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ABSTRACT: Monolithic integration of energy-efficient and ultracompact light sources on industry-standard Si platform has 

emerged as a promising technology to realize fully integrated Si-based photonic integrated circuits. Recently, semiconductor topo-

logical lasers by using topologically protected defect modes have received extensive investigations, owing to their unique merits 

including robustness against structural imperfections and disorders. However, due to the significant material dissimilarities between 

Si and Ⅲ–Ⅴ materials, previous demonstrations of semiconductor topological lasers have been limited on their native substrates. 

Here, we experimentally report ultralow threshold continuous-wave optically pumped single-mode InAs/GaAs quantum dot topolog-

ical corner state nanolasers monolithically integrated on CMOS-compatible Si (001) substrate. Our results represent a new route 

towards ultracompact and high-performance integrated nanoscale light sources for Si photonics and enable promising applications 

for topological photonics.    
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INTRODUCTION 

Topological insulators (TIs) system, originating from condensed-

matter physics, has attracted great attentions in photonics and be-

comes a new strategy to manipulate the behavior of photons at na-

noscale1-3. Regardless of the specific configurations, most topolog-

ical photonic systems share a remarkable property named “bulk-

boundary correspondence”4, 5: d-dimensional (dD) TIs with their 

bulk topological order equals to n can support (d−n)-dimensional 

boundary states at their boundaries. To date, many experiments on 

topological photonic systems are limited to first-order topological 

insulators (n = 1), for instance quantum Hall, quantum spin Hall, 

and quantum valley Hall phases2, 6, 7. In addition, high-order topo-

logical insulators (HOTIs) with n > 1 have emerged as an important 

extension of conventional first-order TIs8-14. Along this direction, 

2D PhC structures exhibiting second-order topology and support-

ing 0D topological corner state have aroused broad interests and led 

to many interesting phenomena13, 15-17. Particularly, implementing 

high-order topological corner state in active media provides a new 

paradigm in constructing nanolasers with ultracompact footprints, 

single-mode lasing emission, and most importantly the inherent ro-

bustness against perturbations and defects18-20. However, room-

temperature continuous-wave (CW) nanolasers based on topologi-

cal corner state have remained experimentally unreported so far 

with either quantum-well (QW) or quantum dots (QDs) as the gain 

materials owing to the strict requirements for lasing operation18-20, 

harassing their practical applications in on-chip light sources. 

In addition, Si-based photonic integrated circuits (PICs) have 

been regarded as a promising candidate to realize the denser, faster 

and more energy-efficient chip-scale data communication net-

work21-25. Among all the components in Si-based PICs, high-per-

formance lasers on Si remain to be challenging due to the indirect 

bandgap property of bulk Si26. Though topological hybrid inte-

grated III-V/Si microring laser array has been demonstrated by us-

ing the direct bonding method27, topological III-V lasers monolith-

ically integrated on Si is more attractive for large scale, low-cost, 

and streamlined fabrication28. Recently, monolithic integration of 

III-V lasers on Si platform has fueled impressive developments and 

many conventional lasers directly grown on Si have been realized,  
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Figure 1. Structure of topological corner state nanolasers on silicon. (a) Schematic structure of the fabricated topological corner state nanolasers mono-

lithically integrated on CMOS-compatible silicon substrate. (b) Schematic illustration of the epitaxial structure. (c), (d) High-resolution TEM images of 
the four stacked InAs/GaAs QDs and a single QD in the active region, respectively. (e) Measured PL spectra of as-grown InAs/GaAs QDs on silicon. The 

inset depicts an AFM image of uncapped QDs grown on silicon.  

including whispering gallery mode microlasers29, 30, nano-ridge la-

sers31 and PhC lasers32, 33, while high-order topological nanolasers 

monolithically grown on Si have remained elusive, which are fun-

damentally important to construct robust and reliable nanoscale 

light sources for Si-based PICs.  

