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Abstract

Whispering-gallery-mode (WGM) microcavities, with their ultra-high quality factors and
deeply confined mode volumes, provide strong light-matter interaction and underpin
a broad range of emerging photonic technologies. Their capabilities now span high-
sensitivity sensing, ultra-low-noise microwave and frequency-comb generation, integrated
quantum light sources, narrow-linewidth microlasers, and efficient nonlinear frequency
conversion. As WGM devices advance toward greater practicality and integration, this
paper reviews the research progress of WGM microcavity lasers across the visible to
mid-infrared spectrum, which represents a key focus area, and discusses the challenges
hindering their broader application.

Keywords: whispering gallery mode; microcavity; laser; visible light; near-infrared light;
mid-infrared light

1. Introduction
1.1. Characteristics of Whispering-Gallery-Mode (WGM) Optical Microcavities

WGM microcavities constitute a broad class of resonant structures that confine light
via continuous total internal reflection along their curved boundaries, featuring conven-
tional geometries such as microspheres [1], microdisks [2], microrings [3], microtoroids [4],
microbottles [5], and microbubbles [6]. One of their characteristics is the ultra-high qual-
ity factor (Q-factor), which serves to significantly extend the photon lifetime within the
cavity [7,8]. Additionally, WGM microcavities typically exhibit extremely small mode
volumes, approaching the diffraction limit [9]. These features enable strong light-—matter
interaction. WGM microcavities offer low loss and high integration potential, providing a
solid foundation for high-performance photonic devices [10-12].

Since the first report of WGM optical microcavities in 1961 [13], WGM microcavi-
ties have remained a major research focus [14-16]. Early studies, primarily involving
microspheres and microrings fabricated from various optical materials, greatly advanced
our understanding of WGM lasing characteristics [17,18]. In recent years, breakthroughs
in micro/nanofabrication technologies such as photolithography and femtosecond laser
processing have enabled WGM resonators to shrink in size while maintaining high optical
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quality and expanding their practical relevance. Meanwhile, the demonstrated integration
of microcavities with optoelectronic components has accelerated progress toward compact
and scalable photonic systems [19-22]. In parallel, continued advances in cavity design
and material engineering have broadened the accessible wavelength range and functional
capabilities of WGM lasers, supporting applications in sensing, nonlinear optics, and re-
lated photonic technologies [23-26]. Accordingly, this review summarizes recent advances
in WGM microcavity lasers across wavelength-dependent application scenarios from the
visible to the mid-infrared.

1.2. Introduction to WGM Microcavity Lasers

Lasers have been widely used in communications [27], industrial processing [28],
and healthcare [29]. WGM lasers exhibit ultra-low threshold, narrow linewidth, and
compact size, making them ideal light sources for micro/nanophotonic devices [30-32].
Moreover, when the cavity size approaches the lasing wavelength, a variety of novel
physical phenomena emerge, which have attracted considerable interest [33,34].

Recent years have seen rapid progress in WGM microcavity lasers across a broad
spectral span from the visible to the mid-infrared. This spectral coverage is closely tied
to wavelength-dependent applications, as different wavelength bands are associated with
distinct performance requirements and use cases. In this review, we therefore consider
WGM lasers across the visible to mid-IR range and organize recent advances around
representative application scenarios, thereby providing a coherent perspective that bridges
fundamental photonics and practical technologies.

Compared with existing reviews that primarily focus on WGM resonators in gen-
eral, specific cavity geometries, material platforms, or a single spectral window, this
review provides an application-driven survey of WGM microcavity lasers from the visi-
ble to the mid-infrared. We emphasize wavelength-dependent lasing functionalities and
organize the discussion around representative use cases (biophotonics, display and illu-
mination, environmental sensing, optical communications, mid-IR lasing, and nonlin-
ear photonics). Importantly, we relate these demonstrations to deployment-oriented
requirements—such as standardized performance benchmarking, scalable fabrication
and yield, robust coupling/packaging, stability and noise control, and heterogeneous
integration—thereby outlining key gaps and future directions for translating WGM lasers
into practical photonic technologies.

2. Basic Principles of WGM Microcavity Lasers
2.1. Wave Optics Theory of WGM Microcavities

Within the framework of electromagnetic theory, WGM microcavities such as micro-
spheres and microbottle have been described by mathematical models [35-37]. For other
cavity geometries, numerical methods such as finite element analysis are typically em-
ployed. In 1908, Mie first observed spherical microcavitys while studying light scattering
by small particles and derived an exact solution based on Maxwell’s equations [38,39]. This
has become the basis for studying most WGM models. Taking into account the boundary
conditions, the electromagnetic field distribution inside the cavity can be written as

Y = AZl(krneff)le(COS G)eiim(”, (1)

where A is a constant and n.g is the effective refractive index, k is the wave number, [ is the
number of wave nodes along the equatorial circumference, known as the angular mode
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m is the number of nodes along the meridional direction, called the azimuthal mode
number, with a range of —I < m < . P/"(cos0) is the associated Legendre function, and
Z;(krneg) represents the spherical Bessel or Hankel function. After applying boundary
conditions, the radial function Z;(krneg) can be expressed in a piecewise form:

Ji(krneg), r<rg

7, = .
Ji(krneg) exp[—a(r — )], 1> 1o

3)

Z;(krneg) oscillates radially, displaying n successive amplitude maxima. J; denotes the
Bessel function of the first kind of order /. The radial mode number n counts the number
of field maxima along the radial direction inside the cavity and thus labels the discrete
sequence of radial standing-wave solutions. For a fixed azimuthal and polar order, n =1
corresponds to the fundamental radial mode whose field peaks closest to the rim, whereas
larger n values describe higher-order radial modes that extend further inward and possess
increased radial curvature.

Equations (1)—(3) shows that there are # intensity maxima along the radial direction
inside the cavity, corresponding to the radial mode number. The field outside the cavity
decays exponentially, forming an evanescent surface wave. Thus, a WGM is uniquely
determined by the three quantum numbers (I, 1, m) and the polarization state.

For TE and TM polarizations, Lam et al. provided asymptotic analytical expressions
for the resonant wavelength [40,41]
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where r is the sphere radius, A is the vacuum wavelength, n1 and n; are the refractive
indices of the cavity and the surrounding medium, respectively, «;, is the zero of the Airy
function, and L is a polarization-dependent coefficient:

_m

L=—, (TEmode), ®)
13
13

L=-—=, (TM mode). (6)
n

In summary, the electromagnetic field of a microsphere WGM is fully described by
four parameters: /, n, m, and polarization. The fundamental mode corresponds ton =1
and | = m.

