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Vortex nanolaser based on a photonic 
disclination cavity

Min-Soo Hwang    1,2,7, Ha-Reem Kim1,2,7, Jungkil Kim    3, Bohm-Jung Yang1,4,5, 
Yuri Kivshar    6   & Hong-Gyu Park    1 

Optical vector vortex beams provide additional degrees of freedom 
for spatially distinguishable channels in data transmission. Although 
several coherent light sources carrying a topological singularity have 
been reported, it remains challenging to develop a general strategy for 
designing ultra-small, high-quality photonic nanocavities that generate 
and support optical vortex modes. Here we demonstrate wavelength-scale, 
low-threshold, vortex and anti-vortex nanolasers in a C5 symmetric optical 
cavity formed by a topological disclination. Various photonic disclination 
cavities are designed and analysed using the similarities between 
tight-binding models and optical simulations. Unique resonant modes are 
strongly confined in these cavities, which exhibit wavelength-scale mode 
volumes and retain topological charges in the disclination geometries. In the 
experiment, the optical vortices of the lasing modes are clearly identified 
by measuring polarization-resolved images, Stokes parameters and 
self-interference patterns. Demonstration of vortex nanolasers using our 
facile design procedure will pave the way towards next-generation optical 
communication systems.

Control of the angular momentum of light has attracted a great deal 
of attention in photonics. The optical vector vortex is particularly use-
ful for generating different degrees of freedom for spatially distin-
guishable channels in data transmission1–11. Several vortex microlasers 
have been successfully demonstrated using microring resonators with 
asymmetric scatterers3,4, planar spiral nanostructures5, micropillar 
chains6 and symmetric photonic-crystal slabs7,8. Although the direc-
tional output and generation efficiency of these vortex beams are 
noteworthy, substantial scattering loss and large energy consumption 
are unavoidable when constructing ultra-small optical devices due 
to a lack of mechanisms for high-quality (high-Q) light confinement 
while maintaining the optical vortices3–8. It thus remains challenging 
to realize low-threshold ultra-compact laser devices capable of the 
self-configuration of optical vortex modes and robust localization of 
resonant modes.

However, photonic topological insulators (PTIs) have recently 
been proposed as attractive tools for the robust manipulation of 
light12–18. Studies on PTIs have been extended to topological defects 
in topological crystalline insulators (TCIs), such as dislocations and 
disclinations, which commonly disrupt the symmetric geometries  
of periodic structures19–23. Notably, the fractional disclination  
charge, which belongs to the class of higher-order topological 
insulators (HOTIs)24–27, can be trapped at the boundary of dis-
clination defects as a topological bound state28–30. Disclination 
defects have been experimentally demonstrated using artificial 
TCI metamaterials in massive domains such as microwave circuits 
and millimetre-scale photonic systems31,32. However, the concept 
of disclination has not yet been applied to nanophotonics for  
the implementation of ultra-small light sources of quantized topo-
logical charges.

Received: 3 June 2023

Accepted: 19 October 2023

Published online: 27 November 2023

 Check for updates

1Department of Physics and Astronomy, Seoul National University, Seoul, Republic of Korea. 2Department of Physics, Korea University, Seoul, Republic 
of Korea. 3Department of Physics, Jeju National University, Jeju, Republic of Korea. 4Center for Theoretical Physics (CTP), Seoul National University, 
Seoul, Republic of Korea. 5Center for Correlated Electron Systems, Institute for Basic Science (IBS), Seoul, Republic of Korea. 6Nonlinear Physics Center, 
Research School of Physics, Australian National University, Canberra,  Australian Capital Territory, Australia. 7These authors contributed equally: Min-Soo 
Hwang, Ha-Reem Kim.  e-mail: yuri.kivshar@anu.edu.au; hgpark@snu.ac.kr

http://www.nature.com/naturephotonics
https://doi.org/10.1038/s41566-023-01338-2
http://orcid.org/0000-0002-8075-6603
http://orcid.org/0000-0003-0980-6468
http://orcid.org/0000-0002-3410-812X
http://orcid.org/0000-0002-6375-0314
http://crossmark.crossref.org/dialog/?doi=10.1038/s41566-023-01338-2&domain=pdf
mailto:yuri.kivshar@anu.edu.au
mailto:hgpark@snu.ac.kr


Nature Photonics | Volume 18 | March 2024 | 286–293 287

Article https://doi.org/10.1038/s41566-023-01338-2

symmetries (n = 3, 5 and 6). In the experiment, the optical vortices of 
all lasing modes in the C5 symmetric photonic disclination cavity were 
identified by measuring polarization-resolved images, Stokes param-
eters and self-interference patterns. This unique design procedure for 
photonic disclination cavities can be utilized to develop low-threshold 
vortex nanolasers for next-generation optical communication systems.

