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Quantum cascade lasers are compact, electrically pumped light sourcesinthe
technologicallyimportant mid-infrared and terahertz region of the electromagnetic
spectrum®?. Recently, the concept of topology® has been expanded from condensed
matter physicsinto photonics*, giving rise to anew type of lasing® 8 using
topologically protected photonic modes that can efficiently bypass corners and
defects*. Previous demonstrations of topological lasers have required an external
laser source for optical pumping and have operated in the conventional optical
frequency regime® 8, Here we demonstrate an electrically pumped terahertz quantum
cascade laser based on topologically protected valley edge states® ™. Unlike
topological lasers that rely on large-scale features toimpart topological protection,
our compact design makes use of the valley degree of freedomin photonic crystals'®",
analogous to two-dimensional gapped valleytronic materials'. Lasing with regularly
spaced emission peaks occursinasharp-cornered triangular cavity, even if
perturbations are introduced into the underlying structure, owing to the existence of
topologically protected valley edge states that circulate around the cavity without
experiencinglocalization. We probe the properties of the topological lasing modes by
addingdifferent outcouplers to the topological cavity. The laser based on valley edge
states may open routes to the practical use of topological protectionin electrically
driven laser sources.

Quantum cascade lasers (QCLs) are electrically pumped semiconductor
lasersbased onintersubband electrontransitions withinmultiple quan-
tum wells in semiconductors'?. They are among the most important
sources of mid-infrared and terahertz (THz) radiation owing to their
compactness, electrical pumping performance and high efficiency®.
Their practical applications include telecommunication™, THz signal
processing®, imaging'®, sensing and spectroscopy. As with any laser,
the emission characteristics of a THz QCL depend on the design of
the photonic cavity and are generally strongly affected by the cavity
shape®, One promising design is the use of topological edge states,
which form running-wave modes that are robust against perturbations
tothe underlying structure®®and can efficiently bypass defects (which
may arise during fabrication and packaging) and sharp corners. Unlike
conventional waves, topological edge states resist the formation of
localized standing-wave modes, which is helpful for suppressing the
spatial hole-burning effect'®?°. This is a particularly important con-
sideration for QCLs because their gain recovery processes are faster
than the carrier diffusion, unlike in traditional semiconductor lasers®.

Topological edge states arise at the interface between spatial
domains that have topologically distinct bandstructures®. There
have been substantial efforts to implement such states in photonics,
motivated by potential applications in robust optical delay lines?,

amplifiers®® and other devices**?. Topological lasers have beenrealized
in one-dimensional (1D) Su-Schrieffer-Heeger (SSH)-like systems?*%,
whose edge states act as high-Q (quality factor) nanocavity modes that
lase under suitable gain. However, the edge states of 1D lattices do not
support protected transport. For two-dimensional (2D) lattices, real-
izing photonic topological edge states typically requires some means
of effective breaking of time-reversal (T) symmetry to avoid the need
to use magnetic materials*. For example, a recent demonstration of
2D topological lasing®” used an array of ring resonators in which the
clockwise (CW) or counterclockwise (CCW) circulation of light in the
resonators acts as a photonic pseudospin; staggered inter-resonator
couplings generate an effective magnetic field and hence a T-broken
band structure with non-trivial topology for each pseudospin®. This
designrequireslarge-scale structural features (for example ring reso-
nators) far exceeding the operating wavelength.

Valley photonic crystals (VPCs)'°" are photonic analogues of 2D val-
leytronic materials' that host topological edge states protected by a
valley degree of freedom established by the underlying lattice sym-
metry. They have been demonstrated in several photonic crystal geom-
etries®® %, and similar valley-protected edge states have beenrealized in
sonic crystals®. In 2D materials, the valley degree of freedom can func-
tion similarly to spinin a spintronic device but does not require strong
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Fig.1|Design of aterahertz quantum cascade laser with topologically
protected valley edge modes. a, Each unit cell of the valley photonic crystal
contains a quasi-hexagonal hole perforated through the top metal and the
semiconductor layer ina metal-semiconductor-metal structure. The lattice
periodisa=19.5um.b, Band structure calculated by 3D finite-element
simulation. ¢, Projected band diagram for asupercell representing a straight
domain wall separating two domains with opposite hole orientations, with 10

spin-orbit coupling'®. Likewise, VPCs can provide robust light trans-
portin highly compact structures with periodicity of the order of the
wavelength'®", without the need for magnetic materials or the complex
construction of photonic pseudospins. They are therefore promising
for theimplementation of compact topological photonic crystal lasers.

