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Abstract

Random lasing is desired in plasmonics nanostructures through surface plasmon amplification. In this study, tunable
random lasing behavior was observed in dye molecules attached with Au nanorods (NRs), Au nanoparticles (NPs) and
Au@Ag nanorods (NRs) respectively. Our experimental investigations showed that all nanostructures i.e,, AU@AgNRs,
AuNRs & AuNPs have intensive tunable spectral effects. The random lasing has been observed at excitation wave-
length 532 nm and varying pump powers. The best random lasing properties were noticed in Au@AgNRs structure,
which exhibits broad absorption spectrum, sufficiently overlapping with that of dye Rhodamine B (RhB). Au@AgNRs
significantly enhance the tunable spectral behavior through localized electromagnetic field and scattering. The ran-
dom lasing in Au@AgNRs provides an efficient coherent feedback for random lasers.
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1 Background

The research on plasmonics has led to extensive applica-
tions in the field of optoelectronics such as light emitting
diodes, waveguides, and nano-lasers, due to the unique
property known as localized surface plasmon resonance
(LSPR) exhibited by metallic nanostructures [1-4]. In
studies based on spontaneous emission, both fluores-
cence enhancement and quenching, have been observed
for fluorophores in the vicinity of metallic nanostructures
[5—7]. The fluorescence enhancement and radiative—non-
radiative transitions of fluorophores are both found to
be strongly dependent on the separation between fluo-
rophores and metallic nanostructures [5]. In random
lasers, gain medium is strongly dependent on the scat-
tering strength [8, 9] and light interact with disordered
amplifying media in such systems [10, 11]. The scattering
is mainly caused by dielectric or metallic scattered light.
This mechanism gives to resonating structures with a
high quality factor (Q factor). The phenomena of random
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lasing in some other systems such as nanoparticles, [12]
conjugated polymer films, [13] organic dye-doped gel
films, [14] suspensions containing laser dyes, silver nano-
particles, [15, 16] and coherent feedback, dielectric mate-
rials with high refractive index TiO,, and ZnO have also
been studied [17-19].

Metal nanoparticles (MNPs) play an important role
in spectral narrowing. MNPs have much larger scat-
tering cross section than that of dielectric NPs with the
same dimensions. MNPs are enriched with their unique
property of surface plasmon resonance (SPR) that may
spatially confine light wave near particle surface to give
high gain in lasing [20]. SPR position strongly depends
on material, shape, size and environment of the NPs.
These parameters give spectral tuning of the plasmon
resonance to overlap the emission spectrum of the
desired active medium. Plasmonic resonances change
the local density of optical states to close the NPs and
strongly enhance the yield. These NPs can modify the
non-radiative and radiative transition rates of nearby
dye molecules [21-23]. Generally, lasing dyes have large
Stoke shifts between their absorptions and emissions,
which could reduce the self-absorption and achieve the
lower lasing threshold [24]. The emission intensity may
be enhanced in the plasmon assisted random laser by
coupling between the dye and localized LSPR of AuNPs
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[25] provided that there is sufficient overlap between the
LSPR spectrum of AuNPs and emission spectra of the
dyes. Meng et al. found enhanced emission of coherent
random lasing in polymer films embedded with Ag NPs
[12]. Ning et al. reported enhancement in the lasing effect
of Ag encapsulated with Au NRs [26]. In these reports,
the enhanced localized electromagnetic (EM) field was
considered to be the dominant mechanism for the occur-
rence of random lasing, especially for small sizes of Ag
NPs. The random lasing could be induced by the effects
of both scattering and the enhanced localized EM field of
metallic nanostructure.

In this paper, we presented the tunable random lasing
properties of AuNRs, AuNPs and Ag encapsulated with
Au nanorods (Au@AgNRs). Au@AgNRs showed inten-
sive tunable random lasing behavior, due to their broad
spectrum and multiple peaks, covering the emission
spectrum of RhB and nearly overlap. Our experiments
indicate the phenomena of lasing and variation with dif-
ferent excitation powers. The plasmonic effect was opti-
cally excited by the second harmonic of the 1064 nm line
of a Nd:YAG laser. The samples were pumped by the sec-
ond harmonic wavelength at 532 nm, 10 Hz repetition
rate, and 6 ns pulse duration. A 532 nm notch filter was
used to suppress the detection of the scattered excitation
light.

