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The nonlinear scaling of complexity with the increased number of components in integrated photonics is
a major obstacle impeding large-scale, phase-locked laser arrays. Here, we develop a higher-dimensional
supersymmetry formalism for precise mode control and nonlinear power scaling. Our supersymmetric
microlaser arrays feature phase-locked coherence and synchronization of all of the evanescently coupled
microring lasers—collectively oscillating in the fundamental transverse supermode—which enables high-
radiance, small-divergence, and single-frequency laser emission with a two-orders-of-magnitude
enhancement in energy density. We also demonstrate the feasibility of structuring high-radiance vortex
laser beams, which enhance the laser performance by taking full advantage of spatial degrees of
freedom of light. Our approach provides a route for designing large-scale integrated photonic systems in

both classical and quantum regimes.

he rapid development of integrated pho-

tonics, with continuous effort to push

the limit of integration density, offers a

solution to the future scaling of integrated

photonic networks and devices. However,
the wave nature of light gives rise to fundamen-
tally inevitable mutual coupling between pho-
tonic elements that are closely packed in an
array. Control of mutual coupling is thus the key
to phase locking all of the elements and further
driving them to function collectively. For exam-
ple, coherence and synchronization are critical
for high-radiance optical emitters and lasers, as
the radiance scales with the number of elements
only if they are mutually coherent (Z, 2). Inte-
grated high-radiance sources including synchro-
nized laser arrays (I-9) and photonic crystal lasers
(10, 11) are in high demand and are actively
pursued for a wide range of applications, in-
cluding optical communication, optical sensing,
and light detection and ranging (LIDAR).
Among various strategies developed to enforce
mutual coherence between laser resonators, the
evanescent wave coupling-based strategy—
which leverages strong optical confinement
(such as micro- and nanoscale resonators and
waveguides) and operates in the deep sub-
wavelength regime—is approaching the limit
of integration density. A key drawback of eva-
nescent wave coupling is its intrinsically
associated energy splitting, which leads to
complex mode competition and thus energy
inefficiency and irregular, chaotic radiation.
The alternative approaches, including anti-
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guided, diffractive, and antenna coupling (3-6),
require delicately designed leakage of optical
modes to communicate between elements,
which ultimately limits their downsizing and
dense packaging as well. Here, we demonstrate
a formalism based on higher-dimensional
supersymmetry (SUSY) to enforce phase locking
and to enable coherent oscillation in a two-
dimensional (2D) laser array of evanescently
coupled microlasers, opening avenues for the
realization of integrated high-radiance sources
while maintaining individual controllability of
each microlaser.

SUSY was first introduced in string and
quantum field theory to unify all physical in-
teractions in nature, including strong, electro-
weak, and gravitational coupling (12). Despite
awaiting experimental validation in particle
physics, the mathematic framework of SUSY
has found its applications in many other
branches of modern physics, ranging from non-
relativistic quantum mechanics and condensed-
matter physics (13, 14) to optics and photonics
(15, 16). SUSY is particularly powerful in tai-
loring mutual interactions in any arbitrary
lattice of evanescently coupled elements,
regardless of its complexity and size. With
the unbroken SUSY, for example, the lattice
Hamiltonian (where couplings are represented
by the off-diagonal elements) can be transformed
into a new superpartner Hamiltonian with a
reduced matrix dimension, which shares almost
the same eigenspectrum except for the disap-
pearance of the original fundamental mode.
This characteristic has enabled a series of
photonic functionalities such as effective mode
control, selection, and creation (75-21), which has
facilitated phase-locked 1D laser arrays when
strategically performed in a non-Hermitian
photonic environment (7-9). Nevertheless, the
factorization technique used in supersymmetric
transformation applies only to the Hamiltonians
of 1D systems (Z3), which limits the scalability of

SUSY photonics and hinders its further promo-
tion into higher dimensions. Here, we have
overcome this limitation and demonstrate a
generic approach to higher-dimensional super-
symmetric microlaser arrays. The dissipative
superpartners, coupled to a 2D main laser
array, enforce the evanescently coupled micro-
lasers to phase lock and coherently oscillate in
the fundamental in-phase supermode, tak-
ing the full advantage of dense integration
and fulfilling the demand for integrated, high-
radiance optical sources with an orders-of-
magnitude enhancement in energy density.

