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Abstract

:

Microcavity lasers are widely applied in bio-chemical sensing, molecular targeted detection, integrated labeling source, and optofluidic control. Particularly, the microstructured optical-fiber-based laser is expected to be a promising candidate for its high-quality factor, low threshold, high integration, and low energy consumption. Moreover, the latest nano technology improves its lasing performance in spectral range, linewidth, and circling lifetime. Considering the specificity in this paper, the discussion presented herein focuses on several typical cases of the microcavity lasers integrated in microstructured optical fiber over the past decades. These micro- and nano-scaled lasers are expected to become a priority in next-generation integrated optics and biomedical photonics.
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1. Introduction


A microcavity laser is defined as a highly integrated laser with different types of resonators, whose geometry is limited to microns or nanometers, at least in one dimension [1]. Exciton behavior and light–matter interaction are proved to be interesting and fertile fields in such micro–nano-scaled cavities [2]. The particle nature of light becomes more significant in microcavity lasers, including high efficiency energy transferring [3], long circling lifetime [4], and low threshold in a high quality-factor (Q) cavity at wavelength or sub-wavelength [4]. Their outstanding performances show applications in optical communications, integrated optics, and nonlinear optics [5].



Theoretically, the ideal microcavity lasers are considered to be non-threshold due to the Pucell confinement in an extremely small scale [6]. In fact, however, their thresholds are supposed to be as low as nw/nJ due to the circling loss in an imperfect cavity [7]. The self-absorption also affects the stimulated radiation and energy transferring at molecule level in gain medium, which causes lasing threshold incrementation as well. Thus, a uniform cavity with a high Q and a high efficiency gain medium are the keys to high-performance lasing sources [8].



With the high-precision silica base processing techniques, including femtosecond manufacturing [9], photo-induction etching [10], photonics crystal [11], and the arc modification [12], the micro- and nanocavities become available by means of secondary modifications and are flexible for the longitudinal mode selection. Thus, the exciton electronic transitions couple with stabilized cavity resonant modes when photons are excited in microcavities [13]. Light is easy to oscillate and keep confined in high-quality resonators, including photonic crystal structure [14,15,16], Fabry–Perot (F-P) microcavity [17,18,19,20,21], and whispering-gallery-mode (WGM) resonators [22,23]. Reflections between optical mirror pairs [24], circling beams in whispering-gallery cavities [25], and light transferring from the organic materials to adjacent waveguides can all be considered as coupling between excitonic photons and cavity modes [26].



Periodic structures in the photonic crystals cause oscillating lasing at an appropriate wavelength depending on its period size, as shown in Figure 1a [16]. By adjusting the periodic arrangement in the photonic crystal, the lasing wavelength can be flexibly and continuously regulated. Referring to the typical linear cavity in the laser, the Fabry–Perot cavity is achieved with a pair of high-finesse mirrors, as in Figure 1b [19]. The photons generate from the gain medium, start to oscillate between the two planar parallel mirrors, and multiply in the linear cavity. After reciprocating reflection along the central axis, the energy accumulates, exceeds the threshold, and then lases throughout the exiting port. Though the linear cavity can be compressed to a very small scale, these two planar parallel mirrors are extremely difficult to align with each other, leading to a large loss and a low Q. As the laser size can be further compressed along the perimeter of a ring or ring-like cavity, the standing wave satisfying the resonant conditions are defined as whispering-gallery mode (WGM) in Figure 1c [23].



The whispering-gallery mode (WGM) in optics is defined as a resonant ring mode around a ring or ring-like cavity, where the standing waves form at specific wavelengths satisfying the resonant conditions [27].


   L c   n  e f f   = m λ  



(1)







Lc refers to the perimeter of a ring resonator as the cavity length, and neff indicates the effective refractive index of the WGMs at specific lasing wavelength λ. Here, m is an integer relating to the spacing among longitude modes. Considering the refractive index gradient between the cavity and the air, the light would be well confined at the interface by the total internal reflection. The WGMs exist in most of the ring-like cavities, including the droplet, capillary, micro-pillar, micro-ring, and micro-disk, as shown in Figure 2 [28,29,30,31,32].



The lasing performances depend on the shapes, sizes, and materials of the microcavity, predicting the high built-in intensity, low threshold, and narrow linewidth. However, the homemade cavities are not consistent with each other for mass production without standardized manufacturing [33]. An extremely high precision is also required for spatial alignment and low-cost coupling, due to the complex structures in the resonators. Moreover, those highly integrated devices are fragile and vulnerable to temperature, stress, and vibration in practice.



