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METHODS

Synthesis of colloidal quantum dots (CQDs)

Chemicals and synthesis. Cadmium oxide (> 99.99%), sulfur powder (S, > 99.5%), selenium 

powder (Se, > 99.99%), oleylamine (> 98% primary amine), octadecene (90%), oleic acid (90%), 

tri-butylphosphine (97%), trioctylphosphine oxide (99%), octadecylphosphonic acid (97%), 1-

octanethiol (> 98.5%), thionyl chloride (SOCl2), toluene (anhydrous, 99.8%), hexane (anhydrous, 

95%), acetone (99.5%) and acetonitrile (anhydrous, 99.8%) were purchased from Sigma-Aldrich 

and used without further purification. Trioctylphosphine (90%) was purchased from Alfa Aeaser. 

CdSe core synthesis. CdSe CQDs were synthesized using existing literature protocol.1,2 An 

amount of 120 mg CdO, 12 g TOPO and 0.56 g ODPA were mixed in a 100-mL three-neck flask, 

the mixture was heated to 120 °C for 30 min under vacuum, and the temperature was then brought 

to 320 °C and kept at that temperature for 2 h under nitrogen. A measure of 2 mL of TOP was 

injected into the flask and the temperature was further raised to 375 °C. The injected selenium 

precursor consisted of 2mL selenium in TOP solution at a concentration of 60 mg/mL. CQDs that 

exhibited an excitonic peak at 590 nm were produced as a result of 3-min growth time. The reaction 

was terminated by removing the heating mantle and adding acetone. The CQDs were purified by 

centrifuging at 6000 rpm for 3 min. Colorless supernatant was discarded and the resultant 

nanoparticles were redispersed in hexane for shell growth. 

Shell precursor synthesis. Cd-oleate was prepared in a 250 mL flask by adding 0.98 g cadmium 

oxide and 40 ml oleic acid. The reaction mixture was evacuated under vacuum at 120 °C for 
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120 min to remove traces of water and other gases. Later, the reaction mixture was switched to 

nitrogen and temperature was increased to 250 °C to obtain Cd-oleate. TOP-S was prepared by 

adding 960 mg of sulfur in 16 mL trioctylphosphine under continuous stirring inside the glovebox. 

Biaxially strained asymmetric core/shell QDs synthesis. The synthesis was done by following 

previously published report.3 Our experience suggested that facet selective epitaxy is better 

achieved by distilling out ODE and oleylamine to remove any impurities. The first asymmetric 

shell was grown as follows. By measuring the absorbance at peak exciton (590 nm) with 1 mm 

light path length cuvette, we quantified CdSe CQDs. A 5.8 mL CdSe CQD in hexane dispersion 

with an optical density of 1 at the exciton peak was added to a mixture of 42 mL octadecene and 

6 ml oleylamine in a 500 mL flask, and pumped in vacuum at 100 °C to evaporate hexane; then 

the solution was heated to 300 °C and kept for 30 min. As-prepared 9 mL Cd-oleate was diluted 

in 15 mL octadecene and 3 mL TOPS in 21 mL octadecene as a sulfur precursor, respectively. Cd-

oleate and TOPS solutions were injected simultaneously and continuously at a rate of 6 mL h−1. 

The second uniform shell was grown as follows: 4 mL Cd-oleate diluted in 20 mL octadecene and 

427 μL 1-octanethiol diluted in 23.6 mL octadecene were continuously injected at a speed of 

12 mL h−1 to grow the second shell. The reaction temperature was elevated to 310 °C before 

injection. After a 13 mL injection of Cd-oleate into octadecene solution, 5 mL oleylamine was 

injected into the solution to improve the dispersibility of the CQDs.

Biaxially strained asymmetric core/shell QDs purification. When the injection was complete, 

the final reaction mixture was naturally cooled to around 50 °C and transferred into four 50 mL 

plastic centrifuge tubes; no anti-solvent was added and the precipitation was collected after 3 min 
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centrifugation at a speed of 6,000 rpm. A total of 20 mL hexane was added into the centrifuge 

tubes to disperse the CQDs, and acetone was added dropwise until the CQDs started to aggregate. 

