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Laser Initiated Site-selective Formation of Fluorescing
Ag−Fe2O3 Nanocomposites for Electron Detection†
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There has been continual interest in the fabrication of Ag−Fe2O3 composite nanostructures due to
its effectiveness in antimicrobial, catalytic and sensing applications. However, traditional processes
involve multiple steps and harsh conditions, making them time consuming and energy intensive.
A focused laser beam is used as an alternative tool to fabricate fluorescing Ag−Fe2O3 composite
nanostructures. The rapid thermal annealing and quenching process leads to uniformly distributed
particles that form site-selectively in the lasered regions. Performed without demanding conditions or
any additives, this process is more precise, energy and cost-efficient compared to traditional methods.
Presence of Ag within the composite enhances the intrinsic fluorescence of Fe2O3 by more than 10
times through surface plasmon resonance effects. This exclusive trait turns the composite into an
effective micro-beta particle detector with in-situ optical feedback. This work offers a glimpse to the
benefits of developing alternative synthesis processes as a means to uncover alternative applications.

1 Introduction
The synthesis of silver- iron (III) oxide (Ag−Fe2O3) nanostruc-
tures has attracted continued interest due to its effectiveness in
biomedical1, environmental remediation2, catalysis3, and sens-
ing applications. As an antimicrobial agent, Ag−Fe2O3 it is par-
ticularly effective due to the synergistic effects of silver and its
Fe2O3 substrate4. They are also used in the catalytic degrada-
tion of water pollutants2,3,5, and to detect CO, NO, and volatile
organic compounds (VOCs)4.

Many methods have been explored over the years for the syn-
thesis of the Ag−Fe2O3 nanocomposite. Traditional methods in-
clude the sol-gel method4, the hydrothermal method6 and the
co-precipitation method2. More recently, much effort has been
devoted to the development of green synthesis methods using bio-
logical extracts7–10. The sol-gel method offers the benefit of good
control over particle size and homogeneity. However, it can be
costly due to its requirements for specific precursors, controlled
environments, and stabilising agents to be added.
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Furthermore, such processes are energy-intensive due to the
drying and calcination processes conducted at high temperatures.
The hydrothermal method also provides good control over par-
ticle morphology and size, but it also suffers from high energy
consumption due to the need to maintain elevated temperatures
and pressures. Co-precipitation can be cheap and scalable, but
offers limited control over size and morphology. The process of
co-precipitation also requires the addition of chemical surfactants
and stabilisers. While green synthesis methods improve tradi-
tional precipitation methods by substituting more eco-friendly bi-
ological extracts for chemical reducing agents and stabilisers, the
process suffers from the same limitations regarding inhomoge-
neous size and morphology.

This work attempts to address the above limitations by explor-
ing a different avenue for synthesising the Ag−Fe2O3 nanocom-
posite. A focused laser beam initiates the site-selective photother-
mal reduction of aqueous Ag+ ions. The strong but localised heat-
ing allows Ag−Fe2O3 nanocomposites to be formed evenly under
ambient conditions without surfactants or stabilising additives.
As a result, the process is a cost and energy-efficient alternative
to traditional methods. Relatively good control over particle size
and morphology is also achieved. Furthermore, this method has
the distinctive feature of site-selectivity, that is, the formation of
the nanocomposite is controlled within the site of the laser treat-
ment only. This facilitates the precision engineering of highly spe-
cific arrangements of the nanostructure to micrometre precision,
and as we enter an age of micro- and nano-sized devices and
lab-on-a-chip applications, the ability to conduct precise directed
assembly of various micro- and nano-structures could be increas-
ingly valuable11.
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Uniquely, the Ag−Fe2O3 nanocomposite formed emits strong
red fluorescence under yellow excitation. This fluorescing phe-
nomenon is due to Ag amplifying the intrinsic red fluorescence
of the crystalline Fe2O3 nanoflakes by more than 10 times. The
fluorescence property thus serves as a simple and reliable means
of determining successful nanocomposite formation without re-
quiring more expensive characterisation. While characterising the
composite material, the fabricated nanocomposite reacts to elec-
tron irradiation with an increase in its fluorescence intensity after
being exposed to an electron beam.