In this work, we experimentally demonstrate high-order topolog-

ical PhC nanolasers directly grown on CMOS-compatible Si plat-

form by using InAs/GaAs QDs as the active material. Lasing action 

at the nanoscale based on the 0D topological corner state was ob-

served with a stable single-mode emission. Mainly owing to the 

low transparent carrier density, 3D carrier confinement and sup-

pressed thermal effects of as-grown QD gain material, the mono-

lithically integrated InAs/GaAs QD topological nanolasers oper-

ated at room temperature with an ultralow lasing threshold around 

3 µW under the CW optical pumping conditions. Our results not 

only indicate great prospects for practical topological PICs with 

high-performance topological nanolasers, but also provide an im-

portant step towards ultracompact light sources monolithically in-

tegrated on the Si platform. 

EPITAXIAL GROWTH OF QDs ON Si 

The InAs/GaAs QD topological corner state nanolasers were mon-

olithically grown on planar on-axis Si (001) substrate. Figure 1a 

depicts a schematic diagram of the monolithically integrated topo-

logical corner state PhC nanolaser on CMOS-compatible silicon 

substrate. Figure 1b illustrates the epitaxial structure of the grown 

QD lasers on Si, consisting of four-stack well-developed 

InAs/In0.15Ga0.85As/GaAs dot-in-well (DWELL) active layers. To 

overcome the antiphase boundaries (APBs) problem, metal-organic 

chemical vapour deposition was used to grow a two-step 400 nm 

APB-free epitaxial GaAs film on a pre-treated bi-atomic Si (001) 

substrate. A 200-nm-thick GaAs buffer layer was grown on the on-

axis (001) GaAs/ Si substrate for realizing a smooth surface at 

590 °C, followed by growing four sets of defect filter layers (DFLs) 

to suppress the propagation of threading dislocations34. Each set of 

DFLs included five sets of In0.18Ga0.82As/GaAs strained-layer su-

perlattices grown at 480 °C and a 300-nm-thick GaAs spacing layer 

grown at 590 °C35. Then 1-μm-thick Al0.6Ga0.4As sacrificial layer 

was grown at 600 °C, which was further wet-etched to form a sus-

pending thin PhC slab. Four layers of InAs/In0.15Ga0.85As/GaAs 

DWELL structure between the upper and lower 40-nm-thick 

Al0.4Ga0.6As cladding layer were grown at the same temperature. 

Each layer of DWELL structure consisted of three monolayers of 

InAs QD deposited on a 2-nm-thick In0.15Ga0.85As QW and was 

capped by a 6 nm In0.15Ga0.85As layer at 510 °C. The DWELL 

structures were separated by a 50 nm GaAs spacing layer grown at 

590 °C36. Figures 1c and 1d show high-resolution TEM images of 

the four stacked InAs/GaAs QDs and a single QD in the active re-

gion, respectively. Figure 1e presents the spontaneous emission 

spectra of as-grown InAs/GaAs QDs on silicon measured at room 

temperature, which indicates the ground state emission centring at 

~ 1.3 µm in O-band with a full width at half maximum of 28 meV. 

The inset in Figure 1e depicts an atomic force microscope (AFM) 

image of uncapped InAs/GaAs QDs grown on Si (001) substrate, 

presenting a good uniformity with a density of ~ 4 × 1010 cm−2. 

DEVICE STRUCTURE 

Two kinds of topologically distinct square-lattice PhC structures, 

as indicated by different colours of the PhC regions in Figure 1a, 

are used to construct the slab-type topological 
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Figure 2. Photonic band diagram and topological states. (a) The unit cell of 2D square-lattice PhC slab with lattice constant a, enclosed by solid yellow line, is consisted of four 

square-shaped air-holes with side length s and intra- (inter-) separation distance d1 (d2). (b) Calculated TE-like photonic band diagram of a 362 nm-thick PhC slab with various 

𝛿𝑑 values by assuming a refractive index n = 3.4 of the thin slab. From left to right: 𝛿𝑑 = 𝑑2 − 𝑑1 = 0.6 ∗ 𝑎 (topologically trivial phase), 𝛿𝑑 = 0, 𝛿𝑑 = 𝑑2 − 𝑑1 = −0.6 ∗
𝑎 (topologically nontrivial phase). The corresponding unit cells (shrunken and expanded structures) are depicted in the inset. + (-) presents the even (odd) parity of the band. (c) 

