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Compressing the optical field to the atomic scale opens up possibilities for directly
observing individual molecules, offering innovative imaging and research tools for
both physical and life sciences. However, the diffraction limitimposes a fundamental
constraint on how much the optical field can be compressed, based on the achievable
photon momentum'2. In contrast to dielectric structures, plasmonics offer superior
field confinement by coupling the light field with the oscillations of free electrons

in metals®®. Nevertheless, plasmonics suffer frominherent ohmic loss, leading to
heat generation, increased power consumption and limitations on the coherence
time of plasmonic devices™. Here we propose and demonstrate singular dielectric
nanolasers showing amode volume that breaks the optical diffraction limit. Derived
from Maxwell’s equations, we discover that the electric-field singularity sustained
inadielectric bowtie nanoantenna originates from divergence of momentum.

The singular dielectric nanolaser is constructed by integrating a dielectric bowtie
nanoantennainto the centre of a twisted lattice nanocavity. The synergistic integration
surpasses the diffraction limit, enabling the singular dielectric nanolaser to achieve
an ultrasmall mode volume of about 0.0005 A* (A, free-space wavelength), along with
an exceptionally small feature size at the 1-nanometre scale. To fabricate the required

dielectric bowtie nanoantenna with a single-nanometre gap, we develop a two-step
processinvolving etching and atomic deposition. Our research showcases the
ability to achieve atomic-scale field localization in laser devices, paving the way for
ultra-precise measurements, super-resolution imaging, ultra-efficient computing
and communication, and the exploration of light-matter interactions within the
realm of extreme optical field localization.

Since the invention of lasers in 19607, the localization of the optical
field in dimensions such as frequency, time, momentum or space to
achieve higher-performancelasers has been a core driving force behind
the development of laser physics and devices. The emergence of those
high-performance lasers has profoundly contributed to the advance-
ment of modernscience and technology. For example, extreme locali-
zation of the optical field in the frequency dimension has resulted in
frequency-stable lasers necessary for constructing precise interfer-
ence devices, making gravitational-wave detection possible’. In the
time dimension, extreme localization of the optical field has led to
the development of ultrafast attosecond lasers™, enabling the obser-
vation of ultrafast motion of particles in the microscopic world. In
the momentum dimension, extremely localized optical fields yield
highly collimated lasers applicable to long-distanceinterstellar space
communication'. In the spatial dimension, field localization leads to
the development of microscale lasers, with research dating back to
the 1990s™", The ongoing endeavour to achieve ever-smaller lasers
persists today, driven by the exploration of the limits of spatial field
localization and its practical applications across various fields" ™,

The uncertainty relationship between momentum and position
determines the extent to which we can spatially localize the optical field.
For the purpose of constructing extremely small mode volumes, the
fundamental obstacle liesin the fact that optical-band semiconductor
materials typically have dielectric constants below 10. According to the
uncertainty relationship, with such small dielectric constants, we can
onlylocalize the optical field to the scale of hundreds of nanometres'>.
By coupling the optical field with the oscillations of free electrons in
metals, one can achieve plasmonic field confinement®>* 4, In 20009,
plasmonic nanolasers that break the optical diffraction limit were
experimentally demonstrated***. Over the past decade, plasmonic
nanolasers have been shown to exhibit extremely small volumes, ultra-
fast modulation speeds and extremely low energy consumption’>¢181,

However, plasmonic field confinementinevitably comes with inher-
ent ohmic losses”. The ideal scenario of achieving subdiffraction-
limited optical field confinement in dielectrics has long been consid-
ered impossible, but this perception has recently changed. Full-wave
simulations have indicated that the integration of a dielectric
bowtie nanoantenna into a photonic crystal structure can lead to a
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Fig.1|Electrical-field infinite singularity insingular dielectricnanolasers.
Thenanolaseris constructed by integrating adielectric bowtie nanoantenna,
which sustains an electric-field singularity which originates from the
divergence of momentum, into the centre of a twisted lattice nanocavity.
Onthebasis of Maxwell’s equations, we find that dielectric nanoantennas have
anelectromagnetic eigenmode characterized by aninfinite singularity of the
electricfield at their apices. This phenomenon arises from the interplay of
momentainvolved, wherein one momentum has animaginary value, thereby
amplifying the other momentum component. The underlying mechanism
bearsresemblance to plasmonic modes while distinctly lackingitsinherent
ohmicloss.a,b, Schematic, dispersionrelation (a) and relationship between
radialand angular wavevectors (b, blue curve) of the dielectric singular mode
supported by adielectric bowtie antenna. The electric field shows divergence
as papproaches zero, whichresults fromthe divergent radial and angular
wavevector components (referred toasik,and k,, where k,and k, are real
numbers). Thered curvein (b), whichis plotted for reference, shows the
relationship between radial and angular wavevectors whenboth arereal.
c,d,Schematic, dispersionrelation (c) and dispersion curve (d) of the plasmonic
mode supported by ametal-dielectricinterface (Methods). The highest
accessiblemomentumis limited by the ohmicloss. k,and ik, are denoted as the
momentaof the plasmonic mode in the propagating directionand transverse
directionrespectively.Ina-d, k,represents the wavevector in free spaceand n
representstherefractiveindex of the dielectric material in the corresponding
structure.

