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In the current scientific landscape, the understanding of optical properties in
the mid-infrared (mid-IR) range (3—30 pum) is crucial in simulations and models
to explore the potential of materials for various applications. However, due to
the challenges associated with mid-IR characterization, accurate refractive in-
dex (n) and extinction coefficient (k) data are often lacking in the literature. This
study addresses this gap by investigating the mid-IR n and k spectra of anodic
aluminum oxide (AAO) nanostructures anodized under different conditions,
using two distinct approaches: IR ellipsometry and a theoretical model based
on multilayer reflection and effective medium. The results demonstrate a strong
agreement: the anodizing conditions have a significant influence on the optical
properties of the AAO nanostructures. These differences enable accurate
simulations of the emissivity spectra of AAO nanostructures on Al foils, which
align closely with experimental measurements. This theoretical approximation
is versatile and extensible to a broad range of materials. Different materials are
tested, namely, a sapphire, a polycarbonate film, and a polyethylene tereph-
thalate (PET) film achieving a useful qualitative description. This study paves
the way for a novel approach in the engineering of new micro and nano-optical
materials, facilitating their evaluation for suitability in mid-IR applications.

1. Introduction

Currently, applications involving mid-
infrared (mid-IR) wavelengths (3-30 pm)
are pivotal in various scientific,['?!
industrial, >l medical,”®] and security-
related?® fields. Notably, advancements in
non-invasive diagnostic techniques using
IR thermography, a non-contact thermom-
etry technique capable of measuring the
thermal characteristics of large surfaces
areas!!'l are particularly noteworthy.['12]
However, the temperature cannot be
directly read; instead, the infrared (IR)
radiation emanating from the surface of
interest must be interpreted as consisting
of emitted, reflected, and transmitted IR
radiation.

The emissivity of an object, which deter-
mines its optical properties in comparison
with a black body, is closely related to pas-
sive daytime radiative cooling!!*-1/ (PDRC),
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a subject of considerable attention!'® in

recent years. PDRC involves a material

with optimized emissivity that reflects

sunlight (0.3-2.5 um) and radiate heat
through the main atmospheric window (8-13 um) toward the cold
outer space.l'’] This results in cooling without any power input,
even under direct sunlight. As the Earth’s atmosphere’s main
transparent region is in the mid-IR wavelength range, mid-IR
characterization is critical to developing more efficient passive
daytime radiative cooling materials.

In the recent years, several approaches to PDRC have been
reported,['*2! with porous materials(?>28] showing promising
results. Multiple works have been reporting the use of porous
Anodic Aluminum Oxide (AAO) nanostructures!?”-2-3¢l (also
known as nanoporous anodic alumina -NAA-, nanohole alu-
mina arrays, or nanoporous anodized alumina platforms, -
NAAP-). These nanostructures are cost-effective, environmen-
tally friendly, and serve as useful templates for nanostructuring a
wide variety of materials such as semiconductors,*’%I metals[*!
and polymers!*!] Our recent work/?’] shows that the passive cool-
ing capability of AAO on Al foils depends on anodizing condi-
tions, which modify the alumina thickness, the porosity grade,
and the trapped counterions and so the emissivity spectrum.
These changes must be considered in simulations and models
to obtain reliable results.
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The complex refractive index of AAO has been extensively
studied from the visible to the near-IR (NIR) ranges (0.4 pm to
2.5 um).1*%1 However, the currentliterature on the mid-IR range
is insufficient for accurate performance. Further characterization
is required to extend the data range to the mid-IR wavelengths.
Ellipsometry can provide accurate results on a material’s com-
plex refractive index when the material is well known. However,
due to the complexity of this analysis, few studies have addressed
it.

In this work, we present an in-deep study where ellipsomet-
ric analysis have been used to obtain the mid-IR complex re-
fractive index of AAO nanostructures anodized in different elec-
trolytes, in a wide wavelength range from 3 to 30 um. The selected
electrolytes are four of the most commonly used in alumina an-
odization: phosphoric acid, oxalic acid, sulphuric acid, and ethy-
lene glycol containing sulphuric acid.**] The AAO nanostruc-
tures show different morphological properties, such as pore di-
ameter (D,) and interpore distance (D,,), depending on the elec-
trolyte and the anodization conditions. Thus, the purpose of us-
ing several electrolytes is to study the influence of both the mor-
phology and chemical structure on the n and « in the mid-IR
range.

Additionally, we propose a theoretical modeling based on mul-
tilayer reflection and effective medium to provide a quick ap-
proach of mid-IR complex refractive index. This can be used to
assess the potential of a new material in the early stages of re-
search to determine if the materials are suitable for target IR ap-
plications.

This model uses a multilayer system to get n and x data from
the experimental reflectance and transmission spectral*’=! of a
material. This approximation provides the mid-IR complex re-
fractive index of free-standing AAO nanostructures from the re-
flectance and transmission of AAO on Al foil. Then, the obtained
nand k spectra by both ellipsometric analysis and approximation
are compared and used to simulate the mid-IR emissivity spectra
of the AAO nanostructures on Al foil anodized in the four dif-
ferent electrolytes. These simulations are performed by WVASE
ellipsometric software from Woollam and COMSOL software. Fi-
nally, as a proof of concept about the potential of this theoretical
approximation, it is used to analyzed a completely different ma-
terial, such as a film of polyethylene terephthalate (PET). There-
fore, mid-IR complex refractive index of PET is also obtained and
compared with the ellipsometric analysis.

