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Here, a plasmon-enhanced random laser was achieved by incorporating gold nanostars (NS) into disordered polymer
and CdSe/ZnS quantum dots (QDs) gain medium films, in which the surface plasmon resonance of gold NS can greatly
enhance the scattering cross section and bring a large gain volume. The random distribution of gold NS in the gain medium
film formed a laser-mode resonator. Under a single-pulse pumping, the scattering center of gold NS-based random laser
exhibits enhanced performance of a lasing threshold of 0.8 mJ/cm2 and a full width as narrow as 6 nm at half maximum.
By utilizing the local enhancement characteristic of the electric field at the sharp apexes of the gold NS, the emission
intensity of the random laser was increased. In addition, the gold NS showed higher thermal stability than the silver
nanoparticles, withstanding high temperature heating up to 200 ◦C. The results of metal nanostructures with enriched hot
spots and excellent temperature stability have tremendous potential applications in the fields of biological identification,
medical diagnostics, lighting, and display devices.

Keywords: plasmon, gain medium, gold nanostars, random laser
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1. Introduction
Compared with the conventional lasers requiring precise

fabrication and strict alignment of reflective resonator cavities,
the random lasers can be realized by randomly formed closed-
loop cavities with metal nanoparticles (MNP) or high refrac-
tive index dielectric nanoparticles (DNP) embedded in the gain
media.[1–4] The random lasers mainly utilize the interaction
between the light and the disordered gain media, thus emitting
the light with high intensity and narrow spectral line. Because
of the simple fabrication process and low cost, they have po-
tential applications in many fields, including temperature sen-
sors, lighting and display devices, biological identification and
medical diagnostics.[5–8] To obtain random lasing, the scatter-
ing intensity of the gain medium should be as large as pos-
sible to achieve a larger gain volume.[9] In previous random
laser studies, researchers usually use DNP with high refractive
index and good scattering ability as scatterers, such as TiO2,
SiO2, ZnO, and so on.[10–13] The scattering intensity of this
random laser can be enhanced by decreasing the average free
path of scattering, thus reducing the threshold of random laser
and obtaining the random laser with higher intensity. In order
to reduce the average free path of scattering, it is necessary

to increase the scattering cross-section or the concentration of
DNP.[10,12] However, the larger size or higher concentration of
DNP will easily lead to aggregation and precipitation, and the
stability of the system cannot be guaranteed.[12] Worse still,
some DNP have a significant photo-degradation effect on the
gain medium, for example, when TiO2 was used as scatters,
the intensity of the output random laser is only one-fifth of the
initial value after 4500 pump pulses.[10]

Recently, MNPs have attracted a great deal of attention
for their unique localized surface plasmon resonance (LSPR)
properties.[14–18] Compared with DNP, MNP have significant
advantages. The scattering cross-section of MNP in visible
light is much larger than that of DNP with the same size, espe-
cially when the particle size is less than 100 nm. Researchers
usually choose silver nanoparticles when using MNP to en-
hance fluorescence emission because silver has better LSPR
properties in visible light.[19–21] However, the thermal stability
of silver is a great challenge in the laser excitation experiment,
because the pump source generates great heat by high pulse
energy. At present, the thermal stability of silver nanoparticles
has been studied both theoretically and experimentally.[22–24]

The results showed that the morphology of silver nanopar-
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ticles became deformed at 95 ◦C for 10 min.[24] Therefore,
the silver nanoparticles cannot meet the need of some las-
ing experiments with ultra-high pump pulse energy. How-
ever, gold nanostructures showed extremely high thermal sta-
bility, which was an ideal choice for laser experiment. In Xia’s
experiment,[25] the fragmentation of the gold plates was not
seen until heating at a temperature of more than 450 ◦C. How-
ever, the thermal stability of nanostructure with enrich hot
spots is rarely studied. Hot spots can produce a strong local
electric field,[26,27] which greatly enhances the emission char-
acteristics of the gain medium, especially for random laser.[17]

The hot spot effect of MNP is closely related to their morphol-
ogy, size, and composition.[28–31] At present, researchers have
exerted a great deal of effort in the preparation of high-yield
metal nanostructures with controllable morphology, which is
also a field worthy of research.[32] Therefore, advanced engi-
neering to obtain metal nanostructures with enriched hot spots
and to further study MNP’s thermal stability are of current in-
terest for exploration.