In this Article we demonstrate wavelength-scale optical vortex 
and anti-vortex nanolasers with topological charges of ±1. Using the 
correspondence between tight-binding (TB) models and optical simu-
lations, various disclination geometries are converted into unprec-
edented optical nanocavities. Optimized optical feedback is achieved 
in the cores of photonic disclination cavities transformed from C4 to Cn 
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Fig. 1 | Design strategy for creating photonic disclination cavities. a, Top: 
schematic of vortex and anti-vortex disclination nanolasers. Bottom: polarization 
directions of optical vortex and anti-vortex modes. b, TB calculation of the 2D 
SSH lattice. Left: four discrete sites (black dots) in the C4 symmetric lattice are 
connected by intra-cell coupling (t1), inter-cell coupling (t2) and NNN coupling 
(tnn). The grey shaded square region indicates the unit cell. Right: calculated 
bandstructure with a bandgap (orange shaded area) when t1 = −0.2, t2 = −1.0 and 
tnn = t2/√2. c, Optical simulation of a square-lattice photonic-crystal structure. 
Left: the Hz-field antinodes of the quadrupole mode at the M point (black filled 

triangle at the right) are confined in the four air holes at the unit cell’s corner. 
Right: calculated photonic bandstructure with a bandgap (orange shaded area). 
d–g, Design strategy for C3, C5 and C6 symmetric photonic disclination cavities. 
Volterra’s processes (e) are applied to a C4 symmetric bulk lattice defined by 
HOTIs (d) to create C3 (top), C5 (middle) and C6 (bottom) symmetric disclination 
geometries (f). Ω is the Frank angle. The three lattice colours in the unit cell in e 
indicate the regions of corner (magenta), edge (green) and bulk (grey) in the C4 
symmetric lattice. A photonic disclination cavity is formed by introducing air 
holes into the atomic sites of each disclination structure (g).
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Results
Procedure for cavity design
Figure 1a shows our laser cavity, which has a disclination structure that 
can generate optical vortex and anti-vortex modes. Localized bound 
states form at the disclinations, supporting eigenstates with different 
angular momenta due to the Cn rotational symmetry20,32. However, it is 
not straightforward to design high-Q photonic disclination nanocavi-
ties that not only allow for strong light confinement at the wavelength 
scale, but also carry eigenmodes with topological charges. To generate 
the desired optical vortices in a cavity, a rigorous analysis and classifica-
tion of the eigenstates based on the type of disclination are required.

The TB calculation is generally used to determine the interface 
states of HOTIs in the two-dimensional (2D) Su–Schrieffer–Heeger 
(SSH) model, under the assumption of a discrete lattice structure with 
on-site atomic elements15,33,34. For example, in a C4 symmetric bulk 
lattice, a quadrumer composed of four discrete sites constructs a 2D 

rectangular grid (Fig. 1b). The energy band is governed by intra-cell 
coupling (t1), inter-cell coupling (t2) and next-nearest neighbour (NNN) 
coupling (tnn). For a comparison of the TB model with an optical simula-
tion, we established a square-lattice photonic-crystal slab consisting of 
four air holes in C4 symmetry. The fundamental transverse-electric-like 
(TE-like) bandstructure and field profile were calculated (Fig. 1c). The 
Hz-field profile at the M point presents quadrupolar antinodes confined 
in the four air holes at the corner (Extended Data Fig. 1).

We took advantage of the similarities between TB calculations 
and optical simulations—specifically, the charge density confinement 
in atomic sites of the TB model and the Hz-field confinement in the air 
holes of the optical cavity—to develop a design strategy for a photonic 
disclination cavity. In particular, we asked whether optical modes with 
angular momenta can be confined in a photonic disclination cavity, 
in a similar manner to fractional charges in a disclination core20,30,32. 
Therefore, we started by solving the TB model to determine all possible 
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Fig. 2 | Correspondence of angular momenta in TB calculations and optical 
simulations. a,b, In-gap states of the C3 symmetric disclination structure 
calculated by the TB model (a), and the three energy states (coloured dots in a) 
classified by probability density distributions and l (b). P(r) in b indicates the 
probability charge density. Boundary colours in b are the same as the colours 
of the dots in a. c, Designed C3 symmetric photonic disclination cavity (left) 
and calculated Hz fields of resonant modes with l = 0 and ±1 (right). d,e, In-gap 
states of the C5 symmetric disclination structure calculated by the TB model (d), 
and the five energy states (coloured dots in d) classified by probability density 
distributions and l (e). f, Designed C5 symmetric photonic disclination cavity 

(left) and calculated Hz fields of resonant modes with l = 0, ±1 and ±2 (right). g,h, 
In-gap states of the C6 symmetric disclination structure calculated by the TB 
model (g), and six energy states (coloured dots in g) classified by probability 
density distributions and l (h). i, Designed C6 symmetric photonic disclination 
cavity (left) and calculated Hz fields of resonant modes with l = 0, ±1, ±2 and 
3 (right). The black dots in a, d and g indicate in-gap states confined at the 
structure boundaries, not in the disclination region. All resonant modes in c, 
f and i were calculated using 2D FEM simulation with a refractive index of 3.33 
(Extended Data Fig. 3). Scale bars, 1 μm (c,f and i).
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localized resonant modes and the angular momentum of each mode, 
and then designed a corresponding optical cavity with the same prop-
erties as the TB model.

