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Continuous-Wave Pumped Self-Assembled Colloidal
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Wen Siang Lew, Baile Zhang,* and Handong Sun*

The field of optoelectronic integrated circuits is actively developing reliable and
efficient room-temperature continuous-wave (CW) lasers. CW-pumped lasers
combine the economical and simple manufacturing processes of colloidal
semiconductor lasers with the efficient and stable output of continuous
pumping, enabling them to significantly impact the field of semiconductor
lasers. However, development is still severely challenged by limitations

such as gain materials and cavity structures. Consequently, as a compromise,
most colloidal semiconductor lasers proposed to date have relied on another
pulsed laser as the pumping source. In this study, a self-assembled colloidal
topological laser is proposed that benefits from CW pumping at room
temperature. By utilizing an interfacial self-assembly strategy, nanoplatelets
(NPLs) are managed to control the collective orientation (face-down

or edge-up), achieving controlled polarization of amplified spontaneous
emission for the first time. Furthermore, precise control over the thickness

of a single NPL layer is demonstrated, which enables the laser system

1. Introduction

Colloidal nanoplatelets (NPLs) are an ex-
ceptionally promising new type of lumines-
cent material, considered as candidates for
the next generation of laser gain media.
Among all the solution-processable gain
materials studied so far for lasing appli-
cations, colloidal NPLs stand out for their
suppressed nonradiative Auger recombina-
tion rates compared to zerodimensional
(0D) quantum dots and one-dimensional
(1D) nanorods.['"*l More importantly, col-
loidal NPLs can self-assemble, achieving
nanoscale precise control of stacking thick-
ness and collective orientation.[*® Recent
studies have demonstrated that the self-
assembly of NPLs can significantly enhance

to offer extensive wavelength tunability (over 50 nm), ultra-high polarization
(over 95%), and good temporal stability. These metrics signify the optimal
performance level of colloidal semiconductor lasers, marking a new era

in solution processing systems for the optoelectronic integrated circuit field.

the emission performance of optoelectronic
devices.*>1% For instance, by aligning the
transition dipole moments of NPLs paral-
lel to their surface through self-assembly,
the external quantum efficiency of light-
emitting diodes (LEDs) can be effectively
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increased by more than 50%.1°) Furthermore, meticulous con-
trol of the collective orientation of NPLs enables the attain-
ment of direct linearly polarized electroluminescence in the ab-
sence of any photonic structures.['% Colloidal NPLs also exhibit
a range of impressive characteristics crucial for laser applica-
tions, such as ultranarrow emission line width,['1-13] giant oscil-
lator strength, 1151 giant linear and nonlinear absorption cross-
sections,['*13] and large modal optical gain coefficients.!'®] These
attributes position colloidal NPLs as ideal candidates for the next
generation of micro- and nano-lasers. Despite rapid advances
in low-threshold lasers and device miniaturization, the perfor-
mance of colloidal semiconductor lasers still falls significantly
short of expectations. To achieve electric drive, continuous-wave
(CW) optically pumped lasers are not only an essential path
to this objective but also signify a critical technological break-
through. Nevertheless, the resolution of the CW pumping issue
for colloidal semiconductor lasers at room temperature is still in
its absolute nascent stages, with significant potential for improve-
ment in areas such as lasing threshold, quality factor, and wave-
length tunability.[*>17:18] The key to overcoming these challenges
hinge on the meticulous optimization of the gain medium and
the laser cavity.

Topological photonics introduces innovative excitation mech-
anisms to micro- and nano- lasers, enabling the design of robust
light flows within compact cavity structures.[12% In recent devel-
opments, researchers have harnessed the attributes of topologi-
cal protection, effectively integrating gain materials into topolog-
ical photonic structures.[?!-28] This breakthrough paves the way
for the creation of top-tier topological lasers with exceptional per-
formance capabilities. However, the majority of existing topolog-
ical lasers rely on either 1D chains®’lor twodimensional (2D)
arrays of semiconductor resonators,?1?2029 with their emis-
sion primarily at the edges or corners, predominantly in the in-
frared spectrum. Developing topological lasers emitting within
the visible light spectrum poses substantial challenges. A prac-
tical obstacle is that the photonic structure dimensions required
for achieving topological lasers within the visible spectrum are
typically on the nanometer scale. This demands extremely high
manufacturing precision and relies on cutting-edge nanofabri-
cation technologies (typically electron-beam lithography). These
cumbersome and costly manufacturing processes limit the large-
scale production of topological lasers. Therefore, developing a
high-performance topological laser that does not require complex
lithographic patterning and has a simpler fabrication process is
a crucial direction for current research.

