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Abstract: We report a dramatic enhancement of random lasing assisted by Au nanocube-
silica core-shell nanoparticles (Au NC@SiO, NPs) with optimal size. To determine which
size of Au NC@SiO, NPs would have the optimal plasmon effect, we first investigated the
lasing properties based on different sizes of bare Au nanocubes (Au NCs) with different
localized surface plasmon resonance (LSPR) spectra; the edge lengths of the Au NCs ranged
from 20 nm to 120 nm. The 80 nm Au NCs, whose LSPR spectrum had the largest overlap
with the emission spectrum of the gain medium, exhibited the strongest scattering and electric
field intensity to better enhance the lasing. Compared to the gain media with bare Au
nanocubes or Au nanosphere@SiO, nanoparticles, the gain medium with optimally sized Au
nanocube @SiO, NPs had the lowest lasing threshold, only 21.7% of that of the neat gain
medium. This was attributed to the stronger scattering and electric field enhancement
localized at the spiky tips of the Au NCs, and the fact that the SiO, shell reduced the
absorption loss of the dyes in close proximity to the Au NCs. Using the proper size of Au
NC@SiO, NPs provides an ideal way to achieve low-threshold plasmon random lasing by
tuning the LSPR of metallic nanostructures.
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1. Introduction

Recently, random lasers based on plasmonic metal nanoparticles (NPs) have attracted
significant attention because of their interesting physical mechanism and potential values in
applications [1-5]. It had been demonstrated that metal NPs are always beneficial to lasing
efficiency via the two mechanisms of the enhanced localized electric field and scattering
effects [6,7]. Therefore, many researchers had reported utilizing metal NPs to obtain higher
efficiency random lasing. For example, Dice et al. demonstrated plasmonic enhancement of
lasing properties in a random laser based on a suspension containing Rhodamine 6G (R6G)
and 55 nm silver NPs [8]. Meng et al. reported enhanced lasing in the gain medium by
introducing silver NPs of a certain size [9,10]. Zhai et al. showed a threshold reduction for a
waveguide-plasmonic scheme constructed by coating the gain medium onto gold NPs [11].
Heydari et al. reported enhanced lasing in a gold NP-based random laser by tuning the
coupling between the gain material and the localized surface plasmon resonance (LSPR) of
Au NPs [12]. In addition, Ismail et al. reported improved characteristics in a random laser
with 60 nm gold NPs [13]. Surface plasmon enhancement of the lasing properties is expected
to be optimal when the LSPR of metal NPs overlaps well with the emission of gain medium
[12,14,15]. However, in those prior works, we found that the plasmonic random lasers were
mostly based on bare spherical metal NPs of a given size. And these given spherical metal
NPs offered the LSPR spectrum, which may be not optimally matched with the emission
spectrum of the gain medium; this would cause the corresponding nanospheres to exhibit a
weak localized electric field and insufficient scattering effects. It means that two problems
must be solved: 1) It is especially desired to develop the other shape of metal NPs with
stronger localized electric field and scattering effects. 2) It should be determined the optimal
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size of metal NPs with proper LSPR spectrum to better match the emission spectrum of the
gain medium, so as to achieve the stronger plasmon coupling effect to further optimize
random lasing performance.

Here, we prepared the unique Au nanocube-silica core-shell nanoparticles (Au NC@SiO,
NPs) with an optimal size and introduced it into the gain medium to enhance the lasing
properties. Because of the strong dependence of lasing threshold on the size of nanoparticles,
it is necessary to confirm the optimal size of the Au NC@SiO, NPs. We first studied the
effects of different sizes of bare Au nanocubes (Au NCs) with different LSPR spectra on
lasing properties. The edge lengths of the Au NCs ranged from 20 nm to 120 nm, and the 80
nm Au NCs showed the optimal plasmon effect to enhance the lasing. This occurred because
the corresponding LSPR spectrum of 80 nm Au NCs had the largest overlap with the
emission spectrum of the gain medium, so that the 80 nm Au NCs exhibited the strongest
scattering and electric field than the other sizes of Au NCs. This indicated the optimal size of
the Au NC@SiO, NPs. Compared to the bare Au nanocubes or Au nanosphere-silica core-
shell nanoparticles (Au nanosphere@SiO, NPs), the optimally sized Au nanocube@SiO, NPs
could better enhance the lasing properties and lower the lasing threshold. This was attributed
to the stronger scattering and electric field intensity due to the unique “plasmonic hot spot”
characteristic of Au NCs, and the fact that the SiO, shell could reduce the absorption loss of
the dyes in close proximity to the bare Au NCs. Our strategy provided here suggests that Au
NC@SiO, NPs can serve as promising candidate toward the development of highly efficient
plasmon-based random laser.

