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Highly compact lasers with alow threshold and stable single-mode

operation are in great demand for integrated optoelectronics. However,
considerable side leakages and radiation losses in small cavities
substantially degrade the quality (Q) factor, posing a substantial obstacle

in pursuing high-performance miniature lasers. Here we propose and
experimentally demonstrate a flat-band laser supplemented by multiple
bound states in the continuum. By simultaneously confining lightin all
three dimensions, a high Q factor of -1,440 in an ultracompact terahertz
quantum cascade laser cavity with a lateral size of ~-31is reported. The field
confinement makes it possible to realize an electrically pumped single-mode
terahertzlaser with alow threshold current density, despite the small device
footprint. This surface-emitting laser emits a well-defined beam with good
directionality. The demonstrated multibound-state-assisted flat-band
designis also applicable to other wavelength regimes, offering a route to
energy-efficient, monolithically integrated and ultracompact laser sources
that suitawide range of applications.

Low-threshold laser sources realized in ultracompact cavities enabled
by extremely tight mode confinement, exhibiting energy-efficientand
monolithic integrated characteristics, are highly desired in modern
optoelectronic applications, such as on-chip communication’, bio-
logical sensing?and quantum information®*. Photonic bound states in
the continuum (BIC) are peculiar non-radiative localized modes that
theoretically have infinite lifetime within the radiation continuum®™,
rendering them favourable candidates for pursuing single-mode,
low-threshold and surface-emitting lasers’ ™. In large-scale photonic
cavities, the symmetry-protected BIC mode resides at the centre of
the Brillouin zone (I’ point), making it also function as a traditional
band edge mode'*"” with a small group velocity that can simultane-
ously provide exceptional in-plane and out-of-plane field localization.

However, in miniaturized devices, the continuous photonic band splits
into a series of discrete modes due to momentum-space quantization'®,
Furthermore, the fundamental mode deviates fromtheT point, result-
inginthe degeneration of its non-radiative and dispersionless feature.
Consequently, both group index and quality (Q) factor suffer notable
reductions, accompanied by particularly increased side leakages and
radiation losses (Fig. 1a).

A straightforward and commonly used approach to miti-
gate side leakages is to introduce photonic-heterostructure
confinement, such as the implementation of topological band
inversion'** or photonic-bandgap boundaries”-*. However, the
symmetry-mismatch-induced mode confinement in these typical
designs occurs only around the band edge. The Q factor still faces
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Fig. 1| Principle of construction of the compact flat-band multi-BIClaser.

a, Comparison of group indices and Q factors between cavity modes in anormal
BIC device with infinite and finite sizes (top). The continuous band (grey curve)
inaninfinite-sized cavity transforms into a series of discrete modes (black dots)
inafinite-sized cavity, with the corresponding group indices (red dots) and
Qfactors (blue dots) deviating from the values at the I' point. Here the group
index n, = c/v,, where v, = dw,/dk (v, group velocity; w, angular frequency;

k, wave vector), canreflect the in-plane feedback and localization capabilities in
aphotonic-crystal slab. A higher group index means a stronger in-plane feedback
and localization. For anormal BIC mode in a finite-sized device, substantial
radiation losses, scattering losses and side leakages exist in the cavity (bottom).
b, Three-dimensional photonic band diagram of the hexagonal supercellind with

f=3.15 THz

aflat-band BIC design (top). The side leakages can be well suppressed in this case
enabled by the flat-band design (bottom). Inset: a schematic of the polarization
singularity of the flat band with a topological charge of g = +2 at the T point. k,

and k, represent the in-plane components of the wave vector along thexand y
directions in the Brillouin zone, respectively. ¢, Schematic of the flat-band multi-
BIC designin momentum space. The plus and minus signs represent a topological
charge of +1and -1, respectively. Both radiation and side-leakage losses are well
suppressed when a multi-BIC isintroduced into the flat-band cavity (bottom).

