Tuning intrinsic photoluminescence from
light-emitting multispectral nanoporous
anodic alumina photonic crystals ® ©

Cite as: APL Photonics 7, 026108 (2022); https://doi.org/10.1063/5.0078505

Submitted: 13 November 2021 - Accepted: 31 January 2022 - Accepted Manuscript Online: 31 January
2022 « Published Online: 25 February 2022

Laura K. Acosta, Cheryl Suwen Law, Abel Santos, et al.

COLLECTIONS

G This paper was selected as Featured

&) This paper was selected as Scilight

0

OpGn

¢
@

View Online Export Citation CrossMark

ARTICLES YOU MAY BE INTERESTED IN

Simultaneous control of plasmon-exciton and plasmon-trion couplings in an Au
nanosphere and monolayer WS hybrid system

APL Photonics 7, 026107 (2022); https://doi.org/10.1063/5.0078243

Lattice-plasmon-induced asymmetric transmission in two-dimensional chiral arrays
APL Photonics 7, 016105 (2022); https://doi.org/10.1063/5.0074849

10#GHz generation with ultra-low phase noise via the transfer oscillator technique
APL Photonics 7, 026105 (2022); https://doi.org/10.1063/5.0073843

Yy

AVS Quantum Scien

SPECIALTOPIC:

o
L

Quantum Networks: Past, Pre

Co-Published by

APL Photonics 7, 026108 (2022); https://doi.org/10.1063/5.0078505 7, 026108

© 2022 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=1535271&setID=418177&channelID=0&CID=559742&banID=520443032&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=2cf6094f0185f5fc67d74af0859a6648360c59f4&location=
https://doi.org/10.1063/5.0078505
https://aip.scitation.org/topic/collections/featured?SeriesKey=app
https://aip.scitation.org/doi/10.1063/10.0009657
https://doi.org/10.1063/5.0078505
https://orcid.org/0000-0002-8729-3621
https://aip.scitation.org/author/Acosta%2C+Laura+K
https://orcid.org/0000-0002-3276-8052
https://aip.scitation.org/author/Law%2C+Cheryl+Suwen
https://orcid.org/0000-0002-5081-5684
https://aip.scitation.org/author/Santos%2C+Abel
https://aip.scitation.org/topic/collections/featured?SeriesKey=app
https://aip.scitation.org/topic/collections/scilight?SeriesKey=app
https://doi.org/10.1063/5.0078505
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0078505
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0078505&domain=aip.scitation.org&date_stamp=2022-02-25
https://aip.scitation.org/doi/10.1063/5.0078243
https://aip.scitation.org/doi/10.1063/5.0078243
https://doi.org/10.1063/5.0078243
https://aip.scitation.org/doi/10.1063/5.0074849
https://doi.org/10.1063/5.0074849
https://aip.scitation.org/doi/10.1063/5.0073843
https://doi.org/10.1063/5.0073843

Tuning intrinsic photoluminescence
from light-emitting multispectral nanoporous
anodic alumina photonic crystals @

Cite as: APL Photon. 7, 026108 (2022); [amn
Submitted: 13 November 2021 - Accepted: 31 January 2022 «
Published Online: 25 February 2022

Laura K. Acosta, Abel Santos,

and Lluis F. Marsal

Cheryl Suwen Law, Josep Ferré-Borrull,

AFFILIATIONS

Department of Electronic, Electric, and Automatics Engineering, Rovira i Virgili University, Tarragona 43007, Spain

School of Chemical Engineering and Advanced Materials, The University of Adelaide, Adelaide, South Australia 5005, Australia
Institute for Photonics and Advanced Sensing, The University of Adelaide, Adelaide, South Australia 5005, Australia

ARC Centre of Excellence for Nanoscale BioPhotonics, The University of Adelaide, Adelaide, South Australia 5005, Australia

Author to whom correspondence should be addressed:

ABSTRACT

To control and harness the intrinsic photoluminescence of solid-state, light-emitting materials produced by self-organization approaches
remain challenging. This study demonstrates how the intrinsic broadband photoluminescence emission from nanoporous anodic alumina
(NAA) produced by anodization of aluminum in oxalic acid electrolyte can be precisely tuned by engineering its structure in the form of
photonic crystals (PCs). A combination of pulse and constant anodization in distinct acid electrolytes makes it possible to engineer a novel
heterogeneous optical structure consisting of two layers: (i) a non-emitting, light-filtering layer in the form of multi-spectral nanoporous
anodic alumina photonic crystals (MS-NAA-PCs) on its top (i.e., 58 ym thick and average pore diameter of 17 nm) and (ii) an intrinsically
light-emitting layer of NAA at its bottom (i.e., 50 ym thick an average pore diameter of 40 nm). MS-NAA-PCs are engineered to feature
three intense, well-resolved photonic stopbands (PSBs), the positions of which are spaced at specific regions of the visible spectrum from
~380 to 560 nm. It is demonstrated that the PSBs of the non-emitting MS-NAA-PCs on top of the heterogeneous optical structure act as a
light-filtering component, which makes it possible to narrow and tune the characteristically broad, Gaussian-like photoluminescence emission
from the underlying light-emitting NAA layer. This structural design makes it possible to narrow the width of photoluminescence emission
up to ~50 nm and blue shift its position for ~15 nm. Our advances pave the way for novel designs of intrinsic, light-emitting NAA-based
PC structures, which could find broad applicability across light technologies, such as sensing and biosensing, photodetection, and solar light
harvesting.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/).