2 Methods

2.1 Synthesis of Au@AgNRs, AuNRs and AuNPs
Au@AgNRs were prepared by following the procedure
as reported in [27, 28]. The Au—Ag bimetallic nanostruc-
tures were prepared using following methods: for AuNRs
samples, three aliquots (1 mL) of the AuNRs solution
were centrifuged at 800 rpm for 15 min and re-dispersed
into CTAC solutions (0.08 M) at the same volume 0.12,
0.24- and 0.48 of AgNO; (0.01 M) were subsequently into
the three aliquots of the AuNRs solution, followed by
the addition of ascorbic acid (AA, sigma Aldrich) solu-
tions (0.1 M), respectively. The volume of the AA solu-
tion was half of that of the AgNO; solution for each
aliquot. The resultant solutions were kept in an isother-
mal oven, present at 65 °C for 3 h. The AuNPs (13 nm)
were synthesized by using chemical reduction method,
which was carried out as follows: 5 mL of 10 mM chlo-
rauric acid (HAuCl,.3H,0) solution was heated to boil-
ing 100 mL beaker with 90 mL di-ionized water, stirring
at 400 rpm. Then, 5 mL of 3.8 x 1072 M trisodium citrate
dihydrate (Na;C,H;O,-2H,0) was added. The solution
color changed within several minutes red wine as con-
tinue stirring for 15 min [29]. We used 13 nm AuNPs as
a seeds for 40 nm particles. 0.2 mL 13 nm seeds + 5 mL
0.5 mM HAuCl, was stirred at 400 rpm then 30uL then
363 mM NH;-OH-HCI were added. Size of the AuNPs
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40 nm is confirmed by SEM. The substrate was carefully
cleaned by piranha solution to improve the wet ability of
the surface [30, 31]. The rhodamine B aqueous solution
mixed with AuNRs was stirred over night and the film is
prepared by casting drop method. We spread the solu-
tion by pipette (300 pL) and dried at room temperature.
We made the device using following steps, polyvinylpyr-
rolidone (PVP, M,, ~55,000 sigma Aldrich) were used
without further treatment. The PVP was dissolved in
de-ionized water (DI water) and was stirred for 4 h. RhB
dye molecule and NPs solution were mixed together and
placed for few hours for stirring. Then prepared the film
for laser characteristic.

2.2 Film preparation

The substrate was carefully cleaned in order to improve
the wetability of the surface. The silicon substrate
(2 x 2 cm?) were washed in a mixture containing con-
centrated sulfuric acid (95-98%) and hydrogen per-
oxide (40%) (H,SO,H,O, = 3:1, volume ratio) for
10 min and were treated in an ultrasonic bath contain-
ing ammonium hydroxide solution (40%), hydrogen
peroxide and de-ionized water with a volume ratio of
NH,OH:H,0,:H,0 = 1:0.6:0.8 for 5 min. Thereafter, the
substrates were washed with copious de-ionized water
and dried in nitrogen gas flow before use [30]. Small
amounts of the solution (300 puL) were put on the sub-
strate and were carefully spread to fully cover on the
substrate. The solution is allowed to slowly dry at room
temperature.

3 Results and discussion
A typical sketch of the fabrication of film and experiment
are shown in Fig. 1.

Scanning electron microscope (SEM) of Au@AgNRs,
AuNRs & AuNPs has been shown in Fig. 2. All nano
structures are quite uniform with size and shape. It is
clear from Fig. 2a that the average length of AuNRs
is found to be 86 = 6 nm and thickness of Ag around
AuNRs is 42 £+ 6 nm. The length of AuNRs is observed
to be ~60 nm and width is 12 nm (Fig. 2b). The sizes of
AuNPs are found around 40 nm. Figure 2d, e and f are
shown SEM after film fabrication. AuNPs are very easy
to get the aggregation. To avoid the aggregation we con-
tinued stirring then made the film. The absorption and
photoluminescence (PL) behavior of RhB are clearly
shown in Fig. 3a. Figure 3b shows absorption spectrum
of Au@AgNRs. The LSPR peak of Au@Ag NRs has been
observed to have four peaks (341, 387, 435, and 597 nm).
RhB dye used an acceptor which can be explained by
Forster elegant theory (Forster resonance energy trans-
fer, FRET) [32-35]. We have shown comparative study
of absorption spectrum AuNRs, Au@AgNRs and AuNPs
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Silicon substrate