Through determining the composition of irradiated and non-
irradiated samples, as well as an in-situ observation of the nanos-
tructure’s changes during electron irradiation on an atomic level
under the TEM, the mechanism of this change is identified to be
due to the solid-state reduction of silver oxides into silver by elec-
tron bombardment. In other words, the fluorescence from the
Ag−Fe2O3 nanocomposite can response to the changes in the ox-
idation state of the Ag. This unique property illuminates the pos-
sibility of new applications for this well-known nanocomposite:
(i) a micro-beta particle detector with real-time optical feedback,
or (ii) a pathway for developing cheap, non-destructive optical
probing capable of monitoring the degradation of silver catalysts
and plasmonic devices. This work thus highlights the benefits of
developing alternative processes for fabricating traditional mate-
rials, which lies in the potential of uncovering unique features
and applications.

2 Experiments

2.1 Materials and Methods

2.1.1 Formation of Iron (III) Oxide Nanoflakes Substrate

Single-crystalline iron (III) oxide (Fe2O3) nanoflakes are synthe-
sised using the hotplate method12. Iron foil (Aldrich, 0.025 mm
thick) is polished to remove surface oxidation and cleaned with
isopropanol. It is then placed on a hotplate (Thermofisher) and
heated directly in air at 400 °C for varying durations (1, 3, 6, 10,
and 20 hours).

2.1.2 Further Characterisation

Further characterisations are carried out using: Fluorescence
microscopy (FM, Olympus BX51) under Bright Field (BF) light
and yellow (530-580 nm) wavelength light excitation. Raman
spectroscopy and photoluminescence (PL) spectroscopy (Ren-
ishaw inVia Qontor with 532 nm lasers). Transmission elec-
tron microscopy (TEM, JEOL 2010F). Scanning electron mi-
croscopy (SEM, JEOL JSM6700-F) and energy dispersive X-ray
spectroscopy (EDX, Oxford Instruments X-MaxN 150). X-ray
photoelectron (XPS) spectroscopy analyses are carried out using
Thermofisher Scientific Theta Probe XPS with monochromatic Al
K alpha X-ray (1486.7 eV) with charge correction for binding en-
ergy based on C 1s from adventitious carbon at 285.0 eV.

3 Results and Discussion

3.1 Formation of Iron (III) Oxide Nanoflakes

Iron (III) oxide (Fe2O3) nanoflakes are grown via the solid-liquid-
solid growth mechanism. When the temperature of the hotplate is

sufficiently high, the surface layer of the iron foil begins to melt,
forming a liquid medium. Subsequently, the liquid medium ad-
sorbs the oxygen in the air and is oxidised to iron (II, III) oxide
(Fe3O4), which acts as the precursor for the growth of the Fe2O3
nanoflakes. Fe2O3 forms when the surface Fe3O4 is further oxi-
dised, and Fe2O3 precipitates from the liquid medium after super-
saturation. The growth continues until it cools down, condensing
the liquid to the solid state12.

SEM images of the Fe2O3 nanoflakes after varying heating du-
rations are shown in Figure 1(a), with the corresponding opti-
cal images as insets. Before heating, the pristine iron foil has a
smooth and silvery appearance. Under SEM, it appears rough-
ened (which is due to the sanding) but is not jagged. Referring
to the inset for 1 hour of heating, a layer with the characteris-
tic reddish brown colouration of Fe2O3 can already be seen on
the surface of the sample. The coverage density of this layer in-
creases as the heating duration increases, causing the samples to
appear darker visually. Under SEM, thin jagged Fe2O3 nanoflakes
are formed under shorter heating durations, and they gradually
become smoother, rounder and more uniform as the heating du-
ration increases from 1 to 20 hours. Since they produced the
most uniform Fe2O3 nanoflakes, 20 hours of heat treatment was
chosen for further investigation.

