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Abstract: The past two decades have seen widespread

efforts being directed toward the development of nano-

scale lasers. A plethora of studies on single such emitters

have helped demonstrate their advantageous character-

istics such as ultrasmall footprints, low power consump-

tion, and room-temperature operation. Leveraging

knowledge about single nanolasers, the next phase of

nanolaser technology will be geared toward scaling up

design to form arrays for important applications. In this

review, we discuss recent progress on the development of

such array architectures of nanolasers. We focus on

valuable attributes and phenomena realized due to

unique array designs that may help enable real-world,

practical applications. Arrays consisting of exactly two

nanolasers are first introduced since they can serve as a

building block toward comprehending the behavior of

larger lattices. These larger-sized lattices can be distin-

guished depending on whether or not their constituent

elements are coupled to one another in some form. While

uncoupled arrays are suitable for applications such as

imaging, biosensing, and even cryptography, coupling in

arrays allows control over many aspects of the emission

behavior such as beam directionality, mode switching,

and orbital angular momentum. We conclude by discus-

sing some important future directions involving nano-

laser arrays.

Keywords: applications; arrays; coupling; dynamics;

integration; nanolasers.

1 Introduction

In the quest for attaining Moore’s law-type scaling for

photonics, miniaturization of components for dense

integration is imperative [1]. One of these essential

nanophotonic components for future photonic inte-

grated circuits (PICs) is a chip-scale light source. To

this end, the better part of the past two decades has

seen the development of nanoscale lasers that offer

salient advantages for dense integration such as ultra-

compact footprints, low thresholds, and room-

temperature operation [2–4]. These nanolasers have

been demonstrated based on a myriad of cavity designs

and physical mechanisms some of which include pho-

tonic crystal nanolasers [5–8], metallo-dielectric nano-

lasers [9–15], coaxial-metal nanolasers [16, 17], and

plasmonic lasers or spasers [18–22]. The applications of

such ultrasmall lasers are not just limited to on-chip

communications as their unique characteristics allow

them to be used for biological sensing [7, 23, 24], super-

resolution imaging [25, 26], as well as optical in-

terconnects [27].

In most practical applications, however, a single

nanolaser would never operate in isolation but rather in

tandem with multiple such devices. Doing so can enable

novel applications that would otherwise be infeasible to

achieve using an isolated laser. Therefore, the next logical

step in the evolution of nanolaser technology is to realize

large-scale, dense arrays of nanolasers by leveraging the

knowledge gained so far from the plethora of studies on

single such emitters.

In this review, we focus on the progress made to-

ward realizing nanolaser arrays. In Section 2, we elab-

orate on the interaction between only two nanolaser

devices. Such a dual nanolaser system can be consid-

ered as a unit cell that can assist in understanding

larger scale arrays. Section 3 discusses the distinct

types of arrays demonstrated thus far and the unique

applications they can help enable. Finally, we conclude

and present possible research directions yet to be

explored on this front in Section 4.
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2 Interaction between two

nanolasers

Perusing the recent literature on array architectures of

nanolasers reveals that based on array size, most studies

can be segmented into two categories. IfN is used to denote

the number of individual elements (or nanolasers) in the

array, the categories correspond to the cases of N = 2 and

N > 2. Prior to reviewing what occurs in larger arrays, it is

helpful to first consider an array of only two resonant

nanocavities (i.e., N = 2). The primary reason for this is that

a dual nanolaser system can be regarded as a type of unit

cell or building block that can help explain the behaviors

observed in larger lattices. Since lasers are inherently

nonlinear systems, the interactions between them can

produce rich and complex dynamics. The linewidth

enhancement factor for semiconductor materials used in

most gain media further complicates the physics involved

[28]. In this scenario, limiting the number of nanolasers to

two simplifies the associated rate equations and can be a

stepping-stone toward understanding array behaviors.

This section reviews a fewaspects of the interesting physics

that can result from the interaction of two nanolasers.

2.1 Creation of supermodes

The coupling between two lasers can be introduced in

various near-field and far-field manners including

evanescent coupling [29–37], leaky wave coupling [38],

and mutual injection [39]. Among them, evanescent

coupling induced between two resonant cavities in close

proximity is the most common and feasible way to build

densely integrated nanolaser arrays and has already been

extensively investigated in microscale cavities [29–34].

This type of coupling occurs when increased interaction

between the evanescent electromagnetic fields of the two

individual resonators gives rise to a characteristic splitting

of the observed modes in both frequency and loss [29, 32–

34]. The bifurcation is the consequence of the creation of

bonding and antibonding supermodes which are dissimi-

lar in both their optical losses and frequency.

With advances in fabrication technology, the corre-

sponding higher precision has facilitated moving from the

microscale to the nanoscale. Consequentially, similar

coupling behavior has now been reported in coupled

nanolaser cavities. Deka et al. demonstrate such coupling

in a dual nanolaser system comprising two metallo-

dielectric nanocavities shown in the schematic in

Figure 1A [35]. In their design, the distance between the two

resonators, represented by d in the schematic, is varied,

while themodes supported by the system are recorded. The

authors first consider two extreme cases of when the cav-

ities are spaced far apart (d = 90 nm) and when their

dielectric shields are in contact (d = 0 nm). For each case,

the electric field intensity is calculated, as portrayed in a

two-dimensional side and top cross section in Figure 1B.

When designed far apart, the TE011modes supported by the

two equally sized nanocavities are independent and iden-

tical (Figure 1B, left). This results from the metal between

the resonators damping any evanescent fields arising from

the cavities, thus inhibiting coupling [35]. If d = 0 nm,

however, the increased evanescent coupling between the

cavities leads to the formation of two new modes – the

antibonding supermode (Figure 1B, middle) and the

bonding supermode (Figure 1B, right). The former exhibits

strong confinement of the electromagnetic field to the in-

dividual gain media while the latter demonstrates an

electric field maximum in the central region between the

two gains due to constructive interference.