We use a homogeneously coupled 2D array
of five by five (5 x 5) identical microring lasers
made of InGaAsP multiple quantum wells
(Fig. 1). Considering the evanescent wave
coupling between only the nearest neighbors,
the main microlaser array can be represented
by a tight-binding Hamiltonian

H=

7Zm,n(KW ainﬂ,n Amn + Ky a;wH Qmn + h.c.)
1)

where x, and «, denote the nearest-neighbor
coupling coefficient between adjacent micro-
rings along the x and y directions, respec-
tively; (mm, n) labels the microring sites in the
(@, v) plane; a(a") is the photon annihilation
(creation) operator of the resonant modes in
individual microrings; and A.c. denotes the
Hermitian conjugate, leading to 25 transverse
supermodes with closely spaced eigenfre-
quencies (fig. S1) (22). Despite many trans-
verse supermodes, our objective is to facilitate
high-radiance, single-frequency lasing in 2D
space with collective in-phase oscillation in
only the fundamental transverse mode, while
suppressing all other supermodes.

We develop a generic approach to derive the
isospectral superpartners of higher-dimensional
tight-binding lattices, though the SUSY-based
factorization technique is one-dimensionally
constrained. The orthogonality inherently asso-
ciated with the tight-binding Hamiltonian in
Eq. 1 allows us to separate it in the form of a
Kronecker sum

H=H,®H,=H,®I,+I,® H,

where @ and ® denote the Kronecker sum
and the tensor (Kronecker) product between
matrices, respectively; H, and H,, represent
1D systems, consisting of five coupled reso-
nators along the # and y directions, respec-
tively, with coupling strengths «, and «,; and
I, and I, are 5 x 5 identity matrices (22).
Here, the 2D isospectral superpartners can
be configured using the tensor product based
on two superpartners of H, and H,. Specif-
ically, in contrast to nonnegligible onsite
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Fig. 1. A higher-dimensional supersymmetric microlaser array. The array
consists of a 5 x 5 main array of evanescently coupled microring lasers (red),
coupled with its two dissipative superpartner arrays and three auxiliary
partner microrings (blue). The second-order SUSY transformation on H, yields
its SUSY partner H§_35X3), a 3 x 3 matrix denoting the coupling strengths in
superpartner 1 in the x direction, which is isospectral to H, except for the
highest and lowest energy levels. A Kronecker sum between H§1X3) and the

unvaried H, generates the Hamiltonian of superpartner 1, corresponding to an
array of 3 x 5 coupled microrings. Similarly, a third-order SUSY transformation

Pump

on H, and a second-order SUSY transformation on H, yields the Hamiltonian of
superpartner 2, Hparner 2 = Hf,xz)eaHfSX3), corresponding to a 2 x 3 array. Three
auxiliary partner microrings are introduced to couple to three of four remaining
energy levels of H (22). Altogether, the dissipative supersymmetric

and auxiliary partners are isospectral to the main array except for the

lowest energy level associated with the fundamental transverse supermode,
suppressing all the higher-order transverse supermodes but facilitating a
high-radiance single-mode laser action operating exclusively on the funda-
mental in-phase supermode.

