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Magic-angle lasers in nanostructured moiré
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Conventional laser cavities require discontinuity of material property or disorder to localize a light field for feedback. Recently,
an emerging class of materials, twisted van der Waals materials, have been explored for applications in electronics and photon-
ics. Here we propose and develop magic-angle lasers, where the localization is realized in periodic twisted photonic graphene
superlattices. We reveal that the confinement mechanism of magic-angle lasers does not rely on a full bandgap but on the
mode coupling between two twisted layers of photonic graphene lattice. Without any fine-tuning in structure parameters, a
simple twist can result in nanocavities with strong field confinement and a high quality factor. Furthermore, the emissions of
magic-angle lasers allow direct imaging of the wavefunctions of magic-angle states. Our work provides a robust platform to
construct high-quality nanocavities for nanolasers, nano light-emitting diodes, nonlinear optics and cavity quantum electrody-

namics at the nanoscale.

have drawn substantial attention'*>. One particular system

is twisted bilayer graphene. At magic angles, twisted bilayer
graphene can host a moiré flatband where the Fermi velocity at
the Dirac points becomes zero and the density of states becomes
high, which favours strong correlations between electrons®*-''.
Such an intriguing system provides a clean and powerful platform
to study strongly correlated materials and may help to illuminate
the properties of superconductivity'®'"**=°. The optical features of
moiré superlattices have also been explored®~*". In twisted bilayer
graphene, the moiré superlattice that forms has been shown to serve
as a nanoscale photonic crystal for propagating surface plasmon
polaritons®’. The photonic moiré lattice induced by optical infer-
ence in an optical nonlinear crystal has been shown to bring about
the localization and delocalization of light, affording a powerful
tool for controlling light patterns and exploring periodic-aperiodic
phase transitions®. Moiré superlattices can also be used in phonon-
ics to control the dispersion of phonon polaritons®~*.

Here we propose and demonstrate a new class of magic-angle
lasers in twisted photonic graphene superlattices. We pattern
nanostructured magic-angle superlattices in semiconductor mem-
branes with two twisted sets of photonic graphene lattices. The
interlayer coupling transforms the Dirac cones to a flatband with
non-dispersive features for magic-angle lasing with strong field
localization. Compared with photonic crystal-defect laser nanocav-
ities based on a single photonic lattice, magic-angle laser nanocavi-
ties have three salient features. First, the confinement mechanism
of magic-angle laser nanocavities does not rely on a full bandgap
but on the mode coupling between two twisted layers of photonic
graphene lattice. A simple twist can result in highly confined nano-
cavities with a mode volume smaller than (4/n)?, where A is the
resonant wavelength in free space and n is the refractive index of
the semiconductor membrane (Methods). Second, the strongly
confined modes of magic-angle laser nanocavities have an in-plane
dominant momentum pinned around the edges of the first Brillouin
zone of the single photonic graphene lattice under the light cone,

| merging twistronics based on van der Waals heterostructures

which leads to nanocavities with high-quality-factor values over
400,000. Lastly, magic-angle laser nanocavities can form flatbands
with a bandwidth much smaller than the photonic crystal-defect
laser nanocavity array, which can lead to compact and reconfigu-
rable nanolaser arrays.

We have demonstrated the use of magic-angle lasers at four
different twisted angles and used their lasing emission as a direct
probe to characterize the wavefunction localization at the magic
angle. In Supplementary Section 1, we compare the key met-
rics of magic-angle lasers with other representative microscale
lasers, which verifies the high performance of the present device.
A nanocavity with a small mode volume and a high quality factor
can enhance light and matter interaction and is desired for various
applications*"*?. The magic-angle nanocavity in a single layer of
dielectric membrane provides a simple but robust platform to con-
struct high-quality nanocavities for nanolasers, nano light-emitting
diodes (nanoLEDs), nonlinear optics and cavity quantum electro-
dynamics at the nanoscale.

Magic-angle laser design and operation principle
Figure 1 shows the design and operation principle of a magic-angle
laser. In the experiment, we fabricate two sets of triangular lattices
of nanoholes in the same semiconductor membrane with a twist
angle. Each of the triangular lattices of nanoholes defines a photonic
graphene lattice in the semiconductor membrane, which we employ
to construct a magic-angle flatband (Supplementary Section 2).
The membrane consists of InGaAsP multiquantum wells (MQWs),
which serve as a gain material emitting at a telecommunication
wavelength. Figure 1a,b shows scanning electron microscopy (SEM)
images of a magic-angle laser with a twisted angle of 2.65°. The fab-
rication of the device is discussed in Methods and Supplementary
Section 3. The lattice constant of the triangular lattices is 500 nm.
The diameter of the nanoholes is 240 nm. The lattice constant of the
moiré superlattice with the twisted angle of 2.65° is 10.83 pm.

