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Abstract: The realization of efficient on-chip microlasers with scalable fabrication, ultralow
threshold, and stable single-frequency operation is always preferred for a wide range of
miniaturized photonic systems. Herein, an effective way to fabricate nanostructures-
whispering-gallery-mode (WGM) lasers by simply drop-casting CdSe/CdS@Cdi1—~ZnxS
core/buffer-shell@graded-shell nanoplatelets (NPLs) solution onto silica microspheres has
been presented. Thanks to the excellent gain properties from the interface engineered core/shell
NPLs and high-quality factor inherent from the WGM resonator, the proposed microsphere
lasers show a record-low lasing threshold of 3.26 pJ cm? among all NPLs-based lasing
demonstrations under ns laser pumping. The presence of sharp discrete transverse electric- and
magnetic-mode spikes, the inversely proportional dependence of the free spectra range on the
size of microsphere and the polarization anisotropy of laser output represent the direct
experimental evidence for NPLs-WGM lasing nature, which is verified theoretically by the
computed electric-field distribution inside the microcavity. Remarkably, a stable single-mode
lasing output with an ultra-low lasing threshold of 3.84 pJ cm2 is achieved by the Vernier effect
through evanescent field coupling. Our results highlight the significance of interface
engineering on the optimization of gain properties of heterostructured nanomaterials and shed

light on developing future miniaturized tunable coherent light sources.
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1. Introduction

Miniaturized lasers have attracted much attention in the fields of nanoscale optical

[+7] and optical information processing.’®**! As such, a broad

integration,!'3] coherent sensing,
range of solution-processable materials, such as organic dye molecules and colloidal
semiconductor nanostructures, with low-cost production and easy incorporation into various
cavities, have been the core gain media of intense research for lasing demonstration. [1:7:10-13]
Among all these solution-processable gain materials, two-dimensional (2-D) colloidal

[14,15] also

nanoplatelets (NPLs) with pure quantum confinement from the vertical direction,
defined as semiconductor quantum wells, have become the most promising alternative owing
to the suppressed non-radiative Auger recombination (AR) rates relative to their 0-D quantum
dots and 1-D nanorods counterparts and their long-term stable lasing performance compared to
traditional organic dyes suffering from severe irreversible photobleaching.!'>!® In addition,
thanks to the persistent efforts made by researchers, various approaches including thickness
tunability, ligand exchange, and heterostructure-engineering have been reported to manipulate
the excitonic characteristics of the final NPLs products with emission covering the whole
visible spectral regime.!'”l Rapid AR process competing against the population inversion is the
main loss channel of the lasing action for the low-dimensional gain medium. Very recently,
CdSe core NPLs sandwiched between compositionally graded CdixZnxS shells have exhibited
an unprecedented ultralow threshold of 3 pJ cm? for the onset of amplified spontaneous
emission (ASE) owing to their slowed AR process resulting from the smoothening of the
interface potential barrier and the perfect surface passivation.['®!] Driven by their remarkable
gain properties, numerous works have been conducted on the demonstration of core/alloying
shell NPLs-based lasers.!20-4]

To date, the majority of works using NPLs as a gain medium have adopted several optical

10,11,19,20,22,25-27]

feedback configurations including Fabry—Pérot cavity,! photonic-crystal

2.28] random cavity as well as distributed feedback cavity.?'?*! However, NPLs-

cavity,!
whispering gallery mode (WGM) lasers with ultra-high quality (Q) factor and extremely small
mode volume, B%3!! in which the closed feedback loop is formed via total internal reflection in
the boundaries of high refractive index cavity, are rarely studied. WGM resonant cavities, which

can greatly enhance the interaction between light and matter, have already demonstrated