In this paper, we demonstrated a type of random laser in
the gain medium film by introducing an enriched nanostruc-
ture as scatterer. The synthesized gold nanostars (NS) nanos-
tructure with the apexes structure have a hot spot effect due to
the strong electric field distributed at its sharp apexes, which
lead to plasmon scattering enhancement. The heating experi-
ments of the gold NS show that the apexes structure of the gold
NS still keeps stable at 200 ◦C. The realization of random las-
ing is mainly attributed to the remarkable scattering of gold
NS in the system. For our random laser system, in which gold
NS are used as scatters, a random lasing with a bandwidth of
6 nm is obtained. The results reported here provide a straight-
forward and simple method for plasmon random lasers with
multiple scattering based on complex morphologic scatterers.

2. Experimental details
2.1. Materials

Polyvinyl pyrrolidone (PVP, MW ∼29000), silver nitrate
(AgNO3, > 99.9%) and ascorbic acid (AA, > 99.5%) were
purchased from Sigma–Aldrich, USA. Gold chloride trihy-
drate (HAuCl4·3H2O, > 99.9%) and hydrochloric acid (HCl,
> 98.0%) were purchased from Sinopharm Chemical Reagent
Co., Ltd., China. The CdSe/ZnS quantum dots (QDs) solu-
tion was purchased from the Suzhou Xingshuo Nanotech Co.,
Ltd., China. Ultrapure water from Milli-Q (Millipore, USA,
resistivity > 18.4 MΩ· cm) source was used throughout the
experiments.

2.2. Characterization

The structural features of the gold seeds, NS and
CdSe/ZnS QDs were detected with scanning electron micro-
scope (SEM, Zeiss Ultra Plus, Germany) and transmission

electronic microscopy (TEM; Fei Tecnai T20, USA). Extinc-
tion spectra were measured with the fiber optic spectrometer
(NOVA, Ideaoptics Technology Ltd., China). The femtosec-
ond Ti:Sapphire laser system (Legend-F-1k, 800 nm, 1 kHz,
100 fs) was used in the excitation pulses experiment. The 400-
nm pumping beam was realized through a β -barium borate
(BBO) crystal. A fast optical multichannel analyzer (OMA,
Spectra Pro-300i) was used to collect the emitted beam at the
edge of the sample.

2.3. Fabrication of gold seeds

A 100-mL solution with concentration of 1-mmol/L
HAuCl4·3H2O solution was heated to boiling. Then 15-mL
trisodium citrate solution with a mass fraction of 1% under
vigorous stirring was added. The gold seed solution was ob-
tained by heating the reaction solution for 15 minutes, then
reserved after cooling.

2.4. Fabrication of gold NS and gold NS film

A 100-µL HCl solution with 1-mol/L concentration and
1-mL seeds solution were added to 100-mL HAuCl4·3H2O so-
lution with 0.25-mmol/L concentration in turn under stirring
of 700 rpm. Then, 1-mL AgNO3 solution with 30-mmol/L
concentration and 500-µL AA solution with 100-mmol/L con-
centration were added simultaneously. After 30-s reaction, the
color of the solution changed rapidly, and finally the gold NS
samples were obtained. Finally, the gold NS solution was cen-
trifuged at 4500 rpm for 45 minutes, then the precipitate was
re-dispersed into 10-mL water.

A rapid assistance-free self-assembly method was used
for the fabrication of gold NS film. A pre-cleaned indium tin
oxide (ITO) glass slab was put into the untreated gold NS so-
lution. After 12 h, the ITO glass slab was removed from the
solution and the surface was flushed with water. Finally, the
gold NS thin film was fabricated for the thermal stability ex-
periment.