Au@Ag RhB

Fig. 1 Schematic sketch of the spectral narrowing device and the emission spectrum

200 nm'\,‘

dye d Au@AgNRs e AuNRs and f AUNPs

:
200 nm

Fig. 2 Scanning electron microscopic (SEM) images of Au NPs without dye capping: a Nanorods shaped Au@Ag b AuNRs ¢ AuNPs (spheres), with

and emission of RhB dye molecules. Absorption spectra
of the Au@AgNRs exhibited the multi-LSPR peaks and
broad spectra which have a sufficient overlap with the
emission spectra of RhB.

Figure 4 shows the luminescence behavior of different
samples excited by 532 nm wavelength. PVP RhB film

has no spectral behavior at high excitation power. We
recorded the spectrum at different powers. We collected
the emission spectrum of PVA RhB film as a reference
(Fig. 4a). We observed the random lasing in different
shapes of gold nanostructures, prepared by casting film
deposition method on silicon substrate. Edge-emission



Yadav et al. Nano Convergence (2017) 4:1

Page 4 of 8

1.0 4

08 4

0.6 4

Normalized (a.u.)

0.0

Wavelength(nm)
Fig. 3 a Absorption and photoluminescence (PL) spectra of RhB dye and b LSPR spectra of AuNRs, AUNPs and Au@AgNRs with the absorption and
emission of RhB
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spectra of the gain medium with MNPs are shown in
Fig. 4c. As described in previous reports [36], the net
gain medium film exhibits an obvious lasing behavior.
We performed measurements by varying the excitation
power from low to high values. MNPs are capped with
dye molecules and covered with PVP film are found to
excite at high power, which can be explained by FRET
[32] and surface energy transfer (SET) [35]. Fluorophores
involved in resonance energy transfer affect the spectral
properties of the donor and acceptor. MNPs can affect
the radiative rate of fluorophores [33, 34]. Modification
of the fluorophores’ radiative rate by the metallic struc-
tures can lead to enhanced fluorescence intensity [7],
and the change in the fluorophores’ radiative rate can be
explained in terms of the coupling of the molecular and
NPs dipoles. Constructive interference of the dipoles has
led to the increased radiative rate and resulted possible
enhancement of fluorescence intensity. Radiative and
non-radiative decay rates are dependent on the fluoro-
phores’ dipole relative to the particle surface [37]. Dye
molecules could be excited simultaneously to higher
energy bands and de-excited with an emission. How-
ever, the average power absorbed by each dye molecule
is very small as compared to spot illumination (with the
same pump power). Each molecule will de-excite at a
longer wavelength. When the pump power is increased,
the radiative transition probability is enhanced at the
shorter/longer wavelength end of the spectrum creating
a shift in the spectrum towards blue/red wavelengths.
Power-dependent spectral peak shifts with different sizes
of particles have been reported previously by some other
groups [38].

Au@AgNRs exhibited broad spontaneous emission
spectra with full width half maximum (FWHM) about

