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Thanks to the advent of the random laser, new light applications have opened up, ranging from biophotonic
to security devices. Here, by using the well-known but unexplored light-harvesting bio-pigment of butterfly
pea (Clitoria ternatea, CT) flower extract, generation of continuous-wave (CW) random lasing at ~660 nm
has been demonstrated. Furthermore, a wavelength tunability of ~30 nm in the lasing emission was
obtained by utilizing the resonance energy transfer (RET) mechanism in a gain medium with a binary
mixture of CT extract and a commercially available methylene blue (MB) dye as the gain medium. In the
CT extract—dye mixture, the bio-pigments are acting as donors and the MB dye molecules are acting as
acceptors. Amplification in intensity of the lasing emission of this binary system has further been
achieved in the presence of optimized concentrations of metal (Ag)—semiconductor (ZnO) scattering
nanoparticles. Interestingly, the lasing threshold has been reduced from 128 to 25 W cm™2, with
a narrowed emission peak just after loading of the Ag nanoplasmon in the ZnO-doped binary gain

medium. Thanks to the strong localized electric field in the metal nanoplasmon, and the multiple
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Accepted 6th November 2019 scattering effects of ZnO, the lasing threshold was reduced by approximately four times compared to

that of the gain medium without the use of scatterers. Thus, we believe that our findings on wavelength-

DOI: 10.1039/c9ra08166f tunable, non-toxic, biocompatible random lasing will open up new applications, including the design of
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1. Introduction

The laser, almost 60 years after its invention, has become a key
light source in modern imaging systems. However, a conven-
tional laser has a high degree of spatial coherence, which
produces unwanted coherent imaging artefacts, such as the
formation of speckles. Therefore, researchers are now putting
enormous effort into devising an unconventional laser system,
called a random laser (RL), which is free from such draw-
backs.”* Demonstrations of random lasing have been reported
with both pulsed and continuous-wave (CW) pumping.**?
Generally, long-wavelength or near-infrared (NIR) (>650 nm)
fluorescent dyes have high penetration properties in tissue.'***
Therefore, they can be fruitfully used for biomedical and bio-
photonic applications, such as in surgical therapy treatments,
cancer diagnostics, etc.”*™'® However, these dyes have some
drawbacks, including poor photostability, low absorption at
specific pump wavelength, non-biodegradability, toxicity, and
also expense."*'® Therefore, they are not appropriate in
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biomedical and biophotonics applications. Recently, environ-
mentally friendly, non-toxic, optically active bioorganic dyes
extracted from natural resources, such as carotene, porphyrins,
chlorophylls, etc., have become the obvious choice as the gain
medium in RL generation. Use of these dyes has many advan-
tages;>'*'7'® for example, they (1) are biodegradable and
biocompatible, (2) have efficient light-harvesting capabilities in
the long-wavelength region, and (3) have higher molar extinc-
tion coefficients to enable efficient light harvesting. Addition-
ally, these bio-pigments are available in large quantity, and can
be safely extracted from fruits, flowers and leaves.*'>*"*° Here,
we have selected a biocompatible natural organic dye, namely
extract of butterfly pea (Clitoria ternatea, CT), a medicinal plant,
which is used extensively as a natural colouring agent around
the world."” This flower extract has already been used as
a substitute for commercial toxic blue dye in different medical
and food packaging sectors.'®* The blue colour of the extract in
neutral aqueous solution indicates the presence of different
flavonoid and anthocyanin content, as reported by others.'®*®
Such optically active biodegradable organic dyes provide
a unique possibility for RL generation in combination with
metal/semiconductor nanoparticles (NPs) as the scattering
particles.*®***** Traditionally, it has been reported that, RL
generation is dependent on multiple scattering of light in
arandom gain medium. The presence of the strong electric field
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of metal NPs may enhance these scattering properties, and may
also modify the transition rates of nearby dye molecules.**®
Random lasing has been obtained in several materials, such as
metal/semiconductor NPs, human tissue, liquid crystals, fluo-
rescent polymers, commercial dyes, etc.*7*'"*

