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ABSTRACT

Random lasers (RLs), which possess peculiar advantages (e.g., emission and coherence tunable) over traditional lasers with optical resonators,
have witnessed rapid development in the past decades. However, it is still a challenge to tune the lasing peak of an RL over a wide range.
Here, a temperature-dependent Forster resonance energy transfer (FRET) RL is demonstrated in pyrromethene 597 (PM597, “donor”) and
Nile blue (NB, “acceptor”) doped chiral liquid crystals. By changing the temperature that drives the liquid crystal bandgap shift, our RL
device exhibits a lasing output change from 560 nm (yellow) to 700 nm (red). While the intrinsic FRET efficiency between PM597 and NB
is relatively low, the red lasing is weak. By introducing gold nanorods (GNRs) into these RL devices and utilizing GNRs’ localized surface
plasmon resonance (LSPR) effect, the efficiency of FRET transfer is increased by 68.9%, thereby reducing the threshold of the RL devices.
By tuning the longitudinal LSPR to match the emission wavelength of NB, the best 200-fold lasing intensity enhancement is recorded. Our
findings open a pathway toward realizing LSPR-enhanced FRET tunable RLs and broaden the range of their possible exploration in photonics
research and technologies.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0134978

I. INTRODUCTION the output wavelength in traditional lasers, people have to change
the resonant frequency (or wavelength) of the resonant cavity and
the optical mode of the lasing emission. For RLs, the lack of a
well-defined resonator makes it relatively easier to tune the lasing

emission. To date, two major approaches have been suggested to

Random lasers (RLs), which realize optical feedback in dis-
ordered systems, have attracted increasing attention recently.' °
In contrast to conventional lasers, RLs have unique superiorities
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including a simple structure, easy manufacture, low spatial coher-
ence, and output wavelength tunability.”® Among these properties,
wavelength tunability is an important feature that profoundly affects
and determines the application scope of laser devices. As for tuning
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tune RLs” emission wavelengths. One approach to change the emis-
sion wavelength of gain materials via external stimuli. For instance,
Xu et al.” proposed a wavelength-tunable RL based on densely
packed metal-organic framework particles embedded with

8, 066101-1
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intramolecular charge transfer laser dyes, in which the energy levels
of organic gain molecules can be effectively modulated via thermal
stimuli. Another alternative approach is to tune the resonance of
the scatters. Gottardo et al.'’ showed that the Mie resonance of
microspheres can be used to adjust the output wavelength of RLs,
where the resonance wavelength is strictly dependent on the particle
size and refractive index of the sphere. Recently, Shi et al.!! proposed
a spectral encryption method based on the selective visualization of
spectral patterns in RLs. By coupling with the external whispering
gallery mode cavity, hidden localized lasing modes with special
multiple-peak spectra were selected from phase-correlated RLs with
smooth single-peak spectra.

Nevertheless, there are obvious drawbacks to these methods of
changing lasing wavelengths. These approaches not only suffer from
technical difficulties in fabricating the desirable structures but also
lack a wide wavelength regulation range.'”"” In this paper, we report
an exploit that uses liquid crystal (LC) with a temperature-sensitive
bandgap to achieve a wide range of laser wavelength control. LC
materials with the unique anisotropy of birefringence are widely
used as disordered media to generate RLs."* " The feedback from
the lasing comes from the multiple scattering of photons between
LC boundaries. LC molecules have different responses to external
temperature'® ** and electric field,”* ** which provides the possi-
bility of tuning the LC-based RLs emission when exerting exterior
temperature or electric field. Wiersma and Cavalieri” have suc-
cessfully demonstrated controlling the laser radiation characteristics
of dye-doped LC RLs by changing temperature. During tempera-
ture change, the LC transforms from nematic to isotropic states,
which increases the lasing radiation bandwidth and reduces the
radiation intensity. Here, we incorporate two dyes, pyrromethene
597 (PM597) and Nile blue (NB), which emit at around 568 and
680 nm, respectively, into LC structures. Such a mixture will ensure a
broad emission range as the substrate waits for further LCs’ bandgap
coupling. While the absorption spectrum of NB is far from the

laser band of the pumping laser source wavelength in our exper-
iment (532 nm nanosecond laser), NB cannot be directly excited
by the pumping laser source. A Forster resonance energy trans-
fer (FRET) system with the donor PM597 as a bridge needs to be
established using a laser with a 532 nm wavelength. Based on such a
FRET mechanism, an emission tunable RL from 560 to 700 nm was
fabricated utilizing the temperature-dependent chiral liquid crystal
(CLC) bandgap change [Fig. 1(a)].

