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Realization of High-Quality Optical Nanoporous Gradient-Index
Filters by Optimal Combination of Anodization Conditions+

Cheryl Suwen Law?b<, Siew Yee Lim#2<, Lina Liua9e, Andrew D. Abell™<f, Lluis F. Marsal*® and Abel
Santos b

High-quality nanoporous anodic alumina gradient-index filters (NAA-GIFs) are realized by sinusoidal pulse anodisation (SPA)
of aluminum. A three-level factorial design of experiments is used to determine the effect of three critical anodization
parameters —electrolyte temperature, concentration of electrolyte and anodization time— on the quality of light control in
these photonic crystal (PC) structures. Quantitative analysis of the effect of these anodization parameters on the quality of
the characteristic photonic stopband (PSB) of NAA-GIFs reveals that all three anodization parameters and their respective
combinations have statistically significant effects. However, anodization time is found to have the highest impact on the
quality of light control in NAA-GIFs, followed by the electrolyte concentration and its temperature. Our findings demonstrate
that NAA-GIFs fabricated under optimal conditions achieve an outstanding quality factor of ~86 (i.e. ~18% superior than that
of other NAA-based PCs reported in the literature). This study provides a new insights onto optimal anodization conditions
to fabricate high-quality NAA-based PC structures, opening new exciting opportunities to integrate these nanoporous PCs
as platform materials for light-based technologies requiring a precise control over photons such ultra-sensitive optical
sensors and biosensors, photocatalysts for green energy generation and environmental remediation, optical encoding and

lasing.

Introduction

Nanoporous anodic alumina (NAA) films fabricated by
anodization —electrochemically driven oxidation— of aluminum
have been extensively researched for metal finishing
applications such as surface finishing and decoration,
automobile engineering, corrosion protection and wear
resistance.! Fundamental aluminum anodization technology
underwent breakthrough developments after the seminal
works by Masuda and co-workers introducing the two-step
anodization process —anodization approach that makes it
possible to fabricate self-ordered NAA structures under mild
anodization (MA) conditions (i.e. moderate electrolyte
temperature and anodizing voltage/current density).2 This
milestone discovery boosted intensive research activity in NAA
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technology, spreading the applicability of this unique

nanomaterial across multiple disciplines such as
nanofabrication®$, separation and filtration”-8,
electromagnetism?19, chemo- and biosensing-12,

photonics!34 and electronics!>18, Since then, numerous studies
explored various anodization strategies and conditions to tailor-
engineer the nanoporous structure of NAA for specific
applications.!” The pioneering works by Lee and co-workers on
hard anodization (HA) and MA-HA pulse-like anodization
opened new opportunities to directly and precisely translate
anodizing voltage or current density pulses into in-depth
modulations of nanopore diameter in NAA.18-23 pylse-like
anodization was envisaged as an effective approach to
overcome the electrically and ionically insulating nature of the
oxide barrier layer located at the bottom of NAA.2425 However,
MA-HA pulse anodization has limited controllability due to the
fast and thickness-dependent nanopore growth rate under HA
regime, and the extensive generation of Joule’s heat, which
often leads to catastrophic burning and cracking of the NAA
film.28

Although less pulse-like
anodization performed under MA conditions provides much
controlled conditions to modulate the inner porosity of NAA in
depth.26 This approach enabled exciting opportunities to
generate a wide variety of NAA-based multi-dimensional
photonic crystal (PC) structures. Recent efforts in pulse
anodization have demonstrated the realization of NAA-PC
structures such as multi-layered Fabry-Pérot interferometers
(NAA-FPIs), distributed Bragg reflectors (NAA-DBRs), gradient-

time-efficient, alternative
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index filters (NAA-GIFs), bandpass filters (NAA-BPFs), optical
microcavities (NAA-uCVs) and photonic tags.2’-34

NAA-PCs are composite photonic structures made up of air
and alumina (aluminum oxide — Al,03).26 The effective refractive
index of NAA-PCs —average refractive index resulting from the
relative fractions of NAA’s individual components— can be
engineered by a variety of pulse-like anodization strategies to
generate specific structural arrangements for harnessing
different forms of light—matter interactions (e.g. light
confinement and recirculation, light filtering and lasing, light
encoding).2® Typically, the optical spectrum of NAA-PCs is
characterized by a photonic stopband (PSB), which denotes
those spectral regions within which light propagation is
inhibited by the PC structure.35-37 The intrinsic relationship

Sinusoidal Pulse Anodization

Anodization Parameters

PAPER

between inner porosity and effective refractive index.in HAA
makes it possible to tailor-engineer theDfeatdresof NWRNLPES
PSB (e.g. central wavelength position, full width at half
maximum, intensity) by structural engineering via anodization.
Spatial distributions of the refractive index of individual
components in NAA-PCs (i.e. ng;, = 1.00 RIU and ns,05 ~1.77 RIU)
can be mechanistically described by different effective
refractive index models such as Bruggeman, Maxwell-Garnett,
Lorentz—Lorenz and Looyenga—Landau-Lifshitz.38  Pulse
anodization has been demonstrated as an optimal
nanofabrication approach to modulate the PSB’s features with
versatility across the spectral regions —from UV to NIR— using a
variety of pulse anodization modalities such as sinusoidal,
stepwise, apodized sinusoidal and stepwise, and sawtooth.
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Fig. 1 Fabrication, structural composition and optical features of NAA-GIFs. (a) Representative sinusoidal pulse anodization (SPA) profile used to produce NAA-
GIFs under current density control conditions (left), and graphical definition of anodization parameters (right) — current density amplitude (4,), current density
offset (Jogser), current density maximum (Jpq), current density minimum or offset (Jymin = Jogsee) and anodization period (T,) (NB: NAA-GIF fabricated with A, =
0.420 mA cm, Jogzser = 0.280 mA cm= and T, = 700 s in 1 M H,S0O, electrolyte at —2 °C for 15 h). (b) lllustration showing the idealized structure of NAA-GIFs with
a graphical description of the main geometric features including period length (L7,), pore length (L,) and pore diameter (D,) (left), and representative top and
cross-sectional FEG-SEM view images of a NAA-GIF with nanopore modulations in the magnified cross-sectional view (right) (NB: NAA-GIF fabricated with A, =
0.420 mA cm™2, Jogeee = 0.280 mA cm™ and T, = 700 s in 1 M H,SO, electrolyte at —2 °C for 15 h) (scale bar = 500 nm). (c) Optical transmission spectra of a
representative NAA-GIF showing details of its photonic stopband (PSB) (left), and a graphical definition of its features — position of central wavelength (Apsz),
full width at half maximum (FWHM.psg), intensity (/psg) and baseline (yo) (NB: NAA-GIF fabricated with A; = 0.420 mA cm™2, Jyee = 0.280 mA cm=2and 7, =700 s
in 1 M H,SO, electrolyte at -2 °C for 15 h).