An erbium-doped microcavity laser on a chip is proposed and demonstrated by Yang et al. [34] The high Q resonator is achieved by multi-processing chemical etching and arc modification upon a silicon wafer. The sol–gel films are applied to the silica toroid with erbium-doping as the gain medium, realizing a single longitudinal mode lasing at the nJ threshold.



Yue Wang et al. proposed a liquid laser emitting blue light at approximately 440 nm, with an exceptionally low threshold and capable of producing quasi-continuous output. Engineering of unconventional ternary QDs with CdZnS/ZnS-alloyed core/shell architecture was conducted. They leveraged the latest advancements in novel media gain techniques to minimize defects and eliminate Auger recombination [35].



Due to the intricate production process, lack of uniformity, and difficulty in integration, the widespread use of microcavity lasers is restricted. On the other hand, the microstructured optical fiber (MOF) is expected to be a viable platform for micro–nano integration, making it suitable for mass applications.




2. Resonant Cavity in Fiber Microcavity Lasers


The integrated microstructures in microstructured optical fibers provide plenty of cavities and subwavelength waveguides with strong evanescent fields, energy confinements, and good uniformity [36]. Furthermore, the built-in penetrating microfluidic channels enable integration with active gain materials [37,38,39,40,41]. Owing to their excellent performances, these fibers are widely used in the manufacture of micro–nano-photonic devices.



2.1. Fiber Microcavity Laser Based on Hollow Core Bragg Fiber


Light is localized in hollow Bragg fiber with a two-dimensional Bragg reflector in the fiber cladding due to the photonic band gap guidance. Multilayer dielectric structures in the fiber cladding act as high reflection mirrors, which allow lossless axial transmission at specific wavelengths. In addition, the hollow core provides a high-quality microcavity and a fine optofluidic channel for gain medium integration.



A novel polymer surface-emitting fiber microcavity laser based on hollow Bragg fiber was proposed and demonstrated by Ofer Shapira et al. from Massachusetts Institute of Technology. This laser was capable of long-distance transmission and radial laser emission, with potential applications in laser textiles, as shown in Figure 3. They presented the experimental realization of unprecedentedly thin layer thicknesses of 29.5 nm, which were maintained throughout meter-long fibers, and even achieved lasing at nine different wavelengths with a threshold as low as 89 nJ. This fiber microcavity laser is radially directed from its circumferential surface which paves the way for laser textile fabrics and 3D laser-emitting structures [42].



As shown in Figure 4, Alexander Stolyarov et al. proposed a mirror-emitted zero-angular momentum microcavity laser using hollow Bragg fibers in 2012. The microcavity laser was axially pumped to achieve an electrically contacting and independently addressable liquid crystal microchannel array in a single fiber [43]. It is of far-reaching significance to develop a new type of fiber microcavity laser that has low cost and good repeatability, and is easy to realize; however, the axial pumping method still needs improvement in coupling efficiency.



Moreover, although no additional microfluidic channels are required in the hollow core Bragg fiber based lasers, which simplifies the secondary fiber processing and experimental setup, the optofluidic lasing can be achieved only by axial pumping because of the optical feedback realized in the intrinsic structure of the fiber. The periodic micro/nanopillars on top of a planar waveguide act as both the Bragg grating and superhydrophobic surface, which promises a narrow bandwidth of 0.4 nm and a wide wavelength tuning range greater than 25 nm [44]. Thereafter, J. Hu et al. presented the lasing performances of a three-layer Bragg fiber resonator, consisting of a dye-doped cholesteric liquid crystal (DDCLC) microdroplet, polyglycerol-2, and a hollow glass microsphere in 2019 [45].




2.2. Fiber Microcavity Laser Based on Fabry–Perot Cavity


The Fabry–Perot resonator is a typical optical feedback structure used in optical fiber microcavity lasers. Considering its high temperature resistance, miniaturization, and manufacture, the Fabry–Perot resonator is suitable for harsh conditions and small-scaled space.



In 2003, Kristense et al. developed an optical microfluidic dye laser [46]. Using the ethanol solution of rhodamine 6G as the laser gain medium and the second harmonic Nd:YAG laser as the pump source, the laser resonance was successfully realized in the F-P cavity composed of metal mirrors, which opened the door for the F-P cavity fiber microcavity laser. In 2006, Q. Kou of the University of Paris 11 in France presented a device consisting of two parallel metal mirrors to form a F-P laser resonator, which were coated on the end face of the optical fiber and integrated into a polydimethylsiloxane chip. Then, an on-chip collinear two-color microfluidic dye laser, as shown in Figure 5a, was fabricated using rhodamine 6G and sulforhodamine as the gain media [47].



