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Laser-induced microscale reactions are an excellent means to obtain controllable, small-scale insights into
nanomaterial properties. Importantly, the opportunity for a comprehensive understanding of the material's
optical origins allows for refined engineering of material luminescence. Modifying an array of standing
indium oxide (In,Osz) nanowires with a focused laser beam, we report newfound yellow and blue
fluorescence emanating from the sample. Evaluated through a broad range of laser conditions, the laser-
induced yellow component was found to relate to oxygen inclusions, while the blue fluorescence
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overlayer originated from oxygen physisorption upon prolonged storage. Capitalizing on the versatility of
the blue emission component under UV modulation, we demonstrate micropatterns with multiple layers
DOI: 10.1039/d2tc04449n of differentiated optical encryption features. The enhanced anti-counterfeiting capability allows improved

complexity in an authentication process, involving the convergence of microscale patterning, dynamic
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Introduction

The defect-driven variability in the optical emission of large-
bandgap transition metal oxides has remained uncertain over
the years. In particular, numerous literature studies on the
oxides of indium (In), zinc (Zn)'"® and tin (Sn)”* have revealed
similar optical properties manipulated by intrinsic defects.
While these reports generally attribute the phenomena to
native vacancy and interstitial defect centers, there remains a
lack of holistic correlation and substantial agreement within
the community on the assignment of these defect variants to
the respective emissions. This marks a distinct gap in the goal
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color evolution and time-domain encoding as multilevel checkpoints in the verification process.

of attaining a comprehensive understanding of these oxide
systems. Furthermore, it is expected that the tunable nature
and morphology of different nanostructure variants of these
metal oxides will also influence their optical properties, adding
a confounding layer to the substantially complex assignment of
luminescence-defect correlation.

Of the oxide systems mentioned, the photoluminescence
(PL) of indium oxide (In,03) nanostructures has been consider-
ably explored across its various morphologies - from thin film
layers to nanocrystals and octahedra, to nanowires, nanobelts
and even nanotowers. The vast quantity of research is summar-
ized in Table S1 (ESIt), demonstrating the extensive variability
across nanostructure form, emission wavelengths (Zen,) and
corresponding assigned defect emitters.

Nonetheless, despite the haphazard relation and lack of a
correlative link between the complex multitude of defects and
fluorescence, there remains a lot of potential in the ease
of creating, engineering, and subsequently exploring these
optically active states for a plethora of optical applications.
The abundant fluorescent features, along with the inherent
inconsistencies, may provide versatility and opportunity in
accessing extensive permutations of emission characteristics
for multicolor patterning and encoding technologies.

Optical encoding and encryption strategies have always
exploited intricacies in the optical properties of nanomaterials
for unclonable and concealed anti-counterfeiting features.™*™°
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However, in most instances, reliance on a single optical parameter
that involves sample randomness or a specialized instrumental
readout restricts the potential for greater coding complexity. In
contrast, the inclusion and merger of fluorescent properties with
differing natures is expected to present multi-dimensional anti-
counterfeiting capability with enhanced security and complexity.

A focused laser beam has long been an efficient tool for
inducing micro-scale localized chemical and physical changes.
The capability to induce spatially refined micro-reactions allows
for efficient, small-scale studies amidst flexibly controlled gas-
eous or liquid surrounding media."”*®* Through non-contact
photonic input, it permits clean studies of laser-induced redox
and physical reactions through intentional perturbations. The
associated changes in material properties (optical, electrical, or
electronic) enable an indirect yet comprehensive understanding
of the pristine material and all possible engineering controls.
From light-sensitive photoresists'® and carbon nanotubes®**" to
other low-dimensional 1D*>** and 2D?**™*® nanostructures, the
laser-driven process has provided insights into various cross-
linking, material combustion and redox reactions. The process
not only unravels the innate nanomaterial properties, but also
explores possible manipulations of material features and proper-
ties. With that, the refined engineering of microscale patterns
with desirable optical features can be achieved at high resolu-
tion, utilizing the myriad of fluorescence details for complex
micropattern encryptions.

Herein, we evaluate the effectiveness of an incident focused
laser beam to induce microscale alterations in the optical proper-
ties of a dense vertical In,O; nanowire array. Investigated across
a plethora of characterization techniques, our study of laser
influence under varied gaseous conditions (ambient, oxygen,
helium, vacuum) deduced the role of an oxidizing environment
in activating defect-related yellow broad-band emissions at the
designated laser-modified regions. Moreover, subsequent sample
storage afforded an overcoat of blue emission owing to surface
oxygen physisorption that could be dynamically modulated
through controlled UV exposure. Together, the various features
prompted the development of the samples for multilayer anti-
counterfeiting through microscale patterning, dynamic color evo-
lution and time-domain encoding, that can be conveniently
verified via a fluorescence microscope.