subdiffraction-limited mode volume®™*°, The uniqueness of this struc-
ture is attributed to a self-similar boundary condition effect, treat-
ing the dielectric bowtie nanoantenna as a continuously diminishing
dielectric-air-dielectric, air-dielectric-air self-similar configuration
where boundary conditions contribute to field enhancement at the
nanoantenna’s apices®*. However, afundamental explanation for the
breaking of the diffraction limit in the structure is currently absent.
Furthermore, relevant experimental studies are currently constrained
to the construction of passive dielectric cavities.

In this work, we demonstrate a dielectric nanolaser with a
subdiffraction-limited mode volume. Our approachinvolves integrat-
ingadielectric bowtie nanoantenna within atwisted lattice nanocavity
to construct the device. We find that the electric-field singularity at the
apices of the dielectricbowtie nanoantenna originates fromdivergence
of momentum, leading to a highly concentrated field (Fig. 1). Near
the apices, the angular momentum component of the singularity is
areal number, while the radial component is an imaginary number,
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both of equal magnitude. In close proximity to the apices, the abso-
lute values of these two momenta diverge (Fig. 1a,b). Notably, the
total momentum, comprising these two momenta, remains a finite
small value determined by the dielectric constant of the material. This
mechanism, reminiscent of the plasmonic mode but devoid of ohmic
losses, involves one momentum being imaginary, contributing to the
increase of the other momentum component (Fig. 1c,d). In experi-
ments, we meticulously control the gap size at the apices of the bowtie
nanoantennathrough atwo-step processinvolving etching and atomic
layer deposition. This precision allows us to achieve a nanoantenna
structure with a single-nanometre gap size. By combining the nanoan-
tenna with a twisted lattice nanocavity to suppress its high radiation
loss, we successfully realize asubdiffraction-limited singular dielectric
nanolaser with feature size at the 1-nm scale.

Infinite singularity

To break the diffraction limit with a dielectric structure, we use a
dielectric bowtie nanoantenna embedded within a twisted lattice
nanocavity (Fig. 2). The nanoantenna comprises a pair of triangu-
lar dielectric nanoparticles positioned adjacent to each other,
with their apices directed towards one another. The twisted lattice
nanocavity?®*° effectively confines the light field, restrictingittoa
diffraction-limited spotin the central region of the nanocavity where
the bowtie nanoantennais positioned. The bowtie nanoantennaserves
to further confine the intensity of the light field at its apices. As the
issue of electric-field divergence at metal or dielectric tips is well
explored in electrostatics scenarios®*, our focus here lies in pro-
viding a solution within the realm of electromagnetic waves. Such
asolution unveils the underlying physics of the strongly localized
cavity eigenmode in the structure.

In the realm of electromagnetic waves, our analysis indicates the
presence of an infinite singularity in the electric field at these points
(see ‘Theoretical analysis of infinite singularity’ in Methods). In the
proximity of the apices (where k,p < 1, with k, being the free-space
wavevector and p representing the distance from the apices), the solu-
tionsto the wave equationtake theformE=E, + E_in eachregion that
has a uniform refractive index, where E represents the electric field
andE, = C,(kop)'e™"(e, tie ). Here C,are constants, e,and e,denote
the unit vectors along thexandydirections, respectively, ¢ represents
the azimuth angle in cylinder coordination, [ (0 < [<1) represents
topological charge, and higher-order small terms have been disre-
garded. To fulfil the periodic boundary condition, the integral of the
phase change of the solved eigenmode along a circle enclosing
the apices must be an integer. The non-integral value of topological
charge [arises from angular discontinuitiesin the dielectric constant,
leading to phase jumps at the boundaries between the dielectric and
air (Extended DataFig.1). Itis noteworthy that the magnitude of /must
belessthan1to preserve the physically allowed solution with infinite
singularity.