Magnetic field (Hz) profiles simulated at the X points for the first (X1) and second (X2) energy bands. (d) Calculated magnetic field (H2) profile at the point 𝑘𝑥  =  0 for the 

localized topological 1D edge mode. (e) Calculated projected TE-like photonic band diagram along with the interface. 1D Edge states appear within the first band gap (purple 

dots). The blue dots correspond to the bulk mode. (f) Calculated photonic eigenmode diagram of the designed topological nanocavity. Edge modes (purple circles) are also 
marked in the spectrum. (g). Calculated magnetic field (H2) profile of a topological corner state around the central corner region by using finite-difference time-domain (FDTD) 

software. The structural parameters for the calculation in (d)-(g): side length s/a = 0.3, lattice constant a = 370 nm and neff = 2.9. 

nanocavity20. A topological nontrivial PhC (blue-colored) is sur-

rounded by a trivial PhC region, forming a 90-degree corner along 

with 1D interfaces. The unit cell of considered 2D square-lattice 

PhC structure herein is shown in Figure 2a. There are four identical 

square-shaped air-holes with side length s and intra- (inter-) sepa-

ration distance d1 (d2) within the PhC unit cell. A topological phase 

transition can be introduced by modifying the intra- (inter-) sepa-

ration distance. The four 

 
 

Figure 3. Device fabrication. (a) False-color SEM image of a fabricated device 
with lattice constant a = 370 nm and side length s/a = 0.3. (b) A zoomed-in SEM 

image around the corner region. 

sub-squares in the unit cell within the yellow (red) outline are rela-

tively far away from (adjacent to) each other, corresponding to an 

expanded (shrunken) PhC structure with δd = d2 − d1 < 0 (δd =
d2 − d1 > 0).  The distinct unit cells are coincident with each other 

when shifting their positions by half a period in both x and y direc-

tions. Therefore, the two PhC structures share identical optical band 

diagram while presenting different topologies as shown in Figure 

2b. The TE-like photonic band diagrams with various δd values are 

calculated by using the plane-wave expansion method37. The PhC 

structure with δd = 0 exhibits a gapless double degenerate band di-

agram between X and M points of the first Brillouin zone due to 

the band folding. For the expanded and shrunken PhC lattices, the 

degeneracy of the first and second bands at the X point are lifted 

due to the different parities of their bulk Bloch modes. Figure 2c 

depicts the magnetic field profile in a unit cell at the X point of the 

first and second energy bands.  

The PhC slab is the photonic realisation of the 2D generalisation 

of Su-Schrieffer-Heeger (SSH) model8, 9, 38. Before studying the 

high-order topological corner state nanocavity, we first  
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Figure 4. Optical characterisation of topological corner state nanolasers on silicon. (a) Power-dependent lasing spectra of a topological nanolaser on Si. The inset displays a 

spectrum collected near the threshold. (b) Collected spectra above the threshold and curve fitting showing the spontaneous emission background and cavity emission. The inset 
depicts an enlarged spectrum indicating an edge mode resonating at longer wavelength compared with corner state. (c) Logarithmic plot of L-L curve. The inset presents L-L 

curve in a linear scale. Dots show the experimental data, and the blue line is theoretically calculated result by using rate equation analysis. (d) Linewidth of lasing peak under 

various input powers. (e) Measured lasing wavelength under various incident powers. (f), (g) The mode pattern measured below and above threshold, respectively. 

verified the bulk-edge correspondence and 1D edge state at a 

straight interface between two topologically distinguished PhC 

structures. The topologically trivial PhC can suppress the leakage 

of confined edge modes from the topological nontrivial PhC region. 

A calculated magnetic field profile for the 1D edge state at point 

kx = 0 of a straight interface is shown in Figure 2d. The distribution 

of the magnetic field is strongly localized at the interface, con-

firmed as 1D edge state propagating along the topological interface. 