Results and discussion

Fig. 1 summarizes the main phenomena established as the basis
for this study. Under the influence of a scanning focused laser
beam (laser light wavelength = 532 nm), distinct square patterns
were engineered with differing optical and PL characteristics
depending upon the incident laser intensities modulated by the
lens numerical aperture (NA). Under lower intensity (low lens NA)
irradiation, the modified sample resolves into a region of greyish-
white “crystalline” surface, with obvious yellow fluorescence
amidst the non-fluorescing pale-yellow background of standing
nanowires (Fig. 1b). The higher laser (high lens NA) intensity
introduced more extensive laser modification, producing a
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Fig. 1 Schematic outline for laser-induced modification of In,Oz nano-
wire array. Variable optical and photoluminescence (PL) output induced by
localized irradiation using a focused laser beam (532 nm CW) under
different laser intensities modulated by lens numerical aperture (NA).
(a) SEM layout of the pristine nanowire sample. (b and c) Fluorescence
micrographs (FM; under UV excitation) of samples directly after laser
modification with different laser intensities. (d and e) FM images showing
a further transformation in PL presentation of the modified samples upon
prolonged storage. Insets in (a—c) optical micrographs of the pristine
vertical hanowire array, and the respective laser-processed regions under
different laser intensities.

squarish mix of pink and green pixels in the modified region
(Fig. 1c). This offers a much weaker yellow emission throughout
the region, with the exception of the comparably stronger emission
at the periphery of the square. More interestingly, the laser-altered
domains were subsequently found to adopt prominent PL trans-
formations under prolonged (> 24 hours) ambient storage (Fig. 1d
and e). These findings subsequently prompted further character-
izations under different environmental controls and perturbations,
targeted at understanding the laser-induced micro-reactions at the
sample surface. The resultant outcome is expected to provide an
engineering handle for the optical properties of the nanowires and
confer modified capabilities catering to a greater extent of diverse
functionalities.

Production and characterization: indium oxide (In,O;)
nanowires

The vertical array of In,O; nanowires was synthesized via a
previously described low-RF plasma-assisted reactive evaporation
protocol.>’° Specifically, the adjusted parameters permitted a
self-catalyzed growth process driven by molten droplets of In
metal, in cooperation with the native oxide atop the silicon
substrate to form the nanowires.”’ Through RF generation of
nitrogen plasma across the coil of tungsten filament which
encloses an indium wire (Fig. S1a, ESIt), the procedure allowed
for regulated control over various parameters to yield In,O; of
variable dimensions and qualities. More importantly, with the
heat source filament isolated (~1.5 cm above) away from the
substrate, the technique allowed for the low substrate tempera-
tures (200-300 °C) crucial for compatibility with other nano-
characterization techniques or electronic post-processing. Herein,
our samples were produced under optimized conditions of 200 W
RF power and 300 °C substrate temperature.

Under scrutiny by SEM, the nanowire morphology along
with its dimensions were ascertained with lengths up to 4 pm

This journal is © The Royal Society of Chemistry 2023
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and widths on the scale of 100 nm (Fig. Sib, ESIf). A con-
comitant EDX representation denotes the major composition of
indium and oxygen in the nanowires, with minor silicon
content due to the underlying substrate (Fig. Sic, ESIt). The
uniformity of the nanowires and their homogeneous distribu-
tion were further ascertained by higher magnification SEM
(Fig. S1b inset, ESIt) and optical microscopy (Fig. Sid, ESIT),
respectively. The corresponding FM images (Fig. S1e and f, ESIY)
under UV excitation revealed fairly weak fluorescence of the
sample, with a faint hue of a green-yellow mixture discernible
only at long exposures of 15 s. The corresponding PL spectrum
(Fig. S1g, ESIT) denoted two distinct broad Gaussian regions
centered at about 610 and 777 nm, both of which displayed close
to linear correlation with laser power, indicative of bound
excitonic recombination (Fig. S1g inset, ESIT). The composition
of the nanowires was verified through corroborated outputs from
Raman spectroscopy, EDX mappings, XPS and XRD analyses.
The Raman results (Fig. Sth, ESIT) provided identifiable features
comparable to those reported for In,O; nanowires in the bcc
cubic phase,**** with the exception of peaks at 250 cm™* and
590 cm ' typically attributed either to the nanostructure
construction®”> or to small quantities of the rhombohedral
phase In,O; (rh-In,0;, R3¢).*** Compositional analysis with
EDX mapping yielded uniform distributions of In and O in ratios
(1:1.58) (Fig. S1i-k, ESIt) similar to theoretical expectations
(1:1.50). The XRD output (Fig. S1l, ESIt) confirmed that the
sample was in the bixbyite phase (c-In,03, Ia3 (206)) verified by
JCPDS 65-3170 (Fig. S1l inset, ESIT),*”*° while analyses across
HRTEM (Fig. Sim, ESIt) and SAED (Fig. S1m inset, ESIY)
confirmed the high crystalline quality of the sample, with
0.18 nm interplanar spacing closely assigned to the (440) plane
of cubic In,0;.%° Finally, the direct XPS output confirmed the
chemical compositions of the nanowires, with In 3d (Fig. Slo,
ESIt) and O 1s (Fig. S1q, ESI{) maps dominant in In,O; signals
incorporating a hydroxide surface (In(OH);) and meagre quan-
tities of oxygen vacancy (Vo)-related species.*'** With C 1s (Fig.
Sin, ESIT) and N 1s (Fig. S1p, ESIT) analyses, minute amounts of
carbon-based absorbates and interstitial nitrogen inclusions**
were identified, along with possible components of InN.*>*°