I. INTRODUCTION

Solid-state light-driven luminescence—henceforth “photo-
luminescence” or PL—is a class of light-matter interaction in
which incident photons absorbed by a material’s atoms excite elec-
trons to higher energy levels. Once excited, electrons undergo cer-
tain relaxation processes through which photons are re-radiated
or emitted in the form of a light beam." The properties of
the emitted photoluminescent beam rely on the electronic band
structure of the photo-excited material.” Characteristically, PL

APL Photon. 7, 026108 (2022); doi: 10.1063/5.0078505
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emissions from solid-state materials with defects in their electronic
band structure are spectrally broad, featuring a Gaussian-like emis-
sion centered within the vicinity of the exciton resonance—typically
at a longer wavelength than that of the excitation input.” Broad PL
emissions can be narrowed by distinct strategies to fulfill require-
ments for specific applications, such as lasing,” LEDs,”” bioimag-
ing,” and diagnostics and sensing.”” Of all these, engineering
the structure of light-emitting materials at the nanoscale in the
form of photonic crystals (PCs) enables highly directional emis-
sion of light with tunable wavelength by confining, enhancing, and
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attenuating emitted light at specific, narrow spectral regions.'”"’

PCs are optical structures with allowed and forbidden photonic
stopbands (PSBs) that modify the group velocity of incident or
emitted photons when these flow through the PCs’ structure.
Light-matter interactions in PCs can be tuned with precision by
engineering their architecture so that regions with high and low
refractive indices are periodically and spatially distributed fol-
lowing specific patterns.'” A variety of PC forms based on a
broad range of materials can be produced to control electromag-
netic waves with versatility over the broad spectrum from UV to
IR. Currently, PCs have multiple applications, including chemi-
cal sensing and biosensing,"” "' photonic encoding,® lasing,”’*’
and photocatalysis.”**” Nanoporous PCs are particularly suitable
platform materials to tailor photo-induced light emissions both
extrinsically and intrinsically. In the former mode, a host non-
photoluminescent nanoporous PC is infiltrated with a photolumi-
nescent material to enhance, filter, or guide its light emission,”’
while in the latter configuration, a photoluminescent nanoporous
PC material filters its own PL emission.”” Nanoporous anodic
alumina (NAA) has long been devised as an ideal nanoporous
PC platform material due to its cylindrical nanopores with well-
defined and highly controllable geometric features.””** NAA is pro-
duced by electrochemical oxidation—anodization—of aluminum,
which is a cost-effective and fully scalable top-down indus-
trial process compatible with conventional micro- and nanofab-
rication. Although architecture, dimensions, and distribution of
nanopores in NAA can be precisely engineered in a variety of NAA-
based PCs (NAA-PCs) during anodization,” " its intrinsic optical
properties—refractive index and photoluminescence—are critically
determined by the anodizing acid electrolyte, anodization regime,
and post-anodization treatments, such as annealing.’® The origin of
PL in NAA is thought to be attributable to two types of photolumi-
nescent centers: (i) F* centers’” ’ related to ionized oxygen vacan-
cies and (ii) F~ centers associated with carboxylate impurities incor-
porated from the acid electrolyte during anodization.””*" The posi-
tion and intensity of NAA’s PL emission depend intrinsically on the
quantity of F* and F~ centers and their respective distribution across
the structure of NAA. NAA films produced in oxalic acid feature
more intense PL emission than that of its counterparts fabricated in
sulfuric or phosphoric acids.” ** NAA’s PL intensity also decreases
with annealing temperature due to the elimination of oxygen vacan-
cies and impurities in its structure through crystallographic orga-
nization and burning under oxygen atmosphere.”” * Pioneering
studies on 2D NAA-PCs featuring straight nanopores demonstrated
their application as host materials to tune PL emissions from flu-
orescent dyes infiltrated in their nanoporous matrix.””** In this
system, the red edge of the characteristic photonic stopband (PSB)
of NAA-PCs reduces the group velocity of incident photons at
that spectral region by the so-called “slow photon” effect. As a
result, PL emission is enhanced due to increasing frequency of inter-
actions between exciting photons and light-emitting molecules at
that spectral region—increase in the radiative rate.”” An alterna-
tive approach would be to tailor the intrinsic photoluminescence
of NAA by engineering its structure in the form NAA-PCs.””*
Under this configuration, alignment of the NAA-PC’s PSB with the
Gaussian-like PL emission of NAA would narrow its linewidth by
internally forbidding light propagation at specific spectral regions.
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Surprisingly, to the best of our knowledge, this system has not been
explored yet.