In 2011, based on the research results of Q. Kou, the G. Aubry team of the University of Paris 11 combined the Fabry–Perot cavity with a fiber mirror to form a microfluidic dye laser, and a single longitudinal mode emitted laser was obtained by rapidly switching the droplet flow of two different dyes, as seen in Figure 5b [48]. In 2013, H. Zhou et al. of Sichuan University realized the laser wavelength tunability of wide 18nm and the integration of an on-chip laboratory system by controlling the cavity length by forming a F-P cavity consisting of quartz capillaries and two gold-plated aligned fibers, as in Figure 5c [49]. In 2015, R. M. Gerosa of McKinsey Church University in Brazil realized high repetition rate optical fluidic laser output of all-fiber structure based on Fresnel reflection of optical fiber end face [50]. In 2018, the Y. Kong research group of Shanghai Jiaotong University realized the low threshold white dye laser emission through laminar flow control using the F-P cavity formed by coated fibers at both ends, demonstrating the simultaneous multi-wavelength fiber microcavity laser on the integrated system, as shown in Figure 5d [51]. Bin Zhang presented an experimentally demonstrated 3D-printed castle-style F-P microcavity on an optical fiber tip for humidity sensing in 2019. Repeated experiments have demonstrated that the 3D-printed castle-style F-P microcavity humidity sensors are repeatable and stable. Such sensors show excellent sensing performance with a compact structure, high sensitivity, fast response, and good stability, making them highly promising for humidity sensing applications [52].



To sum up, as a simple optical cavity, the F-P resonator can make the operating material oscillate in the cavity all the time and reduce the loss to the minimum, so it can be used in high-power pulsed lasers [53]. However, in the actual operation, the F-P resonator requires high precision, which is difficult to achieve, and it is difficult to meet the requirements of the quality factor, so the application field is not very wide. In order to realize the luminescence and heating of this type of microcavity laser in sensing and biological detection, it is necessary to simplify the laser construction form further, reduce the cost, or improve the Q value of F-P cavity in a better way.




2.3. Fiber Microcavity Laser Based on Fiber Micro-Ring Resonator


The micro-ring resonator is a resonant cavity based on the echo wall mode (whispering-gallery mode, WGM). The light is bound in the resonant cavity and propagates in the way of approximate total internal reflection. In this process, the light is excited and amplified. The traditional echo wall mode microcavity is often used in semiconductor microcavity lasers. For example, in 2010, the research group of Professor Yang Lan of Washington University in St. Louis proposed a microcavity laser with an ultra-high-quality factor echo wall mode resonator based on WGM and used it for the quantitative detection of single nanoparticles, which can not only simplify the process of nanoparticles detection but also achieve high resolution quantification [54]. However, with the development of optical fiber technology, the fiber laser based on the fiber micro-ring resonator has been favored by researchers at home and abroad because of its good stability and low cost. Therefore, it has become the focus of the current research to optimize the performance of this type of microcavity laser in different ways. In the past decade, researchers have effectively improved the performance parameters of microcavity lasers by using different optical fibers to make optical resonators. In 2009, Sun of the University of Missouri in the United States developed a dye laser based on OFRR (optical microfluidic ring resonator) using communication fiber combined with capillaries and achieved a threshold of 7 nJ/mm2 laser output per pulse, as shown in Figure 6 [55,56].



In 2013, Z. Li of Nankai University and others developed a microcavity laser using a simplified hollow microstructure fiber with a submicron thickness ring resonator. The special structure of this type of optical fiber can be regarded as the combination of silica micro-ring and microfluidic channel so that the structure becomes more compact. In the follow-up research, a low-threshold laser was realized after filling the central air hole with organic dyes, and a compact, efficient, and stable optical flow microcavity laser [57] was proposed. In 2015, Z. Li et al. obtained wavelength tunable laser excitation by controlling the liquid surface position of the filling material in the tapered simplified hollow microstructure fiber (Figure 7) [58].



In 2017, Gong et al. reported a low-cost, repeatable fiber-optic microfluidic laser using double-hole microstructure fiber and carried out experimental observation and numerical simulation analysis on the angle dependence of laser emission, which has a great prospect in reducing the cost of biological monitoring [59]. In 2018, Gao et al. combined femtosecond laser technology with hollow optical fiber to prepare an air hole in the cladding of optical fiber to realize the detection of highly toxic polycyclic aromatic hydrocarbons. Because of the immune reaction between the antibody and the target B [a] P, the B [a] P molecule can be detected by anti-resonance reflection optical waveguide (Figure 8) [60].