2. Experimental Section

2.1. Obtention of AAO Nanostructures Sapphire, Polycarbonate
and PET Films

AAO nanostructures on Al foils were fabricated using a standard
two-step anodization process in different electrolytes, as outlined
in previous works.[?”52 The electrolytes employed included phos-
phoric acid (1 wt.% phosphoric acid + 0.01 M Al oxalate), oxalic
acid (0.3 M oxalic acid), sulphuric acid (0.3 M sulphuric acid),
and ethylene glycol containing sulphuric acid (50 wt.% ethylene
glycol + 10 wt.% sulphuric acid). The duration of the second an-
odization was adjusted for each electrolyte to achieve an approx-
imate thickness of 12 pm.
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To fabricate free-standing AAO nanostructures, the Al foil was
chemically etched using an aqueous solution of CuCl, and HCL
The barrier layer was then dissolved using an aqueous solution
of phosphoric acid (10 wt.%, 85% Sigma-Aldrich) at 30 °C. To cre-
ate patterned Al foil, the AAO layer was removed by a chemically
etching in an aqueous solution of chromic oxide (1.8 wt.%, Sigma
Aldrich) and phosphoric acid (7 wt.%, 85% Sigma Aldrich) at
room temperature. Figure 1 provides a schematic representation
of the free-standing AAO nanostructures and the AAO nanos-
tructures on the Al bulk.

Polycarbonate film with a thickness of 0.1 um and polyethylene
terephthalate (PET) film with a thickness of 100 pm were pur-
chased from Sterlitech and Goodfellow, respectively. Single-crystal
sapphire (Al,O,) with a thickness of 2 mm was purchased from
Marketech International.

2.2. Morphological, Chemical Composition, and Optical
Characterization

The morphological parameters of the AAO nanostructures were
analyzed using a high-resolution Field Emission Scanning Elec-
tron Microscopy (FE-SEM, FEI VERIOS 460) with a 2 kV acceler-
ation voltage. The top view images were digitally analyzed using
XnView and Image] software to measure the pore diameter (D,)
and the interpore distance (D;,,). Fast Fourier Transform (FFT)
of collected FE-SEM top view images were obtained using the
scanning probe image software WSxM 5.0.53] The chemical com-
position of the AAO nanostructures was analyzed using Energy-
dispersive X-ray (EDX), with an AMETEX EDAX detector, model
Octane plus with 5 kV accelerating voltage. The EDX spectra of
the AAO nanostructures are shown in Figure S1 (Supporting In-
formation).

The surface roughness of the PET film was measured by
atomic force microscopy (AFM) using a Bruker Dimension Icon
microscope operating in non-contact mode with commercial
probes from Nanosensors (type PPP-FM).

Mid-IR reflectance (R) and transmission (T) of free-standing
AAO nanostructures, AAO on Al foil, and PET film, were mea-
sured from 2.5 ym to 17 um using a Perkin Elmer Fourier Trans-
form Infrared (FT-IR) spectrophotometer (Frontier), equipped
with a 75-mm-diameter integrating gold sphere to collect the
specular and diffuse reflectance components. The emissivity was
calculatedas1 — R-T.

Infrared Spectroscopic Ellipsometry (IRSE) measurements of
free-standing AAO nanostructures and PET film were conducted
on a Woollam IR-VASE Mark II ellipsometer, which integrates a
Fourier-transform infrared (FTIR) interferometer source with a
rotating compensator ellipsometer, ranging from 2.5 to 30 um
with a step size of 4 cm™. The ellipsometric angles ¥ and A
spectra were obtained at three incidence angles of 50°, 60°, and
70° for the AAO nanostructures and for the patterned Al foil.
Additionally, the transmission spectra were also measured for
inclusion in the analysis. The optical model is described by a
multilayer system formed by an air layer, a roughness layer, and
the main material (AAO nanostructures or PET), which is con-
sidered a semi-infinite substrate. The experimental IRSE data
were modeled using the WVASE (J.A. Woollam Co. Inc.) soft-
ware package, version 3.942. The mid-IR emissivity of AAO
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Figure 1. Schematic of the a) AAO nanostructures on Al bulk and and b) the free standing AAO nanostructures. The main morphological parameters
have been highlighted: the pore diameter (D,), the interpore distance (D;), the alumina thickness (t440), and the porosity (P). Cross-section FE-SEM
view images of the AAO nanostructures when anodized in (c) phosphoric acid, d) oxalic acid, €) sulphuric acid, and f) ethylene glycol containing sulphuric
acid. FE-SEM top view images of the AAO nanostructures surface when anodized in (g) phosphoric acid, h) oxalic acid, i) sulphuric acid, and j) ethylene

glycol containing sulphuric acid. In the inset are the Fast Fourier Transform (FFT).

nanostructures over an Al foil was simulated by a multi-layer
model using WVASE software, where the information about
the thicknesses and the derived mid-IR complex refractive in-
dices of the AAO nanostructure and the patterned Al foil were
considered.

2.3. Theoretical Approximation of the mid-IR Complex Refractive
Index

The model is composed of three stacked layers of materials (see
Figure S3, Supporting Information). The first layer is air with
complex refractive index 7y = n, = 1. The second layer is mate-
rial of interest (such as AAO nanostructure, PET or any other)
with complex refractive index of #1; = n, + ik; and a thickness of
d. The third layer is either an Al layer (in the case of the AAO
nanostructures) with a complex refractive index ,, the value of
which is taken from the literaturel®! or another air layer (in the
case of PET).