We have realized electrically pumped THz QCLs using the topologi-
cal edge states of a VPC. Lasing is achieved using a topological wave-
guide that forms a triangular loop, very different from conventional
smoothly shaped optical cavities. Despite the sharp corners of the
cavity, we find that the lasing spectrum exhibits robust regularly spaced
emission peaks, a feature that persists under disturbances including
a point outcoupling defect along an arm or at a corner of the trian-
gle; an array of outcoupling defects surrounding the triangle; and an
external waveguide acting as a directional outcoupler. By exploring
different configurations of defects and coupled waveguides, we show
thatthe various properties of the lasing modes can be explained by, and
are consistent with, the topological valley edge states of the VPC. We
show thatin acomparable cavity based on a conventionally designed
photonic crystal defect waveguide (Extended Data Fig. 8), the lasing
modes behave very differently: they tend to be localized and exhibit
highly irregular mode spacings.

Our design consists of a triangular lattice of quasi-hexagonal holes
drilled through the active medium of a THz QCL wafer, as shown in
Fig. 1a. The lattice resembles a previous theoretical proposal for
a VPC!, but with the dielectric and air regions inverted to account
for the transverse-magnetic (TM) polarization of QCLs. With hex-
agonal holes, the lattice would be inversion-symmetric, and its band
structure would have Dirac points at the Brillouin zone corners (K and
K’). By assigning unequal wall-length parameters d, and d, (Fig. 1a),
the inversion symmetry is broken, and bandgaps open at K and K’.
Assuming negligible coupling between the K and K’ valleys, the two
gaps are associated with opposite Chern numbers +1/2, meaning that
they are topologically inequivalent. The Chern numbers switch sign
upon swapping d, and d, (that is, flipping the hole orientations)™. We
characterize the photonic band structure using three-dimensional

o 2m3 -w3 0 w3 23 T

quasi-hexagonal holes oneachside.d, Simulated electric field distribution
(IE,]) (top view and cross-section view) of a transmission mode in a topological
waveguide withal20° corner. The white dashed line indicates the position of
the cross-section view.SC, semiconductor. e, SEMimage of aportion of the
fabricated topological waveguide near the corner, corresponding to the area
enclosed by awhiterectangleind. Domains1and 2 have opposite orientations
and thus opposite valley Chern numbers.

(3D)finite-element simulations (see Methods). With the lattice period
a=19.5 um, the bulk band-structure has a gap from 2.99 THz to 3.38
THz (Fig. 1b). For a straight boundary between domains of opposite
hole orientations, the projected band diagram has a gap spanned by
edge states with opposite group velocities in each valley (Fig. 1c and
Extended Data Figs. 1-4). These states are topologically protected
provided thatinter-valley scatteringis negligible; this limitationis due
tothe overall T symmetry of the VPC', and similar limitations apply to
other photonic topological edge states (at THz or other frequencies)
that do not rely on magnetic materials®. Figure 1d shows simulation
results in which a wave launched at mid-gap frequency crosses a120°
corner withnegligible backscattering (ascanningelectron microscope
(SEM) image of sucha corneris showninFig.1e). Near the domainwall
(dashed linein Fig. 1e), the electric fields are concentrated in the QCL
medium, which s favourable for lasing.

We patterned the lattice onto a THz QCL wafer (see Methods), with
adomainwallformingatriangular loop of side length 21a (Fig. 2a). By
design, the QCL wafer’s gain bandwidth (approximately 2.95-3.45 THz;
see Methods and Extended Data Fig. 5) overlaps with the photonic
bandgap. Electrical pumping is applied only to the nearest three lat-
tice periods on each side of the domain wall, to avoid supplying gain
to bulk modes and to achieve low total pump current’. The in-plane
modes are vertically outcoupled by scattering through the air holes
drilled into the QCL active region, and through the defects described
below. Calculating the eigenmodes with realistic material losses in the
unpumped portion of the QCL medium (see Methods), we find regularly
spaced high-Q eigenmodes at frequencies matching the previously
computed bandgap (Fig. 2b). The typical eigenmode field distribution
shows uniformelectric field intensities along the domain wall, even at
the sharp corners (top of Fig. 2c). We quantified the extended nature
of the computed eigenmodes by showing that they have significantly
lower inverse participation ratios along the domain wall, indicating less
mode localization, compared with the eigenmodes of a conventional
photonic crystal cavity of similar shape and size (see Methods and
Extended Data Fig. 6).
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Fig.2|Fabrication and characterization of the topological THzQCL. a, SEM
image of the THz QCL, whose optical cavity consists of anin-plane triangular
loop of side length 21a. The yellow shaded area is pumped by electrical
injection, while the other parts are passive. The green dashed line indicates the
domainwall. Theblack rectangleindicates a defect (39 um x33.5um) etched
right through the active medium of the THz QCL. Inset, cross-sectional
schematic and magnified view of the domain wall. b, Calculated Qfactors of the
structure’s eigenmodes, with realistic material absorption losses
(approximately 20 cm™) within the passive region. The shaded areaindicates