Laser-induced modification of nanowire optical properties

Through a series of optical mirrors, the beam path of a 532 nm
laser was directed through a back aperture of the metallurgical
microscope unit. The laser travels a route identical to that of
the optical light path, before it gets deflected by the dichroic
mirror of the filter unit and is focused through the objective
lens upon the sample surface. Herein, a micro-stage controller
allows precise control of the programmed lateral movements
along the stage, while a back-reflecting shutter unit quickly
shutters the laser on/off, both contributing to precise mani-
pulation of the laser raster area and pattern. The flexibility to
adapt a homemade gas chamber atop the microscope stage,
with air-sealed connections to a vacuum pump and gas tank
inlet, allows for the same laser raster operations amidst regu-
lated gas environments with the sample placed within, and the
holder topped with a quartz crystal (Fig. 2a).

This journal is © The Royal Society of Chemistry 2023
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Under the influence of the laser focused through a low-
magnification objective (low NA), the nanowires conform to a
slightly melted state (Fig. 2b), particularly at the intersection of
the overlying topmost nanowires. Surprisingly, this seemingly
minor change in morphology reflects a more dramatic change
in the optical appearance of the nanowire array, transforming it
from a yellowish spotted mesh to a greyish-white “crystalline-like”
form (Fig. 2c). Across a power range of 70-110 mW, the modified
region emits a bright yellow fluorescence (Fig. 2d) relative to the
dark background, with a severely broadened PL emission profile
ranging from 500 nm to beyond 800 nm (Fig. 2e). Herein, it is
expected that the laser incorporation of ambient oxygen into the
bixbyite lattice may have replenished any oxygen vacancy sites,
prompting an optical contrast’” relating to the larger bandgap
(>2.9 eV)*®*° of In,0; in accurate stoichiometries, while any laser
thermal influence prompted an improved sample crystallinity.
The integration of excessive oxygen content would further prompt
various defects, such as O;, Oy, or composite defects coupled
between the interstitial element with remnant vacancies, giving a
complex PL plateau from the merger of mixed emission profiles.
Deconvoluted into its multiple Gaussian components, the broad
PL profile of the yellow emission was fitted by up to seven
components stemming from a complex interplay between the
defect contributions (Fig. S2, ESIt). In contrast, laser modifica-
tions made at lower (<30 mW, low lens NA) and higher (130 mW,
low lens NA) laser powers demonstrated much weaker emissions
with a deconstructed PL profile analogous to that of the pristine
sample.

With Raman characterization, the laser-modified region was
found to retain most of the vibration modes associated with
In,0; species (Fig. 2f). Notably, the laser-modification process
brought about a decrease in peak intensity at 254 cm ',
compensated by an increase at 312 cm ™', Herein, it would be
reasonable that the morphological “melting” accounts for the
decrease in any rhombohedral phase or nanowire-related vibra-
tions. In contrast, the increase in magnitude of the vy, o
(stretching) vibration at 312 ecm ™" could easily be explained by the
passivation of ambient oxygen at vacancy sites. The notion of
oxygen incorporation was further corroborated by SEM-EDX map-
pings (Fig. 2g), where the map of oxygen distribution (O Ka)
distinctly displays a square region of enhanced counts identical to
the laser-modified pattern. Under the scrutiny of the XPS instru-
mentation (Fig. 2h-k), the laser-effected changes were found
predominantly in the removal of surface InN and In(OH); com-
ponents, together with the revelation of underlying In species.