Of all NAA-PCs structures, NAA-GIFs produced by sinusoidal biosensing!®'2,  optical encoding?®4!, lasing®?>43, light

pulse anodization feature a characteristically well-resolved,
intense, narrow PSB associated with a smooth and periodic
modulation of effective refractive index in depth, which is ~rt/4
narrower than that of their quarter-wave NAA-DBR analogues.3®
Well-resolved and narrow PSBs are desirable for different light-
based applications requiring a precise control over
electromagnetic waves such as optical sensing and

This journal is © The Royal Society of Chemistry 2019

filtering®4> and photocatalysis*48. Recent developments in
pulse anodization technology have aimed at improving light
control quality of NAA-PCs. Optimal structural engineering of
NAA-uCVs has shown that these NAA-PCs can achieve
outstanding light-confining capabilities, with resonance bands
achieving unprecedented quality factors as high as 1134° and
17059, A variety of sinusoidal pulse anodization strategies have

Nanoscale, 2019, 00, 1-3 | 2
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been explored to improve the quality of light control in NAA-
GIFs, including implementation of apodization functions into
anodization profiles5! and application of anodizing voltage as a
function of optical path length32. NAA-GIFs produced by these
and other approaches have achieved high-quality PSBs, with
quality factors of 273, 3927, 435455 6551 and 70%2.

Despite these advances, there remain fundamental and
practical questions about rational design of pulse anodization
conditions that can maximize the quality of light control in NAA-
GIFs. In this scenario, we present a comprehensive study on the
optimization of light control quality in NAA-GIFs produced by
sinusoidal pulse anodization (SPA) (Fig. 1a). A three-level
factorial design of experiments is used to determine and
quantify the effect of three critical anodization parameters —
anodization time, electrolyte temperature and concentration of
electrolyte— on the PBS’s quality of NAA-GIFs (Fig. 1b). The
effect of these anodization parameters and their respective
combinations on the optical features the characteristic PSB of
NAA-GIFs (i.e. position of central wavelength, full width at half
maximum, intensity, quality factor) is quantified and statistically
assessed (Fig. 1c). This study provides new insights into
anodization conditions for producing high-quality NAA-PCs,
opening new opportunities to spread the applicability of these
PC structures across a variety of light-based technologies.

Experimental Section
Materials

Al foils (99.9997% purity and 0.32 mm thick) were supplied by
Goodfellow Cambridge Ltd. (UK). Perchloric acid (HCIO,4), copper (Il)
chloride (CuCly), hydrochloric acid (HCI) and phosphoric acid (H3PO,4)
were supplied by Sigma-Aldrich (Australia). Sulfuric acid (H,SO,4) and
ethanol (EtOH, C,HsOH) were purchased form ChemSupply
(Australia). All the chemicals were used as received, without further
purification steps. Aqueous solutions used in this study were
prepared with ultrapure Milli-Q® water (18.2 MQ cm).

Nanoscale

Fabrication of NAA-GIFs View Article Online

NAA-GIFs were produced by SPA diidel0 EUtr&riNénsity
control conditions.5® Before anodization, 2.25 cm? square Al
chips were sonicated in ethanol and water for 15 min each,
dried under air stream, and electropolished in a mixture of EtOH
and HCIO4 4:1 (v:v) at 20 V and 5 °C for 3 min. Electropolished
Al chips were anodized in an electrochemical reactor with
controlled temperature and stirring rate (~300 rpm), using
aqueous solutions of H,SO4 as acid electrolyte. The composition
of the electrolyte was modified with 25 v% of EtOH to prevent
it from freezing at sub-zero temperatures.5’:58 The electrolyte
temperature was kept constant during anodization, using
custom-built cold plate systems connected to high-
performance refrigerated circulators model AC150-A25
(Thermo Fisher Scientific, Australia). The SPA process started
with a constant current density step at 1.120 mA cm~2 for 10
min to form a thin nanoporous oxide layer and achieve a
homogeneous pore growth rate prior to SPA. The anodization
process was then switched to SPA mode, where the current
density was sinusoidally pulsed between high (J;,ax = 1.120 mA
cm™2) and low (Jmin = Jofrser = 0.280 mA cm2) levels. Current
density—time SPA profiles were generated by a custom-
designed LabVIEW®-based software according to Eq. 1, using
Keithley 2400C and 2612B sourcemeters (Keithley Instruments,
USA):

J(t) = 4; x [sin(%x t)+ 1] +Joffset (1)

where J(t) is the current density at a given time t, A, is the
current density amplitude, Tp is the anodization period (defined
as the time between consecutive sinusoidal pulses), and Jogse: is
the current density offset (graphical description of the SPA
parameters shown in Fig. 1a).

Table 1. Experimental matrix summarizing the fabrication conditions used to produce the nanoporous anodic alumina gradient-index filters (NAA-

GIFs) assessed in this study.

