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On-Chip Hyperuniform Lasers for Controllable Transitions
in Disordered Systems

Ronghui Lin, Valerio Mazzone, Nasir Alfaraj, Jianping Liu, Xiaohang Li,*
and Andrea Fratalocchi*

Designing light sources with controllable properties at the nanoscale is a
main goal in research in photonics. Harnessing disorder opens many
opportunities for reducing the footprints of laser devices, enabling physical
phenomena and functionalities that are not observed in traditional structures.
Controlling coherent light–matter interactions in systems based on
randomness, however, is challenging especially if compared to traditional
lasers. Here, how to overcome these issues by using semiconductor lasers
created from stealthy hyperuniform structures is shown. An on-chip InGaN
hyperuniform laser is designed and experimentally demonstrated, a new type
of disordered laser with controllable transitions—ranging from lasing curve
slopes, thresholds, and linewidths— from the nonlinear interplay between
randomness and hidden order created via hyperuniformity. Theory and
experiments show that the addition of degrees of order stabilizes the lasing
dynamics via mode competition effects, arising between weak light
localizations of the hyperuniform structure. The properties of the laser are
independent from the cavity size or the gain material, and show very little
statistical fluctuations between different random samples possessing the
same randomness. These results open to on-chip lasers that combine the
advantages of classical and random lasers into a single platform.

1. Introduction

Hyperuniformity[1,2] is a disordered phase of matter that en-
ables a large variety of phenomena and applications including
free formwaveguides and resonators,[3–5] induced transparency,[6]
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enhanced Raman spectroscopy,[7] and
wavefront engineering via flat optics.[8,9]

While the majority of current studies fo-
cus on linear properties of hyperuniform
structures, effects arising from nonlinear
effects are less known.
Many studies showed that coherent

light amplification in disordered aggre-
gates of nanostructures[10–20] enable func-
tionalities that are not possible with tradi-
tional systems, ranging from speckle-free
imaging,[21] to optofluidic sensing,[22] as
well as low-threshold lasing in deep ul-
traviolet (UV) regions.[23,24] However, de-
signing reproducible features with con-
trollable properties in random structures
is challenging, due to their unpredictable
nature. The properties of disordered sys-
tems, in fact, change strongly from re-
alization to realization and make it very
difficult to control the system dynamic at
large scales.[25] Even when 1D transitions
between fully ordered and disordered sys-
tems are considered based on positional
disorder,[12,26,27] the results show large
fluctuation from sample to sample. The

main problem is the number of parameters required to describe a
random system,which is given by the position of all the scattering
elements of the structure. This number grows linearly with the
system size, generatingmanifolds of large dimensions that make
it challenging to understand which direction to explore to achieve
control over the system dynamics. This is different from classical
lasers, in which the properties of the system are tuned by acting
on few deterministic constraints.
Hyperuniform structures are potentially interesting in this

field. Hyperuniform patterns are formed by physical processes
that are governed by competing degrees of order and disorder.[28]

If these dynamics are harnessed coherently in a single platform,
it could open to a new class of disordered lasers in which the
hidden degrees of order regulate the otherwise unpredictable dy-
namics of the random system.
In this article we address this problem by introducing on-

chip hyperuniform lasers realized in InxGa1−xN semiconductor,
a widely used material for laser and light emitting diodes at visi-
ble wavelengths.[29,30] Our results show that this system supports
controllable transitions from single mode to multimode lasing
actions with different emission curves, threshold, and localiza-
tion light patterns, opening up new applications of hyperuniform
structures in laser engineering. The concept presented in this
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Figure 1. a–c) Semiconductor nanopillar arrays structures generated from different stealth hyperuniform patterns: 𝜒 = 0.4 a), 𝜒 = 0.5 b), and 𝜒 = 0.6
c). d) Sketch of a single InxGa1−xN nanopillar. e) Structure factor S(k) in the reciprocal space for 𝜒 = 0.6. f) Radial averaged structure factor S(k) at
different 𝜒 values. g) Radial distribution function for various 𝜒 values.

paper is very general and suitable to other direct bandgap ma-
terials, including InP, GaAs, and AlGaN semiconductors.

