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Gallium (Ga) emerges as a promising material in plasmonics mainly due

to its extraordinary properties, such as changeable material phase, tunable
plasmon resonances across the ultraviolet to near-infrared spectral range,
and remarkable chemical stability. Here, the efficient white light emission
from gallium oxide (Ga,0;) nanoparticles doped with liquid Ga nanodots,
which are fabricated by using a laser-induced oxidation method is reported.
The quantum efficiency of Ga/Ga,0; hybrid nanoparticles is found to be
=1.3%, which is nearly two orders of magnitude larger than that of liquid

Ga nanoparticles. It is revealed that the existence of Schottky barrier and
hotspots in Ga/Ga,0; nanoparticles plays a crucial role in enhancing the
quantum efficiency. As an example of practical applications, high-quality
optical data storage is demonstrated by exploiting the controllable forma-
tion of Ga/Ga,0; nanoparticles on a platform of disordered Ga nanoislands.
These results suggest the potential applications of Ga/Ga,O; hybrid nanopar-
ticles in the development of nanoscale light sources and data storage devices.

1. Introduction

Optical plasmonics has numerous applications in sensing
technology, metamaterials, and nonlinear optics, etc.!”?]
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Noble metals such as gold (Au) and silver
(Ag) have been widely used as plasmon
materials due to their excellent optical
and thermal properties. Although Ag
possesses excellent optical properties, it
suffers serious oxidation when exposing
to air. Au has outstanding chemical
stability, however, the large d-s band
absorption at high frequencies limits its
plasmonic performance in the ultraviolet
spectral region.! Apart from Ag and
Au, gallium (Ga) is now showing great
promise because of its unique chemical
and physical properties. It has a very low
melting point of just 303 K (29 °C) and
possesses surface plasmon resonances
spanning the ultraviolet to visible spec-
tral region.>-8l Additionally, Ga is chemi-
cally stable because of the existence of a
thin gallium oxide (Ga,0;) layer on the
surface.

Ga nanoparticles (NPs) appear highly promising for
surface-enhanced Raman scattering/fluorescence because
of their remarkable SPRs.>'2 The low melting point of Ga
renders it an advantage for making all-optical phase-change
memory and logic devices,!¥! phase transition nonlinear sub-
strates, and high-capacity self-healing anodes in lithium-ion
batteries.®! Recently, it has been experimentally confirmed
through real-time ellipsometry the stable coexistence between
solid core and liquid shell in substrate-supported Ga NPs.[%l
In addition, Ga has excellent flexibility, stretchability, and low
toxicity, which makes it an attractive candidate for flexible
electronics and wearable sensing devices.["]

Broadband nanoscale emitters at optical frequencies are
now attracting tremendous interest because they are urgently
needed for various practical applications, such as ultra-com-
pact optical chips, nanospectroscopy, and active photonic
devices.'®19 Nanoscale white light emitters can be used to
probe the near field and to map the local density of states
of a nanostructure. However, the achievement of efficient
nanoscale white light sources still remains a big challenge.
According to Fermis golden rule,?*2! the emission intensity of
a nanostructure is proportional to the local electric field at the
emission wavelength E..,(r, Aey), Which is known as the Pur-
cell effect. In addition, it is also closely related to the electric
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field at the excitation wavelength E.,(r, A.). There have been
several attempts to develop an efficient nanoscale emitter by
enhancing either the excitation electric field?>] or the emis-
sion electric field. For semiconductor emitters, efficient white
light emission has been achieved in silicon (Si)l?°2%l and gal-
lium arsenide (GaAs)??! NPs by resonantly exciting their Mie
resonances, especially the magnetic dipole (MD) resonance. For
metal emitters, white light emission has been observed in Ga
NPsZl and Au hotspotsi?*25] by exciting their SPRs. Although
nanoscale photon emitters with high quantum efficiencies
(>1%) and broadbands (FWHM > 400 nm) are highly desirable
for advanced photonic applications, they are not been reported
so far.