[H250,] (M)
tan (h) Ton (°C) 1.0 1.5 2.0 2.5
10 2 NAA-GIFy0, 10 NAA-GIF15, 15 NAA-GIF 5520 NAA-GIF 5555
0 NAA-GIF15010 NAA-GIF150,15 NAA-GIF15020 NAA-GIF15025
-2 NAA-GIF15 510 NAA-GIFy, 515 NAA-GIF15 520 NAA-GIFy, 555
15 2 NAA-GIFs, 10 NAA-GIFs 15 NAA-GIF;s55.0 NAA-GIF;s5535
0 NAA-GIF;s010 NAA-GIF;s015 NAA-GIF10020 NAA-GIF;s025
-2 NAA-GIF3s 510 NAA-GIF3s 515 NAA-GIF s 520 NAA-GIF3s 555
20 2 NAA-GIFy010 NAA-GIFy5 15 NAA-GIFy550 NAA-GIFy555
0 NAA-GIF30010 NAA-GIFy00,15 NAA-GIFy5020 NAA-GIF0025
-2 NAA-GIF20,210 NAA-GIF, 515 NAA-GIF0,3.0 NAA-GIFy0, 555

Optimization of NAA-GIFs

To assess the effect of the main anodization parameters on
the quality of NAA-GIFs, the anodization time (t,,), the
electrolyte temperature (T,,) and its concentration ([H,SO,]),
were systematically varied, from 10 to 20 h, from —2 to 2 °C, and
from 1.0 to 2.5 M, respectively. Table 1 summarizes the
combination of fabrication conditions used to produce the NAA-

This journal is © The Royal Society of Chemistry 2019

GIFs assessed in this study, with a total library of 36 NAA-GIFs
labelled as NAA-GIF ., 1an 2504 according to tgn, Ton and [H,S0,].
The rest of anodization parameters were fixed at A, = 0.420 mA
cmM2, Joser = 0.280 mA cm=2 and T, = 700 s. The quality factor of
NAA-GIFs’ PSB —ratio of central wavelength position to its full
width at half maximum— was used as the reference parameter

Nanoscale, 2019, 00, 1-3 | 3
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to assess the quality of light control in NAA-GIFs, as described in
Eq. 2:

_ Apsp
QPSB ~ FWHMpgp (2)

where Apsg is the PSB central wavelength position and FWHMps; its
full width at half maximum (graphical description shown in Fig. 1c).
An analysis of variance (ANOVA) for a three-level factorial design
of experiments (DoE) was used to investigate both individual and
combined effects of t,, T,, and [H,SO,] on the Qpsz of NAA-GIFs,
using the experimental matrix show in Table 1.5° Seven null
hypotheses with a;, 8; and y, quantifying the effects of t,, T,, and
[H,S0,4] on Qpss, respectively, were tested by ANOVA as follows:

(i)  Ho, aj=0—there is no significant effect of t,,on Qpsg;
(i) Hy, 8;=0—there is no significant effect of Ty, 0n Qpss;
(iii)  H,, yx = 0—there is no significant effect of [H,SO,] on Qpsg;

(iv) Hs, (a-8); = 0 — there is no significant effect of t,, T,
interaction on Qpsg;

(v)  Hg, (a-y)i = 0 — there is no significant effect of t,,[H,SO.,]
interaction on Qpsg;

(vi)  Hs, (B-y)jk = 0 — there is no significant effect of T,,"[H,50,]
interaction on Qpsg;

(vii) He, (a-B-p)jx = O — there is no significant effect of
tan Tan'[H250,4] interaction on Qpss.

If these hypotheses were rejected, the following alternative
hypotheses would be accepted:

(i*) Ho", a; # 0 —there is significant effect of t,,0n Qpsg;
(ii*) Hi", 6;# 0 —there is significant effect of T,,0n Qpss;
(iii*) Hy", vk # 0 — there is significant effect of [H,50,] on Qpss;

(iv¥) H3", (a-8); # 0 — there is significant effect of tgnTan
interaction on Qpss;

(V¥) Ha", (a-p)ix # 0 — there is significant effect of t,,"[H,SO,]
interaction on Qpsg;

(vi*) Hs’, (B-¥)ix = O — there is significant effect of Ty, [H,SO4]
interaction on Qpsg;

(vi*) H", (aBy)jx # O — there is no significant effect of
tan*Tan'[H250,4] interaction on Qpsg.

Optical Characterization of NAA-GIFs

Prior to optical characterization, a circular transparent
window of ~5 mm in diameter was created on the backside of
NAA-GIFs by selective chemical etching of the remaining
aluminum substrate in a saturated solution of HCI-CuCl,, using
a Viton® etching mask. Transmission spectra of NAA-GIFs were
acquired at normal incidence (i.e. ¢ = 0°) from 200 to 800 nm
with a resolution of 1 nm and a 5 nm slit, using a UV—visible
spectrometer (Cary 300, Agilent, USA). Transmission spectra of
NAA-GIFs were processed in OriginPro 8.5® to quantify the
features of the characteristic PSB (i.e. Apsg, Ipsg, FWHMpsg and
Qpsg) from Gaussian fittings, using the upper lobe of the PSB as
baseline (yy). The interferometric color displayed by NAA-GIFs

This journal is © The Royal Society of Chemistry 2019

was characterized by digital images acquired by g.GCananEQS
700D digital camera equipped with a TdMtoR SPHMNE2082GC
USD macro mount lens with an autofocus function under
natural illumination, using a black background.