Furthermore, by varying d in discrete steps and

calculating the eigenmode wavelength (λ) and quality

factor (Q) of the cavitymodes for each distance, the authors

report a split in the two parameters as d is reduced

(Figure 1C, top andmiddle). Since the cavities are purposed

for lasing, the gain threshold, gth, of each mode is also

calculated (Figure 1C, bottom). Owing to a larger overlap

with the dissipative metal, the bonding supermode expe-

riences a higher loss and is therefore less likely to lase as

evidenced by its higher threshold [35]. The creation of these

dissimilar supermodes due to evanescent coupling has

also been reported in other material systems such as pho-

tonic crystals. Figure 1D depicts a schematic of two coupled

photonic crystal nanolasers taken from the work of Hamel

et al. [36]. When pumped equally, their system supports

bonding and antibonding supermodes with the latter

becoming the dominant lasing mode at higher pump

powers (Figure 1E). Therefore, the formation of bonding

and antibonding supermodes is one of the most basic

phenomena to occur due to increased evanescent coupling

between nanolasers.

It is important to note, however, that besides bonding

and antibonding modes, various other types of superm-

odes can also be observed in coupled nanolaser systems.

Parto et al. [40] demonstrate that depending on the size of

the metallic nanodisks used in their study, either ferro-

magnetic (FM) or antiferromagnetic (AF) coupling is

exhibited between the constituent elements of the lattice.

These FM and AF couplings arise due to the interaction

between the vectorial electromagneticmodes supported by

the nanocavities which exchange spin Hamiltonians like in
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magnetic materials [40, 41]. These recent results can help

pave the path toward achieving ultracompact, on-chip

photonic platforms that implement spin Hamiltonians for

solving complex optimization problems [41].

2.2 Analysis of nonlinear dynamics

Besides supermodes creation, the coupling between two

lasers can also produce rich nonlinear dynamics. Specif-

ically, for the case of coupled nanolasers, a multitude of

dynamical regimes including stable phase locking, peri-

odic intensity oscillations, as well as chaotic fluctuations

can be achieved that can help enable a wide variety of

applications. For instance, coupled nanolasers operating

in a stable phase locking manner are essential for building

high power laser arrays [42, 43], whereas periodic oscilla-

tions may be used for on-chip modulation and radio fre-

quency (RF) wave generation [44]. Recently, chaotic

synchronization of nanolasers which can prove useful in

quantum experiments for random number generation and

secure key exchange has also garnered some attention [45].

Consequentially, analyzing the diverse dynamical regimes

at play for two coupled nanolasers is of critical importance.

Investigation of dynamics usually involves solving the

coupled rate equations and analyzing the dependence of

the dynamical regimes observed on essential parameters.

These can include, among other parameters, injection

strength, bias current, and the intercavity distance be-

tween constituent elements. This analytical method can be

universally applied regardless of the form of coupling at

play albeit with somemodifications according to the cavity

geometries used. For the case of mutual injection, Han

et al. numerically explore the dynamics of coupled nano-

lasers by considering the influence of the spontaneous

emission factor β, the Purcell factor F, and the linewidth

enhancement factor α for varying optical injection

strengths and intercavity distances [39]. Tuning the injec-

tion strength alone, the authors can observe periodic os-

cillations and both stationary and nonstationary periodic

doubling as illustrated in Figure 2A. More importantly, an

enhanced stability of the coupled system with high values

of F is reported, thus underlining the advantage of nano-

scale lasers due to their pronounced Purcell factors [39].

Besides stable operation, the high-frequency periodic

oscillations exhibited by a dual nanolaser system are also

of interest for any applications requiring high speeds.

Adams et al. [46] theoretically predict such periodic oscil-

lations to occur outside the stability region for two laterally

coupled nanowire lasers. The frequency of these oscilla-

tions as a function of both the separation between the

nanolasers and the pumping rate is shown in Figure 2B. It

can be clearly observed from the plot that ultrahigh fre-

quencies on the order of at least 100 GHz can be reached

when the separation is reduced to ∼300 nm or so. More-

over, the oscillation frequency increases for larger pump-

ing rates.

The studies used as examples in this subsection

highlight the importance of investigating the dynamics of

coupled nanolasers. Identifying the stable, oscillatory, and

Figure 1: Supermode creation in dual nanolaser systems.

(A) Two coupled metallo-dielectric nanolasers, where the distance between cavities is represented by d. (B) Electric field intensity profiles

across the side (top row) and top (bottom row) cross sections of the nanolaser systemshown in (A).When d=90nm (left), systemsupports two

identical and independent TE011 modes. When d = 0 nm, two new modes are supported by the system – antibonding (middle) and bonding

supermodes (right). (C) Eigenmode wavelengths (λ), quality factors (Q), and gain thresholds (gth) for the two modes supported by the dual

nanolaser system at varying d. Inset: electric field distributions of the antibonding (left) and bonding (right) supermodes. (A), (B) and

(C) reprinted from a study by Deka et al. [35] with permission. (D) Two coupled photonic crystal nanolasers and (E) the bonding (B, left peak)

and antibonding (AB, right peak) modes supported in this design. (D) and (E) adapted and reprinted from a study by Hamel et al. [36] with

permission.
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chaotic regimes as a function of varying control parameters

allows the coupled system to exhibit the desired behavior

for the application demanded. Theoretical analyses can

also shed light on bifurcations that can arise due to

coupling. Such bifurcations are especially significant as

they can lead to switching of optical modes as elaborated

on in the next section.