38 nm at low pump power (288.5 pJ). Once the excita-
tion energy becomes large enough, the emission spec-
trum became much narrow with FWHM 14 nm at
3.62 m] laser power (Fig. 4c). Intensity vs. FWHM vari-
ation of emission spectrum with different laser powers
has been shown in Fig. 4d. Red shift observed due to
locally enhanced field of gold nano structures, when dye
molecules are accumulating on the outer surface of the
gold nano structures. [39]. Emission intensity is found
to linearly increase with the laser pump powers. On the
other hand AuNRs has shown blue shift in our experi-
ment. AuNRs showed the spectral narrowing at 587 nm
at 850 pJ in Fig. 4e. Figure 4f, the pump power behav-
ior corresponds to FWHM and intensity. In the case
of AuNPs, we got the spectral narrowing @ 591 nm at
very high laser power as compared to Au@AgNRs and
AuNRs shown in Fig. 4g. We observed random lasing at
high pump power. Enhanced localized electromagnetic
field (EM) in the vicinity of metal nanostructures may
enhance the density of pump light available for the gain
media, and consequently may increase the probability of
the dye molecules that are to be excited simultaneously
to the higher energy levels. AuNPs can affect the radia-
tive rate of a fluorophores [21, 40]. Some research groups
reported lasing efficiency enhanced by metallic NPs
[41-43]. There are two kinds of mechanism: (1) Enhance-
ment of localized EM field in the vicinity of metal NPs
and (2) Enhancement of scattering strength [41]. Increas-
ing the quantum yield of the gain media will depend on
the degree of the overlap between the LSPR spectra and
the emission of the RhB. When metallic NPs are excited
resonantly, they scatter the energy of emitters with the
greater scattering cross sections, and then easily lead to
the occurrence of spectral narrowing random lasing. We
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Fig. 4 Emission characteristics of thin film contained RhB and gold nanoparticles of different shapes. For each film spectra were recorded with
different laser powers, a PVP RhB emission spectrum ¢ Au@AgNRs showed the spectral narrowing behavior at 1.2 mJ e. AuNRs @ 400 pJ and g.
AuNPs showing spectral property at high power 5.3 mJ. The corresponding figures b, d, f and h are showing the intensity vs. FWHM of the emission
spectrum with varying pump powers
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observed that Au@AgNRs absorption have the most suf-
ficient overlap with emission of RhB. Enhancement in
the local field is rather moderate for gold nanospheres
because the losses dominate over a possible gain due to
feedback from multiple scattering events. Nanorods effi-
ciently scatter the photons emitted by the RhB and more
over the high local field provide an additional excitation
enhancement of the molecules. This can be reason to
significant increase in the effective emission rate [44]. In
this work we found the best random lasing behavior on
Au@AgNRs structure.

PL measurements performed by fluoromax-4 spectro-
fluorometer instrument. PVP RhB PL intensity is very
less as compare with gold nano-structures clearly seen in
Fig. 5.

We used time correlated single photon counting
(TCSPC) for this experiment. Time-resolved meas-
urements were performed by Nano LEDs (455 nm;
FWHM < 750 ps) with repetition rates between 10 kHz
and 1 MHz were used to excite the sample. We were
used IBH Data Station Hub photon counting module and
data analysis. The PVP RhB lifetime was found 2.28 ns,
PVP-RhB-AuNPs 2.10 ns, PVP-RhB-AuNRs 2.08 ns and
PVP-RhB-Au@AgNRs 1.59 ns observed in Fig. 5 (right).
Fluorescence life time is an intrinsic molecular property.

Further, we confirmed the surface plasmonic effect
on metallic nanostructures (Au@AgNRs, AuNRs and
AuNPs) (Fig. 6a, b, ¢). Theoretical optical properties were
calculated by the finite difference time-domain (FDTD;
Lumerical Solutions, Inc.). The electric profiles of Au@
AgNRs strongly affect the local surface electromagnetic
field. Au@AgNRs has unique plasmonic characteristic
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and broad spectra. EM field focalized at the corners or
the edges of metal nano structures. Then, we observed
very large enhancement factors of the electric field. The
FDTD simulation of the electric-field distribution of the
Au@AgNRs, AuNRs, and AuNPs with emission light
wavelengths at 611 nm is shown in Fig. 6. The color scale
indicates the electric field enhancement factors, normal-
ized to the incident wave. It is found that the electrical
field of the Au@AgNRs obviously enhanced compared
with that of the Au NRs and Au NPs. At the same time,
we find that the electrical field of the Au NRs is stronger
than that of AuNPs. The simulation confirmed the unique
local field enhancement of the Au@Ag NRs, which plays
an important role in plasmonic enhanced lasing.

4 Conclusion

In this work, we have investigated a tunable random
lasing behavior of plasmonic nanostructures (AuNRs,
AuNPs and Au@AgNRs) capped with RhB dye. We
observed that the plasmonic effect of Au@AgNRs have
significantly improved the lasing behavior of the gain
medium and showed the best property in comparison of
AuNPs and AuNRs. The broader absorption and multiple
peaks of LSPR of Au@Ag NRs overlap with both absorp-
tion and emission spectrum of the donor—acceptor of
the gain medium. These result in the enhanced spectral
behavior by the effect of both localized electromagnetic
field and scattering. The random lasing in Au@AgNRs
provides an efficient coherent feedback for random
lasers. This study provides a new approach to achieve
the random lasing by tuning the LSPR spectrum of the
metallic nanostructures.