To verify the hypothesized impact of laser-incorporated oxygen
on the acquired fluorescence, comparative low-intensity (low lens
NA) laser alterations were conducted for the same sample placed
within controlled oxygen and vacuum conditions. As anticipated,
the regions laser-processed under the oxygen-rich environment
(across a range of laser powers (20 mW, 50 mW, 90 mW)) were
endowed with lighter optical hues (Fig. 3a), accompanied by
yellow fluorescence (Fig. 3b) brighter than regions processed
under ambient conditions (Fig. 2d). In contrast, vacuum condi-
tions produced darker, slightly deeper “sink-in” domains with
much weaker emission (Fig. 3c and d). It is expected that the lack
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Fig. 2 Laser modification of In,Oz nanowire array under ambient conditions: yellow fluorescence. (a) Schematic layout of focused laser microscope
setup tethered with a 532 nm laser beam input and micro-stage controller. Homemade gas environment chamber (with vacuum and variable gas tank
inlet) available as an attachment for environment-controlled laser modification. (b) SEM analysis at the periphery of the square region altered at low laser
intensity (50 mW, low lens NA), demonstrating the change in morphology at the “cut—uncut” interface. (c) OM bright field image of laser-modified region,
along with (d) corresponding FM images (under UV light excitation) across a range of laser powers. (e) PL spectrum profile (325 nm UV excitation) of laser-
modified nanowire region under variable irradiation powers, demonstrating the evolution of a broad multipeak signal after laser modification at different
powers in the range 70-110 mW, consistent with the acquired bright yellow luminescence in (d). (f) Acquired Raman spectrum of laser-modified
nanowire region under 532 nm excitation. (g) SEM-EDX analysis for a typical low-intensity laser-modified square under 50 mW laser power:
low-magnification SEM image with corresponding O Ko and In M{ maps. (h—k) XPS spectra of the laser-modified regions, presenting elemental signals

of (h) C 1s, (i) In 3d () N 1s (k) O 1s.

of endothermic oxidation in the sample under vacuum conditions
forces a greater degree of localized heating to cause more exten-
sive sample damage. Examined under SEM, the morphological
changes were akin to those of the ambient modified samples and
generally involve nanowires melted at the conjoined or intercon-
nected points (Fig. 3e and f). Such similarities would dispel
suspicions of a fluorescence discrepancy arising from major
variations in the nano-morphologies of the respective sample
regions. Finally, when overlaid upon a single plot, the PL layout
(Fig. 3g) for a sample laser-modified in oxygen demonstrated
enhanced emission intensity relative to that under ambient
conditions, while those of samples modified in oxygen-free con-
ditions (vacuum or helium) were more equivalent in profile to an
unmodified sample. This confirmed the critical correlation of
oxygen concentration in the surrounding vicinity with the brilli-
ance of the acquired yellow fluorescence.

5274 | J Mater. Chem. C, 2023, 11, 5271-5280

Furthermore, the reproducibility of the laser-transformation
phenomena was also ascertained in multiple repeated runs
with slight variations across the key parameters (Fig. S3, ESIT).
The impact of the incident laser power was found to be greater
in comparison to the laser raster speed. While the optical
contrast (Fig. S3a, ESIf) and fluorescence (Fig. S3b, ESIf)
remained fairly consistent across the range of raster speeds
(10-60 um s~ '), the change in laser power (20-80 mW) induced
a gradual optical transition from the whitish “crystalline”” form
to a greyish state. With increasing laser power, the sample also
presents gradually diminishing fluorescence intensities and
the formation of fluorescing perimeter rims. As the decreased
raster speed is expected to prolong the holding duration of the
laser spot at each point within the raster region and thus
increase the localized heating influence analogous to a smaller
increment in laser intensity, the raster speed could potentially

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Low-intensity (low lens NA) laser modification of In,O3z nanowires
under environmental control. (a) OM of sample laser modified under an
oxygen-filled environment with its associated (b) FM landscape. (c) OM of
sample laser-modified under vacuum conditions with its associated (d) FM
landscape. (e) Corresponding SEM image for sample modified (50 mW) in
oxygen. (f) Corresponding SEM morphology for sample laser-modified
(50 mW) in a vacuum. (g) Comparison of PL emission profile for samples
laser-modified under the different set conditions. The sample modified in a
helium environment was found to adopt an overlapping PL profile against
that modified in a vacuum.

be a more refined parameter for evaluating the laser-induced
changes.