d, Atypical double-metal QCL configuration is used here. The air-hole photonic-
crystal structure is constructed by drilling through the top Au/QCL layers. The
top and bottom Au layers act as electrodes for current injection, as well as vertical
confinement of the cavity mode. f, frequency.

substantial compromise when afinite-sized cavity is constructed with
its mode deviating from the I' point. Furthermore, the imposition
of external boundaries inevitably introduces mode scatterings and
increases the overall cavity footprint®2,

Inthis work, we report a highly compact cavity design based on a
flat band combined with multiple bound states above the light cone,
denoted as ‘flat-band multi-BIC’ below. By localizing the photonic
state in the in-plane (out-of-plane) directions by using the flat-band
(multi-BIC) feature (Fig. 1b,c), a high Qfactor of -1,440 (considered as
high Qin the platform of terahertz quantum cascade lasers (QCLs)” %)
inanultracompact photonic cavity (side length, L = 5a; Fig. 1d) canbe
achieved. This value exceeds the normal BIC modes by approximately
40-fold and is also significantly higher than other optimized cavity
designs (Supplementary Table 1). Experimentally, we demonstrate
a high-performance terahertz laser exhibiting stable single-mode
operation with a side-mode suppression ratio (SMSR) of ~20 dB and
anultralow lasing threshold of -0.19 kA cm™. In particular, the lateral

dimension of the cavity is just -3A, rendering it one of the most compact
devices within the realm of photonic-crystal-based lasers*'**®. Moreo-
ver, benefiting from the favourable mode selectivity associated withthe
Dirac-cone-like photonic band feature, the device exhibits scalability
without compromising on its excellent single-mode performance.

Results

Design of a flat-band multi-BIC cavity

Ourlaser cavity designis constructed by etching periodicair holesthrough
the active medium of a three-well resonant-phonon GaAs/Al,;5Ga, ssAs
designed terahertz QCL wafer to formatriangular photonic-lattice struc-
ture (Fig. 1d and Supplementary Figs.1and 2). The air holes feature a
daisy-like shape, which facilitates the manipulation of the photonic band
structure®*. The shape canbe writtenas r(¢) = r, - r,cos(6¢). By forcing
anaccidental degeneracy between the isolated B mode and the doubly
degenerated E; and E, modes (Supplementary Fig. 3), adistinct flat band
intersecting with two linear dispersion bands (Dirac cone) at their apex
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Fig. 2| Comparison between the flat-band BIC mode and other normal BIC
modes. a, Calculated band diagrams of the daisy-like air-hole photonic crystal
with flat-band BIC (top) and conventional circular air-hole structure with normal
C,,-BIC.b, Near-field profiles in finite-sized cavities (L = 5a) corresponding to

the fundamental mode of the E, band (top; flat-band) and B’ band (bottom)

inthe corresponding dataina. c, Group indices for the representative modes
computed from the corresponding Bloch-band structures. d,e, Near-field
profiles of the fundamental modes belong to the two adjacent bands (B (d) and E,

(e) bands) with linear dispersion, for the cavity with L =13a (top).

Bottom, extracted electric-field intensity along the dashed line within the
cavities. f, Calculated Q factors of the B, E; and E, modes with distinct band
dispersion features, treating the pumped region as alossless dielectric with
absorbing boundaries (Methods). Here a flat-band BIC cavity with lattice
parameters of a=37.2 umandr, =14.5 pumis adopted to exclude the influence of
the multi-BIC, which will be discussed later in Fig. 3.