However, it should be noted that FRET’s efficiency in such
a system is not high, and the laser’s emission intensity at a long
wavelength (stimulated emission of NB) is low. Therefore, we
consider introducing plasmonic nanoparticles into the system to
improve the transfer efficiency and boost laser emission intensity
at long wavelengths. The free electrons of plasmonic nanostructures
will oscillate under the excitation of the external electromag-
netic field. When the frequency of electron collaborative oscilla-
tion is close to the frequency of an incident light wave, localized
surface plasmon resonance (LSPR) will be generated. The LSPR
effect has been widely applied in surface-enhanced Raman spec-
troscopy (SERS),”"”" surface-enhanced fluorescence,”” ** plasmonic
micro/nano-lasers,” ** and plasmonic RLs.” The threshold of RL
is usually reduced after incorporating plasmonic nanoparticles.*’
Besides, plasmonic NPs can also work as scatters in RLs, as they can
scatter light much more strongly than their dielectric counterparts
of the same size, especially at the plasmon resonant wavelength.

Here, we selected gold nanorods (GNRs), which are common
plasmonic NPs that possess two prominent LSPRs, transverse and
longitudinal modes. The longitudinal LSPR is length-diameter ratio-
dependent, providing an easy method to select preferred plasmonic
resonances by changing their ratios. After polyvinyl pyrrolidone
(PVP-K90) surface modification, we successfully added hydrophilic
GNRs to PM597 and NB doped CLCs. By adjusting their longi-
tudinal LSPR to approach the center wavelength of NB’s emission
(700 nm), the FRET efficiency is significantly boosted. The device’s
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lasing threshold decreases correspondingly, and a best red lasing
intensity increment of two orders of magnitude is observed.

Il. RESULTS AND DISCUSSION

A. The optical physics basis of random
laser energy transfer

FRET is widely used to study the molecular level interac-
tion, quantitative measure of chromophore distance, structures, and
dynamics of macromolecules and molecules.’ Another application
of FRET is in dye lasers.”” FRET can be defined as a process of
energy transfer between two molecules, one of which is an energy
donor and the other an energy acceptor. The energy transfer does
not occur due to donor emission and acceptor absorption but by
charge-charge interaction between oscillating donor and acceptor
dipoles nearby.**

The FRET efficiency E can be expressed in terms of two rate
constants. These relate to the fluorescence lifetime of the donor in
the absence of the acceptor (kp = TD ') and the energy transfer rate
between the donor and the acceptor (kr). E is hence easily deter-
mined by comparing the fluorescence lifetimes tD of the donor only
species and ' = kp + kr = 10! + kr for the donor-acceptor
species.*

The gain material in the FRET system consists of two laser dyes:
PM597 acting as the donor and NB acting as the acceptor. In our
research, the mass fraction of PM597 (NB, PM597/NB) is kept at 1%.
In order to characterize the basic optical properties of the selected
dyes, the absorption in ethanol solution and fluorescence spectra
in CLC (30% S811 and 70% E7, mass fraction) of the donor dye
(PM597), the accepted dye (NB), and the mixed dye (PM597/NB)
were characterized. As shown in supplementary material, Fig. 1a,
PM597/NB mixture material presents two wide absorption peaks,
which correspond to the absorption peaks of dye PM597 and NB,
respectively. supplementary material, Fig. 1b, shows the emission
spectra of the dyestuffs PM597, NB, and PM597/NB mixture. It
is interesting to find that there is only one emission peak in the
PM597/NB mixture at 693 nm, which matches the emission peak
of the NB dye. This is because the donor dye PM597 transfers its
energy efficiently to the nearby recipient dye NB via FRET rather
than emitting fluorescence. The results confirm that the PM597/NB
dye mixture is an ideal gain medium for the FRET system. To explain
the role of PM597 and NB in the FRET system, the emission spectra
of the laser dye PM597 are compared with the absorption spectra of
the laser dye NB [Fig. 1(b)]. It shows that the two spectra overlap
well in the wavelength range of 550-650 nm, ensuring the energy
transfer process from the donor dye (PM597) in the excited state to
effectively excite NB in the ground state. It is worth noting that the
absorption spectrum of NB is far from the 532 nm pumped laser
source, which results in the fact that it cannot be directly excited by
the pumped laser and must be bridged by FRET from the donor dye
to achieve long-wavelength random laser emission.