Our design procedure was used to create C3, C5 and C6 symmetric 
photonic disclination cavities, starting with a C4 symmetric bulk lattice  
that can be transformed into various structures through structural 
modification (Fig. 1d–g). By applying the Frank angle Ω (=π/2) to the 
C4 lattice with four atomic sites (Fig. 1d), disclination geometries  
with Cn symmetry can be constructed via the Volterra process (Fig. 1e,f). 
For example, a C3 symmetric disclination structure is created by remov-
ing one sector with −Ω from a C4 symmetric bulk lattice and combining 
three identical HOTI sectors. Similarly, the C5 and C6 symmetric disclina-
tion structures are created by adding one sector (+Ω) and two sectors 
(+2Ω) to the C4 lattice, respectively. Then, each atomic site is converted 
into an air hole to form a photonic disclination cavity (Fig. 1g).

To validate this design strategy, we compared the angular 
momenta of disclination structures in the TB model with those of the 
corresponding photonic disclination cavities from an optical simula-
tion (Fig. 2). Here we show how disclination traps localized bound 
states while clarifying angular momentum characteristics in the TB 
calculations, and then we examine whether optical simulations of the 
designed photonic disclination cavities agree with the TB calculation 
results. To this end, the three disclination geometries depicted in 
Fig. 1d–g were investigated using TB calculations. Detailed structural 
parameters and simulation conditions for each symmetry are shown 
in Extended Data Fig. 2. The calculation results show that localized 
bound states of Cn symmetric disclination structures appear in the 
bandgap and are classified by probability density distributions with 
angular momenta l associated to the relative phase between the interior 
corners (Fig. 2, left column).
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Fig. 3 | Simulated optical vortex and anti-vortex modes in C5 symmetric 
photonic disclination cavities. 3D FEM simulation results for C5 symmetric 
photonic disclination cavities with expanded and shrunken cores in slab 
structures. The C4 symmetric bulk lattice is used to create these photonic 
disclination cavities with the following parameters: a = 500 nm, r0 = 0.18a, 
d0 = 0.54a and h = 275 nm, where a, r0, d0 and h are the lattice constant, radius of 
the air hole, centre-to-hole distance and slab thickness, respectively (Extended 
Data Fig. 5). The refractive index of the slab is 3.33. a, Photonic disclination 
cavity with expanded core. The air holes of the core are located 0.28a away from 
the centre. The red dashed pentagon denotes the disclination boundary. b, 
Calculated eigenmode frequencies (top) and Q factors (bottom) for the cavity 
of a. The red dot represents the resonant mode within the photonic bandgap 
(orange shaded area). c, Optical vortex mode excited in the cavity of a. The Hz 

field (left), polarization vector field (upper right) and phase distribution (lower 
right) represent the vortex feature of q = +1. d, Photonic disclination cavity with 
shrunken core. The air-hole positions in the core differ by 71 nm from those in the 
expanded core. The red dashed pentagon denotes the disclination boundary. 
e, Calculated eigenmode frequencies (top) and Q factors (bottom) for the 
cavity in d. The red dots represent the doubly degenerate modes within the 
photonic bandgap (orange shaded area). f,g, Optical anti-vortex modes excited 
in the cavity of d. The Hz field (left), polarization vector field (upper right) and 
phase distribution (lower right) represent the anti-vortex feature of q = −1. h,i, 
Calculated frequencies (h) and Q factors (i) of the vortex (black dots) and anti-
vortex (red dots) modes as a function of Δ, the centre-to-centre distance between 
air holes in the expanded and shrunken cores (inset of h). The black and red 
circles indicate the values of Δ for the cavities in a and d, respectively.
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In the case of the C3 symmetric disclination, one non-degenerate 
energy state and two degenerate states are observed at a near-zero 
energy level (Fig. 2a). These three energy states are classified by index 
l, and are related to the point group symmetry between the three inte-
rior corners, as calculated in the probability density distributions of 
eigenvectors (Fig. 2b). Similarly, five and six eigenstates are observed 
at near-zero energy levels for the C5 and C6 symmetric disclinations, 
respectively (Fig. 2d,e,g,h). All these states in the probability density 
distributions with l are localized to the interior corner sites. Taken 
together, the Cn point group symmetry is satisfied by the localization 
of probability charge density at the Cn symmetric interior corners  
(n = 3, 5 and 6), and the energy states of l exhibit the relation  

ψ (r, φ + 2π
n
) = ψ (r, φ) ei2πl/n, where ψ is the eigenvector or the Hz-field 

profile in the polar coordinate.
Next, we created photonic disclination cavities using the above 

TB calculations to derive eigenmodes with l (Fig. 2, right column). As 
described in the design strategy in Fig. 1g, the atomic sites are replaced 
by air holes. The air-hole positions and spacings are determined by the 
coupling strengths t1, t2 and tnn in the TB model. We then performed 
2D finite-element method (FEM) simulations to calculate the Hz  
fields and angular momenta of the resonant modes excited in the  

C3, C5 and C6 symmetric photonic disclination cavities (Methods and 
Extended Data Fig. 3). The FEM simulations reveal resonant modes 
confined to the disclination region that are almost identical to the 
TB results (Fig. 2c,f,i). This one-to-one correspondence between the  
topological and photonic (Hz) in-gap states, with the same angular 
momenta, originates from the similarities between TB and optical 
simulations. We note that no resonant mode is localized in the core of 
a photonic disclination cavity made using a trivial unit cell (Extended 
Data Fig. 4).