A set of NAA films produced under constant current density
control conditions were used to characterize the effective refractive
index of the different layers of NAA forming the structure of NAA-
GIFs. These films were fabricated under the same conditions used to
produce the most optimal NAA-GIFs (i.e. T, = —2 °C, and [H,S50,] =
1.0 M) but at varying current density input, from 0.280 to 1.120 mA
cm™2 with 4/ =0.210 mA cm™2. These NAA films were produced for a
fixed total charge density (i.e. integrated current density per unit
area and time) of 5 C cm™, and then left immersed in the H,SO,
electrolyte for a fixed time (i.e. 0, 5, 10, 15 and 20 h) after completion
of anodization. Reflection spectra of these NAA films at varying angle
of incidence (3 = 15° 25° 35° and 45°) were acquired using a
miniature visible optical fiber spectrometer (FLAME-T-VIS-NIR-ES,
Ocean Optics, USA) coupled to a variable angle reflection stage (RSS-
VA, Ocean Optics, USA) and to a tungsten light source (LS-1LL, Ocean
Optics, USA) (schematic of setup system shown in Fig. S1 — ESI). NAA
films were illuminated with white light over a spot size of ~2 mm in
diameter, and reflected light was collected and guided to the
miniature spectrometer by optical fibers (QP200-2-UV-VIS, Ocean
Optics, USA). Reflection spectra were acquired from 400 to 900 nm,
with an integration time of 10 ms and 20 average measurements, and
processed by applying fast Fourier transform (FFT) using IgorPro®
(Wavemerics, USA) to estimate the effective optical thickness (OTg)
of these films according to Eq. 3:

OTeff= 2nefprcos 0 (3)

where OT4is the effective optical thickness of the NAA film, ng
is its effective refractive index, L, is its physical thickness and ¢
is the angle of incidence of light.

Structural Characterization

The structural features of NAA-GIFs and NAA films were
characterized using a field emission gun scanning electron
microscope (FEG-SEM FEI Quanta 450). FEG-SEM images were
analyzed in Imagel) to establish the characteristic geometric
features of NAA-GIFs.50

Results and Discussion
Fabrication and Structural Characterization of NAA-GIFs

Fig. 1b shows representative top and cross-sectional FEG-
SEM images of NAA-GIFs fabricated in this study. Top view FEG-
SEM images reveal a random but homogenous distribution of
nanopores across the surface of NAA-GIFs, with an average
nanopore diameter (D,) of 9 + 1 nm. The magnified cross-
sectional view FEG-SEM image shows that the structure of NAA-
GIFs is made of stacked layers of NAA, which correspond to each
sinusoidal pulse in the SPA profile. The length of each NAA layer
with sinusoidally modulated effective refractive index, defined
as period length (Ly,), is established by the anodization period
(T,) applied during the SPA process. FEG-SEM images analysis
established a L7, of 0.17 £ 0.01 um in NAA-GIFs fabricated with

Nanoscale, 2019, 00, 1-3 | 4
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T,=700s, A;=0.420 mA cm=2 and Jygser = 0.280 mA cm2 in 1.0
M H,S0O, electrolyte at —2 °C.

Qualitative Analysis of the Effect of t,,, T,, and [H,SO,] on the
Features of the PSB of NAA-GIFs

Fig. 2 shows the effect of the anodization time (t;,) on the
optical transmission spectra of representative NAA-GIFs
produced with T, =700, T,, = 0°C, [H,50,] = 1.5 M and varying
tan, from 10 to 20 h with At,, = 5 h. The anodization conditions
used in our study —highly concentrated sulfuric acid electrolyte
at low temperature— enable the precise modulation of internal
porosity of NAA by the sinusoidal current density input. The
anodization profiles shown in Figs. 2a—c demonstrate that the
current density input is translated into a voltage output that
follows the input pattern precisely. Analysis of these

Anodization Profile
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anodization profiles reveals that, upon modification;@fothe
current density input, the voltage outpd®/uRdergoesNBIehort
recovery time (i.e. average recovery time ~4-20 s).'? This is
attributable to the enhanced ionic and electronic conductivity
across the oxide barrier layer in highly concentrated H,SO,4
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Fig. 2 Anodization profiles (left) and full optical transmission spectra (center) of NAA-GIF515, NAA-GIFi5015 and NAA-GIF,g; 5 produced with varying
anodization time (t,,), with insets showing digital images with details of the interferometric color, and magnified view of the PSB of these NAA-GIFs with details
of its optical features (right). (a) NAA-GIF 5415 produced with t,, = 10 h. (b) NAA-GIF;5 1 5 produced with t,, = 15 h. (c) NAA-GIF;04 15 produced with t,, = 20 h.
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From the optical transmission spectra shown in Figs. 2a—c, it
is apparent that t,, has a significant effect on the characteristics
of the PSB of NAA-GIFs. Table 2 summarizes the main optical
features of the PSB of NAA-GIFig015, NAA-GIF;50,15 and NAA-
GlIF0,015 (i-€. Apss, FWHMpsg, lpsg and Qpsp). It is observed that
Apsg blue-shifts its position exponentially with t,, (1psg = 618 +
830( Jelten/3.7) with Apsg = 674 + 7, 632 + 6 and 621 + 6 nm for
ten = 10, 15 and 20 h, respectively. This analysis also indicates
that FWHM sz undergoes a linear broadening with increasing t,,
at a rate of 3.5 £ 0.1 nm h™l. FWHMpsg for NAA-GIF100,1.5, NAA-
GlIFi5,0,1.5 and NAA-GIF,g 0,15 estimated from Gaussian fittings
shown in Figs. 2a—cwere 8.8 +2.1,27.0+1.3and 44.2+£2.2 nm,
respectively. The anodization time also affects the intensity of
the PSB in NAA-GIFs, increasing from 28.4 + 1.4 to 43.1 + 2.2%
for t,, = 10 and 15 h, and slightly decreasing from 43.1 £ 2.2 to
37.9 + 1.9% when t,, is extended from 15 to 20 h. Analysis of
the quality factor of these NAA-GIFs reveals that, in principle,
short anodization times are more suitable to achieve high Qpsg
values. NAA-GIF1g 015, NAA-GIF;5,0,1.5 and NAA-GIF,0 0,15 achieve
Qpsg values of 76.7 £ 3.8, 23.5 + 1.9 and 14.0 + 1.7, respectively.
For this set of NAA-GIFs, Qpsg decreases exponentially with t,,
according to Qpsg = 12 + 2031 (] el-tan/29),

Table 2. Summary of total thickness (L,), position of central wavelength
(Apss), full width at half maximum (FWHM,sg), intensity (/5s5) and quality
factor (Qpsg) of NAA-GIFs fabricated by SPA in [H,SO,] = 1.5 M and T,, =
0 °C, with varying anodization time (t,, = 10, 15 and 20 h).

