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ABSTRACT: Solid-state room-temperature lasing with tunability in a wide range of wavelengths 

is desirable for many applications. To achieve so, besides an efficient gain material with a tunable 

emission wavelength, a high quality-factor optical cavity is essential. Here, we combine a film of 

colloidal CdSe/CdZnS core-shell nanoplatelets with square arrays of nano-cylinders made of 

titanium dioxide to achieve optically-pumped lasing at visible wavelengths and room temperature. 

The all-dielectric arrays support bound states in the continuum (BICs), which result from lattice-

mediated Mie resonances and boast infinite quality factors in theory. In particular, we demonstrate 

lasing from a BIC that originates from out-of-plane magnetic dipoles oscillating in phase. By 

adjusting the diameter of the cylinders, we tune the lasing wavelength across the gain bandwidth 
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of the nanoplatelets. The spectral tunability of both the cavity resonance and nanoplatelet gain, 

together with efficient light confinement in BICs, promises low-threshold lasing with wide 

selectivity in wavelengths. 

 

KEYWORDS: Mie resonances, bound states in the continuum, dielectric metasurfaces, colloidal 

nanoplatelets, room-temperature lasing 

 

Efficient room-temperature lasers with a compact size and wide wavelength selectivity are highly 

desirable in biological imaging, near-field sensing, integrated photonics, tunable light sources, and 

advanced display technologies.1,2 One approach to realize such lasers is to integrate nanoscale 

photonic cavities with solution-processed gain materials that have a tunable gain spectrum. 

Examples include colloidal quantum dots in a distributed feedback (DFB) cavity,3 colloidal 

nanoplatelets in a photonic crystal,4 organic dyes in a 2D array of plasmonic nanoparticles,5,6 and 

each of these materials in a Fabry-Pérot cavity.7–10 Among different types of cavities, the DFBs 

and plasmonic arrays rely on diffraction in a periodic structure to achieve sharp photonic 

modes11,12 and directional emission.13,14 

 

Recently, periodic nanostructures made of dielectrics or semiconductors with high refractive 

indices (n > 2) have also been studied heavily.15–17 In contrast to plasmonic resonators, high-index 

dielectric nanostructures, with much lower losses at visible wavelengths, support not only electric 

multipoles, but also magnetic multipoles.18,19 Coupling of these Mie resonances in a dielectric 

nanoparticle array gives rise to diffraction-mediated, high-quality (Q)-factor modes,20,21 among 

which are those known as bound states in the continuum (BICs) exhibiting extraordinarily high Q 
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factors.22–25 These are discrete states completely decoupled from the radiation field despite lying 

spectrally within a continuum of radiation modes. A BIC arises as a collective mode in a periodic 

system of nanoparticles supporting a multipolar mode, where the direction of any open radiation 

channel of the collective mode, as dictated by the Bloch wave vector, or the phase retardation 

between nanoparticles, coincides with a forbidden direction of radiation of the constituent 

multipolar mode. For instance, the only radiation channel of a sub-diffractive array of electric or 

magnetic dipoles (or any other multipoles) oscillating in phase would be in the direction normal to 

the lattice plane, where the waves interfere constructively. That is provided the dipoles radiate 

energy in the out-of-plane direction. If they do not, as in the case of dipoles oscillating in the 

normal direction, no energy would be released from the system of in-phase dipoles, and a cavity 

is formed with an infinite Q factor, in theory. In practice, due to a finite sample size, material 

absorption, and surface scattering, any BIC becomes a quasi-BIC with a finite but extremely high 

Q factor.22,23,26 The Q factor is further reduced if the array is diffractive with a period large enough 

to support radiation at oblique angles for in-phase multipoles. In addition, breaking the in-plane 

inversion symmetry of the unit cell would also transform a BIC into a quasi-BIC.27–29 Using these 

concepts, fluorescence enhancement has been demonstrated in quasi-BIC cavities,30,31 while lasing 

based on BICs and quasi-BICs in periodic dielectric32–37 and metallic6,38–41 nanostructures has also 

been reported in recent years. 