2.3 Mode selection and switching

What is especially advantageous for nanoscale systems

compared to their micron-sized counterparts, is their

increased sensitivity to small perturbations induced by

nuanced changes in the geometry or in the pumping

scheme. These perturbations can result in alterations to the

supermodes – such as the bonding and antibonding ones

described in Section 2.1 – that are supported by the sys-

tems. Haddadi et al. [47] show in their study how varying

the size of the middle row of holes in their coupled pho-

tonic crystal nanolaser structure can enable them to con-

trol the coupling behavior. In other words, by engineering

the barrier between the two cavities (Figure 3A), both the

amount of wavelength splitting as well as the excited state

mode can be selected.

Figure 3B depicts the absolute value of the wavelength

difference – |Δλ| – between the bonding and antibonding

supermodes as the barrier hole radius is varied. The

distinct colors represent different radii of the nanocavities

themselves. Through this graphic it can be inferred that the

coupling strength can be tuned via the barrier size yielding

either an increase or decrease in |Δλ|. Additionally, the

authors report that the branches on either side of the dip in

|Δλ| correspond to a flip in the parity of the bonding mode.

To be more accurate, to the left of the dip, the bonding

mode becomes the excited state, whereas to the right, it

remains the ground state mode [47]. Finally, increasing the

size of the cavity results in a monotonic shift of the point

where the parity flip of the bonding mode occurs. Efforts to

select the ground state mode have also been reported in

other studies, albeit with microcavities [48, 49].

Although static geometry tuning can determine the

ground state supermode, alterations in the pumping scheme

can lead to bifurcations which in turn, can allow for real-

time switching between the coupled cavity modes. In their

work, Marconi et al. [50] demonstrate that as they increase

the optical pumping to their coupled photonic crystal

nanolaser system, a mode-switching behavior is observed

from the blue-detuned bonding mode to the red-detuned

antibonding mode. Figure 3C portrays this switch for both

simulated (top) and experimental (bottom) data. The

mechanism behind the switching is attributed to the asym-

metric stimulated light scattering induced by carrier oscil-

lations which manifests itself through a Hopf bifurcation

[50]. Such mode-beating oscillations and their correspond-

ing decay rate were characterized through the statistical

intensity experiments in the authors’more recent work [51].

Finally, in addition to switching between coupled

supermodes that have dissimilar stability conditions, a

spontaneous transition between coexisting eigenmodes is

also possible, as demonstrated in quantum well-based

photonic crystal nanolasers by Hamel et al. [36]. The light-

out vs. light-in (LL) curve of the coupled system shown in

Figure 3D illustrates that a pitchfork bifurcation occurs at a

pump power P � 1.33Pth, where Pth is the lasing threshold.

At this bifurcation point, the antibonding mode loses its

Figure 2: Periodic intensity oscillations.

(A) Numerical simulations of photon density

of one laser in a system of two mutually

coupled nanolasers. Unstable dynamics

such as periodic output (left), stationary

period doubling (middle) or nonstationary

period doubling (right) can be observed.

Reprinted from a study by Han et al. [39]

with permission. (B) Periodic oscillations

for two evanescently coupled nanowires as

a function of separation between lasers and

pumping rate (Q). Oscillations can reach

over 100 GHz. Reprinted from a study by

Adams et al. [46] with permission.

4 S.S. Deka et al.: Toward application-driven dense integration



stability and two stable and coexisting solutions emerge.

The first solution represents a high electric field amplitude

in the left cavity and low amplitude in the right cavity [36].

The second solution is amirror opposite of the first. For this

spontaneous symmetry breaking to occur, the coupled

nanolasers have to be designed with the exact parity and

strength of the coupling coefficient needed to support these

special states. The selective switching between the two

stable states can then be triggered by pumping one of the

cavities with a short pulse. Depending on the amplitude in

the cavity prior to the incoming pulse, the state can either

be retained or switched [36].

As evident from these results, the ability to engineer

coupledmodes as well as switch between them is of interest

not only for the underlying physics involved but also for the

potential applications. For instance, measuring the second

order correlation function at zero delay – g2(0) – yields a

value greater than 2 for a bonding supermode indicating the

superthermal nature of light emitted from thismode [52]. For

the antibonding mode, this value approaches 1 confirming

lasing behavior. Therefore, systems where the mode selec-

tion is enabled are ideal test beds for important studies

concerning quantum and nonlinear optics, out-of-

equilibrium thermodynamics, quantum correlation de-

vices, and engineering of superthermal sources [36, 50, 52].

Mode-switching devices with the ability to affect the tran-

sition between optical modes depending on the current

state, as was explained for the broken parity states, can be

said to exhibit memory and can therefore, be potentially

used as ultracompact logic gates or optical flip flops [36].

2.4 Cross talk isolation

Although coupling between two nanolasers can yield com-

plex dynamical phenomena rich in physics, certain appli-

cations might require the independent functioning of the

emitters even when placed in close proximity. Biological

Figure 3: Mode selection and switching.

(A) Barrier engineering in photonic crystal nanolasers by changing size of the middle row of holes. For the case of x = 0%, the radius of the

highlighted row of holes is ∼115 nm. (B) Absolute value of wavelength difference between B and ABmodes – |Δλ| – vs. size of themiddle row of

holes. Simulations (left) and experiment (right). Different colors represent different cavity sizes. The dip corresponds to the crossing or

transition pointwhere ABmode goes frombeing the excited state (right of dip) to becoming the ground state (left of dip); the opposite is true of

the B mode. (A) and (B) adapted and reprinted from a study by Haddadi et al. [47] with permission. (C) Simulated (top) and experimental

(bottom) results showing switching from B (blue) to AB (red) mode due to increased pump powers in two coupled photonic crystal nanolasers.