The precipitation was collected again by 3 min centrifugation at a speed of 6,000 rpm.; this 

dispersing and precipitation process was repeated three times to completely remove smaller CdS 

CQDs. Note: this purification process is critical for obtaining low-ASE-threshold and high-PLQY 

CQDs. The final CQDs were re-dispersed in octane with the first exciton peak absorbance in 1 mm 

light path length fixed as 0.25.

To achieve chloride ligand exchange,1,3 500 μL of the above CQDs dispersion (first peak exciton 

OD = 0.25) was vacuum dried and then dispersed in 1 mL toluene solution, 1.25 mL 

tributylphosphine, followed by 1 mL SOCl2 in toluene solution (volume ratio of 20 μL SOCl2:1 ml 

toluene) was added into the CQDs in toluene dispersion inside the glovebox. The CQDs 

precipitated immediately and the resulting dispersion was transferred out of the glovebox and 

subsequently ultrasonicated for 1 min. After the exchange, anhydrous hexane was added to 

precipitate the CQDs completely before centrifugation at 6,000 rpm. The CQDs were purified with 

three cycles of adding anhydrous acetone to disperse the CQDs and adding hexane to precipitate 

the CQDs dispersion. The chloride-ligand-terminated CQDs were finally dispersed in 750 μL 

anhydrous acetonitrile for the fabrication of the devices.

Fabrication of TiO2 nanostructures

Fused silica (quartz) substrates were cleaned by ultra-sonication in deionized (DI) water, acetone, 

and isopropanol. 120 nm-thick TiO2 was deposited by ion-assisted sputtering (Oxford 

Optofab3000), followed by 30 nm-thick chromium (Cr) by electron-beam (e-beam) evaporation 
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(Angstrom EvoVac). To make TiO2 cylinder arrays, the substrate was first heated at 140 °C for 

1 min to improve adhesion of the e-beam resist on Cr. A negative e-beam resist, hydrogen 

silsesquioxane (HSQ, Dow Corning XR-1541-006) was spin coated at 5000 rpm for 60 s, followed 

by baking at 140 °C for 3 min. This led to an HSQ film thickness of about 120 nm. We then 

performed e-beam lithography (Elionix ELS-7000) and developed HSQ by immersing the sample 

in a salty developer4 (1 wt.% NaOH and 4 wt.% NaCl in DI water) for 4 min, followed by a 

generous rinse in DI water. Using inductively coupled plasma reactive ion etching (ICP-RIE, 

Oxford PlasmaPro 100 Cobra), the Cr layer was etched, transferring the HSQ pattern, with a 

mixture of Cl2 and O2 gases (Cl2–19 sccm, O2–2 sccm, 10 mTorr). Then, using Cr as a hard mask 

(since HSQ would be etched together with TiO2), the TiO2 layer was etched with CHF3 gas 

(25 sccm, 25 mTorr). Finally, Cr was removed by immersing the sample in liquid Cr etchant 

(Sigma Aldrich) for 4 min with gentle agitation. The sample was rinsed by DI water and IPA and 

blow-dried with N2.

Deposition of CQD film

The quartz substrate patterned with TiO2 cylinder arrays was cleaned with acetone and isopropanol, 

blow-dried with N2, and treated with O2 plasma for 5 min. The CQD solution (in acetonitrile) was 

filtered by centrifuging at 13,000 rpm for 2 min before spin coating. 50 L of the CQD supernatant 

was spun in air at 1500 rpm for 60 s. Films of various thicknesses may be produced by varying the 

concentration of the CQD solution. To obtain a ~ 300 nm-thick film reported in this work, we used 

a highly concentrated solution at ~ 50 mg/mL. The sample was then covered with a piece of 

polydimethylsiloxane (PDMS, ~ 0.1 mm thick) and stored in a glovebox before optical 

characterization under ambient conditions.
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Optical characterization