Figure 2e illustrates the projected TE-like photonic band diagram 

along with the interface calculated by using COMSOL Multiphys-

ics, presenting 1D topological edge state (purple dots) within the 

bulk bandgap. A dashed line indicating the frequency position of 

0D corner state is also plotted in Figure 2e. Then, the 0D topologi-

cal corner state was numerically investigated. The topological 

nanocavity is constructed such that the topological nontrivial PhC 

structure (δd < 0) is surrounded by the topological trivial structure 

(δd > 0), forming a 90-degree corner along with 1D interfaces. Fig-

ure 2f displays the calculated photonic eigenfrequencies of the top-

ological nanocavity at normalized frequency (𝑎/𝜆) between 0.25 

and 0.3. There is a 0D topological corner state within the photonic 

band gap, of which the light intensity is tightly localized around the 

corner region as shown in Figure 2g.  

OPTICAL CHARACTERISATION OF TOPOLOGICAL 

NANOLASERS ON SI 

The topological insulator nanolasers based on the topological cor-

ner state were fabricated on the CMOS-compatible Si substrate32. 

First, a layer of 120-nm-thick SiO2 was deposited on the as-grown 

wafer by plasma-enhanced chemical vapor deposition as hard 

mask. Then the topological nanocavity pattern was defined by elec-

tron-beam lithography and was transferred onto hard mask by 

plasma etching process. After removing the electron-beam resist, 

the PhC structures within active slab were formed by using chlo-

rine-based inductively coupled plasma reactive ion etching (ICP-

RIE). Finally, wet-etching method was subsequently performed to 

remove the residual hard mask and the sacrificial layer 

(Al0.6Ga0.4As) to form suspended topological nanocavities. Figure 

3a presents a false-color scanning electron microscope (SEM) im-

age of a fabricated topological nanocavity with lattice constant a = 

370 nm and side length s/a = 0.3, with 40 periods of unit cells in 

both x- and y directions. A zoomed-in SEM image around the cor-

ner region is presented in Figure 3b, which also reveals some fab-

rication fluctuations in the shape of unit cells. However, the de-

signed topological nanocavity can exhibit a good robustness to fab-

rication imperfection, including the disorders in the shape and mis-

alignment of desired photonic crystal pattern.39 The fabricated top-

ological corner state nanolasers were CW optically pumped at room 

temperature by using a 632.8 nm He-Ne laser as excitation light 

under a micro-photoluminescence (µ-PL) system. The pump spot 

was carefully located at the central corner region of fabricated de-

vices. Due to the fabrication errors, there was a slight difference 

between the experimental lasing wavelength and the designed 0D 

corner state resonant value. 

Single-mode lasing emission was observed with an ultralow las-

ing threshold. Figure 4a depicts measured power-dependent spectra 

of a single-mode topological corner state nanolaser 

Table 1. Topological corner state nanolasers. 
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Ref. Integrated 

on silicon 

Operation 

temperature 

Gain  

material 

CW Pth (µW) 

Ref.18 No RT QW No 5500 

Ref.19 No RT QW No 400 

Ref.20 No T = 4.2 K QD Yes 1 

This work Yes RT QD Yes 3 

 
Figure 5. (a) Normalized lasing spectra of several representative topo-
logical corner state nanolasers. (b) Positions of corner state modes (yel-

low circles) and edge state modes (blue squares) of fabricated topologi-

cal corner state nanolasers on Si. The device number represents various 
fabricated devices.   

 

with lattice constant a = 370 nm and side length s/a = 0.3. The 

spectrum shown in the inset of Figure 4a was measured near the 

threshold. A single sharp resonant peak at 1341 nm grew up from 

the spontaneous emission background with a transition from spon-

taneous to stimulated emission as increasing the excitation powers. 