NAA-GIF

Optical Feature  NAA-GIF150:s NAA-GIFis5:5 NAA-GIFy01s

L, (mm) 11.2+0.6 16.8 +0.8 224+1.1
Apsg (nm) 674.0+ 6.7 632.1+6.3 621.1+6.2
FWHM sz (nm) 8.8+2.1 27.0£13 442+22
Insg (%) 28.4+1.4 43.1+2.2 37.9+1.9
Qpss 76.7 £3.8 235+1.9 14.0+1.7

Fig. 3 presents a comprehensive summary of the combined
effect of t,,, Tan and [H,SO,4] on the features of the characteristic
PSB (i.e. Apsg, FWHMpsg, Ipsg and Qpsz) of NAA-GIFs produced by
SPA (Table 1). Figs. S2—S4 (ESI) compile full optical transmission
spectra of NAA-GIFs with details of their PSB as a function of
these three fabrication parameters. Fig. 3a shows the combined
effect of T,, and [H,SO,] on the PSB of NAA-GIFs produced with
tsn = 10 h. It is apparent that Apsg remains relatively constant,
with a slight fluctuation around an average value of 689 + 24 nm
at the upper visible spectral range (~650-730 nm), within the
range of T,, and [H,SO,] (i.e. from =2 to 2°C, and from 1.0 to 2.5
M, respectively). A slight blue shift in average Apsz is observed
with increasing [H,SO,], which can be attributed to a faster
dissolution rate of alumina with increasing acid electrolyte
concentration. However, it is not possible to discern any trend
in Apsg with varying T,, from this graph. Qualitative analysis of
the combined effect of T,, and [H,SO,] on the FWHM sz of NAA-
GIFs produced with t,, = 10 h indicates that low electrolyte
concentrations are more suitable fabrication conditions to

This journal is © The Royal Society of Chemistry 2019

produce NAA-GIFs with narrow PSB. The average spectralwidth
of the PSB is narrowed when the electroRté0¢8ARErr8tioncis
increased from 1.0 to 1.5 M (i.e. average FWHMpsg =18 + 5 and
10 + 2 nm, respectively), and it broadens with increasing [H,S0,]
from 1.5 to 2.5 M (i.e. average FWHMpsg = 10 £ 2 and 25 + 16
nm, respectively). It is apparent that this broadening of the PSB
is weak at low electrolyte temperatures (T,, =—2 and 0 °C) and
significantly prominent at relatively high electrolyte
temperatures (T,, = 2 °C). Highly concentrated acid electrolyte
at high temperature increases the dissolution rate of Al,03. The
differential dissolution rate of NAA layers produced at different
current density enhances the refractive index contrast between
layers of NAA forming the structure of NAA-GIFs. As a result,
incoming photons are scattered more efficiently as they flow
through the PC structure, broadening the characteristic PSB.6%-
61 This graph also reveals that the intensity of the PSB in the
transmission spectrum of NAA-GIFs (/psg) is weak and remains
relatively constant, with a narrow fluctuation around an
average value of 24 + 7%. Analysis of the quality factor of NAA-
GIFs produced at t,, = 10 h with varying T,, and [H,50,] indicates
a maximum Qpgs of 79.7 + 4.0 at 0 °C and 2.0 M. It is apparent
that T,, = 0 °C is the most optimal electrolyte temperature to
achieve high Qpsg for [H,S0,4] < 2.5 M, with increasing Qpsg from
1.0 to 2.0 M (i.e. Qpsg = 55.5+ 2.8, 76.7 £ 3.8 and 79.7 + 4.0 for
[H,S0,4] = 1.0, 1.5 and 2.0 M, respectively). However, at T,, =0
°C the quality factor of NAA-GIFs is dramatically worsened when
the electrolyte concentration is increased to 2.5 M, achieving a
minimum value of to 19.4 + 1.0. The quality factor of NAA-GIFs
produced at T,, = -2 and 2 °C follows a similar trend, with a
significant enhancement from 1.0 M to 1.5 M (i.e. maxima of
Qpsg = 71.9 + 3.6 and 53.1 + 2.7, respectively) and a sharp
decrement for [H,S0,] > 1.5 M. Qualitative analysis of the two
main parameters establishing the quality factor of NAA-GIFs
produced with t,, = 10 h (i.e. Apsg and FWHM ;) indicates that
Qpsp relies strongly on FWHM,sg, since Apsg remains relatively
constant under such T,, and [H,50,] conditions.

The effect of T,, and [H,SO,] on the PSB of NAA-GIFs
produced with t,, = 15 h is shown in Fig. 3b. It is apparent that
Apsg remains relatively constant at an average value of 660 + 37
nm, although its fluctuation within the range of 7,, and [H,50,]
is slightly higher and blue-shifted than that of NAA-GIFs
produced with t,, = 10 h, as indicated by the average Apsz and
its standard deviation. Analysis of FWHM,ss reveals that a
combination of increasing T,, and [H,SO,] broadens the PSB of
NAA-GIFs. However, the effect of the acid electrolyte
concentration on FWHMpsg is found to be much more significant
with increasing T,,, following a linear increment with [H,SO,] at
Tan =—2°C, and a gradually increasing exponential growth at T,
= 0 and 2 °C. Dependence of FWHM;sg on T,, and [H,SO,] is
stronger in NAA-GIFs produced with t,, = 15 h than that of their
analogues fabricated with t,, = 10 h. This effect is attributable
to a combination of extended exposure time to the electrolyte
solution, and a faster dissolution rate of Al,03; with increasing
T.n and [H,50,]. It is observed that /psg of NAA-GIFs produced
with t,, = 15 h undergoes a slight linear increment with [H,SO,]
for T,, =2 and 0 °C, with respective linear rates of 16.6 + 1.2 and
1.0 £ 4.4 % M1, and a moderate decrement with [H,SO,] for T,,
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=-2°C (i.e. —3.6 £ 5.3 % M™). NAA-GIFs produced with t,, = 15
h have an average /psg of 38 + 7 %, which is a ~58 % superior
than that estimated for their NAA-GIF counterparts fabricated
with t,, = 10 h. Analysis of Qpsg With varying T,, and [H,SO,]
indicates that NAA-GIFs fabricated with t,, = 15 h achieve an
outstanding maximum Qpsg of 85.5 + 4.3 at -2 °C and 1.0 M.