Elemental analysis is conducted on the nanoflake sample
heated for 20 hours. EDX elemental map reveals a uniform
distribution of iron and oxygen elements across the samples
(Figure 1(b)). The result highlights the uniformity achieved
through the simple hotplate-assisted synthesis process. Comple-
menting the EDX analysis is the Raman spectrum of the Fe2O3
nanoflake sample as shown in Figure 1(c). The Raman spectrum
shows the characteristic peaks of Fe2O3 at 229 cm−1, 294 cm−1,
410 cm−1, 499 cm−1, 609 cm−1 and 1315 cm−1 13, where the peaks
at 229 cm−1 and 499 cm−1 correspond to the A1g vibrational mode
and the peaks at 294 cm−1, 410 cm−1 and 609 cm−1 to the Eg vibra-
tional mode14. The 1315 cm−1 peak is due to a second-order scat-
tering process and is specific for the two-phonon or two-magnon
scattering process in the Fe2O3 nanoflakes15. These peaks thus
verified the successful formation of the Fe2O3 nanoflakes via the
hotplate synthesis process. It can be noted that there is also a
peak at 662 cm−1 not traditionally associated with Fe2O3. This
peak is close to that of magnetite (Fe3O4)’s main Raman peak
and may be attributed to incomplete phase transformation16,17.

The crystallinity of the synthesized Fe2O3 nanoflake sample is
determined by TEM analysis (Figure 1(d)). Under lower magni-
fication in Figure 1(d(i)), it can be seen that the nanoflakes have
sharp and well-defined edges. The high resolution TEM (HRTEM)
image of the region shown in Figure 1(d(ii)) had a measured
lattice spacing of 2.83 Å, corresponding to the hexagonal prim-
itive Fe2O3 (113) plane (JCPDS PDF #40-1139). The bright, dis-
tinct spots arranged in a periodic manner obtained in the selected
area electron diffraction (SAED) pattern (Figure 1(d(iii))) indi-
cate good crystallinity with single orientation. By analysing the
d-spacing and angle between the planes, the SAED pattern was
matched to the (1 0 11) and (2 0 1) planes of a hexagonal primi-
tive Fe2O3 crystal structure.

Fe 2p and O 1s XPS of the sample are also reported in Figure
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Fig. 1 (a) SEM images of the Fe2O3 nanoflakes formed after 0, 1, 3, 6, 10 and 20 hours of growth, with corresponding optical images in the inset.
(b) EDX elemental map of elements O and Fe, (c) Raman spectrum, (d)(i) TEM image, (ii) High resolution TEM (HRTEM) image, (iii) SAED and
(e-f) XPS showing (e) Fe 2p and (f) O 1s scans from the Fe2O3 nanoflakes after 20 hours of growth.

1(e) and 1(f), respectively. As expected, signals at 712 eV, 715
eV, 727.5 eV, and 733.5 eV attributed to bonding electrons of iron
in Fe2O3 are obtained, as well as a strong peak at 530.3 eV due to
the O1s electrons involved in O-Fe bonding. There are also much
weaker peaks from O-OH and O-C bonds, which are likely at-
tributed to water and carbon dioxide adsorbed onto the sample’s
surface.

3.2 Laser-Initiated Photo-Reduction of Silver on Iron (III)
Oxide Nanoflakes

Following the successful growth of the Fe2O3 nanoflakes, a fo-
cused laser beam (FLB) setup is used to initiate the formation
of the Ag−Fe2O3 nanocomposite. The formation process occurs

via laser-assisted photothermal reduction of silver nitrate solution
in the presence of the Fe2O3 substrate. A schematic of the laser
set-up is shown in Figure 2(a). A green diode laser (532 nm) is
used in this setup. The laser beam is first passed through a neutral
density filter that facilitates fine tuning of the beam intensity, then
reflected into an optical microscope using two plane mirrors. A
dichroic mirror then redirects the laser to be focused via the 100x
objective lens into a spot of diameter 1.5 µm. The sample is af-
fixed to a glass slide using a small piece of double-sided tape and
then placed on a MICOS X-Y stage controlled by Microsoft Visual
Basic software.