 

In line with these research efforts, our previous work demonstrated lasing in an array of gallium 

arsenide (GaAs) cylinders from a BIC comprising out-of-plane electric dipoles.36 Due to 

substantial non-radiative losses in GaAs, lasing was observed only at cryogenic temperatures. To 

achieve room-temperature lasing, either the resonator needs to be made of a highly efficient gain 
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material such as III-V multiple quantum wells,35 or a hybrid device structure has to be adopted, in 

which materials for the Mie resonator and the gain medium are independently optimized and 

closely integrated. In this study, we take the latter approach by depositing a thin film of colloidal 

nanoplatelets (NPLs) as the gain material on top of an array of titanium dioxide (TiO2) cylinders 

supporting BICs. The NPLs are quantum wells synthesized in solutions,42 flat in 2D with charges 

confined in the third dimension, which is a few atomic layers thick. More specifically, the NPLs 

we use are composed of four monolayers of cadmium selenide (CdSe) core,43 sandwiched between 

cadmium zinc sulfide (CdZnS) shells.44 The NPLs typically have a high optical gain, thanks to 

their low Auger recombination losses.45 Moreover, the gain wavelength can be readily tuned by 

changing the chemical composition or thickness of the NPLs.46 Optically-pumped lasing at room 

temperature has been demonstrated in NPLs across the visible spectrum in Fabry-Pérot8,9,46 and 

photonic crystal cavities.4 Here, we achieve lasing in a dielectric BIC cavity based on in-phase 

out-of-plane magnetic dipoles. By adjusting the diameter of the TiO2 cylinders, we tune the lasing 

wavelength across the gain bandwidth of the NPLs. 

 

Figure 1a depicts a lasing device, in which a square array of TiO2 cylinders on a quartz substrate 

is covered with a thin film of NPLs. We fabricate a series of such TiO2 arrays, with the diameter 

(D) of the cylinders varying from 280 to 340 nm across the arrays but kept constant within each 

array. All cylinders are 120 nm in height, and spaced with a 40 nm gap in both x and y directions; 

see an SEM image in the inset of Figure 1b. We then spin-cast CdSe/CdZnS NPLs dissolved in 

hexane, followed by a spin-rinse with ethanol, to form a uniform film on the sample. The 

photoluminescence (PL) of the NPLs in hexane peaks at l = 642 nm, with a full width at half 

maximum (FWHM) of 24 nm (Figure S1a). The PL peak red-shifts slightly in the spin-cast film to 
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l = 645 nm (Figure S1b). Upon spin-casting, the NPLs are deposited mainly on the top surface 

and side walls of the TiO2 cylinders, as suggested by the SEM image in Figure 1b. Such 

morphology is advantageous because the electric field is concentrated inside and on top of the 

Mie-resonant nanoparticles, as shown in the numerically calculated near-field intensity 

distribution (Figure 1c) for cylinders supporting out-of-plane magnetic and electric dipole modes 

under BIC conditions. 

 

 

Figure 1. (a) Schematic of the device structure, optical excitation (green cone), and lasing output 

(red beam). The device consists of an array of TiO2 cylinders covered with spin-cast nanoplatelets 

(NPLs). Inset: CdSe/CdZnS core-shell NPL. (b) SEM image of an array of TiO2 cylinders coated 

with a layer of NPLs. Inset: individual TiO2 cylinders without NPLs. Scale bars: 500 nm. (c) 

Electric field intensity in the cylinder array (diameter D = 300 nm, with 40 nm gap) for in-phase 



 6 

out-of-plane magnetic dipoles (left, l = 625 nm) and out-of-plane electric dipoles (right, 

l = 548 nm). Top: x-y plane cut at half height; bottom: y-z plane cut along the cylinder diameter. 

The direction of the electric field is indicated with dashed arrows. Black scale bar: 500 nm. 