An incident plane wave is assumed to propagate perpendicu-
lar to the surface, through the second layer, considering all pos-
sible reflections in the system. The accumulated phase on the
material of interest is kyn,d, where k, is the wave vector. The
Fresnel reflection and transmission coefficients are denotated as
11,11, 1, b1, 1, as shown in Figure S3 (Supporting Information).
The Fresnel coefficients can be written as a geometric series, al-
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lowing a simple expression for the total reflection and transmis-
sion to be obtained:

iKodn-
_ t,t,e"0 ‘1 )
1-— rlrzebxonld
! p2ikgyd
bt e
r=r+

(2)

— V', e2ikod
1 —rire*om

To obtain the values of the refractive index (n,) and the extinc-
tion coefficient (k) for the case of AAO nanostructures on Al
foil, the transmission through the Al foil is assumed to be zero
(t, = 0). For this case, only the difference between the theoreti-
cal and experimental reflectivity defined as a wavelength function
R — R, | = f(n,(4),x;(4)) is minimized for each wavelength us-
ing a MATLAB code. The initial value for the refractive index is
taken from the literature on aluminal®! and the initial value for
Kk, is derived from the transmission measurements taken with-
out aluminum, T,, using the exponential decay of intensity as it

ex?

propagates through a single layer:

Alog (T,,)
T 47d (3)

K'1=

In the case of PET, experimental values for both reflectance
and transmittance are available, defining the function |T - T, | =
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f(ny(4),k,(A)). Thus, both functions are minimized to determine
n, and k,, using as initial values the values of the optical con-
stant closed to 3 um taken from the experimental data of the
literature.[>®)

To fit these values to the Kramers-Kronig relations, a self-
recurrent code is developed. This code implements the Kramers-
Kronig Equations (4) and (5), introducing a weight to the initial
calculated values, since the integrals are not calculated for all
wavelengths, only for the measured ones. The Kramers-Kronig
relations are fundamental in optical physics, linking the real
and imaginary parts of a material’s refractive index. These re-
lations ensure that the calculated optical constants (refractive
index, n, and extinction coefficient, «) are physically consistent
with the principle of causality. By implementing these relations
in a self-recurrent code, we ensure that the derived values of n
and « are reliable and satisfy physical laws, providing a robust
theoretical framework for understanding the material’s optical
behavior.

n(/l)=1+%/ ML“A (4)
p 4 , 2
o 1-ﬁ)
2 [®,,1n)-1
A2 22

The layered model can exhibit limitations, specially at shorter
wavelengths due to several factors. Increased scattering be-
comes significant at these wavelengths, as small particles and
surface roughness within the layers scatter light more effec-
tively. Additionally, interface roughness is more pronounced
at shorter wavelengths, leading to increased diffuse scattering
and deviations from the ideal reflections and transmissions
described by Fresnel coefficients. Furthermore, the model as-
sumes normal incidence, further complicating the accuracy at
shorter wavelengths with different angles of incidence. These
factors collectively reduce the model’s ability to accurately de-
scribe the optical behavior of the system, especially in this
range.

2.4. COMSOL Simulations of the mid-IR Emissivity

The commercially available electromagnetic waves module of the
COMSOL Multiphysics finite element method (FEM) software
was used to simulate the reflectance, the transmission, and con-
sequently, the emissivity (¢ = 1 — R — T) of AAO nanostructures
on an Al foil and of PET film from the previously derived mid-IR
complex refractive index. Analogous to the model used in sec-
tion 2.3, the system was described as three stacked materials (air,
material of interest, Al foil or air).

3. Results and Discussion

3.1. Analysis of the IR Complex Refractive Index of AAO
Nanostructures

To understand how the optical properties of AAO nanostructures
vary with the morphology and chemical structure, several AAO
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nanostructures were anodized in phosphoric acid, oxalic acid,
sulphuric acid, and ethylene glycol containing sulphuric acid. All
AAO nanostructures had a thickness of ~12 um. However, the
complex refractive index, a property of the material, is not influ-
enced by this parameter.

IR ellipsometric data were fitted over a broad wavelength
range (3 to 30 um) alongside normal-incidence optical transmis-
sion data. This approach was recently demonstrated’®”) and pro-
vides a robust way to determine the IR complex refractive in-
dex. Integrating transmission data into the model fit is bene-
ficial, as its complementary nature with ellipsometric data en-
ables the acquisition of comprehensive information about trans-
mitted light. Ellipsometry can accurately measure the thickness
and refractive index of thin films, but it struggles to measure
the extinction coefficient (x) at very low values. By incorporat-
ing spectrophotometric measurements, the model’s ability to de-
termine such low « values can be improved, as it is sensitive
to changes in x in regions of low absorption. Consequently, the
fitting process included two datasets: infrared spectroscopic el-
lipsometry (IRSE) and IR transmission, which were analyzed
together.

The optimal fitting of ellipsometric data for the free-standing
AAO nanostructures required a surface roughness layer. We
modeled this using the Bruggeman effective medium ap-
proach (BEMA) with 50% air and 50% alumina. The thick-
nesses of these surface roughness layers varied depend-
ing on the anodizing solution used: 205 nm for phos-
phoric acid, 28 nm for oxalic acid, 23 nm for sulphuric
acid, and 8.5 nm for ethylene glycol-containing sulphuric
acid.

Figure 2 shows the optimal fit achieved for the ellipsometric
angle spectra, psi (¥) and delta (A), from 3 um to 30 pm at in-
cidence angles of 50°, 60°, and 70° and the normal-incidence
transmission data. ¥ represents the amplitude ratio of the Fres-
nel reflection coefficients of the polarized light parallel (r,), and
perpendicular (r,) to the incidence plane. A indicates the phase
shift between the parallel and perpendicular components of the
reflected light wave.

