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Abstract: In this letter, the random laser is fabricated by an active waveguide structure constructed by
covering the layer of poly methyl methacrylate (PMMA) doped CdSe/ZnS colloidal quantum dots (CQDs)
onto the Ag nanoisland structures. There is a low threshold due to the excellent overlap of the plasmonic
resonance of the Ag nanoislands with the photoluminescence spectrum of the CQDs and the strong
confinement mechanism provided by the active waveguide layer. The performances of random laser can
be tuned through the flexible fabrication of Ag nanoisland structures. The spectral evolution shows a
stability of random lasing under uninterrupted laser irradiation owing to the super chemical and photo
stability of CdSe/ZnS CQDs and the stable external environment for CdSe/ZnS CQDs provided by the

PMMA matrix.
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1. Introduction

In the past decades, random lasers in disorder gain
materials have attracted great interest within the scientific
community [1-3]. Various disordered media have been
employed to realize the random lasing emission, ranging from
semiconductor powders [4] to T-conjugated polymers [5],
dye-doped liquid crystals [6] and biological tissues [7].
Nowadays, colloidal quantum dots (CQDs) as a latest emerging
optical material also are used to realize the random laser [8-10].
Due to the quantum confinement effect, CQDs exhibit various
advantageous properties as optical gain media, including
emission wavelength tunability over a wide spectral range
through simply tailoring the size of CQDs, potentially low lasing
threshold and temperature-insensitive lasing performance
[11,12].

In particular, the random lasing behaviors based on the
localized surface plasmon (LSP) resonance of metallic
nanoparticles attracted broad interest [13,14]. The LSP is a
non-radiative local mode in the surface of metallic nanoparticles.
It's emerged under the collective effect of SP and external
electromagnetic wave. There is a high local field around the
metallic nanoparticles when the frequency of the
electromagnetic wave is close to the natural frequency of the free
electron of the metallic nanoparticles [15]. The efficiency of
many optical processes can be significantly improved by using
the electric field enhancement effect of LSP in a very small area
[16].

In this paper, random laser is achieved based on CdSe/ZnS
CQDs in the red spectral range via a feedback scheme consisting
of plasmonic scattering and waveguide confinement
mechanisms providing effective optic gain channels. The
waveguide is actually the layer of the gain medium, which is
produced by spin-coating the polymer of poly methyl
methacrylate (PMMA) doped with CdSe/ZnS CQDs onto the Ag
nanoisland structures.

2. Experiment

The colloidal solution of Ag nanoparticles dispersed in
toluene with a concentration of 5.62x10° mol/L was
synthesized [17] and drop casted onto the clean glass substrate
before solvent evaporation at room temperature for 30 min.
Thus, the Ag nanoisland structures with an area of 1.5x1.5 cm?
were produced. As the image of Scanning Electron Microscope

(SEM) shows in Figure 1(a), the Ag nanoislands, which have
considerably homogeneous shape and average size of about 30
nm, were randomly distributed on the glass substrate. Then, the
blend solution of CdSe/ZnS CQDs (purchased from Suzhou
Xingshuo Nanotech Co, Ltd. with diameter of about 8 nm) and
PMMA was prepared by adding 0.34 g PMMA into 4 mL solution
of CdSe/ZnS CQDs dissolved in toluene with a concentration of 5
mg/mL and magnetic stirring 12 h. Later, the blend solution was
spin-coated onto the glass substrate at a speed of 1000 rpm.
Thus, a PMMA waveguide doped with CdSe/ZnS CQDs was
produced on top of the Ag nanoisland structures. The random
laser device was pumped by a frequency-tripled Q-switched
Nd:YAG laser (PowerLite PrecisionIl 8010) at a wavelength
of 355 nm, a repetition rate of 10 Hz, a pulse duration of 8 ns. A
cylindrical lens was aligned to sharpen a laser pump stripe
whose length and width were 5 and 0.3 mm, respectively. The
emitting signal was along the pump stripe, and was collected by
an Optical Multichannel Analyzer (OMA) with a spectral
resolution of 0.1 nm
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Figure 1. (@) The SEM images of the Ag nanoisland structures




prepared on a glass substrate. The inset is the particle size
distribution histogram. (b) Basic principles of the random laser
device based on the waveguided plasmonic Ag nanoisland. (c) The
extinction (black curve) and the photoluminescence (red curve)
spectra of CdSe/ZnS CQDs dissolved in toluene and the extinction
spectra (blue curve) of Ag nanoislands on the glass substrate.