Now weillustrate the origin of thelocalized mode of a magic-angle
laser (see Supplementary Section 4 for details). We start from the
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Fig. 1| Design and operation principle of a magic-angle laser. a, An SEM image of a nanostructured magic-angle laser on InGaAsP MQW gain material.
The red hexagon and arrows indicate the unit cell and lattice vectors of the moiré superlattice, respectively. b, An enlarged SEM image of a unit cell in

a moiré superlattice. The red and blue circles guide the eye to the twisted nanoholes. ¢, An enlarged band diagram of two twisted photonic graphene
lattices near Dirac points before the interlayer coupling is considered. The intersections of the two Dirac cones are indicated by the white lines, where the
M,, point is denoted at the intersection closest to the Dirac point. d, The first Brillouin zones of the two twisted single-layer photonic graphene lattices.
The orange shaded area indicates the area of the moiré Brillouin zone in proximity to the K; and K, points. e, The enlarged area circled in d near the M,
point. Green and red arrows in c-e indicate the Bloch modes from the first layer and second layer, respectively, with a wave vector of ky, .. f, The energy
splitting of the Bloch modes with a wave vector of ky;, in two twisted photonic graphene lattices via interlayer coupling. The frequencies of Bloch modes
at the M, point under a zero interlayer coupling strength are shown in red, blue and grey circles. The dashed curves indicate the band diagrams of the first
and second layers of the photonic graphene lattice. When the interlayer coupling strength increases, the energy of the Bloch modes begins to split, thus
frequencies of two of the Bloch modes indicated by red and blue circles get closed. Under a certain sufficient amplitude of interlayer coupling strength,
two of the Bloch modes are tuned to the Dirac point and form the flatband modes, which are indicated by red and blue dashed circles. Another two Bloch

modes are illustrated by grey dashed circles.

eigenstates of one single hexagonal unit cell of a photonic graphene
lattice. Using Wannier functions located at the six different sites as
the basis, the eigenstates of the single unit cell can be solved as two
degenerate dipole modes of |p,) and |p,), two degenerate quadru-
pole modes of ‘dxz _,2)and |d,,), one monopole mode of |s) and one
hexapole mode of [f). One hexagonal unit cell consisting of these
six sites with periodic boundary conditions forms the single-layer
photonic graphene lattice.

When introducing another single-layer photonic graphene lattice
into the first layer with a twisted magic angle, a moiré superlattice
forms. Figure 1c shows the band diagram of two twisted photonic
graphene lattices around K points before the interlayer coupling
is considered (Supplementary Fig. 4). The new moiré periodicity
defines moiré Brillouin zones much smaller than the Brillouin zone
of the single-layer photonic graphene lattice (Fig. 1d,e) and, there-
fore, each of original bands of the single-layer photonic graphene
lattice will be divided into different moiré Brillouin zones charac-
terized by different momenta and frequencies. The moiré Brillouin
zone in proximity to the K and K’ points is used as an example to
discuss the formation of flatbands (Fig. 1f). Two parameters are
essential to form magic-angle flatbands, the twisted angle and the
coupling strength between the two twisted lattices.

Calculated from the density of states, in the one and only moiré
superlattice unit cell in the real space, there are four Bloch modes
(one |p,), one |p,), one |d,:_,) and one |d, ) from each layer of
two twisted photonic graphene lattices in the two moiré Brillouin
zones in proximity to the K and K’ points. When the number of
superlattice unit cells increases from 1 to N, there will be 4N
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discrete flatband modes thatare N |p,), N |p,), N|d,2_,2 ) and N |d,,)
flatband modes. Each set of one [p,), one |p,), one |d,>_,> ) and one
|d,,) flatband modes is located in one single unit cell of the moiré
superlattice. To solve the wavefunctions of these flatband modes
analytically, we consider the modes that can couple to the flatband
modes under momentum conservation via the help of reciprocal
lattice vectors of single-layer photonic graphene lattices. The result
illustrates that the eigenfrequencies of the flatband modes can be
tuned to the Dirac point, and the corresponding wavefunctions are
localized in the centre of each moiré superlattice unit cell. Similar
coupling-induced localization can happen at other moiré Brillouin
zones with different frequencies.