Figures 1(c) and 1(d) represent the transmission spectra of
samples E7+S811+PM597 and E7+S811+PM597+NB at different
temperatures. The dip at the wavelength of 532 nm in every trans-
mission spectrum results from the absorption of the dye PM597. It
can be seen that there is no selective reflection band in the spec-
tra with a temperature below 27 °C. As the temperature exceeds
27 °C, the selective reflection band appears in the near-infrared

APL Photon. 8, 066101 (2023); doi: 10.1063/5.0134978
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region, and the blue-shift effect occurs with increasing temperature
continuously. When the temperature reaches 36 °C, the reflec-
tion band gradually stabilizes at about 500 nm. It can be observed
from Figs. 1(c) and 1(d) that the bandwidth of reflection becomes
narrower during blue-shift, which can be explained by the formula
Ac = nx P. The selective reflection band is centered at the wave-
length Ac, with the width of the band given by AA = (An/n) Ac,
where AA is the bandwidth of the bandgap, P is the pitch of the
CLC, and n= (n. +n,)/2 the average refractive index of the cholesteric
planes having a birefringence of An = n._n,, with n. and n, being
the extraordinary and ordinary refractive indices of the nematic LC,
respectively.’ When the external temperature changes, the internal
pitch [Fig. 1(a)] and average refractive index of the CLC change.
This temperature sensitivity allows the CLC reflection band to be
modulated by external temperature stimuli. As can be seen from
the formula, with the wavelength blue shift, the CLC pitch becomes
smaller, and the bandwidth of the reflection band becomes nar-
rower. Similarly, the transmission spectra of samples E7+S811 and
E7+S811+NB in the supplementary material, Fig. 2, also obtain
consistent results.

To investigate the changes in the fine structure of the LC
phase at different temperatures, we observed the polarizing micro-
scope (POM) photos of samples E7+S811, E7+S811+PM597, and
E7+S811+PM597+NB at different temperatures (Fig. 2). When the
sample is at room temperature (~25 °C), the LC is in a near-crystal A
state, and its structure and texture are shown in the supplementary
material, Fig. 3c. As can be seen from Fig. 2(b), when the temper-
ature rises to 28.500 °C, it shows a typical cholesteric oily streak
texture. Furthermore, when the temperature reaches 35.520 °C, the
oil filament texture breaks. Since the free energy of LC molecules is
the same after fracture, the LC molecules tend to aggregate so that
the cross-linking between the fracture points can be re-linked. Such
fracture points may be relatively weak, and if the temperature con-
tinues to increase, multiple fracture points tend to accumulate. Due
to the interaction of surface tension and large amounts of heat within
the LC, this irregular fracture gradually increases, eventually form-
ing a “circular” black hole. The black hole gradually erodes away

35,504 °C

39.012 °C
FIG. 2. Photographs of samples at different temperatures under a POM.

(a)(c) Represent POM photos of samples E7+S811, E7+S811+P597, and
E7+S811+PM597-+NB at different temperatures, respectively. Scale bar: 100 ym.
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at the surrounding oily streak and affects the direction of the oily
streak. When the temperature is above 37.280 °C [Fig. 2(a)], black
holes cover the entire sample. Then, we observed the POM photos
of the crystal texture and structure changes in the cooling process.
The detailed process is shown in the supplementary material. At dif-
ferent temperatures, LC undergoes an incomplete reversible phase
transition, which changes the arrangement of the LC molecules. The
spatial refractive index and scattering intensity of LC materials vary
with the arrangement of the molecules. The scattering coefficient
of the LC decreases with an increase in the temperature inside the
sample. When the LC is in the isotropic state, the absorption coef-
ficient of the LC is greater than the scattering coefficient, so the
blackening of the field of vision is observed in POM. In addition,
as the temperature changes, the bandgap of the LC shifts, leading to
changes in the internal refractive index of the material, which makes
the sample reflect different colors under POM.