2. Design of Hyperuniform Lasers

Hyperuniform patterns are generated with the approach ex-
plained in refs. [31–34], which makes use of molecular dynamics
simulations with particles subjected to the potential energy Φ.

Φ =
∑

|km|<K
S(km) =

1
N

∑
|km|<K

|||||
∑
n

e−ikmrn
|||||
2

(1)

where N is the total number of the particles, rn their position, km
a discrete wavenumber in the reciprocal space, and S(k) the cor-
responding structure factor. Hyperuniform structure generated
from Equation (1) is governed by the stealth parameter 𝜒 .

𝜒 =
M(K)
dN

(2)

with d the coordinate dimensions and M(K) the number of
wavevectors km supporting the stealthy condition S(km)= 0 for|k| < K.
The parameter 𝜒 regulates the hidden order in the hyperuni-

form lattice: the larger the 𝜒 , the deeper the minimum in the
potential Φ, with the progressive formation of more ordered sys-
tems. Figure 1a–c shows this point quantitatively by illustrating
hyperuniform structures generated for different 𝜒 in a square
box of side L = 5 µm containingN = 500 particles, with each par-
ticle composed by an InxGa1−xN nanopillar (Figure 1d) with di-
ameter d = 140 nm. By increasing 𝜒 values we observe the gen-
eration of more ordered arrays structures, with traces of wavy
crystalline patterns appearing at 𝜒 = 0.6. Values above this limit

yield periodic crystals and are not here considered. Reducing the
stealth parameter 𝜒 below 𝜒 = 0.4 causes the bandgap to close,
and as such it is not considered in this work. In all the considered
range of values of 𝜒 , the structure is never periodic and always
hyperuniform.
Figure 1e–g analyzes the structural properties of the hyperuni-

formpatterns generated. Figure 1e shows the structure factor cor-
responding to the hyperuniform pattern of Figure 1c. The S(k)
shows the characteristic form that belongs to stealthy hyperuni-
form structures: a series of rings with isotropic response in all di-
rections. Figure 1f presents the radially average structure factor
at different 𝜒 , quantifying the progressive formation of a more
ordered phase with peaks at specific Brillouin scattering direc-
tions. Figure 1g plots the corresponding radial distribution func-
tions. Different hyperuniform patterns possess identical mean
distance between the nanopillars, measured by the first peak in
the g(r).
Figure 2 provides an electromagnetic analysis of the hyperuni-

form structures by calculating photonic bandgap diagrams. The
computations are carried with the MIT Photonic-Bands (MPB)
package[35] over a super-cell composed of 500 particles, along the
reciprocal lattice points Γ = (0, 0), X = (b∕2, 0), M = (b∕2, b∕2),
where b = 2𝜋∕L and L the length of the supercell side. Figure 2a–
c plots the band diagrams for 𝜒 = 0.4, 0.5, and 0.6, respectively.
The bandgap between 360 and 417 nm falls within the emission
range of InxGa1−xN semiconductors.[36] Figure 2b,c,e,f illustrates
that the width of the photonic bandgap is changed by the stealthy
parameter 𝜒 , while the bandgap center position can be varied by
acting on the diameter of the nanopillars. The difference aris-
ing from different realization of hyperuniform structures with
same 𝜒 is small, especially at higher 𝜒 , illustrating good sta-
bility of this designing platform. The possibility to tune the
bandgap in a disordered systemwith negligible variation between
different sample possessing the same disorder is an effect of
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Figure 2. a–c) Band diagrams for 𝜒 = 0.4, 0.5, and 0.6, respectively. The gray shaded area in c) indicates the variation of the emission range for InxGa1−xN
as a function of the In composition x; the dashed lines indicate the center wavelength emission of the nanopillar structure. d) Amplification bandwidth.
e) Photonic bandgap as a function of the stealthy parameter 𝜒 and f) the nanopillar diameter.

hyperuniform correlations and enable a series of effects that we
discuss in the next sections.
We designed our nanopillar array to emit near the band edge,

where the density of electromagnetic states is higher.[31,37] To this
extent, we consider InxGa1−xN nanopillars with an emission cen-
tered at 𝜆 = 416 nm (Figure 2e, dashed line) and an amplification
bandwidth of ≈ 20 nm[38] (Figure 2d), which is sufficiently large
to overlap with the band edges of the hyperuniform arrays de-
signed at different 𝜒 (Figure 2a–c).