Vector vortex analysis and optical simulations
The modes with l = 0 and l = ±2 in the C5 symmetric photonic  
disclination cavity are of particular interest because they have  
central singularities in the electric fields. To excite these modes in a  
3D cavity, the C5 symmetric photonic disclination cavity of Fig. 2f  
was formed in a photonic-crystal slab structure (Fig. 3). We calculated 
their topological charges, defined as q = 1/2π∮Cdφ∂φargE(r, φ)   
(ref. 35), to examine the optical vortices. First, when considering the 
TE modes, the electric field of the C5 disclination mode with l = 0 is 
given by

El=0 = u0(r){eiφêR − e−iφêL} (1)
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Fig. 4 | Experimental vortex and anti-vortex nanolasers. a,b, Scanning 
electron microscopy images of fabricated photonic disclination cavities with the 
expanded core (a; vortex) and shrunken core (b; anti-vortex). Scale bars, 500 nm. 
c–e, Measured above-threshold PL spectra and L–L curves (insets) from the 
cavities of a (c) and b (d and e). The peak wavelengths and lasing thresholds are 
1,533.3 nm and 80 μW (c), 1,535.4 nm and 412 μW (d) and 1,536.4 nm and 346 μW 

(e), respectively. The spectra in d and e are from doubly degenerate modes.  
f–h, Measured polarization-resolved lasing images from the cavities of a (f) and b 
(g and h). The mode profiles were captured after placing a linear polarizer in front 
of the IR camera (Methods). White arrows indicate the directions of the linear 
polarizer: 0°, 45°, 90°. Images captured without a linear polarizer are shown in 
the top left panels. Scale bars, 3 μm.

http://www.nature.com/naturephotonics


Nature Photonics | Volume 18 | March 2024 | 286–293 291

Article https://doi.org/10.1038/s41566-023-01338-2

where u0(r) is a radial part of the electric field, and êR  and êL are the 
right- and left-circular polarization bases, respectively (Supplementary 
Note 1). q is then calculated as +1, which is the vortex mode, also known 
as the azimuthal polarization state36,37. In addition, the electric-field 
profiles of anti-vortex modes are produced by disclination modes with 
l = ±2 as follows:

E+ = u+(r){eiφêL − e−iφêR} (2)

E− = u−(r){eiφêL + e−iφêR} (3)

which denote even and odd hybrid polarized states with radial 
electric-field components of u+(r) and u−(r), respectively36,37. These 
are the anti-vortex modes, with q values calculated as −1. As a result 
of the superposition of ±(|l| − 1) (Supplementary Note 1), polarization 
vortices are formed7,37–39.

As in the 2D case, we designed a 3D photonic disclination cavity by 
merging four, two and five air holes in the bulk, disclination boundary 
and core, respectively (Fig. 3a,d and Extended Data Fig. 5). The periodic 
air holes in the bulk open a photonic bandgap into which the defect 
resonant modes localized in the disclination region are introduced 
(Fig. 3b,e). In addition, the air holes at the disclination boundary are 
modified to excite different types of resonant mode with higher Q 
factors (Fig. 3a,d, red dashed pentagons). Without this modification 
in the disclination boundary, only the vortex mode is excited, even if 
the shape of the core changes (Extended Data Fig. 6).

We then performed systematic 3D FEM simulations in the  
photonic disclination slab cavities with expanded and shrunken cores 
to calculate the frequencies and Q factors of the resonant modes. The 
disclination structures are made of an InGaAsP slab with a thickness 
of 275 nm and lattice constant of 500 nm (Extended Data Fig. 5). In 
the photonic disclination cavity with expanded core (Fig. 3a), a single 
mode with a Q factor of 2.0 × 104 at 193.9 THz was calculated as an in-gap 
resonant state (Fig. 3b). The calculated mode volume was 0.58 (λ/n)3, 
where λ and n are the resonant wavelength and refractive index of the 

slab, respectively. We also obtained near-field and far-field profiles for 
this mode, including the Hz field, polarization vector field and phase 
distribution. The Hz field was strongly confined in the five interior 
air holes and disclination core (Fig. 3c), which corresponds to the  
eigenstate with l = 0 in Fig. 2f. The polarization vector distribution 
exhibits an azimuthal polarization state with a singularity at the centre. 
Also, the phase of (Ex + iEy), the winding number of the polarization, 
represents a counterclockwise closed loop around the singularity35, 
which indicates a vortex mode, q = +1.

