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Abstract: In this study, we demonstrate a proof of principle of an all-fiber random laser due to the 

plasmonic effect. This was achieved in a fiber co-doped with Bismuth/Aluminum/Yttria/Silver in 

which a microsphere (microcavity) at the fiber’s tip was made using a splicing machine. The 

presence in the fiber of Bismuth- and silver nanoparticles along with Bismuth-Aluminum 

phototropic centers stands behind the observed phenomenon. The effect can be attributed to in-pair 

functioning of this unit as an active medium and volumetric plasmonic feedback, with the result 

being lasing at 807 nm under 532-nm pumping with notably low (~2 mW) threshold. 

Keywords: random fiber laser; bismuth; nanoparticles; surface plasmon resonance 

 

1. Introduction 

Since their first demonstration in 1994 by Lawandy et al. [1] and De Matos et al. [2], interest to 

random lasers (RL) and particularly to random fiber lasers (RFL) has increased considerably. The 

happened was mostly due to the identification of materials with properties that have potential for 

making RL/RFL, such as conjugated polymer films [3], laser dye molecules [4], organic dye doped 

gel films [5,6], dielectric materials [7–10] and metallic nanoparticles (NP). RL/RFL offer such 

advantages as low cost, simplicity of fabrication, and potential applicability in versatile areas, e.g., in 

optical engineering [11–13], biomedical diagnostics [14], lighting technologies [15], optical astronomy 

and microscopy [8,16], etc. Meanwhile, the major challenges for these devices are pump threshold 

reduction and possible miniaturization. The reader can refer to a recent review of the state-of-the-art 

of RFL [17]. 

The gain in RL/RFL is produced within an active medium that is basically featured by high 

scattering, caused by NP. In this sense, the use of metal NP, e.g., Bismuth (Bi) NP, has become relevant 

in the field as such metallic inclusions exhibit optical properties different from those exhibited by 

bulk materials [18,19]. It is known that if electromagnetic radiation at proper wavelength is incident 

on metallic NP, this gives rise to the localized surface plasmon resonance (SPR) [20], which in turn 

leads to strong light scattering, resonant optical absorption, and increment of electric field strength 

in the vicinity of NP surface. 

Meanwhile, on the one hand, over the past few years, the use of Bi-doped fibers (BDF) towards 

the development of amplifiers and lasers on their base has shown significant progress. However, 

most of the research with BDF was focused on getting gain/lasing in the ‘windows’ in the near-

infrared (NIR) region, uncoverable with fibers doped with rare-earths but easily accessible with BDF 

due to Bi active centers (BAC) inherent in them (see e.g., [21–24]). On the other hand, in a few reports 
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[25–30] it was revealed that co-doping of glasses with rare earths and silver (Ag) NP can improve the 

fluorescence potential of the former. The ground behind the effect is the overlap of the Ag-NP SPR’s 

peaks with the absorption or fluorescence bands of the rare-earth ions (see e.g., [31–35]). 

Bearing the said in mind, we attempted (and were successful) in fabricating silica fiber co-doped 

with Bi and Ag (hereafter – ‘BAYAg fiber’) with an aim to explore a similar effect to the one referred 

to, i.e., to examine a combinative potential of BAC (for lasing) and Bi-NP/Ag-NP (to enroll SPR). To 

the best of our knowledge, this is done for the first time. Furthermore, we also report below (as well 

for the first time), a design and clue characteristics of a RL based on the plasmonic effect using this 

fiber. Namely, we managed the fiber to bear on-tip a specially prepared microsphere (microcavity). 

The idea behind the design was to take the unique advantage that it provides, viz., a combination of 

the pronounced fluorescence in the visible (VIS) range at a properly chosen pump wavelength (given 

the presence of BAC with characteristic spectral bands) and the SPR phenomenon (given the presence 

of Bi-NP/Ag-NP); one more advantage of the fiber is its low loss from in VIS/NIR. As a result, we 

present a small-size, low-threshold, 807-nm (under 532-nm pumping) RFL, never reported before. 

Note that the described approach offers a roadmap to manufacture similar RFL in a very simple way. 

2. Materials and Methods 

We used for experiments BAYAg (Bi/Al/Y/Ag co-doped) optical fiber to implement the device 

we shall report below. The raw chemical materials utilized to fabricate it are as follows: 

1.5(M)Al(NO3)3 + 0.5(M)AgNO3 + 0.1(M)Bi(NO3)3 + 0.2(M)Y(NO3), (1) 

where M stands for moles. 

The fiber’s core diameter and N.A. are 12.6 𝜇m and 0.19, respectively. The fiber is strongly 

multimode within the entire VIS-NIR range as its cutoff wavelength is ~3.14 𝜇m. Its absorption and 

fluorescence spectra (at ~10-mW excitation using a fibered laser diode (LD) emitting at 406 nm) for 

two lengths are shown in Figure 1a,b, respectively; the cross-sectional image of the fiber at white-

light illumination is added in the inset to Figure 1a. One can reveal from the spectra that there are the 

contributions in the fiber’s absorption/fluorescence stemming from doping with Bi (Bi0 or/and its 

agglomerates, e.g., NP, and Bi-Al BAC (see e.g., [24,36,37]) and Ag (presumably in the form of Ag-

NP) (see e.g., [19]). 