2.2. Key Parameters of WGM Microcavity Lasers
2.2.1. Q-Factor

The Q-factor is a core parameter that reflects the energy storage capability of a WGM
microcavity. It encompasses losses due to cavity wall scattering, material absorption, and
radiation leakage. A high Q-factor implies longer photon lifetime and lower energy loss,
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which significantly reduces the lasing threshold and enhances spectral purity and frequency
stability. In experiments, the Q-factor is often calculated using

_ Ao
Q=43 )

where A is the resonant wavelength and AA is the full width at half maximum (FWHM) of
the microcavity peak.

2.2.2. Lasing Threshold

The lasing threshold is a key indicator of laser performance, defined as the minimum
pump energy or power required to achieve stable laser output in a WGM microcavity.
Theoretically, the threshold can be derived through numerical simulations considering the
microcavity structure and gain medium properties.

Experimentally, it is determined by identifying the critical pump power at which the
transition from spontaneous to stimulated emission occurs. Below the threshold, photon
loss exceeds stimulated emission. Consequently, the output is dominated by spontaneous
emission, which exhibits a broad spectrum and no sharp peaks. At the threshold, stimulated
emission surpasses the total photon loss. This imbalance initiates photon amplification,
narrows the spectral linewidth, and gives birth to sharp WGM lasing peaks. The emitted
light simultaneously acquires improved directionality and well-defined polarization.

2.2.3. Output Wavelength

The output wavelength is closely related to the mode characteristics of the WGM mi-
crocavity. Theoretical prediction of the lasing wavelength is based on the theory discussed
in Section 2.1. For complex geometries, finite element analysis is often used.

In some application scenarios that only focus on partial patterns, a simplified equation
can be used: D ey

A= (®)
where A is the output wavelength, 7. is the effective refractive index, r is the cavity radius,
and / is the angular mode number.

Tunability of the output wavelength is a key research interest. By adjusting the
refractive index of the gain medium, changing the temperature, or applying external
stress, fine tuning of the output wavelength can be achieved [42-47], which is valuable in
applications such as optical communications and biosensing.

2.2.4. Spectral Linewidth

Spectral linewidth refers to the FWHM of the laser emission peak. It directly reflects the
monochromaticity and frequency stability of the laser. A narrower linewidth indicates better
spectral purity and stability. High-Q microcavities enable extremely narrow linewidths,
which is essential for high-resolution spectroscopy and precision metrology.

In practice, the peak intensity and its center wavelength are first located. After the
background noise has been subtracted, the two wavelengths at which the intensity falls to
half the maximum are determined. The linewidth is then simply the difference between
these two half-intensity points.

2.2.5. Mode Volume

Mode volume describes the spatial confinement of the lasing mode within the WGM
microcavity. A smaller mode volume implies higher energy density and stronger light-
matter interaction, which can lower the lasing threshold and enhance sensor sensitivity.
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For a spherical microcavity, the approximate mode volume of the fundamental
WGM is
Vinode & 47TR%6 9)

~ A . . .
where § ~ 75— N the penetration depth of the evanescent field.

2.2.6. Beam Quality

Beam quality describes the spatial uniformity and far-field propagation characteristics
of the laser output. The key metric is the M? factor, which quantifies the deviation from an
ideal Gaussian beam. For an ideal Gaussian beam, M? = 1.

The M? factor is defined as
0- wo

L

where 6 is the far-field divergence angle, wy is the beam waist radius, and A is the

MZ

(10)

laser wavelength.
Experimentally, M? is determined by measuring the beam radius at various positions
and fitting the propagation curve:

2
w(z) = woy | 1+ (%) 1)

2.3. Excitation Methods of WGM Microcavities
2.3.1. Evanescent Field Coupling

Evanescent field coupling is the most commonly used method for exciting WGM
microcavities. This technique facilitates energy exchange between a microcavity and an
adjacent waveguide or fiber by exploiting the exponentially decaying electromagnetic
field at the cavity surface, enabling efficient and contactless excitation or extraction of
WGMs. The coupling strength depends critically on the separation gap and typically
requires control at the sub-wavelength scale, often on the order of hundreds of nanometers.
Thus, precise alignment is essential for achieving critical coupling. Thanks to its low
insertion loss, high directionality, and reversible nature, evanescent-field coupling is widely
employed in high-Q WGM-based integrated devices. Importantly, the rapid spatial decay
of the evanescent field also minimizes background interference and crosstalk, leading to
improved signal-to-noise ratio and enhanced system stability.

Table 1 lists three common evanescent field coupling methods.

Tapered-fiber coupling is one of the most mature and efficient techniques for exciting
WGM microcavities via the evanescent field. Its essence is to enhance the evanescent
field intensity by drawing a standard single-mode fiber into a conical section through a
specialized fabrication process [48,49]. Briefly, the central part of the fiber is first softened
by heat and then stretched with a precision pulling stage until a waist diameter of only
0.5-5 pm and a taper length of 2-5 cm are obtained [50,51]. During this process the core
diameter is dramatically reduced so that the guided mode—originally confined inside the
core—leaks appreciably into the cladding and beyond, producing a markedly stronger
evanescent field. A complete coupling process between a tapered fiber and a WGM
microcavity can be seen in the work reported by Wang et al., as shown in Figure 1 [52]. In
practice, the taper waist is brought into close proximity of the WGM microcavity with the
aid of a micro-positioning stage, so that the evanescent field of the taper overlaps spatially
with the WGM. When the frequency of the incident light coincides with a WGM microcavity
and the phase-matching condition is satisfied, light is transferred efficiently from the
tapered fiber to the microcavity, thereby exciting the WGM. Coupling efficiencies as high
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as ~99% have been demonstrated [53]. However, the mechanical strength of the tapered
fiber is low and its performance is sensitive to environmental vibrations. Consequently,
this method is best suited for applications demanding extremely high coupling efficiency,
such as high-precision sensing and quantum-optics experiments [8,49].