In this work, we demonstrate for the first time how the intrinsic
photoluminescence of NAA can be tuned by engineering its struc-
ture in the form of multispectral PCs (MS-NAA-PCs)—NAA-PCs
featuring multiple PSBs at specific spectral positions (see Fig. 1).
Spectral alignment between the three characteristic PSBs of
MS-NAA-PCs and the photoluminescence emission of NAA [see
Fig. 1(a)] makes it possible to judiciously narrow its linewidth with
precision by inhibiting light propagation at specific spectral posi-
tions [see Fig. 1(b)]. Our results create exciting new opportunities to
modulate light emission from NAA-based structures, which could
have broad implications across optoelectronic disciplines, such as
lasing, sensing, energy harvesting, and photocatalysis.

Il. EXPERIMENTAL
A. Materials

High purity aluminum circular chips (Al) (0.5 mm thickness
and 99.99% purity) were acquired from Goodfellow Cambridge Ltd.
(UK). Acetone [(CH3),CO], ethanol (EtOH; C,HsOH), perchlo-
ric acid (HCIOy), oxalic acid (H,C,04), hydrochloric acid (HCI),
sulfuric acid (H,SO4), chromic acid (H,CrOy), phosphoric acid
(H3POy), and copper chloride (CuCl,) were provided by Sigma-
Aldrich (Spain). Double deionized water (DI) (18.2 MQ cm) was
used to prepare all aqueous solutions, unless otherwise specified.

B. Fabrication of reference NAA films

A set of NAA films featuring straight cylindrical nanopores
from the top to the bottom were used as a reference material to
quantify bulk PL emission. Al disks were anodized by the two-step
process, full details of which are reported elsewhere.””° Briefly,
before anodization, Al chips were electropolished in a mixture of
EtOH and HCIO4 4:1 (v:v) at 20 V and 5 °C for 3 min. Then, the
first anodization step was carried out in 0.3M H,C,04 aqueous elec-
trolyte at 40 V and 5°C for 20 h. Next, the resulting NAA layer
was selectively removed by wet chemical etching in a mixture of
0.2M H,CrO4 and 0.4M H3;PO, for 3 h at 70 °C. After this, the
second anodization step was performed under the same anodiza-
tion conditions for a total charge density (integrated current density
throughout time per unit of area) of 113.2 C cm ™ under voltage con-
trol conditions at 40 V to generate a NAA film of ~50 ym featuring
straight cylindrical nanopores.

C. Fabrication of MS-NAA-PCs

Fabrication of MS-NAA-PCs was performed following a mod-
ified two-step anodization process. Electropolished Al chips were
first anodized in a 0.3M sulfuric acid electrolyte at 5 °C under con-
stant voltage at 25 V for 20 h. The NAA film was then chemically
dissolved in a mixture of 0.2M H,CrO4 and 0.4M H3POy4 for 3 h
at 70 °C. Then, a 10-min second step in the same acid electrolyte at
25V for 10 min was applied to generate a shuttle layer for homoge-
neous nanopore growth. Then, the anodization process was switched
to sinusoidal pulse anodization under current density control condi-
tions. During this process, a sinusoidal current density input profile
was applied to modulate the nanopore diameter in depth and gener-
ate gradient-index filter PC structures.”” MS-NAA-PCs consisted of
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FIG. 1. Conceptual illustration showing the mechanism by which MS-NAA-PCs narrow PL emission from NAA by judicious alignment of PSBs. (a) Schematic showing the
PL emission of a reference NAA (left) and a MS-NAA-PC (right). (b) Normalized reflection and PL spectra of a NAA film (top) and a MS-NAA-PC (bottom) showing the
mechanism by which PSBs in MS-NAA-PCs are harnessed to selectively filter PL emission from NAA, where Ap, and FWHMp, represent the central wavelength position
and full width at half maximum of the PL emission of NAA and MS-NAA-PCs, respectively.

a NAA layer featuring three gradient-index filters generated by judi-
ciously modulating the anodizing current density waveform input
into sequential sinusoids with three different pulse periods (i.e., T,
T5, and T3), as described by the following equation:

2
I, sin(T—”t) +Jp 0<t<NTI,

1

2
J(t) =31 sin(T—:t

~——

+Jos NT; <t<NT; +NT,,
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27
in| —t]+]Jo
I sm( T ) Jo
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where J(t) is the anodization current density at time ¢ (in seconds),
J1 is the current density amplitude (in mA cmfz), Ti(i=1,2,3)
is the anodization period i (in seconds), and Jo is the offset current
density (in mA cm™2). The offset current density (Jo), current den-
sity amplitude (J1), and number of periods (N) were kept constant
throughout the anodization process for all MS-NAA-PCs fabricated
in this study, while the anodization periods were varied as T, = 125,
T, =150 s, and T3 = 175 s for N = 100 pulses per period (N;, Ny,
and N3) (i.e., total of 300 pulses). After this, a 50 ym thick NAA
layer produced in 0.3, M oxalic electrolyte (i.e., light-emitting layer)
was generated under potentiostatic conditions at 40 V (i.e., third
anodization step). Table T summarizes the fabrication conditions
used to fabricate MS-NAA-PCs. After anodization, the aluminum

7,026108-3
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TABLE . Fabrication conditions of MS-NAA-PCs, including current density amplitude (J;), anodization period (T;), and offset current density (Jg).