The angle-resolved reflectance and photoluminescence (PL) spectra were measured by back focal 

plane (BFP) spectroscopy. The sample was positioned at the image plane of an inverted optical 

microscope (Nikon Ti-U) with a long-working-distance microscope objective (50 , NA 0.55). ×

For reflectance measurements, the incident light was from a halogen lamp through the 50  ×

microscope objective and a linear polarizer. For PL measurements, the sample was excited with a 

continuous-wave laser at  = 488 nm through the same 50  microscope objective. For lasing ×

measurements, the sample was excited by a pulsed laser at  = 355 nm (pulse width ~ 5 ns, 

repetition rate ~ 1250 Hz) through a top 10  microscope objective, with a pump spot diameter ×

of ~ 60 m. The reflectance or PL signal from the sample was collected through the bottom 50  ×

microscope objective, a linear polarizer (where applicable), and appropriate filters (where 

applicable), followed by a series of lenses that imaged the back focal plane of the 50  objective ×

onto the entrance slit of a spectrometer (Andor SR-303i). The slit was 100 m in width and was 

aligned with the x axis of the sample, i.e. collecting the emission in the x-z plane. A grating with 

150 lines/mm, blazed at 500 nm dispersed the light after the slit, resulting in an angle- and 

wavelength-resolved reflectance or PL map, captured on a 2D EMCCD camera (Andor Newton 

971). The spectral resolution was approximately 2 nm.8

Numerical simulation 

Simulations were carried out using the Finite Element Method (COMSOL Multiphysics v5.5). For 

that, a single unit cell was simulated and Bloch boundary conditions applied in the lateral directions, 

to mimic an infinitely extended system. This system was excited, and the reflection and 

transmission recorded, using a set of periodic ports (one for each diffraction order supported by 
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the system in the studied angular and wavelength span). The material parameters of TiO2 and 

CQDs were taken from ellipsometry measurements, which closely reproduced those reported in 

literatures.5 The external medium was considered homogeneous SiO2 with refractive index taken 

from COMSOL library (Ghosh1999), thus representing the quartz substrate and the index-

matching PDMS cover used in the experiments. The photonic modes were identified by field 

distributions. The quality factor of the resonance was obtain by fitting the reflectance to the Fano 

formula:6,7

𝑅 = 𝐴
(2

𝜔 ― 𝜔0

Γ + 𝑞)
2

1 + (2
𝜔 ― 𝜔0

Γ )
2 + 𝐵

where A and B are constants, q is the Fano asymmetry factor, ω0 and Γ are resonant frequency and 

linewidth at half-maximum, respectively. Quality factor is obtained from ω0/Γ.
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Wavelength Lasing threshold
Gain 
material Lasing Pumping

Pumping 
conditions Pulse energy 

density
Peak power 
density

Nature 2017, 
541, 196–199

InGaAsP 
MQWs

1551 nm 1064 nm 12 ns
300 kHz
RT

47 J/cm2 3.9 kW/cm2

Nat. Nanotech. 
2018, 13, 1042–
1047

GaAs 825 nm 780 nm 200 fs
100 kHz
77 K

14 J/cm2 -

Science 2020, 
367, 1018–1021

MAPbBr3 552 nm 400 nm 100 fs
1 kHz
RT

4.2 J/cm2 -

Nano Lett. 2020, 
20, 6005–6011

CdSe/
CdZnS 
CQWs

648 nm 530 nm 200 fs
20 kHz
RT

36 J/cm2 -

Laser Photonics 
Rev. 2021, 15, 
2100118

Rhodamine 
101

614 nm 532 nm 400 ps
1 Hz
RT

40 J/cm2 100 kW/cm2

Nat. Commun. 
2021, 12, 4135

InGaAsP 
MQWs

1596 nm 980 nm 20 ns
1 MHz
RT

30 J/cm2 1.47 kW/cm2

This work CdSe/CdS 
CQDs

626 nm 355 nm 5 ns
1250 Hz
RT

54 J/cm2 11 kW/cm2

Table S1. Comparison of the laser in this work to previously reported lasers based on bound states 

in the continuum (BICs). RT: room temperature; MQWs: multiple quantum wells; CQWs: 

colloidal quantum wells (aka. nanoplatelets); CQDs: colloidal quantum dots.