Planar waveguide coupling is a core approach to realize the on-chip integration of
WGM microcavities [54]. Its key lies in integrating the WGM microcavity and the planar
waveguide onto the same substrate. During fabrication, CMOS-compatible processes such
as photolithography, etching, or thin-film deposition are first employed to fabricate planar
waveguides with specific cross-sections on the substrate [55-57]. Subsequently, WGM
microcavities are fabricated adjacent to the waveguides. When the coupling conditions are
satisfied, energy can be transferred from the waveguide to the microcavity. Conversely,
the energy of WGMs can also be coupled back to the waveguide for output [58]. This
approach features high integration density and excellent mechanical stability and can work
in synergy with other on-chip components. However, affected by factors such as substrate
absorption and fabrication precision, the coupling efficiency is typically in the range of 30%
to 80% [59]. It is mainly applicable to scenarios requiring miniaturization and high-density
integration [60].

(a) Tam Transition regm Transition regioﬂ

Microdroplet

Moving direction

Microtube

J/ Tapered fiber
Sy y

zl—-x_,?:j Laser out ch—-x J.,::I.

Figure 1. (a)Micrographs of different sections of a tapered fiber. (b—d) Schematic illustration of the
coupling process. The figure (a—d) are reproduced from reference [52].

Prism coupling utilizes the evanescent field generated during total internal reflection
of a prism to achieve energy transfer with the WGM microcavity [61]. In this approach, a
prism with high refractive index is usually selected, and the bottom surface of the prism is
placed parallel to the surface of the WGM microcavity. When light is incident on the bottom
surface of the prism at an angle greater than the critical angle between the prism and the
surrounding medium, total internal reflection occurs at the bottom surface, generating
an evanescent field that propagates along the interface and decays exponentially in the
vertical direction. The advantage of prism coupling lies in the ease of adjusting the coupling
conditions by changing the incident angle. However, this method has a large volume and
low integration density, and its coupling efficiency is typically less than 80% [62-64].
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Table 1. Performance comparison of three evanescent field coupling structures.

Coupling

Coupling Integration Mechanical

Structure Efficiency Level Stability Application References
Tapered Fiber ~99% Low Low Laboratory-based [49,53? ]
research
Planar Waveguide ~80% High High On-chip devices [60]
Prism Coupler ~80% Low Medium High-stability devices [61,62,64]

2.3.2. Direct Excitation

The direct coupling method focuses the laser directly onto the surface of the micro-
cavity. It utilizes the refraction or scattering to enable part of the photons to enter the
microcavity and meet the resonance conditions. This method does not rely on complex
evanescent field enhancement structures. In practical, the end face of a single-mode fiber
is usually directly attached to the edge of the WGM microcavity [65-67]. Alternatively,
during on-chip integration, the output end of the planar waveguide is directly connected to
the surface of the microcavity, making the distance between the two approach zero [68,69].

Direct coupling with physical contact often introduces additional scattering losses or
absorption losses on the surface of the microcavity, which reduces the Q-factor of the WGM
microcavity and further affects the performance of the device, such as sensing sensitivity
and filtering accuracy. Therefore, some schemes choose to achieve direct coupling by
directly irradiating light onto the surface of the microcavity [70,71]. Figure 2 illustrates an
on-chip structure for direct coupling to and excitation of a WGM microcavity [69]. Due to
the lack of efficient energy convergence effect of the evanescent field, the coupling efficiency
of this method is usually low, generally in the range of 10% to 60% [2,69-72]. In addition,
the optical field is prone to generating more stray light during the coupling process, which
affects the signal purity.

- . » Experiment
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Figure 2. (a) Low-magnification top-view scanning electron microscope image showing the overall
device architecture, including the input/output waveguides and the microdisk. (b) Detailed view
of the coupling region. (c) Experimentally measured reflection spectrum of the 5 um radius WCM,
exhibiting a series of sharp resonances. Modes labeled 1-10 correspond to quasi-WGM supported by
the cavity. (d) Magnified view of a single high-quality resonance from a larger WCM with a radius of
15 um. The figures (a—d) are reproduced from reference [69].
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Despite the obvious drawbacks of direct coupling, it avoids the complex matching
process and offers high mechanical stability. Therefore, improving the performance of
direct coupling remains a key issue in WGM research. Ward et al. introduced a fiber-tip
nano-antenna that excites WGM through cavity-enhanced Rayleigh scattering [72]. By
simply positioning a chemically etched single-mode fiber against fused-silica microspheres,
they obtained Lorentzian dips, Fano lineshapes, or pure peaks with 13% coupling efficiency
while preserving the intrinsic Q ~~ 10® over micrometer scale gaps. Building on this,a WGM
laser packaging method based on the nano-antenna coupler is proposed [73]. The device is
compact and fully fiberized and the packaging step leaves the Q-factor almost unchanged.

2.3.3. Electrical Pumping

Electrically pumped WGM lasers represent a paradigm shift toward scalable, chip-
scale coherent light sources by enabling direct current injection to achieve population
inversion within the resonant cavity. However, the transition toward electrical pumping is
essential for practical on-chip photonic integration and scalable device architectures. Electri-
cally pumped WGM lasers integrate semiconductor gain media, such as quantum wells or
quantum dots, directly into microdisk, microring, or microsphere resonators, enabling car-
rier injection through fabricated p-n junctions or lateral contacts [74]. Significant progress
has been made in mitigating challenges associated with electrical losses [75], current crowd-
ing [76], and thermal management [77], which otherwise degrade the cavity Q-factor and
hinder lasing thresholds. Recent demonstrations of room-temperature, continuous-wave
electrically pumped WGM lasers in III-V semiconductor platforms underscore their via-
bility for applications in low-power coherent light sources, integrated photonic circuits,
and chip-scale sensing [78]. Nevertheless, achieving efficient carrier confinement within
the evanescent WGM overlap region while maintaining minimal optical absorption from
doped layers remains an active area of research.

3. Applications of WGM Lasers
3.1. Biomolecular Labeling

The principle of biomolecular labeling using WGM lasers relies on their high sensitivity
to changes in the local refractive index surrounding the cavity. The narrow linewidth and
high brightness of these visible-band lasers enable the transduction of minute biochemical
interactions, such as molecular binding, cellular structural changes, or enzymatic activity,
into measurable spectral shifts, allowing for high-resolution, often label-free detection and
imaging at the single-molecule or single-cell level, including biological specimens such as
cells and bacteria [79].