In this work, we investigated the nonlinear optical responses
of Ga NPs placed on a thin Au film. Ga/Ga,0; hybrid NPs fab-
ricated by using laser-induced oxidation were used to realize
bright broadband nanoscale photon emitters. Burst of photo-
luminescence (PL) was observed during the laser-induced
oxidation of Ga NPs due to the effective electron transfer at
Ga-Ga,0; junction. For practical applications, we demonstrated
high-quality optical data storage by using closely-packed Ga
nanoislands.

2. Results and Discussion

Ga NPs with diameters (d) ranging from 50 to 300 nm were
fabricated using femtosecond laser ablation.?}! Essentially, the
PL of a Ga NP is very weak due to the small absorption cross-
section even when it is resonantly excited at the electric dipole
(ED) resonance. Recently, we proposed a method to improve the
excitation efficiency of a Ga NP by placing it on a thin Ag film.
It was found that the absorption cross-section can be greatly
enhanced at the Fano resonance (or mirror-image-induced MD)
formed in the scattering spectrum of the Ga NP. In Figure 1a,
we show the PL spectra of a Ga NP placed on a thin Au film,
which was excited by using femtosecond laser pulses (100 fs
and 76 MHz) with different irradiances at 785 nm. Agreeing
with our previous observations,?)! we observed broadband
emissions at small irradiances by resonantly exciting mirror-
image-induced MD (p,).?>3% To reveal the optical resonances
supported by the Ga NP/Au film, we measured the backward
scattering spectrum of the Ga NP. The schematics illustrating
the characterization of luminescence and backward scat-
tering of the Ga NP are shown in Figure 1b,c, respectively (see
Figure S1, Supporting Information).

To characterize the backward scattering of the Ga NP,
a broadband light beam was used to excite the Ga NP and a
polarizer was used to control the polarization of the incident
light beam. Owing to the existence of the Au film, the SPR
of the Ga NP was modified to create a mirror-image-induced
MD (p, mode).?*3% In addition, a gap mode is excited in the
gap between the Ga NP and the Au film.3'32l Eventually, the
coherent interaction between the p, mode and the g, mode
induces a Fano resonance in the scattering spectrum,?**34 as
shown by the Fano dip in Figure 1d. As shown in Figure 1a,
we observed the burst of the PL from the Ga NP when the exci-
tation irradiance exceeded a threshold (=0.8 m] cm™). The PL
of the Ga NP after the burst is enhanced by nearly one order
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Figure 1. Linear and nonlinear optical responses of Ga NPs. a) PL spectra
measured for a Ga NP placed on the Au film at different excitation irradi-
ances. The emission patterns of the Ga NP recorded by using a CCD are
shown in the insets. b) Schematic showing the excitation of a Ga NP with
femtosecond laser pulses and the PL emitted from the Ga NP. c) Sche-
matic showing the characterization of the backward scattering proper-
ties of a Ga NP placed on a thin Au film by using polarized white light.
d) Backward scattering spectra measured for a Ga NP with d = 350 nm
before and after the luminescence burst by using white light with polariza-
tion angles of 0° (s-polarized) and 90° (p-polarized).

of magnitude and it exhibits very good stability (see Figure S2,
Supporting Information). The emission patterns before and
after the burst recorded by using a charge-coupled device (CCD)
are presented in the insets of Figure la. We also examined the
morphologies of several Ga NPs before and after the lumines-
cence burst by using scanning electron microscopy (SEM) (see
Figures S3 and S4, Supporting Information). It was found that
spherical Ga NPs became Ga/Ga,03; NPs with irregular shapes.
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The microscopic mechanisms responsible for the lumines-
cence burst will be discussed in the following.