A thin piece of 1:12 base to curing agent (w:w) polydimethyl-
siloxane (PDMS) polymer forms a well to ensure the silver nitrate
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Fig. 2 (a) Schematic of the focused laser beam set-up. (b) Pristine sample and (c) lasered micro square under bright field (left) and yellow excitation
(right). (d) Micro pattern of words "NUS 120" observed under bright field (left) and yellow excitation (right). (e) FM spectra of pristine and lasered
samples under yellow excitation. (f) FM images of lasered squares with various lasering parameters and (g) the corresponding fluorescence spectra
from (f).

solution remains in contact with the underlying substrate. To do
so, a rectangular piece was cut out from its centre to form a well
before the polymer is placed on top of the Fe2O3 nanoflake sub-
strate. A micro-pipette fills this well with 0.1 M concentration of

silver nitrate solution. Lastly, a glass cover slip is placed over the
PDMS well to eliminate the possibility of laser attenuation due
to meniscus formation. Laser treatment of the Fe2O3 substrate
in an aqueous silver nitrate environment is achieved by focusing
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Fig. 3 (a-b) Lasered square under SEM with secondary electron imaging (SEI) taken at (a) lower and (b) higher magnification. (c-e) EDX element
map of (c) Ag, (d) O, and (e) Fe from the lasered square. (f) Pristine (left) and lasered (right) regions under SEM with secondary electron imaging,
and (g) with backscatter electron (BSE) imaging of the same region. (h) Lasered region under SEM with BSE imaging at higher magnification.
(i) Histogram showing size distribution of silver nanoparticle deposits. (j) Raman spectrum of the lasered region. (k)(i-v) HRTEM images of the
Ag−Fe2O3 nanocomposite. (vi) SAED pattern of the nanocomposite. (l-n) XPS spectra of (l) Fe 2p, (m) O 1s, and (n) Ag 3d scans.

the laser beam on the substrate surface within the PDMS well. By
varying the laser’s intensity and patterning speed as it interacts
with the sample, the degree of photothermal reduction of the sil-
ver nitrate solution in the presence of Fe2O3 can be tuned. This,
in turn, changes the final chemical and physical properties of the
Ag−Fe2O3nanocomposite formed.

The FLB was used to pattern 30 µm by 30 µm squares onto the
sample with a raster motion, after which the lasered structures
were observed under the FM. Figure 2(b) shows a typical opti-
cal image of the pristine sample. Viewed under bright field, the
sample appears uniform and dark. However, it emits a dim red
fluorescence under yellow excitation. An example of the lasered
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square is shown in Figure 2(c). The formation of uniformly dis-
tributed bright blue specks within the lasered square region can
be seen under bright field, and these bright blue specks corre-
spond to points with bright red fluorescence under yellow exci-
tation. To demonstrate how this deposition process has achieved
site-selectivity in the formation of the silver-containing nanocom-
posite, a micro-pattern spelling out the words “NUS 120” was cre-
ated and shown in Figure 2(d). Comparing the spectra obtained
from the pristine and the lasered sample under yellow excitation
(Figure 2(e)), a significant 10.7 times increase in the fluorescence
intensity is observed from the lasered sample. This strongly sug-
gests that non-destructive optical characterisation can be a viable
means to determine the successful formation of the Ag−Fe2O3
composite.

3.3 Optimal Lasering Parameters

To determine the optimal parameter for the uniform synthesis
of the Ag−Fe2O3 nanocomposite across the lasered region, laser
power densities of 3.82×109, 4.46×109 and 5.09×109 mWcm−2,
as well as lasering speeds of 100, 150 and 200 µms−1 were sys-
tematically varied (Figure 2(f)). Since the incorporation of silver
increased the red fluorescence observed, this would be indicative
of more Ag−Fe2O3 nanocomposites formed in a uniform and con-
trolled manner. Hence, fluorescence analysis is used to find the
set of parameters that would yield the product with the brightest
and most uniform fluorescence.

Through the optimisation process, a few important trends are
noted. On one hand, at a lower laser power density (Figure 2(f)
A, D, G), there is little visible fluorescence. This is likely due to
the low rate of photon incidence, which limits the amount of Fe3+

and O2 – ions formed. The formation of these ions is critical in
enabling the formation of the Ag−Fe2O3 nanocomposite. A more
detailed discussion on the formation mechanism of this composite
is presented in the subsequent section.