As -[< 0, E, become divergent as p approaches zero. This infinite
singularity originates from the substantial radial and angular wave-
vector components (referred to as ik, and k,, where k, and k,, are real
numbers) within the eigenmode, even though the overall wavevector
remains quite small, determined by the material’s dielectric constant.
On closer examination of the expression for E,, it becomes apparent
that both ik, and k, are position dependent. To delineate the
position-dependent wavevectors, we introduce the expression
E(p,p) = gifledr Consequently, we can derive the position-dependent
expressions for ik,and k, of E,, yieldingikp = i% and k,=2 L

Thedispersionrelation for the eigenmode canbe expressed through
the wave equation as follows:
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Fig.2|Fabrication of singular dielectricnanolasersfeaturing
nanoantennas with atomic-scale gap sizes. a, Schematic of asingular
dielectric nanolaser with atomic-scale field localization. b, SEM image
depictingasingular dielectric nanolaser with ananoantennawith anatomic-
scale gap positioned at the centre of the cavity. c-e, Sequential perspective-
view SEMimages showing meticulous control over nanoantennagap sizes
inthree singular dielectric nanolasers. In the first row, initial gap sizes are
approximately 20 nm, with the gapson therightslightly larger than those on

where nrepresents therefractiveindex of the region described by the
dispersion relation, w represents the angular frequency and c repre-
sents the speed of light in vacuum.This dispersion relation is valid for
the entire spatial domain. When p approaches zero, the magnitudes
of (ik,)> and k2 becomessignificantly larger than all other terms. As ik,
isimaginary and k, |s real, there is a mutual cancellation between the
two terms (ik, )zand k .Ask,ismuchlarger thanthefree-space wavevec-
torasp approaches zero, the radial term e J&% of E(p,) causes the
field to diminish to a very small magnitude over a distance substantially
shorter thanthe free-space wavelength. This resultsinastrongly local-
izedfield near the singularity, with alinewidth that canbe much smaller
than1nm (Extended Data Fig. 1).

When k,p is no longer significantly smaller than 1, the mode with
the divergingelectric field at the apices starts showing magnetic-field
components and outward energy flow (see ‘Theoretical analysis of
infinite singularity’ in Methods). Consequently, the nanoantenna is
unable to independently form a subdiffraction-limit mode. To over-
come this limitation, we integrate it into a twisted lattice nanocav-
ity. The synergistic combination of these elements not only realizes a
subdiffraction-limit nanocavity with extremely small feature size but
also imparts a high-quality factor inherited from the twisted lattice
nanocavity.

theleft. Following the first (SEM images shown in the second row) and second
(SEMimages shownin the third row) round of atomic layer deposition of TiO,,
gapsizesundergo progressive reduction. f-h, Enlarged top-view SEM images
oftheimages from the third row of ¢ (f), d (g) and e (h). The gap in the nanolaser
showninfisnear closure, whereasthoseinnanolasers depictedingandhare
reducedto (1.7 +1.0) nmand (3.7 +1.2) nmrespectively. Scale bars, 2 pm (b),

50 nm(c-e) and 10 nm (f-h).

Single-nanometre nanoantenna gap

We develop a two-step process involving etching and atomic layer
deposition to fabricate the required dielectric bowtie nanoantenna
with asingle-nanometre gap embedded inatwisted lattice nanocavity
(Fig.2, ‘Device fabrication’in Methods and Extended Data Fig.2). The
fabrication process begins with e-beam lithography, transferring the
predefined pattern onto the e-beam resist. Subsequently, inductively
coupled plasma etching shapes the desired nanostructure within
asemiconductor membrane containing multiple quantum wells,
with a thickness of 200 nm. A twisted angle of 3.89° exists between
the two lattices, and the whole cavity’s side length is approximately
4 um. Thebowtie gap, formed through this process, is typically about
20 nm.

Following this, we use the atomic layer deposition (ALD) method to
achieve a conformal growth of a thin film of titanium dioxide (TiO,)
on the fabricated devices, providing precise control over the gap
size (Fig. 2c-h and Extended Data Fig. 3). Three-dimensional full-
wave simulation indicates a decrease in mode volume as the bowtie
nanoantenna gap size is reduced by the ALD-deposited TiO, layer
(Extended Data Fig. 4). Leveraging the atomic-level precision of con-
formal film deposition using ALD, our two-step process of etching
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Fig.3|Lasing properties ofasingular dielectricnanolaser. a, Normalized
spectraatvaried pumpintensity (P,,), revealing aclear phase transition from
spontaneous emission to lasing emission atathreshold (P,,) of approximately
26 kW cm™. b, Light-light curve in log-log scale (ingreen) and linewidth-
evolution curve with pump power (in orange) of the lasing mode. P, represents
output power of the nanolaser. The circlesrepresent the dataand thelines
denotethefitting. Thefitting of the light-light curve resultsinaspontaneous
emission coupling factor, 8, of approximately 3.4 x10™*. ¢, Normalized
emission spectranear the lasing threshold, demonstrating the linewidth

and atomic layer deposition enables us to achieve a bowtie gap size
as small as a single nanometre.