The WVASE software facilitates the derivation of the sample’s
imaginary component of the complex dielectric function using
a linear combination of various numbers of oscillators within
the so-called GenOsc layers to fit all the spectra. The configura-
tion used include 9 Gaussians for AAO nanostructures anodized
in phosphoric acid, 15 Gaussians for oxalic acid, 1 Cauchy + 4
Gaussians for sulphuric acid, and 11 Gaussians for ethylene gly-
col containing sulphuric acid. It is important to note that the os-
cillators change depending on the electrolyte in which the AAO
nanostructures have been anodized. This is due to the incorpo-
rated ions into the AAO chemical structures, which provide dif-
ferent absorption bands.[?”] The real part of the complex dielec-
tric function is now calculated by the Kramers-Kronig integration
formula, which is analogous to Equation (5). Both the real and
imaginary part of the dielectric function are shown in Figure S4
(Supporting Information).

Dielectric materials are generally transparent at near-IR wave-
lengths. As seen in Figure 3a, the transmittance of the AAO
nanostructures remains high, oscillating between 0.80 and
0.95 up to wavelengths near 6 um when the anodization was
performed in oxalic acid, sulphuric acid, or ethylene glycol

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

85U0|7 SUOWIWOD A0 8|edl|dde 8y Aq peuenob aie Ssolle O ‘8Sn JO S3INJ 10} A%eiq18UlUQ AB|IA UO (SUOIPUOD-PUR-SWLBHW0D A8 | 1M AleIq | Bu UO//:SdNY) SUORIPUOD pue swie | 81 88S *[6Z0z/c0/8T] Uo A%id1T8uliuo A8|1M ‘Z1peD 8 PepsRAIUN Aq L96TOYZ0Z WOpe/Z00T OT/I0p/W0A8| 1M Aeiq 1jeuluo"psoueApe//Sdny Wwouy pepeo|umoq ‘T ‘SZ0Z ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

T T T T T 200 . .

www.advopticalmat.de

AAO nanostructure 4 e
anodized in phosphoric acid

]

50°

Y (degrees)
3
A (degrees)

AAO nanostructure
anodized in phosphoric acid

Transmission

AAO nanostructure
anodized in phosphoric acid

s |

=3
-

40 AAO nanostructure b
anodized in oxalic acid 250 -

50° 200

a
S

A (degrees)

Y (degrees)
3

50

Qo o

Transmission
o
(4]
A

AAO nanostructure
03 anodized in oxalic acid

r AAO nanostructure b
anodized in sulphuric acid

50°

Y (degrees)

AAO nanostructure

g

Transmission
o
(4]
:
.

AAO nanostructure 4
anodized in sulphuric acid

0 t t t t t 200 } +
AAO nanostructure R h

anodized in ethylene glycol
containing sulphuric acid

=B

50°

anodized in sulphuric acid 4 01k
; : X M

(2]
o
°
—

7 n g
8 25 5 3 ]
= © 100 | RZ]
2 2 & £ 1
= S g ]
> 15 < sof ) AAO nanostructure ]
10 AAO nanostructure eI I iiylene gfied|
" " containing sulphuric acid B
anodized in ethylene glycol
5 0 containing sulphuric acid b ‘M
0 . . . L . et
5 10 15 20 25 30 5 10 15 20 25 30 15 20 25 30
Wavelength (um) Wavelength (um) Wavelength (um)

Figure 2. Experimental measurements and fit achieved for the ellipsometric angles at different incidence angles: a—d) ¥ and e-h) A of the free-standing
AAO nanostructures at the same point where the i-l) optical transmission was measured for the AAO nanostructures anodized in the four different

electrolytes.

containing sulphuric acid. In contrast, when the anodization was
carried out in phosphoric acid, the maximum transmittance is
0.73 at 6 um.

Then, at 7 pm, there are local maxima for the AAO nanostruc-
tures anodized in sulphuric acid and ethylene glycol containing
sulphuric acid, and local minima for the ones anodized in phos-
phoric acid and oxalic acid. Before becoming opaque, one last
transmittance peak appears in the 10 um wavelength range for
the AAO nanostructures anodized in phosphoric acid, sulphuric
acid and ethylene glycol containing sulphuric acid. In the case
of oxalic acid, this peak is shifted to 8 ym. This information was
included in the model and, consequently, the deduced absorp-

Adv. Optical Mater. 2025, 13, 2401967 2401967 (5 Of14)

tion coefficient (Figure 3b) of the AAO nanostructures differs
slightly.

In accordance with the refractive index databasel®* a crystal
a-Al, O, (sapphire) analyzed in the IR wavelength range should
have an average value of the absorption coefficient of (6.8 +
1.3)-10% cm™! from 3 to 8 um, (9.4 = 3.7)-10> cm™' from 8 to
11 pm, and (1.1 + 0.3)-10* cm™ from 11 um to 13 um. There-
fore, for wavelengths from 3 to 7 pm, which are shorter than
the atmospheric window, the average absorption coefficient of
the AAO nanostructures is lower than the reported for the a-
Al, O; when the anodization is performed in sulphuric acid, (1.4
+ 0.3)-10> cm™!, and in ethylene glycol containing sulphuric
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Figure 3. a) Normal incidence optical transmittance of the free-standing AAO nanostructures, b) absorption coefficient deduced from ellipsometry
model, and FE-SEM top view images of the AAO nanostructures surface when anodized in (c) phosphoric acid, d) oxalic acid, e) sulphuric acid, and

f) ethylene glycol containing sulphuric acid.

acid, (3.6 £ 1.8)-10? cm~!. Meanwhile, the AAO nanostructures
anodized in oxalic acid have an average absorption coefficient
of (9.5 + 6.8):10! cm™! from 3 pm to 5.5 pm and reach lo-
cal maximum of 2.5-10*> cm™' at 6.5 um. The AAO nanostruc-
tures anodized in phosphoric acid show a negligible absorp-
tion up to 5 pm and reach local maximum of 6.0-10> cm™ at
6.5 um.