At present, there is a huge demand for multi-coloured
random laser sources in the medical and optoelectronics
sectors. The resonance energy transfer (RET) process is another
strategy to achieve tunable emission, with improved emission
intensity from a gain media.***” The minimum requirement for
the occurrence of energy transfer in the RET process is the
availability of good overlap between the emission band of the
donor and the absorption band of the acceptor.* One example,
is a mixture system with more than one dye, in which one
(donor) dye efficiently absorbs the pump radiation, and then the
excitation energy is non-radiatively transferred to the second
(acceptor) dye.***>”

Here, we demonstrate RET-assisted CW RL generation using
a bioorganic pigment as the gain medium, which is biode-
gradable and cheap. Also, we have improved the lasing effi-
ciency and achieved tunable emissions by employing a RET
process in which CT dye molecules transfer energy to methylene
blue (MB) dye. The mechanism of the energy transfer has also
been studied by analyzing the optical properties of the mixtures
of donor and acceptor after encapsulation in a polymer film. A
significant reduction in lasing threshold, from 128 to 25 W
cm 2, has been demonstrated, with systematic increase in the
number and concentration of scatterers (ZnO and Ag NPs).
Thorough analysis of the RL emission allowed us to infer the
role of the energy transfer process and the presence of semi-
conductor and plasmonic NPs in enhancing the lasing emis-
sion. The unprecedented demonstration of RET-assisted
tunable random lasing in this work indicates that natural
pigments can be effectively utilized to develop cost-effective
random lasers using easy processing steps.

2. Results and discussion

The UV-visible absorption spectrum of the bio-pigment was
measured and is shown in Fig. 1a. The presence of Q-bands at
~533 nm, ~573 nm, and ~618 nm are clearly seen in Fig. 1a. We
also studied the photoluminescence (PL) emission spectrum of
the extracted pigment (Fig. 1a), which was found to be consis-
tent with the visible PL emission peak at ~660 nm corre-
sponding to the S; — S, transition. Digital photographs of the
butterfly pea and the extraction of pigments in water are also
shown in Fig. 1a (right inset). To determine the presence of
different functional groups in the organic pigments, Fourier-
transform infrared spectroscopy (FTIR) data were collected
and are shown in Fig. 1b. From Fig. 1b it can be seen that several
functional groups, such as -CH, -C=0, -OH, are present in the
bio-pigment. The presence of hydroxyl groups (Fig. 1b) helps
the anthocyanins to absorb light in the visible region.'®* The
existence of a strong absorption band at ~632 nm and a good
PL emission peak at ~660 nm facilitated the use of this bio-
pigment as a gain medium in the RL experiment, as shown
later. The PL emission of the pigment in the solution phase was
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measured at different input pump intensities (IP) of a He-Ne
laser with A,ymp = 632.8 nm, as shown schematically in Fig. 1c.
The results obtained are shown in Fig. 1d and e. Although
amplified spontaneous emission (ASE) was observed, narrowing
of the spectral profile, as well as a distinct threshold, was not
observed, even after increasing the pump intensity.

Therefore, to overcome such drawbacks, i.e. low laser emis-
sion at NIR region as well as tunability in lasing emission, the
RET process has been employed as an important strategy. It was
found that there is good overlap between the emission band of
CT (solid red line) and the absorption band of MB (solid black
line) (Fig. 1f), confirming the possibility of efficient energy
transfer (ET) from the donor (CT) to the acceptor (MB) dye. The
calculated value of the overlap integral is J(1) = 2.94 x 10"
nm* M ' em ™' using eqn (1),

Fp(ea(A)A*da

J(2) = = NG (1)

where Fp(2) is the total normalized PL intensity (area under the
curve) of pigments in the wavelength range A + A2 and ¢(1) is the
molar extinction coefficient of the MB dye at A.