The scanningelectron microscopy (SEM)images depictedinFig.2c-h
show the precise control achieved over gap sizes in three distinct
devices. Following the initial etching step, the bowtie nanoantennas
embedded within the twisted lattice nanocavities show gap sizes of
approximately 20 nm (Fig. 2c-e, top panels). Subsequent to this, we
utilize ALD to deposit TiO, onto the devices over two cycles (Fig.2c-e,
middle and bottom panels), progressively diminishing the gap sizes
to near closure, measuring at (1.7 + 1.0) nm and (3.7 £ 1.2) nm, respec-
tively (Fig. 2f-h; the uncertainties are derived from fitting SEM image
intensity profiles as discussed in the caption of Extended Data Fig. 5).
This demonstrates a remarkable ability to finely modulate gap sizes
within the nanostructures with precision and control. The singular
dielectric nanolasers are then optically pumped at room temperature
to obtain their lasing properties (Supplementary Fig. 1).

Lasing properties

We validate the lasing behaviour of singular dielectric nanolasers
through an assessment of their nonlinear phase transition in the
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narrowing of the lasing mode. The blueshift of the lasing peak with the increase
ofthe pump power is because of the free-carrier dispersion effect. The circles
represent the data and thelinesillustrate the fitting. d, Second-order intensity
correlation functiong®(r = 0) of the nanolaser, showcasing super-Poissonian
light characteristics (g?(r = 0) > 1) around the lasing threshold. Upon surpassing
thelasing threshold, emitted photons show coherence, shifting their statistics
from super-Poissonian to Poissonian (g?(r = 0) =1). The circles denote the data
andtheline servesasaguidetothe eye. e,f, g®(r) of the nanolaser at 1.09P,, (e)
and 1.91P, (f).

light-light curve, the linewidth-narrowing effect and the second-
order intensity correlation function (g®(r) where 7 is time delay).
Figure 3ashows the normalized spectra at varied pump intensity of a
singular dielectric nanolaser with gap size at the I-nm scale, revealing
the emergence of single-mode lasing with the increased pump power.
Figure 3b shows the corresponding light-light curve and the cavity
mode linewidth-evolution curve. The S-shaped log-scale light-light
curve indicates the phase transition from spontaneous emission to
stimulated emission. On the basis of the quantum threshold defini-
tion, the lasing threshold is set at 26 kW cm™, Beyond the threshold,
the cavity mode’s linewidth undergoes arapid reduction. Figure 3¢
shows three spectra corresponding to pump powers below, near
and above the lasing threshold, respectively. These spectra clearly
illustrate the linewidth-narrowing effect and the dominance of las-
ing emission over spontaneous emission beyond the lasing thresh-
old. The highest lasing quality factor obtained from the spectrais
13,200. With the spatial overlap between the cavity mode and the
gain medium largely unaffected by variations in the thickness of
the ALD-deposited TiO, layer (Extended Data Fig. 4d), the lasing
threshold and linewidth essentially remain constant with varied TiO,
layer thickness (Supplementary Fig. 2).
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Fig.4|Mode properties of the singular dielectricnanolaser. a, Experimental
lasing emission pattern of the singular dielectric nanolaser.b, Three-
dimensional full-wave simulated emission pattern of the lasing cavity mode,
withsuperimposed arrows indicating polarization directions. c, Three-
dimensional full-wave simulated electric-field pattern of the lasing cavity
mode represented on alogarithmicscale. The blue hexagonsina-cindicate
the edge of the nanolaser. The differences betweenb and c arise from the
spatial resolution of the lasing emission collective system of approximately

Lasingis further affirmed through the characterization of the singu-
lar dielectric nanolaser using g® (1) (Fig. 3d-f). In proximity to the lasing
threshold, the emitted photons show super-Poissonian characteristics
(g®(r=0) >1). Above the threshold, the photon emission statistics
transition from super-Poissonian to Poissonian, indicating coherent
light emission (g®(7 = 0) =1). Decreasing the pump power below the
threshold results in a decline in measured values for g®(t = 0), attrib-
uted to areductionin the coherence length of spontaneous emission
approaching the temporal resolution limit (100 ps) imposed by our
measurement set-up. Regarding the emission rate, the stronglocalized
fieldresultsinanaccelerated emissionrate, correspondingtoaPurcell
factor of 58 (Supplementary Fig. 3). In Extended Data Table 1, we provide
a comparison of key laser merits, including threshold, lasing quality
factorand mode volume, with other state-of-the-art microscale lasers.

