW2).

Temperature [ °C ]
(0]
o

(43}
o

0 5 10 15 20 25 30
Time [min]

40 ' :

FIG. 4. Experimental plot of temperature evolution as a function of time,
measured in the LWIR range, i.e., 812 um, for the four different silver
nanowires samples.
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lll. RESULTS AND DISCUSSIONS

In order to explain the different values of the experimen-
tal curves, let us consider a composite with silver nanowires
randomly aligned in plane. The permittivity dyadic of such a
medium reads as follows:

& 0 0
e=|0 &, 0]. (D)
0 0 e

We used the mixing formulas for randomly orientated
ellipsoidal inclusions reported in Ref. 27, to calculate the rel-
ative permittivity of an effective medium

Iy .
3 == g, + Nj(&i — &)

1_sz' R
3 =g, + Njlei — &)

(@)

Eoff = €e T &

where ¢, and ¢; are the relative permittivities of the host ma-
trix and the wires, respectively, f represents the metal filling
factor, and N; (j=x,y, z, N.+N,+N.=1) are the depolar-
isation factors.”” Equation (2) was opportunely modified for
metallic needles randomly aligned in the xy plane, i.e.,
within the film surface (see Figure 1). As a result, the follow-
ing expressions are obtained for the transverse, &, = &y, and
for the perpendicular ¢.. dyadic components:

1 1
e —
& &+ (& —¢&)/2
fxx = &y = e JFiﬁe(gi — &) 7 (i — e))/ 3)
Cde+ (s —e)/2
and
& =8 +f(& — &). 4)

Considering composites of air-surrounded nanowires,
we assumed ¢, = 1, while the optical constants of silver were
taken from Ref. 28. The metal filling factor fis also reported
in Table I, being evaluated from SEM top-view images by
means of their colour contrast.

Since the radiometric emission was detected at normal
incidence, i.e., perpendicularly to films’ surface, we assume
that the radiation polarization is equally distributed along the
xy plane. Following these considerations, the real and imagi-
nary part of the permittivity components, & = &y, Were cal-
culated for the four different silver nanowires meshes in the
whole IR investigated range, as shown in Figure 5. Accord-
ing to Kirchoff’s law of thermal radiation, there is a corre-
spondence between thermal emissivity and absorption, thus
the experimental results are interpreted via the corresponding
absorbance spectra.® The refractive index and extinction
coefficients were retrieved for the silver nanowires systems,
being Re(e) = n? — k? and Im(&) = 2nk, and used to recover
the spectral absorbance A from A =1 — [TI — IRI, where the
transmission coefficient T and the reflection coefficient R are
obtained by applying the transfer matrix method.

J. Appl. Phys. 112, 083503 (2012)
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FIG. 5. Plot of the real (a) and imaginary (b) part of the relative effective
permittivity components, &, = &yy, calculated for the four nanowires” mesh
whose filling factors are given in Table I. For comparison, the black curve
corresponds to the permittivity of silver.?®

In Figure 6, these results are summarized for the four
different films, whose thickness is supposed to be propor-
tional to wires’ diameter, considering a SiO, substrate. It is
notable that the combination of different thicknesses and fill-
ing factors may produce different absorbance dispersions,
which in turns result in a different trend of the experimental
curves.

60
—— =0.05 d=100 nm
— — f=0.14 d=100 nm
—— =0.08 d=60 nm
. — —- f=0.20 d=60 nm
X 40
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©
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FIG. 6. Plot of the absorbance spectra evaluated from the refractive index
and extinction coefficient, for the four nanowires’ sample having different
geometrical thicknesses, as reported in Table I. For all calculated curves, the
substrate is SiO,.
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It is worth to observe that metals in general pertain
very high reflectance values in the IR range, thus for a
metal-based film, the higher the metal content, in terms of
either thickness or filling factor, the lower the absorbance
in the IR range. In other words, as the film metal content
increases, its dielectric constant value becomes closer to
that of silver, which behaves—in the IR—as a mirror.
Given this statement, we notice that sample NW1 presents
the highest absorbance values within the whole investigated
wavelength range. Being sample NW1 thicker (d = 100 nm)
than sample NW3 (d=60nm), its metal filling factor is
supposed to be somewhat lower (f=0.05) with respect to
that of sample NW3 (f=0.08). Same considerations hold
for the two high density samples, resulting in the filling fac-
tor of sample NW3 which is lower (f=0.14) than that of
sample NW4 (f=0.20).

Finally, from the reconstruction of the absorbance curves
plotted in Figure 6, the influence of the substrate is evidenced
by the oscillations, resembling SiO, absorption dispersion,
particularly for low filling factor values. By using a substrate
not strongly absorbing in the IR range, as for instance CakF,,
the absorbance curves of nanowires films would be smoothed
and the absorption peak would disappear.

IV. CONCLUSIONS

In conclusion, we have performed an experimental
investigation of different films composed of randomly ori-
ented silver nanowires deposited onto glass substrate. In
order to separate the contribution from two key parameters
as wires’ dimensions (both diameter and length) and metal
filling factor, we prepared some nanowires’ films using two
different sized wires and two concentrations for the starting
solutions. Infrared emission measurements under heating re-
gime were performed in the wavelength range included
between 8 and 12 um, i.e., one of the two atmospheric win-
dows pertaining high IR transmittance. Using a FPA infrared
camera, as well as a thermocouple, we observed samples’
temperature evolution under heating regime and we find that
silver nanowires films display an apparent temperature
always keeping below that of the driving heat source. The
different experimental curves can be interpreted in terms of
different absorbance spectra of films, derived from effective
permittivity calculations, as a function of metal filling factor.
For the investigated set of samples, experimental results indi-
cate that the efficiency of IR signature reduction in the
8—12 pum range is improves with increasing filling factor.

As a conclusion, randomly oriented silver nanowires
meshes allow to perform a thermal camouflage of the
underlying heat source, giving an apparent temperature
which can also be intentionally heterogeneous, i.e., by mod-
ifying wires concentration of the starting solution in order
to prepare different areas with variable metal fraction. The
easiness of sample preparation along with the possibility to
control the filling factor value makes these structures prom-
ising candidate for absorbance, and thus emittance, tailor-
ing. The obtained results are rather encouraging and pave
the way to the design of infrared selective absorber/emitter,
by opportunely choosing wires’ geometrical parameters and

J. Appl. Phys. 112, 083503 (2012)

concentration, as well as by opportunely selecting a sur-
rounding medium other than air.
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