3. Lasing Properties

3.1. Quantum Modeling

We use a rigorous Maxwell–Bloch approach for modeling the
laser action of the hyperuniform structures. In this approach,
Maxwell’s equations are directly coupled with the quantum me-
chanical Bloch equations describing resonant light-induced tran-
sitions in atomic media.[39] Maxwell–Bloch equations provide a
complete quantummechanical treatment of light–matter interac-
tions in gain media including gain saturation,[40] vectorial mode
competitions,[39] and quantum noise.[41]

The quantum-mechanical formulation of the state of the
atomic system is described by the set of energy eigenstates|𝜙n}.

H|𝜙n⟩ = 𝜖n|𝜙n⟩, (3)

with H the total Hamiltonian operator and |𝜙n⟩ the eigenstate
with energy 𝜖n. If we consider a dipole-like interaction between

the electric field and the electrons of thematerial, the total Hamil-
tonian is decomposed by a displacement part, defined by a dis-
placement operator Q̂ , and an unperturbed termH0.

Ĥ = Ĥ0 + eEQ̂ (4)

TheHamiltonian Equation (4) generates a nonlinear polarization
term PNL in Maxwell’s equations, depending on the expectation
value of the displacement operator Q̂.

PNL = −e𝜌0 < Q̂ > (t) (5)

where e is the electric charge, 𝜌0 is the carrier density (propor-
tional to the pumping rate), and < Q̂ > is the quantum expecta-
tion of the operator with respect to the time-dependent state of
the system.
The nonlinear polarization term is then added to the dispersive

linear material polarization Plin = 𝜖0 ∫ dt′𝜂(t − t′)E(t′), with 𝜂 the
noninstantaneous linear susceptibility, to account for the com-
plete polarization response of the active system P = Plin + PNlin.
The full set of equations are as follows:

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

𝜕tH = − 1
𝜇0
∇ × E

𝜕tE = 1
𝜀0
[∇ ×H − 𝜕t(Plin + PNlin)]

Plin(t) = 𝜀0 ∫ dt′𝜂(t − t′)E(t′)

PNlin = eq0𝜌0[S1x̂ + S4ŷ + S9ẑ]

𝜕tSl =
∑

ΓlmSm − 1
𝜏l
[Sl − S(0)l ]

(6)
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Figure 3. a) Time evolution of the electric field amplitude Ez for 𝜒 = 0.6 and carrier density 𝜌0 = 2 × 1024part m−3. b) Lasing input–output curves as a
function of carrier density 𝜌0 and hyperuniform stealthy parameter 𝜒 . c) Lasing full width half maximum (FWHM) normalized respect to the value at
threshold FWHM0, as a function of carrier density 𝜌0.

The first two equations are Maxwell’s equations describing the
evolution of electric field E and magnetic field H, with 𝜇0 and 𝜖0
are the vacuum permeability and permittivity, respectively. The
second and the third equations describe the linear and nonlinear
contribution of the atomic polarization, with q0 the atomic length
scale. The last equation describes the evolution of the densityma-
trix as a function of the coherence vector S, whose components
are defined as Sj = Tr(�̂�𝜆j), with Tr the trace operator, Γlm the cou-
pling coefficients (expressions are found in ref. [39]) and 𝜏l atomic
decay constants, which is chosen as 0.9 ns and 100 fs, respectively
for carrier lifetime and carrier dephasing time according to the
literature for InxGa1−xN semiconductors.[42] The refractive index
is chosen to be 2.5, which corresponds to the average index of
InxGa1−xN materials. As the samples are composed by 2D pat-
terns of in-plane lasing nanopillars, we theoretically studied the
lasing properties of the system by a campaign of 2D simulations.
The resolution used in our simulation was 5 nm and the com-
putational box were 6 µm by 6 µm for each lasing structure. At
each value of 𝜒 , we generated a statistical populations of 20 sam-
ples, and analyzed them in a parallel simulation campaign of the
duration of 1 month time.