On the other hand, a higher laser power density (Figure 2(f) C,
F, I), also resulted in a significant decrease in fluorescence. Unlike
the phenomenon observed at a lower laser power density, the lack
of fluorescence at higher laser powers could be due to substantial
ablation of the Fe2O3 nanoflake layer, leading to the exposure of
the underlying Fe foil. This hypothesis is supported by the EDX el-
emental mapping (Figure 3(d-e)), which demonstrated a marked
reduction in the quantity of both Fe and O in the lasered region
compared to the surrounding non-lasered region. This indicates
that the underlying nanoflake substrate is ablated during the laser
modification. Since the Fe2O3 nanoflakes are necessary for the
formation of the fluorescent product, this causes the brightness
to decrease at high powers. Finally, the uniformity of the fluo-
rescence increases notably when the patterning speed increases,
leading to an overall higher intensity. Similarly to the case with
higher lasering power, at slower interaction speeds, there could
be more significant ablation of the Fe2O3 nanoflake layer.

Quantification of the fluorescence observed under yellow ex-
citation is achieved by analysing the area under the spectra ob-
tained from individual squares (Figure 2(g)). The laser power
density of 4.46 × 109 mWcm−2 and a patterning speed of 200

µms−1 (Figure 2(f) H) was chosen for detailed characterisation as
it yielded the brightest and most uniform fluorescence, indicated
by the highest fluorescence peak (Figure 2(g)). The systematic
study thus provided a means to identify the optimal parameter
for the Ag−Fe2O3 nanocomposite formation. Thereafter, samples
created under the optimal condition will be labelled as "lasered"
and detailed characterisations with comparisons to pristine sam-
ples will be carried out.

Under the SEM, secondary electron imaging (SEI) was first
used to observe the surface morphology of the Ag−Fe2O3
nanocomposites. Figure 3(a) shows the lasered square exhibiting
a distinct morphological difference compared to the surrounding
pristine region. The higher magnification image in Figure 3(b)
shows the formation of spherical protrusions on the nanoflake
tips in the lasered sample. The elemental mapping of Ag, O
and Fe from the EDX analysis performed on the lasered square
is reported in Figure 3(c-e). Ag is distributed only in the laser-
patterned region, while there is a reduction in the density of Fe
and O in the patterned region.

To conduct a statistical study on the size and distribution of
the Ag nanoparticle protrusions formed, backscattered electron
(BSE) imaging was conducted on the lasered sample. Figure 3(f)
and (g) show the same region observed using secondary (f) and
backscattered (g) electrons. Since Ag has a larger atomic mass
than Fe2O3, the regions where Ag is present appear brighter un-
der BSE, as shown in Figure 3(g). This allows them to be iden-
tified using a threshold filter. Image analysis is conducted using
ImageJ18, and more details can be found in the supplementary
information image S1. 20 images taken under higher magnifica-
tion using BSE, such as the one in Figure 3(h), were analysed,
and a histogram of the size distribution of the Ag nanoparticles
is plotted in Figure 3(i). The Ag nanoparticles follow a right-
skewed distribution, with 80% of the particles falling below the
size of 9000 nm2.

Raman analysis (Figure 3(j)) of the lasered sample shows a
strong peak at 1040 cm−1 which is attributed to Ag19 and peaks
at 1603 cm−1 and 1782 cm−1 attributed to AgO (Figure 3(k))20.
Thus, demonstrating the successful formation of Ag and AgO on
the Fe2O3 nanoflakes.

Subsequently, the lasered sample is imaged under the HRTEM,
and the images taken are presented in Figure 3(k). Under lower
magnification (Figure 3(k(i-iii)), the silver nanocomposite struc-
tures appear round, with a range of lattice spacings correspond-
ing to (004) plane Ag (2.5 Å, JCPDS PDF#:41-1402) and (200)
plane Ag2O (2.6 Å, JCPDS PDF#:41-1104). The SAED pattern
obtained from the lasered sample is presented in Figure 3(k(vi)).
The bright spots arranged in a ring pattern indicate a polycrys-
talline structure with differing crystal orientations.