canbeachieved (Fig.1b). The slow light effect, arising from the dispersion-
less nature of the flat band, provides excellentin-plane field confinement
and considerably reduces side-leakage losses, even as the mode shifts
away from the I' point in finite-sized cavities. All three selected bands
belong to different irreducible representations at the I' point (B, E; and
E,) and decoupled from free space®, thatis, typical symmetry-protected
BIC modes™, which effectively mitigate radiation losses that may occur
due to mode coupling when they come into proximity to each other™
(Supplementary Figs. 4 and 5). These non-radiative modes (with a theo-
retically infinite Qfactor) are characterized by a polarization singularity
(forexample, the flat band) at the centre of the Brillouinzone. By tuning
the lattice parameters, we further engineer a series of accidental BICs
aroundtheT point, giving rise toaunique feature denoted as ‘multi-BIC’
(Fig.1c). The multi-BIC with abroad, high-Qregion enable the cavity mode
tostand robustagainst photonic finite-size effects, systematic disorders
and structural imperfection, significantly suppressing radiation and
scattering losses® 5,

Flat-band-enhanced in-plane mode confinement
We emphasize the advantages of the flat-band BIC mode (E, mode;
Fig. 2a (top)) by comparing it with the conventional BIC, that is, the

B’ mode with C¢, symmetry at the bottom of Fig. 2a (referred to as the
‘normal C,,-BIC” hereafter). The full band structures and electric-field
distributions withinaunit cell for these photoniclattices are shownin
SupplementaryFig. 6. Asillustrated, the E,-irreducible photonic mode
displays aremarkable flat-band feature in the entire region above the
light cone, whereas the B’ mode features a quadratic band dispersion.
Toinvestigate their disparities on mode localization within aminiatur-
ized photonic cavity (L =5a), we calculated the fundamental modes
of these two bands with distinct dispersion behaviours (Fig. 2b). Our
simulations (Methods) are modelled strictly according to the actual
device structure with a finite size, incorporating a typical absorption
boundary (the outer unpatterned region), which also serves as wire
bonding for pumping current injection®. The electric field (|E,|) asso-
ciated with the E, mode is tightly confined to the centre of the cavity,
in stark contrast to the B’ mode, which substantially leaks out of the
patterned region, forming a near-plane wavefront away fromtheinter-
faces. The effective in-plane field confinement in the flat-band cavity
arises from the ultralow group velocity with enhanced mode feedback.
Figure 2c illustrates the group indices for bands featuring different
dispersion characteristics. In particular, the group index of the E; band
exceedsthat ofthe B’band by approximately tentimes asthey deviate
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Fig. 3| Qfactors of the BIC modes with and without the flat-band multi-BIC
design. a, Two-dimensional map of the Q-factor and polarization distributions
of the flat-band with multi-BIC states in momentum space. The colour map
represents the Q factor and the white dashed line represents the polarization
vector. The topological charge was determined to be g = +2 by selecting a
circle centred around the T point with |k| = 0.1(21t/v3/a) (Methods). b, Q-factor
comparison of the flat-band cavities with and without the multi-BIC. The

simulations here are conducted with periodic boundary conditions along the
x-yaxis (thatis, infinite cavity sizes). ¢, Calculated Q factors for the fundamental
mode of the flat-band cavities with and without the multi-BIC, along with the
cavity with normal C,,-BIC. Here the calculations are based on realistic cavity
structures with finite sizes, incorporating a double-metal device configuration
with the consideration of the corresponding cavity losses. The solid lines are
guides for the eyes.

fromtheT point. Both cases exhibit negligible mode extension above
the photonic-crystalsslab, attributed to the non-radiative nature of the
BICs. Further simulations based on a normal BIC in commonly used
C,,-symmetric lattice structure are also performed (Supplementary
Fig.7). The consistentresults collectively support the conclusion that
aflat band with minimal dispersion indeed ensures effective in-plane
confinement in miniaturized cavities.