First, we think that the spherical Ga NP with a liquid core
was broken by the high temperature induced by femtosecond
laser pulses, generating a large number of Ga NPs with much
smaller sizes.?¥ These small Ga NPs are randomly distributed
in the Ga,0; matrix and closely packed, creating plasmonic
hotspots with enhanced electric field. Physically, the extinction
of a large NP is dominated by scattering. In contrast, absorp-
tion will become dominant in a small NP.*® The formation
of close-packed small Ga NPs will significantly increase the
absorption efficiency of the laser light, leading to a rapidly-
increased PL.

Second, a spherical Ga NP usually possesses a thin Ga,0;
shell that protects the liquid metal core when exposing to
air.5?336 Owing to the high temperature induced by femto-
second laser pulses, the self-terminating oxidation of the Ga NP
is broken, producing a Ga/Ga,03 hybrid NP. Laser-induced oxi-
dation of metals is a topic of great interest, which can be used
for fabricating MOS structures and other semiconductor spe-
cies.’73% In our case, a Ga/Ga,0; hybrid NP possesses metal—
semiconductor junctions with a Schottky barrier, which can sig-
nificantly enhance the PL of the NP.

Liquid metals are devoid of long-range order, so they exist as
a “sea” of relatively free electrons coupled to the background of
metal ions. In our case, Ga NPs with liquid metal cores behave
more like metals with free electrons.l”*) Figure 2a shows the
schematic energy band diagram of liquid Ga NPs, which is sim-
plified as a free electron gas model. Since there is no bandgap,
high-density hot electrons can be created in the conduction
band near the Fermi level through either single- or two-photon-
induced absorption. The intraband relaxation of hot electrons
can generate an optical emission called hot-electron intraband
luminescence.

When two separated materials (i.e., Ga and Ga,0;) are
brought into contact, a potential energy barrier for electrons,
named the Schottky barrier, is formed at the metal-semicon-
ductor (i.e., Ga-Ga,0;) junction. The Schottky barrier (Wp)
is determined by the vacuum work function of the metal W
(4.32 eV for Ga) relative to the vacuum electron affinity Egy
(4.0 eV for Ga,0;) of the semiconductor, that is, Wy = W — Eg,.
In this case, the equalization of the Fermi levels initiates the

a b Fa Ga,0;

Fermi energy 7

ee%

Figure 2. Microscopic mechanisms of the PL from Ga NPs. a) Schematic
energy band diagram of liquid Ga NPs, which is considered as a free elec-
tron gas. b) Schematic energy band diagram of Ga/Ga,O; NPs.
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movement of electrons from one material to the other. The
three-photon-induced absorption of Ga,03 generates hot elec-
trons with energies up to 3hv+ Wp = 5.06 eV, where hv is the
energy of the laser photon (1.58 eV) and Wp = 0.32 eV is the
Schottky barrier for the contact between Ga and Ga,0s. Essen-
tially, the three-photon-induced absorption in Ga,0; with real
states in the valence band is more efficient than the intra-
band absorption in liquid Ga which needs the assistance of
phonons.[®l This difference is responsible for the burst of PL
observed in the laser-induced oxidation process (i.e., the forma-
tion of Ga/Ga,03 hybrid NPs). Note that the p, mode is avail-
able for enhancing the absorption of the laser light before the
luminescence burst and it disappears after the luminescence
burst, as shown in Figure 1d.

In order to identify the physical origin for the PL of Ga NPs
after the burst, we measured the PL spectra of a Ga/Ga,0; NP
at different excitation irradiances, as shown in Figure 3a. One
can see that the peak of the PL is blueshifted with increasing
irradiance, which is quite similar to the blueshift of blackbody
radiation with increasing temperature. Eventually, a perfect
white light emitter with a bandwidth (FWHM) of =400 nm
was obtained at an excitation irradiance of 0.18 m] cm™ (see
Figure S5, Supporting Information). Basically, a metallic NP
excited by using a femtosecond laser pulse will establish rap-
idly a Fermi-Dirac distribution that can reach an effective
electron temperatures of several thousand degrees Kelvin.?
The hot-electron intraband luminescence is generally used to
describe the PL in this case. It has the significant character-
istic that the slope extracted from the PL intensity as a func-
tion of the irradiance is linearly proportional to the energy of
the emitted photon. To confirm this feature, we plotted the PL
intensity of the Ga/Ga,03; NP as a function of the irradiance
in a double-logarithmic coordinate, as shown in Figure 3b.
Owing to the low electron temperature at small excitation
irradiances (0.04-0.06 m] cm™2), we did not observe the char-
acteristics of hot-electron intraband luminescence. However, it
is remarkable that a linear relationship was observed between
the slope and the photon energy at large excitation irradiances
(0.14-0.18 m] cm™2), implying that the PL of the Ga/Ga,0; NP
is dominated by hot-electron intraband luminescence in this
case.