 

We characterize the reflectance, fluorescence, and lasing properties of the sample with a 

customized micro-spectrometer with the capability of spectrally-resolved back focal plane 

imaging.36 Measurements are performed in ambient conditions after we cover the sample with a 

layer of polydimethylsiloxane (PDMS), to match the refractive index of the quartz substrate. We 

first measure the reflectance spectra of the TiO2 arrays without NPLs. Figures 2a,b show the 

reflectance of an array with a cylinder diameter D = 300 nm, resolved in both wavelength and 

angle of reflection in the y-z plane, under incident light of transverse-electric (TE, Figure 2a) and 

transverse-magnetic (TM, Figure 2b) polarizations, with the electric field confined along the x axis 

and in the y-z plane, respectively. Numerical simulations of the reflectance (Figures 2c,d) 

reproduce the modes observed, and multipolar decomposition (see the Supporting Information for 

details) elucidates their origins (Figures 2e,f). Under TE polarization (Figures 2a,c,e), magnetic 

dipoles in the y-z plane (MDy, MDz) and electric dipoles along x (EDx) are excited; under TM 

polarization (Figures 2b,d,f), electric dipoles in the y-z plane (EDy, EDz) and magnetic dipoles 

along x (MDx) are excited. Notably, in the direction normal to the lattice plane (ky = 0), we observe, 

for the TE polarization, a clear BIC based on out-of-plane magnetic dipoles (MDz) at l ~ 625 nm, 

near the emission wavelength of the NPLs (Figures 2a,c,e). The BIC mode is characterized by 

spectral narrowing and vanishing reflection as the angle of incidence approaches the normal,36 as 

the normally incident light cannot couple to the vertically oscillating dipoles. Figure S2, derived 

from Figure 2a, shows a dramatic increase in the Q factor of the mode as the angle of incidence 
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(reflection) approaches zero. The maximum Q factor measured, limited by the resolution of the 

spectrometer, is about 450 near the BIC condition (Figure S2). Similarly, for the TM polarization, 

two more BIC modes can be observed, based on the out-of-plane electric dipole resonance (EDz) 

and a magnetic quadrupole (MQ) mode (Figures 2b,d,f). Coating the cylinder arrays with a layer 

of NPLs appears to red-shift the modes due to a higher refractive index of NPLs (n ~ 1.70) 

compared to PDMS (n ~ 1.46), and erase some spectral features due to absorption in the NPLs 

(Figure S3). We note that for the array with D = 300 nm and with NPLs, the magnetic dipole-based 

BIC (MD-BIC) for the TE polarization becomes spectrally matched to the fluorescence of the 

NPLs. 

 

 

Figure 2. (a,b) Angle-resolved reflectance spectra of an array of TiO2 cylinders with diameter 

D = 300 nm, without nanoplatelets (NPLs), under (a) transverse electric, TE and (b) transverse 
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magnetic, TM polarized light. The angle of reflection in the y-z plane is denoted by the ratio 

between the projected in-plane momentum ky and free-space momentum k0. (c,d) Numerically 

calculated reflectance spectra of the same array. (e,f) Corresponding multipolar decomposition 

revealing various Mie modes. (e) TE polarization: magnetic dipoles MDy, MDz, and electric dipole 

EDx are excited. A BIC forms at ky = 0 from MDz at l = 625 nm. (f) TM polarization: electric 

dipoles EDy, EDz, and magnetic dipole MDx are excited. Two BICs form at ky = 0, from EDz at 

l = 548 nm and from a magnetic quadrupole (MQ) mode at l ~ 560 nm, respectively. Colour bars: 

normalized dipole moments. (g,h) Angle-resolved photoluminescence spectra of NPLs on (g) a 

plain substrate, and (h) an array of TiO2 cylinders with D = 300 nm. The presence of NPLs red-

shifts the modes seen in (a–f). 

 

Indeed, the PL of the NPLs shows evidence of coupling to the photonic modes of the dielectric 

cavity. Figures 2g,h are the angle-resolved PL spectra in the y-z plane for NPLs on a plain substrate 

and on a TiO2 array with D = 300 nm, respectively, when excited with a CW laser at l	= 488 nm. 