The XPS spectra of the lasered sample are presented in Figure
3(l-n). Peaks attributed to 3d3 and 3d5 electrons in elemental
silver were obtained. Remarkably, there were no peaks attributed
to Ag-O bonding electrons obtained. After laser patterning, there
was a decrease in the percentage of O 1s electrons involved in
O-Fe bonding from 38.2 to 16.4, as well as a decrease in the per-
centage of Fe 2p electrons in Fe2O from 16.0 to 13.2, indicating
that bonds were broken within the Fe2O3 substrate.
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3.4 Proposed Mechanism

Based on the characterisation conducted, the following mech-
anism for the formation and fluorescence phenomenon of the
Ag−Fe2O3 nanocomposite structure is proposed:

The Fe2O3 nanoflakes absorb energy from the 532 nm laser
beam, which falls within their absorption spectrum21, and con-
vert it to heat. This photothermal process, as described in equa-
tion (1), results in the partial melting of the tips of the nanoflakes,
forming O2 – and Fe3+ ions in solution:

Fe2O3(s)−−→ 2Fe3+(aq)+3O2−(aq) (1)

Within the immediate surrounding of the nanoflakes, there is
a high concentration of O2 – ions, which causes silver oxides to
precipitate from the solution and form nanoparticles that are an-
chored onto the Fe2O3 nanoflakes:

2Ag+(aq)+O2−(aq)−−→ 2AgO(s) (2)

4Ag+(aq)+O2−(aq)−−→ 2Ag2O(s) (3)

The silver oxides are sensitive to light, and the surface layer
will readily decompose into Ag:

2AgO(s)−−→ 2Ag(s)+O2(g) (4)

2Ag2O(s)−−→ 4Ag(s)+O2(g) (5)

This process is summarised in Figure 4(a). A further observa-
tion that supports the proposed mechanism is the consistent for-
mation of air bubbles, such as in Figure 4(b), after a prolonged
period of lasering. The diffused (unfocused) laser spot seen in
time t = 2 s - 10 s is due to the refraction of the laser beam as
it passes through an air bubble, and was observed after 150 s of
laser patterning. A video of the bubble formation process can be
found in the supplementary information V1. The possibility that
the air bubbles are merely due to the solution boiling is ruled out
by repeating the laser patterning process under de-ionised wa-
ter, which did not produce such air bubbles even after protracted
periods of laser treatment. A video of this can be found in supple-
mentary information V2. This formation mechanism also explains
the presence of silver oxides detected in the Raman spectroscopy
but not in the XPS, as the Raman excitation has a deeper probe
depth (100 µm) than the XPS (< 100 Å), and the photodecompo-
sition in equations (4) and (5) will only affect the surface layer of
silver oxides.

The fluorescence mechanism of the nanocomposite can be ex-
plained via the Fe2O3 nanoflakes’ inherent fluorescence and the
nano silver deposition’s enhancement effect.

Figure 4(c) shows the PL spectrum of the lasered and pris-
tine sample, under 532 nm excitation. The samples exhibited the
strongest emission peak centred at 691 nm. However, the inten-
sity is greatly strengthened in the lasered sample, which supports
the suggestion that incorporating Ag mainly enhances the fluores-
cence already associated with the Fe2O3 nanoflakes. According
to Shi et al (2015)22 and Sadat et al (2014)23, an emission of
around 690 nm is associated with the recombination of trapped
electrons from the octahedral site to O(2p) in crystalline Fe2O3

(Figure 4(d)).
The validity of the proposed mechanism is justified by repeat-

ing similar laser treatment of the Fe2O3 nanoflakes in de-ionised
water. The results are reported in Figure 4(e-h). As shown in
Figure 4(e-f), without Ag present, there is no enhancement of the
underlying red fluorescence. In fact, notably, the lasered sam-
ple region appears noticeably dimmer than the surrounding re-
gions. Observing the same lasered square under the SEM (Figure
4(g) and (h), it can be seen that lasering under de-ionised wa-
ter had caused the Fe2O3 substrate’s flake-like surface to melt
and flatten into a smoothened one. This would have increased
the characteristic length of the nanoflakes greatly and may have
caused its innate fluorescence, which have been reported to be
size-dependent24, to decrease or disappear.

4 Applications
During characterisation, it was discovered that after conducting
EDX analysis on a laser-patterned square, the area treated with
electrons shows an increased in fluorescence intensity while the
neighbouring regions did not.