This principle underlies a range of biodetection applications, where WGM lasers are
increasingly integrated with hardware and information-processing algorithms [80-82]. For
instance, Mai et al. demonstrated biocompatible RhB-doped polymeric microsphere lasers
that operate stably in water and undiluted human serum [83], while Zhihe Guo et al. real-
ized label-free sensing in biological buffers using hyperboloid-drum microdisk lasers [84].
Moving beyond external sensing, Schubert et al. embedded microdisk lasers inside
cardiomyocytes to convert intracellular refractive-index variations into spectral sig-
nals, enabling label-free, all-optical recording of single-cell contractility and sarcomere
dynamics [85].

Further advances in device design and integration have expanded these capabilities.
Titze et al. developed red-emitting GaInP/AlGaInP quantum-well microdisk lasers with
ultra-low thresholds, suitable for deep-tissue and intracellular operation [86]. Figure 3 pro-
vides an overview of the laser performance and biocompatibility of these microdisk lasers,
along with their intracellular behavior. Subsequently, the same group established a modular
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protocol for internalizing micro-lasers into cells and tissues, combined with a high-speed
hyperspectral imaging system for large-volume, refractive-index mapping and dynamic
contraction analysis [87]. In a different approach targeting molecular detection, Wang et
al. functionalized a liquid-crystal WGM microcavity to monitor enzymatic reactions in
real time via spectral shifts, achieving sensitive detection in serum samples [88]. Together,
these works highlight how the fundamental refractive-index sensitivity of WGM lasers is
harnessed for diverse, high-precision biomolecular labeling and sensing applications.
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Figure 3. (a) Threshold curves of laser emission. (b) Stability of laser emission under continuous
pumping in an aqueous environment. (c) Epifluorescence microscopy image of HEK293 cells incu-
bated with microdisk lasers for 3 days, stained with cell tracker dye (green, live cells) and propidium
iodide (magenta, dead cells); scale bar, 40 um. (d) Statistical analysis of cell viability showing no
decrease in cells incubated with microlasers for 3 and 5 days compared to control cultures without
microlasers; center line represents the mean, box denotes 25-75 percentile, and whiskers represent
1.5 times the standard deviation. (e) Normalized lasing spectra of intracellular lasers after 3 days of
incubation. (f) Brightfield microscope image of HEK293 cells incubated with microdisk lasers; arrows
indicate intracellular microlasers with color coding corresponding to spectra in (e); scale bar, 50 pm.
The figures (a—f) are reproduced from reference [86].
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3.2. Display and Illumination

Visible band lasers are readily detected by most photodetectors and can be directly
perceived by the human eye. Consequently, their most prominent characteristic is that
they are “visible and accurately measurable”. Owing to these features, WGM lasers in the
visible band hold exceptional promise for applications in laser-based display technologies.

WGM microcavity lasers can be scaled down to micrometer dimensions and exhibit
narrow linewidths (<1 nm) together with high color purity [89,90], making them suitable
as pixel elements in micro-display panels. Du et al. constructed heterogeneously coupled
microcavitys by contacting dye-doped polymer microspheres of different emission colors
and observed tunable RGB single-mode lasing across the full visible range under UV
excitation [91]. In the coupled geometry each sphere acted simultaneously as a WGM
cavity and as a modulator for its neighbors, suppressing all but one longitudinal mode
regardless of the organic gain medium employed. Jiang et al. reported a continuous wave
white microlaser operating at room temperature under 975 nm pump excitation [92]. They
co-doped Tm>*, Er** and Yb*" ions into a single microcavity whose Q-factor approaches
108. Under upconversion pumping, the device simultaneously emitted RGB light with
microwatt-level thresholds.

Ge et al. fabricated a full-color WGM laser by spatially segregating RGB emitting con-
jugated polymers inside concentric glass micro-capillaries using a nanosecond pump laser
at a wavelength of 343 nm [93]. Under nanosecond optical pumping, the nested cavities
simultaneously supported WGMs at three distinct wavelengths, produced linewidths of
0.025 nm, and reached sub-J- cm~?2 thresholds. Chen et al. employed a surfactant-free self-
assembly route to organize RGB colloidal quantum dots into separate WGM microcavities
that exhibited mutually matched lasing thresholds [94]. In the experiment, a femtosecond
laser with a wavelength of 400 nm was used as the pump. When the RGB cavities were
densely integrated on a common substrate, optical cross-absorption was suppressed and the
emitters operated almost independently, collectively spanning a color space corresponding
to 105% of the BT.2020 gamut. The same microlaser triad was subsequently incorporated
as a backlight unit to drive a liquid-crystal display, producing the first full-color proto-
type powered directly by colloidal quantum dots lasers. Figure 4 shows multicolor laser
sources and colloidal quantum dot (CQD) laser backlight displays. In addition, organic
semiconductors/polymers offer broad wavelength coverage and low-cost processing for
visible WGM lasing, yet operational stability and photobleaching mitigation are critical for
practical use.

3.3. Environmental Monitoring

The near-infrared band is generally defined as the 0.7-2.5 um spectral range [95]. This
band contains characteristic absorption peaks of various gases, such as CO,, CHy, and
H,51[96,97]. The mid-infrared band is typically defined as the 2.5-25 um spectral range [95].
Within this range, the 3-5 um window coincides with the fundamental ro-vibrational
absorption bands of many molecules. As a result, these spectral windows are of paramount
importance for molecular spectroscopic detection and related research fields.

In environmental gas detection based on WGM lasers, an active WGM cavity can
be used to self-generate laser emission, whose spectral changes are monitored to infer
gas composition. Behsan et al. analytically investigated the gas sensing performance of
WGM spherical microlasers that operate on intracavity absorption [98]. They established a
compact analytical model to estimate the sensor response. Wu et al. coupled a 1653.72 nm
distributed-feedback laser into a high-Q silica microsphere via a tapered fiber [99]. A
secondary heating beam, introduced via the supporting fiber, enables thermooptic tuning
of the resonance to precisely match the laser wavelength at 1653.72 nm. The enhanced
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resonant absorption enables the microsphere to function as a compact, fiber-compatible gas
sensor with demonstrably improved sensitivity.