B. Spectral characteristics of the random laser before
and after energy transfer

The experimental setup to measure the random lasing emission
spectrum of the dye-doped CLC is shown in Fig. 3(a). One pumped
laser beam is derived from a Q-switched Nd:YAG second-harmonic-
generation pulse laser (wavelength of 532 nm, pulse duration of
10 ns, and repetition rate of 10 Hz). The pump pulse energy and
polarization are controlled by a Glan prism group. The emitted light
along the CLC axis is collected by a fiber spectrometer (QE65PRO,
Ocean Optics, resolution ~0.4 nm, integration time 100 ms). The
diameter of the pump beam on the sample is about 100 ym.

3D mobile

platform
(a) Laser Saznple F i!ter

Glan prism  y on¢

The random lasing spectra of PM597 doped CLCs at differ-
ent temperatures are shown in Fig. 3(b). When the temperature
slowly increases to 27.130 °C, the band edge lasing is observed at
a wavelength of 626 nm. As seen from Fig. 3(b), the bandgap las-
ing is gradually blue-shifted as the temperature increases. When the
temperature reaches ~35 °C, a bandgap laser is produced at a wave-
length of about 560 nm. The wavelength of the band-gap laser shifts
by nearly 70 nm when the temperature increases from 27 to 35 °C.
Afterward, we collected the random lasing spectrum changes during
the cooling process. As shown in the supplementary material, Fig. 4,
it can be concluded that the laser wavelength has a red shift as the
temperature decreases. This is because the LC molecules gradually
change from the smectic A state to the cholesteric state as the tem-
perature rises to room temperature (~25 °C). The arrangement of
LC molecules in the smectic A state is ordered, and the structure of
LC molecules in the cholesteric state is partially ordered. Therefore,
the scattering of the LC cholesteric phase is stronger than that of
the smectic A phase. Meanwhile, the bandgap feedback of CLCs also
promotes the generation of RLs. When a beam of the pump light is
incident on the sample, the planar texture of the CLC causes multiple
scattering to form RL emission. In addition, the bandgap feedback in
the texture of the CLC results in the emission of a fixed wavelength.
Therefore, both effects enhance the adjustable RL in the cholesteric
plane texture.*’

Although we have successfully demonstrated band-gap-
tailored RL with a wide tunable range, the limited range of wave-
length regulation limits its applications. In order to further broaden
the control range of the laser wavelength, we introduced the FRET
system. In the FRET system, the laser dye PM597 acts as the donor,
and NB acts as the acceptor.

FIG. 3. The spectral characteristics of
FRET random laser. (a) Experimental
setup for the temperature controlling
random laser. (b) Random laser spec-
tra of sample E7+S811+PM597 at dif-
ferent temperatures during the heat-
ing process. (c) Emission spectra of
FRET-based RLs. PM597: NB, 3/2.
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In order to exclude the possibility of lasing from dye NB
pumped at 532 nm, we first prepared a control sample, which was
doped only with NB (1.0 wt. %) dye at the same concentration as
the other samples. As verified in the supplementary material, Fig. 5,
no random lasing phenomenon is observed in this control sample
due to the low absorption rate of NB dye at 532 nm. Therefore, we
rule out the possibility that the laser dye NB itself can be pumped
by a 532 nm laser to produce a long wavelength random lasing. To
explore the temperature-dependent FRET process, we studied the
random lasing spectra of CLC with different PM597/NB mass ratios
(PM597/NB = 3/1 and 3/2). As demonstrated in the supplementary
material, Fig. 6, when the PM597/NB mass ratio is 3/1, random las-
ing is observed in the wavelength range of 560-620 nm, while only
weak fluorescence peaks are observed in the wavelength range of
660-700 nm.