Jo (mA cm ™) Ji (mA cm™) Ti (s)

T, (s) T3 (s) N (pulses) N, (pulses) N3 (pulses)

MS-NAA-PCs 1.98 1.41 125

150 175 100 100 100

substrate remaining at the backside of MS-NAA-PCs was removed
by selective chemical etching in a saturated solution of HCI and
CuCl, for optical characterization.

D. Optical characterization of MS-NAA-PCs

Reflection spectra from MS-NAA-PCs were measured from
250 to 900 nm with a resolution of 2 nm at varying angle of inci-
dence from 8° to 65° in a PerkinElmer UV-visible-NIR Lambda 950
spectrophotometer. The reflection intensity (Rpss), position of cen-
tral wavelength (Apsg), and full width at half maximum (FWHMpsg)
of the photonic stopbands (PSBs) of MS-NAA-PCs were esti-
mated from reflection spectra through Gaussian fittings performed
in OriginPro8.5®. PL spectra from MS-NAA-PCs were acquired
in a fluorescence spectrophotometer (Photon Technology Interna-
tional Inc., Division of Horiba, USA) equipped with a Xe lamp as
an excitation light source at room temperature and at an excita-
tion wavelength (A.x) of 355 nm. PL measurements were performed
from the top side of reference NAA films and MS-NAA-PCs
using a commercial bandpass filter with a cutoff wavelength
of 350 nm.

E. Structural characterization of MS-NAA-PCs

Morphological and structural features of NAA films and
MS-NAA-PCs were characterized by a field-emission gun scanning
electron microscope (FEG-SEM FEI Quanta 450) operating at an
accelerating voltage of 20-25 keV. Characteristic geometric features
of MS-NAA-PCs were quantified by analyzing FEG-SEM images in
Image] software.”

Ill. RESULTS AND DISCUSSION

A. Fabrication and structural characterization
of MS-NAA-PCs

Figure 2(a) illustrates the fabrication process used to pro-
duce the light-filtering layer of MS-NAA-PCs under sinusoidal
current density conditions, including a full-view of a representa-
tive anodization profile. Figure 2(b) shows magnified views of this
sinusoidal pulse anodization process in which the current den-
sity period (T;)—time between consecutive sinusoidal pulses—is
increased from 125 to 175 s with a step size ATi = 25 s after each
100 pulses. This input current density profile results in three stacked
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FIG. 2. Fabrication of MS-NAA-PCs by sinusoidal pulse anodization. (a) Schematics of the fabrication process to produce MS-NAA-PCs by a sinusoidal current density
profile with three anodization periods (T4, T, and T3), including aluminum substrate (left), representative full-view anodization profile with the current density input and
voltage output (center), and resulting MS-NAA-PC featuring three stacked gradient-index filters (right). (b) Magnified views of the sinusoidal current density profile shown
in (a) for each anodization period (T4, T, and T3) demonstrating the precise translation of current density pulses into sinusoidal voltage output pulses.
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layers of NAA featuring a modulated nanopore diameter in depth,
each of which represents a gradient-index filter with its characteristic
PSB. As such, the optical response of the composite NAA-PC fea-
tures three PSBs, one for each NAA gradient-index filter composing
the overall PC structure. It is apparent from these graphs that under
the fabrication conditions used in our study, the sinusoidal current
density input with Jo = 1.98 mA cmfz,]l =141mAcm 2 T; =125s,
T, =150s, and T3 = 175 s for a total of 300 pulses is precisely trans-
lated into a sinusoidal voltage output, which mimics the frequency
of the input profile. Analysis of this anodization profile indicates that
the amplitude of the sinusoidal voltage output slightly increases with
increasing T; from ~20-25 V at T| = 125 s to ~20-29 V at Ts.