Note: The threshold of a laser is affected by the gain material, optical cavity, as well as pump 

conditions such as pulse width and repetition rate. The threshold may be defined by either the 

energy or peak power of the excitation pulse per unit area. For pulses shorter than the timescale of 

losses in the material, energy density per pulse should define the threshold. For longer pulses where 

excitation needs to overcome losses, energy density scales with pulse duration, and the peak power 

density should be the parameter for comparison.
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Figure S1. A scanning electron microscope (SEM) image of a square array of TiO2 cylinders, with 

a cylinder height of 120 nm, a diameter of 280 nm, and a gap of 40 nm between cylinders in x and 

y directions. Scale bar: 500 nm.
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Figure S2. Amplified spontaneous emission (ASE) of a colloidal quantum dot (CQD) film. The 

CdSe/CdS core-shell CQDs have been engineered to have a low gain threshold. The light-in light-

out curve indicates an ASE threshold of ~ 35 kW/cm2. PL spectra at selected pump power densities 

(inset) show the linewidth narrowing at the onset of ASE. The CQD film measured is ~ 135 nm 

thick, deposited on a MgF2 substrate and capped with PDMS. The sample is excited in the normal 

direction by a stripe with dimensions of 50 m  1 mm, produced by a pulsed laser at  = 355 nm ×

(pulse width ~ 5 ns, repetition rate ~ 100 Hz) through a cylindrical lens, and the PL is collected 

parallel to the sample surface.
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Figure S3. Photoluminescence (PL) spectrum of the CQD film used in this work. PL peaks at 

 = 620 nm with a full width at half maximum (FWHM) of 20 nm when the film is excited at  

= 488 nm. 
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Figure S4. Angle-resolved PL spectra of CQD-coated TiO2 nanoantenna arrays with the cylinder 

diameter (D) ranging from 280 nm to 340 nm. The resonances red-shift as the diameter (and period 

of the array) increases. The sample is excited with a continuous-wave laser at  = 488 nm, and the 

PL is collected through a polarizer for transverse electric (TE)-polarized light only.
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Figure S5. (a) Zoomed-in image of the far-field radiation pattern during lasing for a CQD-coated 

TiO2 nanoantenna array with a cylinder diameter of 340 nm, corresponding to Figure 4b. The 

donut shape in the normal direction confirms that lasing arises from a bound state in the continuum 

(BIC). The direction of radiation is denoted by the ratio between the projected in-plane momentum 

k|| (i.e. kx, ky) and free-space momentum k0. (b) Upper and lower panels present the line scans 

along the x and y axes of (a), respectively, showing the angle-resolved lasing intensity. Peaks in 

lasing intensity are observed at k||/k0 ~ ±0.01 (dashed lines), corresponding to an angle of ~ 0.6° 

into the free space, or ~ 0.3° in the CQD layer with an index of 1.9.
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Figure S6. (a, b) Angle-resolved PL spectra (a) below and (b) around the lasing threshold for a 

CQD-coated TiO2 nanoantenna array with a cylinder diameter of 280 nm, at the pump fluence 

indicated. The structure supports a bound state in the continuum (BIC, pointed by an arrow) arising 

from the 1st-order slab waveguide mode. The sample is excited by a pulsed laser at  = 355 nm 

(pulse width ~ 5 ns, repetition rate ~ 1250 Hz), and the PL is collected without a polarizer. Lasing 

occurs via the 1st-order BIC at a pump fluence of ~ 150 J/cm2. The spectrum in (b) is taken with 

a neutral density (ND) filter (optical density ~ 2).