To quantitatively describe the differences between Ga and
Ga/Ga,03 NPs as photon emitters, the quantum efficiencies of
the PL from these two types of NPs were studied. For Ga/Ga,05
NPs, the unknown multiphoton-induced absorption makes it
difficult to estimate the quantum efficiency. Here, we charac-
terized the quantum efficiency of a single NP by exploiting the
nonlinear dependence of the multiphoton-induced absorption
on the excitation irradiance.””?®! The experimental setup used
to measure the quantum efficiencies of the Ga and Ga/Ga,0;
NPs is schematically shown in Note S1, Supporting Informa-
tion. The key to measuring the multiphoton-induced absorp-
tion is that the reflected laser light can be detected in the PL
spectra (Figures la and 3a), although a stop-band filter with a
transmissivity of =4 x 107 was used. Since the linear absorption
is independent of the excitation irradiance, the intensity of the
reflected laser light should be linearly dependent on the excita-
tion irradiance. When the nonlinear absorption becomes signif-
icant at high excitation irradiances, a deviation from the linear
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Figure 3. Hot-electron intraband luminescence from Ga and Ga/Ga,O; NPs. a) PL spectra measured for a Ga/Ga,O3; NP formed on a thin Au film at
different excitation irradiances. The excitation wavelength was chosen to be 785 nm. b) Relationship between the slope extracted from the dependence
of the PL intensity on the excitation irradiance and the energy of the emitted photon. c,d) Dependences of the integrated intensities of the PL and the
reflected laser light on the excitation irradiances measured for Ga (c) and Ga/Ga,03 NPs (d). The blue dashed line indicates the linear relationship
between the intensity of the reflected laser light and the excitation irradiation when the nonlinear absorption is negligible. €) The quantum efficiencies

of the Ga and Ga/Ga,03; NPs measured at different irradiances.

relationship was observed. Therefore, we could derive the non-
linear absorption of a NP at high excitation irradiances by using
this feature. The equation used for calculating the quantum
efficiency can be expressed as follows:

Q =N{'/Ni" = NJ'xrxOD X1, (N5" x B x1,) )

Here, N{* is the total number of photons absorbed by the
NP and N3* is the reduced number of photons observed in the
reflected light, N is the number of photons emitted from NP
and N? is the number of photons detected by the CCD, 7,, is
the quantum efficiency of the CCD, r is the reflectivity of the Au
film (=50 nm), OD is the transmissivity of the stop-band filter,
B is the collection efficiency of the objective lens (Note S1, Sup-
porting Information, for the detailed derivation).