The origin of the emission tunability and details of the
tuning mechanism for the lasing emission using the RET
process are illustrated schematically in Fig. 1g. The input energy
of the pump light (632.8 nm) is mostly absorbed by CT mole-
cules. The excited CT molecules partially transfer their energy to
the MB molecules, leading to the dual-colour emission at
~660 nm (near red) and ~692 nm (deep red), respectively. It was
found that the output emission intensity from the donor
increased rapidly once the pump intensity exceeded the lasing
threshold energy, while some residual acceptor emission was
also found to increase slowly. As the acceptor/donor (A/D) ratio
increased further, the lasing threshold of the acceptor showed
a stable output from the donor/acceptor mixture system.
Furthermore, after addition of semiconductor and metal NPs as
scatterers in the random system, multiple scattering signifi-
cantly disturbed the random system and decreased the lasing
threshold, by dynamically changing the strong local electro-
magnetic field.*® Thus, the RET process greatly influences the
multi-colour RL under single excitation conditions. In addition,
we have measured stability of the MB dye with laser exposure
time (Fig. S1t) and it was clearly seen that there is almost no
change in emission intensity after laser irradiation for a dura-
tion up to 15 min (for details see ESIT), and only a 10% reduc-
tion in intensity after 45 min.

Fig. 2a represents the PL emission spectra of the RET-based
binary system with different volume ratios of the acceptor and
donor. Two clear emission bands (red and cyan arrow) for the
CT and MB dyes, centred at ~660 nm and ~692 nm, are
observed under 632.8 nm excitation. The A/D ratio was changed
in order to control the RET efficiency (Fig. 2b). A coefficient
known as the energy transfer coefficient (ngr)*” was calculated
using eqn (2), to describe the ET processes physically in the
semiconductor-metal-based binary random lasing system. The
expression for ngr is given as,

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) UV-visible absorption and PL emission spectra of natural CT dye extract. Right inset (upper panel) shows digital photographs of the

flower and its extraction in water (lower panel). (b) FTIR spectrum of CT. (c) A schematic illustration of CW excitation and PL emission of the bio-
pigment in solution phase. (d) Emission spectra of the CT dye extract without scatterers at different IP intensities. (e) Emission intensity from CT
excited by 632.8 nm under different IP without scatterers. (f) The normalized absorption spectra (1 and 2) and the PL emission spectra (3 and 4) of
CT and MB dye in water. (g) A schematic illustration of the RET process in the metal-semiconductor-based dual-colour random laser under CW

pumping.

ner = Ial(Ia + Ip), (2)

where I, is the integrated emission intensity of MB dye at
~692 nm and I, is the integrated emission intensity of CT at
~660 nm. It was found that, as we increased the A/D ratio from
0 to 7.33, the intensity of the emission band corresponding to
CT quenches, while the intensity of the emission corresponding
to the MB dye increases gradually under excitation at 632 nm
(Fig. S27). The evolution of gy with A/D ratio is demonstrated in
Fig. 2b. As the A/D ratio increases from 0.85 to 19.0, the RET
coefficient is also found to increase and reaches saturation at A/
D = 7.33 (Fig. 2b).*®

The PL emission spectra of the bio-pigment in the presence
of scatterers with appropriate concentrations are shown in
Fig. 3. The microstructural properties of rod-like ZnO and
triangular Ag NPs are shown in the typical SEM and TEM images
in Fig. 3a and b. The absorption spectra of ZnO and Ag NPs can
also be seen to have a spectral overlap with the emission spectra
of the bio-pigment, as shown in Fig. 3c. The presence of a broad
absorption peak at ~600 nm is due to the in-plane dipole
resonance in the triangular Ag NPs.* The large scattering
property of ZnO NPs, which is due to the contrast in refractive

This journal is © The Royal Society of Chemistry 2019

index in the gain medium, provides multiple scattering leading
to the observation of ASE.”””** The results are shown in Fig. 3d
and indicate that the amplification is not sufficient to achieve
proper lasing emission at low pumping energy using only ZnO
NPs. Therefore, to achieve further increase in the output
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Fig. 2 (a) Normalized PL emission spectra of CT and MB dye with
different A/D ratios. (b) Effective RET efficiency as a function of A/D
ratio in the binary system.
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Fig. 3 (a) SEM image of ZnO NPs. (b) TEM image of triangular Ag NPs.
(c) Normalized absorption spectra of ZnO and Ag NPs with absorption-
emission spectra of the CT dye. Emission spectra of CT dye extract in
the presence of (d) ZnO only and (e) ZnO—-Ag NP scatterers at different
input intensities. The inset shows an enlarged section of the emission
pattern, where we can easily observe generation of the RL mode. (f)
Emission intensity from CT-ZnO (left) and CT-ZnO-Ag (right) solu-
tion excited by 632.8 nm under different input intensities.