Lasing-mode properties
In Fig. 4a, the lasing emission pattern of the singular dielectric nano-
laser is depicted, demonstrating a close resemblance to the three-
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directions 0of 90° (red) and 0° (black). f, Experimental lasing emission intensity

plotted asafunction ofthe polarization angle. Scale bars, 2 pm (a-c) and

40 nm (d).

dimensional full-wave simulated counterpart shown in Fig. 4b. The
spontaneous emission pattern, in contrast, is determined by the
pump beam (Supplementary Fig. 4). Figure 4c,d shows the simulated
electric-field pattern of the cavity mode on a log scale, which illus-
trates the strong field localization at the centre of the nanoantenna.
Figure 4e,f shows the polarization-resolved lasing emission spectra
alongside the normalized lasing emissionintensity as a function of the
polarizationangle. Notably, the observed mode polarization aligns well
with the simulated polarization direction shown as arrows in Fig. 4b.
On the basis of three-dimensional full-wave simulation, the lasing
mode demonstrates an ultrasmall mode volume of approximately
0.0005 A%, where A is free-space wavelength. This mode volume is less
than one-sixth of the optical diffraction limit of (1/2n)%. Owing to the
ultrasmall mode volume, the device shows a large divergent angle
(Supplementary Fig. 5). Highly directional emission can be realized
by coupling an array of the nanolasers®.

We have calculated the mode volumes of nanocavities, consider-
ing potential defects such as tilt angles, surface roughness and point
defects. Our findings indicate that tilt angles and surface roughness
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Fig.5|Non-integral topological charge and the atomic-scalelocalized
opticalfield. a,b, Simulated phases @, (a) and @_(b) of the electric-field
components E, obtained from three-dimensional full-wave simulated
near-field patternrepresented ask, =E, (e, +ie,), where £, = |EJe'**. The
non-integral value of the topological charge [ of 0.63 stems from angular
discontinuitiesin the dielectric constant, inducing phase jumps at the
boundaries between the dielectric and air. Scale bars, 50 nm. ¢, Simulated
phase changes of E, alongacircle enclosing the apices. The integral of the

do not substantially affect the mode volume (Extended Data Figs. 6
and 7). Atomic-scale point defects can further reduce the mode volume
to assmallas 0.0001 13 (Extended Data Fig. 6).

To further substantiate the profound impact of the bowtie nanoan-
tenna on cavity modes, we preserve the overall moiré structure while
altering the orientation of the embedded nanoantennas. Both the
three-dimensional full-wave simulation and experimental findings
demonstrate that the polarization direction of the lasing mode adjusts
with the nanoantenna’s rotation angle (Extended Data Fig. 8).

Figure 5a,b depicts the phases (®,) of the electric-field components
E, and E_derived from three-dimensional full-wave simulated cavity
mode, represented asE, =E, (e, *ie,), where £, = |E,| e'® Phasejumps
attheboundaries between the dielectricand air are clearly presented,
whichresultsinthe non-integral topological charge [ of 0.63. Figure 5¢
illustrates the phase changes of E, along a circle enclosing the apices.
The integral of the phase change along the circle for both E, yields an
integer value of zero, satisfying the periodic boundary condition.
Figure 5d,e depicts the intensity profile and a magnified view along
the dashed line in Fig. 4c, respectively, highlighting the atomic-scale
field localization. Log-scale profiles are presented in Extended Data
Fig. 9a,b. Figure 5f shows the intensity profile in momentum space
along the same direction (the dashed line in Extended Data Fig. 9¢),
revealing atomic-scale localized field corresponding to a broad
wavevector distribution spanning over 100k,

Summary

Inthis work, we have proposed and demonstrated a singular dielectric
nanolaser with a subdiffraction-limited mode volume. By integrating
adielectric bowtie nanoantenna into the centre of a twisted lattice
nanocavity, the device achieves an unprecedented small feature size
atthel-nmscale. The fabrication process involves a two-step method
of etching and atomic layer deposition to create a dielectric bowtie
nanoantennawith asingle-nanometre gap. The nanoantenna’s unique
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phase change along the circle for both E, yields aninteger value of zero, thereby
satisfying the periodic boundary condition. d,e, Simulated intensity profile (d)
and the zoomed-in profile (e) along the dashed line in Fig. 4c, highlighting the
atomic-scale field localization enabled by the electric-field infinite singularity.
f, Simulated intensity profileinmomentum space along the same directionin
d. The atomic-scalelocalized field corresponds to alarge wavevector
distribution spanning over 100k,.