In Figure 3c,d, we show the dependences of the integrated
PL intensity (N?) and reflected laser light intensity (N%*) on
the excitation irradiance before (Ga NP) and after (Ga/Ga,0,
NP) the luminescence burst, respectively. The raw data for
the spectra of the PL and reflected laser light is presented in
Figure S6, Supporting Information. By referring to the blue
dashed line, which shows the linear dependence of the reflected
laser light intensity on the excitation irradiance when only the
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linear absorption is present, we were able to derive the non-
linear absorption (N3”). It is noticed that the PL (N?') of the
Ga/Ga,03 NP is stronger than that of the Ga NP while the cor-
responding nonlinear absorption (N5”) of the former is smaller
than the latter by one order magnitude. In Figure 3e, we pre-
sent the quantum efficiencies derived for the Ga and Ga/Ga,0;
NPs at different excitation irradiances. It can be seen that the
quantum efficiency of Ga/Ga,0; NPs (=1.3%) is nearly two
orders of magnitude larger than that of Ga NPs (=4.5 x 107).
Owing to the photo-thermal effect and Auger recombination,
the quantum efficiency of Ga/Ga,0; NPs decreases gradually
with increasing irradiance (Figure S7, Supporting Informa-
tion). For comparison, we also performed PL measurements for
Ga,0; microparticles. Considering that Ga,0; microparticles
have neither resonances nor plasmonic hotspots, the PL from
Ga,0; microparticles is very weak even at a large excitation irra-
diance (6 mJ cm™) (Figure S8, Supporting Information).

In order to achieve a large local field enhancement, we fab-
ricated closely-packed Ga nanoislands with plasmonic hotspots
in between them by using a thermal evaporation system, as
shown in the inset of Figure 4a (Figure S9, Supporting Infor-
mation). Based on the SEM image, we established a physical
model for closely-packed Ga nanoislands and simulated
the electric field distribution by using the finite-difference

© 2021 Wiley-VCH GmbH
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Figure 4. Hot-electron luminescence from closely-packed Ga nanoislands. a) Electric field distribution calculated for closely-packed Ga nanosialnds at
A =720 nm. The morphology of closely-packed Ga nanoislands characterized by SEM is shown in the inset. b) PL spectra of closely-packed Ga nanois-
lands measured at different excitation times. Here, the excitation irradiance was fixed at 2.0 mJ cm~2 c) Dependence of the integrated PL intensity of
Ga nanoislands on the irradiation time. d) Transmission spectra measured for closely-packed Ga nanoislands before and after the laser irradiation. The
bright-field images of the Ga nanoislands recorded by using a CCD are shown in the insets. e) Luminescence decay measured for the Ga nanoislands.

time-domain technique. Figure 4a shows the electric-field distri-
bution obtained at a wavelength of 720 nm. One can see many
plasmonic hotspots in the gap regions between Ga nanoislands,
which localize the electric field with an enhancement factor
of =25. These hotspots can significantly enhance the absorp-
tion cross-section and reduce the threshold for luminescence
burst. It is remarkable that these hotspots create a broadband
optical response, which is confirmed by the transmission
spectrum. Since Ga nanoislands can be excited more effectively
by using laser light with a larger photon energy, we employed
femtosecond laser pulses at 720 nm to examine the lumines-
cence burst of Ga nanoislands. The femstosecond laser light
was focused on Ga nanoislands with a fixed irradiance of
2.0 mJ cm™? and the PL spectrum was measured repeatedly
with a time interval of 2.0 s. Figure 4b shows the typical PL
spectra obtained at different times. Unlike the PL spectra of Ga
NPs discussed above, we presented only the PL spectra below
610 nm because a high-pass filter was used in the measure-
ments. It is noticed that the PL intensity was increased by one
order of magnitude after the burst and it exceeded the detection
limit of the CCD. The evolution of the integrated PL intensity
with increasing time () is shown in Figure 4c. For t < 115 s,
the PL intensity remained nearly unchanged. At t = 115 s, a
rapid increase in the PL intensity was observed, indicating the

Adv. Optical Mater. 2021, 2100675

2100675 (5 of 8)

transition from Ga nanoislands to Ga/Ga,0; ones. To gain a
deep insight into such as the transition induced by femto-
second laser pulses, we measured the transmission spectra of
Ga nanoislands before and after the luminescence burst, as
shown in Figure 4d. The corresponding bright-field images of
Ga nanoislands recorded by using the CCD are shown in the
insets. Remarkably, an enhanced transmission was observed
after the luminescence burst due to the formation of Ga/Ga,03
nanoislands. We also measured the luminescence lifetime of
the Ga/Ga,0; nanoislands, as shown in Figure 4e. The lifetime
derived from the luminescence decay was found to be =130 ps,
which is much longer than that of Ga nanoislands (<10 ps).?’!
It indicates that the transfer of hot electrons from Ga,0; to Ga
in the Ga/Ga,0; nanoislands leads to a longer luminescence
lifetime. The enhanced transmission in combination with the
prolonged lifetime strongly support the laser-induced oxidation
model proposed in this work.