Figure 3 shows a set of top and cross-sectional FEG-SEM
images of a representative MS-NAA-PC. The structure of these het-
erogeneous NAA-PCs features a top layer composed of three NAA
gradient-index filters with varying period length (Lrp)—distance
between adjacent nanopore modulations in depth—and a bottom
NAA layer as a light-emitting film. Figure 3(a) shows a top view
FEG-SEM image of this NAA-PC structure, which features hexag-
onally arranged, homogeneously distributed nanopores across its
surface. The average nanopore diameter estimated from FEG-SEM
image analysis was 17 + 4 nm, while the interpore distance—distance
between the center of adjacent nanopores—was measured to be 62
+ 5 nm. Figure 3(b) shows a general cross-sectional view FEG-SEM
image of these NAA-PCs from which it is possible to discern two
main layers: (i) a top light-filtering layer formed by three NAA gra-
dient index filters labeled NAA-PC-A (T; = 125s), NAA-PC-B (T,
=150 s), and NAA-PC-C (T3 = 175 s), which feature the modu-
lated nanopore diameter in depth; and (ii) a bottom light-emitting
layer featuring straight cylindrical nanopores at the bottom labeled
NAA-Ox. The thicknesses of the top and bottom layers measured by
FEG-SEM image analysis were 58 + 1 and 50 + 1 ym, respectively.
Figure 3(b) shows a set of magnified cross-sectional views showing
details of nanopores at specific positions of the top and bottom lay-
ers of the MS-NAA-PC structure. FEG-SEM images of the NAA
gradient-index filters forming the top light-filtering layer reveal
nanopore modulations, the period length (Lrp) of which increases
with the input anodization period (T;). Analysis of this geometric
parameter for NAA-PC-A, NAA-PC-B, and NAA-PC-C reveals
that Lyp increases linearly with T; at a rate of 2.1 + 0.1 nm s
having values of 210 + 4, 265 + 6, and 313 + 8 nm for T, T>, and T3,
respectively. Figure 3(c) also shows a magnified cross-sectional view
of the light-emitting layer at the bottom of the MS-NAA-PC struc-
ture, which was fabricated in 0.3M oxalic acid electrolyte at 40 V for a
total of ~16 h. This layer features straight cylindrical nanopores with
a constant diameter from the top to the bottom. A set of FEG-SEM
images of this film from a control NAA-Ox sample used to char-
acterize the bulk PL emission of this layer are shown in Fig. S1 of
the supplementary material. The 50 ym-thick layer features straight
cylindrical nanopores with an average diameter of 40 + 3 nm and an
interpore distance of 101 + 6 nm.

B. Optical characterization of MS-NAA-PCs

MS-NAA-PCs can be optically described as heterogeneous
PC structures with a spectroscopic signature that results from
the multiple contributions of the NAA-based gradient-index fil-
ters composing their structure (i.e., NAA-PC-A, NAA-PC-B, and

APL Photon. 7, 026108 (2022); doi: 10.1063/5.0078505
© Author(s) 2022

[ NAA—PC—B

MS—NAA—PC
] NAA—PC=C

Scale Bar:

FIG. 3. Structural characterization of MS-NAA-PCs. (a) Top view FEG-SEM image
of a representative MS-NAA-PC featuring an average nanopore diameter and an
interpore distance of 17 + 4 and 62 + 5 nm, respectively (scale bar = 1 um).
(b) Full-view cross-sectional FEG-SEM image of a MS-NAA-PC featuring a
light-filtering layer at its top and a light-emitting layer at its bottom with the thick-
nesses of 58 + 1 mm and 50 + 1 um, respectively; NAA-PC-A, NAA-PC-B,
and NAA-PC-C denote NAA gradient-index filters produced with T4 = 125 s,
T, =150s, and T3 = 175 s, respectively; and NAA-Ox corresponds to the light-
emitting layer at the bottom of the NAA-PC structures (scale bar = 50 um). (c)
Magnified view cross-sectional FEG-SEM images of color rectangles shown in (b)
showing details of nanopore diameter modulations in NAA-PC-A, NAA-PC-B,
and NAA-PC-C and straight cylindrical nanopores in the NAA-Ox layer (NB: color
arrows denote nanopore modulations).
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NAA-PC-C). As such, the reflection spectrum of MS-NAA-PCs
features three well-resolved, intense PSBs, the features of which
are critically determined by the structural features of each NAA
gradient-index filter engineered by the input current density profile.
The light-filtering layer on the top side of MS-NAA-PCs filters the
photon-stimulated PL emission from the light-emitting layer at the
bottom side of the MS-NAA-PC structure. Therefore, it is critical
to characterize and understand the angle-dependence of both light
reflection and light emission at the light-filtering and light-emitting
layers of the MS-NAA-PC structure, respectively.

C. Effect of the incidence angle on the PSBs
of MS-NAA-PCs

The effect of the incidence or excitation angle (0) on the optical
features of the PSBs of MS-NAA-PCs was systematically evalu-
ated by reflection spectroscopy [see Fig. 4(a)]. Figure 4(b) shows
the reflection spectra of MS-NAA-PCs at different incidence angles
(ie., 8%, 10°, 15° 20°, 25°, 30°, 35°, 40°, 45°, 50°, 55°, 60°, and 65°).
Table S1 of the supplementary material summarizes the optical fea-
tures of the three characteristic PSBs of NAA-PC-A, NAA-PC-B,
and NAA-PC-C labeled PSB,, PSB,, and PSB3, respectively. These
include the central wavelength position (Apsg), reflection intensity
(Rpss), and full width at half maximum (FWHMopsp), all estimated
from Gaussian fittings. The position of the three PSBs in the reflec-
tion spectrum of MS-NAA-PCs blue shifts, while their intensity
decreases with increasing angle of incidence. This result is in good
agreement with the Bragg-Snell law in which the wavelength of
the diffracted light depends on the angle of incidence, the period-
icity, and the effective refractive index”" *’ of the nanoporous PC as
expressed in the following equation:

mApsg = 2L7py /”gff — sin@, (2)

where Apsp is the central wavelength of the PSB, m is the order of
the PSB, Lyp is the structure periodicity, 8 is the angle of incidence,
and ngy is the effective refractive index. Analysis of this depen-
dence, summarized in Fig. 4(c), shows that Apsp is blue shifted at
rates of —1.22 + 0.04, —1.49 + 0.05, and -1.78 + 0.06 nm deg71
for PSBy, PSB;, and PSBs, respectively. Fig. S2 of the supplemen-
tary material shows the dependence of Rpsg and FWHMpsg as a
function of the incidence angle, which indicates that the reflection
intensity of the PSB decreases with increasing angle of incidence.
Analysis of the fitting lines shown in Fig. S2a of the supplementary
material denotes that Rpsg decreases at rates of —0.37 + 0.02, —0.39
+ 0.007, and —0.38 + 0.016 a.u. deg™" for PSB;, PSB,, and PSB;,
respectively. It is apparent from Fig. S2b of the supplementary mate-
rial that the dependence of FWHMpsp with the angle of incidence
follows a Gaussian-like trend, where this optical feature increases
until 40° and dramatically decreases from >45° to 65°. Trends for
FWHMpsp’s PSB1, PSB,, and PSB3; were determined to be FWHM;
=7.53 + ((64.63)/(34.64 - p/2) - Exp(-2 - (6 — 36.59/(34.65)), FWHM,
= 474 + ((2363.2)/(123.63 - p/2)-Exp(-2-(0 — 33.84/(123.63)),
and FWHM; = 9.19 + ((125.62)/(33.0 - p/2)-Exp(-2- (6 — 35.92/
(33.0)) from Gaussian fittings, respectively.

D. Effect of the incidence angle on the PL
of the light-emitting layer in MS-NAA-PCs

Photoluminescence of NAA is attributable to oxygen vacan-
cies distributed across the onion-like composition of anodic alumina
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FIG. 4. Effect of the incidence angle on the optical features of the PSBs of
MS-NAA-PCs. (a) Schematic showing the variation in the incidence angle. (b)
Reflection spectra of a representative MS-NAA-PC as a function of the angle of
incidence, from 6 = 8° to 65°. (c) Central wavelength position of MS—-NAA-PC’s
PSB, PSBy, and PSB; (Apsg) as a function of 6.

and oxalic impurities incorporated into its structure from the acid
electrolyte during the anodization process. Of all types, NAA pro-
duced in oxalic acid electrolyte has the highest PL emission.” '
Conversely, the characteristic PL emission from NAA produced in
sulfuric acid electrolyte is weak and almost negligible to that of
NAA structures produced in oxalic acid electrolyte. For this reason,
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FIG. 5. Photoluminescent emission from NAA films. (a) Schematic illustration of the PL setup used to characterize PL emission from MS-NAA-PCs and NAA-Ox films.
(b) Characteristic Gaussian-like PL emission at varying angle of incidence from 15° to 85° from a reference NAA-Ox film fabricated in oxalic acid electrolyte by two step
anodization (NB: A¢x = 350 nm). (c) Dependence of the central wavelength position of PL emission (Ap;) with the angle of incidence. (d) Dependence of full width at half

maximum of PL emission (FWHMp,) with the angle of incidence.

we devised the structure of MS-NAA-PCs featuring a top light-
filtering layer having an almost negligible PL emission and a bottom
light-emitting layer with strong PL emission. Figure 5(a) shows a
schematic illustration of the experimental setup used to charac-
terize PL emissions from MS-NAA-PCs. Figure 5(b) shows the
characteristic PL emission at different angles of incidence from 15°
to 85° with an interval of 10° from a representative 50 ym-thick
NAA film fabricated by two-step anodization in oxalic acid elec-
trolyte. The emission spectrum of the NAA film is characterized by a
broad, intense, Gaussian-like emission band across the 380-600 nm
range for all the angles of incidence analyzed. It is apparent from
Fig. 5(c) that the position of the PL band (Apz) is shifted toward
longer wavelengths (i.e., red shift) with increasing angle of incidence,
following a sigmoidal trend where Ap; = 475.04 + (445.8 — 475.04)/1
+ Exp (0 — 51.67/8.82). This graph indicates a slight red shift of Ap;
with 0 from 445 nm at 15° to 448 nm at 35°. However, Ap; under-
goes a significant shift between 35° and 75°, in which Ap;, red shifts
its position from 448 to 479 nm, respectively, and it stabilizes its

APL Photon. 7, 026108 (2022); doi: 10.1063/5.0078505
© Author(s) 2022

position for 6 > 75°. Figure 5(d) shows the dependence of FWHMp;,
with the angle of incidence. It is apparent that FWHMp; follows
a Gaussian-like trend with 6, where this optical feature initially
increases with angle of incidence until 45°. At this angle, FWHMpr
achieves its maximum value of 115 + 1 nm. For 0 > 45°, FWHMp;.
starts to decrease until a minimum of 98 + 2 nm at an angle of 85°.
Table S2 of the supplementary material summarizes the dependence
of Ap, and FWHMp with the angle of incidence for a representative
light-emitting NAA film produced in oxalic acid electrolyte.