4.5M 4 ——PVP RhB 3

——PVP RhB AuNPs
——PVPRhBAuNRs |
——PVP RhB Au@AgNRs

4.0M 4
3.5M
3.0M 4
2.5M 4
2.0M+

Intensity (a.u.)

1.5M 4
1.0M 4
500.0k

0.0
500

600 700

Wavelength(nm)

and mixed with AuNPs, AUNRs and Au@AgNRs

Fig. 5 fluorescence spectrum of PVP RhB and different shape of gold nano structures (AuNPs, AuNRs and Au@AgNRs) (right) Life time of PVP RhB

1600 = PVPRhB
e PVP RhB AuNPs
PVP RhB AuNRs
v _PVP RhB Au@AgNRs
1200 <
m
Q
)
=
7}
c
[}
o
£

0 2 4 6 8 10

Life time (ns)




Yadav et al. Nano Convergence (2017) 4:1

150

30

20

100

150

Fig. 6 Distribution of electric field normalized to the incident wave
at the wavelengths of 611 nm, a, b and ¢ Au@AgNRs, AuNRs, and
AuNPs

Authors’ contributions

AY carried out the random lasing behavior in plasmonic nanostructures and
drafted the manuscript. LZ synthesized metal nanoparticles. JS performed the
simulation part of this manuscript. GJC, LJ, and LC discussed and helped draft
the manuscript. All authors read and approved the final manuscript.

Author details

! Institute of Functional Nano and Soft Materials (FUNSOM), Soochow Univer-
sity, Suzhou 215123, Jiangsu, People’s Republic of China. 2 School of Industrial
Engineering, Purdue University, 315 N. Grant St, West Lafayette, IN 47907,
USA. 3 Birck Nanotechnology Center, Purdue University, 1205 W State St, West
Lafayette, IN 47907, USA.

Acknowledgements

L.C.and LJ. acknowledge the financial support from National Natural Science
Foundation of China (Project Codes: 91227201, 21527805 and 21373144),
Natural Science Foundation of Jiangsu Province (Project Code: BK20150007
and BK20130287), Collaborative Innovation Center of Suzhou Nano Science

& Technology and the Priority Academic Program Development of Jiangsu
Higher Education Institutions (PAPD). G.J.C. acknowledges the financial sup-
port from National Science Fundation of USA, Division of Civil, Mechanical and

Manufacturing Innovation, and National Research Council fellowship program.

Itis a pleasure to acknowledge the help of Prof. Zhi-Gang Zheng from East
China University of Science and Technology, Shanghai, China, who provided
the laser facility in his lab.

Competing interests
The authors declare that they have no competing interests.

Received: 16 November 2016 Accepted: 13 December 2016
Published online: 09 January 2017

Page 7 of 8

References

1.

20.

21.

22.

23.

24.

25.

26.

27.

28.

K. Okamoto, I. Niki, A. Shvartser, Y. Narukawa, T. Mukai, A. Scherer, Surface-
plasmon-enhanced light emitters based on InGaN quantum wells. Nat.
Mater. 3, 601-605 (2004)

F.Tam, G.P. Goodrich, B.R. Johnson, N.J. Halas, Plasmonic enhancement of
molecular fluorescence. Nano Lett. 7, 496-501 (2007)

W.L. Barnes, A. Dereux, TW. Ebbesen, Surface plasmon subwavelength
optics. Nature 424, 824-830 (2003)

V.J. Sorger, R.F. Oulton, J. Yao, G. Bartal, X. Zhang, Plasmonic Fabry-Pérot
nanocavity. Nano Lett. 9, 3489-3493 (2009)

P.Bharadwaj, L. Novotny, Spectral dependence of single molecule fluo-
rescence enhancement. Opt. Express 15, 14266-14274 (2007)

0.G. Tovmachenko, C. Graf, D.J. Heuvel, A. Blaaderen, H.C. Gerritsen,
Fluorescence enhancement by metal core/silica-shell nanoparticles. Adv.
Mater. 18, 91-95 (2005)

A.Yadav, M. Danesh, L. Zhong, G.J. Cheng, L. Jiang, L. Chi, Spectral
plasmonic effect in the nano-cavity of dye-doped nanosphere-based
photonic crystals. Nanotechonology 27, 165703 (2016)