In the same year, Jie Yu et al. developed an optical microfluidic laser with a threshold as low as 14 nJ/mm2 using hollow negative curvature anti-resonant fiber. The laser had a compact structure and was able to realize directional emission [61]. Zhang, M., et al. proposed a tunable optical Bragg grating filter based on the surface drop effect of superhydrophobic nanopillar arrays. The results showed that this approach has great potential for designing and fabricating tunable optical microcavity with high precision and stability. The study provided new insights into the development of advanced microcavity lasers and has important implications for various applications, from optical communication to sensing and imaging [62]. In 2019, Y. Xu et al. realized a repeatable optical microfluidic microcavity laser for multi-channel biochemical sensing using a hollow fiber. This type of laser has good repeatability, is easy to integrate, and has a good prospect in the field of biochemical detection [63]. In 2020, J. Lin et al. used cholesteric liquid-crystal-doped laser dyes to infiltrate the microstructure fiber and realized the all-optical emission direction control of microcavity lasers with low threshold and large circularly polarized anisotropy, which provided a new solution for phototherapy, display, sensor, and so on [64].



Overall, the difficulties of using communication fiber to realize fiber microcavity laser lies in the fabrication of micro-ring resonator. With its unique structure (such as having natural laser gain medium channel), various microstructure fibers have unique advantages in improving fiber microfluidic microcavity lasers. The selection of various microstructure fibers can allow for laser miniaturization, integration, reduced cost, and improved repeatability.





3. Gain Medium in Fiber Microcavity Lasers


Materials in different forms, states, and combinations have been demonstrated in microcavity lasers, and their energy levels enable emissions at different wavelengths from ultraviolet (UV) to infrared. Organic dyes, quantum dots (QDs), fluorescent bioprotein, and rare earth elements have been tested and optimized to achieve higher optical gain and better lasing performances.



3.1. Organic Dyes


As a laser gain material, organic dyes have many advantages, such as controllable laser wavelength, high fluorescence efficiency, low laser threshold, low cost, and so on. However, at the same time, the easy bleaching of organic dyes seriously affects the stability of laser emission. Organic dyes have been widely used as gain materials for liquid lasers due to their high quantum yield, brightness, broad spectrum coverage, low threshold, and low cost. However, photobleaching of organic dye can reduce the stability of laser output. To reduce this adverse effect, a continuous flow of dye solution or a decrease in the repetition rate of the pump laser, even a single-pulse pump, can be employed.



Moon, H. J., et al. demonstrated that a cylindrical microcavity of 125 mm diameter was filled with rhodamine 6G dye molecules in an ethanol solution of lower refractive index, enabling the whispering-gallery modes of the microcavity to be stimulated by a second harmonic of a Nd:YAG laser, resulting in laser oscillation in the evanescent field region outside the cavity [65]. Hao Zhou presented a tunable fluidic dye laser formed by a microcavity filled with a rhodamine 6G dye solution. By controlling the cavity length, we are able to achieve a wide 18 nm tunability of the laser wavelength. The microcavity is composed of a silica capillary and two aligned fibers with Au-coated end faces. The dye solution is pumped by 532 nm wavelength laser pulses, resulting in laser emission of approximately 570 nm in the form of TE mode with a threshold of approximately 58 μJ/pulse [49].



In 2014, Z. Li of Nankai University and others fabricated optical fluidic microcavity lasers using simplified hollow microstructure fibers filled with different concentrations of rhodamine dye and proposed a lateral high efficiency fluorescence detection technique based on charge coupling, which increased the detectable concentration limit by two orders of magnitude [66]. Figure 9 presents the schematic diagram of organic dye gain microcavity laser.



In 2018, Chaoyang Gong et al. presented a fiber optofluidic laser (DFOFL) and demonstrated its potential for high-throughput sensing applications. Additionally, the DFOFL wavelength can be fine-tuned over hundreds of nanometers by altering the dye concentration or reconfiguring the liquid gain materials [67]. In 2018, D. Yan et al. realized dye laser embedded in Kagome photonic crystal fiber with methanol and high refractive index dye solution as a gain medium, which had good robustness and compactness [68]



In addition, lasing can also be achieved by solidifying dyes in a film; the dye-doped polymer or the conducting polymer itself can be applied as a thin film on the inner surface of HOF or on the outer surface of telecom optical fiber to demonstrate lasing [69,70,71].