A B
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Figure 4. (A) Lasing spectra and corresponding optical micrographs of three primary RGB CQD SPs,
and their integration under simultaneous excitation above the lasing threshold. (B) Chromaticity
diagram of the lasing CQD SPs, with sSRGB and BT.2020 standards plotted for comparison. (C) RGB
color model and far-field photographs of emission light from integrated CQD lasers; additive color
lights, including yellow, pink, cyan, and white, can be observed by selectively exciting two or three
RGB CQD lasers, consistent with the RGB color model. (D) Schematic diagram of the LCD structure
using integrated RGB CQD lasers as backlight (CQD-BL: CQD laser backlight; LPF: long-pass filter;
LGP: light guide plate; DP: diffuser plate; LCP: liquid-crystal panel). (E) Emission spectrum of the
integrated CQD laser backlight. (F) 1.44 inch full-color LCD utilizing the as-prepared laser backlight.
The figures (A-F) are reproduced from reference [94].

An alternative strategy is to couple an external laser to the WGM cavity, thereby
exploiting its mode-selection properties for sensing. Han Wang et al. demonstrated a
methane sensor based on a high-Q WGM microsphere [100]. It is all-optically tuned so
that one resonant mode coincides with the CHy absorption line at 1653.72 nm. Figure 5
shows the method of coating microspheres with a metal layer. A simple device is sufficient
to perform the coating. Light is launched through the stem of the sphere and partially
absorbed by a metallic coating on the crown. The absorbed energy induces localized
heating, which in turn increases the refractive index and red-shifts the cavity resonance.
Consequently, the photon lifetime inside the cavity lengthens, extending the effective
interaction path and enabling sensitive absorption-based detection of methane.
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Figure 5. The microsphere is first threaded onto a thin glass tube with an inner diameter of 126 um and
secured. a larger glass tube is then slipped over both the sphere and this supporting tube. A second
126 pm capillary, cut as short as possible, is inserted at the opposite side so that the microsphere is
gently clamped between the two miniature tubes while the crown region remains freely exposed
inside the larger tube. With the assembly held in this configuration, a metal or high photo-thermal-
conversion dielectric film is finally deposited onto the exposed spherical cap by thermal evaporation.
The figure is reproduced from reference [100].

WGM microcavity devices are also used to detect other environmental parame-
ters. A thermal infrared detector was realized using a WGM microspherical-shell cav-
ity by V.Sumaria [101]. The device exhibits a temperature-induced resonance shift of
1.17 GHz - K~L. Tt delivers an experimental responsivity of 7.88 kHz - nW~! and a noise-

equivalent power of 19 nW - Hz~1/2

, corresponding to a detectable displacement of 2 pm.
These results demonstrate its capability for sensitive detection across the 1-20 pm spectral
range. D’Ambrosio et al. demonstrated a room-temperature photodetector that spans
the mid-infrared to terahertz range [102]. The sensor exploits a silica microsphere cavity.
A visible free-space laser, frequency-locked to the centre of a WGM, continuously tracks
absorption-induced changes in the microcavity’s size and refractive index. In this way,
the device directly detects quantum-cascade laser beams at 4.3 um and 111 pm. It en-
ables absorption spectroscopy of the 1>?CO, fundamental ro-vibrational band as well as
weak 13CH30H rotational transitions. These results illustrate the platform’s potential for

broadband, high-sensitivity sensing across the mid-infrared and terahertz windows.

3.4. Optical Communications

The near-infrared windows at 1310 nm and 1565 nm constitute the spectral back-
bone of fiber-optic communications [103]. Owing to their inherently narrow linewidths,
long fluorescence lifetimes, and weak environmental sensitivity, rare-earth (RE) ions have
become indispensable gain media for lasers and amplifiers operating in the telecommu-
nications window [104,105]. Specifically, the *I;3 /2—>4115 /2 transition of Er®* spans the
C-band (1530-1565 nm) [106], whereas the 3F,—3Hg transition of Tm3* covers the S-band
(1460-1530 nm) [107]. By doping the WGM host with RE ions or monolithically integrating
a semiconductor gain segment, compact near-infrared optical amplifiers and lasers can be
realized [108,109]. These devices serve as light sources or in-line repeaters, substantially
reducing form factor and power consumption in optical networks. Table 2 lists the emission
peaks of RE ions corresponding to the communication band. Yang et al. demonstrated that
a microbubble WGM cavity can be converted into an active device by depositing an Er>*-
doped sol-gel layer onto a tapered microcapillary before blowing the microbubble [110].
During fabrication, the RE ions diffuse into the 1.3 pm thick silica wall, and pumping at
980 nm produces stable laser emission at 1535 nm from the WGM. Aerostatic pressuriza-
tion of the internal cavity shifts the modal frequencies, yielding a continuous wavelength
tuning range of 240 pm under 2 bar without measurable degradation of the quality factor.
Li et al. reported a Tm3*-Ho?*-codoped tellurite glass microsphere that, when pumped
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at 802 nm through a tapered microfiber, generates both multimode and single-mode laser
emission centered at 1.47 pm [111]. Several types of Tm3" lasers near 1675 nm have been
reported [112]. However, WGM lasers in this regime remain relatively rare.

Beyond RE ions, WGM lasers based on transition-metal and other dopants have also
attracted attention. Fang et al. fabricated multicomponent germanate glass microspheres
in which bismuth ions are homogeneously retained without metallic precipitation [113].
When one such sphere is evanescently coupled to a fiber taper, 808 nm pumping elicits
WGM laser emission at 1305.8 nm with an absorbed-power threshold of 215 uW. Quantum
dot materials are also used as gain media for WGM lasers. Wan et al. demonstrated
electrically pumped micro-lasers employing quantum dot active regions heteroepitaxially
grown directly on industry-standard (001) silicon substrates [114]. These devices achieved
continuous-wave lasing at ~1.3 uW with operation up to ~100 °C. A ~5 pW radius micro-
laser achieved a submilliamp threshold of ~0.6 pA, with both threshold current and device
footprint reduced by orders of magnitude compared to prior epitaxial lasers on silicon.

Table 2. RE ions emission peaks in the communication band (1350-1675 nm).

. Center
Ion Transition Wavelength (nm) Remarks References
Nd3+ 4T3, — 130 ~1350 Overlaps O-band edge; suffers from ESA [105]
Tm3+ SH, — 5Fy4 1460-1490 1470 nm window for S-band extension [111]
Erd+ Mz — s 0 1530-1565 C-band and L-band of silica EDFA [108-110]
3+ 3 3 o . 3 [112]
Tm F4 — °Hpg 1675 Beyond water peak; needs low-phonon glass (without WGM)

Taken together, WGM lasers in the communication band have currently been well real-
ized, providing favorable conditions for their application in various optical communication
devices. However, the integration of WGM lasers with other communication components
and the interference resistance of WGM devices are key issues that need to be addressed in
the future. In addition to conventional RE ions, halide perovskites have emerged as promis-
ing visible and NIR gain media for WGM microcavity lasing due to their high optical gain
and bandgap tunability, although stability remains a key challenge [115,116]. Furthermore,
two-dimensional materials are increasingly explored in hybrid WGM platforms, leveraging
strong excitonic responses and ease of integration, while thermal and uniformity issues
remain to be addressed [117].