To prove that this effect is in fact due to the electron irradi-
ation, a large lasered sample was prepared, and a copper (Cu)
TEM grid was placed over the lasered region (Figure 5(a)). The
grid serves as a mask that blocks electrons from interacting with
the regions of the lasered sample below the grid lines, leaving
only regions in the grid gaps exposed to electron irradiation. EDX
elemental map shows that the grid is mapped to the element Cu,
while the exposed region only indicates the presence of Ag and
Fe (Figure 5(b-c)). After this preparation, the sample is placed
under the SEM’s high-energy electron beam (Figure 5(d)). In
doing so, one would expect the electron-bombarded Ag−Fe2O3
nanocomposite located in the grid gaps to emit stronger fluores-
cence under yellow excitation. In other words, removing the TEM
mask will allow an "invisible" mask to be observable based on the
fluorescence contrast.

Indeed, before the electron treatment, the laser-patterned re-
gion exhibits a uniform distribution of bright blue specks under
bright field and uniform red fluorescence under yellow wave-
length excitation (Figure 5(e)). After electron treatment, no grid
pattern is observed under BF imaging. However, the intensity
of the red fluorescence under yellow excitation was found to in-
crease only in the exposed areas of the sample. As a result, an
invisible mask highlighting a "crosshatch" pattern comprising re-
gions with various intensities of red fluorescence is formed (Fig-
ure 5(f)).

This effect was quantitatively understood by repeating the elec-
tron bombardment process with different electron dosages and
observing the fluorescence changes. Electron dosage is defined
as:

Dose =
It
A

(6)

Where I is the current, t is the duration of the irradiation, and
A is the dosed area.

1 dose is defined as 2.55×106 Cm2, and was achieved through
directing a high-energy beam of 15 keV and current 15 µA on a
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Fig. 4 (a) Labelled 3D schematic of proposed mechanism for the formation of the Ag−Fe2O3 composite. (b) Screengrabs (within 10 seconds) of
laser patterning of Fe2O3 nanoflakes under AgNO3 (aq) where the formation of an air bubble is observed. (c) PL spectra of the lasered and pristine
squares. (d) Energy level diagram showing the proposed electronic transition responsible for fluorescence emission. (e) FM images of a micro-square
lasered under de-ionised water observed under bright field and (f) yellow excitation. (g-h) SEM images of micro-square lasered under de-ionised water
taken at lower and higher magnifications. Dotted square in (g) highlights the location of the laser-patterned region. (h) Higher magnification SEM
image taken within the laser patterned region.

8 | 1–11Journal Name, [year], [vol.],

Page 10 of 19Nanoscale



Fig. 5 (a) SEM image of the copper TEM grid mask being placed over a large area of Ag−Fe2O3 nanocomposite. (b) EDX element map of Ag, Cu
and Fe overlaid on SEM image of the copper TEM grid placed over sample. (c) Ag element map highlighting the Ag element’s presence only within
the grid’s exposed region. (d) A 3D schematic of electron dosage set-up. (e-f) Ag−Fe2O3 composite (e) before and (f) after electron dosage under
BF (above) and yellow (below) excitation. Dotted lines inset on (f) serve a a visual guide to highlight the original masked region.

30.0 µm x 53.3 µm area for 6.36 mins. The fluorescence inten-
sity is quantified by integrating the area under the fluorescence
spectrum graph. FM images of a set of squares before and af-
ter varying dosages of electrons are shown in Figure 6(a), while
the percentage change in the fluorescence intensity against elec-
tron dosage is plotted in Figure 6(b). The percentage increase in
fluorescence brightness shows an increasing trend with electron
dosage. The experiment is repeated twice to ensure repeatability,
with the results showing a similar increasing trend. These results
are presented in the supplementary information, Figure S2.

To achieve a fundamental understanding of the aforemen-
tioned phenomenon, XPS analyses are conducted on the electron-
treated sample (Figure 6(c-e)). The spectra for the lasered but
not electron-treated sample are also plotted on the same axes in
dashed lines to aid in comparison. It is determined that after elec-
tron bombardment, the Ag 3ds and 5ds peaks shifted to a higher
binding energy. Since Ag in metallic form is known to exhibit a
higher binding energy relative to silver oxide25, such a shift could
indicate the reduction of silver oxides into metallic silver taking
place when the sample is treated with high-energy electrons.