The regular spacing of the extended eigenmodes is a signature of
running modes circulating around the triangular loop, analogous to
whispering-gallery modes in a disk or a ring cavity* (see Methods).
This is the most striking feature imparted by the non-trivial topology
ofthe VPC. The upper panel of Fig. 2d (labelled ‘No defect’) shows the
experimentally measured emission spectra for this structure at two
representative pump currents. There are regularly spaced peaks at
3.192THz,3.224 THz,3.258 THz and 3.288 THz (vertical grey lines); the
average free spectral range (FSR) is comparable to the FSRin the eigen-
mode simulations. The intensities are fairly low, owing to poor vertical
outcoupling: the valley edge modes lie near K and K’, below the light
cone, so outcoupling occurs only by air-hole scattering. To improve
the optical outcoupling efficiency (as well as to probe the robustness
of the regular spacing against defects), we deliberately introduce a
small rectangular defect, about 2a long and~/3 awide, drilled through
the top metal plate and the active mediumin the irregular cavity loop
(Fig. 2a). Numerical simulations show that the defect has negligible
effects on the field distributions (Fig. 2c) regardless of whether it is
placed onanarmoracorner of the triangle. The resulting experimen-
tallasing spectraexhibit substantially stronger peaks, with intensities
enhanced by 10-20 times (see Extended Data Fig. 7, where the light-
current-voltage characteristics of the topological lasers without an
outcoupling defect, with a side defect, and with a corner defect show
clearly thelaser threshold and the ‘roll-over’ position of the QCL), while
the emission peaks still maintain aregular spacing and have negligible
frequency shifts relative to the original device (middle and bottom
panels of Fig. 2d). The preservation of the peak frequencies indicates
that the defect does not spoil the running-wave character of the lasing
modes. With increasing pump current, we observe variations in the
relative peak intensities. This ‘mode-hopping’ effect can be attributed
to mode competition as well as to band structure realignment in the
QCL wafer with theincrease in the pump current; thisis also observed
inaconventional ridge laser fabricated on the same wafer (see Methods
and Extended Data Fig. 5).
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the photonic bandgap of the valley Hall lattice. ¢, Typical eigenmode electric
field (|E,|) profiles ataround 3.23 THz, with no outcoupling defect, with aside
defect,and witha corner defect. d, Emission spectra for the QCL withno
outcoupling defect (top), with aside defect (middle), and with a corner defect
(bottom). Grey vertical linesindicate the peak frequencies of the defect-free
QCL, which correspond closely to those of the QCL with a defect. For clarity, the
emissionspectraare vertically offset withincreasing pumping currents. a.u.,
arbitrary units.

For comparison, we fabricated a THz QCL with the same VPC design,
butreplaced the topological waveguide with a photonic crystal wave-
guide of size-graded holes, with all holes having the same orientation
(Extended Data Fig. 8a). As before, a defect is introduced to improve
the outcoupling efficiency. With a side defect on the arm of the tri-
angular cavity, the experimental spectra exhibit multiple irregularly
spaced lasing peaks between 3.20 THz and 3.38 THz (Extended Data
Fig.8d). When the defect positionis moved toacorner of the triangular
cavity,acompletely new set of emission peaks is observed. Numerical
simulations reveal numerous eigenmodes distributed over the upper
half of the bandgap with a range of Q factors, no evident regular spac-
ing patterns, and with modal intensities localized on different parts
of the triangle (Extended Data Fig. 8c). This reflects the tendency of
conventional waveguide modes to undergo localization, unlike the
valley edge modes.