intensity of the solution, metal NPs were used as an additional
scatterer to provide strong, multiple scattering through
enhancement of the electromagnetic field (Fig. 3e). The changes
in emission intensity with a fixed concentration ratio of ZnO
and triangular-shaped Ag NPs are shown in Fig. 3e and it can be
seen that effective light amplification takes place and some
lasing peaks have appeared on top of the emission band (inset
in Fig. 3e). The dependence of the integrated normalized
emission intensity of the pigments on input pump intensity, in
the presence of scatterers, is shown in Fig. 3f. From Fig. 3f,
a lasing threshold (“VI;,) of 128 W cm > was obtained after
addition of an optimized concentration of ZnO (nz,o = 7 x 10"
ml~ ") and Ag NPs (C, = 12 x 10> ml™") in the random system.

It can be seen from the plot (Fig. 3f, left) that within the
pump energy used there is only one kink when ZnO NPs are
used as the scatterer in the CT dye. However, two kinks are
clearly visible (Fig. 3f, right) in the presence of the binary scat-
terer, i.e. ZnO and Ag NPs in the CT dye,* indicating the tran-
sition from spontaneous emission (SE) to amplified
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spontaneous emission (ASE) and to lasing. Therefore, from the
results shown in Fig. 3f (right), it can be concluded that, even
with the low pump energy used, lasing is observed in the CT dye
by using the binary scatterer, since the metal NPs have caused
further enhancement of the electromagnetic field of the pump
light by surface plasmon resonance processes.

To demonstrate RL generation in the near-IR region, with
significant improvement in the lasing emission of the gain
medium, the dye mixture was encapsulated in a homogeneously
dispersed aqueous solution of a polymer matrix, as shown in
Fig. 4a (details of the procedure are in given in the Experimental
section). Fig. 4b shows the emission spectra of samples with
optimized scatterer concentrations at two input pump intensities
of 10 W em™? and 135 W cm >, Depending on the different A/D
ratios with energy transfer efficiency, different scenarios have
been observed. At low A/D concentration ratio (A/D = 0.85), the
emission peak intensity of the CT dye at ~660 nm is found to be
stronger than that of the emission peak intensity of the MB dye at
~692 nm. As the value of IP increases, from 10 to 135 W cm ™2,
a large number of lasing peaks appear on top of the emission band
at ~660 nm, which is clear from Fig. 4b, and those peaks fluctuate
randomly.®***> On the other hand, a relatively low, intense, broad
emission band for the MB dye is observed at ~692 nm. Upon
further increase in the A/D ratio (from 1.5 to 7.33), more energy is
non-radiatively transferred to the acceptor, which prevents lasing
of the donor and helps spectral narrowing of the acceptor
(Fig. 4b).*® Therefore, it can be concluded that the emission
intensity ratios are greatly influenced by the variation in A/D ratio
in such random binary systems. Additionally, for a fixed A/D ratio,
the appearance of a number of sharp peaks increased with
increasing IP value, indicating the occurrence of RL at high values
of input energy. It can be seen from Fig. 4b that there are some
random spikes appearing that cover the wavelength range beyond
700 nm, and at around 750 nm when the pump intensity is at its
highest. From static PL emission measurements of the MB dye
only, it was found that some shoulder peaks appear at ~750 nm;
so, the peaks at ~750 nm in Fig. 4b might have appeared due to
emission from the MB dye. However, further studies are required
to find the exact origin of peaks other than those appearing at
~660 nm and ~692 nm. Continuing our study of the switching of
emission with A/D ratio, the change in CIE colour chromaticity
with increasing A/D has also been calculated, as shown in Fig. 4c.
In the CIE 1931 colour diagram, the circles describe the calculated
colour chromaticity of the binary mixture at different A/D ratios
(Fig. 4c). It was observed that, with increasing A/D ratio, the
chromaticity values of the multi-colour RL varied from (0.69, 0.29)
to (0.54, 0.21) under the same pumping energy of 135 W cm 2. The
results shown in Fig. 4d were obtained by multi-peak fitting of the
corresponding emission spectra. In Fig. 4d, the transition from SE
to ASE and then to random lasing emission in the binary system
can be seen. However, the position of the random lasing emission
is solely dependent on the A/D ratio. At low A/D ratio (0.85), the
binary system shows random lasing emission at ~660 nm, corre-
sponding to the CT dye with two clear kinks, whereas, at this ratio,
the emission from the MB dye at ~692 nm is of a spontaneous type
(Fig. 4d). On the other hand, at high A/D ratio (4.50), the binary
system exhibits random lasing emission at ~692 nm due to energy