2. Sample preparation and experimental setups

In order to determine the optimal size for the Au NC@SiO, NPs, we first investigated the
effects on the lasing characteristics caused by different sizes of bare Au NCs. The Au NCs
were prepared by adopting a seed-mediated growth method in aqueous
cetyltrimethylammonium bromide (CTAB) solution [16,17]. Figure 1 shows the transmission
electron microscopy (TEM) images of Au NCs with the edge lengths of 20, 60, 80, 100, and
120 nm.
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Fig. 1. The TEM images of Au NCs with different sizes. The average edge lengths of the Au
NCs are (a) 20 nm, (b) 60 nm, (c) 80 nm, (d) 100 nm, and (e) 120 nm.
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The emission material was based on a polymer film prepared by fully dissolving
polystyrene (PS) polymer (20 mg/mL) and R6G dyes (3 mM) in chloroform. Then the
different sizes of Au NCs were doped into the dye solutions with a constant mass
concentration of 5.56 x 10~ g/em’® (corresponding to the mass filling fraction of 3.7 x 10"
[18]. The different blend solutions (1 mL) were spin-coated onto glass substrates at a speed of
2000 rpm for 30 seconds. And the spin-coated films were annealed at 110 °C for 10 min to
remove the solvent. The size of the glass substrate was about 2.5 cm x 3.5 cm. For
comparison, we also prepared a reference sample containing no NPs. The thicknesses of the
gain medium films were about 400 nm. Figure 2 shows the structure of a device with Au
NCs.

Pump Energy

I Edge Emission

——— Gain medium

AuNCs I

~— Glass

Fig. 2. The structure of a device whose gain medium had been doped with Au NCs.

In the experiments, the absorption and photoluminescence spectra were obtained with a
UV-Vis spectrophotometer (HITACHI U-3010, Japan) and a fluorescence spectrometer
(Fluoromax-4). The polymer thicknesses were measured with an ellipsometer (SE MF-1000,
Korea). The devices were photopumped at normal incidence with an Nd:YAG laser (532 nm,
10 Hz repetition rate, and 5.5 ns pulse duration). An adjustable slit and a cylindrical lens were
used to shape the beam into a 7 mm x 1 mm stripe. The edge emission spectra were measured
with a fiber optic spectrometer (Ocean Optics SpectraSuite, USB2000).

3. Results and discussion
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Fig. 3. The (a) experimental and (b) calculated LSPR spectra of 20, 60, 80, 100, and 120 nm
Au NCs; the absorption and emission spectra of R6G are included in (a).

We know that the LSPR spectrum of metallic NPs strongly depends on the material, its size
and shape, and the surrounding environment; therefore, the variation of one or more of these
parameters allows spectral tuning of the plasmon resonance to couple with the gain medium.
Here, in order to develop appropriately sized Au NCs with proper LSPR that could then be
used for preparing Au NC@SiO, NPs, we first fabricated the different sizes of Au NCs.
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Figure 3(a) presents the LSPR spectra of different sizes of Au NCs in PS polymer, together
with the absorption and emission spectra of R6G. Clearly, the LSPR peaks show redshift from
518 nm to 595 nm as the edge lengths of the Au NCs vary from 20 nm to 120 nm. To further
determine the LSPR spectra of Au NCs, we calculated the normalized extinctions of different
sizes of single Au NC in PS polymer without dye background using Mie theory with the finite
difference time domain (FDTD) method, as shown in Fig. 3(b). The good agreement between
experiment and calculation suggests the uniform size and shape distribution of Au NCs.
Different sizes of Au NCs have different LSPR spectra, which have different overlaps with

the absorption and emission spectra of the gain medium, suggesting the different coupling
between Au NCs and gain material.
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Fig. 4. Emission spectra of the devices with (a) no metallic NPs, (b) 20 nm Au NCs, and (c) 80
nm Au NCs; the corresponding lasing intensities and FWHMs of the emission spectra are
shown in the insets of (a) to (c). (d) Dependences of the emission intensity on the pump energy
for different devices, the inset shows the lasing thresholds of different devices.