2.5. Fabrication of gain medium thin film

The 0.7-mL CdSe/ZnS QDs ethanol solution with
0.3 mg/mL was fully mixed with 0.1-g PVP and stirred for
30 min at 600 rpm. Then 300-µL ultrasonic treated gold NS
solution was added to the mixed solution. To prevent gold NS
aggregation, the mixed solution was stirred for 1 h and then
was left still for 12 h. Then the mixed solution was spinned
onto the pre-cleaned ITO glass for 60 s at 3000 rpm. Finally,
the prepared thin film sample was put into the drying box for
6 h at 60 ◦C. The PVP constituted a matrix for the CdSe/ZnS
QDs gain medium and immobilized the embedded NPs in the
dried thin film. The gold NSs were embedded and immobi-
lized in a gain medium film composed of PVP and CdSe/ZnS
QDs. Meanwhile, the film without gold NS was prepared un-
der the same process conditions.
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3. Results and discussion
3.1. Characterization of CdSe/ZnS QDs and gold seeds

The dispersion characteristics of QDs are very impor-
tant for the preparation of uniform random laser gain medium
thin films. To evaluate the dispersion of CdSe/ZnS QDs, we
measured their dispersion properties using TEM, as shown in
Fig. 1(a). The size of the CdSe/ZnS QDs displayed in the
TEM image is remarkably uniform. The corresponding ab-
sorption (black line) and emission spectra (red line) of the
CdSe/ZnS QDs are illustrated in Fig. 1(b). The emission peak
of CdSe/ZnS QDs is located at ∼ 628 nm. The position of
emission peak can be tuned by varying the size of CdSe/ZnS

QDs.[33] To evaluate the gold seeds we synthesized, the mor-
phologies of the gold seeds were measured by TEM, as shown
in Fig. 1(c). The TEM image indicates the gold seeds that were
monodispersed in the solution. To determine the size unifor-
mity of the gold seeds, we made a statistical analysis of the
particles size for the TEM image, as displayed in the inset of
Fig. 1(c). The results indicated that the seed size is mainly
between 20 nm and 30 nm. Then, by testing the absorption
spectra of the gold seeds (Fig. 1(d)), we further studied their
LSPR properties. As shown in Fig. 1(d), the LSPR peak of
gold seeds is located at about 520 nm, which is consistent with
the small nanospheres that we have observed.[34]
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Fig. 1. (color online) (a) TEM image and (b) normalized absorption and emission spectra of the CdSe/ZnS QDs, and (c) TEM image
and (d) normalized absorption spectrum of the gold seeds.

3.2. Characterization of gold NS

To obtain high-quality random laser, we prepared gold NS
nanostructures with many sharp apexes by the seed-growth
method. Figure 2(a) shows the TEM image of gold NS. As
shown in Fig. 2(a), the gold NS was well dispersed and each
particles had several apexes nanostructures distributed on the
surface. To observe its microscopic morphology more clearly,
the high magnification of single gold NS TEM image is shown
in the inset of Fig. 2(a). The central nucleus’s size of the
gold NS is about 50 nm, while the sharp apexes are of vary-
ing lengths. This multi-tip nanostructure has a great scattering
characteristic. The apexes position will produce a large num-
ber of hot spots. All of them can enhance the light emission of
fluorophore. To estimate the LSPR properties of this kind of
gold NS, we have further measured the absorption spectrum

of the gold NS solution. As shown in Fig. 2(b), the LSPR
peak of the gold NS is about 810 nm. Compared with the gold
seeds, the LSPR peak of the gold NS has a remarkable red
shift, which is due to the increase of particle size.

In our experiment, we used a typical vertical pumping,
lateral detection experimental setup, as shown in Fig. 2(c). In
the setup, the femtosecond Ti:sapphire laser system (Legend-
F-1k, 800 nm, 1 kHz, 100 fs, Coherent, USA) was used as
the pump light source. The 400-nm pumping beam was real-
ized through a BBO crystal. In the signal detection, we use
a fast optical multichannel analyzer (OMA, Spectra Pro-300i,
Princeton instruments, USA) to collect the emitted beam at
the edge of the sample. Meanwhile, a 532-nm high pass fil-
ter is used to suppress the scattering light from the pump light
source.
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Fig. 2. (color online) (a) TEM image of the gold NS. The inset of
panel (a) corresponds to higher magnification TEM image. (b) The nor-
malized absorption spectra of gold nanostars (NS). (c) Illustration of the
pump and detection of emission from the edge of the gain medium film.