When the mass ratio of PM597/NB is 3/2, it can be seen in
Fig. 3(c) that the lasing peak appears within the wavelength range
of 660-700 nm with the change of temperature. However, a strong
fluorescence peak was observed within the wavelength range of
560-620 nm, indicating that the high content of PM597 in the sys-
tem resulted in the low efficiency of FRET. Due to the low transfer
efficiency of FRET and the low fluorescence intensity of NB, the
intensity of the bandgap lasing emitted in the wavelength range of
660-700 nm is relatively weak.

C. FRET's transfer efficiency is increased by LSPR,
which also exactly increases a specific wavelength’s
laser intensity

For the sample E7+S811+PM597+NB (PM597/NB = 3/2), the
intensity of the RL generated is relatively low, which has a certain
impact on its application. For this reason, on the basis of wide-range
regulation of RL (by introducing GNRs into the system), we selec-
tively enhance RL emission to obtain wide-range and high-efficiency
RL emission. It should be noted that, despite the FRET-based emis-
sion tuning that has been demonstrated earlier, the FRET efficiency
is still low. To boost the FRET efficiency, we consider adopting

(a)
E %5 Liquid crystals
m 3 :>l‘iquid
Vol crystals
- & . - i
i s R PVP LC molecules PM597
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an enhancement strategy in the current system. It is regarded that
adding plasmonic nanostructures, which have the famous LSPR
effect to enhance the FRET, is an effective approach. Among the
plasmonic nanostructures, GNRs are the “star” nanomaterial since
they can be easily synthesized using wet chemistry methods and have
excellent stability. The position of the LSPR peak mainly depends on
the size, shape, and surface charge of GNRs. GNRs have two distinct
surface plasmon formants: one is transverse LSPR, and the other
is longitudinal LSPR. Compared with the transverse LSPR (which
usually stays fixed at about 520 nm), the longitudinal LSPR has
stronger light absorption, with its absorption peak being sensitively
dependent on the aspect ratio of GNR. Therefore, we synthesized
GNRs with different wavelength absorptions by designing different
aspect ratios.”” The synthesis process is shown in Fig. 4(a), and the
detailed process is shown in the supplementary material, Fig. 7. To
obtain the longitudinal LSPR peaks at 677, 685, 690, and 695 nm, the
synthesized GNRs are designed to have mean lengths and diameters
of 62/24, 56/20, 70/25, and 78/27 nm, respectively, as determined
by transmission electron microscopy (TEM) [Figs. 4(c)-4(f)]. The
size (length, width, aspect ratio) distribution map of GNRs is in the
supplementary material, Fig. 8. In addition, the transmission spectra
of E7+S811+PM597+NB+GNRs samples at different temperatures
are shown in the supplementary material, Fig. 2c.

We added the PVP-modified GNRs to the sample
E7+S811+PM597+NB (PM597/NB = 3/2), forming a composite
structure [Fig. 4(b)]. The random lasing properties of LSPR-
enhanced CLC devices are compared with control samples at room
temperature (supplementary material, Fig. 9). The relationship
between output intensity and pump intensity is also analyzed, which
reveals that the random lasing thresholds of PM597 doped CLC
system, PM597/NB doped CLC system, and PM597/NB doped
LSPR-enhanced CLC system are 4.0, 2.0, and 1.2 yuJ, respectively.
Obviously, with the addition of GNRs, the RL threshold is signif-
icantly reduced. We suggest that the low-threshold RL is caused
by the cooperative effect of recurrent multiple scattering and field
enhancement in the vicinity of GNRs. The localized electric field
near the GNRs boosts the absorption and transition rate of the

FIG. 4. Synthesis and characterization
of GNRs and preparation of samples.
(@) The schematic of the synthesized
process and PVP modification GNRs.
(b) Internal structure of the LC cell.
(c)=(f) TEM images of GNRs with aspect
ratios of 2.56, 2.67, 2.75, and 2.88,
respectively. Scale bar: 50 nm.
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dyes near the GNRs (supplementary material, Fig. 10), thereby
strengthening the fluorescence amplification and reducing the laser
threshold. Moreover, GNRs also work as scattering particles, which
are conducive to enhancing scattering and forming feedback for
light amplification.

In this system, the GNRs can not only reduce the laser threshold
but, more importantly, they can enhance the FRET efficiency of the
system. The efficiency of FRET (E) is calculated by measuring the
lifetimes 7p and 1pa,*’

E=1-1pa/tD.