In this work, we overcome these pressing challenges, pioneer-
ing the development of a CW optically pumped self-assembled
colloidal topological laser, which is demonstrated for the first
time using colloidal nanocrystals (Figure 1a). To accomplish this,
we focus on addressing the following key factors. First, we syn-
thesize heterogeneous colloidal NPLs that exhibit high unifor-
mity and enhanced gain properties, essential for the generation
of high-performance lasers. Second, a topological vertical-cavity
is designed, which can be fabricated without the need for complex
and expensive lithographic techniques. Third, the self-assembly
of colloidal NPLs is managed to control the collective orientation
and stacking thickness of the NPLs, achieving nanoscale control
over the topological cavities. For the first time, we have achieved
controllable modulation of the polarization properties of ampli-

Adv. Mater. 2025, 2416635 2416635 (2 of 9)

www.advmat.de

fied spontaneous emission in colloidal nanocrystal lasers. Addi-
tionally, our self-assembled colloidal topological laser exhibit ex-
tensive wavelength tunability (>50 nm), ultra-high polarization
(> 95%), ultra-high-quality factor (~11800) and good temporal
stability, all achieved through CW pumping at room temperature.

2. Results and Discussion

2.1. Optical Properties and Self-Assembly of CdSe Colloidal NPLs

The  red-emitting  CdSe/CdS@Cd,_,Zn,S  core/buffer-
shell@graded-shell NPLs as the gain material were synthesized
(for detailed synthesis procedures, please refer to Supporting
Information Experimental Section). The Cd,,Zn,S graded shell
offers robust type-I confinement on photoexcited carriers, effec-
tively enhancing the overlap of their wavefunctions. This helps
to mitigate excitonic interactions with surface defects, resulting
in exceptional optical gain characteristics. The buffer and graded
shell layers also aid in diminishing interfacial defects between
the core and shell components of the NPLs. This reduction
in interfacial defects, consequently, helps suppress significant
Auger recombination when momentum conservation is relaxed
due to a decreased interfacial potential between the core and
shell components. These enhancements guarantee a high pho-
toluminescence quantum yield (PLQY) and a narrow emission
line width, both of which are highly desirable traits for laser
operation.

The colloidal NPL solution possesses high monodispersity and
size uniformity, emitting photoluminescence (PL) of 654 nm
with a narrow full-width half-maximum (FWHM) of ~21 nm,
and a high PLQY of 99% (Figure Sla, Supporting Information).
Closer examination under bright-field transmission electron mi-
croscopy (I'EM) reveals that the NPLs exhibit atomic flatness, and
possess a uniform rectangular shape (Figure S1b, Supporting
Information). Time-resolved photoluminescence (TRPL) spec-
troscopy conducted on a film of NPLs (Figure 2a) unveils two
emission bands to illustrate the spectral evolution from sponta-
neous emission to amplified spontaneous emission (ASE). Dur-
ing the early times, as indicated by the white dashed line in
Figure 2a, the PL spectrum was effectively fitted by a two-peak
Lorentzian function (Figure 2b), corresponding to single exciton
and biexciton emissions. Based on the double-band deconvolu-
tion, the energy of the single exciton is 1.91 eV, and the biexciton
binding energy E;* is determined to be ~37 meV from the energy
separation between the peak positions. Given that the thermal en-
ergy of the ambient environment at 300 K is ~26 meV, the higher
value of E;* allows for biexciton state to exist well beyond room
temperature.*"] The substantial biexciton binding energy also in-
duces a redshift in the stimulated emission peak away from the
spontaneous emission peak, thereby minimizing reabsorption to
achieve a low stimulated emission threshold. The gain character-
istics of the as-synthesized NPLs are evaluated via their pump
intensity-dependent PL using a variable stripe length (VSL) ex-
citation geometry, as depicted in Figure 2c. As the pump power
of quasi-continuous nanosecond pulses (532 nm, 1 ns, 60 Hz)
increases, a distinctive, narrower emission band emerges on the
red side of the spontaneous emission band to indicate the on-
set of ASE. Excitation intensity-dependent TRPL measurements
were also performed on NPLs thin films before, close to, and after
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Vertical-Cavity Lasers