To determine the optimal size of Au NC@SiO, NPs, we first studied the effects of
different sizes of bare Au NCs on the lasing characteristics. And we prepared the devices with
20, 60, 80, 100, and 120 nm Au NCs, while maintaining the constant mass concentration of
5.56 x 107* g/cm’. For comparison, the lasing properties of the reference device without any
metal NPs were investigated. Figure 4(a) shows the emission spectra of the reference device
as a function of the pump energy. At first, the emission spectrum is broad, and the emission
intensity increases slowly with the increase in pump intensity; as the pump energy exceeds
the lasing threshold, the emission spectrum becomes narrow with a sharp increase of the
emission intensity. The inset of Fig. 4(a) shows the rapid decrease in full width at half
maximum (FWHM) of the emission spectrum above the threshold, which is 10.6 mJ/cm®.
Figure 4(b) and (c) show the emission spectra of the devices based on 20 nm and 80 nm Au
NCs excited at different pump energies; they all show the coherent random lasing
phenomenon as indicated by the emergence of sharp spikes in the emission spectra after the
introduction of the Au NCs. The threshold behaviors are shown in the insets of Fig. 4(b) and
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(¢), respevtively. Figure 4(d) illustrates the emission intensity as a function of pump energy
for devices with different sizes of Au NCs. The corresponding lasing thresholds are presented
in the inset of Fig. 4(d), which shows that the lasing threshold reduces with the increased Au
NC size, but with further increased Au NC size, the lasing threshold increases. We found that
the lowest lasing threshold is 3.4 mJ/cm” for the gain medium with 80 nm Au NCs, whose
LSPR spectrum overlaps completely with the emission spectrum of the gain medium, as
shown in Fig. 3(a).

According to the studies above, we can know that the 80 nm bare Au NCs could better
enhance the random lasing performance. However, when the dye molecules are in close
proximity to the metallic surface, there is extremely high absorption loss that is detrimental to
lasing [19,20]. Therefore, after the optimal size of bare Au NC was determined, we prepared
the Au NC@SiO, NPs comprising the 80 nm Au nanocube core coated with 7 nm SiO, shell
as shown in the inset of Fig. 5(a); the silica coating on the surface of the Au NCs was
prepared by a modified Stober method [17]. To further determine the advantages of Au
NC@SiO, NPs on lasing, we doped the Au NC@SiO, NPs into the gain medium with the
same number density as that of the 80 nm Au NCs in the gain medium above, the mass filling
fraction of the Au NC@SiO, NPs was 3.93 x 10", For comparison purposes, we developed
a related experiment associated with Au nanosphere@SiO, NPs (80 nm in diameter @7 nm)
[shown in the inset of Fig. 5(c)] instead of Au nanocube@SiO, NPs. Figure 5(a) and (c)
depict the emission spectra of the devices based on Au nanocube @SiO, NPs and Au
nanosphere@SiO, NPs, respectively. The corresponding emission intensities and FWHMs for
these two samples are shown in Fig. 5(b) and (d); they exhibit lasing thresholds of 2.3 mJ/cm®
and 5.3 mJ/cm?, respectively. According to Figs. 4 and 5, compared to the devices based on
bare Au nanocubes or Au nanosphere@SiO, NPs, the device with Au nanocube@SiO, NPs
has the lowest lasing threshold, which is only about 21.7% of that of the reference device.
This demonstrates that the Au nanocube@SiO, NPs can enhance stimulated emission to a
much higher degree than the bare Au nanocubes or Au nanosphere@SiO, NPs.
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Fig. 5. Emission spectra of the devices with (a) Au nanocube@SiO, NPs, (c) Au
nanosphere@SiO, NPs; (b) and (d) the lasing intensities and FWHMs of the emission spectra
corresponding to (a) and (c). The insets in (a) and (c) show the TEM images of Au
nanocube@SiO, NP and Au nanosphere@SiO, NP.

We know that the metallic nanoparticles can enhance the lasing by two separate
mechanisms: the enhanced localized electric field and scattering [6,7]. In order to explore the
essential cause of the experiment results above and further identify it, we calculated the
enhanced localized electric field and scattering of an Au nanosphere and different sizes of Au
nanocubes, respectively.
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Fig. 6. (a) The normalized scattering cross section of different sizes of Au NCs at A = 570 nm,
(b) the scattering mean free paths at A = 570 nm, as a function of the size of Au NC.

For one mechanism of scattering, due to the equal mass concentration of different sizes of
Au NCs in the gain medium, oy/V,uricie Was calculated as a normalized scattering cross section
to evaluate the scattering strength of different sizes of Au NCs; o; is the scattering cross
section, and Vawicie 18 the particle volume. Figure 6(a) shows the o/ Vyaricie Of different sizes of
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Au NCs at the emission wavelength of 570 nm; it shows that with the increase of the Au NC
size, 0/ Vparicle increases at first, and then decreases. There is a maximum of oy/Varicie for the
Au NC with an edge length of 80 nm. Moreover, Fig. 6(b) shows the scattering mean free
path, /;, at a wavelength of 570 nm, as a function of the size of Au NCs. The scattering mean
free path can be estimated via the Mie theory /[, = 1/pos, where p is number density of
nanostructure [14,19]. With the increase of the Au NC size, the /; exhibits the same trend with
the lasing threshold. There is the minimum of /; for the sample with 80 nm Au NCs. The
scattering strength is inversely proportional to the /;, then the 80 nm Au NCs had the strongest
scattering strength. In addition, for the devices with Au nanocube@SiO, NPs(80 nm in edge
length @7 nm) or Au nanosphere@SiO, NP (80 nm in diameter @7 nm), there were different
mass filling fractions of NPs, which were 3.93 x 10" and 2.06 x 10™", respectively.
According to the scattering cross section of the Au nanocube@SiO, NPs (4.37 x 107'? cm?)
and that of the Au nanosphere@SiO, NPs (4.11 x 107" cm?) at the wavelength of 570 nm, the
scattering mean free path / for the random laser with Au nanocube@SiO, NPs is 0.04 cm,
and that with Au nanosphere@SiO, NPs is 0.43 cm. Therefore, the Au nanocube@SiO, NPs
have a stronger scattering than Au nanosphere@SiO, NPs.