For the wavelengths in the range of the atmospheric win-
dow, between 8 and 13 pm, the AAO nanostructures anodized
in sulphuric acid and ethylene glycol containing sulphuric acid
show very similar spectra, reaching maxima of 2.2:10* cm™!
at 12.5 um, exceeding the value of the a-Al,O;. It is notewor-
thy that the AAO nanostructure anodized in oxalic acid shows
an absorption coefficient significantly lower than the others be-
tween 8 and 10 pm. Then, the absorption coefficient peaks for
the AAO nanostructures anodized in phosphoric acid and oxalic
acid, 1.3-10* cm™! at 12.5 um, matching the average value of the
a-AlL,O;.

These spectral differences will remarkably impact the perfor-
mance in passive radiative cooling applications!?’] because the
use of different anodization conditions leads to changes in the

Adv. Optical Mater. 2025, 13, 2401967 2401967 (6 of 14)

morphology and in the chemical structure. Regarding to the mor-
phology, the Figure 3c-f shows the FE-SEM top view images of the
AAO nanostructures anodized in four different electrolytes for
12 ym in thickness. Differences in the pore diameter (D,) and
the interpore distance (D,,,) can be observed. The averages of D,
and D, are 125 + 25 and 480 + 22 nm, 37 + 4 and 104 + 7 nm,
23 + 3 and 68 + 5 nm, and 16 + 3 and 50 + 10 nm for the
AAO nanostructures anodized in phosphoric acid, oxalic acid,
sulphuric acid, and ethylene glycol containing sulphuric acid,
respectively.

The mid-IR (3 -30 um) refractive index (1) and the extinction
coefficient (k) derived from the ellipsometric analysis for the
free-standing AAO nanostructures anodized in the different elec-
trolytes are shown in Figure 4.

The real part of the complex refractive indices, denoted n, and
the extinction coeficient «, are plotted in solid lines with distinct
colors for every electrolyte: purple for phosphoric acid, blue for
oxalic acid, green for sulphuric acid, and red for ethylene glycol
containing sulphuric acid.

The n spectra for the different electrolytes show minor dif-
ferences. AAO nanostructures anodized in oxalic acid reach a

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

5UB01 SUOWILIOD BA 1.0 3| dde au) AG PoUBAOB 8.2 SO YO 88N JO SN 10§ AR2i17T 8UIIUO A3 UO (SUOIPUCO-PUE-SWLB) W00 B |1 ARG IpUIIUO//SANU) SUOIPUOD PUE SIS | 8U) 89S *[5Z02/E0/8T] U0 ARIGIT BUIIO AB|1M ‘ZIPeD 84 Peps;eAIIN AQ L96TOVZ0Z WOPe/Z00T OT/I0p/C" A3 |1 Ale.q1pul U0 PaoLADe//SAIY WoJy papeojumod ‘T ‘SZ0Z “TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

www.advopticalmat.de

28 T T T T T T 14 T T T T T T
261 A ] b
1.2 4
24 .
L 1 v
= 22 2ok ]
2 c
% 20} 15
g S
S18f - E 08 4
ERT)E ] 8
kst 0.6 - .
S 141 ] s
B=] Q L
Y12 === Phosphoric acid 1 £ === Phosphoric acid
22 - £ 04 . 4
10 === Oxalic acid L == Oxalic acid
’ Sulphuric acid === Sulphuric acid
08 === Ethylene glycol 7 0.2 — Ethyler_le- glycol o 7
06 containing sulphuric acid | containing sulphuric acid
1 1 1 1 1 1 00 1 1 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30 35
Wavelength (um) Wavelength (um)

Figure 4. a) Refractive index and b) extinction coefficient deduced by ellipsometry analysis of AAO nanostructures anodized in phosphoric acid, oxalic

acid, sulphuric acid, and ethylene glycol containing sulphuric acid.

local maximum of 1.47 at 7 um. In contrast, those anodized in
phosphoric acid, sulphuric acid, and ethylene glycol show lo-
cal minimum of 1.16, 1.22, and 1.18 at 8.2 um, respectively. All
AAO nanostructures have an absolute minimum of the n value
at 10.9 um and an absolute maximum ~2.5 at 30 um.

The « spectra, however, reveal significant differences among
electrolytes. Two major features are apparent: the first at
wavelengths shorter than 10 pm, and the second between 12 and
16 pm. The first local maximum for nanostructures anodized in
phosphoric acid, sulphuric acid, and ethylene glycol containing
sulphuric acid is ~#8.5 pm, while for those anodized in oxalic acid,
it appears at 6.4 pm.