frequency detuning across the superpartner
array resulting from the first-order SUSY
transformation (8), we apply the second-order
SUSY transformation that can yield a homo-
geneous superpartner array respecting the
particle-hole symmetry and thus consisting
of identical elements with the same resonant
frequency compared to the main array (9),
which is experimentally favorable, especially
for a large-scale system. To create a symmetric
spectrum for the superpartner, in the second-
order SUSY transformation we choose to elim-
inate two levels with the highest and lowest
frequencies in the 1D Hamiltonian (i.e., the
matrix dimension of the SUSY partner of H,,,
reduces from 5 x 5 to 3 x 3 in our case). The
SUSY transformation thus leads to two super-
partner arrays (22): a 3 x 5 array with 15
transverse modes corresponding t0 Hparmer1 =
HEYD 01,4+ 1% ® H,, where H,, is the
second-order SUSY transformation of H,, and
a 2 x 3 array with six transverse modes cor-
responding to0 Hpartneras = H;?sz) ® I§3X3)+
129 g HQ(,,?’SXS), where H, is the second-order
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SUSY transformation of H,, and H,, (the
residual) is an arbitrary 2 x 2 Hamiltonian
that is isospectral to the energy levels origi-
nally in H, but eliminated in achieving H,,;.
H,, can also be generated by a third-order
SUSY transformation of H, by deleting three
modes apart from the first and last mode
(22). Superscripts denote the dimensions of
the matrices, not to be confused with the
size of the resonator array. Together with
three individual auxiliary partner microrings
(two of three have zero relative frequency
detuning, and the frequency of the last one
matches the out-of-phase supermode with the
highest relative frequency among all 25 trans-
verse modes), the spectrum of superpartners
is identical to that of the main array, apart
from the fundamental in-phase supermode
(fig. S3) (22). Strategically controlled coupling
of the main array with its dissipative super-
partners and auxiliary partner microrings, by
matching both the eigenfrequencies and mode
distributions (fig. S5), therefore ensures the
suppression of all but the fundamental trans-

verse supermode, yielding efficient single-
supermode lasing.

The scanning electron microscope (SEM)
images of the SUSY array sample fabricated
on 200-nm-thick InGaAsP multiple quantum
wells (22) are shown in Fig. 2A. The microring
resonators were patterned with an inner ra-
dius of 3 um and a width of the waveguide of
400 nm, operating at a resonance order of N =
32 for the quasi-TE (quasi-transverse-electric)
mode. To facilitate surface emission from
microring lasers, an angular grating was in-
scribed on the inner sidewall of each micror-
ing. Emission from each scatterer in the
angular grating is circularly polarized, result-
ing from the transverse spin in the evanescent
region of the waveguide (i.e., the azimuthal
and radial electric field components have a 1/2
phase difference) (23, 24). With the transverse
spin (|s| = 1), we designed the order of the
angular grating as M = N - 1 = 31, creating
phase matching for equiphase emission from
all of the scatterers on a microring carrying
an orbital angular momentum (OAM) of [ = 0.
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The emission spectrum of the SUSY micro-
laser array was characterized in addition to
the emission spectra from three control ex-
periments (Fig. 2B), all pumped optically by a
nanosecond pulsed laser at the wavelength of
1064 nm (22). Although a single microlaser
operates with the designed single-mode laser
action, evanescent couplings between micro-
lasersin a5 x 5 array with the Hamiltonian in
Eq. 1 cause energy splitting with a multimode
spectrum centered at the resonance frequency
of a single microlaser. In the SUSY microlaser
array, selective uniform pumping of the main
array with gradual intensity decay extending to
its surroundings results in high-power, single-
frequency lasing in the fundamental transverse
supermode. In this manner, the superpartners
are pumped below the lasing threshold, so they
still remain dissipative, whereas the gain-loss
contrast between the main array and super-
partners is sufficiently low to maintain efficient
couplings between them, which is equivalent to
a system operating in the parity-time symmetric
phase (22, 25, 26). The global mode matching
with dissipative superpartners ensures the sup-
pression of all but the fundamental supermode,
which leads to high-radiance, single-frequency
lasing with substantial power enhancement.
The importance of the dissipative superpartners
was convincingly validated by the control ex-
periment, in which the entire SUSY microlaser
array (including both the main array and the
superpartners) was uniformly pumped at the
same pumping intensity. Emission collected
from the main array shows a multimode spec-
trum similar to that of the 5 x 5 array in terms
of the frequencies of lasing peaks with slight
power variations. In the in-phase transverse
supermode, all 25 individual microlasers in the
main array oscillate and contribute to power
enhancement with a factor of ~25 with respect
to emission from a single microlaser, as evi-
dently shown by the light-light curves, where
the slope efficiency of the SUSY microlaser
array is 26.3 times as high as that of a single
microlaser (Fig. 2C). Additionally, the SUSY
microlaser array also exhibits a lower lasing
threshold because of better optical modal
overlap with the gain material.

