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Abstract: Photoluminescence (PL) of Au nanoparticles is appealing for various biological 
applications, owing to their unique advantages. However, widespread applications are still 
limited by their extremely low quantum yield. Here, we report on the giant PL enhancement 
of aggregated Au nanospheres by continuous-wave (CW) laser irradiation. Our studies show 
that the laser-induced PL enhancement is influenced by the wavelength and power density of 
irradiation laser, as well as the size of Au nanospheres. The averaged intensity of Au 
nanospheres after irradiation by 405 nm CW laser at power density of 6 MW/cm2 is 75 times 
that of the as-prepared sample, where the highest enhancement of 150 folds is obtained. The 
giant PL enhancement is attributed to laser-induced photothermal welding and reshaping of 
adjacent Au nanospheres, which will dramatically enhance the incidence light field in the 
crevices around the welding areas by surface plasmon resonance. These studies not only 
declare that Au nanospheres are expected to find many new applications in PL-based 
biosensing and bioiamging, but also suggest that CW laser can be used as a versatile tool to 
weld and reshape the Au nanospheres in order to build up functionalized electronic and 
optoelectronic devices. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Nobel metal nanoparticles, e.g., of Au and Ag, have attracted widespread interest over the 
past decades [1–3], in particular because of their promising applications ranging cross light 
harvesting [4], photocatalysis [5], sensing [6], and nonlinear optics [7]. These applications 
benefit from the collective oscillation of electrons on the nanoparticles surface that occurs 
when excited with light at an appropriate wavelength [8]. This phenomenon is known as 
surface plasmon resonance (SPR). SPR is sensitive to the morphology of Au nanoparticles 
[9], the surrounding dielectric media [10], as well as the interparticle plasmon coupling [11]. 
Amazingly, the local light field within the gap of coupled nanoparticles can be enhanced up to 
thousand-fold by the plasmon coupling [12]. The giant local field enhancement has been used 
to amplify the optical response of materials surrounding Au nanoparticles, including surface 
enhanced Raman scattering (SERS) [13], two-photon photoluminescence (TPPL) [14], 
second-harmonic generation [15], as well as metal-enhanced fluorescence [16]. 

Very recently, plasmon coupling has also been used to enhance photoluminescence (PL) 
of Au nanoparticles themselves. Development and enhancement of PL of Au nanoparticles is 
vital for biological applications, in view of their neither photoblinking nor photobleaching, as 
well as their nontoxicity and high biocompatibility [17,18]. Some efforts have focused on the 
PL enhancement of Au nanoparticles, where the enhancement on the TPPL of Au 
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nanospheres (NSs) by plasmon coupling at Xu group is most pronounced [19,20]. Using an 
oppositely charged polyelectrolyte, they determined enhancement factors of 25 folds for 
coupled 55-nm Au NSs [20]. And then, the huge enhancement up to 1.2 × 105 folds in TPPL 
was obtained for the linear trimer Au NSs [19]. Typically, the TPPL of Au NSs was excited 
by femtosecond laser in aqueous. In contrast, investigation and enhancement on single photon 
PL of Au NSs excited by conventional continuous wave (CW) laser rather than femtosecond 
laser are still challenge, in view of their extremely low quantum yield (ranging from 10−7 to 
10−4 regarding with different sizes and shapes) [21–24]. However, these studies have greater 
practical significance, because CW lasers have been widely used in the Au NSs related 
biological applications, such as photothermal therapy and drug delivery [25–27]. In particular, 
they are more compact, inexpensive, portable and clinically compatible than pulsed laser [28]. 

Here, we report that PL of aggregated Au NSs can be dramatically enhanced by focused 
CW laser irradiation. A highest enhancement of 150 folds for 160-nm NSs is obtained after 
irradiation with 405 nm CW laser in several seconds at power density of 6 MW/cm2. 
Systematic experimental results show that this laser-induced PL enhancement is sensitive to 
power density, laser wavelength, and their particle sizes. Scanning electron microscopy 
(SEM) reveals that adjacent Au NSs have been melted, welded and reshaped during laser 
irradiation. Thus, we propose that the dramatically enhanced local field around welded Au 
NSs results in giant PL enhancement. Our studies not only offer a route to enhance PL of Au 
NSs to develop their biological applications, but also provide an approach to weld noble 
metal nanostructures by commercial CW lasers to build up functionalized electronic and 
optoelectronic devices. 