While the PL of the plain area displays little angle dependence (Figure 2g), the spectrum on the 

array (Figure 2h) features a few bands observed in the reflectance spectra amid a background PL 

from uncoupled NPLs. In particular, the band associated with the z-oriented magnetic dipoles sees 

prominent enhancement, likely due to a high Purcell factor, except at the MD-BIC (ky = 0) where 

radiation is inhibited as expected. Figures S4, S5 show the full characterization of the PL from a 

series of arrays with the cylinder diameter D varying from 280 to 340 nm. Increasing D red-shifts 

all the photonic bands (Figure S4), and selectively couples the relatively narrow PL to a subset of 

the modes revealed in the reflectance spectra. In addition, increasing D increases the period of the 

lattice, thus moving the array from sub-diffractive to diffractive for in-phase dipoles. This is 



 9 

evident from the evolution of the far-field radiation pattern on the back focal plane (Figure S5), 

which sees the diffraction bands of the PL approaching and going beyond the normal direction. 

 

To investigate lasing, we excite the sample at l = 530 nm with a pulsed laser (200 fs pulse width, 

20 kHz repetition rate). We study the array with D = 300 nm first as it shows the best spectral 

overlap between the MD-BIC and the PL of NPLs. As the pulse energy of excitation increases, the 

gain medium transitions from spontaneous emission to stimulated emission. Below the threshold, 

the far-field radiation pattern (Figure 3a) consists of the diffraction bands of the PL. Angle-

resolved PL spectrum in the y-z plane shows that the PL is primarily coupled to the out-of-plane 

magnetic dipoles (Figure 3b). When the pump fluence is increased just above the threshold, in 

addition to the diffraction bands, radiation becomes prominent in the near-normal direction (Figure 

3c). A doughnut-shaped bright spot at the centre of the back focal plane is observed. Spectral 

analysis suggests that this corresponds to the MD-BIC mode (Figure 3d). The mode exhibits rapid 

gain in intensity upon further increase in the pump fluence, and eventually dominates the radiation 

output (Figures 3e,f). Spectrally, a narrow peak appears in the PL at the onset of stimulated 

emission (Figure 3g). The FWHM is 0.25 nm at a centre wavelength of 647.7 nm, subject to the 

resolution of the spectrometer, and thus suggests a Q factor of at least 2590 for the MD-BIC cavity. 

The high directionality of emission, narrow spectral linewidth, and a clear threshold in the output-

to-input power dependence (Figure 3h) are all evidence of lasing. Analysis of the doughnut-shaped 

radiation pattern suggests that lasing occurs at 0.8° with respect to the normal into the free space 

(Figure S6). In addition, time-resolved PL measurement (Figure S7) proves that the rate of exciton 

decay is increased by an order of magnitude at lasing. 
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It is worth noting that the doughnut-shaped far-field radiation pattern has been observed in BIC-

based lasing before.6,32,37,38 While, strictly speaking, no light should be emitted from the BIC 

because the mode is decoupled from the radiation field, the finite size of the sample prevents 

complete cancellation of radiation. In the context of phased-array antennas, a total radiation pattern 

can be derived from the pattern of each individual element modulated by an array factor.47,48 For 

in-phase emitters in an infinite sub-diffractive array, the array factor is non-zero only in the normal 

direction. When the array is finite in size, however, the factor acquires a certain angular width 

around the normal direction, allowing some radiation to escape, which ultimately limits the Q 

factor of the quasi-BIC mode. The leaked radiation should bear the polarization characteristics of 

the radiation of each constituent element in the array. Indeed, the measured polarization 

dependence of the lasing output (Figure 3i) reflects the TE-polarized nature of the radiation from 

z-oriented magnetic dipoles, and matches the simulation results (Figure S8), confirming that lasing 

is realized via the MD-BIC. 

 



 11 

 

Figure 3.  (a,c,e) Back focal plane (BFP) images of the nanoplatelet photoluminescence (PL) on 

an array of TiO2 cylinders with diameter D = 300 nm. The array is excited with a pulsed laser at 

l = 530 nm at the indicated fluences: (a) below, (c) just above, and (e) well above the lasing 

threshold. (b,d,f) Angle-resolved PL spectra obtained by spectrally resolving a thin slice of the 

respective BFP images (a,c,e) along kx = 0. (g) PL spectra at several pump fluences, showing the 

onset of lasing. Inset: spectral linewidth when pumped at 40.7 µJ/cm2, suggesting a Q factor of 

2590.  (h) PL intensity as a function of the pump fluence on a log-log scale. The lasing threshold 

is approximately 36 µJ/cm2. (i) Polarization dependence of the far-field radiation pattern for lasing. 