The figure 1(b) illustrates the stimulation scheme with the
pumping, the scattering, and the emitting, which forms the
waveguided plasmonic feedback mechanism and supports
stimulated emission and amplification of the CQDs radiation. The
great amount of the scattered light may be reflected back totally
at the PMMA-air interface to propagate within the active
waveguide layer and scattered further by the Ag nanoislands,
which experiences strong amplification through stimulated
emission [18]. The figure 1(c) shows the extinction and the
photoluminescence (PL) spectra of CdSe/ZnS CQDs dissolved in
toluene and the extinction spectra of Ag nanoislands on the glass
substrate. It is find that the extinction peak of Ag nanoislands is
532 nm and the PL peak of CdSe/ZnS CQDs is 613 nm.

3. Results and discussion

In the first place, the sample was fabricated and pumped,
where the Ag nanoisland structures were not introduced. The
emission from the PMMA waveguide film doped with CdSe/ZnS
CQDs exhibits a clear transition from PL to amplified
spontaneous emission (ASE) with a narrow full width at half
maximum (FWHM) of 10 nm with the increasing pump energy,
as shown in Figure 2. This phenomenon suggests that the
population inversion and incoherent optical amplification are
achieved [10,19,20]. The ASE peak is red-shifted with respect to
the center of spontaneous emission by 58.17 meV. This red shift
indicates a positive bi-exciton binding energy due to attractive
exciton-exciton interactions, which is typically found in
core/shell CQDs with a type-l band alignment [21]. The
integrated intensity of ASE emission increases nonlinearly with
the increasing pump energy, as shown in the inset of Figure 2,

where an obvious threshold action (~2.0 mJ/cm?) is observed.
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Figure 2. Spectral evolution of the ASE emissions as a
function of the pump energy. The Ag nanoislands were not
introduced.

When the Ag nanoisland structures were introduced in
this system, the random lasing can be observed
as the pump energy exceeds the threshold as shown in figure
3(a). It can be seen that the narrow discrete spikes emerge and
superimpose on the corresponding ASE peaks, an evidenced
signature of a random laser associated with the coherent optical
feedback [9,10,22]. The FWHM of individual oscillation modes is
about 0.2 nm which is much narrower than that of the ASE. The
observation of oscillation modes indicates that the Ag
nanoislands can be light scattering centers causing multiple
scattering and enhance light localization through LSP resonance
which can spatially confine the light near the surface to enable
high gain for lasing [23].

:

—— bmliem’

~
o
~

Fioa
—— 3AmJem’
4 3m)em’

ok 11
f"‘”k”.“ la \
| -"r'..i'-.!l .,\\

e

Emission In!(' nsity{ Arb. Units)

[ -
60 GIS 620 625 &30 635 64O 645 GSH 655
Wavelength{nm)

C e- Plasmonic
(b) Bl—gr_e_-_l L

| Energy transfer

! | Energy s
fB[—h:":&“_‘_’ 1

CdSe/Zns COQDs

Ag nanoisland

Figure 3. (a) Spectral evolution of the random laser as a
function of the pump energy. The Ag nanoislands were
introduced. (b) Schematics of absorbing and emitting
transitions in CdSe/ZnS CQDs and plasmonic resonance energy
transfer between Ag nanoisland and CdSe/ZnS CQDs.