Figure 1. a) The schematic diagram of CW pumped self-assembled NPLs — topological laser at room temperature. Topological vertical-cavity was de-
signed without the need for complex lithography. Inset i) concisely illustrates how an interfacial self-assembly strategy was employed to control the
collective orientation of NPLs and integrate them into the topological vertical-cavity. Insets (ii—iv) highlight the advantages of the proposed topological
laser, including CW pumping, lithography-free fabrication, and wide-range tunability. b,c) TEM images of NPLs showing face-down and edge-up assem-
blies, respectively. d,e) SEM images showcasing the uniformity and smoothness of the colloidal NPLs film. f) SEM image of the cracker from broken
NPLs film. g) Detail of a fractured area, showing a film thickness of 1.1 um. h—k) The elemental mapping of the NPLs film confirms that the fractured

area shown in (e) is composed of NPLs.

the ASE threshold (Figure 2d; Table S1, Supporting Information).
The inset of Figure 2c shows an unprecedented ultra-low thresh-
old of Pth ~3.8 pJ cm™2, providing a high-gain foundation for
the generation of stimulated emission under continuous-wave
pumping.

Interfacial self-assembly strategy emerges as a potent tool for
facilitating the formation of highly ordered superstructures in
colloidal materials, thereby enabling the creation of superlat-
tices in optoelectronic devices. For the first time, we have con-
trolled the polarization characteristics of ASE by manipulating
the orientation of colloidal NPLs. We adjusted the NPLs collec-
tive orientation (face-down or edge-up) at the interface by regu-
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lating the evaporation rate of the solvent, while avoiding the use
of non-volatile insulating additives that could potentially impact
device performance (please see Figure S2, Supporting Informa-
tion for details). To more clearly demonstrate the face-down and
edge-up configurations, we performed measurements using 4-
monolayer (ML) CdSe NPLs as examples. Experimental findings
indicate that employing a solvent with rapid evaporation (hex-
ane) results in the formation of a kinetically trapped product, i.e.,
NPLs adopting a face-down configuration (Figures 1b, and 2e);
conversely, employing a solvent with slow evaporation (octane)
yields a thermodynamically favored product, i.e., NPLs assem-
bling in an edge-up orientation (Figures 1c, and 2f).1] As depicted
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Figure 2. a) Streak camera image of the NPL film near ASE emission. The transition from blue to red in the spectrogram indicates a gradual increase in PL
intensity. b) Early-time integrated intensity (orange line) of (a) panel along the white dashed line. The Lorentzian fitting of the single exciton and biexciton
emissions are represented by the black and red line, respectively, with the composite fitting represented in blue. c) Excitation fluence dependence of
PL emission under nanosecond excitation. The inset shows the normalized emission intensity with the pump fluences. d) Pump-intensity-dependent
PL decay curves for NPLs film, at pump fluence before (~0.32 Pth, ~0.82 Pth) and after (~1.15 Pth) the ASE threshold. The schematic diagram of the
NPLs in collective orientation: face-down (e) and edge-up (f) configurations. Polar plot of ASE intensity versus detection polarization angle for NPLs,

with face-down (g) and edge-up (h) configurations, respectively.