ability to support an infinite singularity of electric field at its apices,
derived from Maxwell’s equations, enables extreme field localiza-
tion at the atomic scale. The study uncovers the mechanism behind
this phenomenon, where one momentum component is imaginary,
resembling a plasmonic mode but without metal losses. Experimen-
tal control of the gap size at the bowtie tip, combined with a twisted
lattice nanocavity to suppress radiation losses, results in the reali-
zation of a subdiffraction-limited singular dielectric nanolaser with
remarkable potential for ultra-precise measurements, super-resolution
imaging, ultra-efficient computing and communication, and the
exploration of light-matter interactions in extreme optical field
localization.
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Methods

Theoretical analysis of infinite singularity
Electric-field singularity at the apices of the dielectric bowtie nanoan-
tenna originates from divergence of momentum, leading to a highly
concentrated field (Extended Data Fig.1). In the following, we theoreti-
cally derive the expression of this singularity from Maxwell’s equations.
We consider transverse-electric eigenmodes of a dielectric bowtie
nanoantenna with a negligible gap between its two apices (Extended
Data Fig. 1a). Each dielectric triangular unit comprising the nanoan-
tenna has a tip angle of 6. Consequently, the entire structure shows a
refractive index distribution n(p, @) as

nn>1) [—fS(ps

n(p, @)= (€]

In each region that has a uniform refractive index, Maxwell’s equa-
tions can be written as

OH
Hoar
VxH=n eogf. (2)

V-E=0
V-H=0
Inequation (2), Eand Hare electric and magnetic fields of the eigen-
modes respectively, £, and u, are permittivity and permeability of
vacuum respectively, and t represents time. The eigenmodes of the
structure under consideration are those that do not propagate along
the zdirection, necessitating a wavevector with zero zcomponent.
Subsequently, we solve the wave equation in cylindrical coordinates
p, @, z, where the time-dependent term is represented as e “* and the
electric-field eigenmode of Eis decomposedintoits.x, y,zcomponents
E;(wherej=x, y, z). The wave equation is
10 ] 1 92

aZ

B A

[apz pop |7 p26(p2
OF, 165y] [aEy 165]
St [cosQtH | ——— sing=0
[60 p o " "pae M

The eigenmode withanelectric-field singularity at the apices of the
dielectric bowtie nanoantenna is obtained by solving equation (3).
Within the range of k,p < 1(k, = w/crepresents the free-space wavevec-
tor), the higher-order small terms of the electric field can be disre-
garded, and the eigenmodes E and H can be described as follows:

VXxE=-

E (nwjf 0,(j=x,y,2)
(3)
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E,=0
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sin [(1 -2

where Cis a normalized constant, o = } and the parameter

cos[(lfl)%}
lis determined by the following equation:

tan[(l - l)%g} tan[(l - 1)% -1

Thesolved eigenmode Eis astanding mode that can be decomposed
into travelling modes with the same amplitude but opposite
non-integral orbit angular momenta of =/ and opposite spin angular
momenta of +1.

0<l<l1. (5)

E-E +E,
E. = Ckop) e (e, +ie,) ()
E_ = C(kop)'e®(e, - ie,)’

where (e, * ie ) represent electric fields with spinangular momenta of
11, C, are normalized constants,and |C,| = |C|.

To describe position varied wavevectors k/(p, @) of E; (p, ¢), we can
use the expression of

_oi| K.0)d
Efp,®) =l Koo (7)
whereris position vector. The equation (7) is equivalent to

k' (0, )E;(p, @) ==iVE; (p, ). ®8)

Using the expression given in equation (7) and the wave equation
shownin equation (3), we can obtain the dispersion relation of

. [0 1). o] nw
[ik, (. @)1 + K30, @) - .[5 + ;j[nk,,(p, o1 sk 0)=(" ] ©)

whereik,(p, p)and k,(p, ) are theradial and angular wavevector com-
ponents of ki(p, @), respectively.

Using the expression givenin equation (8) and the eigenmode shown
in equatlon (6), we can obtain k/(p, p) =k(p, ) =ik,e,+ ke, (j=x,y),
ik —IEandk =+L,

Asp approaches zero, the magnitudes of (ik,)* and kq, in the disper-
sionrelation shownin equation (9) are significantly larger thanall other
terms.

When the higher-order small terms need to be considered—
specifically when k,p is not significantly smaller than 1-we derive the
following expressions of the magnetic field of the infinite singu-
larity: H,=H,=0, H,=~i ;_z (kop) 'g(¢)- For the infinite singular
mode, where 0 <[<1, the radial term (kop) ™" indicates that H,
approaches zero as k,p < 1. When k, p is no longer significantly smal-
ler than1, H,no longer approaches 0, leading to outward energy flow
from the singularity. This is why dielectric nanoantennas alone are
unable to support subdiffraction-limit modes.