3.5. A Platform for Mid-Infrared Laser-Material Research

Research on mid-infrared laser materials is confronted with multiple challenges. The
material systems for mid-infrared WGM lasers primarily include fluoride crystals, chalco-
genide glasses, RE-doped oxides, as well as emerging two-dimensional materials and
semiconductor heterostructures. In terms of fabrication techniques, researchers have
successfully produced high-quality microcavities with sub-nanometer surface roughness
using methods such as femtosecond laser direct writing [118], focused ion beam etch-
ing, thermal reflow shaping [119] and chemical vapor deposition [120]. Although some
mid-infrared glass materials have been used to fabricate WGM microcavity lasers, the
lasing wavelengths of certain devices still operate in the visible or near-infrared range [121],
highlighting the significant technical challenges that remain in realizing WGM lasers in the
mid-infrared spectral region. In RE-doped systems, multiphonon relaxation rises sharply
and the upper-level lifetime drops precipitously as the emission wavelength extends. More-
over, mid-infrared laser materials are often mechanically fragile and chemically unstable,
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making them difficult to fabricate and reprocess. These issues render the development of
mid-infrared materials and devices exceptionally demanding [122-125].

As discussed earlier, WGM microcavities enhance light-matter interaction. Moreover,
some WGM resonators can be fabricated via simple procedures, which significantly facili-
tates the investigation of performance in novel mid-infrared laser materials. Earlier studies
focused on integrating mid-infrared materials into WGM microcavities to achieve laser
emission. Consequently, the majority of the emission wavelengths fell in the near-infrared
range. As a result, the superior properties of fluoride and chalcogenide glasses were not
fully exploited [126-129].

In recent years, an increasing number of WGM lasers operating in the mid-infrared
region have been reported. In 2014, Deng et al. demonstrated a mid-infrared ZBLAN
glass microsphere laser [130]. Using a 980 nm laser to pump an Er3*-doped ZBLAN glass
microsphere resonator, they achieved lasing at approximately 2.7 um with a threshold
power below 150 uW. Tatiana et al. introduced a melt-drawing technique that converts
commercial ZBLAN fiber into microspheres 250-350 um in diameter [131]. The spheres
support WGM with intrinsic quality factors of (5.4 +0.4) x 10® at 1.55 um, a value limited
only by the bulk material loss. At 2.64 pm the same fabrication route yields Q-factors
above 10%, matching the highest mid-infrared figures reported for any microcavity platform.
A. Razova et al. optically pumped HgCdTe microdisks 50 um in diameter and achieved
WGM lasing near 4 um [132]. Auger-suppressed quantum wells extended the operating
temperature to 230 K, just 40 K below the spontaneous-emission quench point of the
unpatterned epilayer. Throughout the thermoelectric-cooling range, the emission spectrum
showed multimode peaks 0.37 meV wide.

S. Katharina et al. demonstrated a continuous-wave WGM parametric oscillator
based on a 3.5 mm AgGaSe, disk pumped at 1.57 pm [133]. The simplified sketch of
experimental setup is shown in Figure 6. The device oscillates at milliwatt thresholds
and delivers 10-800 uW of idler power. By selecting the radial pump mode, the output
wavelength reaches 8 um. A 100 nm continuous shift is obtained through temperature
tuning. Simulations predict that reducing the disk diameter to ~2 mm extends the idler
beyond 10 um.

Spectrometer

Figure 6. Simplified sketch of experimental setup. Pump light is coupled into an AgGaSe, WGM
cavity via a silicon prism (P). Pump power is adjusted by fiber-end distance. Signal, idler waves, and
remaining pump light are detected by a spectrometer, photodetectors Ds and D, respectively. The
WGM cavity’s optical axis (0.a.) aligns with the resonator’s symmetry axis. The figure is reproduced
from reference [133].

Group IV semiconductor microcavity lasers have emerged as promising platforms
for mid-infrared coherent light sources, with recent advances highlighting the critical role
of pumping schemes in device performance and integrability [134,135]. While optically
pumped configurations often rely on complex, external pump lasers, introducing substan-
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tial energy losses, thermal burdens, and system bulk, electrically pumped architectures
offer a compelling alternative by enabling direct carrier injection, enhanced electrical-to-
optical efficiency, and compatibility with standard planar semiconductor processes for
monolithic integration. Notably, Teren et al. demonstrated electrically pumped GeSn
(14 at.% Sn) micro-ring lasers on Si, where careful control of cavity undercut and geometry
enabled lasing in devices up to 40 pm in radius with a tenfold reduction in threshold
current density relative to smaller counterparts, underscoring the strong interplay between
thermal management and cavity design [136]. Complementing this, Kryzhanovskaya et al.
reported electrically driven InGaAs/GaAs quantum well microdisk lasers monolithically
integrated on (001) Si via Ge buffer layers, achieving room-temperature pulsed lasing
at threshold current densities as low as 28 kA /cm? and narrow linewidths (~35 pm) in
single-mode operation [137]. Beyond conventional planar geometries, Wu et al. engineered
three-dimensional tubular micro-resonators by rolling up GeSn/Ge nanomembranes, realiz-
ing high-quality-factor WGM cavities with diameters of ~7.3 um, where strain-engineered
radial profiles, verified by micro-Raman spectroscopy, further enrich the design space for
Group 1V infrared photonics [138].

3.6. Applications of WGM Microlasers in Nonlinear Optics

Nonlinear optical phenomena such as Raman and Brillouin scattering based on WGM
microcavities have been realized across multiple wavelength bands [139-145]. Jiang et al.
demonstrated Raman lasing at 1550 nm in a slightly deformed silica micro-cavity [146].
The cavity was pumped through free-space coupling, and the absorbed pump threshold
was only 100 uW. This ultralow value reflects WGM quality factors above 108. The authors
further verified that the threshold scales inversely with the square of the intrinsic quality
factor, in agreement with theory.

