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% Check for updates Topological lasers, born from the fusion of topological physics and lasing

theory, offer an unprecedented mechanism to achieve coherent lasing. By
utilizing topologically protected boundary states, they exhibit robustness
against defects and imperfections. However, this mechanism faces a funda-
mental limitation: while relying on the bulk of a photonic topological insulator
for topological protection, the lasing modes, defined as boundary states, must
be evanescently confined to the boundary, leading to severely limited mode
volume. Here, using the platform of topological quantum cascade lasers pre-
viously demonstrated with valley edge states, we demonstrate a substantial
expansion of the lasing mode volume under topological protection. Unlike
conventional designs, we introduce an additional bulk region featuring gapless
Dirac points at the interface between topologically distinct domains. This
Dirac region enables the topological lasing mode to uniformly extend across
the entire region, dramatically increasing the lasing mode volume. The scaled-
up mode volume enhances the robustness of the laser against defects of
comparable size, outperforming unscaled designs. Our results resolve a fun-
damental challenge in topological laser design and also contribute to the
development of cutting-edge quantum cascade lasers with enhanced effi-
ciency and robustness.

Topological lasers represent an emerging frontier in photonics by
integrating the concepts of topological insulators and coherent pho-
ton emission'™. In condensed matter physics, topological insulators
are phases of matter in which the bulk is insulating but the edges or
surfaces exhibit robust conductance due to the topological boundary
states®®. In photonics, topological lasers utilize the photonic coun-
terparts of topological insulators, known as photonic topological
insulator, to realize highly stable light generation®'%; by incorporating
optical gain into those photonic topological boundary modes, one can

realize robust lasing that is intrinsically protected against back-
scattering from defects and disorder"?°. This unique interplay
between topological physics and photon emission lies at the heart of
topological lasers, opening pathways toward compact, defect-tolerant
light sources with potential applications in spectroscopy, commu-
nication, and integrated photonics"’.

Despite their technological promise, the transition of topological
lasers from conceptual demonstrations to practical applications
remains hindered by fundamental challenges. At the core of
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topological physics is the bulk-boundary correspondence principle?,
which dictates that the nontrivial band topology of the bulk gives rise
to topologically protected boundary states. While this principle pro-
vides robustness against scattering and fabrication imperfections, it
also requires the lasing mode, as a boundary state, to be evanescently
confined to the boundary. As a result, a large portion of the bulk
remain ‘inactive’ for laser emission, and the limited volume of topo-
logical edge modes constrains the amount of light power that can be
harvested.

Quantum cascade lasers (QCLs)*** are promising platforms for
exploiting the topological edge mode lasing due to their semi-
conductor nature and compactness®. Among the various topological
concepts explored for topological QCLs”?, one of the most notable
for demonstrating topological properties such as robustness to
defects is the valley photonic crystal design. A valley in a bandstructure
refers to a local minimum/maximum of an upper/lower band sepa-
rated by a bandgap, usually occurring at a high-symmetry point of the
Brillouin zone®. The valley degree of freedom (DOF) first gained
prominence in condensed matter physics in the context of
valleytronics®. Valley photonic crystals were later introduced into
lasers, giving rise to the first electrically pumped topological laser'.
However, the pumping efficiency power was limited as only edge-
modes regions were pumped. As a result, despite the intrinsic advan-
tages offered by topological photonics for robust operation, a sub-
stantial gap remains between current topological QCL
implementations and the practical requirements for THz radiation
sources®.