in Figure 2g,h the results indicate that the degree of polarization
(DOP) of ASE for the face-down configuration was 0.43, while
for the edge-up configuration, it reached as high as 0.81. The
polarization properties exhibit significant discrepancies between
the edge-up and face-down configurations. Results are apparent
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from the anisotropy of the dipole transition in NPLs. As shown
in Figure S3 (Supporting Information), in the face-down config-
uration, the dipoles in the NPLs are orthogonally polarized along
the x and y directions. Consequently, the overall isotropic state is
ultimately exhibited. However, in the edge-up configuration, the
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dipoles always align along the long axis in the plane of the NPLs,
while the dipole transition perpendicular to the NPL plane is for-
bidden. As such, collecting emissions perpendicularly from the
edges of the edge-up NPLs results in the observation of a highly
polarized ASE output. In laser technology, unwanted polarized
ASE inherently represents a loss mechanism. Interestingly, by
managing the collective orientation of NPLs, we can control the
polarization of ASE, thereby boosting the laser’s performance.

2.2. Design of Topological Vertical-Cavity

We demonstrate how to integrate topological photonics with col-
loidal NPL systems. When two photonic crystals (PCs) with over-
lapping bandgaps come into contact, the topological interface
states can be formed.[?831] To investigate the influence of topolog-
ical structure on lasing performance, we designed a topological
vertical-cavity that exhibits this interface state, operating within
the visible red and orange regions. Additionally, to elucidate the
structure of topological vertical-cavity, comprehensive details are
provided on the intricate design of the two types of photonic crys-
tals that were engineered. Our approach to crafting a topological
state within a binary photonic crystal (PC) draws on the classical
1D Su-Schrieffer-Heeger (SSH) model. The binary PC is con-
structed by alternating layers of low (SiO,) and high (TiO,) re-
fractive indices, as shown in Figure S4 (Supporting Information),
where the lower PC’s (LPC) unit cell has its inversion center in
the low refractive index layer, and the upper PC’s (UPC) unit cell
has its inversion center in the high refractive index layer. This
particular design of topological vertical-cavities is mathematically
equivalent to the SSH model,[*2l where the LPC and UPC mimics
the typical trivial and topological (non-trivial) 1D SSH lattice, re-
spectively. In the tight binding approximation, the 1D SSH model
Hamiltonian describing a 1D chain with two sites per unit cell
and different intracell (v) and intercell (w) hopping amplitudes
can be written as®*]

H= Z (vaib, +wb’_a,) + h.c. (1)

where nrepresents the unit cells, a’ (b7) are the creation operators
on the sublattice site a, (b,) in the nth unit cell, and h.c. denotes
the Hermitian conjugate. When the intracell hopping amplitude
is larger than the intercell hopping amplitude, i.e., v > w, the lat-
tice is trivial (left part in Figure 3a), while when v < w, the lattice
is topological (right part in Figure 3a). The relevant band struc-
tures are plotted in Figure 3b,c. When v and w swap the value,
the band structures are identical except for the topological edge
states emerging in the gap at zero energy. The key topological
characteristic of the band structure is the geometric phase, i.e.,
Zak phase 6, in 1D SSH model.3*! Specifically, in our design of
the photonic crystals the Zak phase for the zeroth band (lowest
band) can be calculated as:[3]

¢’ = sgn <1—€—A> ()
€p

where ¢, (ep) represents the relative permittivity of the center
(side) layer in the unit cell. Thus, LPC and UPC have Zak phase of
0 and r, respectively. The topological phases can also be revealed
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by the topological quantum number, i.e., the winding number,
which is calculated by the Zak phase divided by z. The LPC is
trivial with winding number 0, while the UCP is topologically
nontrivial with winding number 1. Two degenerate edge states
emerge at two boundaries of the topological lattice. When the triv-
ial lattice and topological lattice are put in contact, the edge state
emerges at the interface. With the help of topological stability,
SiO, layer at the interface is replaced by the NPLs with different
thickness to overlap the gain medium with the topological mode
(Figure S4, Supporting Information). The opposite spatial distri-
bution symmetries of the electric field are another representative
discrepancy for these different topological states (Figure S5, Sup-
porting Information).

