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Topological insulator vertical-cavity laser array

Alex Dikopoltsev't, Tristan H. Harder?t, Eran Lustig’, Oleg A. Egorov®, Johannes Beierlein?,
Adriana Wolf?, Yaakov Lumer!, Monika Emmerling?, Christian Schneider?®, Sven Héfling?,

Mordechai Segev'*, Sebastian Klembt?*

Topological insulator lasers are arrays of semiconductor lasers that exploit fundamental features
of topology to force all emitters to act as a single coherent laser. In this study, we demonstrate a
topological insulator vertical-cavity surface-emitting laser (VCSEL) array. Each VCSEL emits
vertically, but the in-plane coupling between emitters in the topological-crystalline platform
facilitates coherent emission of the whole array. Our topological VCSEL array emits at a single
frequency and displays interference, highlighting that the emitters are mutually coherent. Our
experiments exemplify the power of topological transport of light: The light spends most of its time
oscillating vertically, but the small in-plane coupling is sufficient to force the array of individual

emitters to act as a single laser.

opological insulators are systems that ex-

hibit edge conductance that is protected

against disorder and defects. Initially, this

concept was related to electrons in solids,

but this plentiful phenomenon was re-
cently demonstrated in many wave systems
such as photonics, cold atoms, and acoustics.
Several years after establishing that topological
properties can endow the transport of light
with immunity against scattering from imper-
fections, the use of topological platforms to
force injection locking of many semiconductor
laser emitters was suggested. It was proposed
(1, 2) that the proper design of a multilaser
array can lead to an edge mode flowing from
one laser to another; force injection locking,
despite some inevitable variations in the res-
onators; and eventually make all the elements
lase as a single coherent source. This idea was
demonstrated (3, 4) in an array of asymmetrically
coupled ring resonators (5), with standard semi-
conductor laser technology. Sequentially, topo-
logical lasing using magneto-optic materials
was demonstrated (6). Since then, topological
insulator lasers were demonstrated in a variety
of configurations (7-1I), for example, a topo-
logical quantum cascade laser with valley edge
modes (7), a topological bulk laser based on
band inversion-induced reflection (8), a spin-
momentum-locked topological laser (9), and a
topological insulator laser with next-nearest-
neighbor coupling (10). Moreover, recent theoret-
ical work has shown the dramatically reinforced
coherence of topological lasers compared with
the corresponding nontopological devices (12).
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The topological insulator laser is thus a promis-
ing application of topological photonics, and
many new ideas have emerged, for example,
using topology in synthetic dimensions to force
an array of semiconductor lasers to emit mode-
locked pulses (13).

The main reasons why topological prop-
erties make this possible are as follows. First,
the topological edge mode in all topological
insulator systems has a nonzero group velocity;
hence, it must flow between lasers. As such it
forces injection locking of all emitters as-
sociated with the edge mode while suppressing
independent lasing of localized groups of reso-
nators. Second, the topological platform guar-
antees robustness against small differences
between resonators that would reduce the
efficiency of injection locking.

Forcing injection locking of a large array of
lasers has been a challenge for decades. The
first attempts to combine several semiconductor
lasers used evanescently coupled one-dimensional
(1D) arrays of edge emitters (14, 15). However,
these arrays emitted light with unstable modal

Pumped

structure, and their mutual coherence dimin-
ished when the number of emitters was larger
than just a few lasers (16-19). A decade later, 2D
arrays of evanescently coupled vertical-cavity
surface-emitting lasers (VCSELs) were inves-
tigated (20, 21). However, despite tour-de-force
attempts to make coherent arrays of many
VCSELs (22-24), large VCSEL arrays are now
being used only in a mutually incoherent form.
This means that such VCSEL arrays can be
used, for example, to pump solid-state lasers
but not for any application requiring coherence,
interference, imaging, and the like. Obviously,
finding a way to make large arrays of VCSELs
act together as a single coherent source would
enable applications that are beyond current
technology.