4,5,32,33 34-36]

remarkable applications in such as ultra-high-sensitivity sensing,! l'integrated optics,
quantum optics,?”*8 and nonlinear optics.l****! Although coreless fiber-assisted NPLs-WGM
laser has been demonstrated previously, only multi-mode lasing action with prominent

spontaneous emission background and high lasing threshold up to hundreds of uJ cm ™ under
3
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femtosecond pulsed-laser pump wwa presented,'**! which hinders the practical utilization. In
addition, the dipping preparation method used in this work usually requires to precisely control
the movement of fibers at slow speed in concentrated dispersion to ensure the smoothness and
uniformity of the coated closed-packed film formed via the adhesion process.[*!! Consequently,
successful demonstration of NPLs-WGM resonators with scalable simple production and
ultralow lasing threshold is urgently demanded in the field of miniaturized solid-state lasers.
Herein, NPLs-WGM microlasers with tunable longitudinal modes and easy preparation
method are developed by directly drop-casting newly-engineered CdSe/CdS@Cdi—xZnxS
core/buffer-shell@graded-shell NPLs dispersion onto silica microspheres with different sizes.
The outstanding gain features of as-synthesized core/shell NPLs are characterized in detail and
attributed to the release of interface strain by the introduction of CdS buffer layer together with
the reduced AR rates and strong quantum confinement effects owing to the inclusion of alloying
CdixZnxS outer shell with type-I band alignment. These unique NPLs-WGM microsphere
lasers exhibit a record low lasing threshold down to 3.26 uJ cm™ and reliable lasing stability
(9% decrease of lasing intensity) under continuous high pumping excitations for 100 minutes.
Furthermore, the WGM mechanism is systematically verified by experimental results including
detailed mode analysis, size-dependent free spectra range, and high polarization factor of lasing
outputs up to 0.79 as well as simulated electric-field profile inside microsphere resonators.
Remarkably, with the help of the Vernier effect, high-quality and stable single-mode lasing with

ultralow threshold of 3.84 pJ cmis successfully achieved.

2. Results and Discussion
2.1. Characterization of Engineered CdSe/CdS@Cd;-xZnxS Core/Shell NPLs

Our colloidal CdSe/CdS@Cdi1-xZnxS Core/Shell NPL consists of an atomically-flat CdSe
NPLs with 1.2 nm thickness as a core which is sandwiched between the inner CdS buffer-shell
and the outer Cdi—xZnxS graded shell. In principle, this specifically-engineered hybrid-shell
structure takes three roles. Firstly, introduction of CdS buffer shell significantly reduces
interface defects caused by the large lattice mismatch between CdSe core and outer Cdi—~xZnxS
shell.*24% Secondly, graded Cdi-xZnxS shell with smooth interface potential transition
suppresses the AR rates which is large in core/shell NPLs with sharp interface potential
transition due to rigid momentum conservation.l*4#! Last but not least, CdSe/Cdi-xZnxS has
type-1 band alignment and provides strong spatial confinement on the photoexcited electron-
hole pairs which leads to superior gain features and inhibits the interaction between excitons
and surface defects, whereas CdSe/CdS forms type-II band alignment where electron-hole pairs

4
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are delocalized over the whole system.[*81946] Figure 1a presents the absorption spectrum with
well-resolved heavy- and light-hole excitonic transitions and photoluminescence (PL) spectrum
with narrow full width at half maximum (FWHM) down to 18 nm. High resolution HAADF-
STEM (High-angle annular dark-field scanning transmission electron microscopy) image
shown in Figure 1b also proves the uniform rectangular shape of as-prepared NPLs without
noticeable etched edges. Moreover, the clear contrast between bright core and dark shell
sections owing to their different composition is recognized in Figure 1c.