To probe the spatial distributions of the topological lasing modes
and verify their running-wave nature, we fabricated another set of lasers
thatincluded an array of rectangular outcoupling defects arranged in
alarger triangle enclosing the topological cavity (Fig. 3a). The defects
are separated by a distance of several wavelengths (41) away from the
domain wall and hence couple evanescently to the topological cavity
lasing modes. Werefer to the set of defects along each arm of the triangle
asan‘emission channel’. By selectively blocking these emission channels
(thatis, covering the defects along certainarms), we canindirectly probe
the spatial distributions of the lasing modes. When all emission channels
are open, we observe regularly spaced emission peaks corresponding
to topological lasing modes (Fig. 3b). Next, we sequentially cover two
emission channelsand measure the emission spectrafromthe remaining
channel (Fig. 3a). In all three cases, the lasing spectra and the relative
peakintensities under different pump currents are essentially the same
(Fig. 3c-e), indicating that the lasing modes have equal intensities on
the three arms of the triangular loop cavity.

The topological edge states form degenerate pairs circulating CW
or CCW, which have the same intensity distributions, gainand vertical
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Fig.3|Topologicallaser with an array of evanescent outcouplers.
a,Schematic ofthe structure. A triangular loop cavity (greentriangle) hosting
topologicaledge statesis surrounded by an array of outcoupling defects (blue
rectangles) distributed around the perimeter of alarger triangle. The defects
areeightlattice periods away from the topologicalinterface, allowing for

outcouplingrates. Coupled-mode theory predicts that each topologi-
callasing mode is composed of an equal-weight superposition of aCW
and CCW pair (see Methods). The coexistence of CW and CCW modes

evanescentoutcoupling. Theinset shows different defect-covering
configurations for the spectral measurements. b, Emission spectraat different
pump currents (vertically shifted for clarity), with all defects uncovered.

c-e, Emissionspectraat various pump currents for the three different defect-
covering configurationsshownintheinset ofa.

also explains why the defect along the cavity in Fig. 2 does not spoil the
running-wave character, eveninthe presence of backscatteringinduced
by the defect. To test this, we fabricated a sample with an additional
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Fig.4|Topological laserin adirectional outcoupling configuration.
a,Schematicofthe structure. A straight valley edge-state waveguide is
introduced below the bottom arm of the triangular loop cavity (topological
interfaces areindicated by green lines), with outcoupling gratings on the left
andrightends. The output facets are selectively covered to observe the
directionality of the lasing modes. b, Intensity distribution for a typical

topological eigenmode obtained viaa3D numerical calculation. ¢, d, Emission
spectrafor thetopological lasing modes (c) and non-topological lasing
modes (d) with leftand right output facets covered. For the topological lasing
modes, the spectrahave similar peakintensities, whereas for the non-
topologicallasing modes the spectraare completely different. The two sets of
lasing peaks are measured under different pump currents.
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straight topological waveguide located just below the triangular laser
cavity (Fig. 4a). Each CW (CCW) cavity mode evanescently couples to
the straight waveguide, propagates to the right (left) and then outcou-
plesviaasecond-order grating. This sampleis found to support three
topologicallasing modes with frequencies near 3.2 THz. By selectively
covering the left or the right side of the device, we observe that each
lasing mode emits with approximately equal intensities from the two
facets (Fig.4cand Extended DataFig.10a), indicating that the CW and
CCW cavity modes have equal weights. For comparison, we observe
that the same sample also supports non-topological lasing modes in
aneighbouring frequency range, just above the photonic bandgap
(around 3.4 THz), at high pumping currents, for example at 2.96 A.
The non-topological lasing modes are observed to emit with very dif-
ferent intensities from the two output facets (Fig. 4d and Extended
DataFig.10b). This demonstrates a qualitative difference in behaviour
between topological and non-topological lasing modes in a single
device.