In stimulated Brillouin scattering, WGM microcavities enable efficient coupling be-
tween optical and acoustic phonons through opto-mechanical interaction, giving rise to
GHz-frequency phonon lasers and Brillouin-optical oscillators. Tian et al. fabricated a z-cut
MgF, WGM cavity with a radius of 180 pm and a Q-factor above 108 at 1550 nm [147]. By
sweeping the pump-cavity detuning, they simultaneously excited stimulated Brillouin and
Raman lasers. The Brillouin shift matched the calculated gain bandwidth, while the Raman
shift coincided with the Aj¢ symmetric stretching mode of the crystal. Under the same
excitation map, four-wave-mixing sidebands emerged, evidencing cascaded nonlinear
conversion in the high-Q microcavity.

In the realm of optical parametric oscillation, the strong x(? and x(®) nonlinearities
accessible in WGM geometries have revolutionized frequency-comb technology [148-150].
Chen et al. reported a III-V integrated nonlinear ring cavity [151]. An angular grating
embedded in the resonator imprints a unique orbital angular momentum value on each line
of the on-chip generated frequency comb. This process yields 50 distinct orbital angular
momentum modes, which collectively form a spatiotemporal “light spring”. By tailoring
the intermodal phase relationship, the authors further sculpted the emission into optical
pulses whose orbital angular momentum evolves over time. Wang et al. demonstrated
stimulated Raman comb generation in a WGM microcavity excited by higher-order trans-
verse modes [152]. By tuning the pump detuning, they reversibly switched the comb
between multi-mode and single-mode regimes. As the intracavity power was increased to
approximately ~200 mW, the spectral bandwidth of the single-mode comb progressively
expanded. Ultimately, the stimulated Raman comb merged with the Kerr comb, yielding a
seamless octave-spanning optical frequency comb extending from ~1515 nm to ~1700 nm.
Song et al. demonstrated an integrated frequency comb on thin-film lithium niobate that
overcame the conventional spacing-span tradeoff by sequentially combining dissipative
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Kerr soliton generation with electro-optic phase modulation [153]. This dual-effect ap-
proach produced 2589 comb lines spaced by 29.308 GHz, spanning 75.9 THz (588 nm), while
the electro-optic effect provided electronic stabilization and control of the comb spacing.
The Figure 7 illustrates the hybrid Kerr-EO frequency comb, including its components,
photonic chips, resonator and modulator images, cross-sectional schematics, generation
process, and defined variables.

These advances are rooted in the extreme field enhancement offered by WGM cavities,
which reduces the threshold for nonlinear processes to microwatt-level pump powers and
thereby drastically lowers overall system energy consumption.
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Figure 7. (a) Three-dimensional illustration of the hybrid Kerr electro-optic frequency comb composed
of a DKS microresonator chip and an electro-optic phase modulator chip. (b) Photograph of thin-film
lithium niobate photonic chips with an electro-optic phase modulator array (left) and Kerr resonators
(right). (c) Scanning electron microscope image of the Kerr resonator. (d) Optical microscope image
of two parallel electro-optic phase modulators. (e) Cross-sectional schematic of the Kerr resonator
(top) and the electro-optic phase modulator (bottom) with crystal axes labeled. (f) Schematic of the
hybrid Kerr electro-optic frequency comb generation process. (g) Schematic of variables defined in
this work. The figure is reproduced from reference [153].

To facilitate a more intuitive comparison across representative WGM microcavity
laser demonstrations, we summarize key quantitative metrics in Table 3, including the
resonator size, Q factor, lasing threshold, and spectral coverage. It should be noted that
these metrics are not always directly comparable across reports because they can depend
strongly on cavity geometry, coupling conditions, pumping schemes, and the specific
definitions adopted by different authors (e.g., threshold reported as coupled pump power
versus incident pump power, or as power versus fluence). Therefore, the values in Table 3
are compiled as representative metrics as reported in the original references, and we use
“-” where a given metric is not explicitly provided. Despite these limitations, the table
provides a useful quantitative snapshot of typical performance levels and the operating

wavelength ranges across different device and application categories.
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Table 3. Quantitative comparison of representative WGM microcavity lasers (as reported in the
literatures; SBS—stimulated Brillouin scattering, SRS—stimulated Raman scattering).

Application Spectral

Category Cavity Size Q Laser Threshold Coverage A (1m) References
B“ig‘;’;ﬁ;‘gar 82 um ~2.4 x 10 ~23.2 1 mm—2 ~0.62 [83]
Display and 8 hite lich
Mumination 53 um (1.8£0.15) x 10 8 mW white light [92]

Er&’ggft‘gr‘fr?;al 190 um 4 x 100 - IR-THz [102]
Optical - 108 1.5 mW 147 [111]
Communications
Mid-IR
Laser-Material 310 pm (1.13 +£0.22) x 108 - 2.64 [131]
Research
Nonlinear Optics 180 um 2 x 108 ggzi :ﬁ ﬁ“’/vv 1.55 [147]

Recent years have witnessed rapid progress in emerging materials for visible and NIR
WGM lasers. Halide perovskites have attracted strong interest due to their high optical
gain, bandgap tunability, and processing compatibility, enabling low-threshold microcav-
ity lasing in representative demonstrations; however, photostability and environmental
robustness remain key challenges for practical deployment. Two-dimensional materials
(e.g., transition-metal dichalcogenides) offer strong excitonic light-matter interaction and
integration flexibility, providing opportunities for hybrid WGM lasers and compact on-chip
implementations, while thermal dissipation, material uniformity, and scalable integra-
tion are still under active development. Organic semiconductors and polymers provide
broad spectral coverage and potentially low-cost fabrication, yet their operational stability
and photobleaching/thermal effects require further improvement [154]. Overall, these
emerging platforms, together with mature semiconductor and glass/crystal systems, moti-
vate heterogeneous integration as an important trend for achieving stable, scalable, and
application-ready WGM lasers.