2.3. Higher-Order Fabry—Pérot (FP) Mode in Topological Cavity

To thoroughly explore the laser characteristics, the thickness de-
pendence of NPLs was investigated, ranging from several mi-
crometers to tens of nanometers. Scanning Electron Microscope
(SEM) images presented in Figure 1d,e effectively display the sur-
face morphology of the colloidal NPLs films that were prepared.
The uniformity of these NPL films is crucial for maintaining con-
sistent optical gain within the resonator, significantly reducing
the potential for mode competition and instability. Additionally,
the smooth surface of these films minimizes surface scattering
losses inside the cavity, thereby improving the Q-factor and con-
currently lowering the lasing threshold. Figure 1h—k display the
elemental mapping of the NPLs film, confirming that the frac-
tured area shown in Figure 1e consists of NPLs. Figure 3d shows
the laser signal from a topological cavity with an NPLs thickness
of #14.5 um. It is noteworthy that at this micrometer-scale thick-
ness, the resonance mode transitions from a topological mode
to a higher-order FP mode. The threshold for this NPLs lasers
was determined to be as low as ~21.6 W cm~2. Furthermore, the
emission linewidth’s contraction served as a definitive indication
of lasing action, as shown in Figure 3e. As depicted in Figure 3f,
the multimode laser exhibits free spectral ranges (FSRs) at di-
verse intervals: 8.9, ~#12.2, and ~#20.7 nm. Remarkably, reducing
the NPL layer’s thickness to 1.1 um (Figure 1g) enables single-
mode lasing, as highlighted in Figure 3g, featuring an exception-
ally narrow FWHM of ~0.057 nm. This achievement not only
signifies the creation of a single-mode laser with a high Q-factor
estimated at 11 800, but also sets a new record for Q-factor val-
ues using colloidal NPLs, as detailed in Table S2 (Supporting
Information).

Despite this, we continue to face several unresolved key issues:
i) Spin-coating techniques do not allow for precise control over
nanometer-scale thickness. ii) Fluctuations in the thickness of
NPLs frequently cause mode hopping during testing, preventing
stable single-mode output. Additionally, we have demonstrated
that even minor thickness fluctuations of a few tens of nanome-
ters in the NPLs can lead to accompanying peaks in the laser
signal (Figure S6, Supporting Information). iii) As the thickness
of the gain layer reduces to hundreds of nanometers, the las-
ing threshold for the FP mode increases, ultimately preventing
continuous-wave pumping. As shown in Figure S7 (Supporting
Information), in the laser with NPLs thickness at ~750 nm, only
spontaneous emission is observed.
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Figure 3. a) Schematic diagram illustrating a 1D chain formed by interfacing a trivial lattice and a topological lattice. b,c) Band structures of the designed
1D topological cavity. When the trivial lattice is put in contact with the topological lattice, the edge state emerges at their interface. In the photonic
crystals we design, the calculated band structures for the LPC and UPC are identical albeit having different winding numbers. d) Power-dependent
emission spectra of the topological vertical-cavity laser. e) Evolution of both normalized PL intensity and the FWHM of emission peaks from the lasers,
characterized as functions of varying pump fluences. f) Lasing outputs in multi-mode configurations, demonstrating a range of FSRs. g) Single-mode
lasing output with a FWHM of 0.057 nm, exhibiting a lasing Q-factor of ~11800.

