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ABSTRACT: Huge spectral coverage of random lasing throughout the visible up
to the infrared range is achieved with star-shaped gold nanoparticles (“nanostars”).
As intrinsically broadband scattering centers, the nanostars are suspended in
solutions of various laser dyes, forming randomly arranged resonators which
support coherent laser modes. The narrow emission line widths of 0.13 nm or
below suggest that gold nanostars provide an efficient coherent feedback for
random lasers over an extensive range of wavelengths, all together spanning almost
a full optical octave from yellow to infrared.
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Considerable experimental research interest was initiated by
early reports of lasers with mirrorless feedback due to

scattering.1,2 Incoherent light amplification, which basically is
amplified spontaneous emission (ASE), was obtained in
diffusive media with gain,3 as well as coherent random lasing.4,5

Resonant random lasing is realized by randomly formed
closed-loop cavities6−9 of dielectric or metallic nanostructures
inside a gain medium. This permits cheap and easy fabrication
of random lasers, in contrast to conventional lasers, which
require accurate fabrication and extremely precise alignment of
the resonator. Thus, random lasers are attractive for a manifold
of potential applications, ranging from smart imaging10 and
medical diagnostics,11−14 to lighting devices and displays.15

Organic dye solutions16 as gain material and noble metal
nanoparticles (NPs) as scattering centers is a supremely
fascinating combination, since such NPs exhibit localized
surface plasmon resonances in the visible and near-infrared
spectral range. The resonances allow more efficient scattering
of light than in case of dielectric NPs of similar dimensions,
made out of high refractive index dielectrics such as TiO2 or
ZnO. Moreover, plasmonic resonances induce highly confined
and strongly enhanced optical fields near the NPs’ surface and
change the local density of optical states in the close vicinity of
the NPs. Thereby, the radiative and nonradiative transition
rates of nearby dye molecules are modified by plasmonic
NPs.17,18 The spectral position of the plasmon resonances is
strongly linked to shape, material, and environment of the NPs,
which has evoked manifold types of plasmonic NPs. Complex-
shaped ones, such as gold nanostars, already turned out to be
beneficial in many aspects.19−23 Their strongly enhanced
electric fields are highly localized at the spiky tips,24−26 and
the associated plasmonic hotspots effectively augment inter-
actions with nearby molecules.27 For an efficient interaction of
NPs and dye molecules in random lasers, the plasmon
resonances need to spectrally overlap the emission of the
desired active medium. The emission itself is required, in

addition, to be spectrally well separated from the absorption
spectrum to avoid reabsorption, which counteracts gain.
Improvements of ASE28 and random lasing due to plasmonic
effects have been established with round NPs of gold,29−32

otherwise, chiefly with silver NPs.33,34 Yet, scattering of such
NPs is restricted alone to the short-wavelength part of the
visible spectrum. In contrast, especially biological applications
demand radiation in the biological transparency window in the
near-infrared (700−1000 nm), limited to few commercial long-
wavelength fluorescent dyes, which commonly suffer low
absorption and poor photostability. Ways to circumvent the
low absorption and increase the separation between excitation
and laser emission have been explored using energy transfer
systems.35−37 An expanded wavelength range of random lasing
with plasmonic NPs, however, has not yet been demonstrated
and would bridge the gap between UV4,38 and infrared39−41

random lasers.
In this Letter, we accomplish random lasing from yellow up

to the infrared range with plasmonic gold nanostars suspended
in a variety of laser dyes. We hereby exploit the superiority of
the complex-shaped nanostars over conventionally shaped NPs
as scattering centers in random lasers.42 When we illuminate a
defined area of suspensions containing nanostars and gain, we
observe the appearance of narrow line width peaks in the
emission spectra over more than 410 nm. The spectral width of
the peaks is as narrow as 0.13 nm (the resolution limit of the
spectrometer in use) and obviously origins from coherently
lasing modes. The nanostars can randomly form resonant
cavities in the gain medium, while their broadband scattering
spectra due to multiple plasmon resonances24 provide sufficient
spectral overlap with the emission of the laser dyes. Together
with the huge field enhancements at their spiky tips (see, for
example, Figure 3 in ref 24 and Figures 4 and 5 in ref 26), this
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facilitates efficient random lasing and enables the broad spectral
coverage of narrow line width emission, even under a fixed
excitation wavelength of 532 nm.
The studied random lasers comprised suspensions of gain