In which tp is the fluorescence lifetime of donors in the absence
of the acceptor, and tpa is that of donors in the presence of an

()

|

ARTICLE scitation.org/journal/app

acceptor. We performed PL lifetime tests on four samples contain-
ing PM597, PM597+GNRs, PM597+NB, and PM597+NB+GNRs, as
shown in the supplementary material, Fig. 9. The lifetimes of dif-
ferent samples are shown in the supplementary material, Table 1.
According to the formula, the FRET transfer efficiencies with or
without GNRs in the system were calculated to be 20.9% and 35.3%,
respectively. The FRET efficiency can be improved by 68.9% due to
the introduction of GNRs in the system. This is because fluorophores
near the plasmonic nanostructures would experience excitation rate
enhancement, emission rate enhancement, and thus enhanced FRET
efficiency.

In order to accurately enhance the random lasing at a cer-
tain wavelength, we use GNRs with different longitudinal LSPRs to
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control and enhance the lasing. Four GNRs with different aspect
ratios were added to the sample. Four sets of samples are named
S677> Se85> Se90, and Seos, respectively (where the values represent the
spectral position of longitudinal LSPR). The RL spectra at differ-
ent temperatures of these samples are shown in Fig. 5, and it can
be seen that the RL blue shifts with the increase in temperature.
This is consistent with the results obtained in the supplementary
material, Fig. 5. The blue shift is mainly due to the multiple
scattering of the CLC and the bandgap feedback of the LC, result-
ing in the emission of a fixed wavelength. Compared with Fig. 3(c),
it can be seen that with the addition of GNRs, the intensity of laser
emission is markedly increased, and the transfer efficiency of FRET
is also significantly improved.

As can be seen from Figs. 5(a)-5(d), the addition of GNRs sig-
nificantly enhanced the lasing intensity of samples S¢77, Sess, Se905
and Seos at wavelengths of 677, 685, 690, and 695 nm. Combined
with the supplementary material, Fig. 11, these values correspond to
the LSPR positions of these GNRs. The thresholds of Se77, Sess, Se905
and Segs were 1.1, 0.72, 0.60, and 0.45 uJ, respectively [Fig. 5(e)].
Therefore, we have successfully prepared a low-threshold RL with
wide-range regulation, high-efficiency emission, and control of
emission wavelength.

Figure 5(f) is the random lasing intensity comparison before
and after adding GNRs. It can be seen that random lasing intensity is
increased by 11.2, 73.5, 101, and 200 times for samples Se77, Ses5, S6905
and Sgos, respectively. The maximum enhanced factor of sample Seos
is mainly caused by the large overlap between the fluorescence peak
of 693 nm (supplementary material, Fig. 1b) for the mixed dyes and
the LSPR of 695 nm for GNRs. Therefore, at ALspr ~ Agm, the fluo-
rescence molecule can obtain the maximum emission efficiency and
greatly improve the laser output intensity. The plasmonic-induced
hot electron injection and the plasmonic-induced resonance energy
transfer may be involved in the FRET process.”’ To verify the mech-
anism of the FRET process in RL devices, we coated the GNRs
with an 8 nm layer of silica (supplementary material, Fig. 12).
Silica coating is a common strategy utilized to regulate or essen-
tially block hot electron transfer to the surrounding environment
and has been widely used to distinguish hot electron catalysis from
thermal effects in plasmonic catalysts.”’ This silica layer acts as a
filter, allowing electromagnetic fields to penetrate but blocking hot
electrons from reaching the molecules. Comparing the lasing perfor-
mance test, we found that the lasing emission intensity of the GNRs
with silica coating in the device rose by 191 times at the wavelength
of 692 nm (supplementary material, Fig. 13), which is almost sim-
ilar to the PVP-modified GNRs (192.6 times, A = 688 nm). Hence,
the mechanism of the FRET process in our device system is pri-
marily plasmonic-induced resonance energy transfer. Therefore, the
GNRs intrigued by FRET enhancement can be explained by the the-
ory of local electromagnetic field enhancement induced by surface
plasmons. The coupling between the GNRs and the incident light
makes the free electrons on the surface of the nanorods oscillate col-
lectively, resulting in the LSPR effect, and the electromagnetic field
near the nanorods is greatly augmented. While the ability of dyes
to absorb and radiate is proportional to the intensity of the electro-
magnetic field according to Fermi’s golden rule. Furthermore, the
excitation efficiency of dyes is proportional to the electric field inten-
sity at its location, and the emission of dyes is proportional to the