Insummary, we have implemented electrically pumped lasers based
on the topological edge states of a valley photonic crystal, operating
inthe THz frequency regime. By investigating several different device
configurations, we have established a chain of evidence demonstrating
the running-wave features of the topological lasing modes. The most
noteworthy observation is the regular mode spacing, which arises
because the modes have running-wave characteristics despite the
sharp corners of the cavity and various other disturbances. Looking
ahead, there are further opportunities in using the valley degree of
freedom in other active photonic devices, and the realization of an
electrically pumped topological laser points the way towards incor-
porating topological protection into practical device applications.
Apart from promising applications as a robust THz light source, this
QCL platform may find immediate use in exploring the dynamical and
nonlinear features of topological laser modes®.
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Methods

Device fabrication, characterization and numerical simulations
We used THz QCL wafers with a three-well resonant-phonon GaAs/
Aly15Ga, gsAs design, with the gain curve spanning 2.95THzto 3.45THz
(ref.**). The photonic crystal structures were patterned onto the wafer
with astandard metal-semiconductor-metal configuration®, as shown
in Fig. 1a. The topological waveguide consists of quasi-hexagonal
holes with opposite orientations on either side of the topological
interface, with wall lengths d; = 0.58a and d, = 0.26a (or vice versa),
where a=19.5 umis the lattice period. The outcoupling defect for the
sample shown in Fig. 2 consists of arectangular hole with fixed size of
39 um x 33.5um. The outcoupling defects for the sample shownin Fig. 3
consist of 12 rectangular holes of the same size, uniformly distributed
alongthree triangle arms and situated eight lattice periods away from
the topological interface.

Thefabrication process began with metal (Ti/Au,20/700 nm) deposi-
tion by an electron-beam evaporator onto the THz QCL wafer and an
n*-doped GaAs host substrate, followed by Au/Au thermo-compres-
sion wafer bonding. Wafer polishing and selective wet etching using
NH;-H,0/H,0,/H,0 (3/57/120 ml) solution were sequentially conducted
toremove the THz QCL substrate downto an etch-stop layer. The etch-
stop layer was then removed by 49% hydrofluoric acid solution, and
the QCL active region was exposed for subsequent microfabrication.
A300-nmSiO,insulation layer was deposited onto the THz QCL wafer
using plasma-enhanced chemical vapour deposition, followed by opti-
cal lithography and reactive-ion etching (RIE) to define the pumping
area. The photonic structure patterns were transferred onto the THz
QCL wafer by optical lithography, with deposition and lift-off of the
top metal layer (Ti/Au, 20/900 nm). With the top metal layer as a hard
mask, the photonic structures were formed by reactive-ion dry etch-
ing through the active region with a gas mixture of BCl,/CH,=100/20
standard cubic centimetres per minute. The top metal layer (remnant
thickness approximately 300 nm) was retained as a top contact for cur-
rentinjection. The host substrate was covered by a Ti/Au (15/200 nm)
layer as bottom contact. Finally, the device chip was cleaved, indium-
soldered onto a copper heatsink, wire-bonded and attached to a cry-
ostat cold finger for characterization.

Thefabricated THzlaser devices were characterized using a Bruker
Vertex 70 Fourier-transform infrared spectrometer with aroom-tem-
perature deuterated-triglycine sulfate detector. Mounted in a helium-
gas-stream cryostat with temperature controlat 9K, the devices were
driven by a pulser with repetition rate of 10 kHz and pulse width of
500 ns. The emission signal was captured by the detector in the vertical
directionand Fourier-transformed into aspectrum, with the spectrom-
eter scanner velocity of 1kHz and spectrum resolution of 0.2cm™. To
measure the emission from different outcouplers, for example, the rec-
tangular outcoupling defects or gratings, a thin metal sheet (approxi-
mately 100 pm) coated with an absorptive PMMA layer (approximately
100 pm) was used to cover the device emission surface partially. The
absorption layer (single-pass absorption rate approximately 40%)
was coated to reduce the light reflection from the metal sheet. The
cover was positioned using a custom stage with a positional accuracy
ofabout20 um. The cover was placed very close to the device surface:
the gap between the device surface and the metal sheet was smaller
than300 pum.

In this work, all numerical results were calculated using the finite-
element method simulation software COMSOL Multiphysics.In3D band
diagram calculations, the 10-pm-thick QCL medium was modelled as a
lossless dielectric with a refractive index of 3.6, sandwiched between
metal layers modelled as perfect electrical conductors. All band struc-
tureswere computed for TM polarization. The projected band diagram
inFig.1cwas obtained with a supercell with 10 quasi-hexagonal holes on
eachside ofthe domain wall; spurious modes localized at the bounda-
ries of the computational cell were removed before plotting. In 3D

eigenmode calculations, the unpumped portion of the QCL medium
was modelled as alossy dielectric, accounting for the intrinsic loss of
the actual semiconductor medium; theimaginary part of therefractive
indexis 0.0159, corresponding to an absorption loss of about 20 cm™.
Toreduce computational workload, eigenmodes were computed for a
slightly smaller structure with several outermost unit cells removed,
but with the triangular loop cavity left unchanged.