Adapted from a study by Marconi et al. [50] with permission. (D) LL curve of two coupled photonic crystal nanolasers (green filled squares-

experimental results; black solid line-numerical simulation) showing pitchfork bifurcation that results in two coexisting and stable, broken

parity states (right inset). Left inset: Stable solution before bifurcation. Adapted from a study by Hamel et al. [36] with permission.
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sensing and imaging are two such areas, wheremaintaining

isolation between the emission of the two cavities is

imperative (discussed later in Section 3.1). This implies that

each nanocavity can be pumped and modulated without

influencing thebehaviorof its neighbor. Forphotonic crystal

cavities mentioned previously, barrier engineering – where

the barrier between the cavities is altered – is an effective

method to inhibit the coupling [34, 46]. An alternative route

taken to prevent coupling is to detune one cavity relative to

the other via thermal or carrier effects [53].

In cavities that share a common cladding, such tech-

niques are difficult to implement since any alterations

made to one cavity will be transmitted to its neighbor via

the shared cladding. For the case of metallo-dielectric

nanolasers, the metallic coating serves as the common

cladding for the two resonators. In such a scenario, a viable

way to curb the evanescent interaction of the electromag-

netic fields is to introduce a resonance mismatch by

designing one cavity to be slightly larger than its neighbor.

By doing so, Deka et al. [35] are able to demonstrate that the

degree of splitting in the eigenmode frequency and optical

loss – a characteristic signature of coupling – can be

minimized. The case of equal-sized resonators was pre-

sented earlier (Figure 1C), where the pronounced splitting

in the λ, Q, and gth confirmed the effects of coupling. In

order to mitigate this coupling, Deka et al. [35] altered the

radius of one cavity to be 5% larger than its neighbor. This

size mismatch yields splitting that is now hardly discern-

ible, as depicted in Figure 4A, for the same parameters

demonstrated in Figure 1C. This implies that despite the

continual reduction in d as before, the dissimilar reso-

nances now lead to inhibited coupling.

Another geometry-based technique that can be

implemented to mitigate coupling in metallo-dielectric

nanolasers is to increase the cavity radii in order to exploit

the higher-order modes supported by larger cavities. Such

modes exhibit stronger optical confinement to the gain

media. As a result, less of the modes leaks out to evan-

escently interact with one another which is the exact

phenomena that usually leads to the creation of coupled

supermodes. This form of strong confinement of higher-

order modes has been previously reported in microcavities

[32, 54]. Pan et al. [55] demonstrate this behavior for the

same dual metallo-dielectric nanolaser system first pre-

sented in a study by Deka et al. [35]. Figure 4B depicts their

results, where the difference between the Q-factors – ΔQ –

for the coupledmode for two different intercavity distances

(d = 100 and 0 nm) are plotted as a function of the cavity

radius. It can be clearly inferred from this plot that as the

radii of the nanocavities are increased, the split in their

losses diminishes due to reduced coupling.

Isolation between two emitters can also be ensured for

forms of coupling besides just the evanescent interactions

discussed above, such as for mutual injection coupling. In

their numerical analysis, Han et al. consider the case of two

mutually coupled but independently modulated nano-

lasers where, by tuning parameters such as the bias cur-

rent, injection strength, and modulation depth, both

unidirectional and bidirectional isolation can be achieved

[56]. For instance, if one of the nanolasers is modulated at

50 GHz while the other at 20 GHz, for certain ranges of the

bias current and injection strength, the dynamics of one

laser is affected by the other but not vice versa. This result is

encapsulated in Figure 4C, where the Fast Fourier Trans-

forms (FFTs) of the photon densities of both lasers

demonstrate unidirectional isolation. If the goal is to

ensure bidirectional isolation, eliminating cross talk

completely in the process, the bias current, injection

strength, and modulation depth can be tuned accordingly

[56]. Once this is achieved, Figure 4D shows that the same

two lasers as before can be modulated independently with

the dynamics of each unperturbed by the other. More

importantly, the authors report that the zero cross talk

regime can only be observed in coupled systems with large

β and Purcell enhancement factors, which implies the

suitability of nanolasers (which demonstrate intrinsic

high-β and F) for use in PICs.

The studies reviewed in Section 2 emphasize the value

of a two-nanolaser system as a test bed to further under-

standing of complex physics such as quantum and

nonlinear optics, phase-locking, and cross talk isolation.

For instance, when trying to implement independent con-

trol over each emitter, it is much easier to grasp the com-

plex nonlinear dynamics involved by limiting the system

size to just two. Next, we will discuss nanolaser arrays and

how some of the ideas presented in this section can be

scaled up and implemented in large-scale lattices.

3 Nanolaser arrays

Scaling up design to allow individual light sources to work

in conjunction in an array format falls into the natural

roadmap of the nanolaser technology [1, 2]. It is important

to emphasize here, however, that not all nanolaser arrays

rely on the same operating principles. Themain distinction

to be made is between uncoupled and coupled arrays.

Uncoupled arrays comprise individual nanolasers that

function independently and do not interact with their

nearest neighbors. Some of the techniques to ensure

isolation for two nanolaser systems reviewed in Section 2.4

can now be extended to ensure zero cross talk for dense

6 S.S. Deka et al.: Toward application-driven dense integration



lattices. In direct contrast, coupled arrays, as the name

suggests, rely on coupling of some form involving the

constituent resonators comprising the system. This may be

exhibited either in terms of evanescent coupling between

the nanocavities or excitonic state-plasmonic surface lat-

tice resonance coupling. Owing to their clear disparity,

coupled and uncoupled arrays are each appropriate for

different types of applications.