The existence of randomly distributed hotspots induced
by the plasmonic coupling between Ga nanoislands can be
exploited to realize optical memory with ultralow energy and
ultrahigh density.**?l As a proof-of-principle demonstration,
we employed closely-packed Ga nanoislands to implement
optical data storage. First, we demonstrated data recording
and readout by using a laser scanning confocal microscope

© 2021 Wiley-VCH GmbH
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Figure 5. Optical data storage realized by in closely-packed Ga nanoislands. a) Pattern recorded and extracted in closely-packed Ga nanoislands by using
800-nm femtosecond laser pulses with relatively small irradiances of 0.9 (below the burst threshold) and 0.3 mJ cm™2. b) Original pattern used for data
recording and readout. c) Binary pattern extracted from the PL pattern shown in (a) with a threshold of I. = 0.21. d) Distribution of the PL intensities of
all the pixels and the dependence of the correlation coefficient on the threshold intensity. e) Pattern recorded and extracted in closely-packed Ga nanois-
lands by using 800-nm femtosecond laser pulses with relatively small irradiances of 3.0 (above the burst threshold) and 0.5 m) cm~2. f) Original pattern
used for data recording and readout. g) Binary pattern extracted from the PL pattern shown in (e) with a threshold of I, = 0.25. h) Distribution of the PL
intensities of all the pixels and the dependence of the correlation coefficient on the threshold intensity. The length of the scale bars in (a,e) is 20 um.

with a small irradiance (below the burst threshold), as shown
in Figure 5a—d. Figure 5a shows the extracted pattern, which
is a letter “A”, recorded in Ga nanoislands by using 800-nm
femtosecond laser pulses with the recording and readout irra-
diances of 0.9 and 0.3 m] cm™2, respectively. The original pat-
tern is shown in Figure 5b where the white region represents
the laser scanning area. During the recording process, the plas-
monic hotspots in Ga nanoislands were wiped by the laser light
(0.9 mJ cm™2) and the PL of the laser-irradiated area will extin-
guish during the readout process (0.3 m] cm™2). To characterize
the quality (or error rate) of the extracted pattern, we used the
Pearson correlation coefficient (Cy), which is defined as follows,
to measure the degree of linear correlation between the original
and extracted patterns.

€y = XX (X =X) (o = 1) [EX (%o =X) (1 =F)

Here, X, and Y, represent the intensities of the individual
pixels (m, n) while X and Y denote the averaged intensities
of all the pixels in the original and extracted patterns, respec-
tively. Figure 5c shows the extracted binary pattern when the
threshold intensity (I.) was set at 0.21, where the largest correla-
tion coefficient is achieved (C, = 0.91). It is noticed that the orig-

P
inal and recovered patterns in this case are complementary. It
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implies that the PL intensity of the Ga nanoislands was reduced
by laser irradiation when the excitation irradiance is below
the burst threshold, similar to phenomenon observed previ-
ously.* "8I From the extracted pattern shown in Figure 5a, we
obtained the distribution of the PL intensities of all the pixels,
as shown in Figure 5d. The dependence of C, on I is also pre-
sented. As demonstrated above, laser-induced oxidation occurs
for Ga nanoislands when the excitation irradiance exceeds the
threshold, leading to a significant increase in the PL intensity.
This unique feature can also be employed to realize optical
memory in a similar way. In Figure 5e, we show the extracted
pattern, which is a letter “B”, recorded in Ga nanoislands
with the recording and readout irradiances of 3.0 (above burst
threshold) and 0.5 m] cm™, respectively. The original pattern
is shown Figure 5f where the white region demotes the laser
scanning area. In this case, the extracted pattern agrees with
the original one, indicating the enhanced PL intensity induced
by laser irradiation. Similarly, high-quality data storage with
C, = 0.90 was achieved when the I. was set at 0.25, as shown
in Figure 5h.