3.2. Input–Output Curve and Emission Linewidth

Figure 3 shows lasing curves corresponding to the different hype-
runiform systems of Figure 1. Figure 3a plots the electric field Ez
evolution for 𝜒 = 0.6 and probed in a point outside the nanopil-
lars. The lasing action started at around t = 35 ps, and reached
a steady state after 60 ps. Figure 3b shows lasing input–output
curves as a function of the carrier density 𝜌0 for different hype-
runiform patterns, and Figure 3c plots the full width half maxi-
mum (FWHM) of the lasing spectra. The output power is calcu-
lated by integrating over all the emissionwavelengths. The curves
show the typical behavior of semiconductor lasers, with a linear
output power increase after a lasing threshold, and an equivalent
Schawlow–Townes law with FWHM ∝ 1

𝜌0
for the lasing spectra.

The lasing threshold 𝜌c of these structures changed with
the stealthiness of the structure, increasing from 𝜌c = 1.2 ×
1024 part ⋅m−3 (𝜒 = 0.4) to 𝜌c = 2 × 1024 part ⋅m−3 (𝜒 = 0.6).

These results showed that a hyperuniform structure with less or-
der is more advantageous in terms of laser power and threshold
with respect to a more ordered configuration, even if the latter
showed a wider photonic bandgap (Figure 2b).
Figure 3b shows that the slope of the input–output lasing curve

in the hyperuniform laser array can be changed by varying the
stealthy parameter 𝜒 , with 𝜒 = 0.4 being the highest. The laser
output power for 𝜒 = 0.4 was 2.3 times that of 𝜒 = 0.6 at 𝜌0 =
5 × 1024 part ⋅m−3 carrier density.
In a classical laser, controlling the emission power is achieved

by a suitable design of the quality factor of the laser cavity modes.
This requires changing the characteristic dimension of the cav-
ity for adjusting the mode spectral linewidth. In random lasers,
conversely, predicting the quality factor of the modes is a more
difficult task, due to the strong fluctuations observed in different
sample realizations with the same statistical disorder.
Despite their random nature, lasers designed with hyperuni-

form structures enables the possibility to change the lasing curve
with minimal fluctuations and by using a single degree of free-
dom regulating their stealthiness. As an advantage compared to
classical cavities, hyperuniform lasers offer the possibility to ad-
just the laser emission without altering the size of the structure.
This originates from the fact that in these random structures cav-
ity modes are generated from scattering effects. This allows to
change their localized nature from the scattering pattern gener-
ated, without altering the system size. This point is quantitatively
discussed in the next section.

3.3. Modes Competition Effects

Figure 4 analyzes nonlinearmode competition effects by calculat-
ing lasing spectra at fixed carrier density 𝜌0 = 2 × 1024 part ⋅m−3

and different 𝜒 (Figure 4a), with corresponding spectrograms
(Figure 4b) and spatial electromagnetic energy distribution of the
modes (Figure 4c).
The lowest lasing wavelengths is located at 𝜆 = 405 nm (𝜒 =

0.4), 𝜆 = 412 nm (𝜒 = 0.5), and 𝜆 = 416 nm (𝜒 = 0.6), and cor-
responds to the wavelength position of the upper band edge
of the structure (Figure 2b). Remaining lasing wavelengths are
located within 10 nm from the band edge. The power density
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Figure 4. a) Lasing power density spectra for different hyperuniform structures at constant carrier density 𝜌0 = 2 × 1024part ⋅m−3 for different stealthi-
ness 𝜒 . b) Corresponding spectrograms and c) section along the (x, y) plane of the electromagnetic energy distribution of the lasing modes.

spectra show that in a hyperuniform structure the number of las-
ing modes is changed by varying the stealthy parameter 𝜒 . The
hyperuniform laser is highly multimodal at 𝜒 = 0.4 (more disor-
dered) and progressively becomes almost monomodal at 𝜒 = 0.6
(more ordered).
This behavior originates from the bandgap tuning in the hype-