To evaluate the gain properties of these core/shell NPLs, ASE measurements using stripe
excitation geometry under femtosecond laser pumping were conducted (see the Supporting
Information Add section number). As shown in Figure S1, a narrower emission band emerges
on the red side of the spontaneous emission band as the pump fluence keeps increasing, which
indicates the appearance of stimulated emission (or ASE) and signifies the existence of
multiexcitonic gain mechanism for the NPLs.[*%1825-27] The dependence of integrated emission
intensity on pump fluence in Figure 1d indicates the ASE threshold of Pw~ 4 uJ cm, which
is comparable to the previously reported state-of-the-art core/shell NPLs.81 Variable stripe
length (VSL) measurements were also performed to derive the modal gain coefficient G of the
NPL thin film (see the Supporting Information Add section number). The pump fluence was
fixed at 2Pwn, for a clear comparison of the gain behaviors with the previously reported
CdSe/CdS@Cd1xZnxS core/crown@shell NPLs.[?*l As shown in Figure 1e, the calculated G
of 202 cm from our NPLs outperforms the previously reported NPLs with core/crown@shell
structures,?* which further validates the significant effects of the proposed hybrid shell on the
modification of the corresponding efficient gain.

2.2. Fabrication and Characterization of NPLs-based Microsphere Laser

Figure 2a illustrates the schematic of a NPLs-coated SiO2 microsphere that supports
WGMs with the emitted light propagating in the high refractive index NPLs spherical shell via
total internal reflection (see the Supporting Information Add section number). Scanning
electron microscopy (SEM) images of the individual SiO2 microsphere before and after drop-
coating with NPLs as well as the cluster consisting of several NPLs-coated microspheres with
different sizes in the range between 10 pm to 120 um are displayed in Figures 2b-d. NPLs are
conformally coated on the microspheres which preserve the perfect spherical shape and have
smooth surface. More SEM images and optical microscope photographs of microspheres with
various diameter are shown in Figures S2 and S3. Figures 2e-f are the cross-section profile of
a NPLs shell cracker peeled off from SiO2 microspheres. The thickness of the NPLs gain layer

is about 490 nm. Energy dispersive spectrometer (EDS) mapping reveals the uniform coverage
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of NPLs on the microsphere as shown in Figures 2g-k and Figure S4. The smooth morphology
and uniform distribution of NPLs gain medium on the microsphere’s surface effectively
alleviate the scattering loss for optical resonance and eventually lead to the low-threshold laser
operation which will be discussed below.

2.3. WGM Lasing

2.3.1. Multi-mode Lasing

NPLs-WGM microlasers were characterized by a home-built micro-photoluminescence
(u-PL) system using 532 nm nanosecond pulsed laser excitation (1 ns, rep. rate 60Hz) (see
Figure S5 and Experimental Section). The lasing operation of individual NPLs-WGM
microlasers of various sizes is demonstrated by the spectral analysis shown in Figure 3. For a
microsphere with diameter of 12 um (Figure 3a), broad spontaneous emission is peaked at ~655
nm under low pump fluence. With the increase of pump fluence, sharp lasing spikes with regular
intervals and the rapidly boosted PL intensity are clearly observed. Figure 3b plots the
integrated PL intensity and FWHM of emission peaks as a function of the pump fluence. Clear
threshold behavior confirms the lasing action from the microlasers. Compared with the
previously reported lasing features of NPLs-based lasers listed in Table 1, our NPLs-WGM
microspheres exhibit the record-low threshold of 3.26 uJ cm™ and high Q-factor up to ~ 4200
(see analysis in Figure S6), which is mainly due to the excellent gain material and ultralow loss
optical cavity with small surface roughness. Good refractive index contrast between NPLs and
air or SiO2 as well as suitable NPLs thickness ensure excellent confinement of both pump and
emitted light in NPLs layer for generating lasing oscillations. It is noteworthy that the lowest
lasing threshold is generated from the NPLs-WGM microsphere with a moderate diameter (~20
pum), which is attributed to the trade-off between the stronger light confinement and accelerated
surface scattering as increasing the diameter of the spherical NPLs-WGM cavity.