Toachieve the formation of alocalized field that surpasses the diffrac-
tionlimitinapure dielectric structure, itis crucial that the topological
charge (/) takes on a non-integer value. The concept of topological
charge essentially describes the rate of phase change around a singu-
larity. The rapid phase shift encircling the singularity corresponds to
an effective large wavevector, which s key to breaking the diffraction
limit. Through theoretical analyses and corroborated by full-wave
simulations, we have arrived at the following conclusions. (1) When
[=0, the lack of an infinite singularity prevents the formation of a
localized field capable of breaking the diffraction limit. (2) At |/| =1,
although solutions with infinite singularities exist, these solutions
are not physically allowable. This is because, at the singularity, the
solution required that material properties differ from that given in



the system. (3) For non-integer values of || ranging between O and 1,
aphysically allowed infinite singularity arises, enabling the formation
ofalocalizedfield capable of breaking the diffraction limit within pure
dielectric structures.

Device fabrication

We fabricate the singular dielectric nanolaser using a semiconduc-
tor membrane composed of InGaAsP multiple quantum wells with a
thickness of 200 nm (Extended Data Fig. 2). A single patternfileincor-
porating two sets of nanoholes with a predetermined twisted angle is
designed and adjusted during the computer aided design (CAD) pat-
terndrawing process, withthe central hole being replaced by abowtie
nanoantenna. Subsequently, e-beam lithography is used to transfer the
designed pattern onto the e-beam resist layer, completing the initial
transfer process. Following this, the inductively coupled plasma etching
technique is utilized to first transfer the pattern into the silicon diox-
ide mask layer and then the multiple quantum well layers. After these
steps, diluted hydrochloric acid is applied to etch the InP substrate,
resultingin the formation of the suspended membrane. Finally, ALD is
utilized to deposit a high-conformal TiO, dielectriclayer on the singular
dielectric nanolasers, ensuring precise control over the gap width of the
bowtie nanoantenna. The lattice constant of the employed triangular
lattices is 465 nm, with nanoholes having a diameter of 170 nm. The
cavity’s side length is 3.955 um.

Full-wave simulation

We simulate the eigenmodes of singular dielectric nanolaser cavi-
ties through three-dimensional full-wave simulations using the
finite-element method. These simulations yield the full properties
of the desired cavity mode, which include field distributions, qual-
ity factors and mode volumes. Within the simulation, the refractive
indices of the semiconductor membrane and the TiO, layer are set to
3.43and 2.28, respectively. For the calculation of plasmonic dispersion
showninFig.1d, we use a silver/dielectric interface, where the refrac-
tive index of silver is adopted from ref. 53, and that of the dielectric
is set as 3.43. Ohmic loss results in limited propagation length and a
corresponding broad momentum distributjon. The mode volume is

. E(r)* d*
calculated using the formula: V= J"s(r)\(ir)\zr where £(r) represents
max[e(r) [E(r)|7]

the position-dependent permittivity of the simulated structure. The
quality factoris determined by Q = (Re[ f1)/(2Im[f1), where Re[ f]1and
Im[ f]denote the real and imaginary parts of the eigenfrequency of a
simulated cavity eigenmode, respectively. The device presented in
the study shows a twist angle of 3.89°, resulting in a cold cavity quality

factor of 5,700. Higher quality factors can be achieved by reducing the
twist angle*® and fine-tuning the dimensions of the embedded bowtie
antenna.

Optical characterization

We utilize a pulsed laser to excite the device under ambient tempera-
ture (wavelength 1,064 nm; pulse width 5 ns; repetition rate 12 kHz;
Supplementary Fig. 1). Characterization of the emission properties
of the nanolaser is carried out using a home-built microscopy system
integrated with anear-infrared charge-coupled device and spectrom-
eter. Both the excitation and the emission beams are collected by a
shared objective lens (x100, numerical aperture 0.82). The spectrom-
eter has aresolution of approximately 0.04 nm. For the evaluation of
the second-order intensity correlation function g?(r), we employ a
Hanbury-Brown and Twiss experimental set-up. This set-up utilizes
apulsed laser with a1-MHz repetition rate as the pump source (wave-
length 1,064 nm; pulse width 0.1 ns) and two superconducting nanowire
single-photon detectors for correlating detection.
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Extended DataFig.1| Theoretical analysis of the infinite singularity
inasingular dielectric nanolaser. a, Schematic of adielectric bowtie
nanoantennawithanegligible gap betweenits two apices. b, Theoretical
calculated electric field intensity of the dielectric bowtie nanoantenna.