Our topological insulator VCSEL array is
designed to form a closed topological interface
containing 30 emitters (Fig. 1). The structure is
fabricated by molecular beam epitaxial growth
of a quantum-dot gain medium (25) embedded
in a single wavelength cavity layer sandwiched
between two distributed Bragg reflectors (DBRs).
The lattices are defined using electron-beam
lithography and subsequent dry etching.
Each VCSEL is a circular micropillar, a shape
that, in principle, can support more than one
polarization-dependent mode. However, as
the diameter decreases in size, the spectral
spacing between the modes increases, and
the VCSEL tends to lase in a single polariza-
tion (26, 27). We use the small diameter d =
2.5 um and lattice constant 3a = 6.5 um [for
details, see (28)]. The VCSELs are ordered
in the topological geometry known as the
“crystalline” model (29-33) (Fig. 2A), where
the topological nature arises from differ-
ent geometries on both sides of an inter-
face between “stretched” and “compressed”
honeycomb lattices. Both lattices are achieved
by stretching or compressing the distances in-
side a unit cell of six sites. In the compressed

w
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Fig. 1. Topological insulator VCSEL array. (A) Topological insulator VCSEL array, composed of two types of
lattices: compressed and stretched honeycomb lattices, on either side of the topological interface. When
the array is pumped on the interface (blue), the 30 VCSELs on the topological edge are injection-locked and
lase vertically and coherently. (B) Scanning electron microscope image of the fabricated structure. Each
pillar is a vertical microcavity, and the planar arrangement is based on the crystalline model with a six-pillar
unit cell (white circles). (C) A single VCSEL: gain medium (red layer) sandwiched between two DBRs.

Light emission is vertical.
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lattice, the six pillars in each unit cell are
separated by radius 7; from the center, where
71 < a (a is the distance in the honeycomb
before the compression); in the stretched
lattice, the distances are 7, > a. The stretching
and compression open bandgaps at the Dirac
points of the underlying honeycomb lattice,
and each lattice has a different topological
invariant. The interface therefore supports
topological edge states [see explanation and
fig. S1 in (28)]. Figure 2B presents such a
topological state that resides on the interface.
To view the band structure of the two lattice
bulks and of the topological interface, we obtain
their Fourier space luminescence spectra along
the K-I'-K' direction of the underlying honeycomb
lattice (Fig. 2, C to E). When the bandgap of
the “stretched” bulk array is aligned with the
bandgap of the “compressed” bulk array, the
interface exhibits a 553-ueV-wide topological
gap. As Fig. 2D shows, new modes appear at
the interface—the topological edge modes,
which are known to display topological pro-
tection properties (30). These topological edge
modes have group velocities whose direction
depends on their intra-unit cell pseudo-spin,
which in closed interface paths may carry
orbital angular momentum (33). As shown in
(28), we calculate the band structure of the
system by using a continuous model for the
envelope of the light field in the micropillar
photonic cavities. This model entails rich
physics; for example, it describes well all the
photonic states of the array, including photonic
bands composed of higher modes within each
pillar. Comparing experiments with simula-
tions, we find good agreement, highlighting
that the modes in the gap are edge modes
with nonzero group velocity.

Our VCSEL array lases in a topological edge
mode of 30 VCSELSs located on the topological
interface (Fig. 3A). To drive lasing of the edge
mode, we pump the interface with a pulsed
hexagon-shaped beam using a spatial light
modulator and measure the lasing pattern
and spectrum [for more details, see (28)].
By imaging the out-of-plane optical output,
we find that lasing occurs precisely at the
topological interface composed of the 30
VCSELs on the edge (Fig. 3B). The lasing
intensity structure is not uniform because
of inevitable fabrication imperfections and
the nonuniform position of the quantum dots
in the gain layer within each pillar. However,
despite the nonuniform lasing, the topological
platform forces all the emitters on the topological
interface to lock and lase as a single laser (rather
than lasing in several independent localized
groups), as we show next. Figure 3C presents
the emission spectrum below and above the
lasing threshold. When we pump below the
lasing threshold, the broad emission spectrum
implies that multiple modes emit amplified
spontaneous emission. When the pumping is
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Fig. 2. Structure and photonic properties of the topological interface. (A) VCSEL array structure,
composed of compressed (gray) and stretched (yellow) six-pillar unit cells of deformed honeycomb lattices,
with uniform pillar-shaped VCSELs. The green line marks the topological interface. (B) Topologically
protected mode centered on the interface between the two lattice types. a.u., arbitrary units. (C to E) Fourier-
space photoluminescence spectra for the stretched bulk (C), topological interface (D), and the
compressed bulk (E). The measured spectra are overlaid on the calculated band structure (black lines). The
vertical axis is normalized so that O corresponds to 1.3003 eV, exactly the center of the topological gap.
Note the measured photoluminescence peak from the photonic states in the topological gap [black arrow in
(D)], exactly where the two bulk spectra [(C) and (E)] have bandgaps.