We note that in condensed-matter systems, increasing the inter-
layer coupling strength by compressing two graphene layers closer
to each other is theoretically and experimentally investigated to
tune bilayer graphene band structure and achieve flatbands at larger
angles’***. In contrast to the electronic system of twisted bilayer
graphene, here we introduce two photonic graphene lattices into the
same layer of semiconductor membrane, which increases the cou-
pling strength between the states in two lattices (Supplementary Fig.
11). Consequently, the twisted angle for a magic-angle flatband can
be larger than its electronic counterpart.

Field localization without a full bandgap

The above derivation reveals a profound feature of the confinement
mechanism of magic-angle nanocavities: it does not rely on a full
bandgap, it relies on the mode coupling between two twisted lay-
ers of photonic graphene lattice. This confinement mechanism is
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Fig. 2 | Band diagram and mode localization without a photonic bandgap. a, Three-dimensional full-wave calculated band diagram of the magic-angle
laser at the twisted angle of 2.65°. Two degenerate flatbands of the p, and p, modes are plotted in red. b, An enlarged band diagram with scatter plots at
one intersection area marked by the green rectangle in a. Both flatbands of the p, and p, modes have no coupling to the non-flatband mode. k, denotes the
side length of the mini-Brillouin zone. c,e, Electric field intensity |E|? distribution of two flatband modes at the T, point (€) and at the intersection (e). d f,
|E|? distribution of the non-flatband mode with intersections to two flatband modes at the I',, point (d) and at the intersection (f).

fundamentally different from well-known photonic crystal-defect
nanocavities. The field confinement of photonic crystal-defect
nanocavities relies on a full photonic bandgap. Because there is no
allowed photonic state in the bandgap, photonic crystals serve as a
mirror to confine the defect states. In the following discussion, we
first present the simulation and experimental results on a localized
magic-angle laser without a full bandgap with a focus on the funda-
mental order of flatband modes, and then we illustrate the underly-
ing physics of this novel field confinement mechanism.

We conducted a three-dimensional full-wave simulation of
our fabricated magic-angle laser for a quantitative band diagram
(Methods). As shown in Fig. 2a, the flatbands do not reside in any
bandgap, but have intersections with a non-flatband mode. Figure
2b shows the enlarged band diagram at one intersection area. Both
flatbands of the p, and p, modes have no coupling to the intersected
non-flatband mode. Figure 2c-f shows the wavefunctions of the
flatband modes and their intersected non-flatband mode. At the T,
point, as shown in Fig. 2¢,d, we can see that the flatbands of the
p. and p, modes are localized in the centre of the moiré superlat-
tice unit cell (AA stacking area), while the intersected non-flatband
mode is localized around the edge of the unit cell (AB/BA stack-
ing area). The same spatial separation of the wavefunction between
the flatband modes and the intersected non-flatband mode is also
observed at the intersection point (Fig. 2e,f). This spatial separation
of the wavefunction between the flatband modes and normal bands
plays an essential role in protecting the localized flatband mode las-
ing when a full bandgap is absent.

The calculated flatbands of the device have a bandwidth of
only ~0.000091nm. As shown in Supplementary Section 5, we
have made a direct comparison of bandwidth between the coupled
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photonic crystal-defect nanocavity array and the magic-angle super-
lattice, where the distance between single nanocavities are the same
in the two cases. The result shows that the bandwidth of the flatband
in the magic-angle superlattice is more than three orders of mag-
nitude smaller than the bandwidth of the photonic crystal-defect
nanocavity array.

Lasing and wavefunctions of the magic-angle laser
A distinct feature of a laser is that any lasing mode should be an
eigenmode of the laser cavity. On the basis of this important notion,
we use lasing patterns to directly image wavefunctions of a moiré
superlattice at the magic angle. In the experiment, we pump the
magic-angle laser at 2.65° with a pump laser spot larger than a
moiré unit cell to insure the excitation of all the existing modes in
the full unit cell (Supplementary Section 7). The optical character-
ization setup is shown in Supplementary Section 6. Figure 3a shows
the normalized spectra at varied pump intensities, which shows a
clear phase transition from broadband spontaneous emission to
narrow lasing emission. We have verified that the peaks of the las-
ing flatband modes are p, and p, modes with polarizations perpen-
dicular to each other (Supplementary Section 8). Below the lasing
threshold, the spectra show a broad spontaneous emission. At much
higher pump power than the lasing threshold of the flatband mode,
other delocalized modes in the system start to lase. As shown in
Fig. 3a, we can see that these delocalized modes start to lase around
53kW cm, which is about nine times of the lasing threshold of the
flatband mode.