X. Zhao et al. presented a hollow optical fiber optofluidic laser utilizing a dye-doped polymer film. In this study, they reported on the laser spectra and threshold properties of the HOF micro-laser. The dye-doped polymer film can be adjusted to a thickness of 1.6 μm, achieving a threshold of less than 1 μJ/mm2 [69].




3.2. Biological Gain Materials


The biofluorescence is often found in marine creatures and insects, where enzyme protein releases energy in metabolic process. Thus, the macromolecular protein or DNA can be utilized as fluorescent labels in biochemical tests. Due to their good compatibility and affinity, the biochemical gain materials can be implanted in cells or tissues without toxic side effects.



Y. Sun and X. Fan et al. proposed an optical microfluidic microcavity laser using DNA samples and probes as laser gain media. Compared with the traditional fluorescence detection methods, the resolution of this laser system was improved by two orders of magnitude, which provided the possibility for the highly specific detection of DNA molecules [72].



Q. Chen’s team used fluorescent protein, dye-labeled bovine serum albumin, and DNA samples as gain media to realize an optical microfluidic laser based on the echo wall mode resonator [73].



Wonsuk Lee et al. realized the optical microfluidic laser emission of monolayer gain by using DNA molecules as gain materials. This laser detection method greatly improved the detection efficiency, simplified the detection process, and reduced the consumption of tested samples; the optical setup utilized in the experiment is illustrated in Figure 10 [74].



The lasing mechanism of these biomaterials is analogous to that of a quasi-four-level laser system. The short lifetime of biological gain materials in the excited state allows for population inversion to be achieved most efficiently through optical pumping with nanosecond or shorter pulses [75].



Through the study of the above literature, we know that biomaterials, such as fluorescent proteins, can be used in the biological detection of microcavity lasers due to their good biocompatibility, non-pollution, and low cost; however, in the excited state, the life of biomaterials is very short, and there is no way to solve it at present, so it is used mainly in the laboratory stage.




3.3. Quantum Dot


Quantum dot lasers are semiconductor lasers that use quantum dots as the gain medium. Quantum dots are nanometer-sized semiconductor particles that can be engineered to emit light at specific wavelengths. Quantum dot lasers offer several advantages over traditional semiconductor lasers, including higher efficiency, better beam quality, and the ability to tune the emission wavelength. They are used in a variety of applications, including optical communications, sensing, and medical imaging [75,76,77].



This requires researchers to find various ways to eliminate the effects of photobleaching. In addition, when organic dyes are used in biological detection, it is easy to cause damage to the detected biological samples, which also restricts the development of this type of laser. Different from organic dyes, quantum dots (QDs) have high optical stability and wide absorption spectrum range (which can avoid the overlap of excitation spectrum and emission spectrum). The fiber microcavity laser based on quantum dots can bring stable and color-adjustable low-threshold laser output, so it has good application prospects in laser gain medium. The microcavity laser made of quantum dots as the gain medium can effectively improve the stability and anti-interference performance of the optical microfluidic laser and greatly reduce the laser threshold of stimulated radiation. In addition, the chemically modified quantum dots have good biocompatibility and can be used for the labeling and detection of biological samples, which should be the focus of future research.



Y. Wang et al. realized the WGM microcavity laser using CdZnS/ZnS alloy core–shell quantum dots as the gain medium. This type of laser can emit ultra-low-threshold blue laser, which has higher optical stability than the traditional organic dye microcavity laser [35]. Alper Kiraz of the University of Cossa in Turkey and others used CdSe/ZnS quantum dot solution as the gain medium for photofluid ring resonant microcavity lasers to achieve high-quality factor laser emission, and the laser threshold is more than three orders of magnitude lower than the existing technology in 2015; this proves that the strong stability of quantum dot laser is obviously better than that of organic dyes, which also lays a foundation for the research of quantum dot optical microfluidic lasers. The spectrum of quantum-dot-filled fiber microcavity laser is shown in Figure 11 [29].



In 2016, N. Zhang of Nanyang Technological University and others demonstrated a type of fiber microcavity laser doped with CdSe/CdZnS/ZnS quantum dots in the hollow cavity of multi-layer photonic bandgap fiber, realizing azimuth polarization radial emission with zero angular momentum, which provides a new idea for the development of omni-directional display [78].