Beyond power enhancement, the major vir-
tue of the higher-dimensional in-phase super-
mode lasing is the strong 2D concentration
of its emission in the far field, with ultimate
energy density quadratically growing with the
number of arrayed microlasers. The far-field
pattern of the laser beam is a product of the
far-field diffraction of the supermode and sin-
gle microlaser emission (Fig. 3A). As the de-
signed angular grating meets the condition for
equiphase emission (/ = 0), emissions from all
scatterers in the single ring add constructively
at the center of the far field as they carry the
same polarization (Fig. 3B) (22). Specifically,
the laser radiation from the 2D SUSY micro-
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laser array exhibits a beam divergence of ~2°
compared with that of a single microlaser of
~11° The combination of power enhancement
and narrower divergence results in a two-
orders-of-magnitude enhancement in energy
density (Fig. 3, C and D). Each microring sup-
ports two degenerate modes (clockwise and

verse supermode, including the fundamental
transverse supermode, carries a twofold degen-
eracy that contributes to laser actions (22).
Because of the two degenerate modes being
spatially offset by a phase of n/2, their as-
sociated fields are a- and y-polarized as a
result from two orthogonal superpositions
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counterclockwise circulating modes, or their
hybridized interfering modes), so each trans-

of the two opposite transverse spins carried
by clockwise and counterclockwise modes,
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Fig. 2. Experimental characterization of the higher-dimensional supersymmetric microlaser array.

(A) SEM images of the SUSY microlaser array. The main array is denoted by the red box, where uniform
evanescent couplings are introduced with a gap of 200 nm between any pair of adjacent rings. The
supersymmetric and auxiliary partners are placed in proximity to the main array, with a gap of 330 nm.
The zoom-in image (bottom) shows detailed couplings in superpartner array 1: varying coupling strengths
with a gap of g = 240 nm and the other g, = 300 nm in the x direction and uniform coupling equal to
that in the main array with a gap of g, = 200 nm in the y direction. (B) Emission spectra, from top to bottom,
of a single microring laser (single frequency lasing at 1492 nm), a 5 x 5 array of microring lasers with
identical design parameters but no coupled supersymmetric and auxiliary partners, the supersymmetric
microlaser array coupled with dissipative partners by selective pumping (single frequency lasing at 1495 nm),
and the supersymmetric microlaser array but with uniform pumping on both the main array and partners,
respectively, at the same pumping intensity of 32 kW/cm?. The SUSY laser array lases in the longest
wavelength mode among all the supermodes in the 5 x 5 array, which confirms that it is the fundamental
supermode. In the two measurements for the SUSY array, only the emission from the main array is collected
for a fair comparison. The insets show the corresponding emission images at the sample plane, where
intensity distribution associated with the selectively pumped SUSY laser array also confirms its operation in
the fundamental supermode. (C) Light-light curve showing the lowering of the threshold and the
enhancement of lasing output (the slope efficiency) in the SUSY microlaser array compared with a single
microring laser. The laser output of the single microring laser is magnified by 10x for better visualization.
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Fig. 3. Far-field characterization of laser emission from the higher-
dimensional supersymmetric microlaser array. (A and B) Far-field diffraction
patterns of laser emissions from the SUSY microlaser array (A) and a single
microring laser (B). (C and D) The corresponding intensity distributions of laser
emissions from the SUSY microlaser array (C) and single microring laser (D),
both along the x axis, showing a small divergence of ~2° (versus divergence of

respectively. Therefore, the two degenerate
modes, leading to different diffraction patterns,
can be distinguished by selective measurements
of the two polarization states (Fig. 3, E and F).
Only the mode with the 2 polarization, for its in-
phase characteristic, contributes to the zero-
order diffraction and energy concentration at
the center.