The direction of polarization of the output beam is marked by the white arrows. The dashed circle 

corresponds to a normalized in-plane momentum k||/k0 of 0.1. 
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Besides the array with cylinder diameter D = 300 nm, we also observe lasing from arrays with 

D = 290 nm and D = 310 nm, albeit at higher thresholds. Figures 4a–c compare the angle-resolved 

PL spectrum, far-field radiation pattern, and lasing wavelength for the three arrays. The PL spectra 

(upper panels of Figures 4a–c) and the radiation patterns (insets in the lower panels of Figures 4a–

c), both measured at the onset of lasing, show that lasing originates from the same MD-BIC mode, 

which red-shifts in wavelength as D increases. The mode is situated optimally in the middle of the 

NPL gain bandwidth for D = 300 nm, while located at the blue and red edges of the gain bandwidth 

for D = 290 nm and D = 310 nm, respectively, which explains why the lasing threshold is the 

lowest for D = 300 nm. The lasing spectra measured at pump fluences well above the threshold 

(lower panels of Figures 4a–c) show an approximately 30 nm red-shift in the lasing wavelength 

from D = 290 nm to D = 310 nm. The ability to tune the lasing wavelength by changing the 

physical dimensions of the dielectric nanoresonators, together with the spectral tunability of the 

gain of NPLs, makes a wide range of lasing wavelengths easily accessible. 

 

 

Figure 4. (a–c) Upper panel: angle-resolved photoluminescence (PL) spectra of nanoplatelets on 

three arrays of TiO2 cylinders with diameters (a) D = 290 nm, (b) D = 300 nm, and (c) D = 310 nm. 

The arrays are excited at the indicated fluences, just above their respective lasing thresholds. 
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Increasing the diameter of TiO2 cylinders red-shifts the MD-BIC mode responsible for lasing. Inset 

of lower panel: back focal plane images of the PL at the onset of lasing. All show a doughnut-

shaped radiation pattern in the normal direction attributed to the MD-BIC. Dashed circles are 

labelled with normalized in-plane momentum k||/k0. Lower panel: lasing spectra measured at the 

indicated pump fluences, which are comfortably above the respective lasing thresholds. 

 

Finally, at an even higher threshold, we observe lasing from the array with cylinder diameter 

D = 340 nm. Full characterization (Figure S9) reveals that lasing occurs from a BIC comprising 

resonant magnetic quadrupoles (MQ-BIC). The far-field radiation pattern sees the emergence of 

intense emission near the normal direction, and when zoomed in, consists of four bright lobes with 

nodes along x, y and z directions (Figure S9c), instead of being doughnut-shaped as in MD-BIC. 

This suggests a quadrupole-based BIC, which is found to be a magnetic quadrupole mode in the 

multipolar decomposition (Figure S9j). We attribute the higher lasing threshold from the MQ-BIC, 

compared to MD-BIC, to poorer spectral overlap with the NPL gain and a lower Q factor. The 

latter is caused by diffractive losses in the array which has a period large enough for radiation 

outcoupling at oblique angles of in-phase multipoles. 

 

In summary, we demonstrate optically-pumped room-temperature lasing in a solution-processed 

CdSe/CdZnS NPL film with an all-dielectric cavity supporting BICs. The BICs arise from lattice-

mediated Mie resonances in TiO2 nano-cylinders and possess high Q factors. We achieve lasing 

from a BIC that originates from a sub-diffractive array of out-of-plane magnetic dipoles oscillating 

in phase, as well as a BIC based on a diffractive array of in-phase magnetic quadrupoles. Within 

the gain bandwidth of the NPLs, we show tunability in the lasing wavelength by changing the size 
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of the TiO2 cylinders. Given that the gain of NPLs can be tuned spectrally by their thickness and 

chemical composition, a wide selectivity in the lasing wavelength is expected in such a hybrid 

device structure. This offers unprecedented freedom and convenience on the design and 

implementation of lasing devices based on dielectric Mie resonances, particularly in cavities that 

support high-Q BICs, and should lead to more efficient, lower threshold, longer pulsed or CW 

lasers in a wide range of lasing wavelengths in the future. 
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