The second maxima ~13.7 um which attains different val-
ues for each electrolyte, peaking at 1.3 for phosphoric acid,
1.2 for oxalic acid, and 1.1 for both sulphuric acid and ethy-
lene glycol containing sulphuric acid. These variations in ab-
sorption peaks are primarily due to two factors: first, the
different counterions from the electrolytes incorporated into
the alumina’s chemical structurel®”l and, second, the diameter
and the interpore distance of the nanopores, which enhances
the effective surface roughness and increases scattering pro-
cesses. Note that all the AAO nanostructures have a porosity
of ~10%, despite the changes in pore diameter and interpore
distance.[*%

The mid-IR complex refractive index of the AAO nanostruc-
ture anodized in oxalic acid aligns with behaviors previously re-
ported from 3 to 15 um** where n ranges from 1.5 to 1.75, reach-
ing a minimum value of 0.7 at 11 um, and « ranges from 0 to 1.25.
For AAO nanostructures anodized in sulphuric acid, the mid-IR
refractive index is comparable to findings reported between 1 um
and 15 um® with n ranging from 1.6 to 1.7 and a minimum of
0.65 at 11 um, while « ranges from 0 to 0.25 at 15 pm. The de-
rived mid-IR k spectra presented in this study show increased
absorption, peaking at 1.1 at 15 um. To the best of the author’s
knowledge, there is no published literature on the mid-IR com-
plex refractive index of AAO nanostructures anodized in phos-
phoric acid and ethylene glycol containing sulphuric acid. These
small variations in the mid-IR complex refractive index are rele-
vant to IR applications, such has been demonstrated for passive
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radiative cooling.l?’] These tiny changes significantly affect the
cooling performance of the AAO nanostructures, either enhanc-
ing or limiting their cooling capability.

3.2. Theoretical Calculation of the mid-IR Complex Refractive
Indices of AAO Nanostructures

To circumvent the challenges of IR ellipsometric analysis, a the-
oretical modeling based on multilayer reflection and effective
medium is used to estimate the mid-IR complex refractive in-
dex of the AAO nanostructures anodized in the four different
electrolytes. This approximation can obtain the n and « spectra
of the free-standing AAO nanostructures from the optical char-
acterization of the AAO nanostructures on Al foil. As shown in
Figure 5a-d, the only required input data are the reflectance spec-
tra and the thickness of the alumina layers. The transmission
through the Al layer is neglectable in all cases.

The comparison between the n and x spectra obtained by both
this approximation and the ellipsometric analysis are shown in
Figure 5e-h for the four different electrolytes. The approximated
n and « spectra are plotted with shadow regions, representing an
uncertainty in the thickness of the alumina of + 1 um. This vari-
ation in the alumina thickness was included in each calculation
to investigate the stability of the model with respect to thickness
variations.

The results of this approach show a moderate amount of noise
associated with thickness variations and align well with the ellip-
sometric analysis. However, some discrepancies in n can be ob-
served: a shift of 0.2 overestimates the values from 3 to 10 ym, a
sharp minimum at 11 um, and an overestimating of the values be-
tween 0.2 and 0.4 from 13 to 16 um. Meanwhile, slight differences
exist between the k spectra. The differences can be attributed to
the simplifications assumed in the theoretical approach, where
neither surface roughness nor the effect of the barrier layer has
been considered.

Taking all this into account, it can be concluded that the n
and k spectra provided by the approximation are valuable and
readily accessible results. They can be quickly obtained and
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Figure 6. Emissivity of AAO nanostructures on Al bulk with an alumina thickness ~12 um anodized in different electrolytes: a) phosphoric acid, b) oxalic
acid, c) sulphuric acid, and d) ethylene glycol containing sulphuric acid. Experimental data are shown with a scattered grey line, simulation by WVASE
software with solid line and by COMSOL software with solid lines and symbols.

show a strong agreement with the results of the IR ellipsometric
analysis.

3.3. Emissivity Spectra of AAO Nanostructures on Al Foils

The mid-IR complex refractive index data enables the model-
ing of critical properties such as mid-IR emissivity, which is
of significant interest in passive radiative cooling applications.
Therefore, the obtained n and « spectra of the AAO nanos-
tructures anodized in the four electrolytes are now used to
model the mid-IR emissivity of these AAO nanostructures on Al
foil.

Two approaches are followed: first, via ellipsometry, using
WVASE software to model the reflectance of a multilayer system
consisting of the patterned Al layer (see Figure S5, Supporting In-
formation), the AAO layer, and a roughness layer on top with the
values previously found during the ellipsometric analysis. Sec-
ond, the electromagnetic waves module of COMSOL software is
used to simulate the reflectance of a multilayer system of air, AAO
layer, and Al foil. As the transmission through the Al foil is ne-
glectable, the emissivity can be calculated as 1 — R.

Adv. Optical Mater. 2025, 13, 2401967 2401967 (9 Of14)

Figure 6 presents the results of both simulations along with
the experimental data of the mid-IR emissivity of the AAO nanos-
tructures on Al bulk anodized in the four different electrolytes.

Some differences in the fitting quality appeared when com-
paring AAO nanostructures on the Al foil anodized in the dis-
tinct electrolytes. In the cases of phosphoric acid, sulphuric acid,
and ethylene glycol containing sulphuric acid, two regions can
be distinguished: from 5 to 8 um and from 8 to 16 um. In the
first region, the roughness of the surface and the characteristic
dimensions of the AAO nanostructures are comparable to the
wavelength. Therefore, the associated error related to neglecting
these parameters will significantly affect the results; especially,
in the case of phosphoric acid, which provides the largest pore
diameter and interpore distance. Further details on error analy-
sis, including residual and mean square error (MSE) analysis of
both the mid-IR complex refractive index and the emissivity spec-
trum simulations, are provided in the Supporting Information
(Figures S6 and S7; Tables S1 and S2, Supporting Information).