2. Experiment 

2.1 Sample preparation 

Cetyltrimethyl ammonium bromide (CATB) caped Au NSs, purchased from NanoSeedz Ltd. 
(Hong Kong SAR, China), were prepared by a seed-mediated growth approach modified from 
their previously reported works [29]. The marked diameters of three NSs used in the 
experiment are 160 nm (Product Code: NS-160-20), 100 nm (NS-100-20), and 60 nm (NS-
60-20), respectively. For the sake of simplicity, these NSs are named as NS-160, NS-100, and 
NS-60 hereinafter for short, respectively. Samples used for laser irradiation were prepared by 
spin-coated the diluted solution (10−3 of the original solution) on the cleaned glass coverslip 
(Ted Pella). 

2.2 Sample characterization 

The absorption spectra of Au NSs were recorded by a Maya2000Pro Vis-NIR spectrometer 
(Ocean Optics, USA), which was also used to obtain PL spectra of NSs in solution. The 
morphology of NSs were characterized by SEM (SU8010, Hitachi, Japan) and transmission 
electron microscopy (TEM, Philips Model CM10, USA). 

2.3 Optical setup 

The experiments involved laser irradiation and PL imaging of Au NSs were performed with a 
home-built scanning confocal microscope. The experimental setup has been described 
elsewhere [30,31]. In particular, three lasers with the wavelength of 405 nm, 488 nm, and 532 
nm in CW mode were used. They were not only acted as the excitation laser to take PL of Au 
NSs, but also used as the irradiation laser to enhance their PL. The laser power was in the 
region of 0.1 mW to 10 mW. The laser beam was tightly focused by a 100 × oil immersion 
objective lens with a high numerical aperture (NA = 1.3). The focused laser spot was about 
200 nm in diameter, limited by diffraction. Thus, the power density was in the region of 0.3 
MW/cm2 to 30 MW/cm2. The sample was placed on a piezo-electric translation nano-stage 
(PZT, Tritor, 200/20SG). PL from Au NSs was collected by the same objective. After passing 
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through a dichroic mirror (Semrock, Di01-R488-25x36), and a long-pass filter (Semrock, 
BLP01-496R-25) to block the back scattered laser as well as background signal, PL was 
further filtered spatially by a 100 μm pinhole and split by a beam splitter. Then one beam was 
detected by a single photon detector (PerkinElmer, SPCM-AQR-15), the other was 
transferred to a spectrometer to develop PL spectra. The transmission dark-field scattering 
spectroscopy of the aggregated Au NSs were performed on the same setup, by removal of the 
filters. The experiments were conducted by using a 100 W halogen lamp illumination through 
an air condenser and collecting the scattering light by the oil immersion objective. 