medium and gold nanostars. The nanostars were wet-
chemically synthesized with a seed-mediated growth method43

and the particle concentration was increased by gentle
centrifugation and redispersion in deionized water. Figure 1a

displays scanning electron microscope images of the gold
nanostars, showcasing their spiky tips. An ensemble extinction
spectrum in aqueous solution and a dark-field scattering
spectrum of a single exemplary gold nanostar are presented

in Figure 1b. It can be clearly seen that each nanostar features
an intrinsically broadband scattering spectrum essentially
originating from multiple plasmon resonances.24 Calculated
scattering and absorption cross sections of a representative gold
nanostar are provided in the Supporting Information, Figure
S1. The extinction of the ensemble up to about 550 nm is
primarily attributed to the d-band absorption of gold, whereas
the extinction due to plasmon resonances reaches up to infrared
wavelengths. A variety of commercially available laser dyes44

was utilized as gain media. Rhodamine 6G, rhodamine B,
rhodamine 101, DCM, pyridine 1, pyridine 2, styryl 8,
rhodamine 800, styryl 9M, styryl 15, IR 140, and styryl 14
were dissolved with typical concentrations in the millimolar
range, complying with their solubility and the respective
absorption cross section at 532 nm. Each dye solution was
mixed with a stock solution of nanostars which served as
multiple scattering centers for random lasing. The detailed
parameters for the various dyes are listed in Table 1. The
suspensions were then filled into quartz cuvettes (inner
dimensions 10 mm × 2 mm) with four transparent windows
to perform the random lasing measurements.
The experimental setup featured stripe-like illumination of

the cuvettes with side detection. A diode-pumped, passively Q-
switched solid state laser (CryLaS GmbH, pulse length shorter
than 1.3 ns, maximal pulse energy 20 μJ) was used to excite the
suspensions with single pulses at a wavelength of 532 nm. The
excitation beam was shaped into a thin stripe by two crossed
cylindrical lenses and focused in the plane of two razor blades.
In order to establish a 3 mm long, 55 μm wide excitation stripe
on the suspensions, the razor blades selected the homogeneous
central part of the beam. It was projected onto the cuvette by
an imaging lens to reduce Fresnel diffraction and to ensure a
constant pump fluence of up to 7 mJ/cm2 along the stripe. The
cuvette was slightly tilted to avoid optical feedback from the
cuvette walls. The rim of the excitation stripe was positioned
close to the side window for detection, as illustrated by the
illumination and detection geometry in Figure 2a, such that
there was no unpumped region between the illuminated
volume and the exit window. The emission from the pumped
excitation volume was coupled out of the side window and
focused onto the entrance slit of a spectrometer (Newport
MS260i) equipped with a Peltier-cooled charge-coupled device

Figure 1. (a) Electron micrograph presents gold nanostars with spiky
tips. (b) Ensemble extinction spectrum (olive curve) of nanostars in
aqueous solution and dark-field scattering spectrum (blue curve) of a
single nanostar show intrinsic broadband scattering throughout the
visible up to the infrared spectral range.

Table 1. Experimental Parameters of the Suspensions for Random Lasinga

dye solvent
concn of stock solution

(mM)
absorption cross section at 532 nm

(10−16 cm2)
added stock solution of

nanostars (%)
applied pump fluence

(mJ/cm2)

rhodamine 6G ethanol 1 3.8 30 7.0
rhodamine B methanol 2 1.6 13 0.6
rhodamine
101

ethanol 5 0.88 13 0.4

DCM ethanol 6 0.51 13 7.0
DCM DMSO 2 0.51 13 4
pyridine 1 ethanol 1 0.82 13 2
pyridine 2 ethanol 2 1.3 30 2
styryl 8 DMSO 5 1.9 13 0.3
rhodamine
800