Here, we demonstrate a topological QCL with a substantially
expanded lasing mode volume. This expansion is achieved by intro-
ducing an additional bulk region exhibiting Dirac point degeneracies
at the interface between two photonic domains with opposite valley-
Hall (VH) topologies. Building upon the celebrated valley Hall edge
states®” %, here we demonstrate their transition into ‘valley Hall bulk
states’ while preserving the topological properties. The topological
lasing mode is no longer a conventional topological boundary mode,
but a hybridized mode that uniformly extends across the entire Dirac
bulk region, which we term the Dirac-scaled topological mode. Our
experimental results show regularly spaced emission peaks, consistent
across multiple samples, and indicative of running wave modes in the
Dirac-scaled cavity. Further cover-plate measurements reveal a uni-
form mode distribution throughout the Dirac bulk region, highlighting
the increased mode volume enabled by our design. Finally, we assess
the robustness of the Dirac-scaled design, in light of recent concerns
regarding the vulnerability of VH topological waveguides to common
structural imperfections®*. By deliberately introducing multiple
defects of comparable size into both the scaled and unscaled devices,
we observe a clear contrast in the lasing performance: while the
unscaled structure undergoes serious mode localization due to the
defects, the scaled configuration maintains mode circulation,
demonstrating a significant enhancement in robustness. This finding
underscores the potential of Dirac-scaling to mitigate the fragility
often observed in valley topological systems, further strengthening
the applicability of topological photonics in real-world terahertz
applications.

Results

Device structure

The QCL active region is fabricated into a double-metal waveguide,
which supports only the transverse magnetic (TM) polarized mode due
to the dipole selection rule. The photonic crystal pattern etched into
the QCL consists of three distinct regions, as shown in Fig. 1a, b. The
core of the scaled VH waveguide is formed using lattice unit with Ce
rotational symmetric hexagonal shaped air-hole. Owing to its inversion
symmetry, the scaled region hosts a pair of Dirac points at K and K’
valleys at -3.35 THz. This region is then electrically pumped to provide

gain to the guided VH modes. On either side of the waveguide, elec-
trically isolated lattices with C; rotational symmetry hexagonal air
holes exhibit opposing valley Chern numbers of +0.5. As a result, the
waveguide supports a guided VH dispersion band, as shown in Fig. Ic,
due to its nonzero valley Chern number****. The unit cell used in our
device has a lattice constant of @ =16.77 pm. The degree of asymmetry
in the hexagonally shaped gapped lattice is optimized to maximize the
bandgap opening, with the shorter and longer sides denoted as d; =
2.33 pm and d, = 11.58 pm. This parameter choice enables a band gap
spanning from 3.02 to 3.45 THz.

In contrast, for the gapless Dirac lattice, the hexagonal air hole has
equal-length sides with d;,=7.08 pm. The unit cell parameters and
structure can be found in Fig. 1a, and their respective dispersion details
are presented in Supplementary Fig. 1a in the Supplementary Materi-
als. We stress that our approach differs from earlier studies focused on
homogeneous photonic crystals with Dirac dispersions*™*” or trans-
port experiments in acoustic and microwave waveguide systems*®™",
Instead, our central objective is to explore whether lasing performance
can be scaled while preserving the robust characteristics afforded by
topological protection.

Our VH waveguide is structured into a triangular-loop-shaped
optical cavity'***, where the sharp corners serve as a stringent test to
confirm the topological characteristics of cavity modes. Unlike trivial
modes, topological modes are immune to scattering at these corners®.
The degree of scaling is quantified by the number of Dirac lattices
spanning the waveguide width, denoted as Dp; (Fig. 1b). The total
number of defects within the cavity is represented by Npep. These
defects are introduced to assess the uniformity and circulation prop-
erties of the guided mode by scattering a fraction of the in-plane
radiation toward the out-of-plane Fourier transform infrared spectro-
scopy (FTIR) detection window. All fabricated devices maintain a
consistent size for the inner region enclosed by the waveguide. As the
waveguide is scaled, the increasing width of the topological waveguide
extends outward toward the device boundary. The pump regions are
carefully designed to cover most of the mode area while remaining
confined to the perimeter of the Dirac lattices, thereby minimizing
excessive heat generation and the excitation of bulk modes outside the
waveguides (electrical simulation shown in Supplementary Fig. 13 in
the Supplementary Materials). In unscaled devices with Dp;q-=0,
where Dirac lattices are not used in the waveguide, simulation results
show that a width of five lattice units is sufficient to excite the valley
edge mode”. In the Dp;rqc =3 and Dp;4c = 6 cavities, the pump region is
slightly increased, with pump widths of six and seven lattice units,
respectively, to accommodate the broadened mode area in each case.