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08166f

Open Access Article. Published on 19 November 2019. Downloaded on 12/4/2025 9:18:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
b) [, P Wiemh i) | 1P (Wicm?)
(a) Flexible‘polymer Front image of ( ) —10 10
- film flexible film —135 _135
S
o .
< 45 \ & _“‘_’_ <
o ('a D= >
;I - \ He-Ne Laser g I
o PVA é > 8 i), 1P (Wiemdl(iv) |, 1P (Wicm”
s £ _10 —10
y 4 Optical fiber™ § —135 —135
Glass slide ﬁ
E
)
(C) [= ' (d) o MB S “
08" Al 560 1 cT ) 675 750 675 750
¢ g (e) Wavelength (nm)
,560
065 - 15.0k : .
500m 580 = - » @660 nm
‘ s A/D=0.85 | 5 A/D=4.50
B 600
> 04 . %‘ .p:: f1o,ou
\ c |° £ 3
02} | ig s
™ $ 8 6.0k A/D=0.85
L a2 A/D=45| Rttty
0.0 0.2 04 0.6 08
X 10 1200 . 0 20 40 60 80 100
IP (Wicm#) No. of measurements
Fig. 4 (a) Representation of the preparation process for the polymer films. The resulting composite film is then pumped using a CW He—Ne laser

(Apump = 632.8 Nm) and the emission from the film is collected and sent to a spectrometer with a detector for analysis. (b) Normalized emission
spectra from random systems with different A/D ratio of (i) 0.85, (ii) 1.50, (iii) 4.50, (iv) 7.33, are excited by 632.8 nm under low and high IP energy.
The concentration of the ZnO and Ag NP suspensions are 7 x 10 ml~* and 12 x 10 ml™, respectively. (c) Switching of colour chromaticity of
the emission spectra with different A/D ratio, extracted from the spectra in Fig. 2a. (d) Variation of lasing intensity with different IP at the two peaks
of CT (~660 nm) and MB (~692 nm) at A/D ratios of 0.85 (upper panel) and 4.50 (lower panel), and observation of their threshold behaviour. (e)
The variation in emission intensity of the observed narrow spikes (at ~660 nm and 692 nm) with the number of measurements carried out in

a sample with optimized A/D ratios and for a fixed excitation energy of 135 W cm™~.

transfer from the CT dye to the MB dye. To study the changes in RL
emission intensity, if any, with respect to the number of
measurements, the lasing emission spectra in the gain media with
optimized A/D ratios of 0.85 and 4.50 were collected up to 95 times
at a fixed pump laser excitation intensity of 135 W ¢cm™>. The
corresponding results for the two narrow spikes obtained at
~660 nm and ~692 nm with an A/D ratio of 0.85 and 4.50,
respectively, are shown in Fig. 4e. It can be seen that the fluctua-
tions in peak intensity from their average values at ~660 nm and
692 nm are very small. However, it was found that the RL peak at
660 nm was the most intense for an A/D ratio of 0.85, whereas the
peak appearing at 692 nm was the most intense for an A/D ratio of
4.50. So, this indicates that the peak intensity at ~692 nm can be
enhanced with increasing A/D ratio. Thus, switching of the lasing
emission can be achieved by varying the mixing ratio of the donor
and acceptor dyes.