DMSO 10 0.13 13 7

styryl 9M DMSO 5 1.5 13 0.1
styryl 15 DMSO 5 0.64 13 0.4
IR 140 DMSO 5 0.19 13 3
styryl 14 DMSO 5 1.5 13 0.6

aAbsorption cross sections are estimated from extinction curves of ref 44 by σ (532 nm) = 1000 ln10 ε (532 nm)/NA.
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camera (Andor iVac). A 532 nm notch filter was used when
necessary to suppress the detection of scattered excitation light.
Figure 2b exemplifies the single-shot emission characteristics

of random lasing for a solution containing the laser dye
pyridine 2 and gold nanostars. Pyridine 2 in ethanol offers a
large Stokes shift, providing substantial absorption at the
wavelength of excitation and a broad gain spectrum around 720
nm. The absorption cross sections for pyridine 2 and each
subsequently studied laser dye are given in Table 1. The three
curves in Figure 2b represent emission spectra recorded for
consecutive excitation pulses well above threshold. Several
spectrally narrow features arise out of the broad fluorescence
background, symptomatic for coherent multimode random
lasing. The nanostars efficiently scatter photons emitted by the
pyridine 2 molecules and, hence, grant the necessary feedback
mechanism. Moreover, the high local fields may provide an
additional excitation enhancement of the molecules, which can
cause a significant increase in the effective emission.18,45 The
measured spectral width of the peaks reaches down to 0.13 nm,
which constitutes the resolution of the spectrometer (grating
1200 lines/mm, entrance slit 20 μm). The values therefore
represent an upper limit and the actual line widths of the lasing
modes might be well below. The random arrangement of
nanostars in the gain region of the solution changes from shot
to shot (spaced by 1 s) due to Brownian motion and is not
fixed as in a polymer matrix. Therefore, the closed-loop
resonator cavities of the random laser alter for each single-
pulsed excitation, leading to variation in spectral position,

number, and intensities of the peaks, as shown by the variations
in the three curves of Figure 2b.
Next, we investigated how random lasing over a wide spectral

range can be achieved by the combination of nanostars and
various laser dyes. Figure 3 displays the emission of a series of
dyes incorporated in the random lasers. Each dye is excited with
single pump pulses at a wavelength of 532 nm with the fluences
indicated in Table 1, above the specific thresholds for random
lasing. In the short-wavelength part of the spectrum, a mixture
of gold nanostars and the widely established and routinely
deployed dye rhodamine 6G exhibits random lasing centered
around 560 nm. Single lasing peaks are clearly observable in the
spectrum. This is also the case for other rhodamines such as
rhodamine B, which emits around 590 nm, and rhodamine 101
emitting around 610 nm. Furthermore, DCM in ethanol
features random lasing centered at 640 nm, while DCM in
DMSO lases at 660 nm. Pyridines 1 and 2 in ethanol show
lasing modes around 690 and 720 nm, respectively. Moving on
to the “deep red” part of the spectrum, random lasing occurs
around 770 nm for styryl 8 in DMSO and around 810 nm for
rhodamine 800. Styryl 9M and styryl 15 manifest multiple
lasing modes, emerging out of a broad gain spectrum centered
around 830 and 870 nm, respectively. IR 140 reveals sharp
features in the near-infrared spectral range around 890 nm, far
away from the wavelength of excitation. Ultimately, random
lasing was achieved in a solution of nanostars and styryl 14 with
lasing peaks up to 973 nm, spectrally separated by 441 nm from
the excitation at 532 nm.

Figure 2. (a) Illustration of the stripe illumination and the detection from the edge of the cuvette. (b) Emission properties of a solution containing
gold nanostars as scattering centers and pyridine 2 as gain medium. Single excitation pulses above threshold provoke random lasing with spectrally
narrow peaks. The spectral position of the peaks varies for consecutive pulses due to the rearrangement of the nanostars in the gain region of the
solution.