Figure 3b shows the light-light curve in a log-log scale together
with the linewidth evolution with the pump power of the lasing flat-
band mode. The light-light curve is in a clear ‘S’ shape, indicating
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Fig. 3 | Lasing and wavefunctions of flatband and delocalized modes in
the magic-angle laser. a, Normalized spectra at varied pump intensity
(P)- There is a clear phase transition from spontaneous emission to lasing
emission of the single flatband mode at a threshold (P,,) around 6 kW cm~2.
At about 9P, delocalized modes start to lase. b, Light-light curves in log-
log scale (in black) and linewidth evolution with the pump power (in red) of
the dominant lasing p, flatband mode. Circles represent the data, and lines
represent the fitting. c-f, Emission patterns under a pump power of 1.1P,,
(c), 2.0P,, (d), 9.1P,, (e) and 15.5P,, (). In contrast to the flatband mode
localizing in the AA stacking area (d), delocalized lasing modes are located
at the AB/BA stacking area (f), spatially separated from the flatband
mode. Red hexagons indicate unit cells of the magic-angle superlattice. g-j,
Spectra under a pump power of 1.1P,, (g), 2.0P,, (h), 9.1P,, (i) and 15.5P,, (j.

the phase transition from spontaneous emission to lasing emis-
sion. According to the quantum definition of a lasing threshold
in which the mean cavity photon number is one’>*>*, we obtain
a lasing threshold of ~6kW cm™ The method we used to obtain
the light-light curve and the curve in linear scale is presented in
Supplementary Section 9. In Fig. 3b, we can also see clearly that
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the linewidth reduction coincides with the threshold. The corre-
sponding line spectra from below to above the threshold, zoomed
into the flatband resonance region, are shown in Supplementary
Section 10. A first-order coherence measurement was also per-
formed to complement the linewidth analysis, which is shown in
Supplementary Section 11.

Figure 3c-f shows the emission patterns at pump powers of
1.1Pg, 2.0Py, 9.1P, and 15.5P,. Around the threshold (1.1P,), the
emission pattern consists of a pronounced emission from the flat-
band mode, for which the wavefunction localizes at the centre of
the unit cell with AA stacking, and the emission from other modes
spanning the whole pumped area. Figure 3g shows the correspond-
ing spectrum with a sharp peak from the flatband mode in a broad
spontaneous emission background. At 2.0P,, the lasing pattern is
dominated by the flatband mode (Fig. 3d). Figure 3h shows the
corresponding spectrum with a single sharp lasing peak. At 9.1P,,
lasing from other delocalized modes becomes observable both in
the pattern (Fig. 3e) and in the spectrum (Fig. 3i). At 15.5P,, the
emission intensity of these delocalized modes becomes comparable
to the lasing flatband mode both in the pattern (Fig. 3f) and in the
spectrum (Fig. 3j). There are about nine recognized delocalized
modes in the spectrum, and some of them have spectral overlap
with the flatband lasing mode. Remarkably, the emission pattern
of these delocalized modes is located at the AB/BA stacking area
that is spatially separated from the flatband modes (Fig. 3f), which
matches with the simulated results shown in Fig. 2.

To further illustrate the underlying physics of this novel field
confinement mechanism, we studied the local lattice arrangements
and their corresponding eigenfrequencies inside a single unit cell of
the superlattice. Figure 4a shows the stacking arrangement in a unit
cell. The AA site is located in the centre, while the BA, AB and SP
sites are located at the edge of the unit cell. At each position inside
the unit cell, we can use the local arrangement as a new unit cell
to construct a periodic structure (Fig. 4b). Tracking eigenfrequen-
cies of these constructed lattices (Fig. 4c), we can see that the centre
and the edge of the superlattice unit cell share similar frequencies.
However, in the area between the centre and the edge of the unit cell,
the eigenfrequencies are much higher. Figure 4d—f shows the repre-
sentative eigenfunctions from the centre, the edge and in between.