Figure 4b demonstrates the curve fitting of a spectra measured at 

19.3 µW, consisting of a clamped                 spontaneous emission 

background and a strong cavity emission. Along with the corner 

state lasing mode, a topological edge mode resonant peak appears 

at longer wavelength (1375 nm) under high excitation powers as 

shown in the inset in Figure 4b, which is mainly caused by the slight 

overlap of excitation spot at the edge interface region. While the 

topological edge state is suppressed and fails to reach stimulated 

emission even under elevated input powers. The logarithmic plot of 

L-L (light-out versus light-in) curve (shown in Figure 4c) presents 

a soft turn-on of the laser operation with a mild “s” shape, indicat-

ing a typical behavior of nanolaser with high spontaneous emission 

coupling factor (β). The β factor, evaluated approximately 0.28, is 

extracted by fitting the experimental data with semiconductor rate 

equation model 32. A clear kink is observed in the L-L curve on a 

linear scale (see inset in Figure 4c). The lasing threshold (Pth) is 

estimated at ~ 3 µW from the L-L curve, which is comparable to 

previously demonstrated L3 defect PhC nanolasers with the same 

epitaxial structure32. Particularly, as summarized in Table 1, the 

fabricated QD topological nanolaser has a much lower threshold 

compared with reported QWs-based topological corner state nano-

lasers. Both the remarkable low transparent carrier density accord-

ing to the δ-function-like density of states and 3D carrier confine-

ment in a QD system40, which are among the most important char-

acteristics of QD lasers, play significant roles in reducing the det-

rimental thermal effects and enabling the CW laser operation at 

room temperature with much lower threshold compared with topo-

logical QW nanolasers. The high crystal quality, high β factor, and 

reduced nonradiative recombination rate also contribute to the low 

threshold and CW laser operation.  In addition, the low threshold 

operation of integrated QD topological corner state nanolasers on 

Si was compatible to their topologically trivial counterparts on its 

native substrate40, 41. As shown in Figure 4d, the linewidth narrow-

ing effect with a narrow linewidth (~ 0.66 nm) above threshold is 

observed, which verifies the lasing emission. The cavity quality 

factor is approximately estimated from the linewidth just below the 

threshold, where the optical loss by the absorption of QDs is very 

weak. The linewidth measured at just below the threshold corre-

sponds to a value of quality factor ~ 1960, which is much smaller 

than the theoretical value of 10300 mainly due to the structural im-

perfection and roughness. Figure 4e displays a red shift of the 

measured lasing wavelengths with increasing incident powers 

mainly induced by thermal effects. To further examine the lasing 

mode, the mode pattern was taken by an infrared camera as de-

picted in Figure 4f and Figure 4g. The mode patterns collected be-

low and above the threshold presented a strong light spot localized 

at the central cavity region, which confirmed the lasing emission 

from topological corner state. The lasing wavelengths were finely 

tuned by varying the side length s/a from 0.27 to 0.32 while keep-

ing the lattice constant a = 370 nm of designed topological nano-

laser array, as illustrated in Figure 5a. Among fabricated nano-

lasers, edge state resonant modes existed at longer wavelength un-

der elevated excitation powers. The peak positions of corner state 

lasing mode and resonant mode at edge state are depicted in Figure 

5b. The experimental free spectra range between the corner state 

and the edge state mode was consistent with the simulated values. 

CONCLUSION 

In conclusion, we demonstrate QD topological corner state nano-

lasers monolithically integrated on CMOS-compatible Si platform. 

Stable single-mode lasing emission with an ultralow threshold ~ 3 

µW and a high spontaneous emission coupling factor estimated at 

~ 0.28 were achieved at room temperature under CW optical pump-

ing conditions. More recently, we presented topological vertical 

emission Dirac-vortex microscale lasers monolithically integrated 

on silicon42, while the topological nanolasers demonstrated here ex-

hibit a much smaller mode volume and a lower lasing threshold.  

Our results not only indicate great potential for manipulating the 

generation of light at nanoscale in topological nanophotonic cir-

cuits, but also provide an important step towards ultracompact 

high-performance light sources monolithically integration on the 

silicon platform. 
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The graphic presents a schematic diagram of topological corner state nanolaser grown on silicon, with a SEM 
image of fabricated device in the lower left corner. 

 

 

 

 

 

 