The schematics of absorbing and emitting transitions in
CdSe/ZnS CQDs and plasmonic resonance energy transfer
between Ag nanoisland and CdSe/ZnS CQDs is shown in Figure
3(b). Because the spectrum of particle plasmonic resonance
overlaps the emission spectrum of the CdSe/ZnS CQDs (figure
1(c)), there is a strongly coupling effect between LSP resonances
of the Ag nanoislands and PL emissions of the CdSe/ZnS CQDs.
This coupling effect is beneficial to the realization of high gain or
population inversion. The CdSe/ZnS CQDs is pumped by an
external pump light, exciting the CQDs from valence band (VB)
to conduction band (CB) [24]. The electron-hole pair is excited
and relaxes to an excitonic state due to carrier multiplication. In
the free CQDs, the excitons would recombine to form photons.
However, when the CQDs is sitting on the surface of the Ag
nanoislands, the excitonic energy is transferred, without any
significant emission of radiation, to the LSP mode of Ag
nanoislands, a process that has a much larger probability by
orders of magnitude. The LSP create the high local fields that
further excite the CdSe/ZnS CQDs and stimulate more emission
to this mode, which is the feedback mechanism. This plasmonic
scattering not only achieved high gain due to the high local fields
around the Ag nanoislands, but also provided multiple scattering
and coherent feedback for random lasers emission.

The corresponding integrated intensities from 630 to 645
nm and FWHM of emission spectrum with respect to pumping
energy are presented in the inset of Figure 3(a). The abrupt
increase of the integrated intensity and the rushed decrease of
FWHM indicates the achievement of random lasing with a
threshold of ~1.6 m]/cm?. There is a lower threshold comparing
to reported random lasing based on CQDs [8,10,21]. The reason
is that the PMMA active waveguide layer provides high quality
confinement of the radiation for efficient amplification (Figure
1(b)). The random lasing results from multiple scattering for
CdSe/ZnS CQDs radiation taking place sequentially by the
disordered plasmonic Ag nanoislands at their interfaces with the
PMMA doped with CdSe/ZnS CQDs, which is enhanced by the
PMMA layer through the confinement of the scattered light into
the waveguide [18]. Under the combined action of the strong
scattering by the Ag nanoislands and the total reflection at the
PMMA-air interface, the closed loops are formed for coherent
optical feedback. Thus, each closed loop corresponds to a gain
process through a scattering-total reflection-scattering process
and the lasing is emitted when the gain overcome the loss in this



process.
For the random laser, its action depends strongly on the
minimum mean free path length, which is defined as
Lnin = 2n%d/(n? — 1)/2, where n and d are the refractive
index and the thickness of the gain medium, respectively [18]. In
our experiments, when d is 1.8 um, the L,;, = 7.2 pym is
obtained. This path length is multiplied by the total reflection
process and extended within the waveguide. Thus, the
separation between the Ag nanoislands, required by this
minimum mean free path length, must be smaller than
S = L,nSinf,, where 6, = sin~1(1/n) is the critical angle
for total reflection at the PMMA-air interface. So, the
S =~ 4.8 um is obtained. As the SEM image shown in Figure
1(a), the separation between the Ag nanoislands is actually
smaller than the value of S. Therefore, the Ag nanoisland
structures in this system facilitate the achievement of multiple
scattering and coherent feedback for random lasers.
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Figure 4. The SEM images of the Ag nanoisland structures
with different densities (a: sample A with ¢4 = 1.5 X
10° cm™2 and b: sample B with o = 2.25 X 10° cm™2) and
(c) the emission spectrums of random lasing for sample A and
sample B.

In order to further determine the role of Ag nanoisland
structures in the random laser, the different concentrations of Ag
nanoparticles were used to form Ag nanoislands with different

densities, 0, = 1.5 X 10° cm™2 and oy = 2.25 x 10° cm™2.