We also modified a core design by shrinking the core to excite 
a different type of mode (Fig. 3d). The structural parameters are the 
same as in Fig. 3a, except for the disclination core. Doubly degenerated 
modes were then excited in this shrunken-core photonic disclina-
tion cavity, showing Q factors of 4.3 × 103 at 201.0 THz (Fig. 3e). Their  
mode volumes were calculated to be 0.61 (λ/n)3, indicating light con-
finement at the wavelength scale. In addition, the distinguishable  
features from those in Fig. 3c are displayed in the calculated field  
profiles (Fig. 3f,g). Strong confinements in the Hz profiles are observed 
only at the disclination boundaries, not at the cores, which correspond 
to the eigenstates with l = ±2 in Fig. 2f. In Fig. 3f,g, the polarization 
vector distributions are referred to as odd and even hybrid polarized 
states, respectively. Also, because the phase of (Ex + iEy) is given by 
a clockwise closed loop around the central singularity, both modes 
exhibit the anti-vortex feature, q = −1.

Furthermore, the FEM simulation showed the mode transition 
from optical vortex to anti-vortex mode by shrinking the core. We 
calculated the frequencies (Fig. 3h) and Q factors (Fig. 3i) of the  
resonant modes as a function of Δ, the centre-to-centre distance 
between air holes in the core. The frequency of the vortex mode 
decreased as Δ increased from the expanded core, eventually mov-
ing out of the bandgap with a substantial decrease in Q. In contrast, 
the anti-vortex mode moved from the higher-frequency region to 
the bandgap with a reasonably high Q factor. This local deformation 
of the disclination core can increase the Q factor of a specific mode, 
allowing mode transition with desired polarization distributions and 
topological charges.
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Extended Data Fig. 8. d–f, Measured self-interference patterns of the vortex (d) 
and anti-vortex lasing modes (e and f), corresponding to a, b and c, respectively. 
The fork fringes are marked with arrows.
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Measurements of vortex/anti-vortex nanolasers
For the experimental demonstration of vortex and anti-vortex nano-
lasers, we fabricated two types of photonic disclination cavity in a 
287-nm-thick InGaAsP slab with three quantum wells (Methods). As 
designed using the FEM simulation in Fig. 3, the disclination core con-
sisting of five air holes moved radially to form expanded or shrunken 
ones (Fig. 4a,b). The photonic disclination cavities were optically 
pumped at room temperature with a 980-nm laser diode at a repeti-
tion rate of 1 MHz and a 2% duty cycle (Methods). We then measured 
photoluminescence (PL) spectra and light in–light out (L–L) curves 
(Fig. 4c–e). Each cavity exhibited clear lasing features, including a sharp 
single-mode peak and a super-linear growth above the threshold. The 
divergence angle of the emitted beams was measured to be 34.5°. The 
slightly different wavelengths and threshold values between degener-
ate modes (Fig. 4d,e) originated from fabrication imperfections.

We examined the polarization-resolved mode images (Fig. 4f–h),  
which show the following unique properties. First, without a 
polarizer, all lasing modes displayed doughnut-shaped intensity 
profiles (top left). The intensity node in the centre is one of the dis-
tinguishable features of vortex/anti-vortex modes. In addition, the 
polarization-resolved mode images in each mode are fully distin-
guishable. For example, images with an intensity minimum along 
the polarizer axis were observed in the photonic disclination cavity 
with an expanded core, indicating the azimuthal polarization state 
(Fig. 4f). On the other hand, in the cavity with shrunken core, the two 
degenerate modes exhibited more complicated images that are com-
pletely opposite to each other (Fig. 4g,h). These images correspond to  
the odd and even hybrid polarization states. The measured images 
agree well with the simulated ones (Extended Data Fig. 7), demonstrat-
ing the effectiveness of our design strategy.

Next, to quantitatively assess the purity of the vectorial states in 
the lasing modes, we analysed spatially resolved Stokes parameters40. 
To this end, we measured complete sets of polarization-resolved mode 
images from the vortex and anti-vortex lasers, including 0°, ±45° and 
90° linearly polarized images and right/left circularly polarized images 
(Extended Data Fig. 8). Figure 5a–c shows the Stokes parameters (S0, S1, 
S2 and S3) obtained from these polarization-resolved images (Methods). 
In all three cases, S1 and S2 consist of four intensity lobes that are rotated 
45° from each other, whereas S3 has a weak intensity profile, indicating 
that the vector beam is of high quality41. Specifically, the Stokes param-
eters in Fig. 5a display the azimuthal polarization distribution of the 
vortex beam. The colour distributions in S2 in Fig. 5b and S1 in Fig. 5c are 
opposite to those in Fig. 5a, demonstrating the anti-vortex feature. We 
observe a non-perfectly zero S3 mainly due to the small laser size and 
fabrication imperfections (Supplementary Fig. 1).