The COMSOL simulation is noisier in this wavelength range
than the WVASE simulation, where the roughness was consid-
ered. The discrepancies between the WVASE simulation and the
experimental data are related to the low extinction coefficient of
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Figure 7. a) Optical characterization of reflectance and transmission spectra of a sapphire with a thickness of 2 mm. First approach to the mid-IR
b) refractive index and c) extinction coefficient spectra of the sapphire provided by the theoretical approximation along with the reference spectra.
d) Simulation of the emissivity spectrum using this approach to n and k spectra with COMSOL software, along with the experimental measurement.

the AAO nanostructures in this range, as the ellipsometric anal-
ysis loses accuracy under these conditions. In the second region,
a great fitting of the experimental data is achieved by both simu-
lations.

Meanwhile, when the anodization is performed in oxalic acid,
the COMSOL simulations overestimates the absorption due to
the oxalate ions inside Al have absorption ~8 um!?’! but the gen-
eral fitting achieved from the approximation of n and x is in great
agreement with the experimental data.

3.4. Applicability of the Theoretical Approximation to Other
Materials

In order to demonstrate the applicability of the theoretical ap-
proximation presented above, to explore its limits, and to assess
the quality of the provided n and x spectra, we selected several
materials, namely: sapphire, as single-crystal Al,O, and as exam-
ple of transparent metal oxide; polycarbonate as porous polymer;
and polyethylene terephthalate (PET) as a non-porous polymer.
Both polymers have high mid-IR emissivity, thus their n and «

Adv. Optical Mater. 2025, 13, 2401967 2401967 (10 of 14)

spectra have several peaks in this wavelength range, presenting
a challenge to the model.

Similar to the steps followed above, the required optical prop-
erties for the theoretical approach are exclusively the reflectance
and the transmission spectra of the material, which are directly
measured using a Fourier Transform IR (FT-IR) spectrophotome-
ter. The model used this input to generate an initial approxi-
mation of the mid-IR refractive index and the extinction coeffi-
cient of the material. To assess the quality of this initial approx-
imation of n and «, these spectra were used to simulated the
emissivity spectrum of each material with COMSOL software.
Figure 7 shows the analysis of a sapphire with a thickness of
2 mm.

The mid-IR reflectance of the sapphire remains ~0.1 from 5
t010.5 pm, it increases up to 0.9 at 11.5 um and remains between
0.9 and 1.0 up to 16 pm. The mid-IR transmission decreases from
0.75 to 0.0 from 5 to 7 um and remains around zero from 7 to
16 pm. These data allow the model to approximate the behavior
of the refractive index (Figure 7b) and the extinction coefficient
(Figure 7c) of the sapphire. Using the WVASE software database
as a reference, the first approach for n describes a good fit

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 8. a) Optical characterization of reflectance and transmission spectra of a porous polymer film of polycarbonate with a thickness of 0.1 pm. First
approach to the mid-IR b) refractive index and c) extinction coefficient spectra of the polycarbonate provided by the theoretical approximation along
with the reference spectra. d) Simulation of the emissivity spectrum using this approach to n and k spectra with COMSOL software, along with the

experimental measurement.

compared to the reference spectra, whereas the first approach
for k shows a large error between 7 and 11 um, where the ref-
erence remains close to zero and the approach found a different
solution ~0.6. However, it is worth noting that the uncertainty in
this region of x has little impact when the emissivity spectrum
is simulated by COMSOL software (see Figure 7d). The simula-
tion succeeds in reproducing the behavior of the experimental
data.

Figure 8 shows the analysis of a porous polymer film of poly-
carbonate with a thickness of 0.1 um.

This polymer film has an average mid-IR reflectance ~0.15,
with tiny oscillations between 0.05 and 0.25 from 5 to 16 um
(see Figure 8a). The transmission spectrum has several ab-
sorption bands, presenting a challenge to the model. The
refractive index from the WVASE software database shows
complex behavior, and while the main peaks in the refer-
ence spectrum are consistent with the approached n spec-
trum (the main peaks at 5.8, 6.8, 8.0, and 10.0 um in the
reference spectrum), further analysis is required for greater
accuracy. The approached kx shows a good agreement with

Adbv. Optical Mater. 2025, 13, 2401967 2401967 (11 0f14)

the reference spectrum. The simulated emissivity spectrum
(Figure 8d) compares favorably with experimental data, provid-
ing a first qualitative approximation despite some noise and
shift.

Figure 9 shows the analysis of a non-porous polymer film of
polyethylene terephthalate (PET) without nanopores. The PET
film thickness is ~#100 ym and the surface roughness is 7.2 nm.

The average reflectance of the PET film is 0.1, with a signif-
icant amount of noise observed in the spectra. Meanwhile, the
transmission spectra reveal two regions where T > 0.6, first, be-
tween 2.5 and 5.5 um, and second, between 14.5 and 16 pm. Addi-
tionally, there is a highly absorption region in the mid-IR range,
between 7 um and 10 um, where transmission is nearly zero.