3. Results and discussion 

Au NSs with three different sizes were prepared to investigate laser-induced PL enhancement. 
To get the morphology and heterogeneity of these commercially available Au NSs, SEM and 
TEM were firstly used as the characterization, as shown in Fig. 1(a) and 1(b), respectively. 
Note that although the diameters of these NSs are similar, their actually sizes are quite 
different. Some of them even exhibit obvious tetrahedron or rod shape, as enlarged in Fig. 
1(c). Figure 1(d) presents the size distribution of NS-160 drawn from its TEM 
characterizations. A broad distribution with the center of 152 nm and full width at half 
maximum (FWHM) of 26 nm can be clearly determined. Size distributions of other two kinds 
Au NSs (NS-100 and NS-60) are also determined (see Fig. 7 in Appendix). The relative broad 
distributions reveal the non-uniform and imperfect spherical shape of our Au NSs. Figure 1(e) 
presents the normalized extinction spectra of three different size NSs. Note that the dipolar 
plasmon mode redshifts gradually from 535 nm to 650 nm, as the averaged diameter 
increasing from 60 nm to 160 nm. For NS-160, quadrupolar plamon mode at 539 nm also 
appears. These phenomena agree well with previous reports [20,29]. Peak broadening is also 
clearly observed, which can be attributed to the increasing radiative losses for increased 
diameter of NSs. In contrast, no significant difference can be found in their PL spectra, as 
shown in Fig. 1(f). Furthermore, these PL spectra are closely resembles the corresponding 
scattering spectra (see Fig. 8 in Appendix). According to the suggestions from the previous 
investigations [32,33], we can attribute the PL of Au NSs to the spontaneous emission from 
the radiative recombination of hot carriers, where the enhanced spontaneous emission from 
the plasmonic mode results in the strong PL. 

 

Fig. 1. (a) SEM and (b), (c) TEM images of Au nanospheres (NSs) with the averaged diameter 
of 160 nm (NS-160). Scale bar: (a) 500 nm; (b) 200 nm; (c) 100 nm. (d) Size distribution of 
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NS-160, fitted by Gauss function. (e) Normalized extinction and (f) photoluminescence (PL) 
spectra of three sizes Au NSs, respectively. PL spectra were excited by 405 nm CW laser. 

Figure 2(a) presents typical confocal PL imaging of NS-160 spin-coated on the cleaned 
glass coverslip. Note that most areas exhibit similar patterns and intensities, indicating that 
the dispersion of Au NSs on the coverslip is reasonably good. However, some areas with 
much stronger PL can be easily observed, as the dashed circle highlighted in Fig. 2(a). These 
stronger PL are attributed to the emission of aggregated Au NSs, which can be proved by the 
SEM characterization of the prepared samples (Fig. 9 in Appendix). When focusing the laser 
on these areas with intensive power density, we found that their PL could be further 
enhanced, as shown in Fig. 2(b). Amazedly, a highest enhancement factor, EF (the enhanced 
PL divided by the initial value, PLt/PL0), of 150 folds has been determined in the experiment 
(Fig. 10 in Appendix). This implies that the quantum yield and PL intensity of Au NSs can be 
dramatically enhanced by CW laser irradiation. Further investigations show that PL 
trajectories for the enhanced areas present similar behavior, as shown in Fig. 2(b). In the 
beginning of laser irradiation, PL is relatively stable, as illustrated in the inset. Then, it will be 
enhanced sharply and hold the maximum intensity for a short duration. After a rapid decay 
from the maximum value, PL is quenching slowly and tends to be stable at last. To deeply 
gain insight into the enhancement mechanism, PL spectra of Au NSs during laser irradiation 
were collected synchronously, as shown in Fig. 2(c). It can be found that not only the 
intensities are enhanced dramatically, but also the spectral profiles are varied obviously. 
Redshift of the peak positions can be clearly determined, as highlighted by the dotted line. 
Similar variations of scattering spectra and PL spectra during laser irradiation, as show in Fig. 
2(d), further supports that the PL is originating from the spontaneous emission from the 
radiative recombination of hot carriers, and the plasmonic mode enhances this spontaneous 
emission. 

 

Fig. 2. PL enhancement and corresponding spectra profiles during laser irradiation. (a) 
Confocal PL imaging of the prepared sample. (b) Typical PL trajectory of aggregated NS-160 
Au NSs during 405 nm laser irradiation at the power density of 6 MW/cm2. (c) The 
corresponding spectral profiles under different irradiation duration. The integration is 1 s and 
time interval is 10 s. (d) PL and scattering spectra (SS) of aggregated NS-160 Au NSs after 
irradiation with duration of 0 s, 60 s and 110 s, respectively. 