Comparatively, the XPS details across the pristine and laser-
modified samples also deliver insights into the changes
associated with the laser processes. In particular, the evolution
in indium and nitrogen-based compounds across the laser
thinning process prompted a schematic model (Fig. 4a) supple-
mented by HRTEM analyses. Obtained through a self-catalyzed

In(OH),
\ >

Fig. 4 Evaluation of nanowire depth profile and distribution of elemental
species. (a) Schematics of standing nanowire cross-section and distribu-
tion of indium-related composition. (b) HRTEM of a single representative
nanowire tip. (c) Higher magnification HRTEM demonstrating the inclusion
of an In nanoparticle catalyst at the tip of the nanowire. Inset: SAED
patterns identifying the pure In component in the selected scan region.
(d) HRTEM of another representative nanowire tip (e) magnified HRTEM of
region marked by red box in (d), demonstrating the non-homogeneous
distribution of InN clusters at the nanowire tip. Inset: SAED patterns
identifying the InN components. (f) Side-view cross-sectional SEM of
sample under low-intensity (low lens NA) laser engineering. (g) Zoom-in
cross-section at interface of cut—uncut region showing depth of 2.42 um.
(h) Similar side-view SEM profile under high laser (high lens NA) intensity,
scaling a depth of approximately 4.73 um.

This journal is © The Royal Society of Chemistry 2023
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growth process mediated by directional oxidation at the surface
of the molten indium droplets, the obtained nanowires typi-
cally include a nanoparticle (Fig. 4b) at the far-end tip con-
firmed by SAED to be composed purely of remnant indium
(Fig. 4c and inset). In other instances, sparse inclusions of InN
were similarly identified by SAED in a non-homogeneous dis-
tribution close to the nanowire apex (Fig. 4d and e and inset).
Correlating with the XPS findings, it is possible that longer
strands of nanowires that emerge beyond the surface nanowire
canopy would have their indium catalyst oxidized to In,O; or
In(OH);, owing to extended exposure to the ambient surround-
ings. The analyzed area of the pristine sample happens to have
sampled nanowires containing the InN component. Upon laser
removal of the topmost layer inclusive of InN and In(OH);, the
underlying mid-layer mixture of half-cut nanowires and unex-
posed shorter nanowires that still carry pristine indium nano-
particles is now exposed, accounting for the newfound signals
in the XPS results. Through sideview SEM imaging, the sample
modified by low laser intensity revealed a sink-in of 2.42 um
(Fig. 4f) at the cut-uncut interface, marked by the peripheral
standing nanowires (Fig. 4g), in stark contrast to the deeper
4.73 pm (Fig. 4h) under higher intensity irradiation. Further-
more, under the scrutiny of TEM EDX analysis (Fig. S4a, ESIt)
at the nanowire tip region, distinct signals of In, N and O were
acquired (Fig. S4b-e, ESIT). The results not only substantiated
the presence of InN species at the nanowire apex, but also
described a non-stoichiometric excess of In in the region,
reiterating the possibility of embedded indium nanoparticles
(Fig. S4f, ESIY).

Laser-induced changes - post laser environmental influences

Upon prolonged storage and gas exposure, the samples demon-
strated distinct transformation in their fluorescence profiles.
Under low-intensity laser modification, the typical crystalline
optical (Fig. 5a) and yellow fluorescent (Fig. 5b) laser-modified
regions were initially obtained. While the optical appearance
remained consistent over extended placement in an ambient
environment, the fluorescence landscape was topped with a
confounding layer of bluish-green hue that gradually appeared
upon the modified sample surface (Fig. 5c). The associated
Raman spectrum reveals a further decline in the signal at
254 cm™ ' (Fig. 5d), coherent with the SEM characterization
that reveals the loss of nanowire morphology as domains of
spiked bumps emerge (Fig. 5e).

In contrast, samples modified with high-intensity (high lens
NA) lasers are characterized by an optical appearance that com-
prises a multicolored mix of predominantly pink and green hues
(Fig. 5f), along with an FM image demarcated by a perimeter of
yellow fluorescence encompassing a central area of similar but
weaker emission (Fig. 5g). With such an energetic range of
irradiation intensities, the laser influence transcends the comfor-
table range for optimal defect-induced fluorescence, presenting a
severe decline due to sample damage; only with weakened
remnant laser intensity at the radial beam waist was fluorescence
achieved. The corresponding evolution under ambient storage
was similar, with the optical image retaining its original look,
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Fig. 5 Post-modification fluorescence changes under various surrounding conditions: blue fluorescence. (a) OM of nanowire domain modified with
low-intensity (low lens NA) laser exposure, with its corresponding (b) FM image. (c) FM image of laser-modified region in (a) and (b) evolved after
prolonged storage under ambient conditions. (d) Raman profile and (e) SEM display for sample after storage changes (in (c)). (f) OM of nanowire domain
modified with high-intensity (high lens NA) laser exposure, with corresponding (g) FM image. (h) FM image of laser-modified region in (f) and (g) evolved
after prolonged storage under ambient conditions. (i) Raman profile and (j) SEM display for sample after storage changes in (h). (k—n) XPS analyses for
typical sample in (h) of elemental compositions (k) C 1s () In 3d (m) N 1s (n) O 1s.