The WGM lasing mechanism is further confirmed by analyzing the spectral characteristics
of these microsphere lasers. In general, WGM lasing peaks, characterized by transverse
magnetic (TM) or transverse electric (TE) modes, could be well examined from the asymptotic
equation (see Supplementary Information add section number). Figure 4a displays the typical
output spectrum of a 20 um-diameter NPLs-WGM microsphere. The good agreement of the
positions of laser modes between the experimental measurement and the fitting results further
confirms the WGM lasing mechanism in our NPLs-coated microsphere. According to our
theoretical calculation, the lasing peaks pertain to first order (¢ =1) and the longitudinal mode
numbers count from 163 to 166 for the TE and TM modes, respectively. Another typical
characteristic of WGM lasing is the size-dependent free spectral range (FSR). For spherical

6
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WGM resonator used in our case, FSR could be calculated as follow:["#7]

FSR=/?/(negm D) (1)
where 1, nett and D represent the peak wavelength, effective refractive index and the diameter
of NPLs-WGM microcavity, respectively. Figure 4b plots a series of lasing spectra collected
from the microsphere with different sizes. The inverse proportional dependence of FSR on D
(in Figure 4c and Figure S7) unambiguously disclosed the WGM nature of our fabricated
microlaser. Pointedly, the derived effective refractive index neft in Equation (1) is 1.76, which
is smaller than that of pure NPLs film extracted from ellipsometry measurements as shown in
Figure S8. The smaller nes is tentatively attributed to a tiny fraction of the WGM electric field
leaking into the surrounding air environment and the adjacent silica sphere, which is also
consistent with the simulated electric field profile elaborated below. The finite element method
provided by COMSOL Multiphysics was used to numerically simulate the electric field
distribution in the NPLs-coated microsphere laser (see details of the simulation model and
Figure S9 in Supplementary Information). All simulation parameters are consistent with the
actual measured parameters. The effective refractive index of the microcavity nst employed in
the simulation model is 1.74, which is close to the calculated nest = 1.76 from Equation (1).
Figures 4d-g present the cross-sectional view of the electric field distribution inside the
resonant cavity. As expected, the light produced a strong WGM resonance and is effectively
confined in the gain layer through the total internal reflection with only a few leaking into the
adjacent domain of the microcavity. Upon close examination of the normalized electric field
intensity in the radial direction shown in Figure S10, only 3.87% and 1.42% of the waves leak
into the air and SiOz layer, respectively. This small fraction of field leakage through evanescent
waves is another evidence for the proposed spherical microlaser to support lasing operation
with such high Q-factor and low threshold.

Microlasers with linear polarization and reliable photostability have extensive practical
applications in signal detection, fundamental research, and display technology. To study the
polarization anisotropy of the NPL-WGM microlaser, the laser emission spectra as a function
of rotation angle (6) with respect to a linear polarizer below and above lasing threshold were
recorded for comparison. From Figures 5a-b, little change in the PL intensity is observed with
the variation of 6, indicating a very low polarization ratio below the threshold. However, the
lasing action above the threshold presented in Figures Sc-d is strongly polarized with the
dominant optical feedback path perpendicular to the equatorial plane, which is also observed in
other spherical WGM-assisted lasers from previous studies.[**% This polarization anisotropy

is consistent with the feature of WGM lasing. The polarization anisotropy could be
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quantitatively reflected from the factor of the polarization state defined as!>!]

I @
where Imax and Imin correspond to the maximum and minimum lasing emission intensity,
respectively. R of our proposed NPLs-WGM laser is determined to be 0.79, which is higher
than that from the previously proposed NPLs-embedded fiber laser.'’’ Environmental
degradation and thermal stability are two insurmountable barriers limiting the lasing durability
of nanostructures-based microlasers. Figure 5e illustrates the evolution of the lasing intensity
of a NPLs-WGM laser under continuous and strong nanosecond pulse excitation for 100
minutes at in ambient conditions. It should be mentioned that the pumped excitation was already
one order of magnitude larger than the lasing threshold. The results show that all lasing peaks
are kept at the same position and no significant quenching of lasing output (less than 9%
decrease of intensity) or chemical degradation is observed during the measurement. The
excellent photostability and resistance to the harsh environment afforded by NPLs-WGM
microlaser provide further evidence that our choice of gain material and microsphere cavity
offer the guidelines for fabricating a robust, high-performance miniature laser application.
2.3.2. Single-mode Lasing