 

Figure 1. (a) Absorption and (b) fluorescence spectra of BAYAg fiber, employed in the following 

experiments. Inset in (a) – microphotograph of its cleaved end at WL illumination. 

In Figure 2a, we report the X-ray energy dispersive spectroscopy (EDS) of the fiber, which was 

obtained using a scanning electron microscope (Jeol model JSM-7800F). The result shows the presence 

of Bi, Ag, O, Al and Si species in the fiber’s core-area. Note that the mostly pronounced peaks 

corresponding to Bi and Ag are grouped in Figure 2a at ~2.3 to ~3.4 keV, so it is natural to consider 

that their sources are NP comprising both Bi and Ag species. Furthermore, since the core of the fiber 

was fabricated using the composition (1) at a high temperature (~2000oC), the start Ag/Bi-containing 

compounds 0.5(M) AgNO3 + 0.1(M) Bi(NO3)3 should fade during the fabrication, leading to the 
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following two basic effects: 𝑎) the thermal decomposition of AgNO3 and Bi(NO3)3 according to the 

reactions: 2AgNO3 → 2Ag-NP(solid) + 2NO2(gas) + O2(gas) and 2Bi(NO3)3 → 2Bi-NP(solid) + 9O2(gas) 

+ 3N2(gas) and 𝑏) formation of metallic Bi0 and/or clusters (Bin)0 as well as Bi-NP via a redox reaction 

[38–42]. Thus, the final fiber is expected to contain Bi-NP, Ag-NP and probably ‘hybrid’ Bi/Ag-NP 

[18]. 

 

Figure 2. (a) X-ray ED spectrum for BAYAg fiber and (b) its Raman spectrum. 

In Figure 2b, we present the Raman response of BAYAg fiber; it was obtained employing the 

standard technique adapted to optical fiber. The excitation wavelength in this case was 514 nm (i.e., 

close to the pump one, 532 nm, in the main-course experiments, reported below); in the experiment, 

we used short-focus objective (50x) launching the pump-light into the fiber. An analysis of the Raman 

spectrum reveals that: 𝑎) the fiber under study shows strong fluorescence, seen as steep rise of the 

detected signal at increasing wavenumber (guided to the eye by the dashed gray line), which is 

confirmed by our experiments on fluorescence and lasing at 532-nm pumping and 𝑏) the pronounced 

peak in the spectrum at 50…150 cm-1 evidences a notable contribution from the Bi-NP and Bi0 species 

(both Raman-active in this domain) while the peak near 1050 cm-1, also expressed, can indicate the 

presence of Ag-NP [18] (both features are highlighted by gray arrows in Figure 2b). 

3. Results 

A 10-cm long piece of the fiber was placed in a fusion splicing machine (FSM-100 Arc Master 

Fujikura), specially programmed for making a microsphere on a tip of one of the fiber’s ends. A sketch 

of the machine’s program, utilized for making a microsphere-on-fiber-tip unit, is demonstrated in 

Figure 3. 

The resulting component can be addressed as a nearly spherical (slightly elliptical) cavity with 

a radius of ~300 𝜇m. In Figure 4, we show a schematized view of our RFL based on the design 

described above. The light from a pump laser (a fiberized LD at “green” wavelength) is launched 

through splice into the fiber from the side opposite to the one where the microsphere was 

manufactured, so it first propagated along the entire fiber length and then within the microsphere, 

interacting with the dopants and igniting down-converted emission, the spectrum of which is in the 

orange-yellow region. 

Note that the emission in our case is born within the microcavity, at the farthest part where the 

pump light enters and is well-directional (highlighted by the arrow in Figure 3b), which could be 

seen by the naked eye. the outside ‘lightening’ of our setup when pump power is set close to the laser 

threshold. Thus, the microsphere in our case functions simultaneously in two ways: on the one hand, 

it is of adequate size to be capable to produce the energy density inside it high enough for the 3D-

plasmonic feedback mechanism to occur and, on the other hand, the tip of the microcavity acts as a 

lens, guiding the emitted radiation along the axis of the optical fiber. As seen from Figure 3c, the 

green light (at 532 nm) comes from the pumping LD and the orange light is born in the fiber, to be 

presumably produced by the combined fluorescence of Ag-NP and Bi(Al) BAC (see Figure 1b). 
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Figure 3. Programming a make-up of microsphere-on-fiber-tip structure using FSM. 

 

Figure 4. (a) Lateral view of the optical-microscopy image of the microcavity on BAYAg fiber tip; (b) 

scheme of the plasmonic RFL based on microcavity-tipped BAYAg fiber; (c) fluorescence image of the 

fiber (without a microsphere on tip), pumped by 532-nm LD. 

The measurements were performed with an Ando AQ-6312B optical spectrum analyzer, set to a 

spectral resolution of 0.05 nm. To examine the developed fiber-microcavity system, we pumped it 

using a standard fibered LD at 532 nm; launched into the BAYAg fiber pump power was limited to 

~10 mW. The results are demonstrated in Figures 5–7. 