Valley photonic crystal design

Extended DataFig.1a shows the 2D band structure of atriangular-lattice
photonic crystal whose unit cell comprises aregular hexagonal air holes
inthe dielectric of refractive index 3.6. This dielectric medium repre-
sents the QCL wafer medium in the actual device. The band structure
exhibits Dirac points—linear band-crossing points between the two
lowest TM photonic bands—at the corners of the hexagonal Brillouin
zone,denoted by Kand K’. Near K (K’), the Bloch states can be described
by an effective 2D Dirac Hamiltonian®*%":

H=vy(+q,0,+q,0) (1)

whereq=(q,, g,) is the wavevector measured from K (K"), v, is the group
velocity, 0, are the first two Pauli matrices, and the + (-) sign corre-
sponds to K (K’).

Setting d, # d, breaks the C;, symmetry of the photonic crystal, and
lifts the degeneracy of the Dirac points, as shown in Extended Data
Fig.1b. In Extended Data Fig. 1c, d, we plot the absolute values of the
out-of-plane electric field |E,| and Poynting vectors within each unit
cellatthe Kand K’ points for both the lower band and upper band. The
modesinthe twovalleys are time-reversed counterparts, as shown by
the opposite circulations of electromagnetic power.

The effect of the symmetry breaking canbe modelled asamassterm
added in the effective Dirac Hamiltonian:

H=uvp(xq0,+ qyay) +vpmo, )

where mrepresents the effective mass of Dirac particles, and g,is the
third Pauli matrix. The band structures near the two valleys (that s, K
and K’) have identical dispersion but are topologically distinct. This
can be shown by computing the valley-projected Chern number?,
defined as

1
Gk = Eng Q)e(q)dS 3)

where the integration is performed only for half of the Brillouin zone
(HBZ) containing K or K. Here Qy(q) is the Berry curvature defined

as 0=V, xA(k), wherey, = (a%' a%]‘ A(k) represents the Berry connec-
x " OKy

tion, thatis, A, (k) = [ d*ruj(r)V,u,(r), where v, = (%, %), and u,

(r) represents the Bloch wavefunctions that can be calculated from
numerical simulation.

Extended Data Fig. 2 shows the numerically calculated Berry curva-
ture near K and K’ points, whose integration over HBZ gives rise to
opposite valley Chern numbers, thatis, C,=1/2 and C,=-1/2.Rotating
the quasi-hexagonal motif by 180°is equivalent to flipping the sign of
the mass parameter m, which flips the signs of the valley Chern numbers
(Co=-1/2,C=1/2).

Extended Data Fig. 3 shows a sample of photonic crystal consisting
of two domains with opposite valley Chern numbers. The differences
invalley Chern numbers between the two domains are

nit cell

AC=Cy~Ci=-1; ACe=Cy-Cl=+1 (4)

Thus, based on the topological bulk-boundary correspondence
principle?, there shall be one forward-propagating edge state at K’
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and one backward-propagating edge state at K. This is verified by the
numerically calculated photonic band structure shown in Extended
Data Fig. 3b. The field plots in Extended Data Fig. 3c, d show that the
edge states are indeed strongly localized to the domain wall, that is,
between the two domains with opposite valley Chern numbers.

Comparison of 2D and 3D band structures

Ina2D VPC with parameters stated in the main text, the bulk TM band
structure has abandgap from 3.23 THz to 3.51 THz (the relative band-
width of around 8%), as shown by the black curves in Extended Data
Fig.4a.For a2D structure with two domains of opposite hole orienta-
tions separated by a straight domain wall (such as in Extended Data
Fig. 3a), the projected bandgap occupies a similar frequency range,
and the valley edge states traverse the whole projected bandgap as
shown by the black curves in Extended Data Fig. 4b.

In the actual experiment, the VPC is 3D, patterned onto a THz QCL
wafer in a metal-semiconductor-metal configuration®. The active
mediumis 10 umthick, sandwiched between two metal platesto ensure
subwavelength vertical confinement of the TM-polarized lasing waves
within the active layer. Numerical results for the 3D structure are shown
by thered curvesin Extended DataFig. 4. The band structure and pro-
jected band diagram are shifted to lower frequencies, but otherwise
remain qualitatively similar.