Although single-mode lasers are highly desirable in the fields of optical communications,
optical storage, and optical sensing, the achievement of single-frequency WGM-lasing
operation is difficult as the cavity is expected to support only one mode over the entire gain
spectrum range.>?>¥ Thus, the conventional strategy to realize single-mode WGM operation is
to expand the FSR by reducing the size of the optical cavity until there is only one mode in the
whole gain range according to Equation 1.[71 Unfortunately, the reduction of cavity size will
inevitably deteriorate the O-factor and result in the attenuation of the lasing output with high
optical loss. The alternative approach is to exploit the Vernier effect in which the shared
resonance mode of the individual cavities will be enhanced while the other modes will be

53361 Here, we try to validate the feasibility of attaining

suppressed in coupled microspheres.|
single-mode lasing operation through the Vernier effect from two strongly coupled NPLs-coated
microspheres as depicted in Figure 6a. Figure 6b presents the lasing spectra of each isolated
NPLs-WGM microsphere at a pump fluence of 14.79 pJ cm, and the diameters of these two
microspheresare 48 um (D;) and 44 um (Dz), respectively. FSR of the coupled microspheres
can be estimated by Vernier equation (D; >D;),[’"8]

FSR=)%/ [ney (D1-D2)] 3)

Considering that the resonance wavelength is about 663.28 nm, the theoretically calculated

8
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FSR is 19.9 nm, which has already exceeded the gain spectral range, even the PL spectral width
of as-synthesized NPLs. Figure 6c plots the results of single-mode lasing emission from this
strong coupling system under different pump intensities, which reveals that the excitation power
for the onset of the stable single-mode lasing performance is only about 3.84 pJ cm™, much
smaller than that of NPLs-WGM microsphere with reduced size according to Figure 3. Our
achievement shows that by integrating two isolated NPLs-WGM microspheres into the coupled
system, the single-frequency operation with record-low lasing threshold via the Vernier effect
is achieved for the first time in the field of laser demonstrations containing colloidal quantum-

well semiconductor materials.

3. Conclusion

In summary, thanks to the choice of interface-engineered core/shell NPLs with remarkable
gain properties and appropriate spherical microcavity with high Q-factor, an ultralow-threshold
multimode and single-mode NPLs-WGM laser is proposed and demonstrated by simply drop-
casting high-concentrated dispersion onto silica microsphere cavity. Based on the
comprehensive spectroscopic analysis, typical WGM-lasing characteristics such as diameter-
and polarization-dependent lasing features as well as excellent photostability are
unambiguously revealed for the first time in the field of NPLs-WGM laser, showing a good
agreement with the numerical calculation of the electromagnetic field profile for quantitative
comparison. Besides, the single-frequency operation with a record-low lasing threshold of 3.84
uJ cm? is demonstrated from strongly-coupled microspheres system via the Vernier effect. Our
work offers a compact, robust, and universal fabrication method towards fascinating colloidal
nanomaterials-based high-quality single-mode coherent light source covering the visible

spectral region.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Table 1. Thresholds and Q-factors of CdSe NPLs-based lasers.

WILEY-VCH

Lasing Type Gain materials Threshold | Q-factor | References
VCSE Lasing CdSe/CdS C/C NPLs 2.49 mJ/cm? ~270 [27]
Random lasing CdSe/CdSeTe C/C NPL 950 pJ/cm? ~1700 [25]
Mie resonances lasing CdSe/CdxZn,S C/S NPLs 36 pdicm? 2590 [23]
DBR lasing CdSe/Cd1«Zn,S C/S NPLs 23 pd/icm? ~1100 [21]
F-P lasing CdSe/CdS@Cd1xZn,S C/C @shell NPLs | 68.4 pd/cm? 1195 [20]
WGM lasing CdSe/CdS@Cd1xZn,S C/C@Shell NPLs | 188 pJ/cm? ~480 [24]