runiform lattice, which increases the number of localized modes
with higher quality factors at stronger disorder 𝜒 , thus favoring
their lasing emission at lower lasing thresholds. Figure S1, Sup-
porting Information, shows the calculated modes of the linear
hyperuniform structure for different values of 𝜒 . The modes are
all localized, similar to previous reports,[4] and present different
localization degrees for different stealthiness 𝜒 . This depends on
the fact that changing 𝜒 implies the introduction of different de-
grees of order in the disordered hyperuniform pattern, thusmod-
ifying the localization strength of the modes. We calculated the
quality factor Qn of the lasing modes shown in Figure 4 by first
decomposing the lasing spectrum into eigenmodes of the hype-
runiform system and by then calculating the corresponding life-
time from the power density spectrum. At 𝜒 = 0.4, we found six
lasing modes with Q1 = 23531, Q2 = 25429, Q3 = 35632, Q4 =
34425, Q5 = 35328, Q6 = 34172 (Q̄ = 31419 ± 4962). At 𝜒 = 0.5,
we found four lasing modes with Q1 = 35243, Q2 = 34524, Q3 =
26437, Q4 = 25932 (Q̄ = 30534 ± 4360). At 𝜒 = 0.6, we found a
single lasing mode with Q = 20484.
This analysis shows a clear a trend in reducing the number

of competing modes and their Q factor for increasing 𝜒 , that is,
for increasing order in the structure. By injecting order in the
structure the lasing action passes from a multi-mode regime at
𝜒 = 0.4, with highly localized and highQ modes, to single mode
lasing at 𝜒 = 0.6, with a single mode possessing amore extended
spatial profile. By changing the stealth parameter𝜒 , it is therefore

possible to adjust the number of modes excited and their spatio-
temporal localizations, providing a transition from multi-mode
to single mode lasing.
This result is also illustrated in detail in Figure4b: the time-

dependent spectrogram for 𝜒 = 0.4, 𝜒 = 0.5 and 𝜒 = 0.6 clearly
shows the competition of highly localized modes with progres-
sive higher quality factors, proved by their earlier excitation in the
lasing dynamics at increasing 𝜒 . Hosting more localized modes
with higher quality factors induces a higher energy emission for
the same pumping rate, which explains the physical origin of the
phenomenon observed in Figure 3b. This results originate from
the fact that highQ modes have longer lifetimes and trap electro-
magnetic energy efficiently; when actively pumped, these modes
reach lasing stage at lower pumping thresholds.[43]

The mode interactions cause the spectrum to fluctuate on a
time scale of tens of picoseconds, which is consistent with exper-
imental data obtained by steak camera.[44] This trend is also con-
firmed by simulating structures of larger size. Figures S2 and S3,
Supporting Information, show lasing spectra and spectrograms
for larger structures (four times bigger) with different 𝜒 values.
These results represent a crossing point between ordered and

disordered materials. In a classical laser, changing the number
of modes is possible at the expense of the size of the laser, for
example by modifying the cavity length, or by changing the am-
plification bandwidth of the gain material. In random lasers, the
emission typically changes from one to a large number of modes
following a condensation process equivalent to a Schawlow–
Townes law.[13] In a hyperuniform structure, conversely, we can
adjust all the modal properties of the system without changing
the size of the structure and by acting only on the stealthy param-
eter 𝜒 , that is, by increasing or decreasing the order degree of the
structure.

Laser Photonics Rev. 2020, 1800296 © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800296 (5 of 9)



www.advancedsciencenews.com www.lpr-journal.org

Figure 5. a) IPR as a function of carrier density 𝜌0 for various 𝜒 normalized to the initial value IPR0. b–d) Section along the (x, y) plane of the spatial
distribution of the electromagnetic energy for 𝜒 = 0.6 at various carrier densities 𝜌0.

3.4. Nonlinear Light Localization

A phenomenon that appears in random structures but is ab-
sent in ordered systems is the existence of localized modes.[45]

It has been recently shown that linear hyperuniform structures
support light localization dynamics with different characteristic
lengths.[46] We here investigate the effects arising from the pres-
ence of nonlinearity induced by the lasing action. To characterize
the degree of energy localization in the excited lasing modes, we
used the standard inverse participation ratio (IPR)[47].