To verify that laser-induced PL enhancement are indicative of the whole sample, and also 
to analyze the influences on PL enhancement, the systematic experiments were carried out by 
varying: (i) the power density of 405 nm laser (irradiation on NS-160 with 0.3 MW/cm2, 6 
MW/cm2, and 30 MW/cm2, respectively); (ii) the wavelength of irradiation lasers (irradiation 
on NS-160 by 405 nm, 488 nm, and 532 nm CW laser at the power density of 6 MW/cm2), 
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and (iii) the size of NSs (NS-60, NS-100, and NS-160 by 405 nm CW laser at the power 
density of 6 MW/cm2). The results have been presented in Fig. 3 and 4, respectively. Here, 
two feature parameters are used to characterize the enhancement effects: the enhancement 
factor, EF, and the maximum enhancement time, Tm (the time reaching the maximum PL 
intensity from the beginning). EF expresses the enhancement effect, while Tm denotes the 
dynamics of the enhancement process. 

 

Fig. 3. PL enhancement factors vary under different irradiation conditions. (a)-(c) Different 
power density, 0.3 MW/cm2, 6 MW/cm2, and 30 MW/cm2, respectively. (b), (e), and (f) 
Different laser wavelength, 405 nm, 488 nm, and 532 nm, respectively. (b), (g), and (h) 
Different averaged diameter, NS-160, NS-100, and NS-60, respectively. (d) Summarized 
central values of histograms under different conditions. 

Figure 3 presents the variations of EF under different conditions. Note that the histograms 
of EF emerge broader distributions. The reasons behind this phenomenon may be divided into 
two categories: the heterogeneity of the shape, and the varied distances among NSs (which 
will be discussed later). Here all the distributions were fitted by Gauss function and the 
central values were used as the indicator. As shown in Figs. 3(a)-3(c), when NSs and laser 
wavelength were maintained at Ns-160 and 405 nm, their EF have dramatic change. As the 
power density increases from 0.3 MW/cm2 to 6 MW/cm2, EF increases from 18.2 to 75.0. 
However, EF plummets to 3.3, as the power density reaches to 30 MW/cm2. This result 
reveals that the power density is a significant parameter regarding laser-induced PL 
enhancement. On the other hand, when maintaining the power density at 6 MW/cm2 but 
varying the wavelength, EF decreases from 75.0 for 405 nm to 14.1 for 488 nm, and to 20.7 
for 532 nm, respectively. Comparing with the giant enhancement under 405 nm irradiation, 
we can found that PL enhancement under 488 nm and 532 nm are moderate. These results are 
also appropriate for NSs with smaller diameters, as shown in Fig. 11. On the other side, 
comparing with NS-160, those of NS-100 and NS-60 under the same irradiation condition are 
moderate as well, as illustrated in Figs. 3(g) and 3(h), where the EF is 7.7 for NS-100, and 7.5 
for NS-60, respectively. The variations of EF under different conditions have also been 
summarized in Fig. 3(d). Hence, this series of experiments shows that laser-induced PL 
enhancement are much more pronounced for Au NSs with larger diameter. 

The analysis of corresponding enhancement times, Tm, used to reveal the dynamics of 
enhancement process, have been presented in Fig. 4. Similar with EF, Tm also varies vastly as 
the irradiation conditions change. Under the power density of 0.3 MW/cm2, the time reaching 
the maximum PL is up to 107.1 s, while it rapidly decreases to 4.4 s as the power density 
increases to 6 MW/cm2, as illustrated in Figs. 4(a) and 4(b). However, as the power density 
increases to 30 MW/cm2, the whole PL enhancement and quenching process are completed in 
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one second for most cases (as illustrated in Fig. 13). Thus, as presented in Fig. 4(c), its 
histogram emerges a non-Gauss distribution, with the maximum value equaling to 0.25 s. On 
the other aspect, when maintaining the power density, Tm for 405 nm, 488 nm, and 532 nm 
are 4.4s, 5.0 s, and 24.3 s, respectively. The result indicates that the enhanced dynamics under 
405 nm and 488 nm are similar, while 532 nm is different. It may be explored by the 
excitation spectrum of NS-160, as illustrated in Fig. 1(e). Both 405 nm and 488 nm are 
situated at the electronic transition from 5d to 6sp bands [21,34], while 532 nm is situated at 
the quadrupolar plamon mode of NS-160. Au NSs interacts with shorter wavelength may lose 
more energy to the phonon lattice and thus enhance the photothermal effect. This conclusion 
can be further supported by the PL enhancement of NS-100 and NS-60 under laser irradiation 
with three wavelengths, as shown in Fig. 12. Additionally, no significant difference of Tm are 
observed on the Au NSs with different diameters, as shown in Figs. 4(b), 4(g) and 4(h). The 
variations of Tm under different conditions have also been summarized in Fig. 4(d). 