APL Photon. 8, 066101 (2023); doi: 10.1063/5.0134978
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radiation field.”> Therefore, the appearance of GNRs can effectively
change the absorption and radiation characteristics of the nearby flu-
orescence molecules, thus increasing their absorption and emission
efficiency, improving the efficiency of the optical gain, and thereby
enhancing random lasing intensity.”” In addition, when the dye is
in the excited state, it can transfer energy to the nearby local surface
plasmons, and then the local surface plasmons radiate the energy
to the far field with higher efficiency to improve the fluorescence
radiation characteristics.

Speckle noises are considered the most common manifesta-
tion of coherent artifacts. Due to the very high spatial coherence
of a typical laser diode, the scattered lights can thus interfere with
each other and form notable speckles. In random lasers, multiple
laser modes from different random cavities are excited simultane-
ously, significantly reducing the spatial coherence without spoiling
the laser intensities. Since the coherence of the RL device is low, we
consider applying it to full-field speckle-free imaging. A comparison
imaging experiment is implemented using a commercial Nd:YAG
laser at 532 nm. Furthermore, due to the low coherence of the RL,
we carried out full-field imaging experiments to test the ability of the
RL for speckle-free imaging. The RL operating above the threshold
and the Nd:YAG laser are used as the light sources to image a reso-
lution test chart, respectively. The speckle contrast value is obtained
from the speckle image by using the bandgap laser as the illumina-
tion source. The speckle images of the bandgap laser are shown in
Fig. 6. The speckle contrast™® C is defined as C = ¢/(I), where ¢ is
the standard deviation of the speckle intensity and (I) is the average
intensity of the speckle. The C values for Figs. 6(a)-6(d) are 0.9252,
0.7954, 0.4575, and 0.5472, respectively. The comparison of C val-
ues shows that the imaging result of using the RL [Figs. 6(b)-6(d)]
is much clearer than that of using the Nd:YAG laser [Fig. 6(a)]. This
shows that our RL is an ideal light source for full-field speckle-free
imaging applications.

(a) 2 K
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— 4 - —
£ 2
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=wen

1l
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o

FIG. 6. Optical photographs of the resolution test chart illuminated by (a) a com-
mercial Nd:YAG laser at 532 nm and (b)—(d) by a random laser with emission
wavelengths of 580, 610, and 690 nm.

8,066101-7

pd'gL6v€L0°S L L0LO90/L9¥8L6.LL/8L6¥ELO /€90 0L/10pApd-ajone/dde/die/Bio diersqnd//:dny wouy papeojumoq


https://scitation.org/journal/app

I1l. CONCLUSION

To summarize, we first obtained a band-gap custom LCRL
using FRET-based mixed dyes as gain materials. A wide adjustable
range (560-700 nm) is achieved in our RL devices through sim-
ple temperature regulation (26-35 °C). For further amplifying the
FRET process, GNRs-plasmonic nanoparticles that possess LSPR
are introduced. The LSPR will create an augmented electric field
that promotes the absorption and emission abilities of dyes near
the surface, thereby improving FRET efficiency. A maximum 200-
fold lasing intensity is recorded when the longitudinal LSPR of
GNRs is overlapped with the emission wavelength of the NB well.
We envision that such emission wavelength tunable RLs with low
thresholds, as demonstrated in this work, would open a window
for RLs’ applications in the laser display and optical communica-
tion fields. In addition, this plasmonic enhanced FRET strategy is
believed to be a novel but universal method to control emission in
lasers, light-emitting diodes, and other optoelectronic devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on the following
aspects: synthesis of GNRs and experimental setups (supplementary
material, Sec. I). Absorption and emission spectra of partial laser
dyes. Transmission spectra of some samples at different tempera-
tures. Particle size distribution of GNRs and calculation of FRET
efficiency for different samples (supplementary material, Sec. II).
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