WGM lasing CdSe/CdS@Cd1xZn,S C/S NPLs 3.26 pJ/icm? ~4200 Our work

3 VCSE, Vertical Cavity Surface Emitting; DBR, Distributed Bragg Reflector; F-P, Fabry—Pérot; C/C, Core/Crown;

C/S, Core/Shell.
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Figure 1. a) PL and absorption spectra of the as-synthesized NPLs. High resolution HAADF
STEM images of b) top-view core/shell NPLs and c) side-view a single core/shell NPL. d) The
integrated edge emission intensity with the pump intensity. The inset shows the schematic
diagram for ASE and gain measurement. ) The integrated PL intensity with the change of stripe

length.
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With NPLs

Figure 2. a) Schematic diagram of the NPLs-WGM microsphere in which the CdSe/CdS@Cd:-
xZnxS Core/Shell NPLs are uniformly covered the whole surface of the microsphere. SEM
images of b) bare silica microsphere, c) single NPLs-coated silica microsphere, and d) NPLs-
coated microspheres clusters. ¢) SEM image of the cracker from broken NPLs-coated
microsphere. f) Zoom-in image of the cross-section of ¢). g) EDS elemental mapping results

showing the distribution of the chemical elements of NPLs-coated microsphere.
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Figure 3. Power-dependent emission spectra of microlasers with different diameters of a) 12
pm, ¢) 20 pm, and e) 33 pm, respectively. The insets display the microscope photography of
the corresponding microlasers under specific excitation power. The clear and bright ring on the
surface of the microspheres proves the realization of WGMs lasing. b,d,f) Evolution of the
normalized PL intensity and the FWHM of emission peaks as a function of different pump

fluence for (a),(c),(e) NPLs-WGM microlasers respectively.
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Figure 4. a) Mode analysis of the lasing spectrum from a NPLs-WGM microsphere with a 20
um diameter. Inset: Schematic views of WGMs with their TE and TM field oscillations. The
white arrows represent the orientation of the electric field. b) Lasing spectra from a series of
microspheres with a diameter of 12, 20, and 52 um, respectively. ¢) The FSRs as a function of
microsphere’s diameter D. d) The electric field distributions on the x-y plane. The diameter of
the simulated microcavity is 20 um. e) A magnified view of the electric field profile in d). f)
Electric field distributions on the y-z plane. g) A magnified view of the electric field profile in
f). For all simulation results, the red and yellow areas represent the lowest and highest field

intensities, respectively.
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Figure 5. a) Emission spectrum below lasing threshold (~0.76 Pw) from a single microlaser
under various polarizer rotation angles (6) of a polarizer. b) The integrated PL intensity as a
function of 6. ¢) Emission spectrum above lasing threshold (~1.72 Pw) from the same microlaser
recorded under various polarizer rotation angles. d) The integrated lasing peak’s intensity as a
function of 6. ¢) Normalized laser intensity under continuously pumped excitation of ~10 times
higher than the lasing threshold. To reduce the disturbance caused by the instability of the
excitation source, we have performed a linear fit between the relative lasing intensity and the

number of pulses.
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Figure 6. a) Schematic diagram of strong coupling between two NPL-coated microspheres.

One microcavity can be regarded as an optical filter of the resonant wavelength of another

microcavity to realize a single-mode laser. b) Lasing spectra of isolated microlaser A and

microlaser B at a pump fluence of 14.79 uJ cm™. ¢) Lasing spectra of a strong coupling system

under different pump intensities. PL images of presented microlasers are shown in the insets.

(d) The normalized PL intensity and the FWHM of lasing peaks as a function of different pump

fluence.
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A self-assembled CdSe/CdS@Cdi~«ZnxS core/shell NPLs-WGM microlaser with
ultralow-threshold, tunable-wavelength, and excellent photostability is proposed. Both multi-
and single-mode high Q-factor WGM lasing are achieved with a record-low lasing threshold of
3.26 uJ cm?. The results highlight the significance of interface engineering on the optimization
of gain properties of heterostructured nanomaterials and shed light on developing future

miniaturized tunable coherent light sources.
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