3.3. Thermal stability of gold NS

Anisotropic MNP, especially those with lots of sharp-
apex nanostructures, have strong near field enhancement prop-
erties due to their lightning rod effects.[35] However, the near
field enhancement is also accompanied by the generation of
heat, which will have an impact on metal nanostructures, es-
pecially on the sharp apexes.[36] Once the morphology of
metal nanostructures degenerates due to the surrounding high-
temperature environment, it will directly affect the stability of
the system and even cause serious performance degradation.
Therefore, it is necessary to check the relationship between
the morphology of MNP and temperature, which can be used
to guide some experiments related to high heat. We compared
the SEM images of the gold NS at different annealing tem-
peratures. It can be seen from Fig. 3(a) that when the gold
NS was annealed at 150 ◦C, the morphology of the gold NS
can still be maintained well compared with the TEM image
in Fig. 2(a). With the increase of annealing temperature, the
apexes morphology of the gold NS surface gradually degener-
ates. When annealed at a temperature of 250 ◦C, the apexes
morphology of the gold NS surface has become less apparent,
as shown in Fig. 3(c). Moreover, when the annealing tempera-
ture increased to 300 ◦C, the apexes nanostructures of the gold
NS disappeared completely and transformed into nanospheres
(Fig. 3(d)). The results indicate that the apexes nanostructures
of the synthesized gold NS can keep its shape when annealing
at 200 ◦C. Because Ag has a lower melting point than gold, Ag
nanoparticles are more susceptible to temperature. The results
in the literature showed that the morphology of Ag nanoparti-
cles began to change when heating at 90 ◦C,[24] while that of
gold NS changed at about 200 ◦C. Therefore, we believe that
the gold material is more suitable than silver for some experi-
ments in high temperature environment.

(a) (b) (c) (d)

300 C250 C150 C 200 C

200 nm 200 nm 200 nm 200 nm

Fig. 3. (color online) SEM images of the gold NS films after annealing in air atmospheres. The samples were annealed at: (a) 150 ◦C,
(b) 200 ◦C, (c) 250 ◦C, and (d) 300 ◦C for 5 minutes, respectively.

3.4. Characterization of random laser

To demonstrate the emission properties of the CdSe/ZnS
QDs doped random laser sample with gold NS as scatters, we
have carried out experimental measurement on them. The ran-
dom lasing spectrum collected at different pump fluences is
shown in Fig. 4(a). In Fig. 4(a), we only observe the emis-

sion of the fluorescence signal at low pump fluences (below

the threshold). When the pump fluences are higher than the

laser threshold (0.8 mJ/cm2), the single-mode random las-

ing signals were detected. The random lasing comes from

the incoherent feedback in the device. With the increase of

pump fluences, the random lasing was obtained when the gain
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is greater than the loss. Meanwhile, the full width at half
maximum (FWHM) of random lasing becomes narrower with
the increase of pump fluences. The apex nanostructure of a
gold nanostar (NS) has a large number of hot spots; many
investigations[37,38] have proved that the electromagnetic en-
hancement factor of spots can reach more than 109. There-
fore, the hot spot effect produced by the gold NS can greatly
enhance the emission efficiency of QDs, thus enhancing the
random laser signal. In our study, the surface plasmon reso-
nance spectrum of the gold NS is not overlapping completely
well with the emission wavelength band of QDs. The reason
is due to the complex morphology and anisotropic apex dis-
tribution. As a result, the resonant wavelengths of different
hot spots on the gold NS are completely different. This will
lead to the resonance peaks spreading in a wide wavelength
range corresponding to different dipole moments. Although
their resonance wavelengths depend on the macroscopical dis-
tribution of average size, which is not overlapping completely
with the emission wavelength of QDs, it still enables the gen-
eration of many hot spots contributing to the electromagnetic
enhancement at the emission wavelength.
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Fig. 4. (color online) (a) Lasing emission spectra of the gain medium
film with gold NS under different pump fluences. (b) Lasing emission
intensity as a function of the increasing pump fluence. The inset shows
that the FWHM of lasing emission peak is 6 nm.