In order to study the dependency on the direction of the
lasing emission from the polymer film, lasing was measured at
different emission angles. Fig. 5a shows a schematic of the
position of the detector for collecting the emission spectra at
different angles (6 = 0 to 180°) with respect to the incident CW
excitation. Fig. 5b shows the polar graph of the integrated
emission intensity versus the detection angles (6) of the lasing
emission and it can be seen that the emission intensity depends
strongly on the angle. It was observed that the lasing emission
intensity is highest at § = 60°. Therefore, subsequently, the RL
emission data have only been collected at an angle of 60°.

This journal is © The Royal Society of Chemistry 2019
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In an optical gain medium, disordered structure can offer
random lasing via multiple scattering in the medium by
changing the scattering length, and this conclusion has been
supported by measurement of the mean free path of the binary
system. The minimum mean free path (/;,i) of the photons in
the polymer film was calculated using eqn (3),*

Ioin = 21%d / Vi — 1, 3)
where, n and d are the refractive index and thickness, respec-
tively, of the CT-MB-ZnO composite polymer film, and the
value of [,,;, was found to be ~0.28 mm. As reported previously,

(a)

CW Excitation

E
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o
3
S
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Fig. 5 (a) Schematic representation showing the detection of lasing
emission at different angles. (b) Polar graph of integrated emission
intensity at different detection angles.
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random lasing is also observed in a weakly scattering regime
(klmin >> 1).>** Therefore, our system has acted as an extremely
weak scattering medium (i, ~ 0.28 mm), which does not help
to achieve band narrowing or distinguish threshold behaviour
as expected. Therefore, we introduced a plasmonic enhancer
(i.e. triangular Ag NPs) into the random system, which can
greatly enhance the local electrical field.>*** In order to inves-
tigate the significance of Ag NPs on the random system,
different concentrations of ZnO and Ag NPs were carefully
mixed in the polymer matrix with different donor-acceptor
ratios. Fig. 6a and b shows the RL emission spectra of the
polymer films obtained under different input intensity in the
absence and presence of Ag NPs, but for the same number
density of ZnO NPs. To determine the dependence of the scat-
terer concentration on ““I,, the number density of the ZnO
NPs (112n0) was varied from 2 x 10" to 20 x 10"> ml ™, as shown
in Fig. 6a and S3.7} It was observed that, with the increase in the
number density of ZnO NPs from 2 x 10" to 20 x 10" ml™*,
Wl was reduced significantly, from 107 W cm ™ to 43 W cm ™2,
as shown in Table 1 and Fig. S3.7 The dependence of the input
pump energy on the integrated emission intensity in the CT-
MB-ZnO system (with 77,6 = 20 x 10" ml™"), as depicted in the
inset in Fig. 6a, shows a typical ASE nature, with a threshold
value of 43 W cm™ 2. In the case of CW operation, W, was not

135 1o
I 118 3 14k ~
2 2 13 &
2 = 1% £
10 100 |4, =
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0
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Table 1 Experimentally obtained values of lasing threshold of the
binary mixture

CT-MB-ZnO
(Mzno = 20 x 10"
ml™') and Ag NP
(x10" ml™ ")

CT-MB and ZnO
(x10"? ml™ )

Concentrations 2 7 13 20 12 24 36
M (W em™?) 107 83 60 43 35 33 25

as distinct as it is often observed to be during pulsed mode
operation, since under CW conditions spontaneous emission
may significantly influence the threshold.*

However, with the addition of Ag NPs, “VI, is reduced
significantly, as shown in Fig. 6b. It can be clearly seen that the
emission spectra of the polymer film with Ag NPs has multiple
peaks, as shown in Fig. 6b, with the central lasing peak at
~692.4 nm narrowed down compared with that without Ag NPs
(Fig. 6a) for the same pumping energy. The lasing threshold value
of the random system has decreased by up to four orders of
magnitude due to the presence of Ag NPs (Fig. S31 and Table 1).
This result indicates the occurrence of random lasing in the
presence of Ag NPs, and the lasing modes are generated due to