4. Discussion


In this paper, the latest progress of fiber microcavity lasers is reviewed, including fiber microcavities, gain materials, and pumping. We believe that the innovations in gaining materials and biomaterials, as well as novel designs for fiber optic micro-resonators, will continue to drive fiber optic fluidic microcavity lasers to a better aspect.



Optical fiber microfluidic laser technology has the advantages of high Q value, high sensitivity, ease of integration, low power consumption, and tunability, and has high practical value in environmental monitoring, biochemical sensing, integrated circuits, and other fields. Especially in the field of biological detection, the detection limit of fiber microcavity laser is very low, and it can detect the subtle concentration changes of the tested samples very sensitively, so it has high research value and application prospect. However, most of the current fiber microcavity lasers have various problems, such as poor stability, complex fabrication process, and so on. Many achievements remain in the stage of theoretical research, and further research and experiments are needed. Although researchers all over the world have made great breakthroughs in the field of fiber microcavity lasers, there are still many shortcomings and defects. The quantum dot fiber microcavity laser has high research value because of its excellent stability, but the traditional perovskite quantum dots have some defects that must be solved, such as high cost, complex preparation process, high toxicity, poor water solubility, and so on. In addition, blue-green perovskite is inefficient and unstable, and it decomposes easily, which affects the research and promotion of quantum dot fiber lasers. The novel ZnS quantum dots not only greatly improve the fluorescence properties and quantum yield but also improve the biocompatibility, so it is expected to be used in a wide range of fields. At present, our research group is studying the combination of the echo wall mode optical microcavity with a new quantum dot gain medium, and we are working to strengthen the interaction between pump light and working material in the form of axial pump. It is expected to achieve low threshold quantum dot laser emission with high light intensity and light stability.



Although the microstructured optical fiber is now a conventional and commercial waveguide, its practical use in microcavity laser is still in the stage of proof of principle. Based on the previous research cited above and our own work [59,79,80], lasing performances of the microcavity lasers depend mainly on the microstructures of their cross-section. The geometrics of the subwavelength waveguide embedded in the simplified hollow core fiber, as an example [61], determine distribution of the evanescent field, directly affecting the coupling efficiency and indirectly affecting the lasing threshold. In addition, cavity length of the integrated lasers relies on the perimeter of the ring or ring-like structure, which can be flexibly tuned by a tapered microstructured optical fiber [80]. Moreover, the effective refractive index of the standing WGMs is not only related to the optical confinement but also determines the specific mode selection, such as directional lasing or single longitudinal mode lasing [81,82]. Thus, microstructures depend a lot on practical use of the integrated microcavity lasers, which can be optimized to improve lasing performances.
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Figure 1. Structural diagrams of the typical optical microcavities: (a) Photonic crystal microcavity [16]; (b) F-P microcavity [19]; and (c) Whispering-gallery mode in the form of microspheres [23]. 
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Figure 2. Several forms of whispering-gallery microcavities: (a) droplet type [28]; (b) capillary type [29]; (c) microcolumn type [30]; (d) micro- ring type [31]; and (e) micro-disk type [32]. 
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Figure 3. Schematic diagram of microcavity laser based on hollow core Bragg fiber, with dye-doped core, axial pump light, and transverse emitting [42]. 
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Figure 4. Schematic of zero-angle momentum microcavity lasers based on hollow Bragg optical fibers [43]. 
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Figure 5. Schematic diagram of a microcavity laser based on an F-P cavity. (a) On-chip co-linear two-color microfluidic dye laser [47]; (b) Fast-switching microcavity laser with two different dye droplet streams [48]; (c) Laser wavelength tunable microcavity laser [49,50]; and (d) White dye laser [51]. 
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Figure 6. Side view and section view of communication fiber dye laser [55,56]. 
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Figure 7. Schematic diagram of simplified hollow microstructure fiber microcavity laser [58]. 
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Figure 8. Dual-hole microstructure fiber-based microcavity laser. (a) Schematic diagram of the experimental setup; (b) Schematic cross-sectional view; and (c) Cross-sectional electron microscope image [59]. 
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Figure 9. Schematic Diagram of Organic Dye Gain Microcavity Laser. (a) Layout of laser experimental system and (b) Output laser spectrum and resolution spectrum [66]. 
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Figure 10. Fiber OFRR in liquid environment is confocally pumped with an OPO laser source, where the evanescent field of the guided WGM interacts with surface-attached molecules and provides feedback for lasing phenomena [74]. 
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Figure 11. Spectrum of quantum-dot-filled fiber microcavity laser [29]. 
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