L. Florescu, S. John, Photon statistics and coherence in light emission
from a random laser. Physical review letters. 93(1), 013602 (2004)

A.L. Burin, H. Cao, M.A. Ratner, Understanding and control of random
lasing. Physica B: Condensed Matter. 338(1), 212-214 (2003)

. O.Popov, A. Zilbershtein, D. Davidov, Random lasing from dye-gold

nanoparticles in polymer films: Enhanced gain at the surface-plasmon-
resonance wavelength. Appl. Phys. Lett. 89, 191116 (2006)

. H.Cao, Y.G. Zhao, S.T. Ho, EW. Seelig, QH. Wang, R.PH. Chang, Random

laser action in semiconductor powder. Phys. Rev. Lett. 82, 2278-2281
(1999)

. X.Meng, K. Fujita, Y. Zong, S. Murai, K. Tanaka, Random lasers with coher-

ent feedback from highly transparent polymer films embedded with
silver nanoparticles. Appl. Phys. Lett. 92, 201112 (2008)

. S.V.Frolov, W. Gellermann, M. Ozaki, K. Yoshino, Z.V. Vardeny, Cooperative

emission in conjugated polymer thin films. Phys. Rev. Lett. 78, 729-732
(1997)

. RC. Polson, ZV. Vardeny, Organic random lasers in the weak-scattering

regime. Physical Review B. 71(4), 045205 (2005)

. G.D.Dice, S. Mujumdar, A\Y. Elezzabi, Plasmonically enhanced diffusive

and subdiffusive metal nanoparticle-dye random laser. Appl. Phys. Lett.
86, 131105 (2005)

. CF.Bohren, DRR. Huffman, Absorption and scattering of light by small parti-

cles (John Wiley & Sons, Hoboken, 2007)

. KL.van der Molen, RW.Tjerkstra, A.P. Mosk, A. Lagendijk, Spatial extent of

random laser modes. Phys. Rev. Lett. 98, 143901 (2007)

. G.van Soest, FJ. Poelwijk, R. Sprik, A. Lagendijk, Dynamics of a random

laser above threshold. Phys. Rev. Lett. 86, 1522-1525 (2001)

. SF.Yu, ES. Leong, High-power single-mode ZnO thin-film random lasers.

IEEE J. Quant. Electron 40(9), 1186-1194 (2004)

N.M. Lawandy, R.M. Balachandran, A.S.L. Gomes, E. Sauvain, Laser action in
strongly scattering media. Nature 368, 436-438 (1994)

E. Dulkeith, A.C. Morteani, T. Niedereichholz, TA. Klar, J. Feldmann, S.A.
Levi, ECJM. van Veggel, DN. Reinhoudt, M. Méller, D.l. Gittins, Fluores-
cence quenching of dye molecules near gold nanoparticles: radiative
and nonradiative effects. Phys. Rev. Lett. 89, 203002 (2002)

S.Khatua, MR. Pedro, H. Paulo, A. Yuan, P. Gupta, M.Orrit Zijlstra, Resonant
plasmonic enhancement of single-molecule fluorescence by individual
gold nanorods. ACS Nano 8, 4440-4449 (2014)

J. Ziegler, M. Djiango, C. Vidal, C. Hrelescu, T.A. Klar, Gold nanostars for
random lasing enhancement. Opt. Express 23, 15152-15159 (2015)
S.Ning, Z.Wu, H. Dong, F. Yuan, L. Ma, Y. Yu, B. Jiao, X. Hou, Enhancement
of amplified spontaneous emission in organic gain media by the metallic
film. Org Electron 15, 2052-2058 (2014)

E. Heydari, R. Flehr, J. Stumpe, Influence of spacer layer on enhancement
of nanoplasmon-assisted random lasing. Appl. Phys. Lett. 102, 133110
(2013)

S.Ning, Z.Wu, H. Dong, F. Yuan, J. Xi, L. Ma, B. Jiao, X. Hou, Enhanced las-
ing assisted by the Ag-encapsulated Au plasmonic nanorods. Opt. Lett.
40, 990-993 (2015)

TK. Sau, CJ. Murphy, Seeded high yield synthesis of short Au nanorods in
aqueous solution. Langmuir 20, 6414-6420 (2004)

Q. Li, R Jiang, T. Ming, C. Fang, J. Wang, Crystalline structure-dependent
growth of bimetallic nanostructures. Nanoscale 4, 7070-7077 (2012)



Yadav et al. Nano Convergence (2017) 4:1

29.