PAPER

However, increasing T, and [H,SO,] have a detrijmental effect
on Qpss. Increasing electrolyte temperatifd: ARd0EHREHEATIOR
worsen the quality of the PSB dramatically due to excessive
broadening of the PSB, which is attributable to over-etching of
the NAA-GIF structure.
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Fig.3 Combined effect of anodization time (t,, from 10 to 20 h), electrolyte temperature (T,, from —2 to 2 °C) and concentration (/H,SO,] from 1.0 to 2.5 M) on
the optical features of the PSB (position of central wavelength — A,s5; full width at half maximum — FWHM ,; intensity /ps; quality factor — Qpgs) of NAA-GIFs
produced by sinusoidal pulse anodization (SPA). (a) Combined effect of T,, and [H,S0,] on the features of the PSB of NAA-GIFs fabricated with t,, = 10 h. (b)
Combined effect of T, and [H,SO,] on the features of the PSB of NAA-GIFs fabricated with t,, = 15 h. (c) Combined effect of T,, and [H,SO,] on the features of

the PSB of NAA-GIFs fabricated with t,, = 20 h.

Fig. 3c describes the optical characteristics of NAA-GIFs
fabricated with t,, = 20 h, and varying T,, and [H,SO,]. The PSB
of these NAA-GIFs fluctuates across the yellow-orange spectral
region (i.e. ~580—650 nm), with an average Apsg of 637 + 43 nm.
Qualitative analysis indicates that Apsg blue-shifts its position
with increasing T,, and [H,SO4]. Comparison with NAA-GIFs
produced with shorter anodization time (i.e. t,, = 10 and 15 h)
reveals a higher fluctuation of Apsz around the average value of
Apsg Within the range of T, and [H,SO,]. It is also confirmed that
increasing anodization time blue-shifts Apss, from 689 + 24 nm
to 637 £ 43 nm for t,, = 10 and 20 h, respectively. Analysis of
the FWHM,psz of these NAA-GIFs indicates a dramatic
broadening of the PSB with increasing [H,SO,] at T,, = 0 and 2
°C, which becomes more prominent at higher electrolyte
temperature. However, broadening of the PSB can be
prevented when the electrolyte temperature is set at T, = -2
°C, maintaining a narrow average FWHMsg of 19.2 + 6.6 nm for
[H>SO,4] = 1.0-2.5 M. Qualitative analysis of /psz in NAA-GIFs

This journal is © The Royal Society of Chemistry 2019

produced with t,, = 20 h reveals that an extended anodization
time of 5 h does not have a significant impact on this optical
parameter. The average /psg of NAA-GIFs fabricated with t,, = 20
his 37.0 £ 8.3 %, which is statistically the same than that of their
NAA-GIF counterparts produced with t,, = 15 h (i.e. 38 + 7 %).
The quality factor of NAA-GIFs fabricated with t,, = 20 h and
varying T,, and [H,SO,4] shows a similar trend than that observed
for NAA-GIFs fabricated with t,, = 15 h. NAA-GIFs fabricated
with T,, = =2 °C and [H,SO,] = 1.0 M achieve the highest Qpsg
(i.e. 63.1 + 3.2) at t,, = 20 h. However, it is apparent that a
combination of increasing T,, and [H,SO,] worsens the quality
of NAA-GIFs dramatically. It can also be observed that this effect
is more prominent at higher T,,. Analysis of the average Qpgs of
NAA-GIFs produced with t,, = 20 h further demonstrates that
extended anodization time worsens the quality of NAA-GIFs,
with an average Qpgs = 21.4 + 15.9, which is ~52 % and ~30 %
lower than that of NAA-GIFs fabricated with t,, = 10 and 15 h,
respectively.

Nanoscale, 2019, 00, 1-3 | 7
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Another interesting optical property of NAA-GIFs is their
interferometric color, which is associated with the position and
intensity of their characteristic PSB. Figs. 3 a—c show that NAA-
GIFs produced with t,, = 10-20 h, T,, = —2-2 °C and [H,50,] =
1.0-2.5 M feature a well-resolved PSB within the upper—-middle
range of the visible spectral region (i.e. ~585—750 nm). Figs. 4a—
c compile a set of representative digital images of these NAA-
GIFs. At first glance, it is apparent that NAA-GIFs produced with
t.n = 10 h are transparent (Fig. 4a).
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Fig. 4 Digital images of NAA-GIFs fabricated by SPA with varying
anodization time (t,,), electrolyte temperature (T,,) and concentration
([H,S0,4]). (a) NAA-GIFs produced with t,, = 10 h, and T,, = —2-2 °C and
[H,SO,] = 1.0-2.5 M. (b) NAA-GIFs produced with t,, =15 h, and T,, = —
2-2 °C and [H,S50,] = 1.0-2.5 M. (c) NAA-GIFs produced with t,, = 20 h,
and T,,=—-2-2°Cand [H,S0,] =1.0-2.5 M.

2°c

Although the PSB of these NAA-GIFs is located within the
upper section of the visible spectrum (Apszg ~650—730 nm), the
intensity of the PSB is relatively weak (/psg = 24 £ 7%). As a result,
light reflection by these PC structures is not efficient enough to

This journal is © The Royal Society of Chemistry 2019
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generate interferometric color. Fig. 4b shows digital, images,af
NAA-GIFs fabricated with t,, = 15 hPdeMEhstiatingOThst
interferometric color raises with increasing anodization time.
Some of these NAA-GIFs feature orange—red color (i.e. NAA-
GIF1s 215 NAA-GIFisg1s, NAA-GIFi5:,0 and NAA-GIFis,,5s).
The position of the PSB of these PCs is also within the upper
section of the visible spectrum (Apsg ~630—735 nm). However,
the average intensity of the PSB of these NAA-GIFs (/psg =38 £ 7
%) is higher than that of their NAA-GIF analogues produced with
shorter anodization time. The interferometric color displayed
by these NAA-GIFs is attributable to efficient reflection of
incident light at those spectral regions that correspond with the
position of the PSB. Digital images of NAA-GIFs fabricated with
tun = 20 h further confirm that interferometric color raises and
achieves more vivid intensity with increasing t,, (Fig. 4c). NAA-
GIFs produced with t,, = 20 h display vivid interferometric
yellow, orange and red color, with the exception of NAA-GIFyo -
21.00 NAA-GIF 30 9 1.0, NAA-GIF2q 5 1 0 and NAA-GIFy0 1 5, which are
transparent. The PSB of these PCs is in the upper—-middle
section of the visible spectrum (Apsg ~580—650 nm), with an
average lpsg =37.0 £ 8.3 %.