3.1 Uncoupled arrays

Coupling, especially strong coupling, makes the task of

distinguishing between the individual resonators more

complex since the two (or multiple) emitters can now be

viewed as a new, larger system [35]. Therefore, for appli-

cations that rely on the individual state or output of each

element in the lattice, uncoupled arrays are most suitable.

A majority of sensing and imaging applications fall into

this category as they rely on recording the wavelength shift

of each nanolaser due to changes in the refractive index

environment.

One such study authored by Hachuda et al. [57] dem-

onstrates the detection of protein in the form of streptavi-

din (SA) by using a 16-element 2D photonic crystal

nanolaser array. The nanolaser geometry and array design,

depicted in Figure 5A, showhow ananoslot is incorporated

into the design. These nanoslots help with the localization

of the optical mode which is especially significant, given

that the measurements are performed in water to help with

Figure 4: Cross talk isolation techniques.

(A) Eigenmode wavelengths (λ), quality factors (Q), and gain thresholds (gth) for the two modes supported in two unequal sized metallo-

dielectric cavities, where one is 5% larger in radius. Unlike in Figure 1C, no pronounced splitting is observed due to reduced coupling. Adapted

from a study by Deka et al. [35] with permission. (B) Difference in Q for the coupled mode – ΔQcoupled – for d = 100 nm and d = 0 nm as a

function of radii of the cavities. Larger sized cavities impede coupling. Reprinted from a study by Deka et al. [55] with permission. (C) Photon

densities (left) and their Fast Fourier Transforms (FFTs, right) for two mutually coupled nanolasers in unidirectional isolation. Laser 1 (top) is

affected by dynamics of laser 2 (bottom) but not vice versa. (D) Same as (C) but nownanolasers are in bidirectional isolation regime. Each laser

is unperturbed by dynamics of its neighbor. (C) and (D) reprinted from a study by Han et al. [56] with permission.

S.S. Deka et al.: Toward application-driven dense integration 7



thermal stability [57, 58]. Although all the nanolasers are

designed to be identical, the independence is maintained

by optically pumping each one separately to record the red-

shift in emission wavelength – Δλ – caused by the

adsorption of protein in each individual nanolaser. The

overall wavelength alterations for all 16 devices are then

statistically evaluated using averaging and confidence

intervals.

Figure 5B portrays the results for Δλ for each element in

the array when impure solutions containing the protein SA

are exposed to the nanolaser array. With water serving as

the control (blue), it can be clearly observed that the array

can distinguish between a sample containing SA (red) and

those without it (black) based on the shift in emission

wavelengths. In this experiment, bovine serum albumin

(BSA) is treated as a contaminant to which the target pro-

tein, SA, is attached [57]. By averaging the results for all

nanolasers in the array and increasing the amount of

contaminant BSA, the limit of the array’s sensitivity and

selectivity can also be determined as shown in Figure 5C.

Based on the same principle of using Δλ from indi-

vidual lasers, Abe et al. [59] demonstrate imaging of living

cells using uncoupled arrays comprising 21 × 21 = 441

photonic crystal nanolasers. In their study, the cross talk

isolation between individual array constituents is ensured

by designing an offset in radii for all neighboring lasers, an

idea reviewed earlier in Section 2.4 [35]. Figure 6A illus-

trates that it is possible to optically pump the entire array

yet maintain independent operation due to the radii

mismatch engineered in the design. To perform imaging,

the target cell was deposited on top of the nanolaser array,

and the subsequent shift in the emission wavelength was

recorded for each array element. The Δλ image is created by

measuring the reference λ for each nanolaser and then

mapping the Δλ at each laser’s position in the array.

The results – illustrated in Figure 6B – not only provide

an accurate albeit rough image of the cell but also

demonstrate time evolution since the detection is contin-

uous. Additionally, by employing nanoslots in their

design, a Δn image is created which suppresses the noise

and calibrates nonuniformity to yield a more accurate

capture than its Δλ-based counterpart [59]. Figure 6C de-

scribes the ability of a Δn image to track the movement of a

cell until it is desorbed, which in this case is shown to take

upwards of 10 h.

Besides sensing and imaging, uncoupled lasing arrays

can also be purposed to address other complex problems.

By creating organic molecule-based laser arrays and using

them in conjunction with distinct organic solutions, Feng

et al. [60] demonstrate the possibility of creating nonde-

terministic cryptographic primitives. The randomness in

the size distribution of the individual nanolasers is caused

by the stochastic manner in which the organic solution

forms capillary bridges around the array elements. The

varying array types formed with four distinct organic so-

lutions is shown in Figure 7A. Owing to multiple vibra-

tional sublevels, the organic molecule used in this study is

capable of exhibiting dual wavelength lasing at either 660

or 720 nm or both depending on the length of the cavity.

Figure 7B describes the emission behavior as a function of

the cavity length for arrays created with the different so-

lutions. Clearly, four distinct emission states can be

observed depending on the stochastic size distribution of

the nanolasers – (1) no lasing, (2) lasing at 660 nm only, (3)

lasing at both 660 and 720 nm, and (4) lasing at 720 nm

Figure 5: Biological sensing of proteins.