Emission characteristics of conventional lasers (ridge laser and
VPClaser)

To characterize the gain spectral range and other properties of
the THz QCL wafer, we fabricated and studied a conventional
ridge laser. Extended Data Fig. 5a plots the emission spectra at
different pump currents. On scanning through the entire dynamic
range of the pump, we observe that the gain spectral range is
approximately 2.95 THz to 3.45 THz. With increasing pump, the
emission spectrum envelope gradually blueshifts, whichis due to the
Stark shift of the intersubband transition in the THz quantum cascade
medium®-,

To align the frequency of the VPC bandgap to the gain peak of the
THz QCL (approximately 2.9-3.45 THz, evidenced by the range of emis-
sion peaks of the ridge laser), we fabricated a series of VPCs of various
periods without any domain wall loop cavity. By studying the lasing
peaks, we determined that the photonic bandgap of a VPC laser with
a=19.50 um and ssize of approximately 820 pm x 725 pm extends from
2.99 THzt03.39 THz, whichis agood match for the gain peak range of
the THz QCL wafer. These results also helped us to estimate the effec-
tive refractive index of the QCL active region to be around 3.60 at the
operation frequency.

Extended nature of topological modes

The key feature of the topological laser cavity is that it supports whis-
pering-gallery-like running-wave modes evenin presence of the three
sharp corners. By contrast, atrivial cavity cannot support suchmodes
due to strong back-reflection at the corners, which localizes the elec-
tromagnetic field at various portions of the cavity.

This phenomenon can be quantified by calculating the inverse par-
ticipation ratio (IPR) along the one-dimensional (1D) curve correspond-
ing to the triangular loop. The IPR is widely used to characterize the
localization of modes and is defined as*°

J, Ex(w, )I*dE ;
[J, IEw, ©)1de |

where §is the coordinate parametrizing the 1D curve of length L. The
denominator in equation (5) ensures normalization. For amode con-
finedtoalengthL,, IPRgoesasL/L,, whereasfor completely delocalized
modesL,=L,leadstoIPR=1; withincreasinglocalization, L,decreases
and therefore the IPRincreases.

IPR(w) = (5)

The numerical IPR results for the triangular loop cavity are shown
inExtended DataFig. 6. As expected, the topological modes have sub-
stantially smaller IPR than the non-topological modes.

Topological modesin the triangular loop cavity
Figure 2b of the main text shows the numerically calculated modes of a
triangular cavity formed between two topologically inequivalent VPC
domains. These high-Q modes are constructed out of topological edge
states that have the characteristics of running waves.

From the condition that running waves should interfere construc-
tively over each round trip, we can estimate the mode separation or
the FSR. Constructive interference requires

_om

AkL

(6)
where kdenotes the wavenumber for the running-wave-like envelope
function correspondingto any given edge state, and L is the total path
length (the circumference of the triangular loop). The edge states have
an approximately linear dispersion relation Aw = vAk, where w is the
angular frequency detuning relative to mid-gap and v is the group
velocity. Hence, the FSRis
v

Af=] )

For the structure, L =1,257 um, and we estimate v =4.53 x10’ ms™
fromnumerical calculations (Fig.1c). Thisyields Af= 0.036 THz, which
matches well with the simulations and the experimental results (for
example, Af=0.035 THzfor the simulation results shownin Fig.2b, and
Af=0.033 THzin the experimental results shown in Fig. 2d).

Owing to time-reversal symmetry, each running-wave mode has a
degenerate counterpart with opposite circulation direction. Hence,
modes can be constructed from superpositions of CW and CCW run-
ning waves. Numerical solvers typically do not return the CW and CCW
solutions, but rather the superpositions of the two running waves.
However, CW and CCW modes can be reconstructed from suitable
superpositions of the degenerate solutions returned by the numerical
solver (Extended Data Fig. 9).

The CW and CCW valley edge modes form two orthogonal basis
modes and thus each topological lasing mode is asuperposition of CW
and CCW valley edge modes*.. To determine the superpositions, we can
use the framework of coupled-mode theory*. There are two important
effectsacting onthe CW and CCW modes: weak coupling between CW
and CCW modes, induced for example by symmetry-breaking defects
inthe VPC; and gainand loss, which are due to amplification by the gain
medium, material dissipation and radiative outcoupling.