while the fluorescence profile adopts an added coat of turquoise
in the laser-modified region (Fig. 5h). A similar Raman spectrum
was acquired, with the lack of nanowire features (254 cm ')
while maintaining characteristic signals for vy,_ o (stretching;
308 cm ') and thee (IN,05; 483.5 cm ™', 624.4 cm ') (Fig. 5i).
Under SEM analysis, a new morphology was observed, consisting of
much finer nanofibers entangled in a dense mesh (Fig. 5j). With
analysis of the “blue” transformed state of the modified region, the
XPS results (Fig. 5k-n) afforded signals distinctive of a pure In,O;
composition, without contributions from other indium-based com-
pounds (In(OH);, In, InN) at this laser-induced depth.

In a comparison between samples modified with varying laser
intensities under ambient conditions, the rate of fluorescence
change was found to correlate with nanostructure morphology.
While samples modified under high laser intensities were found to
produce the overlying turquoise emission over the course of a day,
samples from the low-intensity process took up to a week for
discernible blue contributions. Hypothesized to involve a surface
molecular adsorption process, we thus expect the large surface area
owing to the nano-fibrous morphology to favor greater adsorption
kinetics in comparison to that of spiked cluster domains.
Furthermore, a similar morphology-to-fluorescence relation
was also observed for the sample modified by a high-intensity
laser under varied environmental conditions. Across laser altera-
tions performed under ambient (Fig. S5a-d, ESI{), oxygen-rich
(Fig. S5e-h, ESIt) and vacuum (Fig. S5i-1, ESIT) conditions, the
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nano-morphologies adopted a trend of decreasing surface to
area ratio stemming from the corresponding nano-fibrous net-
work (Fig. S5d, ESIT), fibrous clusters (Fig. S5h, ESIt) and melted
particle mix (Fig. S51, ESIt). In a similar fashion, the rate of
fluorescence transformation, in which the bluish contribution
can be discernible, was found to concur in the order of ambient
> oxygen > vacuum. More intriguingly, the samples modified
under vacuum conditions were found to be severely compro-
mised in their fluorescence properties, with almost none of the
yellow fluorescence features that never turned blue. With the
lack of endothermic oxidative or crystal transformation reactions
under vacuum conditions, the accumulation of localized laser
energy is expected to always bring about strong thermal conditions
that may have destroyed the material of any indium oxide form
capable of sustaining its fluorescent properties. Furthermore, this
marks an assurance that the established phenomenon does not
involve any interference from the underlying silicon substrate
exposed under high-intensity laser irradiation.

In further evaluation of the fluorescence changing process,
the idea of surface absorption was evaluated by adsorption-
desorption under various perturbations. To begin with, the
distribution of the various yellow and blue emitting regions
was analyzed along the vertical z-axis by varying the FM z-focus.
Mapped in correlation with the optical image (Fig. S6a, ESIT),
the topmost imaging focused upon peripheral unaltered nano-
wire array domains (Fig. S6b, ESIT). Moving downwards within

This journal is © The Royal Society of Chemistry 2023
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the “sunk-in” modified region, the fluorescence image first
focuses onto the utmost layer of blue fluorescence spots
(Fig. Séc, ESIT), before subsequent focusing upon the under-
lying yellow fluorescing regions (Fig. S6d, ESIt). The vertical
distance between the focal planes for the respective fluores-
cence regions was measured through a calibrated scale on the
microscope z-axis, yielding an estimated 3 pm for the thickness
of the blue fluorescing domain. With UV exposure under
continual fluorescence imaging, the surface layer of blue was
gradually dispelled (Fig. 6 and Fig. S7, ESIt), transiting various
states of turquoise (Fig. 6¢ and d) and green emission (Fig. 6e-h)
before reverting to the original yellow emitting state (Fig. 6j)
upon extended UV exposure. Surprisingly, with the subsequent
removal of the UV source, the fluorescence transformation and
recovery of the blue component commenced instantaneously
and was discernible within a short time range of 1.5 hours
(Fig. 6k and 1). With the changes being highly reproducible
and easily achievable for samples modified under both high-
and low-intensity lasers (Fig. 6 and Fig. S7, ESIT), the fluores-
cence transformation dynamics hinted at a surface absorption—
desorption process universal to the modified sample variants.
Furthermore, with thermal annealing in an ambient setting,
a similar desorption of surface absorbates was also achieved
(Fig. S8, ESIt), thinning out the overlaying blue contributions in
the recovery of the original yellow-emitting (low-intensity-

UV ON, t=1 mifis

Pristine

UV ON, t ="2 mins : UV ON, t =3 mins UV ON, t =4 mins '