30.

31

32.

33

34.

35.

36.

37.

J. Turkevich, PC. Stevenson, J. Hillier, A study of the nucleation and
growth processes in the synthesis of colloidal gold. Discuss. Faraday Soc.
11,55-75(1951)

A.Yadav, R. De Angelis, M. Casalboni, F. De Matteis, P. Prosposito, F. Nanni,
I. Cacciotti, Spectral properties of self-assembled polystyrene nano-
spheres photonic crystals doped with luminescent dyes. Opt. Mater. 35,
1538-1543 (2013)

Q.Yan, Z. Zhou, X.S. Zhao, Inward-growing self-assembly of colloidal
crystal films on horizontal substrates. Langmuir 21, 3158-3164 (2005)
K.E. Sapsford, B. Wildt, A. Mariani, AB. Yeatts, |. Medintz, FRET—F6rster
resonance energy transfer (Wiley, Hoboken, 2013)

JR. Lakowicz, Principles of fluorescence spectroscopy, 3rd edn. (Springer,
Baltimore, 2006), p. 444

CS.Yun, A. Javier, T. Jennings, M. Fisher, S. Hira, S. Peterson, B. Hopkins,
N.O. Reich, G.F. Strouse, Nanometal surface energy transfer in optical rul-
ers, breaking the FRET barrier. J. Am. Chem. Soc. 127, 3115-3119 (2005)
T.L. Jennings, M.P. Singh, G.F. Strouse, Fluorescent lifetime quenching near
d = 1.5 nm gold nanoparticles: probing nset validity. J. Am. Chem. Soc.
128, 5462-5467 (2006)

F. Hide, B.J. Schwartz, Semiconducting polymers: a new class of solid-
state laser materials. Science 273, 1833 (1996)

S. Vukovic, S. Corni, B. Mennucci, Fluorescence enhancement of chromo-
phores close to metal nanoparticles. optimal setup revealed by the
polarizable continuum model. J. Phys. Chem. C 113, 121 (2009)

38.

39.

40.

42.

43.

44,

Page 8 of 8

D. Timmerman, T. Gregorkiewicz, Power-dependent spectral shift of
photoluminescence from ensembles of silicon nanocrystals. Nanoscale
Res. Lett. 7(1), 1 (2012)

L. Dong, F. Yeee, A. Chughtai, V. Liuolia, S. Popov, AT. Friberg, M.
Muhammed, Lasing from water solution of rhodamine 6G/gold nanopar-
ticles: impact of-coating on metal surface. IEEE J. Quant. Electron. 48(9),
1220-1226 (2012)

E. Dulkeith, M. Ringler, TA. Klar, J. Feldmann, A. Mufioz Javier, W.J. Parak,
Gold nanoparticles quench fluorescence by phase induced radiative rate
suppression. Nano Lett. 5, 585-589 (2005)

. T.Zhai, X. Zhang, Z. Pang, X. Su, H. Liu, S. Feng, L. Wang, Random

laser based on waveguided plasmonic gain channels. Nano Lett. 11,
4295-4298 (2011)

X. Meng, K. Fujita, S. Murai, K. Tanaka, Coherent random lasers in weakly
scattering polymer films containing silver nanoparticles. Phys. Rev. A. 79,
053817 (2009)

O. Popov, A. Zilbershtein, D. Davidov, Enhanced amplified emission
induced by surface plasmons on gold nanoparticles in polymer film
random lasers. Polym. Adv. Technol 18, 751-755 (2007)

X. Meng, AV. Kildishey, K. Fujita, K. Tanaka, V.M. Shalaev, Wavelength-
tunable spasing in the visible. Nano Lett. 13,4106-4112 (2013)

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Tunable random lasing behavior in plasmonic nanostructures
	Abstract 
	1 Background
	2 Methods
	2.1 Synthesis of Au@AgNRs, AuNRs and AuNPs
	2.2 Film preparation

	3 Results and discussion
	4 Conclusion
	Authors’ contributions
	References