The unique distributions of eigenfrequencies and eigenfunctions
lead to the well-localized flatband mode in the centre of the super-
lattice unit cell. For these modes, which are located in between the
centre and the edge, there is spatial overlap with flatband modes.
However, they have higher eigenfrequencies than the flatband
modes, and therefore their interactions are weak. For these modes
located in the edge, they have spectral overlap with flatband modes.
However, they are spatially separated from the flatband modes, and
therefore their interactions are weak. The results obtained from this
gradual variation approximation of the lattice arrangement match
well with those obtained from three-dimensional full-wave simula-
tion and experiment shown in Figs. 2 and 3.

In-plane dominant momentum

Figure 5a shows the intensity profile of the localized lasing emission
pattern and the calculated profile of the flatband dipole mode. While
the calculated profile consists of a deep subwavelength feature that
cannot be resolved by our far-field imaging system, the full-width
at half-maximum of the emission pattern and the calculated profile
are about 1.53 pm and 1.47 pm, respectively, matching very well with
each other. Via three-dimensional full-wave simulation, we deter-
mine the mode volume of the localized flatband dipole mode to
be only 0.47 (A/n)’. For a single unit cell nanocavity structured in
a slab, the in-plane quality factor (Q) and vertical Q are 5,600,000
and 430,000, respectively. For a nanocavity in a periodic structure,
the in-plane Q and vertical Q are infinity and 430,000, respectively.
These Q values are very high considering their small mode volumes.
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Representative eigenfunctions from the centre (d), the edge (f) and in between (e), which are calculated by three-dimensional full-wave simulation. The
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Fig. 5 | Localization features of the magic-angle laser. a, Comparison between the experimental (red curve) and simulated (black curve) intensity
distributions of the localized wavefunction centred at a unit cell of the nanostructured moiré superlattice. The wavefunction of the magic-angle flatband
localizes at the centre of a unit cell with AA stacking. b, Spatial Fourier transform of the electric field of the three-dimensional full-wave simulated lasing
flatband p, mode, where the in-plane dominant momentum of the mode is pinned around the edges of the Brillouin zones of the single photonic graphene
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residing inside the light cone. ¢, The electric field intensity distribution in a cross-section of the full-wave simulated flatband mode, where the field decays
exponentially from the cavity to free space, giving a high quality factor Q of 430,000 to the nanocavity.

In contrast to a photonic crystal-defect nanocavity, where a stron-
ger field confinement will result in a larger momentum distribution
and therefore more vertical leakage*”*, the strongly confined modes
of the flatband naturally have an in-plane dominant momentum
pinned around the edges of the Brillouin zones of the single photonic
graphene lattice shown in the spatial Fourier transform of the electric
field of the flatband mode (Fig. 5b), which secures the total internal
reflection in the vertical direction of the membrane and therefore
there is lower vertical leakage (Supplementary Section 12). Note
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that the light cone is at a much higher frequency of over 380 THz
(Supplementary Section 12). The non-leaky feature of the flatband
mode is also shown in the electric field intensity distribution in a
cross-section of the full-wave simulated flatband mode, where the
field decays exponentially from the cavity to free space (Fig. 5¢).

Magic-angle lasers at larger twisted angles
Because here the two photonic graphene lattices are introduced

into the same layer of a semiconductor membrane, the coupling
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Fig. 6 | Magic-angle lasers at twisted angles of 4.41°, 6.01° and 9.43°. a-¢, SEM images of the nanostructured magic-angle lasers at twisted angles of
4.41° (a), 6.01° (b) and 9.43° (c). Red hexagons indicate unit cells of the moiré superlattices. d-f, Three-dimensional full-wave calculated band diagrams
of the magic-angle lasers at the twisted angles of 4.41° (d), 6.01° (e) and 9.43° (f). g-i, Single-cell lasing patterns of the magic-angle lasers at the twisted
angles of 4.41° (g), 6.01° (h) and 9.43° (i). Red hexagons indicate unit cells of the moiré superlattices.