By analyzing the measured spectral and intensity characteristics,
we can evaluate the robustness of cavity modes to perturbations
across different scaling designs. To facilitate localized spectral mea-
surements at individual defect sites, metal cover plates were employed
to suppress surface emissions from other regions of the cavity during
experiments (schematic illustrations shown in Supplementary Fig. 5in
the Supplementary Materials). The defects were strategically spaced to
minimize spectral overlap, ensuring clean and independent
measurements.

Mode uniformity

A distinctive feature of Dirac-scaled VH modes, compared to other
non-topological guided modes, is their relatively uniform mode
envelope across the waveguide width within the region of Dirac lattices
(see Fig. 1d). As such, probing the mode’s field distribution within the
cavity is crucial for verification. Due to the electrical, cryogenic, and
vacuum conditions required for the operation of THz QCLs, conven-
tional near-field measurements are inaccessible. Thus, we introduce
rectangular, wavelength-sized defects, randomly placed along and
across the waveguide in the scaled cavity, to probe the in-plane field
distribution. The homogeneous and circulating nature of the VH mode
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Fig. 1| Device structure and designs. a An illustration of electrically pumped VH
THz QCL cavity. The zoom-in diagram indicates the dimension and structure of unit
lattice used in various regions of the device. The yellow box highlights the Dirac

lattices used in scaling the topological interface. b FESEM image of the fabricated
device of Dp;,q = 6. The magnified sub-diagrams in i-iii present the lattice pattern in
different regions of fabricated devices, while iv labels the convention of device used
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in this work. Here, the constructed waveguide is around 6-unit lattices wide, hence
Dpirac = 6. ¢ Simulated dispersion of the Dirac scaled waveguide. The dispersion of
the VH mode is colored in blue while the higher order trivial modes are greyed out
for clarity. d Illustration of VH mode normalized E-field across the Dirac scaled
waveguide. Its mode distribution follows a plateau like envelope in Dirac lattice
regions and quickly decays into the gapped region.

in the Dirac-scaled cavity ensures that the defects interact uniformly
with the in-plane field, scattering a portion of the radiation towards
free space with approximately equal intensity and spectral composi-
tion, regardless of the defect’s position within the cavity.

To experimentally verify the homogeneity of the lasing mode, a
scaled VH cavity with Dp;rec = 6, Npefec: = 3, as shown in Fig. 2a, b, was
designed and fabricated. The defects were patterned into the QCL
simultaneously with photonic crystal airholes using lithography and
reactive ion etching (RIE) processes. The simulated normalized electric
field of the VH cavity mode in this device is shown in Fig. 2c, where,
except in the immediate vicinity of the defects, the VH mode remains
evenly distributed without any localization in other regions of the
cavity. During characterization, metal cover plates were used to block
emission from the other two defects in the cavity, enabling isolated
measurements from a single defect. Despite the random placement of
the defects, the individually measured scattered emission, shown in
Fig. 2d, exhibited nearly identical spectra and intensity. This provides
direct evidence of spatial homogeneity and circulating characteristics
of the lasing modes within the waveguide of the cavity.

Power scaling

A direct consequence of the enlarged lasing mode volume is the
improvement of lasing power. To verify this, we fabricated and char-
acterized three different cavity designs with Dp;.,- =0, 3 and 6. Surface
emission was found to be weaker compared to devices with fabricated
defects. This is attributed to the out-of-plane confinement provided by
the under-light cone positioning of the VH modes. The simulated VH
mode and device structure are shown in Fig. 3a-c, while the experi-
mentally measured light-current-voltage (LIV) curves and maximum
detected intensity of each device are presented in Fig. 3d, e. These
measurements reveal a clear trend of more than a 10-fold increase in

surface emission as the cavity scales from Dp;rqc = 0 t0 Dpjrqc = 6. This
improved performance is directly attributed to the enhanced inter-
action between the scaled lasing modes and the QCL active region. As
the voltage/current densities increase further (near the right edge of
Fig. 3d), a decrease in the output power can be found across all the
lasing devices. This phenomenon, also known as the roll-over effect,
arises due to intersubband band misalignment in QCLs™.