Using coupled-mode theory, we represent the states of the laser by
¢=(ab)",where aand b are the CW and CCW mode amplitudes respec-
tively. The condition for steady-state lasing is

Ho‘/)’ri[ £ yj¢=6w¢ ®)

1+l

where

0 -«
H"_[—K 0 }

isaHermitian Hamiltonian containinga coupling rate kbetween the CW
and CCW modes, both of which have zero frequency detuning, dw is the
frequency detuning of the steady-state lasing mode, gis the amplifica-
tionrate due to the gain medium, and yis the loss rate due to material
dissipation and radiative outcoupling. Note that the gainis saturable.

Importantly, the non-Hermitian terms are diagonal because the CW
and CCW modes are topologically protected running waves that have
the same intensity distribution, and therefore should experience the
same rates of gain and loss.



Regardless of the non-Hermitian terms, the solutions to the coupled-
mode equationare

L

P ﬁ(l ' fordw=+«k

¢«%(1 -1 fordw=-« (©)]

Inother words, the CW and CCW modes should contribute equally to
the steady-state lasing mode. The overall amplitude can be determined
by setting the imaginary part of the eigenproblem to zero.

These results hold not only at the lasing threshold, but also in the
above-threshold regime where gain saturationisineffect. Above thresh-
old, provided k is not too large, a single steady-state lasing mode is
spontaneously chosen from one of the two possible solutions solved
above, and the other solution is suppressed (that is, its amplitude is
pinned to zero) by gain competition.

Theabove analysis rests on theidea that the underlying aand bmodes
are counter-propagating topological modes. It does not apply if the
modes experience different gain/loss rates (so that the non-Hermitian
term is non-diagonal), or if they are non-degenerate—as is the case in
the non-topological cavity, which lacks running-wave-like edge states.

Bidirectional outcoupling of laser modes

Here, we provide more details about the topological laser in the direc-
tional coupling configuration (Fig. 4 of the main text and Extended
DataFig.10).

Thisstructure features astraight topological waveguide placed below
the triangular cavity (Fig. 4a). The valley Chern number difference
alongthe straight waveguide is opposite to that along the bottomarm
of the triangular cavity. Owing to valley conservation, a CW (CCW)
cavity mode evanescently couples to aright- (left-)ymoving valley edge
mode onthe straight waveguide. The output facets on the left and right
ends of the straight waveguide are second-order gratings. After using
numerical simulations to optimize the grating parameters, the reflec-
tion ratio is estimated to be <10%, ensuring negligible light feedback
into the straight waveguide and laser cavity.

Numerical simulations of the structure reveal topological eigen-
modes at frequencies near 3.2 THz, within the topological gap of the
VPC. The intensity plot for a typical eigenmode is shown in Fig. 4b.
These numerically calculated topological eigenmodes are all twofold
degenerate, consistent with the degenerate CW and CCW cavity modes
ofthetriangular loop. Moreover, the structure hosts non-topological
lasingmodes around 3.4 THz, around the edge of the upper band. The
non-topological modes are all non-degenerate.

In the experiment, each topological mode exhibits a ‘peak ratio’
(the ratio of emission peak intensities from two output facets) close
to unity. A typical spectrum is shown in Fig. 4¢, and the light-current
curves are shown in Extended Data Fig. 10a. For the non-topological

modes, the peak ratios are far from unity (Fig. 4d and Extended Data
Fig.10b); for some of these, the peak is only clearly observable when
one facet is covered but lies within the noise floor when the other
facetis covered.

During repeated experimental runs with the same sample, we observe
arepeatable set of peak frequencies for both the topological and non-
topological lasingmodes, but the exact peak intensities vary between
runs due to the imprecise relative alignment of the covering metal
sheet and sample. We observe that the topological modes have peak
ratios close to unity, whereas the non-topological modes have differ-
ent peak ratios.
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Extended DataFig.3|Edge states ofthe2D VPC. a, Supercell comprising two
inequivalent VPC domains separated by adomain wall (highlighted by ared
box). b, Projected band diagram for the supercell. The red (blue) curve
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correspond to the measurement with left (right) side of the device covered.
Emission spectraat two representative pump currents are shownin Fig. 4c,d of
the main text. For the topological lasing modes, the spectra from two output
facets have comparable peakintensities, whereas for the non-topological
lasing modes the peaks differ inintensity and frequency in the two cases.
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