It has recently been demonstrated that sin-
gle microrings offer a convenient strategy for
the generation of structured light with spa-
tially inhomogeneous phase variation and po-
larization distribution, such as optical vortices
(23, 24, 27). Another feature of the higher-
dimensional SUSY microlaser array is the ability
to maintain the vectorial nature of structured
light while improving the total power output. By
matching the order of the angular grating with
the order of the resonant mode (ie, M = N =
32), the total angular momentum associated
with emission becomes zero, which leads to the
nonzero OAM of [ = +1 spin-orbit-locked with
transverse spins of s = ¥1 associated with the
counterclockwise and clockwise modes in every
microring, respectively (Fig. 4A). The desired

Qiao et al., Science 372, 403-408 (2021) 23 April 2021

Divergence angle (rad)

phase variation and polarization distribution
are collectively transferred to the laser beam
emitted from the SUSY microlaser array, thereby
facilitating single-frequency, high-radiance vortex
lasing with a factor of 20.2 in power enhance-
ment (Fig. 4B). Because of the phase singularity
at the center of the vortex beams, energy is
mainly redistributed to the first and second
diffraction orders of the in-phase supermode
in the far field (Fig. 4C). The phase fronts of the
two vortex beams wind in opposite azimuthal
directions, which creates the superposition
of left- and right-handed circularly polarized
fields with a continuously varying phase delay
between them, leading to a vector beam with
radial polarizations (22); along the horizontal
axis, the phase delay is 0, resulting in the
x-polarized field, whereas the phase delay
becomes +r in the vertical axis, corresponding
to the y-polarized field (Fig. 4, D and E). The
two vortex beams with opposite spin-orbit re-
lations can be effectively separated using ap-
propriate combinations of a quarter wave plate
and a linear polarizer. Their associated topo-
logical charges corresponding to the OAM were

Drvergence angle (rad)

~11° for the single microlaser) and an energy concentration with a two-orders-of-
magnitude enhancement in intensity associated with the laser beam from the
SUSY microlaser array. Lasing intensity in (D) is magnified by 100x for better
visualization. a.u., arbitrary units. (E and F) x- and y-polarized diffraction patterns
of emission from the SUSY microlaser array, arising from the two degenerate
modes in microrings while both oscillating in the fundamental transverse mode.

characterized by performing 1D Fourier trans-
form of the two vortex beams using a cylindri-
cal lens (Fig. 4, G and F) (28). Such astigmatic
transformation yields strongly deformed vorti-
ces at the focal spot with destructive interfer-
ence across the 1D diffraction pattern (22). Only
one dark fringe is clearly observed in the center
area, which confirms the topological charge of
OAM light of [ = 1. The orientations of the
fringe with respect to the horizontal axis are
correlated with the signs of the topological
charges.

Our supersymmetric microlaser arrays effi-
ciently produce high-radiance, small-divergence
laser beams with an orders-of-magnitude en-
hancement in energy density. Developing SUSY
principles into higher dimensions constitutes a
powerful toolbox for effectively tailoring evanes-
cent wave couplings in a large-scale photonic
array to synchronize densely packed array ele-
ments and prescribe the desired oscillating
supermode. Such strategy is generic and appli-
cable to various platforms—for example, coupled
vertical-cavity surface-emitting lasers (2) or
coupled nanolasers (29, 30). Additionally, both
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orders. (D and E) x- and y-polarized diffraction patterns of superimposed vortex emissions, showing radially polarized vortex beams. (F and G) 1D diffraction
patterns of the two distinct vortex beams of | = £1, filtered by the combined quarter wave plate (QWP) and linear polarizer (LP). The 1D diffraction pattern, equivalent
to the 1D Fourier transform of the far-field pattern in (C) along the y direction, is captured at the focal plane of a cylindrical lens (CL).
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phase front and polarization of laser radiation
can be spatially structured, taking full advan-
tage of spatial degrees of freedom for deploy-
ment in the next generation classical and
quantum integrated photonic systems.
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Supersymmetric switch-on

A common route to enhancing the output light from a laser system is to couple multiple lasers to form an array.
However, crosstalk and interference between different modes of the individual lasers are generally detrimental to
performance, leading to instabilities, and could ultimately be damaging to the laser cavities. Qiao et al. worked with the
mathematical framework of supersymmetry, a theory developed in high-energy physics to attempt to describe the
makeup and properties of particles, to design a stable two-dimensional laser array. Based on symmetry arguments, the
method is scalable and could prove to be a practical platform with which to design and develop complex photonic
systems.
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