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ser on an optical fiber facet
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A red-green-blue (RGB) random laser consisting of three polymer layers and two isolated layers is fabricated

on an optical fiber end facet by a dip-coating method. The total thickness of the laser device is

approximately 3600 nm. Silver nanoparticles are embedded in each of the three polymer layers and

provide strong plasmonic enhancement of the pump light. Simultaneous RGB plasmonic random lasing

is observed within the multilayer structure located on the fiber end facet under pulsed optical pumping

conditions. The results reported here can be used directly in the design of compact laser sources and

laser-based sensors.
Over the past decade, plasmonic random lasers have attracted
considerable attention because of their great potential for use as
display and sensing devices.1–8 The lasing threshold of a plas-
monic random laser is much lower than that of a conventional
random laser because of its large scattering cross-section and
the localized surface plasmon resonance of the metal nano-
particles (NPs) used in the structure.9–13 Additionally, red-green-
blue (RGB) plasmonic random lasers have been studied as
potential multicolor output devices.14–16 Recently, the use of
a combination of random lasers and optical bers has been
shown to improve the miniaturization of laser sources.17–24 The
directionality of the random laser emissions can be improved
signicantly by the waveguide effect of the optical ber.25,26

These random ber lasers therefore have great potential for
a wide range of applications including sensing, medicine, and
telecommunications. However, integration of the RGB plas-
monic random laser structure on the tip of an optical ber,
which would meet requirements for the development of
compact integrated plasmonic random lasers, has not been
explored to date.

In this work, an RGB plasmonic random laser consisting of
three polymer layers separated by two polyvinyl alcohol (PVA)
spacers is fabricated directly on the optical ber end facet by
a dip-coating method. The proposed conguration can be
regarded as a simple superposition of three independent lasers
because of the waveguide effect. The total thickness of the ve-
layer structure is approximately 3600 nm. The polymer layers
are doped with silver (Ag) NPs to provide plasmonic enhance-
ment of the pump light. Low-threshold RGB random lasing is
observed simultaneously when the pump power exceeds the
threshold of the laser device in the optical pumping
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experiments. This approach offers a new way to fabricate
compact multicolor ber laser sources.

The active materials used in this experiment are three typical
light-emitting polymers: poly[9,9-dioctyluorenyl-2,7-diyl] end-
capped with dimethyl phthalate (PFO, American Dye Source),
poly[(9,9-dioctyluorenyl-2,7-diyl)-alt-co-(1,4-benzo-(2,10,3)-thia-
diazole)] (F8BT, American Dye Source), and poly[2-methoxy-
5-(30,70-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV,
Sigma-Aldrich). PFO, F8BT, and MDMO-PPV were all dissolved
in xylene with concentrations of 12.5, 23.0, and 8.5 mg ml�1,
respectively. The Ag NPs used as dopants in the polymer
solutions were prepared using a one-step synthesis method27

and were also dissolved in xylene with a concentration of
4.0 mg ml�1. The Ag NP solution was then mixed with an equal
volume of polymer solution. The mixed solution was then
oscillated ultrasonically for 15 min to guarantee its homoge-
neity. The PVA (PVA 107, Celanese Chemicals, Germany) spacer
was dissolved in deionized water at a concentration of
40.0 mg ml�1. The optical ber, which has a core diameter of
600 mm and is 10 cm long, acts as the substrate. The RGB
plasmonic random laser was fabricated on the end face of the
optical ber by a dip-coating method. One ber end face was
dipped into the mixed solution containing the F8BT polymer and
the Ag NPs, and then dried at room temperature. As a result, an
F8BT layer containing embedded Ag NPs was fabricated on the
ber facet. The ber was then dipped into the PVA solution to
form a PVA coating over the F8BT layer. The crucial factor here is
that the difference between the solvents of the polymer and the
PVA ensures the immiscibility of the adjacent layers. A MDMO-
PPV layer, a PVA layer, and a PFO layer were then fabricated in
a similar manner on the double layer (PVA/F8BT) structure in
sequence. As a result, a ve-layer structure was constructed on
the ber facet to form the RGB plasmonic random laser.