To evaluate the effect of pump fluence on the intensity of
emission, we further studied the relationship between them,
as shown in Fig. 4(b). As can be seen from Fig. 4(b), when

the pump fluence exceeds the threshold value 0.8 mJ/cm2, the
emission intensity shows a steep linear increase. However,
with the increase of the pump fluence, the emission intensity
reaches a saturation state, and the increasing trend becomes
slower. We believe that the reasons for this saturation phe-
nomenon are as follows. During the process of random laser
pumping, both Auger recombination and optical gain ampli-
fication exist. When the pump fluence is low, the Auger re-
combination effect is very small, and the optical gain amplifi-
cation is dominant for the device. However, with the increase
of pump fluence, more electrons will reverse to high energy
levels. When the number of electrons in the high energy level
reaches a certain number, there will be a significant Auger re-
combination effect, and the recombination rate will increase
rapidly with the increase of the number of electrons. When the
pump fluence further increases, the Auger recombination and
optical gain amplification effect will reach a dynamic equilib-
rium, and the random laser intensity will be saturated with the
increase of the pump fluence.[39,40] As illustrated in the inset
of Fig. 4(b), an FWHM of only 6 nm was obtained. We have
calculated that the quality factor (Q) of the random is 105, ac-
cording to Q= λ/∆λ , where λ and ∆λ are the wavelength and
line width of the random lasing peak, respectively. The results
indicate that the closed loop has a high Q.
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Fig. 5. (color online) Emission characteristics of gain medium thin
films. For two films, spectra were recorded at the same pump fluence of
2.5 mJ/cm2. The reference film without gold NS shows ASE (red line).
The film containing gold NS exhibits high intensity lasing (black line).

To determine the role of gold NS in random laser devices,
we have further studied a kind of reference sample, that is, dis-
ordered gain medium thin film without gold NS. The emission
spectrum of the two samples at 2.5-mJ/cm2 pumping fluence is
displayed in Fig. 5. From Fig. 5, we can see clearly that for the
sample without doping gold NS, the emission signal is the only
fluorescence spectra. But when the gold NS were doped, we
obtained a single-mode random lasing signal. Therefore, the
gold NS act not only as scatterers, but also further enhance the
emission of CdSe/ZnS QDs because of the strong electric field
on the surface. In addition, during the process of synthesizing
QDs, a layer of CdS was added before the shell fabrication for
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ensuring the lattice matching between the CdSe core and the
ZnS shell. In fact, in the random laser experiment, we adopted
a quasi-type-II CdSe/ZnS core–shell QDs structure. For this
quasi-type-II structure, there are spatially separated electrons
and holes between the core and the shell structures. Because
of the high local charge densities, the excitons are repulsive to
each other, moving upward the Coulomb interaction energy of
the exciton–exciton. Therefore, the emission of random laser
is blue-shifted when it is pumped.[41,42]

4. Conclusion
In conclusion, we have fabricated high-yield gold NS

nanostructures with lots of hot spots and high thermal stabil-
ity. Then, we have successfully prepared single-mode random
lasing with narrow line width using these excellent nanostruc-
tures. The plasma-enhanced scattering characteristics of gold
NS provide an ideal result with a large scattering cross section,
while the surface of gold NS will also produce a strong elec-
tric field enhancement because of the hot spot effect induced
by the sharp apexes nanostructures. This will greatly enhance
the emission characteristics of CdSe/ZnS QDs. Through ther-
mal annealing experiments, we found that the thermal stability
of the gold NS is extremely high and can withstand nearly a
high temperature at 200 ◦C. The random laser threshold of
0.8 mJ/cm2 is obtained by measuring the continuous pumping
fluences of the sample. With increasing pump fluence, we have
realized a random lasing with an FWHM of 6 nm. The com-
parative experiments show that the gold NS in this disordered
gain medium is critical for the realization of random lasing.
We expect these results will reward attempts to use plasmon-
enhanced random lasing in temperature sensors, lighting, and
display devices applications.
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