above the lasing threshold, we observe single-
mode lasing exactly at the wavelength of the
topologically protected modes. The lasing
topological mode maintains a narrow emission
spectrum at a stable energy with a 249-ueV
linewidth, which is less than half the width of
the topological bandgap in our system (553 peV).
Moreover, the lasing linewidth of a single indi-
vidual VCSEL in our array is ~170 peV. This
means that our 30-emitter VCSEL array lases
with a linewidth almost as narrow as that of a
single emitter in the array. Figure 3D shows
the light output as a function of the input
pump power, with a pumping threshold of
Py, ~ 25 mW.

An important ingredient of coherence, espe-
cially when dealing with multi-emitters, is the
interference between emitters located far apart
from each other. To show the coherence of the
lasing topological edge mode, we measure the
interference of the output field with its mirror
image around x = 0 (Fig. 3E) [setup described
in (28)]. By doing this, we interfere the fields of
every two VCSELSs located on either side of the
mirror axis. In this setting, the periodicity of
the interference fringes arises mostly from the
angle between the two arms of the interferom-
eter. Specifically, the measured fringes in regions
IIT and IX in Fig. 3E are the outcome of inter-
ference between VCSELs from region 3 and
VCSELSs from region 9 from Fig. 3A. The fringes
in region VI in Fig. 3E are the result of the in-
terference between VCSELSs in region 6 and
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themselves. Importantly, the interference in
regions III and IX is between VCSELSs located
13 emitters and three corners apart from one
another. This figure shows that every emitter
interferes with its counterpart, showing that
the coherence across the array is able to rees-
tablish within each pumping cycle (even better
results are expected with electrical pumping).
The interference fringes are evidence that all
30 VCSELs act as a single coherent emitter.
Next, we compare the topological insulator
VCSEL array with a trivial honeycomb VCSEL
array (taking r;, 7o, — a) (Fig. 4) while ex-
citing the trivial lattice with the same pump
beam. Figure 4A shows the calculated band
structure for the s- and p-bands, corresponding
to the first and second modes of a single pillar,
respectively. In both lattices, the measured
spectrum corresponds to the modes with the
maximum calculated overlap with the shaped
pump beam. The measured spectrum of the
topological array is localized in the topological
gap, where the group velocity of the topolog-
ical edge modes is high. By contrast, the spec-
trum of the trivial array is mainly located at
the bottom of the p-band bulk, especially at the
band edges where the group velocity goes to
zero. The zero group velocity of the lasing modes
in the trivial array means that localized groups of
VCSELs tend to lase independently, in contrast
to the topological array where the edge modes
cannot be stationary. The wave in the topo-
logical mode has to circulate around the edge,
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(C) Lasing spectrum of the topological array.
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Fig. 4. Comparison between topological and trivial A
lasing in VCSEL arrays. (A) Calculated band struc-

ture of the photonic s- and p-bands of the topological

and trivial arrays, along with the measured lasing

spectra, /, as a function of energy E. The color of the 6
bands indicates the overlap between the mode
structure and the pump. Lasing in the topological
array occurs exactly in the topological gap, where the
group velocity is nonzero. This nonzero group velocity
enables the injection locking of the VCSELs in the
topological edge mode while suppressing lasing in
localized groups of VCSELs. In the trivial array, lasing
occurs in the lower edge of the p-band, where
modes have group velocities approaching zero; hence,
light does not circulate around the interface.
Consequently, disorder causes lasing to occur in
multiple independent groups of VCSELs, diminishing
the mutual coherence. (B and C) Modulated part
(fringe amplitude) of the mirror-interference
measurements of the topological and trivial arrays,
respectively. High modulation amplitude in each
position is shown in (B), meaning that each of the 0
30 lasers of the topological interface is mutually