Furthermore, self-interference patterns were measured in the 
vortex and anti-vortex lasing modes3,7 (Methods and Supplementary 
Fig. 2). The measured patterns using an off-centre self-interferometry 
set-up show that all modes have a pair of correct and inverted fork 
fringes7 (Fig. 5d–f). We observe that the order of the fork fringes differs 
between the two disclination cavities. These interference results, as 
well as the polarization-resolved mode images and Stokes parameters, 
show that the expanded core cavity has q = +1 (vortex), whereas the 
shrunken-core cavity has q = −1 (anti-vortex). Therefore, we have suc-
cessfully demonstrated vortex and anti-vortex nanolasers that were 
strongly confined in the photonic disclination cavities, as designed in 
the TB models and FEM simulations of Figs. 2 and 3. We note that the 
mode transition between these vortex and anti-vortex lasing modes 
can occur simply by changing the core, whereas there is no transition 
in a photonic disclination cavity without modifying the disclination 
boundary (Extended Data Fig. 9).

Discussion
We have introduced and experimentally realized novel nanolasers gen-
erating optical vortices from wavelength-scale photonic disclination 

cavities with Cn symmetry. The facile design approach based on the 
exceptional correlation between TB models and optical simulations 
has been developed to transform various topological disclinations 
into unprecedented optical nanocavities. The vortex and anti-vortex 
modes with q = ±1 were obtained in a C5 symmetric photonic disclination 
cavity (Supplementary Note 2). Our strategy was also used to design 
resonant modes with |q| = 2 or a radial polarization state in C6 symmetric 
hole-type and C5 symmetric rod-type photonic disclination cavities, 
respectively (Extended Data Fig. 10). Furthermore, our disclination 
nanolaser outperforms other types of vortex laser in terms of lasing 
threshold and cavity size (Supplementary Table 1).

This demonstration will be useful for the development of the ulti-
mate laser sources with superior optical properties, such as small foot-
print, low threshold and self-configuration of vortex modes. Through 
vector mode multiplexing, various vector vortex beams can be gener-
ated that are suitable for increasing the capacity of optical communica-
tions39,42,43. Multiple data streams can be transmitted simultaneously 
by encoding information into different vector beams. Furthermore, 
vortex nanolasers can have a fast modulation speed due to their small 
mode volume, and thus will be a promising technology for providing 
a new platform for high-bandwidth optical communication.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41566-023-01338-2.
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Methods
TB calculations
The TB model can be used to calculate the topological energy states 
and angular momenta when the structural lattice undergoes complex 
transformations such as disclination30. We performed TB calculations 
(Python) for the 2D SSH model including NNN hopping. The C4 sym-
metric SSH lattice with four discrete sites (Fig. 1b) was connected by 
weak intra-cell coupling (t1 = −0.2) and strong inter-cell coupling 
(t2 = −1.0), with additionally incorporated NNN coupling (tnn = t2/√2). 
The lattice constant was set as 1. The Cn symmetric disclination geom-
etries (Fig. 1f) consisted of a bulk lattice (grey) and a disclination region 
(magenta and purple) with 13 unit cells per side. The bulk lattice obeys 
the coupling of the SSH lattice, and the modification of coupling occurs 
only in the disclination region (Extended Data Fig. 2). Volterra’s process 
in our TB model does not violate the C4 symmetry of the lattice, and 
disclination boundary effects only alter the energy levels of the discli-
nation states. In addition, the spatial probability density P(r) is given 
by P(r) = |ψ(r)|2, where ψ(r) is an eigenvector (Fig. 2). The angular 
momentum |l| is represented by the phase shift at neighbouring interior 
corners of the eigenvector.

FEM simulations
The 2D (Fig. 2) and 3D (Fig. 3) FEM simulations (COMSOL Multiphys-
ics) were performed to calculate optical resonant modes and band-
structures. Floquet periodic boundaries and perfectly matched layers 
were used in the lateral and out-of-plane directions, respectively. The 
geometries of the TB model were used to derive the structural param-
eters of the photonic disclination cavities (Extended Data Figs. 3 and 
5). The refractive index of the dielectric material was 3.33. The angular 
momentum l was determined by the resonant frequency and far-field 
profile of each eigenmode. In addition, far-field images of the polari-
zation vector fields and phase distributions were calculated at 1.5 μm 
above the slab surface.

Device fabrication
The samples were fabricated using a 287-nm-thick InGaAsP/1-μm-thick 
InP/100-nm-thick InGaAs/InP substrate wafer. The InGaAsP layer 
included three quantum wells in the middle, whose central emission 
wavelength was ~1.55 μm. The InP and InGaAs layers served as sacrificial 
and etch stop layers, respectively. The designed patterns using the 
COMSOL simulation were directly converted to CAD to define air holes 
in a photonic disclination cavity, and electron-beam lithography was 
performed at 30 keV on a poly(methyl methacrylate) (PMMA) layer 
coated on the wafer. Chemically assisted ion-beam etching was per-
formed to drill air holes into the InGaAsP layer while using the PMMA 
layer as an etch mask. Finally, the sacrificial InP layer was selectively wet 
etched using a diluted HCl:H2O (4:1) solution at room temperature, and 
the remaining PMMA layer on top of the slab was removed by O2 plasma.