 

Fig. 4. Maximum enhancement times vary under different irradiation conditions. (a)-(c) 
Different power density, 0.3 MW/cm2, 6 MW/cm2, and 30 MW/cm2, respectively. (b), (e), and 
(f) Different laser wavelength, 405 nm, 488 nm, and 532 nm, respectively. (b), (g), and (h) 
Different averaged diameter, NS-160, NS-100, and NS-60, respectively. (d) Summarized 
central values of histograms under different conditions. 

Here we suggest that the experimental results are originating from the laser-induced 
photothermal welding and reshaping of adjacent Au NSs. Many previous works have reported 
the melting, reshaping and fragmentation of Au nanoparticles in aqueous by pulsed laser 
irradiation [34–36]. Baumberg group has demonstrated laser threading of Au nanoparticles 
string by using unfocussed femtosecond laser with averaged power density of 90 MW/cm2 
[37]. Guillermo and associates designed the tip-to-tip assembly and welding of Au nanorods 
by irradiation with femtosecond laser pulses [38]. Not merely the pulsed laser but also the 
CW laser and even non-coherent light can be used to reshape and/or weld nanostructures. The 
decrease in the length and increase in the width of Au nanorods after irradiation with 808 nm 
CW laser have been clearly determined by David et al [28]. On the other hand, the welding of 
silver nanowires have been achieve by the irradiation of both 532 nm CW laser and 
broadband tungsten-halogen lamp [39,40]. On the basis of these previous works, we propose 
that the tightly focused CW laser with high power density (in MW/cm2) will melt the surface 
of Au NSs, and weld the adjust NSs. The dramatically enhanced light field in the crevices 
around the welding areas result in the giant PL enhancement. Further laser irradiation will 
reshape the welded Au NSs and give rise to the variation in the spectral profiles. The 
mechanisms expected are drawn schematically in Fig. 5 and are discussed below: 
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Fig. 5. Proposed PL enhancement mechanism. (a)TEM image of prepared NS-160, (b)-(d) 
SEM images of NS-160 observed after different irradiation duration. (e-h) Representation 
welding and reshaping of Au NSs during laser irradiation. 

(i) To concisely illustrate the welding and reshaping of Au NSs, SEM images of dimer or 
trimer NS-160 observed after different irradiation duration have been presented in Figs. 
5(b)-5(d). (The SEM images of intensively aggregated NSs have been presented in Fig. 
14) The corresponding schematic represented by a pair of imperfect NSs have been 
shown in Figs. 5(e)-5(h). As we mentioned above, the areas where PL can be enhanced 
during laser irradiation always emerges stronger PL intensity at the initial. We have 
attributed the phenomenon to the aggregation of Au NSs, as shown in Figs. 5(a) and 5(e). 
According to the previous works, the aggregated NSs will enhance the local light field 
intensively as well [19,20,38]. Thus, the plasmonic near-field enhancement in the 
surrounding of original Au NSs is another contribution to the PL enhancement. 