E. Photoluminescence of MS-NAA-PCs

MS-NAA-PCs were fabricated to feature three well-resolved
PSBs at specific spectral positions within the PL emission of
NAA-Ox films (i.e., ~400-600 nm). To this end, the structure
of MS-NAA-PCs was judiciously engineered with three stacked
gradient-index filters embedded within the same heterogeneous
PC structure. These heterogeneous NAA-based PCs were used as
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and (d) 25° (reflection) and 65° (PL emission) (NB: angles of reflection and emission were complementary at 25° — 6 refection + 0 emission = 90°).

model platforms to study for the first time the light-filtering prop-
erties of NAA-PCs, harnessing the intrinsic light-emitting prop-
erties of NAA. MS-NAA-PCs were mounted on a rotating stage,
which allows the PL signal to be measured at different angles of
excitation and emission. Excitation light at 355 nm was shone onto

APL Photon. 7, 026108 (2022); doi: 10.1063/5.0078505
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the center of MS-NAA-PCs and the emission was collected from
380 to 600 nm at varying angle of incidence. Figure 6 shows the
PL emission of a reference NAA-Ox film (black line), the reflection
(red line) spectrum, and PL emission (blue line) of MS-NAA-PCs
at varying angle of incidence (i.e., 65°, 70°, 75°, and 80° for PL
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and complementary reflection angles of 25°, 20°, 15°, and 10° for
reflection). It is apparent that the generation of three gradient-index
filters on top of the light-emitting NAA-Ox layer filters efficiently
the PL emission from the NAA-Ox layer by narrowing FWHMp,,
and shifting Ap; following an angle-dependent pattern. FWHMp;, of
the PL emission of the NAA-Ox film at 80°, 75°, 70°, and 65° was
measured to be 99 + 2, 100 + 2, 103 + 1, and 105 + 1 nm, respec-
tively [see Figs. 6(a)-6(d)]. Upon generation of MS-NAA-PCs on
top of the light-emitting NAA-Ox layer, FWHMp;, is narrowed to
93 + 2,88 + 2,97 + 3, and 88 + 6 nm at 80°, 75°, 70°, and 65°,
respectively. This result indicates that light emission is filtered by
the top gradient-index filters. It is also found that Ap; red shifts its
position with decreasing angle of incidence, having values of 443
+ 1,447 £ 1, 451 + 1, and 450 + 1 nm at 80°, 75°, 70°, and 65°,
respectively [see Figs. 6(a)-6(d)]. For instance, the PL emission of
MS-NAA-PCs at 80° [see Fig. 6(a)] shows two local minima or
shoulders at 402 and 473 nm, which would correspond to light-
emitting inhibition associated with PSB; (389 nm) and PSB; (461
nm), respectively. At that angle of incidence, PSB3 (551 nm) is far
from the main Gaussian-like PL emission. Therefore, it is inferred
that this gradient-index filter does not contribute to the filtered
PL emission from the MS-NAA-PC structure within this spectral
region. Upon reduction in the angle of incidence, the characteristic
PBSs of the MS-NAA-PC structure undergo a blue shift, which, in
turn, changes the characteristics of the light beam emitted from the
underlying NAA-Ox film. Figure 6(b) shows that the local minima
of the PL emission from MS-NAA-PCs at 75° feature two local min-
ima at 412 and 486 nm, which would correspond to light-emitting
inhibition associated with PSB; (387 nm) and PSB, (466 nm),
respectively. At that angle of incidence, PSB3 is located at 548 nm,
which is still far from the spectral position of the PL emission and
does not contribute significantly to filtering. Figure 6(c) shows that
the local minima of the PL emission of MS-NAA-PCs at 70° fea-
ture two local minima at 421 and 497 nm, which would correspond
to light-emitting inhibition associated with PSB; (382 nm) and PSB,
(466 nm), respectively. At that angle of incidence, PSB; is located at
541 nm, which is still far from the spectral position of the PL emis-
sion and does not contribute significantly to filtering. Figure 6(d)
shows that the local minima of the PL emission of MS-NAA-PCs at
65° feature two local minima at 430 and 507 nm, which would cor-
respond to light-emitting inhibition associated with PSB; (377 nm)
and PSB; (455 nm), respectively. At that angle of incidence, PSB;
is located at 541 nm, which is still far from the spectral position of
the PL emission and does not contribute significantly to PL emis-
sion filtering. The optical properties of MS-NAA-PCs were modeled
by combining an effective medium approximation (EMA) model
and the transfer matrix method (TMM). The effective refractive
index of each layer within MS-NAA-PCs’ structure was estimated
by the Looyenga-Landau-Lifshitz (3L) EMA model. Figure S3 of the
supplementary material shows a comparison between experimental
and simulation data. These data demonstrate that simulations can
predict the spectral position (1) and the reflection (R) of the PSB of
MS-NAA-PCs with excellent accuracy with a deviation of 0.68% (1)
for the spectral position and 1.7% for the reflection (%R).