coherent with its opposite partner. The graph in (C)
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displays coherence only near the mirror axis, which means that VCSELs that are far apart are not coherent with each other. The reason is lack of photonic
transport in the trivial array, because the trivial edge modes have vanishing group velocity; hence, even weak disorder causes localized modes. (D) Modulation
amplitude as a function of distance from the central VCSEL, averaged over all coherence paths and normalized to 1 at d = O, extracted from (B) and (C). In

the trivial case, coherence decays very rapidly, with a fit of ~3.5-um decay length (dashed green). In the topological VCSEL array, high coherence is maintained

around the whole interface. Error bars represent the standard deviation arising from local variations in fringe contrast.
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and in doing that, it forces injection locking
of all the VCSELs in that mode. It is there-
fore essential to examine the ability of VCSELSs
in the trivial array to interfere with one another,
as we did for the topological array. Figure 4,
B and C, shows the modulation amplitude
extracted from the interference measurements,
which is proportional to the mutual coher-
ence of the array as a function of position.
Comparing Fig. 4C with Fig. 4B, we notice
a stark difference between the cases. The
topological array shows coherence even for
two lasers separated by half the interface
length with three corners on its path, whereas
the trivial honeycomb array results in coherence
only around the autocorrelation points on the
symmetry axis of the measurement, that is, only
neighboring VCSELs show interference fringes.
To compare the levels of coherence of the trivial
and nontrivial arrays, we calculate the mean
coherence as a function of the distance d
from the VCSELs at « = 0 and normalize the
coherence to 1 at d = 0 (where the central
VCSEL interferes with itself) (Fig. 4D). The
coherence of the topological insulator laser
remains high along the whole path around the
interface, whereas the trivial laser array shows
the decay of coherence with increasing distance.

The topological VCSEL array separates be-
tween the vertical direction of lasing and the
in-plane transport associated with the topolog-
ical edge mode. This configuration endows the
topological array with robustness for large
variations of parameters. An immediate man-
ifestation is shown in (28), where we examine
the properties of the topological VCSEL array
in a huge temperature range: between 4 and
200 K (fig. S7). The topological array also dis-
plays a narrow linewidth at 200 K, even though
large temperature variations always change
the refractive index and therefore the lasing
wavelength. The linewidth of the topological
VCSEL array remains narrow (~249 ueV) be-
tween 4 and 200 K (fig. S7C). This implies
that the topological properties of this device
are insensitive to changes in the wavelength.
This happens because the topological VCSEL

Dikopoltsev et al., Science 373, 1514-1517 (2021)

array scheme separates between the emission
direction (where the DBRs and microcavity
determine the wavelength) and the in-plane
topological coupling, which are strongly coupled
in all other schemes of topological insulator
lasers.

The interference displayed in Fig. 3 confirms
that our system is spatially coherent and that
our topological 30-emitter VCSEL array acts as
a single laser. The topologically protected trans-
port, which is responsible for the injection
locking of all the emitters, occurs in the plane
of the chip—normal to the (vertical) direction
of oscillation within each emitter. It is the
topological design in which the VCSELs are
positioned that forces all the emitters to act as
a single laser. Research in topological photon-
ics is now moving toward non-Hermitian and
nonlinear topological phenomena, with the
goal of using the properties of topological
designs for new schemes of supreme semi-
conductor devices. The ability to separate
between the direction of the topologically
engineered platform and the oscillation di-
rection within each emitter is a step toward
this goal, offering the possibility to make large-
scale coherent semiconductor laser arrays.
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Topologically locked for emission

The output power from a laser system can be increased by forming an array of lasers; however, because the individual
lasers are independent, the resultant output may not be coherent. Dikopoltsev et al. report on the realization of a
topological vertical-cavity surface-emitting laser (VCSEL) array. The topological nature of the array-based laser
emission was achieved through a combination of topological in-plane propagation of evanescent light linking the
vertical cavity surface-emitting lasers of the array. The topological features of the array force injection locking, making
all emitters (30 in this case) act as a single coherent laser. This development will be important for realizing large-scale
coherent laser arrays. —ISO
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