Figure 5 shows the spectral behavior of the system at passing through laser threshold. It is clearly 

seen from the figure an abrupt transformation of the optical spectrum from the spectrally smooth 

fluorescence centered at ~730 nm (see the orange spectrum, captured at pump power of ~1 mW) to 

the narrow-line (~1.5 nm in FWHM) lasing at ~807 nm (see the blue spectrum, captured at pump 

power of ~2.0 mW). First, note the tremendously growing laser-line’s amplitude after passing the 

threshold and simultaneously occurring depressing of the remnant broadband fluorescence on its 

background, which is apparent from comparison of the two spectra. This behavior appears to provide 

strong evidence for ‘true’ lasing to switch-up in the system. Second, note that the drawn effect of self-

started lasing never happened when using a ‘naked’ BAYAg fiber (i.e., without a microsphere on its 

tip). Third, note that yet “under-threshold” orange fluorescence (refer to the orange curve in Figure 

5) itself is spectrally narrower than the one shown in Figure 1b; this points to that it is mainly 

produced in the microcavity, say, in effect of whispery-modes developing inside the latter. Figure 6 

demonstrates the laser spectra measured at the system output. As seen, for all 532-nm pump powers 

explored (up to 10 mW), the narrow-line (~1.5 nm in FWHM) light at the unchanged central 

wavelength (807 nm) with steadily growing (at increasing the pump) amplitude is generated. The 

power and the FWHM of the output laser light in function of pump power are presented in Figure 7. 

As seen, the behavior of output power vs. pump power (nonlinear growth) is typical for laser action; 

accordingly, linewidth steadily decreases at increasing pump power. 

  (c) 
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Figure 5. Transience from fluorescence (orange curve) to lasing (blue curve) around threshold. 

 

Figure 6. Plasmonic RL-emission at 807 nm: optical spectra recorded at variable pump power, 

launched into BAYAg fiber: on left – “3D” view of the laser line (linear scaling); on right – ‘common’ 

“2D” spectra (logarithmic scaling), extended for showing the pump-light. 

 

Figure 7. Power (right axis) and line FWHM (left axis): 807-nm lasing in function of 532-nm pump 

power. 

4. Discussion 

The experimental data reported above clearly reveal the achievement of laser emission 

mentioned in the title of our paper. A scenario with getting the results can be qualitatively explained 

as follows. The way we approach the phenomenon comprises, with adaptations required for the case 

of Bi as an emission-active species, the plasmonic effect, the energy transfer among Ag/Bi co-dopants, 

and the feedback of untrivial kind. 

In this regard, note that different authors shared evidence that the addition of silver can lead to 

improvement of the luminescence properties of a material, say, based on rare earths [25–35]. A similar 
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phenomenon was uncovered by C. Van der Horst et al. [19] for Bi who performed a study of the 

synthesis and characterization of Bi-NP/Ag-NP in glasses, which particularly reports the absorption 

spectrum of the material in the UV-VIS range where absorption peaks characteristic of these two 

kinds of NP are observed. Furthermore, it ought to remark that the plasmonic resonances of Ag-NP 

and Bi-NP overlap and that the resulting spectrum is such that it limits the possibility of reabsorption 

of the fluorescence emitted by Bi(Al) BAC (or B0 and its agglomerates) [24,36–39]. 

Furthermore, regarding our current realization of the fiber-based RL, we consider that the 

plasmon enhances the absorption at the pump wavelength (532 nm), which has the effect of reducing 

the threshold power for lasing at 807 nm and enhances the field in the nearby of Bi(Al) BAC (or B0-

related species), and presumably those effects are responsible of the orange emission that ultimately 

results in lasing [43]. 

It deserves mentioning, too, is that, formally, no ‘common’ feedback amplification is provided 

in our case to generate the laser light but instead, as explained by De Matos et al. [2], “the optical 

plasmonic feedback (Bi-NP and Ag-NP) in the random laser is provided within the amplifying 

medium by random light paths that result in an increased emission intensity and reduced line width” 

which partly explains our main results. Furthermore, it is to underline the crucial role that plays the 

microcavity in the form of microsphere on the fiber’s tip: such microcavities provide strong light 

confinement and scattering that ultimately lead to and facilitate RL [44]. 

5. Conclusions 

The data reported in this paper allow the following conclusions to be made. The superposition 

of the SPR at Ag-NP/Bi-NP, the fluorescence spectrum of the Bi active centers, namely of Bi(Al) type, 

and the geometry used (viz., the microcavity on the fiber’s tip, providing effective feedback), are the 

ground of the reported narrow-linewidth, low-threshold lasing system we are reporting. 

Summarizing, we have shown that 𝑎) Ag/Bi NP in-pair with Bi(Al) Bi active centers in the BAYAg 

fiber serve as the clue factors to get the random laser; 𝑏) the microcavity (microsphere on the fiber’s 

tip) is a prerequisite for enrolling the high-intensity and high-directionality of outcoming laser light. 

Compared to others, our design of RFL, is feasible and easy to realize. 
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