strength between the modes in the two lattices are increased com-
pared with its electronic counterpart. Without any fine-tuning,
we also set the magic-angle laser at three other, different twisted
angles of 4.41°, 6.01° and 9.43°. Figure 6a—c shows the SEM images
of these magic-angle lasers, where the larger twisted angle results
in a smaller unit cell. The centre distances between neighbouring
moiré cells are 6.50 um, 4.77 pm and 3.04 pm for the magic angles
of 4.41°,6.01° and 9.43°, respectively. Despite the distinct difference
in band diagrams (Fig. 6d-f), interestingly, all of these magic-angle
lasers have dominant flatband mode lasing localized at the centre of
a single unit cell (Fig. 6g—i). The measured wavefunction linewidths
from Fig. 6g-i have similar sizes ranging from 1.21 pm to 1.53 pm,
which match well with the calculated values ranging from 1.00 pm
to 1.47 pm (Supplementary Section 13). The small mismatch is due
to the resolution limit of our imaging system. The thresholds and
lasing emission linewidths of these magic-angle lasers are also pre-
sented in Supplementary Sections 13 and 14. The emergence of the
flatband localizes the photon states in a narrow frequency range,
which increases the photon density of states dramatically. In terms
of boosted density of states, the flatband modes share a similar ori-
gin with stopped light in the plasmonic nanostructures of near-zero

group velocity®.

Control sample with a single isolated unit cell
The decisive role of the photonic moiré superlattice in flatband for-

mation and field confinement is verified in a control experiment of
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lasing in a single isolated unit cell. Because the mode confinement
of the magic-angle lasers arises from the mode coupling between
two twisted layers of photonic graphene lattice, a single isolated unit
cell should have a weaker mode confinement due to the limited lat-
tice periods. As shown in Supplementary Section 15, in contrast to
single unit cell lasing in a superlattice structure, the lasing pattern of
a single isolated unit cell shows a strong scattering field at the edges
of the unit cell, indicating a weaker field confinement due to the lack
of other unit cells around. The weak field confinement of a single
isolated unit cell is also verified in the calculated quality factor. The
quality factor of the fabricated single isolated unit cell cavity is only
about one-sixtieth of that of the superlattice.

Conclusion

We propose and demonstrate a new class of magic-angle lasers
where the optical localization is realized in a periodic nanostruc-
tured moiré superlattice. These magic-angle lasers work at room
temperature at a telecommunication wavelength with high perfor-
mance including low threshold, narrow linewidth and small mode
volume. Lasers are a key driver of the physical sciences and numer-
ous technologies. An essential element of any laser is the cavity
that supplies optical localization for feedback and determines the
functionality of the laser. Conventional laser cavities require discon-
tinuity of material property or disorder/defects to localize a light
field for feedback. Our result introduces a new feedback mechanism
for laser physics, where the localization is realized by the mode
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coupling between two twisted layers of photonic graphene lattice.
These magic-angle lasers provide a novel flexible and robust platform
to construct high-quality nanocavities for lasers, nanoLEDs, cavity
quantum electrodynamics and nonlinear optics. For magic-angle
physics, the emission process in a photonic system provides a direct
and easy readout probe to directly characterize the wavefunction of
the magic-angle flatband. As lasing is the optical analogy to super-
conductivity and other second-order phase transitions’, our
magic-angle laser could be considered as an optical analogy to super-
conductivity in twisted graphene lattices in electronic systems to a
certain extent. Further studies could lead to a deeper understanding
of exotic phenomena at the magic angle and beyond.
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ing summaries, source data, extended data, supplementary infor-
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Methods

Device fabrication. We chose the active medium of InGaAsP MQWs, which is
epitaxially grown on an InP substrate and emits at a telecommunication wavelength.
The gain material consists of six 10-nm-thick In,_,sGa,_.As,_;,P,_, well layers
sandwiched in 20-nm-thick In,_,;;,Ga,_,As,_,5,P,_, barrier layers, and is covered
by a 10-nm-thick InP capping layer. Electron beam (e-beam) lithography is used

to define the device patterns with high resolution. The pattern file for e-beam
lithography includes two sets of nanoholes with a twisted angle. Using this single
pattern file, we perform e-beam lithography only once to transfer the pattern to the
e-beam resist. We have used two ways to minimize the proximity effect. First, we
have carefully chosen a resist of AR-P 6200 that has sufficient resolution, but low
exposure dose sensitivity, to reduce the proximity effect. Second, we have conducted
a systematic dose test on the fabricated structure and determined a gradient
dose—for each unit cell, the exposure dose of the outermost structure is ~80% of
the centre structure—to minimize the proximity effect. After development, we
postbake the resist to enhance the plasma etching resistance by utilizing an electron
beam scanning at 10kV. Subsequently, the structures are constructed through a
chlorine-based inductively coupled plasma etching process to etch holes in the
MQWs. The lift-off is processed by etching the InP capping layer in HCI solution
with the help of an ultrasonic washer. Lastly, a diluted solution of hydrochloric

acid (HCI:H,O (3:1)) is used to etch away the InP substrate to form a suspended
membrane for the laser test (Supplementary Section 3).