(A) Schematic of 16-element photonic crystal uncoupled array (left)

and Scanning Electron Microscope (SEM) image of nanoslot-

incorporated single laser (right). (B) Normalized intensity showing

wavelength shift for all 16 elements under varying solutions. Water

serves as the control. (C) Average wavelength shift calculated from

all lasers – Δλ – plotted for increasing amount of contaminant

bovine serum albumin (BSA). Adapted and reprinted from a study by

Hachuda et al. [57] with permission.
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only. These states can be represented as either quaternary

bits (‘0’ for no lasing, ‘1’ for lasing at 660 nm etc.) or double

binary bits (‘00’ for no lasing, ‘01’ for lasing at 660 nm,

etc.). In order to generate a cryptographic sequence from

the arrays, each nanolaser is pumped separately with the

pump then subsequently scanned to get the emission

spectra from all other devices [60]. This technique, por-

trayed in Figure 7C, yields different encoding bits for each

nanolaser (depending on its cavity length) which can be

used to generate cryptographic bit sequences like in

Figure 7D. In fact, encoding as double binary bits makes it

possible to generate up to 2048 binary bits.

The studies elaborated above are only a fraction of the

multiple works demonstrating how uncoupled arrays can

achieve unique applications. Whether used for refractive

index sensing, imaging or developing next generation, all-

photonic cryptographic primitives, maintaining the inde-

pendence of each nanolaser in the array is of vital impor-

tance for these applications [59–61]. Additionally,

nanolaser arrays offer distinct advantages for someof these

applications such as higher sensitivity compared to

Raman-based sensors as well as a label-free imaging

method [59, 61]. The use of such arrays can also be

extended to telecommunications, lab-on-a-chip applica-

tions, spectroscopy, and parallel detection [62–64].

Finally, integration of up to 11,664 nanolasers has already

been demonstrated in a photonic crystal uncoupled array,

underlining the feasibility of achieving even higher on-

chip packing density in the future [65].

3.2 Coupled arrays

Contrary to independent nanolaser operation in uncoupled

arrays, coupling can give rise to different types of nonlinear

dynamics and in general, increases the complexity of the

physical mechanisms involved in the process. It is well

worth investing effort to understand these underlying

phenomena however, as coupling allows much greater

control on the emission properties than is possible with

uncoupled operation. Coupling in arrays has been

demonstrated in a variety of manners including bound

state in-continuum mode coupling [66, 67], interferential

coupling [68], transverse-mode coupling [69], surface

plasmon–based coupling [70–78], and evanescent

coupling [40, 79–82]. We will focus this review mainly on

the latter two forms since a majority of the literature on

nanolaser arrays was found to rely primarily on these two

mechanisms.

In order to present an idea of the breadth of function-

alities enabled due to coupling, in this section, we review

some of the relevant alterations to the emission along with

the associated studies demonstrating the principle. It is

important to note here that plasmon-based coupling is

usually reported to affect properties of the emission such as

directionality and wavelength. For most implementations

of coupled arrays based on this physics, a lattice of metal

nanoparticles creates the localized surface plasmon (LSP)

resonancewhile some form of liquid dyemedium, inwhich

the lattice is immersed, serves as the gain or exciton states

(ESs). This type of hybrid resonance is referred to as the

ES-LSP. Although some aspects of the lasing phenomena

are yet to be fully understood, the general consensus is that

Figure 6: Imaging living cells.

(A) SEM image of uncoupled nanolaser array (left) and near-field

emission of the array (right). (B) Δλ image (right panels) of different

samples of cells (optical micrographs; left panels) and (C) Δn image

(center panels) tracking movement of a single cell (optical

micrographs; left and right panels). Reprinted from a study by Abe

et al. [59] with permission.
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it occurs due to the excited-state molecules being stimu-

lated to transfer energy to the lattice plasmons of the same

frequency, phase, and polarization [72, 83]. In other words,

the localized near-fields of the plasmonic particles

comprising the array can stimulate the gain regions sur-

rounding the particles to emit stimulated light at a wave-

length that matches that of the lattice plasmonmode. With

stimulated emission from the dye gain and a distributed

cavity-like resonance provided by the lattice plasmon,

lasing action can thus be obtained. It is important to note

here that the reason for the tight confinement of light in

these 2D metallic nanoparticle arrays is due to the strong

interaction between the LSP resonances of individual

particles and the far-field diffractive modes that satisfy the

Bragg conditions of the array [84].

In comparison, evanescently coupled arrays can yield

high powers and even generate states with orbital angular

momentum (OAM) through the interplay between the lat-

tice geometry and the modes of the individual lasers. Un-

like for ES-LSP couplingwhere the resonance structure and

gain are disparate media, for evanescent interactions, the

activemedium (usually comprised III-V semiconductors) is

not external to the resonant structure; instead, it is a part of

the cavity that supports the electromagnetic mode.

3.2.1 Beam directionality

Ability to control the direction of emission is of notable

significance for wireless communications and nanoscale

biosensors among other applications. A manner in which

the angle ofmaximum emission from a nanolaser array can

bemodified involves altering the angle and/or polarization

of the input optical pump. Zhou et al. [72] demonstrate this

functionality by employing Au and Ag nanoparticle arrays

Figure 7: Optical cryptography.

(A) Organic nanolaser arrays with stochastic size distribution dependent on the organic solution used during fabrication. Scale bar: 100 µm.

(B) Distribution of cavity lengths for four distinct emission states. The distribution illustrates how the length of the nanolaser determines the

emission state. (C) Scanning of each individual nanolaser with a pump pulse. Depending on the emission state, the spectral information can

be encoded as a bit. (D) Cryptographic sequence generated by treating emission states as quaternary bits (left) and double binary bits (right).