IPR =
∫Vtot |E(r)|4dr(
∫Vtot |E(r)|2dr

)2 ⋅ Vtot (7)

where Vtot is the total volume and E(r) is the electric field ampli-
tude.Figure 5a plots the resulting IPR for different carrier density
and 𝜒 . This analysis shows that in a hyperuniform structure the
characteristic localization length of the modes changes nonlin-
early, with variations up to 50%. In a hyperuniform structure, the
IPR sharply decreases with the increasing of the carrier density
𝜌0, and reaches a plateau at high carrier densities. This behav-
ior seems universal, that is, it does not depends on the specific
hyperuniform pattern considered.
To understand the origin of this effect, we calculate in Fig-

ure 5b–d the spatial distribution of the mode patterns corre-
sponding to one structure (𝜒 = 0.6) with increasing carrier den-
sities 𝜌0 = 2 × 1024 part m−3 b), 𝜌0 = 5 × 1024 part m−3 c), and
𝜌0 = 20 × 1024 part m−3 d). This analysis show that larger carrier
densities induce a larger number of localized modes, which are
spatially localized in different regions of the hyperuniform struc-
ture. This process decreases the overall localization length of light
energy and reduces the IPR.
Contrary to intuition, nonlinear induced localization is

stronger in a more ordered hyperuniform structure, indicating
that in this system the excitation of nonlinear modes at higher
intensities originate localized energy spots at a reduced distance
between each others.

4. Experimental Results: On-Chip Nanofabrication
and Lasing Characterization

We realized on-chip hyperuniform lasers with different stealth
parameters 𝜒 by using a top-down etching method on an edge
emitting blue laser heterostructure[48] composed of an n −GaN
buffer layer, a InxGa1−xN∕GaNmultiple quantumwell (MQW) ac-
tive region (x = 10%) sandwiched between two InxGa1−xN waveg-
uiding layers (x = 5%) and two AlxGa1−xN cladding layers (x =
8%). The laser structure also includes an AlxGa1−xN electron
block layer (EBL) with x = 20% (Figure 6a). TheMQW region has
the highest refractive index, guiding emitted light in the xy plane
(Figure 6a, index profile). The structure can be pumped both op-
tically and electrically via, for example, a 2D conductive material
as a top electrode. In this work, we illustrate results obtained via
optical pumping.
To fabricate the nanopillars with the desired hyperuniformpat-

tern, the wafer is first rinsed with acetone, IPA, and water. Subse-
quently a photoresist (PMMA) layer of 200 nm is spin-coated on
top of the wafer and exposed by electron beam lithography, fol-
lowed by a Ni hard metal mask of thickness 75 nm via electron
beam evaporation. After the lift-off, the sample undergoes a dry-
etching process in which the nanopillars arranged in the desired
hyperuniform pattern are created.
The fabricated structures, characterized at the scanning elec-

tron microscope (SEM), showed hyperuniform pillar patterns
with an average inter-pillar distance a = 350 nm, pillar radius
r = 90 nm, and height 1.2 µm. Figure 6b–d shows SEM images
of large scale fabricated samples for different values of the pa-
rameter 𝜒 = 0.4, 0.5 and 0.6, respectively, in which the total area
covered by each of the hyperuniform structure is 2 mm × 2 mm,
which is larger than the one reported by on-chip lasers emitting
in the visible realized with periodic and random systems.[49–54]

The insets in Figure 6b–d illustrates zoomed magnifications of
the fabricated pillars with experimentally calculated radial distri-
bution functions (RDFs).
We characterized stimulated emission spectra by using the the

optical pumping setup illustrated in Figure 6e. An KrF (kripton
fluoride) excimer laser emitting at 248 nm and operating at 1 Hz
repetition rate is used as pumping source. The laser emission is
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Figure 6. a) Material composition of the single nanopillar. b–d) Scanning electron microscope images of the realized sample for 𝜒 = 0.4, 0.5, and 0.6.
The insets show tilted SEM images of the nanopillars arranged in the hyperuniform pattern with respective radial distribution functions. e) Sketch of the
experimental setup. f) Photo of a fabricated sample on its holder during measurements.

Figure 7. a–c) Emission spectra for𝜒 = 0.4, 0.5, and 0.6, respectively. d) Comparison between simulations and experiments for the intensity input/output
curves at 𝜒 = 0.4 (blue), 𝜒 = 0.5 (red), and 𝜒 = 0.6 (green). e) Comparison between experiments and simulations of lasing linewidths and f) lasing
thresholds as a function of the parameter 𝜒 .

focused on the sample by a plano convex lens with focal length
f = 40mm. The emission from the hyperuniform sample is then
collected by a fiber optical spectrum analyzer with 0.7 nm resolu-
tion. Figure 6f shows a detail of optical fiber collecting the signal
from the device mounted on the sample holder.