4. Current Status and Challenges

WGM microcavity lasers have progressed from early proof-of-concept demonstrations
to enabling a broad range of photonic functionalities. As summarized in Table 4, represen-
tative studies have demonstrated their utility in bio-related labeling and imaging, narrow-
linewidth emission for display-oriented light sources, trace-gas sensing enabled by high-Q
resonant transduction from the visible to the mid-infrared, low-threshold light generation
in telecom-relevant bands for integrated photonics, mid-infrared lasing in selected material
platforms, and cavity-enhanced nonlinear optics such as reduced-threshold comb genera-
tion and structured-light emission. Together, these advances highlight WGM lasers as a
versatile microcavity platform bridging fundamental photonics and emerging applications.
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Table 4. Summary and outlook for WGM microcavity lasers.
Application . o Representative
Category Key Characteristics Key Gaps/Bottlenecks Future Directions Recent Works
g&gigﬁﬁ.‘l’é}?&i‘;v; cflél: Biofluid-induced drift (ad- Anti-fouling passivation and
spectral barcodes and single- sorption/fouling); scalable,  encapsulation; standard bar-
Biomolecular  cell tracking; RI sensitivity reproducible barcode li- code metrics/decoding; scal-
Labelin enables labei— froe optical braries; biocompatible able fabrication/sorting with [83,85-88]
& readout: stability i nP hvs- encapsulation/clearance; uniform linewidth; referenc-
iological media }S'u por}t]s lack of standardized decod-  ing/drift compensation for
long&i term moni tor?rgg ing/benchmarking. long-term use.
Electrically pumped or het-
Sub-nm linewidth for high ~ Visible electrical pump- erogeneously integrated
color purity; microcavities ing; heat and lifetime at RGB platforms; thermal-
Display and  as micrometer-scale pix- high brightness; wafer- aware cavity/package de- [91-94]
Ilumination els; full visible RGB with scale uniform arrays/yield;  sign; array-level process
gamut > BT.2020 for micro-  packaging and beam shap-  control and test standards;
displays/backlights. ing/speckle control. engineered out-coupling for
display-ready emission.
High-Q resonance shifts Field robustness Hermetic packaging and
for trace-gas sensing (intra- (T /vibration/contamination); thermal/mechanical isola-
Environmental CaVity absorption); thermo- lab-fragile cou- tion; integrated couplers and
Monitorin optic/photothermal tuning  pling/packaging; reference/locking channels; [100-102]
& for molecular fingerprints; mid-IR low-loss materi- low-loss mid-IR platforms;
extendable to mid-IR/THz;  als/components; calibration  standardized calibration and
compact/fiber-compatible. and standardized reporting.  stability benchmarks.
Telecom-band emis- o . On-chip/fiber-attachable
sion; narrow linewidth Pai)liagl.ng lreadydcmllphng, couplers and robust packag-
Ootical C and low threshold for stal N sm% e—mol e/low ing; mode engineering and 110111113
mﬁ;‘;ﬁia tigg;’ DWDM)/ coherent links; 30181%. le[a /er'.s?gf r:zpro-t_ thermal tuning/ feedback [ a7
compatibility with wllltcﬁ t:rgn YI;o’dltrlll;:tgorras 1O Jocking; wafer-scale process
SthOltl photonics for and electroz(r;{ics ’ control; system co-design
on-chip sources. ’ with PICs/electronics.
i\./ﬁd}IR atliso.rp- d Lower-loss processing and
WGM feedback boosts gain ti? n scla 1 ercllr.\lg’l ane d better heat sinking; mid-IR
Mid-IR Laser- efficiency in fragile mid-IR it e;ér(;?ltaorralliﬁa tlilorgl 3 coupler/packaging solutions;
Material materials; compact testbed yreon s pump co-integration; reliabil- [130-133]
; . sensitivity; limited t .
Research for new gain media and umps/ couplers; in- ity protocols (aging/thermal
mid-IR resonator platforms. Is)u fﬁgent lorlfg- te;m aycgpg {;1 humidti.ty) and stan-
reliability data. ardized reportmg.
Dispersion-engineered cav-
Strong confinement low- . . _ ities and mode manage-
ers nonlinear thresholds glssp.ifé:;:? icrll;?;bc}ﬁ;z?s ment; thermal stabilization
Nonlinear to pW level; enables Ra- Co%le,rence /phase-noise 4 and feedback locking; stan- [146,147152
Optics man/Brillouin/Kerr/FWM; control; repeatability; inte- dardized coherence/phase- 1/53] 192,

supports combs and
structured light via
mode engineering.

gration with pumps and
control loops.

noise metrics; reproducible
fabrication and hybrid in-
tegration with pumps/
control electronics.

Looking ahead, translating WGM lasers from laboratory demonstrations to scalable

and field-deployable devices requires addressing several cross-cutting gaps. First, many

high-Q microcavities still rely on manual or platform-specific fabrication routes, high-

lighting the need for standardized and scalable processes that deliver tight dimensional

control, high yield, and reproducible Q factors across batches. Second, robust coupling and

packaging remain limiting factors: while sensitivity to temperature, vibration, and surface

adsorption underpins sensing, the same sensitivities complicate stable operation in non-

laboratory environments. Future work should therefore prioritize hermetic or application-
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specific packaging, thermo-mechanical isolation, and active stabilization/locking strategies,
together with quantitative long-term drift and reliability benchmarks. Third, visible-to-mid-
infrared applications often require heterogeneous material choices such as Si/SiN, LiNbOs3,
II-V semiconductors, and soft-glass platforms, yet efficient low-loss interfacing across
these platforms remains challenging [155-157]. Developing heterogeneous integration and
hybrid coupling schemes that preserve optical compatibility, stability, and manufacturabil-
ity will be central to building multifunctional, multiwavelength WGM systems for complex
photonic integrated circuits.

In addition, consistent benchmarking and reporting (e.g., threshold definitions, cou-
pling conditions, linewidth/noise and stability metrics) would greatly improve cross-
platform comparability. Finally, system-level integration-including pumping schemes, ther-
mal management, and array-level control-remains a key direction for practical deployment.

5. Summary

Thanks to their ultra-high Q-factors, near-diffraction-limited mode volumes, and
facile integrability, WGM microcavities have emerged in recent years as a central platform
for advances in optics, quantum information, and nonlinear photonics. Current WGM-
based devices still face challenges, including suboptimal cavity coupling efficiency and
stability, stringent fabrication requirements for ultra-high-Q resonators, intrinsic absorption
losses in semiconductor materials, and thermal effects and mode competition in nonlinear
processes. As a highly controllable, strongly field-enhancing, and energy-efficient optical
platform, WGM microcavities are gradually reshaping the design paradigm of micro- and
nanoscale photonic devices. From microlasers to optical frequency combs, and from single-
molecule detection to quantum optics, the development of WGM microcavities is still
rapidly expanding, with their full potential yet to be realized.
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