UV ON, t =7 mins UV ON, t =12 mins

UV ON, t =57 mins

UV OFF, t = 62 mins

UV OFF, t = 72 mins

Fig. 6 Sample fluorescence evolution under time-varied UV exposure
ON-OFF. (a) OM layout of low-intensity (low lens NA) sample laser-
modified region after prolonged ambient exposure. (b—j) Corresponding
time points across UV exposure duration and influence on sample fluores-
cence: (b) t = 0 min, (c) t = 1 min, (d) t =2 min, () t = 3 min, (f) t = 4 min,
(@ t =7 min, (h) t =12 min, (i) t = 27 min, (j) t = 57 min, demonstrating a
decreasing blue component with increased UV exposure time. (k and 1)
Corresponding time points after cut-off of UV exposure and effect on
sample fluorescence: (k) t = 62 min, () t = 72 min, demonstrating the
recovery of the blue fluorescence component.
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modified) and yellow-edge-emitting (high-intensity-modified)
states. As such, the system not only prompts the potential for
recovery to the original state, but also provides dynamic access-
ibility across the wide range of intermediate emitting states
through the broad parameter of UV exposure time.

Laser induced changes - reference controls

In order to understand the mechanics behind the absorption-
induced fluorescence conversion, it is imperative to evaluate
the sample’s response under various environmental controls to
narrow down the exact molecular system responsible for the
change. Based upon atmospheric composition, samples with
fresh laser modifications were separately stored under nitro-
gen, oxygen, carbon dioxide and high-humidity conditions to
invoke the observed fluorescence transformation. Stored under
oxygen-rich conditions (Fig. S9a and d, ESI{), the sample was
found to develop gradual brightening of both yellow and blue
fluorescence within the laser-modified area. Comparatively, the
fluorescence profile pertaining to samples stored under carbon
dioxide (Fig. S9b and e, ESI{) or nitrogen (Fig. S9¢ and f, ESIT)
environments stayed invariant over the period of gaseous
exposure.

Given that the storage conditions involved a humid ambient
climate, any latent influence of water content on the changes in
PL should be well-accounted for. Ambient laser-modified sam-
ples processed under various laser intensities were treated in a
high-humidity closed chamber. Presented in Fig. S10a and b
(ESIY), sustained exposure for both samples did not show any
discernible blue emission across the five-hour experimental
window; any background influence from water adsorption can
effectively be eliminated.

Fluorescence mechanism

Given that stoichiometric In,O3; possesses an inherently wide
bandgap (3.0-3.4 eV; Fig. 7a), a multitude of electronic transi-
tions with lower energies (1.7-2.1 eV) embedded within the
yellow fluorescence is expected to arise from defect states
situated within the gap, characterized by the typical broad-
band emission encompassing contributions from various
defect state transitions. With oxygen content mediating an
enhancement in the yellow emission acquired, it becomes
intuitive to assign oxygen-related defects (Oj, O, (Oi-Vo))
involving deep acceptor states positioned mid-gap for these
low-energy emissions (Fig. 7b).

Besides the laser-assisted generation of bright yellow emis-
sion due to oxygen atoms incorporated in the crystal matrix
(filling vacancies, interstitial sites, chemisorption), the oxygen
molecules were found to also contribute to the time-dependent
blue fluorescence acquired from physical adsorption upon the
lasered sample surface. Since the top-layer blue emission was
found to be inducible only with oxygen exposure, and reversible
under UV irradiation or thermal treatment, the process was
hypothesized to involve surface states of a shallow donor nature
(Fig. 7c). Depending on the position of the molecular electronic
states relative to the In,O; Fermi level, charge transfer
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Fig. 7 llustration of energy level profile for various fluorescence

mechanisms. (a) Energy level profile for pristine full stoichiometric In,O3
demonstrating a wide bandgap of 3.0-3.4 eV. (b) Energy level distribution
for In,O3 sample (low-intensity) laser-modified under ambient conditions,
demonstrating the broad-range multi-transition emission from deep
acceptor defect states. (c) Prolonged sample storage after ambient
laser-modification, illustrating the surface layer blue emission originating
from surface-adsorbed oxygen molecules.

dynamics may also make a contribution to the emission
process.>!

Application — micropatterning and anti-counterfeiting technology

To demonstrate the flexibility and control of the laser-
modification technique to dictate In,O; nanowire PL down to
the micron scale, a proof of concept was performed to derive
micropatterns of differing states. Simply through modulation
in laser intensity, spatially refined micropatterns of disparate
optical (Fig. 8a and c) and fluorescent (Fig. 8b and d) appear-
ances were attained. With the potential for a blue overcoat
upon selective gas exposure treatment and storage, accessibility
across the various “yellow” and ‘“blue” emitting states offers
region-selective dual-color fluorescence for high-resolution
micro-displays and anti-counterfeiting embeddings.