This information is used as input data in the theoretical ap-
proximation to obtain the n and k spectra of the PET film, that
are shown in Figure 7b,c in blue squares. As there is no data avail-
able to compare these results, the same PET film was analyzed
by IRSE ellipsometry. The imaginary component of the complex
dielectric function of PET film was modeled using a linear com-
bination of 16 Gaussians oscillators (GenOsc layers) to fit all the

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

85U0|7 SUOWIWOD A0 8|edl|dde 8y Aq peuenob aie Ssolle O ‘8Sn JO S3INJ 10} A%eiq18UlUQ AB|IA UO (SUOIPUOD-PUR-SWLBHW0D A8 | 1M AleIq | Bu UO//:SdNY) SUORIPUOD pue swie | 81 88S *[6Z0z/c0/8T] Uo A%id1T8uliuo A8|1M ‘Z1peD 8 PepsRAIUN Aq L96TOYZ0Z WOpe/Z00T OT/I0p/W0A8| 1M Aeiq 1jeuluo"psoueApe//Sdny Wwouy pepeo|umoq ‘T ‘SZ0Z ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

a
10 T T T T T T T T T T T 10
09} = PET reflectance 40.9
o8l = = PET transmission los
0.7 L 407
° oy j
Q0.6 "r"l. H0.6
g ! '-\ll.Ill o
5051 ": :,— 0.5
Goalr Im v Joa
LT e ’
JI . 1]
0.3 % 2t b 4y 403
‘:‘ [ " ' ]
o2 o 'y 0.2
i ! 1 ]
: 0.1
o1 ! : lt .
0.0 R i 1 PR TY R 3T YR (Y 11 0.0
3 4 5 6 7 8 9 10 11 12 13 14 15
Wavelength (um)
C
12 T T T T T T T T T T T

= Keni

Approx k )

1.0

Extinction coefficient, x

3 4 5 6 7 8 9 10 11 12 13 14 15

Wavelength (um)

Transmission

www.advopticalmat.de

= Ny

Approx n

NG
~
T

Refractive index, n

1
6 7 8 9 10 11 12 13 14 15

Wavelength (um)

100

Emissivity (%)

m— Experimental
—0— Simulation -

7 8 9

10 11 12 13 14 15

Wavelength (um)

Figure 9. a) Optical characterization of reflectance and transmission spectra of a non-porous polymer film of polyethylene terephthalate (PET) with
a thickness of 100 um. First approach to the mid-IR b) refractive index and c) extinction coefficient spectra of the PET provided by the theoretical
approximation along with the ellipsometric analysis. d) Simulation of the emissivity spectrum using the approached n and k spectra with COMSOL

software, along with the experimental measurement.

spectra. Then, the Kramers-Kronig integration formula is used
to calculate the real part of the complex dielectric function. The n
and « spectra obtained by this ellipsometric analysis are shown
in Figure 9b,c in black solid lines.

Comparing both approaches to the n and « spectra, the main
structure is common. However, the approximated n spectrum
shows a noisier behavior and a shift is observed. In relation to
the approximated « spectra, the main peaks can be observed at
6, 8, and 9 um, but the intensity is lower. These differences can
Dbe attributed to the noisy and low reflectance of this polymer, the
surface roughness, and the thin thickness, which causes a signif-
icant back reflection.

As discussed above for the polycarbonate film, these chal-
lenging materials reveal the limits of the model. When the ap-
proached n and « spectra are used to simulate the emissivity
spectrum of a PET film, the results describe the complex be-
havior qualitatively, but further analysis is required to obtain
a quantitatively accurate simulation. However, this information
is useful to get an initial overview when characterizing a new
material.

Adv. Optical Mater. 2025, 13, 2401967 2401967 (12 Of14)

4, Conclusion

This study delves into the analysis of the mid-IR (3— 0 um) com-
plex refractive index of Anodic Aluminum Oxide (AAO) nanos-
tructures anodized in four different electrolytes. Two methodolo-
gies were employed: first, Infrared Spectroscopic Ellipsometry
(IRSE), and second, by theoretical modeling grounded on mul-
tilayer reflection and effective medium.

The refractive index (1) and the extinction coefficient (k) of the
AAO nanostructures were derived under four different anodiza-
tion conditions to examine the impact of the morphology and the
chemical structure on the optical parameters. It was found that
the extinction coefficient was influenced by the different ions in-
corporated inside AAO due to the use of different electrolytes dur-
ing anodization, while minor variations were observed in the re-
fractive index. The alterations in k spectra correspond with differ-
ent absorptions bands, which influence the emissivity in the mid-
IR wavelength range. The maximum values of k are observed
between 13 and 14 um, reaching 1.30, 1.24, 1.13, and 1.09 for
the AAO nanostructures anodized in phosphoric acid, oxalic acid,

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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sulphuric acid, and ethylene glycol containing sulphuric acid, re-
spectively. Even if these changes are small, their impact on IR
applications is significant and it is important to take them into
account.

When comparing the n and « obtained by several approaches
(ellipsometric analysis and theoretical approximation), a signifi-
cant agreement is achieved. Therefore, the proposed theoretical
approximation offers a quick and efficient outline of the mid-IR
complex refractive index using solely the thickness value and the
reflectance and transmission spectra of a material. These calcula-
tions prove useful to obtaining an initial and reliable approach to
n and k spectra, as demonstrated for AAO nanostructures. The
limits of this approach have been explored by analyzing a sap-
phire (a transparent metal oxide in the visible), a polycarbonate
film (a porous polymer membrane used in for example medical
applications), and a polyethylene terephthalate (PET) film (a non-
porous polymer film, which is the most common thermoplastic
polymer resin which is used in for example fibres for clothing,
containers for liquids and foods). Both polymers exhibit complex
optical behavior as they are active in the mid-IR, challenging the
theoretical approximation. The results show a useful qualitative
description when compared with the experimental data.

Lastly, the mid-IR emissivity spectra of the AAO nanostruc-
tures on Al foil were modeled using WVASE software and COM-
SOL software. The application of the previously derived n and «
spectra of free-standing AAO nanostructures resulted in a good
agreement with the experimental measurement. This study en-
courages the development of new simulations and models to ex-
plore promising micro and nano-optical materials for use in mid-
IR applications.
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