We also observed that the Band E, bands, characterized by linear
dispersion, exhibit an exceedingly low group index of -5.2 near the I
point, which suggests weak in-plane feedback and a limited localiza-
tion effect. Direct examination of the effective index (Supplementary
Fig.8) based onthe band structure reveals acharacteristic ‘zero-index’
behaviour’**°*, These effective zero-index structures are renowned for
theirlossless propagating nature and the flat-envelop field distribution
in previous research®. To provide a more intuitive understanding of
the electric-field distribution arising from this distinctive dispersion
behaviour, we examined the fundamental modes within a larger cav-
ity (L =13a) than that (L = 5a) used in Fig. 2b. The results reveal that
the electric fields associated with the B and E, modes exhibit uniform
distributions and extend beyond the cavity boundary (Fig. 2d,e and
Supplementary Fig. 9). The substantial side-leakage losses lead to
significantly lower Qfactors of approximately -39 and -51, respectively
(Fig. 2f). By contrast, these two bands in the normal C,,-BIC cavity
featuring quadratic band dispersion exhibit typical Gaussian-shaped
field distributions, with the modes tightly confined within the cav-
ity core, resulting in much higher (approximately 15-fold) Q factors
(Supplementary Fig. 10). It is worth noting that the substantial side
leakages of the neighbouring B and E, modes significantly enhance
the mode selectivity (notable Q contrast) between these two modes
and the flat-band mode (E; mode, with a Q factor of approximately
~2,840), facilitating the attainment of stable single-mode flat-band
lasers, despite the fact that they are also non-radiative BIC modes.
The exceptional mode selectivity afforded by the Dirac-cone-like band
design exhibits notable robustness against fabrication errors (Sup-
plementary Fig.11).

Multi-BIC-enabled Q-factor enhancement

We emphasize the significance of multi-BIC in the pursuit of ultracom-
pact lasers. Normally, two mainissues introduce additional radiation
losses in a finite-sized BIC cavity. First, the splitting of the modes into
discrete points away from the I' point is due to band quantization,
where the Q factor is dramatically decreased'. Second, the mixing
of the BIC mode with off-I' low-Q modes because of the out-of-plane
scattering losses arise from fabrication imperfections and lattice

disorders®**. Regarding these issues, we constructed a series of acci-
dental BICsaround theT point (Fig.3a and Supplementary Fig.12). We
performed Q-factor calculations for flat-band cavities with and without
the multi-BIC feature. To control the variables, both cavities share basi-
callyidentical band features and group indices (Supplementary Fig.13).
The only distinction lies in the intentional construction of unremark-
able points featuring divergent Qfactors at k = +0.36(21/v3/a) accom-
panied by a larger polarization singularity core within the flat-band
multi-BIC cavity. These modifications establishabroad high-Qregionin
the Brillouin zone (Fig. 3b), endowing the cavity with greater tolerance
tosystematic disorders (Supplementary Fig.14), structural imperfec-
tions (Supplementary Fig. 15) and photonic finite-sized layouts. As a
result, the Qfactors of the flat-band multi-BIC cavities exhibit remark-
able enhancement. Taking the example of a cavity with a side length
of L =5a,the Qfactor canbe as high as~1,440 (considering absorption
lossesin unpatterned regions, see Methods). By contrast, the Qfactor
for the flat-band cavity without the multi-BIC and the ‘normal C,-BIC
cavity’ (B’ mode) only reach values of -368 and ~37, respectively, and
are submerged within the bulk modes (Fig. 3¢). It should be noticed
that the Qfactor of the flat-band cavity without the multi-BIC remains
approximately tentimes higher than that of the normal BIC mode (B’),
benefiting from the enhanced group index, despite the fact that all of
them possess theoretically infinite Q values in an infinitely large cav-
ity. We highlight that our flat-band multi-BIC design also outperforms
previously optimized cavity designs based on the same double-metal
QCL configuration (Supplementary Table 1).