40 pm

40 pm

Fig. 8 Laser-controlled micropatterning. (a) OM image of “bee” micro-
pattern demonstrated with low-intensity (low lens NA) laser-modification,
along with corresponding (b) FM image. (c) OM image of “"bee” micropattern
demonstrated with high-intensity (high lens NA) laser-modification, along
with corresponding (d) FM image.
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Furthermore, with the transitional feature of the blue
fluorescence component under UV readout lies an additional
dynamic layer of heightened security trait hidden beneath the
unaltered bright field optical contrast of the sample. The
multilayer encryption begins with the micropattern readout
under bright field and fluorescence modes (Fig. 9a), before
the next-level assurance through a distinctive blue-green-
yellow transition arising from dissipation of the overlayer blue
emission, discernible in the time order of seconds to minutes
(Fig. 9b). For advanced security detailing, a third level of sample
encoding can be applied across the time domain, by assigning
screenshots of the varying sample PL states to timepoint values
in a pre-established database for comparative verification, or
through a pre-recorded intensity to time correlation of the PL
transformation process for a quantitative comparison (Fig. 9c).
Together, these various encryption checkpoints consolidated
within a single complex micropattern assure optimal anti-
counterfeiting and security authentication. Only with all
features coherently present at high accuracy within a specimen
can the authenticity be validated.

Capitalizing upon the time-reversibility in the sample’s
incessant and gradual evolution in fluorescence, the optical
readout could easily be reused over multiple runs. With the
increasing involvement of artificial intelligence and machine-
learning platforms in anti-counterfeiting readouts, improved
verification procedures with better precision can be developed.
Furthermore, the time-dependent change in fluorescence color
is expected to provide value in reusable time-sensitive packa-
ging or optical expiry label tagging for quickly perishable items.
With an understanding of the time required for a full color
change process, the label could be assigned as fixed time
markers for items predicted to expire within the assigned
timeframes and would be especially useful for items involving
oxygen-liberating processes. Also, since the adsorption-
desorption process was found to be reliant upon UV exposure
intensity, along with oxygen concentration, the system could

Dynamic Fluorescence Evolution

+
' !!.n.

t=0s t=100s t=200s t=300s t=400s t=500s

Intensity
0

Microscale Anti-counterfeit Fluorescence Patterning Time

Time Domain Encoding

Fig. 9 Proposed multilayer complex security anti-counterfeiting applica-
tion. (a) Schematics of dual-color fluorescence micropatterns embedded
within a passport illustration. (b) Additional layer of security detail from
dynamic fluorescence evolution coming from gradual dissipation of sur-
face blue emission. (c) Further encryption from time-domain fluorescence
encoding and features.
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potentially be applicable for oxygen sensing and UV exposure
(time and intensity) calibration purposes as well.

Conclusions

In summary, we have reported the initiation of various fluores-
cence features through laser-induced surface modification
upon a standing array of indium oxide nanowires. With laser
incorporation of oxygen species amid the sample lattice, a
newfound yellow emission was first achieved, before a subse-
quent blue fluorescence overlayer was obtained from surface
oxygen physisorption upon prolonged storage. The respective
emissions were reasoned to originate from the addition of deep
defect and shallow surface states within the wide-bandgap host
nanomaterial. Exploiting the volatile non-steady-state dynamics of
the blue fluorescence adsorption-desorption under UV exposure,
we developed a system of multi-dimensional anti-counterfeiting
capability through multilayer verification checkpoints of microscale
patterning, dynamic color evolution and time-domain encoding.

Experimental section
Material characterization

Sample bright field OM and FM images were captured using an
Olympus BX51 upright microscope coupled with an LED top
illuminator and an appropriate set of filters. Raman and PL
spectra were acquired from a Renishaw inVia 2000 Micro-
Raman system using the respective 532 nm and 325 nm excita-
tion lines. The SEM images and corresponding energy disper-
sive X-ray (EDX) maps were obtained from a JEOL JSM-6700F
field emission scanning electron microscope (FESEM) operated
at 15 kv, coupled with an Oxford Instruments X-MaxN 150 EDX
detector. TEM and HRTEM details were acquired using a JEOL
2010 HRTEM, with the samples prepared on carbon-coated
copper grids (Lacey 300 mesh Cu). Sample XRD diffractograms
were measured using a PANalytical Empyrean X-ray diffract-
ometer operating at 1.5406 A with fixed grazing incidence angle
of 0.5° across a 26 range of 20°-80°. Sample scan step time and
step size were fixed at 2.0 s and 0.026°, respectively. XPS
elemental analyses were conducted on a Thermo Fisher Scien-
tific Theta Probe XPS system.
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