Optical measurements
A 980-nm pulsed laser diode (2.0% duty cycle, 1-MHz period) with a 
spot size of ~3 μm was used to optically pump the fabricated samples 
at room temperature. The light emitted from the photonic disclination 
cavities was collected by a ×100 objective lens with a numerical aper-
ture of 0.85 (LCPLN100XIR, Olympus) and focused onto a spectrom-
eter equipped with an infrared array detector (SP 2300i and PyLoN, 
Princeton Instruments) or an InGaAs infrared camera (PA1280F70NCL, 
OZRAY, 1,280 × 1,024 pixels). The resolution of the spectrometer was 
~0.5 nm. The measured L–L curves were plotted as a function of the 
peak pump power (Fig. 4c–e insets and Extended Data Fig. 9b). The 
polarization-resolved mode images were captured after placing a 
half-wave plate and polarizing beamsplitter (for linearly polarized 
images) or a quarter-wave plate, half-wave plate and polarizing beam-
splitter (for circularly polarized images) in front of the infrared camera 
(Fig. 4f–h and Extended Data Figs. 8 and 9c).

Stokes parameters
We obtained spatially resolved Stokes parameters by measuring the 
intensity of the laser beam in six polarizations: horizontal (IH), vertical 
(IV), diagonal (ID), antidiagonal (IA), right circular (IR) and left circular (IL). 
The Stokes parameters were as follows: S0 = IH + IV, S1 = IH − IV, S2 = ID − IA 
and S3 = IR − IL. All parameters were normalized by the total intensity, S0.

Off-centre self-interference measurements
The optical vortex of the lasing mode was measured using the off-centre 
self-interferometry set-up. In this set-up, the lasing mode was split into 
two paths by a beamsplitter and reconverged in image space, forming the 
self-interference pattern. To clearly observe this interference pattern, the 
central singularities of the vortex and anti-vortex lasing modes were slightly 
off-centre and magnified by a pair of the concave and convex lenses in front 
of the infrared camera (Supplementary Fig. 2). The self-interference pattern 
obtained with such an off-centred overlap revealed a pair of fork fringes.
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Extended Data Fig. 1 | Topological phase transition in photonic band
structures. a-c, Photonic bandstructures of topologically trivial (a), symmetric 
(b), and nontrivial (c) unit cells. Insets, corresponding unit-cell structures.  
The SSH-like lattice is created with the following parameters: a = 459 nm,  
r0 = 0.20 a, and h = 275 nm, where a, r0, and h are the lattice constant, radius of 
air hole, and slab thickness, respectively. The bandstructures are calculated as 
a function of a center-to-hole distance, d0. d0 is 0.17 a (a), 0.35 a (b), and 0.54 a 

(c). The gray and orange regions in the bandstructures indicate the light cone 
and bandgap, respectively. d, Calculated frequency at the M point of a reciprocal 
lattice as a function of d0/a. Topological phase transition occurs with varying d0. 
e-f, Normalized Hz field (left column) and phase profiles (right column) in the 
topologically trivial (e) and nontrivial (f) unit cells at the M point. The Hz field 
profiles for the fundamental (▲) and second bands (▼) show a band inversion 
between the trivial and nontrivial phases.
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Extended Data Fig. 2 | Detailed parameters of Cn disclination structures in 
TB model. The black dots represent atomic sites, and the white lines represent 
unit-cell boundaries. The coupling strengths of all atomic sites in the bulk 
lattice (gray) are the same as those in Fig. 1b, whereas the coupling strengths in 
the disclination region (magenta and purple) vary with atomic site positions. 

Strong coupling connects atomic sites in the disclination core (purple), whereas 
inverted coupling strengths to the bulk lattice define atomic sites on the 
disclination boundary (magenta). In our TB calculation, the weak coupling of  
tw = –0.2 (black dashed lines) and the strong coupling of ts = –1.0 (red solid lines) 
are set in the Cn disclination boundary.
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Extended Data Fig. 3 | Photonic disclination cavities for 2D FEM simulation.  
a, C4 symmetric unit-cell structure with a lattice constant a = 500 nm. r0 is the 
radius of air hole and d0 is the center-to-hole distance. Three different sets  
of (r0, d0) parameters are used to convert to the C3, C5, and C6 symmetric discli
nation geometries: (r0, d0) = (0.25 a, 0.51 a), (0.20 a, 0.45 a), and (0.19 a, 0.48 a),  
respectively. b, Designed C3 (top), C5 (middle), and C6 (bottom) symmetric 
photonic disclination cavities from the C4 bulk lattice. These cavities are identical 

to the ones in Fig. 2c,f, and i. c, Magnified structures inside the orange dashed 
regions in b. For each cavity, the shifting parameters of the core (dc; red circle), 
boundary (db; green circle), and interior corner (di; blue circle) are as follows: (dc, 
db, di) = (0.42 a, 0.34 a, 0), (0.25 a, 0.23 a, 0), and (0.23 a, 0.20 a, 0.14 a) for C3, C5, 
and C6 symmetric photonic disclination cavities, respectively. We note that the 
radius of the air hole at the disclination boundary is 0.14 a, and dc = 0.40 a, for  
the mode with l = 0 in the C6 symmetric photonic disclination cavity (Fig. 2i).
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Extended Data Fig. 4 | Topologically trivial C5 disclination structure.  
a, Calculated energy spectrum in a C5 symmetric disclination structure based on 
the trivial unit cell (inset). The orange box indicates the bandgap at t1 = –1.0 and 
t2 = –0.2. Because a trivial lattice has no corner states, fractional charges are not 
trapped in a disclination structure32. Thus, there are no in-gap modes observed. 