Band structure of the photonic graphene lattice. When the basis is taken
as the Bloch waves |A,) and |B,) located at the A and B sites, respectively, the
Hamiltonian of the photonic graphene lattice has the form

<<Akm (0) |Ay) (AklH (r) |Bk>>
(Bl (r) |A) (BilH () [B) )~

where r is the position in real space (Supplementary Sections 2 and 4). The wave
vector of the Bloch waves |A,) and |B,) is k+kp, where k;, is the wave vector of the K
point. The diagonal elements are equal to the frequency of the K point, f;. In terms
of the tight-binding model, if the coupling coefficient between A and B sites is set
to be J, the non-diagonal element has the form

H (k) =

(AH (1) [B) = ] (14 Hior sy mitkrbor )

where a, and a, are two lattice vectors, then the band structure has the form that
contains Dirac cones at the K and K’ points:

fk+kp) =fo+7]

\/3 + 2cos[(k+kp) - a;] + 2cos [(k+ kp) - a3] + 2cos [(k+ kp) - (a1 + a2)].

Band structure of the moiré superlattice. To calculate all the nearest-neighbour
interactions in the first mini-Brillouin zone of the periodic moiré superlattice, we
consider a range 3k, away from the M, point in reciprocal space, and a frequency
range +v,k, away from the Dirac point, where k, denotes the side length of the
mini-Brillouin zone and v, represents the Fermi velocity of the Dirac cones
(Supplementary Sections 2 and 4). For each state around the K or K’ points of one
photonic graphene lattice, there are three pairs of states in the other lattice that
can couple with it, satisfying momentum conservation with the help of the moiré
reciprocal lattice vector. The Hamiltonian of the twisted system has the form

7‘[1 K
H = s
KT ’Hz

where H; and #; are the Hamiltonians of the two sets of lattices, respectively, x
is a matrix representing the coupling strength between the two lattices, k" is the
Hermitian conjugate of k, and the basis is taken as the nine pairs of Bloch waves in
each set of photonic graphene lattices at the A and B sites. 7, and H, near the K
points have the form

Hi (K = folisxis + voo™ -+ (kP — kp1) ® Ioxo
+vo diag(o - 3kg3, 0 - (kos —kp1), 0 - (koo — k1),
0 -3kgo, 0 (kos —kp2), 0,0 (ko2 —Kgs3),
0 (ko1 —ko2),0- (ko —kg3))"

and
Ha (K) = folisxis + v00™ - (K — kpp) ® Ioxo

+vo diag(o - (ks — 2kg1), 0 - (kg2 — 2kg1),
0-2kp3, —0 -Kkg1,0 - 2Kkpp, 0 - (ko3 — 2kg2),
—0 koo, —0 ko3, 0 (kgy — 2kg3) )",

where 6" is the conjugate of the vector of the Pauli matrices, k,"* and ky,, are the
wave vectors of Bloch waves and the K point in the first layer of the photonic

graphene lattice respectively, ky, j=1, 2, 3 is the momentum of each equivalent

K,, in the mini-Brillouin zone of the moiré superlattice. Assuming the interaction
between Wannier functions is only determined by the distance between them, then
Kk can be written as the form

3
k=W Ttk k
=1

where k, and k, are the wave vectors away from the K point in two sets of lattices,
respectively, 5(k, +k,, k;) is a 5-function that equals 1 only when k, +k,;=k,, T} is
the normalized interlattice coupling matrix

11 1 e27(i/3 1 e—21'(i/3
T = » T = » Ts = >
11 efzni/S 1 eZni/3 1

and w represents the amplitude of the interlattice coupling. The matrix
representation of the interlayer coupling, «, has the form

0 0T; 00 00 0
T, 0T, T30 00 00
0T, 0T,T 0000
000 0T,0000
k=w| 0 0T, 0 0T,T; 00
00 0T, 00T, T; 0
000 0T, 00T, Ts
00000O0T 00
000000O0O0TO

The Hamiltonian near the K’ points can be described in the same way. Solving
the coupled mode equation using the Hamiltonian of the twisted system, we find
that four flatbands can be formed in a similar way as the electronic system. The
flatband condition is discussed in detail in Supplementary Section 4.