Adapted and reprinted from a study by Feng et al. [60] with permission.
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immersed in a polymer gain comprising polyurethane and

IR-140 dye gain. The schematic of the nanoparticle array is

reproduced in Figure 8A, where the glass substrate and

coverslip sandwich the lattice and gain layers. When the

authors tune the pump angle to either be parallel to or 45°

to the lattice direction, the far-field lasing beam patterns

from the array are noticeably distinct as illustrated in

Figure 8B. Depending on the angle of the pump, certain

nanoparticles exhibit increased localizations of the elec-

tromagnetic mode, which in turn, affects the overall di-

rection of the beam emitted from the array. It is also

observed that the Ag array performed significantly better

than its Au-based counterpart owing to reduced optical

losses of the former [72].

Based on a similar though not identical material sys-

tem as the work above, Meng et al. [73] also demonstrate

highly directional lasing from their coupled spaser array.

Their design consists of an Ag film with nanometer-sized

holes, as opposed to nanoparticles, which is covered with

an organic dye-polymer gain as shown in Figure 8C.

Instead of altering the pump incidence angle, however, the

detector itself is rotated tomeasure the directionality of the

array output emission. Measuring the emission at varying

detector angles along both the horizontal and vertical di-

rections yields the results in Figure 8D. The narrowwidth of

the measured emission as a function of the detector angle

confirms the coherent, directional nature of the output

beam. Lasing from this array is attributed to a surface

plasmon polariton Bloch wave which also relies on some

amount of feedback from plasmonic mode coupling be-

tween the Ag holes. The presence of the feedback is

confirmed by the absence of lasing when an aperiodic

lattice is used instead of a periodic one [71].

3.2.2 Tunable emission wavelength

Control over the emission wavelength of nanoscale light

sources is desirable for dense wavelength division multi-

plexing (WDM) applications at a chip-scale level [85]. Other

potential uses of tuning can be in lidar and imaging/

sensing systems. In addition to achieving directionality of

beam emission, it is also possible to alter thewavelength of

output light from coupled arrays. Incidence angle and

polarization of the pump can play a determining role in this

respect as well. In one study, Knudson et al. [74] create a

rhombohedral Al nanoparticle array which is then

immersed in dye gain like the works referenced to in the

previous section. Depending on the in-plane pump polar-

ization, the ES-LSP–based mechanism leads to the array

emitting at either 513 and 570 nmor both. This tuning of the

output light from the array is described via Figure 9A and B

which show the experimental streak camera images and

numerically simulated spectra of the structure used in the

study, respectively. The authors also elaborate on how

Figure 8: Directional emission.

(A) Schematic of metal nanoparticles embedded in dye gain and sandwiched between two glass slides. (B) Far-field emission patterns of the

nanolaser array in (A) for pump incidence angle parallel to (left) and 45° (right) to the lattice direction. (A) and (B) adapted and reprinted from a

study by Zhou et al. [72] with permission. (C) Schematic of Ag film with nanoholes immersed in dye-polymer gain. (D) Emission intensity from

the coupled nanolaser array in (C) as the detector angle is varied along the horizontal (left) and vertical (right) directions. (C) and (D) adapted

and reprinted from a study by Meng et al. [73] with permission.
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selection of the nanoparticle shape comprising the array

can determine the location of the electric field enhance-

ment (i.e., the plasmon hotspots) [74]. In fact, other studies

have demonstrated that unique shapes such as bowties can

also exhibit ES-LSP–based nanocavity array lasing along

with wavelength tuning [75]. Moreover, the Purcell factor is

significantly enhanced due to the bowtie design, which in

turn drives down the threshold allowing for room tem-

perature lasing [75]. Finally, van Beijnum et al. [76] use a

related phenomenon – surface plasmon associated

lasing – to report that depending on the angle at which the

emission from their array (comprising Auholes and InGaAs

gain) is measured, the wavelength recorded varies.

Besides angle-resolved experiments to select the peak

emission wavelength, altering the temperature is another

technique that can be leveraged to attain the same goal.

This may be accomplished via two main mechanisms: the

first involves modifying the stoichiometry of the gain ma-

terial based on thermal annealing. The second pertains to

the temperature-induced red-shift of the bandgap

commonly referred to as the Varshni shift [86]. Huang et al.

[77] demonstrate awavelength-tunable device based on the

former principle by combining an Au/SiO2 grating reso-

nance with lead halide perovskite gain material. By ther-

mally annealing their structure in a CH3NH3Br

environment, the hybrid plasmonic mode in which the

coupled nanolaser array operates in is observed to be blue-

shifted in emission wavelength as shown in Figure 9C.

More importantly, this modification of the wavelength is a

reversible change and the original peak wavelength can be

recovered after the annealing process [77].

Similar to thermal annealing-based alterations, tuning

predicated on the Varshni shift is also caused by temper-

ature acting as the catalyzing factor. However, the latter

method differs in that it does not require any specific

chemical environment to be implemented and the alter-

ation in the emission wavelength is always a red-shift

irrespective of the material. The pseudowedge plasmonic

nanolaser array presented by Chou et al. [78] exhibits such

a red-shift in the emission wavelength based on operating

temperature. Their structure, consisting of a ZnO nanowire

placed on an Ag grating (Figure 9D), forms an

Figure 9: Tuning peak wavelength of emission.

(A) Experimental streak camera images of nanolaser array as the in-plane pumppolarization is altered. (B) Numerical simulation of the spectra

for varying pump polarization. (A) and (B) Adapted and reprinted from a study by Knudson et al. [74] with permission. (C) Spectra of nanolaser

array as sample is annealed. A blue-shift in the peak wavelength occurs; Inset: Fluorescent microscope image of nanolaser array. Reprinted

from a study by Huang et al. [77] with permission. (D) Schematic of pseudowedge nanolaser array with ZnO nanowire placed on top of Ag

grating. (E) Varshni red-shift of emission wavelength as ambient temperature is increased. (D) and (E) adapted and reprinted from a study by

Chou et al. [78].
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unconventional array from the intersection points of the

nanowire and the grating notches. This array displays

single-mode lasing albeit subject to the manner in which

the nanowire is positioned. By increasing the operating

temperature from 77 to 220 K, the array undergoes a clear

spectral red-shift as evidenced in Figure 9E due to the

bandgap alterations in the ZnO caused by increased

temperature.