2.4. CW Pumped Self-Assembled Colloidal Topological Laser

We studied the lasing properties and tunability of self-assembled
NPLs layers at different nanoscale thicknesses, providing a con-
cise schematic diagram (Figure 4a). A topological laser with an
NPLs thickness of ~100 nm was first investigated. This self-
assembled 100 nm NPL layer consists of two distinct compo-
nents: a 45 nm thick NPL layer that effectively replaces the half-
layer of SiO, from the first unit cell of the UPC, complemented
by an additional 55 nm thickness (Ad) contributed by NPLs.
As shown in Figure S8 (Supporting Information), our measure-
ments demonstrate that as the CW pumping power increases
from 46 to 67 W cm™?, the topological laser displays significant
lasing behavior. This is highlighted by a dramatic narrowing of
the FWHM from ~24.5 to ~2.3 nm. Furthermore, the distinct in-
crease in the brightness of the laser spot with increasing pump
power further confirms the onset of lasing behavior. By analyzing
the relationship between emission intensity and pump fluence,
we determined the lasing threshold for the NPLs — topological
laser to be ~56.4 W cm™?, as depicted in Figure 4b. The posi-
tions of the topological modes measured closely aligns with the-
oretical simulation results, being 656.70 nm (experimental) and
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656.44 nm (theoretical), as shown in Figure S9 (Supporting Infor-
mation). With a continuous increase in NPL thickness, the topo-
logical interface states gradually evolve into first-order FP states.
Interestingly, despite the first-order FP state laser featuring a gain
layer nearly three times thicker than that of the topological inter-
face state, both simulation and experimental results show that
its Q-factor is lower than the topological mode’s (Figure S9, Sup-
porting Information). This highlights the superior performance
and innovative design of our topological laser. Furthermore, the
optical confinement factor of the topological interface mode is
significantly higher than that of the Tamm mode formed in a cav-
ity composed of two trivial photonic crystals, as shown in Figure
S10 (Supporting Information). A high optical confinement fac-
tor is particularly important for enhancing laser efficiency, re-
ducing the lasing threshold, and achieving continuous-wave laser
output.

Generally, the semiconductor materials vertically stacked in
cavity exhibits non-uniformity, causing various interfaces and
scattering centers inside. This results in the randomization of
the polarization direction of emission. Additionally, for colloidal
NPLs, their random arrangement results in a random distribu-
tion of dipole moments, further exacerbating the non-polarized
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Figure 4. a) Schematic diagram of CW-pumped topological vertical-cavity with varying NPLs thickness. By changing the self-assembly thickness of
NPLs, the tuning of the emitted lasing can be achieved. b) Power-dependence of the laser under CW pumping at room temperature. c) Polar plot of peak
intensity versus the detection polarization angle. d) Stability testing under high-intensity (=10 Pth) CW pumping. ) Emission spectra of the topological
laser calculated theoretically as a function of the thickness of NPLs. f) Tunable single-mode lasing emission. ~54 nm, and ~60 nm. From left to right,
the corresponding changes in NPL thicknesses are ~11, 25, ~31, 40, ~54, and ~60 nm. The emission wavelengths of topological lasers with these

varying NPL thicknesses are marked in e).

nature of the emission. Here, we address this challenge by em-
ploying interface self-assembly strategies to form uniformly thick
films, while also controlling the dipole distribution of NPLs. To
delve into the polarization-dependent attributes of our NPLs-
topological lasers, we meticulously analyzed the output laser in-
tensity across varying rotation angles of a linear polarizer. The re-
sults, showcased in Figure 4c, reveal a high polarization degree—
more than 95.7% according to Malus’s law—indicating that our
topological lasers produce a highly linearly polarized output.
Moreover, the durability of these topological lasers under rigor-
ous conditions was thoroughly assessed. Beyond the laser thresh-
old, the photostability of the lasers was examined, as depicted in
Figure 4d. Remarkably, after a 30 min test duration, the decrease
in output lasing intensity was less than 18%. Interestingly, upon
cessation of the pumping and following a brief 5 min cooling pe-
riod, the laser’s output power remarkably recovered to ~#95% of
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its initial level. This resilience suggests that the primary cause
of performance degradation during the test was thermal effects,
rather than any irreversible structural or material damage due
to the high-intensity pumping. Such robustness demonstrated
paves the way for utilizing colloidal lasers in scenarios demand-
ing high power and extended operation durations.

In our uniquely designed topological cavity, the laser’s emis-
sion wavelength exhibits remarkable flexibility, being tunable
through adjustments in the self-assembled NPLs thickness, thus
facilitating topological single-mode laser tuning, as evidenced in
Figure 4e. To broaden the range of tuning capabilities, we have
further synthesized orange-emitting CdSe/Cd, ,Zn S core/thin-
shell NPLs with a PL emission centered at ~604 nm (Figure S11,
Supporting Information). As showcased in Figure 4f, by mod-
ulating the thickness of the mixed NPL films within a range
of 49 nm (Ad ranging from =11 to 60 nm), we achieved an
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impressive laser wavelength tuning from 608.21 to 660.23 nm,
covering a span of over 52 nm. The tuned emission wavelengths
are also marked in Figure 4e, illustrating the consistency be-
tween the experimental results and theoretical simulations. To
our knowledge, this marks a pioneering achievement in achiev-
ing CW tuning across such a broad visible range in the domain
of topological lasers. This milestone not only demonstrates the
versatile and dynamic nature of our topological laser technology
but also establishes a solid foundation for its practical applica-
tion, particularly in domains necessitating precise, flexible, and
stable wavelength control within the visible spectrum.