(b) 1 w/em2) - {16.0k
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- ©
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Fig.6 The emission spectra of CT—MB medium in the presence of the ZnO scatterer (nzno = 7 x 10'?) at different IP energies (a) without Ag NPs
and (b) with Ag NPs (nzno = 20 x 102 and Cag =36 x 10 ml™Y), respectively. The inset shows the threshold behaviour of the random system for
RL generation in the MB dye. (c) Normalized emission spectra of polymer films containing a mixture of CT and MB dye with ZnO (nz,0 = 20 x
10" ml™) and Ag NPs (Cag = 36 x 10" ml™) under low (red line) and high (black line) IP energy. (d) RL generation in polymer film with three

different A/D ratios and in the presence of ZnO (nzno = 20 x 10" ml™%) and Ag NPs (Cag = 12 x 10" ml™") under an IP energy of 68 W cm
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multiple scattering of trapped photons and enhancement of the
local field inside the gain medium.>***** The narrowed, sharp
emission occurring at ~692.4 nm (Fig. 6¢) in CT-MB-ZnO-Ag
was obtained after the input energy exceeded the threshold value.
When the input pump intensity exceeds the threshold, the
bandwidth of the central peak becomes narrowed, which
signifies the occurrence of random lasing. Furthermore, with
increasing the number density of ZnO and Ag NPs, the value of
the bandwidth is reduced significantly due to enriched multiple
scattering. The normalized output characteristics of the binary
random lasing system, shown in Fig. 6d, have been significantly
affected due to the change in the mixing ratio of the donor and
the acceptor. The central wavelength peaks of the emission have
shifted positions, indicating that the ET between CT and MB dyes
caused switching of the lasing emission by ~30 nm.

The output emission spectra of the binary system were found
to be tunable by adjusting the addition of different concentra-
tions of Ag NPs, as shown in Fig. 7a. The normalized emission
spectra, as shown in Fig. 7b, clearly show reduction of the lasing
threshold from 107 to 25 W cm ™2, and the threshold value
decreased by ~76% after addition of Ag NPs in the presence of
ZnO NPs (nzn0 = 20 x 10*> ml™?) in the binary system.

The maximum value of the electric field is located on the
surface edges of the Ag NPs.”*?® Therefore, we believe that this
experiment clearly demonstrates that it is possible to achieve
low threshold and efficient random lasing by engineering the
plasmonic NPs in organic semiconductor thin films. The quality
factor (Q-factor) is another important parameter and has been
calculated using eqn (4),

0 = A/AA, (4)

where A, is the central peak wavelength and A2 is the mode
bandwidth. The value of the Q-factor was calculated by fitting
the central mode of the emission spectra.

MB_CT_ZnO_Ag-Film (b) AT 177
MB_CT_ZnO_Ag-liquid 2
MB_CT_ZnO_Film

MB dye
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(dl 1200
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Fig.7 (a)Scatterer-dependent ASE/lasing spectra of the films; average
results in the formation of sharp narrow peaks. (b) The comparison
between the effects of injection of Ag NPs on the value of threshold. (c)
Q-factor as a function of different A/D ratio at the same scatterer
concentration. (d) Q-factor as a function of concentration of Ag NPs at
~692.4 nm.
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In addition, the Q-factor is inversely proportional to the
energy loss rate of a mode and is a signature of the lasing
threshold for a random system.*” Fig. 7c shows that, as the A/D
ratio changed, the value of the Q-factor changed from 627 to
1024. Fig. 7d shows the variation in Q-factor as a function of Ag
NP concentration, and it was found that Q = 1081 is the best
value for the highest concentration of Ag NPs. This indicates
that the presence of both ZnO and Ag NPs has significantly
improved the laser efficiency.