3. Conclusion

In conclusion, we proposed and demonstrated efficient white
light emitters and high-quality optical data storage based on

© 2021 Wiley-VCH GmbH
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liquid Ga NPs and nanoislands. It was found that Ga/Ga,03
NPs can be obtained by using laser-induced oxidation, which
breaks the self-terminating oxidation of Ga NPs. Owing to
the enhanced multiphoton-induced absorption in Ga/Ga,03
and effective electron transfer at the Ga-Ga,O; junction, a
luminescence burst was observed when the excitation irradi-
ance exceeds a threshold. The quantum efficiency for the PL
of Ga/Ga,03 NPs was found to be =1.3%, which is enhanced
by two orders of magnitude as compared with the value of Ga
NPs. The broadband PL from Ga/Ga,0; NPs was identified as
hot-electron intraband luminescence. As an example of prac-
tical applications, we demonstrated high-quality optical data
storage by exploiting the laser-induced oxidation of Ga nanois-
lands. The efficient white light emission from Ga/Ga,0; NPs
makes them a promising candidate for nanoscale broadband
light source with a wide range of applications in nanospectro-
copy and bioimaging. Moreover, the optical data storage dem-
onstrated in closely-packed Ga nanoislands may facilitate the
development of data storage in flexible electronics and wearable
biometric devices.

4. Experimental Section

Experimental Details: Ga NPs with diameters ranging from 50 to
300 nm where fabricated by using femtosecond laser ablation of a Ga film
immersed in water. A femtosecond laser amplifier (Legend, Coherent)
with a pulse duration of 100 fs and a repetition rate of 1 kHz was
employed in the ablation process. An objective with 25-cm focal length
was used to focus the femtosecond laser beam on the Ga film with a
spot diameter of =40 mm. Ga NPs ejected from the Ga film after the
irradiation of femtosecond laser light were uniformly dispersed in water.
For optical characterization, they were randomly distributed on a thin Au
film. The backward scattering spectra of Ga NPs were measured by using
a long working distance objective (Nikon, Plan SLWD, 50x, NA = 0.4) with
an external white light source for illumination (see Figure S1, Supporting
Information). The incident light can be either s- or p-polarized by using
a polarizer. The characterization of the nonlinear optical properties of Ga
NPs was carried out by using a femtosecond laser oscillator (Mira-900S,
Coherent) with pulse duration of 130 fs and a repetition rate of 76 MHz.
The femtosecond laser light was introduced into an inverted microscope
and focused on Ga NPs by using a 100x objective. The nonlinear optical
signals from Ga NPs were collected by the same objective and directed to
a spectrometer (SR500, Andor) for analysis.

Data recording and readout were completed by using the laser
scanning confocal microscope (ATMP, Nikon). The femtosecond laser
light with a repetition rate of 76 MHz and a duration of 130 fs (Mira
900S, Coherent) was employed for optical data storage in closely-
packed Ga nanoislands. It was focused on the samples by using the
60x objective lens (NA = 0.85) of a two-photon confocal laser scanning
confocal microscope (ATMP, Nikon). The PL in the wavelength range of
450-650 nm was detected.

Numerical Modeling: The electric field distribution in closely-packed
Ga nanoislands was calculated by using the finite-difference time domain
(FDTD) technique. In the FDTD simulation, the smallest non-uniform
mesh size of 1 nm as well as a perfectly matched boundary condition
was employed. The complex refractive indices for liquid Ga used in the
numerical simulations were taken from literature.[?’l

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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