Measurements of flat-band multi-BIC lasers

Benefiting from the exceptional in-plane and out-of-plane field con-
finements offered by the flat-band multi-BIC mode as discussed, we
successfully fabricated compact QCL devices with high performance.
AspresentedinFig.4a,b, thelateral size of the L = 5a cavityisjust294 pm
(-31), with the daisy-like air-hole patterns imprinted onto the QCL
slab. The surrounding absorption boundary (unpatterned) is experi-
mentally realized by inserting a thin SiO, insulation layer between the
metal and QCL medium layers (Supplementary Fig. 2). The laser was
characterized by using a customized setup (Methods). The light-cur-
rent-voltage (L-/-V) curves (Fig. 4c) demonstrate a distinct lasing
threshold of approximately 0.19 kA cm?, attributed to the enhanced
Q factor that stems from the collective effect of the flat band with a
high group index and the multi-BIC with a broad high-Q region. The
ultracompactdevice footprint as well as the low lasing threshold leads
toasmall pumping current (Supplementary Fig.17), whichis essential
for pursuing low-power-consumption, low-thermal-generation THz
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Fig. 4 | Experimental demonstration of the flat-band multi-BIC lasers.
a,Zoomed-in scanning electron microscopy image of the daisy-like air-hole
photonic cavity. b, Scanning electron microscopy image of the fully fabricated
laser device, incorporating the cavity structure displayedina.c, L-/-Vcurves
ofthe fabricated lasers. d, Laser spectra of the L = S5a device at various pumping
current densities. e, Two-dimensional spectral mapping of the L = 5alaserasa

function of the frequency and pumping current density. f, Laser spectrum of
the L =5a device at 0.27 kA cm?with a measured SMSR of ~20 dB. g-i, Scanning
electron microscopy image (g), two-dimensional spectral mapping (h) and SMSR
calculation (i) of the L = 9a device. j-1, Scanning electron microscopy image (j),
two-dimensional spectral mapping (k) and SMSR calculation (I) of the L =17a
device.

QCLs. Moreover, distinct single-mode lasing emission can be iden-
tified across the entire dynamic range (Fig. 4d,e). The single-mode
performance is evaluated by calculating the SMSR of the device at a
pumping current density of 0.27 kA cm2, where the SMSR can reach
up to ~20 dB (Fig. 4f). It is worth highlighting that, to the best of our
knowledge, this flat-band multi-BIC QCL represents the most com-
pact single-mode photonic-crystallaser. Additionally, the substantial
group-index contrast between the E;band and the adjacent B (E,) band
effectively increases theimaginary free spectral range, thereby facilitat-
ing single-mode operation in larger cavities. We conducted full-wave
simulations to assess the mode distribution and Q factor for cavities

withsidelengths of L =9aand L =17a.Inboth cases, the electric fields
aretightly confined within the cavities with Q factors of approximately
1.0 x10*and 5.7 x 10*, respectively (Supplementary Fig. 18). Experi-
mentally, stable single-mode lasing emission is maintained when con-
tinuously increasing the pumping current densities (Fig. 4h,k), with a
measured SMSR of -23 dB and ~25 dB, respectively (Fig. 4i,1).

The far-field pattern of the designed flat-band multi-BIC laser was
collected using a customized intensity scanner equipped with a THz
Golay cell detector. Due to the sensitivity limitations of the detector,
the L =9adevice witha peak power of1.02 mW was characterized here
(Supplementary Fig.19). Numerical calculations indicate that the cavity
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mode features a cylindrical vector beam profile with good directional-
ity and adoughnut-shaped far-field pattern (Supplementary Fig.20a).
The experimentally obtained near-C,-symmetric intensity profiles
(Supplementary Fig.20b,c) are ingood agreement with the simulation
results, and the beam divergence is approximately 15°.

We also fabricated control devices using an optimized
photonic-bandgap-confined ‘normal C,,-BIC" design (B” mode)
based on the same QCL wafer (Supplementary Fig. 22a-f). In par-
ticular, the observed Q factor is significantly lower (-265) than the
flat-band multi-BIC mode, resulting in an enhanced lasing threshold of
~0.28 kA cm?, despite the fact that the overall side lengthis larger (-51).
Moreover, the device based on the ‘normal C,,-BIC’ design, without
any optimization, canonly operate with multiple modes (Supplemen-
tary Fig. 22g-i). Therefore, we emphasize that the multi-BIC-assisted
flat-band cavity undoubtedly provides threshold reduction and
well-preserved single-mode performance, whichis not limited to THz
QCLs but can be extended to any other photonic-cavity-based laser
devices.