(ii) When the laser is focused on Au NSs for a short duration, photothermal effect will melt 
the surface and modify the shape of NSs, which may lead the formation of welding areas 
between the adjacent NSs, as illustrated in Fig. 5(b). The sharp contact point or the 
crevices [37] (Fig. 5(f)) around the welding areas will present extremely strong light 
field. Thus, PL from NSs can be dramatically enhanced. In the case, the time reaching the 
maximum PL intensity is decided by the formation of sharpest contacts or crevices. 
When the power density of irradiation laser is low, it takes a long time to form the 
welding areas, thus Tm is up to 107.1 s under 0.3 MW/cm2, as presented in Fig. 4(a). On 
the other hand, in view of the slow process, the welding areas must be relative smooth, 
therefore the enhancement effect are moderate, as presented in Fig. 3(a). In contrast, 
when the power density is appropriate, the welding areas will be formed in a short, as 4.4 
s shown in Fig. 4(b). Meanwhile the rapid process will lead the welding areas roughly or 
give rise to many crevices, which will result in dramatically enhanced local light field 
and thus giant PL enhancement, as given in Fig. 3(b). However, when the power density 
is too high, the formation of welding areas and further reshaping will be completed in a 
very short duration (sub-second or even shorter). As a consequent, the enhanced process 
is rather short and hard to observe, as illustrated in Figs. 3(c) and 4(c), respectively. 

(iii) After the formation of welding areas, the jointed Au NSs will be reshaped by further laser 
irradiation. During this stage, the aggregated Au NSs will form different shape, as shown 
in Fig. 5 and Fig. 14. On the other side, even though the roughness or crevices will be 
eliminated gradually, resulting in the quenching of PL, there are some sharp areas still 
maintaining. The local field enhancement is still stronger than the original NSs. As a 
consequent, PL during the slow decay stage remains stronger than the initial value, as 
presented in Fig. 2(b). 

(iv) At last, the new formed Au nanoparticles will be further melted and reshaped by laser 
irradiation, as illustrated in Figs. 5(d) and 5(h). During this stage, the field enhancement 
will be weakened persistently but slowly, resulting in the slow decay shown in Fig. 2(b). 
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On the basis of the proposed mechanism, the moderate PL enhancement of NS-100 and 
NS-60 (Figs. 3(g) and 3(h)) is reasonable. Due to the faceted rather than smooth edges of 
smaller NSs, the local field enhancement of the original NSs is already strong. Thus, the 
further field enhancement arising from the welding areas are not so pronounced. Although, 
the giant PL enhancement for the large diameter NSs is achieved undoubtedly. This study will 
develop biotechnological applications of Au nanoparticles, especially PL labelling and 
imaging by CW laser, beyond TPPL by femtosecond laser [19,20]. In particular, PL imaging 
with CW laser is more competitive, due to less expensive, smaller, more portable and 
clinically compatible than pulsed counterparts [28]. To show the potential application in Au-
based PL imaging after enhancement, we investigate the stability of enhanced PL under 
normally laser irradiation, as illustrated in Fig. 6. The 405 nm CW laser with power density of 
6 MW/cm2 and 0.12 MW/cm2 is alternating to irradiate the Au NSs, and collect their PL. In 
the first 5 s under high power density, PL is enhanced from 7.5 thousand counts per second 
(kcps) to 74.3 kcps. In the next 5 s, the laser was altered to low power density. Although the 
PL is weaker, only conventional fluctuation rather than enhancement or decay can be found 
during this stage. On the other word, the enhanced PL from Au NSs is very stable under 
normal laser irradiation (generally used in photothermal therapy or drug delivery). The 
stability of PL under different stages of enhanced process further support this conclusion. 

 

Fig. 6. PL trajectory of NS-160 under 405 nm laser irradiation with different power density. 
For convenience of comparison, PL intensity under 0.12 MW/cm2 were multiplied by 50. 

We also should keep in mind that the enhancement mechanism is not fully understood so 
far, such as the wavelength-dependent results. Therefore, the investigations of PL 
enhancement under laser wavelengths resonance with dipolar plasmon mode and that far 
away from the resonance (such as infrared laser) might be able to yield a further 
understanding. On the other hand, the combination of laser irradiation and in suit electron 
tomography experiments is also vital for uncovering the laser-induced welding process. These 
attempts will provide a controlled fashion to build up functionalized plasmonic 
nanostructures, which are hard to access reliably by top-down fabrication or bottom-up 
approaches. This kind of control over nanostructures’ morphology by CW laser irradiation 
might be further applied in the scalable fabrication of electronic and optoelectronics [38]. 