Fig. 1 shows a schematic diagram of the RGB plasmonic
random laser on the ber tip. A 150 fs laser is used as the pump
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic of RGB plasmonic random laser formed on an
optical fiber end facet. Black arrows indicate the five layers of the
structure. The purple arrow indicates the pump beam direction. The
RGB arrows denote the random laser output from the fiber tip.
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source. The pump beam is coupled into one end of the ber to
excite the RGB random laser at the opposite end, as shown in
Fig. 1. The purple arrow indicates the direction of the pump
beam. The RGB arrows denote the plasmonic random laser
output from the optical ber facet.

In the experiments, the green, red, and blue random laser
layers were fabricated on the ber facet in sequence. Micro-
scope photographs of these laser devices are shown in Fig. 2.
Fig. 2(a) and (d) show the green random laser layer located on
the ber tip. The green and red random laser layers on the ber
facet are then shown in Fig. 2(b) and (e). Finally, the RGB
random laser layers on the ber facet are shown in Fig. 2(c) and
(f). The F8BT, MDMO-PPV, PFO, and PVA layer thicknesses were
2000 nm, 400 nm, 800 nm, and 200 nm, respectively. All these
thicknesses were optimized aer a series of experiments was
performed. The refractive indices of the F8BT, MDMO-PPV, and
PFO layers and the optical ber are 1.94 (at l¼ 572 nm), 1.66 (at
l ¼ 638 nm), 1.78 (at l ¼ 466 nm), and 1.54 (at l ¼ 572 nm),
respectively.

The refractive indices of the PVA layers are 1.72, 1.55, and 1.46
at 466, 572, and 638 nm, respectively. These three wavelengths
represent the emission peaks of the RGB random laser and will
be discussed in detail later. Three polymer waveguides thus exist
within the ve layer structure. The RGB random lasing is a result
Fig. 2 Microscope photographs of the plasmonic random laser on the fib
laser on the fiber tip. (b) and (e) Show the green and red random lasers on
scale bar represents 300 mm.

This journal is © The Royal Society of Chemistry 2017
ofmultiple instances of scattering of the photoluminescence (PL)
of the polymers at the interfaces between the disordered plas-
monic Ag NPs and the polymers, and this lasing is enhanced by
the polymer waveguide because of the connement of the scat-
tered light. The thicknesses and the refractive indices of the ve
lms were measured using an optical interferometric proler
(NanoMap 1000 WLI, AEP Technology) and a spectroscopic
ellipsometer (ESNano, Ellitop), respectively.

The morphologies of the Ag NPs on the glass substrate and
those embedded in the polymer were measured by scanning
electron microscopy (SEM; Hitachi S-4800), as shown in the
images in Fig. 3(a) and (c). Fig. 3(b) shows an SEM image of the
Ag NPs that indicates that the typical Ag NP diameter is approx-
imately 130 nm. Fig. 3(d) shows the extinction spectra of the Ag
NPs and the polymer lms with embedded Ag NPs as measured
using a spectrophotometer (U-4100, Hitachi). The black curve
represents the extinction spectrum of the Ag NPs, which shows
a peak at 426 nm. The full width at half maximum (FWHM) value
of the extinction spectrum of Ag NPs exceeds 40 nm; this is
attributed to the localized surface plasmon resonance of the Ag
NPs. The pump beam wavelength is 400 nm, as indicated by the
purple line in Fig. 3(d). The gure shows that the plasmonic
resonance peak of the Ag NPs overlaps with the pump wave-
length. This indicates that the Ag NPs in the multilayered struc-
ture play a major role in the pump enhancement required for
RGB random lasing. The dark purple curve represents the
extinction spectrum of the three polymer lms (F8BT, MDMO-
PPV, and PFO) with the embedded Ag NPs and can be regarded
as a linear superposition of the spectra of the three components.
The extinction spectrum of themultilayered structure is thus very
broad and has a linewidth ofmore than 220 nmat FWHM.One of
its extinction peaks overlaps with the pump wavelength, as
shown in Fig. 3(d), and this enhances the pump efficiency.