Figure 7a–c displays power density spectra of samples charac-
terized by different values of the parameter𝜒 , before and after las-
ing threshold. The inset in Figure 7c shows a zoomed detail of the
spectrum at the pumping intensity 6 MW cm−2. The main emis-
sion peak at 419 nm correspond to the emission bandwidth of the

Laser Photonics Rev. 2020, 1800296 © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800296 (7 of 9)
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Figure 8. Comparative experiments on planar samples: a) emission spectra with b) input–output curves (blue lines) and FWHM linewidths (red line)
for increasing optical pumping rates.

MQW and perfectly agrees to the predicted emission values of
these structures (Figure 7c, red bar), as shown in Figure 2e. The
two sideband emission peaks correspond to the emission of GaN
waveguiding and cladding layers due to effective confinement
of light in the vertical directions in these layers. The stimulated
emission threshold of the structure lines between 1-2 MW cm−2,
well within the range of experimental values of available litera-
ture in GaN/InGaN nanowires[49–52] and ZnO nanorods.[53,54]

Figure 7d–f provides a detailed comparison between theoreti-
cal predictions and experimental results. Figure 7d compares in-
put/output emission curves of hyperuniform samples fabricated
at different stealth parameter 𝜒 (markers) with theoretical esti-
mates (dashed lines). The FDTD analysis provides results in ex-
cellent agreement with experiments, showing the tuning of emis-
sion curves both in emission intensity and stimulated emission
threshold. The experiments confirmed that hyperuniform struc-
tures provide stable and reproducible effects with low standard
deviations between different hyperuniform samples possessing
the same stealthiness, especially at higher 𝜒 .
In Figure 7e,f, finally, we plot the FWHM linewidth and

the stimulated emission threshold acquired from experiments
(markers) and predicted by theory (dashed line) for different
values of 𝜒 . The experiments confirmed that the threshold is
changed by increasing the value of the stealth parameter 𝜒 .
Figure S4, Supporting Information, shows the full behavior of
the emission linewidth for varying pumping rates and 𝜒 fac-
tors. In complete agreement with published data on planar
InxGa1−xN∕GaN electrically pumped lasers,[48] the occurrence of
stimulated emission reduces the linewidths down to values be-
tween 2 and 3 nm.
To provide a further comparison on the emission spectra from

hyperuniform samples, we performed additional experiments on
planar structures with no hyperuniform pattern. Figure 8 sum-
marizes the results. The samples show linewidth reductions up to
2.5 nm, in agreement with the results of hyperuniform samples,
and a stimulated emission threshold of 0.8-1 MW cm−2, which
is slightly below the results obtained with hyperuniform struc-
tures. This depends on the fact that the realization of a hyperuni-

form pattern of nanodisks on a planar sample, even if achieved
with good vertical accuracy as shown in Figure 6, inevitably in-
troduces surface defect states that increase carrier recombination
rate, leading to a slightly higher threshold for the occurrence of
stimulated emission.

5. Conclusions

We proposed a new type of on-chip disordered laser in which
competing degrees of order are used to govern its dynamics. The
system is composed of hyperuniform nanopillar arrays realized
on an edge emitting InxGa1−xN semiconductor. We showed that
localized band edge modes support spatio-temporal lasing dy-
namics that are changed from a single parameter, which regu-
lates the stealthiness of the structure and the nonlinear inter-
play between order and disorder in the laser array. Hyperuniform
structures withmore disorder facilitate laser emission with lower
threshold and higher output power. Lasing occurs within≈10 nm
from the band edge with the possibility to tune the lasing input–
output curves, thresholds, and laser linewidths, with minimal
statistical deviations from different disordered realizations pos-
sessing the same stealthiness 𝜒 . An advantage of hyperuniform
lasers is to access the properties of disordered systems within a
design platform that is very stable against fabrication tolerances,
as experimentally proved by the good agreement between theory
and experiments on samples fabricated on large dimensions of
a few millimeters. The idea explored in this work can be gen-
eralized to different types of semiconductors and can open new
types of integrated, on-chip, optoelectronic applications of disor-
dered lasers.
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