Mode robustness in Dirac-scaled cavity

Unlike systems that break time-reversal symmetry, valley photonic
crystals are inherently less robust due to the possibility of intervalley
scattering caused by defects™ *'. While lasing modes may remain intact
with a single defect inside the cavity", this resilience diminishes when
multiple wavelength-scale defects are present. In such cases, inter-
valley mixing can lead to standing waves or localization within con-
fined regions of the cavity. While the increased mode volume
significantly enhances the mode’s robustness against defects along the
transmission pathway, as observed in our Dirac-scaled cavity pre-
sented in Fig. 2. For controlled comparison with the Dp;q.=6,
Npefec: =3 cavity shown in Fig. 2, we design an unscaled cavity with
Dpirac =0, Nperece =3, as shown in Fig. 4a, b. The defect positions and
dimensions are similar to those in the Dpjac=6, Nperec:=3 cavity,
except that they are slightly shifted to the middle of the 1D topological
waveguide, where the mode’s peak intensity is located. Simulated
results for the Dpjrqc = 0, Npeece = 3 device are presented in Fig. 4c and
Supplementary Fig. 4b in Supplementary Materials. In the simulation
setup shown in Supplementary Fig. 4b, c in Supplementary Materials,
the VH cavity mode is excited using a directional source to observe the
Poynting vector flow within the cavity. In the Dpjqc=6, Npepec:=3
cavity, the Poynting vector circulate around the defects, while in the
unscaled Dpjrac =0, Nperec: =3 cavity, much of the flow is obstructed.
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Fig. 2 | Analysis of mode homogeneity in cavity with Dp;oc = 6, Npefece = 3.

a FESEM image with dashed colored boxes highlighting the position of the defect
sites within the cavity, while the black triangular dashed lines indicate the boundary
of the scaled waveguide. b Magnified image for a clearer view of the defect sites
within the device. The color of the dashed outline around each picture indicates its
respective position in part a of the figure, while the black dashed lines indicate the
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boundary of the scaled waveguide. ¢ Simulated result of normalized E-Field within
the cavity. The boundary of the waveguide is highlighted by white dashed lines.

d Experimentally measured spectral emissions of the device operating at 0.43 kA/
cm? Measurements made without any cover plate is plotted in black, while emis-
sions from individual defect are plotted in their respective color highlighted in part
a of the figure.

Examples of the in-gap cavity modes for the Dpjrac =0, Npefec: =3 con-
figuration are presented in Fig. 4c. The results reveal that the nor-
malized electric field is no longer uniformly distributed and can vary in
intensity across different sections of the cavity. This suggests that the
defects have induced sufficient perturbation to alter the optical path of
the mode. Consequently, scattered emissions from individual defects
should exhibit significant variations in both spectral composition and
intensity. Using the same defect emission measurement method for
the Dpirac=6, Nperc:=3 cavity, the experimental results for the
Dpirac=0, Nperec:=3 cavity reveal inconsistencies in both spectral
characteristics and emission intensity, as shown in Fig. 4d.

In addition to comparing with previous VH topological laser
designs, we further test our devices against homogeneous Dirac pho-
tonic crystals® ™. To this end, we fabricated a control set of THz QCLs
with the same sandwiched structure design but with the inner trian-
gular cavity replaced by different photonic crystals (Supplementary
Fig. 6). When the Dirac material is not sandwiched between regions of
opposite valley Chern number (Supplementary Fig. 6a, b), VH physics
is completely removed and the dominant lasing states become loca-
lized defect modes. In this case, a similar inconsistent pattern in both
spectral characteristics and emission intensity is found for the cover-
plate measurements on these Dirac-bulk devices (Supplementary
Fig. 6b), indicating that the lasing modes are confined between
defects. This set of control experiments emphasizes that topological
protection plays an essential role to the robust and extended lasing
observed in our design, whereas the Dirac bulk alone does not yield
comparable performance.