3. Conclusion

In summary, we have successfully realized self-assembled col-
loidal topological lasers in visible spectrum under CW pumping
at room temperature. By exploiting the novel orientated align-
ment with fine thickness control and anisotropic dipole transi-
tion, our topological lasers demonstrate stable single-mode oper-
ation, offer considerable tunability and a high degree of polariza-
tion. Besides overcoming the fabrication challenges of topolog-
ical lasers in the visible wavelength range, these achievements
mark an important step toward the practical application of topo-
logical lasers. They not only pave the way to more accessible
and cost-efficient laser production methods but also establish
a foundation for the expanded use of colloidal NPLs in high-
performance photonic devices. Looking ahead, our focus will
shift toward refining these laser technologies for broader applica-
tions, emphasizing scalability and thermal management. This fu-
ture direction is aimed at unlocking their full potential in cutting-
edge photonic devices, further propelling the field into a new era
of innovation and application.

4. Experimental Section

Preparation of Self-Assembled Colloidal Topological Lasers: In the fab-
rication process of self-assembled colloidal topological lasers, the initial
step involved positioning a thoroughly cleaned, specially designed topo-
logical distributed Bragg reflector (DBR) mirror within a well-crafted from
Teflon well. Then, alkane solution of NPLs was rapidly dropped onto the
subphase surface. The added NPLs spread on the subphase surface, and
the temperature of the experimental environment was controlled to re-
main constant. Following the complete evaporation of alkane, the sub-
phase was gradually drained through a needle, allowing for the transfer
of a tightly packed, uniformly oriented NPLs thin film onto the surface
of the DBR. For multilayered deposition, this process was repeated onto
previously deposited substrates as many times as needed. After this self-
assembly procedure, it is necessary to carefully bond another complemen-
tary topological DBR mirror. This bonding was achieved by strategically
applying optical glue along the periphery and pressing firmly to ensure
robust and even contact with the NPLs film. For self-assembly of NPLs,
please see Figures S2 and S12 (Supporting Information) for more details.

Lasing ~ Measurement — and  Setup: A custom-built  micro-
photoluminescence (u-PL) system was utilized to investigate the
lasing behaviors of NPLs-topological lasers. For the CW pumped lasers,
a He-Cd laser emitting at 442 nm was used. Samples were positioned
on a 3D translation stage of an optical microscope. Optical signals
were collected from the top of these devices using a 50x long working
distance lens. These optical signals from the lasers were then either
transmitted to a camera for PL imaging or channeled to a spectrometer.
This spectrometer was equipped with a silicon charge-coupled device
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(CCD) camera, offering a spectral resolution of ~0.043 nm/~0.019 nm
for detailed spectral recording and analysis.

Numerical simulation: The band structures for SSH model were calcu-
lated by MATLAB. Simulations for the transmission spectra and the spatial
electric field distribution were performed in the Electromagnetic Waves,
Frequency Domain (ewfd) module with COMSOL Multiphysics, a com-
mercial software based on the Finite Element Method. A 2D geometry was
exploited for which the x-axis was chosen as the stacking direction and the
y-axis represented an arbitrary direction parallel to the surface of layers.
Periodic boundary conditions were applied along the x-axis on the top and
bottom boundaries of the simulated geometry. A plane-wave source was
placed at the left boundary and the transmission is detected at the right
boundary. Parametric Sweep was applied to wavelength and NPLs thick-
ness in the simulation.

The Factor of the Polarization: The polarization anisotropy can be

quantitatively calculated from the factor of the polarization state defined
as:1:36]

Lpax — |

R = max min (3)
Imax + Imin
where I,.. and [, correspond to the maximum and minimum lasing

emission intensity, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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