It is generally known that the localized electric field enhancement near the surface of
metal NPs, which results in the enhanced gain region at the particle’s surface, could lead to
larger amplification of emission light and excite a larger number of such dye molecules at the
same time to higher energy levels. And the quantum yields of dye molecules are increased by
changing the radiative and nonradiative decay rates [8].

To explore another mechanism of the enhanced localized electric field, we simulated the
electric field distributions of the different sizes of Au NCs using the FDTD method. In the
simulation, the simulation region was much larger than the sizes of Au NCs and considered as
an infinite space. The excitation beam was a plane wave polarized along the x-axis with the
wavelength of 570 nm. The permittivity of Au was taken from the experimental data of
Johnson and Christy [21]. In order to obtain the high accuracy simulation, the mesh size was
set as 1 nm. Figure 7(a)-(¢) show the electric field distributions of the different sizes of Au
NCs in PS polymer at the wavelength of 570 nm. For the samples with Au NCs, when the dye
molecules were excited, the emission wavelength was 570 nm, and in return, the lasing
emission wavelength of 570 nm could excite the electric field effect of different sizes of Au
NCs, then the strong electric fields of the Au NCs influence the optical properties of the dye
molecules in close vicinity of them [15,19,20]. The different electric fields of different sizes
of Au NCs would have different effects on lasing dyes. Figure 7 shows that with increasing
Au NC size, the electric field enhancement increases at first, and then decreases. The
strongest electric field occurs when the edge length of the Au NC is 80 nm, leading to the
maximum gain at the lasing emission wavelength. In addition, compared to the case of an 80
nm Au nanosphere shown in Fig. 7(f), the 80 nm Au nanocube has stronger electric field
because of the unique “plasmonic hot spot” characteristic that results from the extremely high
field enhancement at the corners of Au NCs. This enhanced local field occurring at hot spots
is particularly important to effectively augment interactions with nearby molecules and
trigger low-threshold lasing resonance [15,19,22-26]. Hence, for the different sizes of Au
NCs, the strongest resonant coupling arises between the dye molecules and metallic
nanoparticles whose LSPR spectrum overlaps sufficiently with the emission spectrum of the
gain medium. Moreover, the superiority of the Au nanocube@SiO, NPs over Au
nanosphere@SiO, NPs can be explained by stronger multiple scattering and superior field
enhancement.
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Fig. 7. Electric field distributions of (a) 20 nm, (b) 60 nm, (c) 80 nm, (d) 100 nm, (e) 120 nm
Au nanocube; and (f) an 80 nm Au nanosphere at the incident wavelength of 570 nm.

4. Conclusion

In summary, we have demonstrated enhanced random lasing from organic dyes doped with
optimally sized Au NC@SiO, NPs. In order to find the optimal size for Au NC@SiO, NPs
with suitable LSPR spectra to match the gain medium, we studied the effects on lasing
properties of different sizes of bare Au NCs with different LSPR spectra. The 80 nm Au NCs
showed the best plasmon effect to enhance the lasing. This result strongly suggested that
surface-plasmon-enhanced lasing properties are expected to be optimal when the LSPR
spectrum of metal nanoparticles has sufficient overlap with the lasing emission spectrum,
which can lead to stronger localized electric field enhancement and scattering effects of
nanoparticles. Compared to the bare Au nanocubes or Au nanosphere@SiO, NPs, the
optimally sized Au nanocube@SiO, NPs more effectively enhanced the lasing properties and
lowered the lasing threshold. This was due to the stronger scattering and electric field
enhancement localized at the spiky tips of the Au NCs; moreover, the presence of the SiO,
shell prevented the quenching of the dyes in close proximity to the bare Au NCs, thereby
attaining better enhancement. Thus, our work provides an ideal method to reduce the lasing
threshold of gain media.
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