b, Calculated frequency of eigenmodes in a photonic disclination cavity based 
on the trivial unit cell (inset), which was constructed using the TB structure in a. 
Similar to a, no resonant mode is localized in the core of the cavity. The scale bar 
(inset) is 1 μm.
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Extended Data Fig. 5 | Detailed structural parameters of 3D C5 symmetric 
photonic disclination cavities. a, Top and tilted views of the square-lattice 
slab structure with the following parameters: a = 500 nm, r0 = 0.18 a, d0 = 0.54 a, 
and h = 275 nm, where a, r0, d0, and h are the lattice constant, radius of air hole, 
center-to-hole distance, and slab thickness, respectively. b-c, C5 symmetric 
photonic disclination cavities with nonmodified (b) and modified (c) disclination 

boundaries. The shifting parameters of the core (dc; red circle) and boundary (db; 
green circle) are as follows: (dc, db) = (0.28 a, 0), (0.25 a, 0.31 a), and (0.40 a, 0.31 a) 
for the cavity with nonmodified disclination boundary, the expanded-core cavity 
with modified disclination boundary, and shrunken-core cavity with modified 
disclination boundary, respectively.
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Extended Data Fig. 6 | FEM simulation in a photonic disclination cavity with 
a nonmodified disclination boundary. 3D FEM simulation results in the C5 
symmetric photonic disclination cavity with nonmodified disclination boundary 
that is designed as shown in Extended Data Fig. 5b. a, Photonic disclination cavity. 
The red dashed pentagon denotes the disclination boundary. b, Calculated 
eigenmode frequencies (top) and Q factors (bottom) for the cavity of a. The red 
dot represents the resonant mode within the photonic bandgap (orange box). 

c, Optical vortex mode excited in the cavity of a. The Hz field (top), polarization 
vector field (bottom left), and phase distribution (bottom right) represent the 
vortex feature of q = +1. d, Calculated frequencies (top) and Q factors (bottom)  
of the vortex mode as a function of Δ, the center-to-center distance between  
air holes in the expanded and shrunken cores (inset). No other resonant  
mode appears in the bandgap. The black circles indicate the value of Δ for the 
cavity of a.
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Extended Data Fig. 7 | Simulated polarization-resolved images. Far-field polarization-resolved images calculated for Fig. 3c (a), 3f (b), and 3g (c), respectively. 
White arrows indicate the polarization directions. The top left panel in each figure shows an unpolarized mode image. These simulated images agreed well with the 
measured ones in Fig. 4f-h.
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Extended Data Fig. 8 | Measured polarization-resolved images. Complete 
sets of measured polarization-resolved mode images from the vortex (a) and 
anti-vortex lasers (b and c), including 0°, ±45°, 90° linearly polarized images 

(middle column) and right/left circularly polarized images (right column). The 
images captured without a linear polarizer are shown in the top left panels.  
The schematics of polarization directions are shown in the bottom left panels.
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Extended Data Fig. 9 | Experimental vortex nanolaser in a photonic 
disclination cavity with a nonmodified disclination boundary. a, SEM image 
of a fabricated C5 symmetric photonic disclination cavity with a nonmodified 
disclination boundary. The scale bar is 500 nm. b, Measured above-threshold 
PL spectrum and L–L curve (inset) from the cavity of a. Peak wavelength and 
lasing threshold are 1513.2 nm and 90 μW, respectively. c, Measured polarization-

resolved lasing images from the cavity of a. The mode profiles were captured 
after placing a linear polarizer in front of the IR camera. White arrows indicate 
the directions of the linear polarizer: 0°, 45°, 90°. The image captured without a 
linear polarizer is shown in the top left panel. The scale bar is 3 μm. d, Simulated 
polarization-resolved images corresponding to c.

http://www.nature.com/naturephotonics


Nature Photonics

Article https://doi.org/10.1038/s41566-023-01338-2

Extended Data Fig. 10 | Photonic disclination cavities for various topological 
charges and polarization states. Our design strategy is used to generate 
resonant modes with |q| = 2 or radial polarization. a, C6 symmetric hole-type 
photonic disclination cavity (Fig. 2i). The colored region represents the dielectric 
material with a refractive index of 3.33. b, Optical vortex mode excited in the 
cavity of a. The Hz field (left), polarization vector field (upper right), and phase 

distribution (lower right) are calculated, showing the vortex feature of | 
q| = 2. c, C5 symmetric rod-type photonic disclination cavity. The colored region 
represents the dielectric material with a refractive index of 3.33. d, Radial 
polarization mode excited in the cavity of c. The Ez field (left), polarization  
vector field (upper right), and phase distribution (lower right) are calculated.
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