3. Conclusions

In conclusion, here we have reported biocompatible CW RL
generation, from the natural light-harvesting bio-antenna of
butterfly pea flower extract. The positive influence of metal-
semiconductor NPs on the bio-pigment leads to enhanced
lasing emission at ~660 nm. In addition, RET-based tunable
NIR random lasing is demonstrated at ~692 nm by using the
natural dye, ie. CT extract, and the common, commercially
available MB dye. It has been shown that significant reduction
in lasing threshold, band narrowing, wavelength tunability in
RL emission of over 30 nm from 660 to 692 nm and generation
of lasing mode are possible by addition of Ag NPs into the ZnO-
doped CT-MB binary system, which is due to the enhancement
in the local electric field in triangular-shaped Ag NPs. The
biocompatible random laser developed here could provide
a new tool for imaging in biological tissues. In addition, we
believe that our findings offer a cost-effective approach for
optimizing a tunable multi-colour plasmonic RL, avoiding the
need to resort to specially engineered, expensive and toxic dyes.

4. Experimental section

Materials and synthesis procedure for ZnO and Ag
nanoparticles

Zinc nitrate hexahydrate, (Aldrich) potassium hydroxide
(Sigma), MB dye (Fluka), silver nitrate and polyvinyl alcohol
(PVA) (Sigma) were reagent grade and were used as received
without further purification. The synthesis of zinc oxide (ZnO)
NPs was carried out by the solvothermal route. First, 4.0 M
solution of potassium hydroxide (KOH) was added drop-wise to
a 0.5 M solution of zinc nitrate hexahydrate (Zn(NOs),-6H,0)
under vigorous stirring to obtain a turbid solution. The solution
was then put into an autoclave and maintained at 130 °C for 8 h.
After completion, the autoclave was allowed to cool and the
precipitate separated by centrifugation and washing with
deionized (DI) water and then dried at room temperature for
24 h. Colloidal triangular silver nanoparticles were synthesized
by chemical techniques using a similar procedure to that used
previously in our group® (for details see ESIf).

Extraction of pigments from flowers

Extraction of pigments from Clitoria ternatea petals was carried
out using a very simple method, as described below. In brief, the
petals were cut into small pieces and dipped into a beaker with
a certain volume of DI water. After 24 h, the blue-coloured
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solution was separated from the mixture using a filter paper
(pore diameter ~ 50 pm) and then was collected in a separate
test tube. The collected blue-coloured solution contained
flavonoids, anthocyanins, polyphenolic compounds, mono-
glycosides, diglycosides, etc., as confirmed by FTIR
measurement.

Sample characterizations

The morphology and microscopic structures of ZnO and Ag
samples were observed using field emission scanning electron
microscopy (FESEM, Zeiss) with an acceleration voltage of 5-10
kv, and by transmission electron microscopy (TEM, JEOL JEM,
acceleration offset voltage 200 kV). The sizes of the ZnO and Ag
NPs were measured from the FESEM and TEM images. The UV-
visible absorption spectra were measured in a spectrophotom-
eter (Hitachi U-3010, wavelength range 200-800 nm). The pho-
toluminescence (PL) emission properties were determined
using a PL spectrofluorometer (PerkinElmer LS-55).

Preparation of polymer film

First, a clear solution of PVA hydrogel mixture was prepared
with CT and MB binary dye mixtures and NPs of ZnO and Ag.
Then, PVA solutions were drop-casted onto a glass substrate
and left to dry under a controlled atmosphere. The dried flexible
film had a thickness of ~68 pum, measured from the FESEM
image (see inset in Fig. 4a).

Random lasing experiment

Fig. 4a shows a schematic of the experimental set up for
measuring RL emission characteristics. The prepared polymer
film was pumped by a CW He-Ne laser (power of ~5 mW) with
a wavelength of 632.8 nm, and with the surface of the film
placed at the focus of a lens with focal length 10 cm. The RL
emission spectra were captured at an angle of 60° using an
optical spectrometer (Avaspec-2048) through an optical fiber.
Finally, all RL emission data were recorded and analyzed by
computer.
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