Figure 3. Emission of a series of dyes in random lasers containing gold nanostars. The tunability spans almost a full optical octave. Single-pulsed
excitation at a wavelength of 532 nm was employed with fluences above the specific lasing threshold. Narrow line width peaks emerge for all studied
dyes, indicating coherent random lasing.
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We note that the displayed emission intensities for the
numerous random lasers are not to scale since the absorption at
the excitation wavelength of 532 nm as well as the available gain
differed for the respective dyes. This required diverse pump
fluences (see Table 1) to overcome lasing thresholds and
resulted in disparate emission intensities. Additionally, the
intensities of the random lasing peaks largely fluctuated from
shot to shot due to the varying arrangement of nanostars,
similar to the example given in Figure 2b for pyridine 2.
Control measurements for dye stock solutions without
nanostars did not show distinct random lasing at the applied
pump fluences, thus, ruling out feedback sources other than the
nanostars. Further, a direct comparison of the random lasing
behavior of gold nanostars as scattering centers to that of
dielectric silicon dioxide spheres at comparable particle
densities is provided in the Supporting Information, Figures
S2−S4. Some intriguing aspects in regard to Figure 3 should be
highlighted. As demonstrated, multimode random lasing is
accomplished over 410 nm from the yellow up to the infrared
spectral region. Hereby, the nanostars’ broadband scattering
spectra are exploited. Complex-shaped NPs, such as nanostars,
exhibit multiple plasmon resonances,24 maintaining sufficient
spectral overlap with the emission of the laser dyes. Together
with the huge field enhancements at their spiky tips (see, for
example, Figure 3 in ref 24 and Figures 4 and 5 in ref 26), the
broadband scattering of nanostars facilitates efficient random
lasing over an ample range of wavelengths. Some dyes emitting
at longer wavelengths, like rhodamine 800 and IR 140, tend to
possess especially weak absorption cross sections at 532 nm
excitation (see Table 1). Nevertheless, the illumination and
detection geometry allowed us to overcome the elevated lasing
thresholds even for these dyes. We note that the pump fluence
for rhodamine 800 is more than twice that of IR 140 to produce
the displayed random lasing spectrum, despite similarly low
absorption cross sections but higher concentration than IR 140.
The putative higher gain of the rhodamine 800 mixture
contributes to the random lasing efficiency, but also the
wavelength-dependent scattering of the nanostars. The loose
minimum around 800 nm in the ensemble extinction spectrum
of the nanostars (see Figure 1b) may therefore provoke a
higher threshold for rhodamine 800. A lower gain could be
partially compensated for by increasing the concentrations of
the dye molecules in the solution. However, the concentrations
were already limited by the solubility of the dyes in the
particular solvent and further restricted (in our study to a few
millimolar) by the addition of the nanostars in deionized water.
The effect of nanoparticle concentration on random lasing in
the particular case of rhodamine 6G has been previously
studied.28 A larger amount of nanostars solution also decreases
the available gain; hence, a reduced concentration of nanostars
was used for some dyes (see Table 1). Using DMSO instead of
ethanol as solvent for the dyes emitting in the near-infrared
range helped to increase the concentrations and therefore to
achieve random lasing with the limited pump fluences at hand.
For future improvements, Förster resonant energy transfer
systems (FRET) can be envisioned as gain medium for random
lasers, similar to those already used in OLEDs (Alq3:DCM).35

Such FRET pairs with a large Stokes shift might offer significant
absorption at the excitation wavelength while revealing a
stimulated emission spectrum at much higher wavelengths.
However, it is noteworthy that the styryl dyes used in this study
bare as well quite high absorption cross sections in the range of
1 × 10−16 cm2 at 532 nm (see Table 1), although they emit in

the deep red and infrared spectral region. It is also conspicuous
that all investigated styryl dyes exhibit the most intense random
lasing peaks with an almost negligible ASE background. This
could be attributed to the lower reabsorption of the lasing
modes due to a larger Stokes shift as compared, for example, to
rhodamine 6G. Additionally, spectral coverage should be
conveniently expandable even further by using an excitation
laser at 400 nm (frequency-doubled Ti:Sa) or even 355 nm
(frequency-tripled Nd:YAG) for applications in the near-UV
spectral range, then using silver NPs to avoid intrinsic losses by
the d-band absorption of gold.
In summary, we have demonstrated random lasing with

immense spectral coverage facilitated by complex-shaped gold
nanostars. Suspended in solutions of various laser dyes and
excited at a fixed excitation wavelength, coherent lasing
emission was achieved over more than 410 nm throughout
the visible up to the infrared range. The efficient feedback
mechanism for random lasing is attributed to the huge
plasmonic hotspots at the spiky tips of the nanostars and the
fact that each nanostar serves as broadband scattering center,
spectrally covering the emission of a broad range of dyes.
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