The femtosecond laser that was used as the pump source
during the spectral measurements has a wavelength of 400 nm,
a repetition frequency of 1 kHz, and maximum output power of
40 mW. The pump beam was passed through a neutral optical
er facet at different magnifications. (a) and (d) Show the green random
the fiber tip. (c) and (f) Show the RGB random lasers on the fiber tip. The

RSC Adv., 2017, 7, 45852–45855 | 45853
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Fig. 3 SEM images of the Ag NPs (a), (b) on the indium-tin-oxide-coated glass substrate and (c) embedded in the polymer film. (d) Extinction
spectra of the Ag NPs and the polymer films containing embedded Ag NPs. The purple dotted line indicates the pump beam wavelength.
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attenuator to adjust its power and was focused using a lens onto
the surface of the laser sample to a diameter of 1.5 mm. Spec-
troscopic characterization of the RGB random laser was per-
formed using an optical spectrometer (Maya 2000 Pro, Ocean
Optics). Fig. 4(a) shows the measured emission spectra of the
RGB random laser on the ber tip. Three random lasing peaks
are present in the emission spectra at 466 nm, 572 nm, and
638 nm, and this implies that the PVA spacers inhibit optical
coupling between the different waveguides. The ve-layer struc-
ture is thus approximated as a linear combination of the red,
green, and blue random lasers. Fig. 4(b) shows the FWHM and
output intensity values of the RGB random laser as functions of
the pump intensity. The FWHM values of the three lasing peaks
are all less than 10 nm. The thresholds, which are indicated by
arrows in Fig. 4(b), are located at 10 mJ cm�2, 60 mJ cm�2, and
50 mJ cm�2 for the blue, green, and red components, respectively.
Fig. 4 (a) Emission spectra of RGB random laser fabricated on the fib
intensity values of the RGB random laser as functions of the pump intens
and blue arrows, respectively.

45854 | RSC Adv., 2017, 7, 45852–45855
The mixed colors of the RGB random laser can be tuned
dynamically by increasing the pump power density, as indicated
by the evolution of the emission spectra shown in Fig. 4(a). The
chromaticity of each emission spectrum can be calculated
directly and is determined by both the emission wavelengths
and the FWHM values of the RGB random lasing peaks. The
locations of the mixed colors on the International Commission
on Illumination (CIE) 1931 color diagram are therefore as
shown in Fig. 5. There is a one-to-one correlation between the
eight emission spectra and the eight black dots shown on the
CIE chromaticity diagram. The blue arrow shows the evolution
of the CIE coordinates with increasing pump power density,
thus indicating the extended chromaticity range of the RGB
random laser fabricated on the ber tip.

There are several advantages to integrating the plasmonic
random laser on a ber facet. Firstly, the area of the laser device
er facet measured at various pump intensities. (b) FWHM and output
ity. The RGB random lasing thresholds are indicated by the red, green,

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Chromaticity of the RGB random laser emission spectra shown
in Fig. 4(a), as indicated by the eight black dots. The blue arrow indi-
cates the evolution of the CIE coordinates with increasing pump
power.
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is reduced by two orders of magnitude compared with that
before integrating in ref. 16. Secondly, it proves that the plas-
monic random laser can work stably even if the size of the laser
reduces to 1 mm2. Thirdly, the dip-coating method is very
simple and the fabricated laser device is robust enough for
practical applications. Lastly, the plasmonic random laser on
the ber facet could have many potential applications from
remote optical sensing to exible light sources.

In conclusion, a RGB plasmonic random laser has been
fabricated on the end facet of an optical ber using a simple
dip-coating method. The random laser comprised three poly-
mer layers and two spacer layers. The total laser device thick-
ness was approximately 3600 nm. Ag NPs were embedded in the
polymer layers to enhance optical pumping and provide strong
scattering. Under appropriate optical pumping conditions, low-
threshold RGB random lasing was obtained on the optical ber
end facet.
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