¢, Intensity profiles along ¢ =1/2in (b), where the intensity is normalized to
the position 0.1 nm away from the singularity. The field diminishes to avery
small magnitude over a distance substantially shorter than the free-space
wavelength due to thelarge k, originated frominfinite singularity. d,e, Phases
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@, (d) and @_(e) of theoretical calculated eleﬁric field componentsE,
represented as Et:Ei(eXJ_riey), where E,= |E,| e'?+ The non-integral value of
the topological charge [ of 0.62 stems from angular discontinuities in the
dielectric constant, inducing phase jumps at the boundaries between the
dielectricandair. f, Phase changes of E, along a circle enclosing the apices.
Theintegral of the phase change along the circle for bothE, yields aninteger
value of zero, fulfilling the periodic boundary condition.
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Extended DataFig.2|Fabrication procedure of singular dielectric nanolasers with atomic-scale nanoantennagap. a, Six essential steps in fabrication
singular dielectric nanolaser with atomic-scale nanoantennagap. b-d, Schematic diagram (b), and two zoomed-in version (c,d) of the final device.
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Extended DataFig. 3 | Dark-field scanning transmission electron enlargedimage (d) of adielectricbowtie nanoantenna with gap size thatis
microscopy (STEM) images of two fabricated nanoantennas. a,b, Dark-field  close toasingle nanometer. Intheimages, the distinction between TiO,and
STEMimage (a) and the enlarged image (b) of adielectric bowtie nanoantenna InGaAsP materialsis clearly noticeable; TiO, appears darker in contrast to
withgapsize thatis near closure. ¢,d, Dark-field STEM image (c) and the InGaAsP.
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induced by SEMresolution, whichis: %’ = Eé -exp ("2:21) +exp
where x;, x; denote the position of the two edges, and ois the standard
deviation of the edge positions of x;, x,. By integrating the first derivative of
theintensity profile, we obtain the expression for the intensity profile, /, as:
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I=ly+A (—erf(%) + erf(xﬁ?)). This function was employed to fit the SEM

image intensity profile to ascertain the values of x;, x;, and 0. a,b, For the device
showninFig.2g, the gapsize, calculated as x, — x;, with an associated standard
deviation of /2 0, is determined tobe (1.7 + 1.0) nm. ¢,d, For the device shown in
Fig.2h, thegapsizeisdetermined tobe (3.7 £1.2) nm.
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within the cavity, and the bottom row shows experimentally measured lasing
emission polarizations. Both the full-wave simulation and experimental
findings demonstrate that the polarization direction of the lasing mode adjusts

with the nanoantenna’s rotation angle.

Extended DataFig. 8| Deterministic relationship between nanoantenna’s
orientation and lasing emission polarization. Panels (a-e) presenta
progression fromleft to right, showing the influence of five distinct nanoantenna
orientations on the emission polarization of singular dielectric nanolasers. The
top row shows SEM images, the middle row shows full-wave simulated electric
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Extended Data Table 1| Performance comparison

29, 26082-26092 (2021)

Spectrum
o 5 Mode Threshold Lasing Q resolution (51) Cold cavity Purcell
Type RefSicacs CalnMaterals volume areieazty ezt Power density factor f limited Q factor Q factor factor
(M/8N)
Singular nanolaser This work InGaAsP QWs ~0.000523 ~1,580 nm RT ~26 KW/ecm?* ~13,200 ~39,500 ~5,700 ~58
Nature InGaAsP QW: ~0.00223 ~1,500 nm RT ~5 MW/em? ~220 ~2,240 264 —
482,204-207 (2012) nGaAsP QWs - r ”
Opt. Express 3 . . > . _
21,4728-4733 (2013) InGaAs ~0.67\ 1,590 nm RT 65 kA/cm 3,200 7,950 235 13.88
Plasmonic nanolasers Nat. Commun. D — ~530 nm RT ~4 MW/em? ~530 ~5,300 — -
lasmonic nanolasers 8, 15528 (2017) ye B
Nano Lett cds ~0.0523 ~700 nm RT ~13 KW/em? ~2,500 ~7,000 — —
18, 7942-7948 (2018) o . ” ‘
Haure InGaAsP QW: 0.0223" ~1257 RT ~140 kW/em? ~320 ~13,000 340 —
581, 401-405 (2020) nGaAst QWs -0 »~>/nm om »
Nano-slit-waveguide Phys. Rev. Lett. 533 R - 2 . - —_ -
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