To gain further insight into the light-filtering properties of
MS-NAA-PCs and the dependence of PL emission, we analyzed the
optical features of PL emission at distinct angle of incidence. At first
glance, Fig. 7(a) reveals an interesting effect where light emitted from
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FIG. 7. Summary of the position of PSB4, PSB,, and PSB3 and the features of
PL emission from MS-NAA-PCs (NB: angles of reflection and emission were
complementary at 25° — 6 reflection + 6 emission = 90°). (a) PL emission
from MS-NAA-PCs at 65°, 70°, 75°, 80°, and 85°. (b) Dependence of Ap, and
the position of PSB4, PSB,, and PSB3 in MS-NAA-PCs with the angle of inci-
dence. (c) Dependence of FWHMp, and the position of PSB4, PSB, and PSB3 in
MS-NAA-PCs with the angle of incidence.

the underlying photoluminescent layer is narrowed and shifted with
the angle of incidence. Figures 7(b) and 7(c) summarize the posi-
tions of the characteristic PSB;, PSB,, and PSB; and the features
of the PL emission (FWHMpy and Apy) from MS-NAA-PCs. It is
apparent that the position of PL emission (Ap;) undergoes a slight
red shift when the angle of incidence is increased from 65° to 70°
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(i.e., from 450 to 451 nm, respectively) [see Fig. 7(b)]. After this
point, the light-filtering layer of MS-NAA-PCs blue shifts the
position of the Gaussian-like PL emission from the light-emitting
NAA-Ox layer at the bottom of the heterogeneous NAA-PC struc-
ture. PL emission from 70° to 85° is found to blue shift linearly from
451 to 437 nm at a rate of —0.93 nm degfl. Dependence of FWHMpy,
with the angle of incidence is found to follow a qualitatively simi-
lar trend. Initially, PL emission is slightly widened from 65° to 70°,
where this optical feature increases from 92 to 97 nm, respectively
[see Fig. 7(c)]. However, the light-filtering layer of MS-NAA-PCs
can efficiently narrow PL emission from 70° to 85°, where FWHMp,
is found to be sharply and linearly narrowed from 97 to 54 nm at a
rate of —3.11 nm deg™'. These results clearly demonstrate that the
structural design of NAA-PCs can be judiciously harnessed to tune
and control the features of the intrinsic photoluminescence emis-
sion of this highly tailorable platform material. NAA is a platform
material that offers unique properties, such as chemical, mechanical,
and thermal stability, under different conditions. As such, light-
emitting NAA-based PC structures are an alternative platform for
other porous materials, such as porous silicon, which is limited by
its low chemical stability without additional passivation steps and
its fragile mechanical strength. Consequently, our findings provide
new opportunities to develop NAA-based optical systems for a broad
range of photonic technologies. It is also worth noting that the
intrinsic properties of NAA can be further modified to modulate
its light-emitting properties. Recent studies have demonstrated that
doping with rare earths enables strong enhancement of the intrin-
sic electroluminescence of this material, paving the way for new
light-emitting devices and systems.”**

IV. CONCLUSIONS

To the best of our knowledge, this study is the first demon-
stration of structural tuning of intrinsic photoluminescence emis-
sions from nanoporous anodic alumina photonic crystals. We have
harnessed a smart structural design in which a non-emitting, light-
filtering layer in the form of multi-spectral NAA-PC is combined
with an intrinsically light-emitting layer of NAA. MS-NAA-PCs
feature three intense, well-resolved photonic stopbands, the posi-
tions of which can be spaced across the visible spectrum from
~380 to 560 nm. This approach makes it possible to engineer
the three photonic stopbands in the top light-filtering layer to
effectively narrow and tune photoluminescence emission from the
underlying light-emitting layer. Alignment of the PSBs makes it
possible to narrow the width of its photoluminescence emission
up to ~50 nm and blue shift its position for ~15 nm. Inhibi-
tion of light emission is accomplished by harnessing forbidden
light propagation through the characteristic photonic stopbands
of the top light-filtering layer. MS-NAA-PCs enable control over
intrinsic photoluminescence of NAA without the use of external
PL emitters, such as dyes and fluorophores. Our findings pro-
vide exciting new opportunities to engineer the intrinsic light-
emitting properties of NAA-based photonic crystals structures,
which have implications across a variety of photonic technologies,
such as sensing and biosensing, lasing and light sources, photode-
tection, photocatalysis, green energy generation, and solar light
harvesting.
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SUPPLEMENTARY MATERIAL

See the supplementary material for the structural characteri-
zation of NAA films, effect of the incidence angle on the optical
features of MS-NAA-PCs, and summary of the optical features of
NAA and MS-NAA PCs.
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