Discussion

In summary, we have fabricated and systematically characterized a
series of VH laser cavity with various degrees of waveguide scaling and
defect inclusion. By strategically incorporating in-plane scatters or
defects and analyzing their impact through measurement, we verified

that the lasing modes in the scaled cavities are uniformly distributed
along and across the waveguide regions formed by Dirac lattices. This
spatial uniformity strongly indicates the presence of Dirac-scaled VH
mode. Moreover, the measured power output from the devices
demonstrated a significant increase with the scaling of the cavity area.
Compared to their unscaled counterparts and Dirac-bulk cavity
designs, the scaled cavities not only achieved higher emitted power
but also enhanced performance in sustaining the lasing mode under
varying conditions.

These findings underscore the potential of Dirac-scaled VH cav-
ities to drive advancements across diverse application domains,
including photonic integrated circuits, telecommunications, sensing,
precision metrology, biomedical and healthcare technologies®™". The
enhanced power output and robustness of these cavities are expected
to deliver transformative advancements across these fields, effectively
addressing challenges related to power scaling and fabrication
imperfections®.

Methods

Device fabrication

The 12.8 um thick QCL active region is processed into a double metal
Fabry-Pérot (FP) ridge laser to evaluate its dynamic range, gain profile,
and effective index of the waveguide. The growth sheet of the QCL
active region could be found in Supplementary Fig. 9 in Supplemen-
tary Materials. From the fabricated ridge laser, the active region is
estimated to provide sufficient gain for lasing in the range of 3-3.3 THz
as shown in Supplementary Fig. 10 in Supplementary Materials, with an
effective index of 4.08.

To process the QCL into double metal photonic crystal devices, a
bottom electrode consisting of Ti/Au with a thickness of 20 nm/
700 nm was deposited on to the QCL and N* GaAs receiving substrate.
The gold layers were then bonded together through a thermal com-
pression process at 300°C for 1h. The growth substrate was
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Fig. 3 | Mode scaling and detected power. a-c Simulated normalized E-field of VH
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section of its waveguide. d Experimentally measured LIV of the respective device.
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performance (see Supplementary Fig. 10 in Supplementary Materials). Here, devi-
ces with different Dp; are plotted in their respective color, as denoted by the
inset. e Comparison of peak power detected from the respective devices in part d of
the figure with the power detected from Dp;;qc = 0 normalized as 1.

subsequently lapped down to a thickness of 50 pm, with the remaining
substrate removed via selective wet etching. The etch mixture con-
sisted of deionized (DI) water and anhydrous citric acid in a mass ratio
of 1.1, respectively. H,O, was then added to the citric acid mixture at a
volume ratio of 1:4, respectively. Following the removal of GaAs sub-
strate, a 300 nm etch-stop layer composed of AlsoGasoAs was removed
using 49 % HF acid.

The pump region was defined using 200 nm SiO, lithography
followed by fluorine-base RIE. This insulating layer reduces the device’s
current requirements, helping to minimize thermal issues and prevent
potential damage to the cavity. Afterwards, the top electrode and
hardmask were defined through lift-off lithography, consisting of Ti/
Au/Ti/SiO, with thicknesses of 20nm/400nm/20nm /900 nm,
respectively. After lift-off, the electrode and hard mask layer adopted
the pattern of the photonic crystal design.

The photonic crystal air hole patterns were leveled by RIE,
removing 200 nm of exposed SiO, insulation above the QCL to ensure
proper leveling of the air hole patterns before transferring the pho-
tonic crystal design into the QCL using fluorine-base RIE. The process
gas used for etching the QCL consists of Cl,/BCls/CH,4 at a ratio of
5:100:20 in SCCM. The etch process was terminated once the bottom
electrode in the etched region was exposed. The remaining hard mask
was removed using RIE. Finally, before gold wire bonding, the chip was
cleaved and mounted onto a copper submount using an indium solder.

Characterization

After attaching the chip to a copper submount, the device under test is
electrically connected to an electrode using wedge wire bonder. All
fabricated devices are characterized within the temperature range of
8.5-9.5K in a helium-gas-cooled cryostat. Detectable surface emission
is measured from the out-of-plane direction of the photonic crystal

device using Bruker Vertex 80 FTIR equipped with deuterated-
triglycine sulfate (DTGS) detector. The minimal spectral resolution
achievable in the wavelength of interest is 0.08 cm™.