Discussion

We propose and demonstrate a designed flat-band multi-BIC cavity that
caneffectively suppress side-leakage and radiation losses originating
from finite-size effects, as well as the out-of-plane scattering due to
fabricationimperfections. The remarkable electric-field confinement
leads to a highly compact (-31) electrical pumping QCL device with an
ultralow lasing threshold (-0.19 kA cm ) and excellent single-mode per-
formance (-20 dB). Considering the fact that the laser cavity solely relies
on dielectric-constant modulations, our design is readily extended
to other wavelength regimes, for example, the near-infrared and vis-
ible regions. Our work represents an effective approach in pursuing
energy-efficient and monolithically integrated ultracompact laser
sources with low laser thresholds, which are highly desired for on-chip
applications in advanced optoelectronics and integrated photonics.
Ourdesignis notlimited tolaser applications but can also be extended
to other realms such as sensing, modulation and harmonic-signal gen-
eration.

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-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41566-025-01665-6.
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Methods
Numerical calculation
A commercial finite-element solver, COMSOL Multiphysics 6.0,
was used to perform the simulations in this work. The photonic cav-
ity consists of a hexagonal lattice of daisy-like shaped holes drilled
through the 18.3-um-thick active medium of a THz QCL wafer. The
three-dimensional band structures, eigenmodes and Q factors of the
photonic-crystal structures were calculated using the ‘eigenfrequency’
moduleinthe frequency domain with the periodic conditionimposed
inthex-yplane.The QCL active layer was modelled as a lossless dielec-
tric with a refractive index of 3.6; the top and bottom boundaries of
thedielectric mediumwere set as perfect electric conductor layers to
extract the transverse-magnetic mode. For the full-structure simula-
tions with a finite cavity size, scattering boundary conditions were
used to make aboundary transparent and avoid back-reflection for the
outgoing waves. Furthermore, the surrounding unpumped region was
realized by setting animaginary refractive index of 0.016 (correspond-
ing to anabsorption loss of ~20 cm™) in the simulations®.
Thetopological charges (q) of the symmetry-protected BIC mode
(Fig. 3a) is calculated to be +2. As determined by the winding number
ofthe polarization vectors,

1
qg= E¢Cdk'vk¢ (k),

where Cisthe closed path withacounterclockwise direction surround-
ing a BIC. ¢(k) = arg[c,(k) +ic,(k)] represents the polarization angle
ateachk, and ¢, and ¢, are the coefficients of far-field radiation with
electric fields along the xand y directions, respectively.

Device fabrication
The flat-band multi-BIC lasers were designed on abroadband three-well
resonant-phonon GaAs/Al,,sGa, ¢sAs THz QCL wafer with a metal-
semiconductor-metal device configuration. The thickness of the QCL
active region was measured to be around 18.3 pm. The calculated gain
bandwidth of the wafer is around 2.8-3.3 THz, with a refractive index
ofn=3.6.

Thedetails of the laser fabrication are provided in Supplementary
Fig.2.

Device characterization

The fabricated devices were placed in a helium-gap-steam cryostat
system with a temperature of -8.6 K. For the spectral measurements,
the lasers were pumped by an electrical pulse generator (repetition
rate, 10 kHz; pulse width, 500 ns). The laser spectra were collected
using a Bruker Vertex 80 Fourier-transform infrared spectrometer
with aroom-temperature deuterated triglycine sulfate detector. The
spectral resolution is 0.08 cm™. The far-field image was obtained by
collecting the beam intensity with a THz Golay cell detector (TYDEX

GC-1T). The Golay cell was mounted on a mechanical arm with a scan
step of 1 mm. The detector was approximately 5 cmaway from the QCL
devices and has an aperture diameter of -5 mm.

Data availability

The maindata supporting the findings of this study are available within
the article and its Supplementary Information. Additional data are
available from the corresponding author upon reasonable request.
Source data are provided with this paper.
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