The SEM images are shown in Figure 4(a) and (b). The emission
spectrums of random lasing were recorded when the pump
energy was 4.4 mj]/cm? (Figure 4(c)). It can be found that the
emission intensity and oscillation modes increase when the
density of Ag nanoislands increases. The increase of plasmon
resonance, when the density of Ag nanoislands increases, lead to
the increase of scattering strength. Further, that causes the
decreasing of mean free path and the forming of more closed
loops. Therefore, more oscillation modes appear in the emission
spectrum. Moreover, the interaction between CdSe/ZnS CQDs
and Ag nanoislands also is increased with the increase of density
of Ag nanoislands, which bring about the enhanment of radiation
from the CdSe/ZnS CQDs and the increase of emission intensity.
Thus, the Ag nanoisland structures fabricated by drop casted the
solution of Ag nanoparticles onto the glass substrate play the
role of enhanced scattering due to the LSP resonance effect. And
the random laser can be easily tuned by changing the density of
Ag nanoislands, which can be achieved by modifying the
concentration of the solution of Ag nanoparticles during the
fabrication process.

According to the random lasing theory, there is a critical

area for the formation of ring cavities [1]. When the pumping
area is below this value, there is not enough space for the
formation of closed loops. More and more closed loops can find
sufficient space to develop in the disordered system,
accompanied by more and more spikes appearing in the
emission spectra as the excitation area keeps increasing
[8,25,26]. As shown in Figure 5(a), the number of lasing spikes
and the corresponding intensities increase significantly when
the pump stripe length increases from 3.0 to 9.0 mm. It can be
found that no lasing action occur while the pump stripe length is
less than 5.0 mm. These observations confirm that the dominant
mechanism is based on multiple light scattering associated with
the LSP resonances of the Ag nanoislands in this system, because
there exists a critical gain volume, above which the spontaneous
emission converts into random lasing action with distinct spikes
growing rapidly [10]. When the excitation region is larger than
the critical volume, since there are more closed loop paths for
light in a larger excitation volume, laser action could occur in
more cavities formed by recurrent scattering [1]. On the other
hand, When the excitation region is smaller than the critical
volume, since the closed loop paths is too short, the gain along

the loops is not high enough to achieve lasing.
B30

]
(a) £
— 45 i
£ £
g 640 z
'C-
S oz
= 71
S 635 2
z =
., =
-
= 6 2
Z
E
625 =
3 04 5 6 T B 9
Stripe Length{mm)

11 34

) I——

A . ]
A a 1.5 E

i -—p L
e =
L/ -
ray 2 b

41 =
08 =
A

W

Normalized Intensity{ Arb. Units)
: : g
H

i

4 6§ W1z W 1
Shot Time(x10%)

Figure 5. (a) Spectral evolution with increasing pump
stripe length from 3.0 to 9.0 mm, and (b) plot of integrated
intensity and FWHM of random lasing as a function of laser
shoots. The pump energy was 2.0 mJ/cmz2.

Moreover, the random lasing from this system shows an
excellent stability upon uninterrupted laser irradiation. Figure
5(b) displays the integrated intensity and FWHM as a function of
laser shots under pump intensity of 2.0 m]/cm?. The integrated
intensity and the FWHM could hold good stability in the 105
laser shots (~ 3 h), thanks to the stable external environment for
CdSe/ZnS CQDs provided by the PMMA matrix and the super
chemical and photo stability of CdSe/ZnS CQDs [27,28].

4. Conclusions

In conclusion, the random lasing action is observed from
the scheme comprised by a bottom layer of randomly
distributed Ag nanoislands on the glass substrates and a top
layer of active waveguide made of PMMA matrix doped with
CdSe/ZnS CQDs. The pump threshold is only 1.6 m]/cm? because
the free path length is extended by the strong plasmoinc
scattering of Ag nanoislands and the strong confinement of the
active waveguide layer. In addition, the emission intensity and
oscillation modes of the random laser can be tuned by changing
the density of Ag nanoislands achieved by modifying the
concentration of the solution of Ag nanoparticles during the



fabrication process. Moreover, there exists a critical gain volume,
above which the spontaneous emission converts into random
lasing action with distinct spikes growing rapidly as the
increasing of pump stripe length. Furthermore, the random
lasing action shows an excellent stability due to the super
chemical and photo stability of CdSe/ZnS CQDs and the stable
external environment for CdSe/ZnS CQDs provided by the
PMMA matrix. This kind of random laser has prospects in a wide
range of applications, such as biomedical diagnosis [29], display
imaging [30] and environment lighting [31].
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