To summarize, qualitative analysis on the combined effect
of t,,, Tanand [H,SO,4] on the optical features of the PSB of NAA-
GIFs indicate that a combination of short t,, with low T,, and
[H,S0,] are more suitable anodization conditions to fabricate
high quality NAA-GIFs. Our findings indicate that an optimal
design of anodization conditions is critical to fabricating NAA-
GIFs with high quality factors. Five NAA-GIFs fabricated in this
study provide state-of-art quality factors, including NAA-GIFo -
215 NAA-GIF10015, NAA-GIF10020, NAA-GIFys 510 and NAA-
GlIF20-21.0, With Qpsg = 71.9 * 3.6, 76.8 + 4.0, 79.7 * 4.0, 85.5 +
4.3 and 63.1 £ 3.2, respectively.

Quantitative Analysis of the Effect of t,,, T,, and [H,SO,] on the
Quality of NAA-GIFs

A three-way analysis of variance (ANOVA) was used to
statistically quantify the effect of t,,, T,, and [H,SO4] on the
quality of NAA-GIFs, using Qpsg as reference variable. In this
analysis, hypotheses Hy, Hy, H,, Hs, Hy, Hs and Hg were assessed
by comparing values of F, (i.e. test statistic calculated from
ANOVA table; Table S1 — ESI) with the corresponding F-
distribution values for a significance level of 95 %.58 ANOVA
results summarized in Table 3 indicate that hypotheses Hg, H;
and H, are rejected, since their individual F, values are much
greater than those of their respective F-distribution, with Fy_,,
= 1356.0 > Fo05,272 = 2.4, Fo_tan = 1032.3 > Fo 5272 = 2.4, and Fo_
Hz0s4) = 816.3 > Foos372 = 2.2. Therefore, their alternative
hypotheses Hy", H;" and H," are accepted, revealing that the
individual effect of these anodization parameters over Qpsp is
statistically significant. Hypothesis Hs, H4 and Hs represent the
two-way interactions between t,,, T,,and [H;SO,] (i.e. ty, [ Tgp,
ton1[H,S0,4] and T,,1[H,S0,]). ANOVA results also indicate that
the combinations of these anodization parameters have a
statistically significant effect on Qpsg, as demonstrated by their
respective Fp values (i.e. Fo_tan/7ran = 312.3 > Foos,4,72 = 2.0, Fo-
tanJH2s04] = 366.9 > Foose72 = 1.9 and Fo rangyhzsos =143.7 >
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Foos672 = 1.9). This suggests that hypotheses Hs, Hs, Hs are
rejected and thus the alternative hypotheses H3", Hy" and Hs"
are accepted. ANOVA results also demonstrate that the three-
way interaction between t,,,, To,and [H,SO,4] (i.€. tyn Ton'[H2504])

Nanoscale

is statistically significant (i.e. Fo—tan/7ran 25041 = 121:0,2 Feosnaiae
=1.7) and therefore the alternative hypothesis H3%15-3bcéptéd-:

Table 3. Summary of ANOVA results for the evaluation of the statistical effect of individual, binary and ternary combinations of t,,,,
Tanand [H,SO,4] on the quality factor (Qpsg) of NAA-GIFs produced by sinusoidal pulse anodization.

Source of h ° tan' Tan tan[H,S0,4] Ton'[H:SO,] ton Tan'[H250,] Model Error
Variance tun( ) Tan( C) [H2504](M) (h'OC) (hM) (OC'M) (h'M'OC)
ss' 10085.7 7677.9 9107.7 4645.5 8187.7 3206.7 5400.2 48311.3 267.8
DF* 2 2 3 4 6 6 12 35 72
MS* 5042.9 3838.9 3035.9 1161.4 1364.6 534.4 450.0 1380.3 3.7
Fo' 1356.0 1032.3 816.3 312.3 366.9 143.7 121.0 371.2 -

1SS = sum-of-squares; DF = degrees of freedom; MS = mean squares; F, = test statistic.

In summary, results from ANOVA reveal that t,,, T,, and
[H>S0,] have statistically significant effect on the quality factor
of NAA-GIFs. However, t,, is found to be the most significant
parameter in establishing Qpss, with a 32.7 % weight on the
analyzed variable. T,, and [H,SO,] also have statistically
significant effect on Qpsg, with a 24.9 and 19.7 % weight over
this variable, respectively. Analysis of the effect of binary
combinations between these anodization parameters
demonstrates that t,,[ 1[H,SO4] have the highest weight on Qpsg
(8.8 %), followed by t,,[ 1 T,, and T,,[1[H,SO,] with 7.5 and 3.5 %
weight, respectively. Finally, the ternary combination of
anodization parameters (i.e. t,,[1T,,[1[H,SO,4]) is found to be
the weakest of all the analyzed effects, with a 2.9 % weight over
the quality factor of NAA-GIFs. From these results, it is apparent
that the effect of individual anodization parameters on Qpss is
much more significant than that of their binary and ternary
combinations.