To power the QCL device, a rectangular pulsed electrical signal at
a frequency of 10 kHz with pulse duration of 200 ns is applied. Similar
to previous work”, metal cover plates are used to block unwanted
surface emission from the other areas of the device, allowing for the
measurement of spectral emission from a particular defect in the
waveguide. These plates are positioned and adjusted in close proxi-
mity using a 3-axis translator setup mounted onto the cryostat’s cold
finger where the samples are inserted.

Lasing performance for trivial Dirac-bulk devices

In addition to the Dirac-scaled VH modes, there are several other
modes in our cavity which could potentially contribute to lasing. For
example, finite-sized Dirac-point bulk hosts band edge mode of high Q-
factor, which could lase favorably. To rule out these possibilities, we
perform the following control experiments by considering two topo-
logically trivial cavity designs which are:

1. The inner triangle cavity material is replaced with the same
material as that of the outer gapped material. Valley Hall physics is
completely removed as materials across the interface have the
same Valley Chern number.

2. The inner triangle cavity material is replaced with the same Dirac
material as that of the interface. Valley Hall physics is also com-
pletely removed as now the lasing is dominated by bulk modes
closer to the Dirac point of the Dirac material.

In both cases, the dominant lasing modes are now localized
modes instead of the running-wave modes for Dirac-scaled VH modes,
which result in distinctive lasing behaviours among them. The detailed
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Fig. 4 | Effects of defects in an unscaled cavity Dp;.oc = 0, Npefece = 3. a FESEM
image with dashed colored boxes highlighting the position of the defect sites
within the cavity, while the black triangular dashed lines indicate the topological
interface of the unscaled waveguide. b Magnified image for a clearer view of the
defect sites within the device. The color of the dashed outline around the picture
indicates its respective position in part a of the figure, while the black dashed line
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indicates the topological boundary. ¢ Simulated normalize E-field shows that defect
is able to significantly disrupt the circulating in-plane mode within narrower
waveguide causing localization within the cavity. d Experimental measurements of
the device operating at 0.53 kA/cm?. Measurements made without any cover plate
are plotted in black, while measured emissions from individual defect are plotted in
their respective color highlighted in part a of the figure.

simulation results can be found in Supplementary Materials. Here, we
summarize the experiment results and their comparison with the
Dirac-scaled topological design in Supplementary Fig. 6 in the Sup-
plementary Materials.

First, we measure the emission spectrum for these three types of
cavities, as shown in the second column of Supplementary Fig. 6. Three
distinctive lasing behaviors are observed: the trivial sample exhibits
multimode lasing with random mode spacings, as the sandwiched
cavity consists of mostly standing-wave modes now. Lasing in the
Dirac-bulk sample is dominated by the band-edge mode near the Dirac
point, which exhibits nearly single-mode lasing. Lastly, the Dirac-scaled
cavity shows regularly spaced lasing peaks, like that being found in the
main text.

Second, we consider robustness against defects for the Dirac-bulk
and Dirac-scaled cavities in Supplementary Fig. 6b, c. As shown by the
cover-plate measurements for the Dirac-bulk sample, most intensity is
concentrated close to defect 1 and 3 and the new lasing peaks emerge
in addition to the defect-free sample. In contrast, lasing from the Dirac-
scaled device shows minimal change, both for the dominant lasing
frequency and intensity distribution. This is direct evidence differ-
entiating Dirac-scaled VH modes from the Dirac bulk modes, as the
running-mode nature of the former modes prevents it from disorder-
induced scatterings.

Last, we compare the emission power from these three designs in
Supplementary Fig. 6d. Consistent with the above observations, the
Dirac-scaled cavity design provides the largest output power while
lasing from the other two control groups delivers far less
emission power.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The main data supporting the findings of this study are available within
the article and its Supplementary Information. Source Data are pro-
vided with this paper. All data generated in this study are provided in
the Source Data file. Source data are provided with this paper.
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