Full-wave simulation. Optical modes of the magic-angle laser are calculated
by the finite-element method based on the commercial software of COMSOL
Multiphysics. Three-dimensional simulations are carried out to obtain field
distributions, band structures, quality factors azn3d mode volumes. The mode
volumes are calculated by Vyjoqe = %‘ For the p, mode on the

flatband, V,,,4.=0.47 (4/n). The quality factor is calculated by Q= (Re[f])(2Im[f])~",
where Re[f] and Im[f] are the real and imaginary parts of the eigenfrequency

of the desired cavity mode, respectively. Because any lasing mode should be an
eigenmode of the laser cavity, we identified the experimentally observed lasing
modes by comparing their frequency and intensity distributions with simulated
eigenmodes.

Optical characterization. The magic-angle laser was optically pumped by a
nanosecond pulse laser (1,064 nm, pulse length 5 ns, repetition rate 12kHz) with
tunable spot size at room temperature. Without specification, a X100 microscope
objective with a numerical aperture of 0.85 was used to focus the pump laser beam
on the sample. The emission was collected by the same objective and analysed by
an indium-gallium-arsenide infrared camera and a near-infrared spectrometer.
The optical setup is shown in Supplementary Section 6.

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

Data availability

The authors declare that the main data supporting the findings of this study are
available within the article and its Supplementary Information. Extra data are
available from the corresponding author upon reasonable request.
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Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted papers
reporting claims of lasing and provides structure for consistency and transparency in reporting. Some list items might not apply to an individual
manuscript, but all fields must be completed for clarity.

For further information on Nature Research policies, including our data availability policy, see Authors & Referees.

» Experimental design

Please check: are the following details reported in the manuscript?
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Plots of device output power versus pump power over DX Yes  Fig. 3b, Fig. 516 and Fig.523
a wide range of values indicating a clear threshold D No

2. Linewidth narrowing

Plots of spectral power density for the emission at pump  [X] Yes  Fig.3b, Fig. 517 and Fig. 523
powers below, around, and above the lasing threshold, D No
indicating a clear linewidth narrowing at threshold

Resolution of the spectrometer used to make spectral E Yes  ~0.1nm
measurements [ ]No

3. Coherent emission

Measurements of the coherence and/or polarization DX Yes  Fig. 515 and Fig. 518
of the emission D No

4. Beam spatial profile

Image and/or measurement of the spatial shape and ~ [X|Yes  Fig.3
profile of the emission, showing a well-defined beam D No
above threshold

5. Operating conditions

Description of the laser and pumping conditions E Yes  Optical characterization part in the Method section of the manuscript.

Continuous-wave, pulsed, temperature of operation D No

Threshold values provided as density values (e.g. W cm2 DX Yes  Fig. 3b and Fig. 523
or J cm2) taking into account the area of the device D No

6. Alternative explanations

Reasoning as to why alternative explanations have been E Yes  We have systematically studied the lasing properties of our devices in experiment
ruled out as responsible for the emission characteristics D No and in theory. These results are shown throughout the manuscript and the

Supporting Information. The phase transition from spontaneous emission to lasing
emission are verified by well defined lasing threshold, pattern, linewidth narrowing
etc. which rules out other alternative explanations.

e.g. amplified spontaneous, directional scattering;
modification of fluorescence spectrum by the cavity

7. Theoretical analysis

Theoretical analysis that ensures that the experimental E Yes  Fig. 2, Fig. 4 in the main text, and Sections $2, $4, S12 in the Supplementary
values measured are realistic and reasonable D No Information.
e.g. laser threshold, linewidth, cavity gain-loss, efficiency

8. Statistics

) ) E Yes  We have fabricated and tested over 50 lasing devices. Threshold curves and spectra
Number of devices fabricated and tested D No below and above threshold for four typical devices at different twisted angles are
shown in Fig.S23 in the Supplementary Information.

Statistical analysis of the device performance and E Yes  We have fabricated and tested over 50 lasing devices. All the lasing devices show
D No similar performance. Our devices are based on IlI-V semiconductor, they did not

lifetime (time to failure
( ) show performance degradation during the test period of over a year.
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