The process of electron-initiated transformation of silver oxide
to silver is observed under TEM imaging. By capturing a series
of TEM images of the same region over a period of time, in-situ
transformation of Ag2O to Ag in the presence of electron bom-
bardment is arrested by capturing how the crystallinity of Ag2O
changes. The laser-patterned sample is transferred onto a TEM
grid, and multiple consecutive images are captured. The series of
images taken is presented in Figure 6(f) where white/red dotted

boxes are included as a visual guide to highlight the transforma-
tion of amorphous AgO (white dotted boxes) to crystalline Ag
(red dotted boxes).

At 0 min (Figure 6(f(i))), regions within the four white dotted
boxes begin in an amorphous state. After 1 min (Figure 6(f(ii)))
and 2 mins (Figure 6(f(iii))) of electron bombardment, lattice
structures with spacings corresponding to 2.5 Å are visible in the
two outermost regions (highlighted by the red boxes). The spac-
ing corresponds to the (004) plane of Ag (JCPDS PDF #: 41-
1402). With 7 mins of electron interactions (Figure 6(f(iv))),
the crystalline region extended from the inner region towards
the outer region. The newly transformed region also has a lat-
tice spacing of 2.5 Å. At 9 mins (Figure 6(f(v))), the region of
interest has fully converted from an amorphous state to a crys-
talline state, with the entire region composed of an orderly lattice
of crystalline Ag with a lattice spacing of 2.5 Å. The crystallinity
remains stable even after an addition 2 mins (Figure 6(f(vi))) of
electron bombardment. This suggests that the electron dose has
led to the formation of Ag from the amorphous material, which
is likely to be a mixture of AgnO compounds formed during laser
patterning. As silver metal but not oxides of silver can enhance
fluorescence via surface plasmon resonance, the conversion of the
surface silver oxide nanostructures into silver readily explains the
observed enhancement of the red fluorescence.

5 Conclusions
In summary, this work presents an alternative way to synthe-
sise Ag−Fe2O3 composite nanostructures using a focused laser
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Fig. 6 (a) Lasered sample before (above) and after (below) electron bombardment. (b) Plot of percentage change of fluorescence intensity against
electron dosage. (c-e) XPS spectrum of Fe2p, (d) O1s, and (e) Ag3ds scans of the electron-treated sample. The spectrum for the laser-treated but
not electron-treated sample is also plotted on the same axes in dashed lines to aid in comparison. (f) HRTEM images of the same region of a lasered
sample after (i) 0 min, (ii) 1 min, (iii) 2 mins, (iv) 7 mins, (v) 9 mins, and (vi) 11 mins of electron bombardment.
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beam. Submerging the Fe2O3 nanoflake substrate in a solution
full of silver ions, while introducing a focused laser beam onto the
sample, causes the Fe2O3 nanoflakes to generate localised heat,
which facilitates photothermal reduction of Ag ions at the specific
site. This leads to the uniform and site-selective formation of the
Ag−Fe2O3 nanocomposite in the lasered region. Uniquely, bright
red fluorescence from the composite is observed and attributed
to the Ag nanostructure’s enhancement of the Fe2O3’s intrinsic
fluorescence through surface plasmon resonance effects. Such an
optical phenomenon not only allows facile, direct visual determi-
nation of the formation and change in oxidation state of the Ag
nanostructure, but it also enables the Ag−Fe2O3 nanocomposite
to function as an effective micro-beta particle detector with real-
time optical feedback. Looking forward, the development of al-
ternative synthesis processes is a viable path towards unravelling
non-traditional applications of nanocomposites.
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Image processing pipeline for analysing the size of the silver-containing deposits

Supplementary Fig. 1. (a) Backscattered electron image of lasered region, (b) Image with threshold 

filter applied, (c) Mask of particles identified.
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Graphs of change in fluorescence intensity against electron treatment dosage

Supplementary Fig. 2. Plot of percentage change in fluorescence intensity against electron dosage, 

showing increasing trend. 
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Supplementary Vid. 1. An 11 second screen capture video of the bubble formation process when 

lasering under AgNO3 solution. Initially the laser is in focus and a small green laser spot can be seen. 

At t = 2 seconds, bubbles begin to form. Visually, the formation of the bubbles can be identified as it 

causes the laser spot to become bigger and more diffuse. 

Supplementary Vid. 2. A 89 second screen capture video of lasering under deionised (DI) water. No 

bubbles are formed despite the long period of lasering. 
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