Effect of Anodization Time on Effective Medium of NAA-GIFs

ANOVA results have demonstrated that anodization time is
the most critical anodization parameter in determining the

quality factor of NAA-GIFs produced by SPA. In this
nanofabrication process, NAA-GIFs are exposed to the acid
electrolyte for an extended period of time (t,,), during which
the structure of NAA-GIFs is progressively etched due to
dissolution of Al,03 in acidic medium. The progressive widening
of nanopores results in a differential effective optical thickness
—product between effective refractive index and physical
thickness— between top and bottom stacks of NAA forming the
structure of NAA-GIFs. To assess the effect of t,, on the effective
optical thickness of the NAA layers of NAA-GIFs produced under
the most optimal anodization conditions (i.e. T,, = =2 °C and
[H,S0,] = 1.0 M), a set of NAA films was produced under
constant current density at a fixed total charge density of 5 C
cm~2 and varying current density input, from 0.280 to 1.120 mA
cm~2 with A/ =0.210 mA cm™2. After fabrication, NAA films were
exposed to the electrolyte solution for a fixed time (i.e. 0, 5, 10,
15 and 20 h) to mimic the range of t,, used in this study. The
optical thickness (OT.g) and effective refractive index (n.g) of
these NAA films were determined from FEG-SEM image analysis
and by applying FFT to the reflection spectra of these NAA films
at ¥ = 15°, 25°, 35° and 45° (Figs. S1 and S5 — ESI), respectively.
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Fig. 5 Assessment of effective medium of NAA-GIFs as a function of anodizing current density (/ = 0.280-1.120 mA cm~2) and anodization time (t,, = 0-20 h)
(NB: T,,=-2°Cand [H,S0,] = 1.0 M). (a) Representative reflection spectrum of a NAA film fabricated with J = 1.120 mA cm and t,, = 0 h at an incidence angle
of 35° (NB: Fabry-Pérot interference oscillations are denoted by red arrows). (b) Estimation of effective optical thickness (OT.g) of the representative NAA film

by applying fast Fourier transform to the reflection spectrum shown in (a). (c) Effective refractive index (n.y) of NAA films as a function of J and t,,.

Fig. 5a shows a representative reflection spectrum of an as-
produced NAA film (i.e. t,, = 0 h) fabricated with J = 1.120 mA
cm=2 at ¥ = 35° The reflection spectrum of these films is

This journal is © The Royal Society of Chemistry 2019

characterized by well-resolved oscillations that follow an
interference pattern associated with the Fabry-Pérot effect (Eq.
3). The OT.y of NAA films can be estimated by applying FFT to
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the reflection spectrum, as illustrated in Fig. 5b. Fig. S1 (ESI)
shows the dependence of OT. with J, & and t,,. It is apparent
from these graphs that the effective optical thickness of NAA
films decreases with increasing angle of incidence and
anodization time, and increases with increasing anodizing
current density. Fig. 5¢ shows the effective refractive index of
these films as a function of J and t,,, which were calculated by
Eq. 3 using the estimated values of OT.¢4 and L, obtained from
FFT calculations and FEG-SEM image analysis, respectively. This
graph reveals that n.s follows a sigmoidal-like increment with
increasing J, with a plateau between 0.490 to 0.700 mA cm™. It
is also observed that nes decreases with increasing t,,. For
instance, NAA films fabricated with J=0.280 and 1.120 mA cm™2
have ngs=1.77 £ 0.018 and 2.26 + 0.22 RIU at t,, = 0 h, and ns
=1.50+0.10and 2.04 £ 0.17 RIU at t,, = 20 h, respectively. This
indicates that nanopores in these NAA films are widened upon
extended exposure to the electrolyte solution. As a result, this
progressive nanopore widening is translated into a differential
reduction of the effective refractive index along the layers
forming the structure of NAA-GIFs, worsening the quality factor
of these PC structures during extended anodization time. This
result further confirms the ANOVA results, in which anodization
time is found to have the highest impact on the quality factor of
NAA-GIFs.

Conclusions

In summary, this study has demonstrated the fabrication of
high-quality nanoporous anodic alumina gradient-index filters
by sinusoidal pulse anodization performed under optimized
conditions. The individual and combined effects of three main
parameters —electrolyte temperature,
concentration of electrolyte and anodization time— on the
quality factor of NAA-GIFs have been systematically
investigated in order to determine the most optimal
anodization conditions to produce high-quality NAA-GIFs. A
three-level factorial ANOVA analysis performed on the quality
factor of NAA-GIFs has established that all three anodization
parameters and their respective combinations have statistically
significant effects on Qpsg. However, anodization time is the
most critical parameter in establishing the quality of NAA-GIFs,
followed by the electrolyte concentration and its temperature.
Although statistically significant, the effect of binary and ternary
combinations of these anodization parameters are not as
critical as that of their individual contributions. Analysis of
optical spectra of NAA films upon exposure to acid electrolyte
has revealed a progressive reduction of effective refractive
index associated with nanopore widening due to dissolution of
alumina. This gradual modification of effective refractive index
along the layers forming the structure of NAA-GIFs worsens the
quality factor of these PC structures upon extended anodization
time. NAA-GIFs produced with an anodization time of 15 h, an
anodization temperature of -2 °C and an electrolyte
concentration of 1 M achieve an outstanding Qpsg of 85.5 + 4.3,
with a well-resolved and narrow PSB with a FWHM,ss of 8.0
1.6 nm, which are ~18 % higher and 20 % narrower than that of
other state-of-the-art NAA-GIF structures. Despite these

anodization

This journal is © The Royal Society of Chemistry 2019

advances, more fundamental research should be pgrformed;in
order to establish optimal anodizatiorP@oHdiEiEHS tHEP5¢an
prevent NAA from partial dissolution during exposure to acid
electrolytes. Such conditions, combined with advanced
anodization strategies to compensate unbalanced effective
optical thickness between NAA layers, will make it possible the
realization of NAA-PCs with well-resolved, ultra-narrow PSBs.

We trust this study provides a strong foundation towards
developing high-quality NAA-based photonic crystals, which
could find broad applicability in light-based technologies
requiring a precise control over electromagnetic waves such as
optical sensing and biosensing, photocatalysis, optoelectronics
and lasing.
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