4. Conclusions 

In summary, we have presented that the CW laser irradiation is a powerful tool to weld the 
adjacent Au NSs and dramatically enhance their PL. The systematic experimental results 
reveal that the PL enhancement is influenced by the power density and wavelength of 
irradiation laser, as well as the size of NSs. Among them, the NS-160 emerges more than two 
orders of magnitude PL enhancement, under the irradiation of 405 nm CW laser at the power 
density of 6 MW/cm2. In the case, the maximum PL enhancement can be achieved only in 
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several seconds. We attributed the giant PL enhancement to laser-induced welding and 
reshaping of adjacent Au NSs, which will dramatically enhance the incidence light field in the 
crevices around the welding areas and thus result in the PL enhancement. The proposed 
mechanism can explore observed phenomena reasonably good, including EF and Tm under 
different irradiation conditions as well as the variation of spectral profiles during laser 
irradiation. These results show promising applications of Au nanoparticles in the biological 
fields, such as PL labelling and imaging in clinical medicine. The welding of Au NSs by CW 
laser also emerges potential applications in the fabrication of functionalized plasmonic 
nanostructures’ and related electronic and optoelectronic devices. 

Appendix 

To further support our conclusions, we supplied supplementary materials. Figure 7 presents 
the morphology characterizations of NS-100 and NS-160, to illustrate their size distributions. 
Figure 8 displays the PL spectra and the corresponding scattering spectra of Au NSs used in 
the experiment. The similarity of the two spectra further suggests that the PL of Au NSs can 
be attributed to the spontaneous emission from the radiative recombination of hot carriers. 
Figure 9 shows the SEM images of prepared samples, indicating the aggregation of Au NSs. 
Figure 10 gives the maximum EF observed in the experiment, of which the maximum PL 
intensity was more than 150 times stronger than the initial intensity. Figures 11 and 12 
present the EF and Tm of NS-100 and NS-60 under irradiation with different wavelengths, 
indicating that the PL enhancement under 488 nm and 532 nm is smaller than that under 405 
nm. To explore the PL enhancement and quenching process under different power densities, 
Figure 13 shows typical PL trajectories of NS-160 under power density of 0.3 MW/cm2, 
6MW/cm2 and 30 MW/cm2, respectively. Figure 14 present the SEM images of NS-160 after 
laser irradiation. The highlighted areas manifest the welding and reshaping of aggregated Au 
NSs during laser irradiation. 

 

Fig. 7. Morphology characterization of Au NSs. (a) SEM and (b) TEM images of NS-100. 
Scale bar: (a) 400 nm, (b) 100 nm. (c) Size distribution of NS-100, fitted by Gauss function 
with central at 105 nm and FWHM of 10 nm. (d) SEM and (e) TEM images of NS-60. Scale 
bar: (d) 500 nm, (e) 100 nm. (f) Size distribution of NS-60, fitted by Gauss function with 
central at 56 nm and FWHM of 7 nm. 
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Fig. 12. Maximum enhancement times of NS-100 and NS-60 under different laser wavelength 
with the power density of 6 MW/cm2. (a)-(c) NS-100 under 405 nm, 488 nm, and 532 nm, 
respectively. (e)-(g) NS-60 under 405 nm, 488 nm, and 532 nm, respectively. (d) and (h) 
Summarized enhancement times under different wavelengths. 

 

Fig. 13. Typical enhancement factor of NS-160 under power density of (a) 0.3 MW/cm2, (b) 6 
MW/cm2, and (c) 30 MW/cm2, respectively. 

 

Fig. 14. SEM images of NS-160 observed after laser irradiation. The melt Au NSs have been 
highlighted by dashed lines. 
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