3.2.3 Single and multimode switching

The studies on coupled arrays mentioned thus far portray

instances of single-mode lasing. However, some specific

cases such as multimode fiber–based WDM sources and

on-chip multiplexing in photonic devices may also

benefit from multimodal operation instead [87]. To meet

the need in these niche areas, some studies such as the

one authored by Wang et al. [70] have created ES-LSP

nanolasing arrays with the capability to switch between

the more common single-mode operation and a multi-

modal one. The researchers are able to do so by designing

two distinct types of lattices – a single lattice where the

individual nanoparticles collectively contribute to the

resonance and a superlattice, where several single lattices

combine to give rise to multiple band edge states. This

contrast is displayed in Figure 10A, where the lasing

emission from a single lattice (left, bottom) is seen to be

single mode (right, bottom) while that from the super-

lattice (left, top) is observed to be multimodal in nature

(right, top).

While single-mode and multimode operation can be

demonstrated on individual lattices, an altered super-

lattice as illustrated in Figure 10B is designed to

combine the two functionalities. This new design can

be viewed as a single lattice from one direction and a

superlattice from another. By doing so, both single and

multimode emission are achieved from the same sam-

ple based on the polarization and direction of the input

pump (Figure 10B). Specifically, if the pump direction is

perpendicular to the lattice, the array operates in the

single-mode lasing regime, whereas when the pump is

parallel to the lattice direction, multimodal lasing is

observed. In addition, the wavelength of emission can

be tuned by altering either the size of the Au nano-

particles or the concentration of the dye gain

comprising the nanostructure [70].

By choosing materials with unique properties for the

coupled array, the applications for these devices can be

extended to an even wider range of platforms. For

instance, by employing a FM material like Ni to create

nanodisk arrays in conjunction with dye gain, Pourjamal

et al. [71] demonstrate the possibility of overcoming

inherent losses in magnetoplasmonic systems. Their

experimental results portrayed in Figure 10C underline

the array’s capability to switch between single and

multimode lasing by modifying the particle periodicities

in both the x and y directions. The authors claim that these

arrays can potentially be used in the emerging field of

topological photonics [71].

Figure 10: Switching between single and multimodal operation.

(A) Schematic of superlattice and single lattice arrays (left), their

SEM images (middle), and their corresponding spectra (right). The

superlattice exhibits multimodal lasing (top, right), whereas the

single lattice demonstrates single mode lasing (bottom, left) as

evidenced by the lasing spectra shown as black solid curves in both

figures. (B) Schematic of altered superlattice (top) and its output

lasing spectra (bottom). If the pumpdirection is perpendicular to the

lattice, the array operates in single mode lasing regime, whereas

when the pump is parallel to the lattice direction, multimodal lasing

is observed. (A) and (B) adapted and reprinted from a study byWang

et al. [70] with permission. (C) Experimental emission spectra for Ni

nanodisk array for varying lattice periodicities. The presence of both

x and y polarized modes confirms multimode lasing for some

periodicities. Adapted and reprinted froma study by Pourjamal et al.

[71] with permission.
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3.2.4 Higher output power

Owing to their compact size, nanolasers inherently possess

low power consumption characteristics and low output

power [3]. However, if the lasers are designed and placed in

close proximity such that the emission of a multitude of

such lasers is coherently combined, a significantly higher

output power can be obtained. The studies demonstrating

this concept that are discussed in this section underline the

great potential for nanolaser arrays to be employed in far-

field applications, such as optical interconnects [2] and

beam synthesis [88].

In their study based on a N = 81 element evanescently

coupled photonic crystal nanolaser array, shown in

Figure 11A, Altug et al. [79] are able to observe higher

output powers with their coupled array than with a single

emitter. Specifically, the maximum power achieved by the

coupled array is found to be about ∼100 times higher than

that reached by the single cavity. More importantly, the

coupled nanolaser array demonstrates a ∼20-fold increase

in the differential quantum efficiency (DQE) compared to

their single laser counterpart. The DQE here refers to the

slope of the LL curve above threshold and is extracted from

the experimental results depicted in Figure 11B. Addition-

ally, numerical analysis of the coupled rate equations

reveals that with increasingN, both DQE and themaximum

output power achievable show a corresponding increase

(Figure 11C).

Increased output power has also been observed with

other material systems such as metal-clad nanolaser ar-

rays as reported by Hayenga et al. [80]. In this investiga-

tion, the overall power emitted by a seven-element

metallic nanodisk array arranged in a hexagonal pattern

(Figure 11D) is measured. The electromagnetic mode

pattern supported by this design is first simulated and is

shown in Figure 11D. Then, upon measurement, the

output intensity of this array is found to be 35 times higher

than that of a single nanodisk. Additionally, the array’s

slope efficiency is five times that of the single nanolaser.

These results, encapsulated in Figure 11E, emphasize the

ability to coherently combine the emission of multiple

nanolasers to yield higher powers.

3.2.5 Orbital angular momentum

In addition to obtaining higher power, nanolasersmay also

be engineered to produce unique properties such as vortex

beams with OAM in the far-field. Operating in such a state

requires careful consideration of the lattice size, shape,

and even type of nanolaser comprising the array. Hayenga

Figure 11: Higher output power.

(A) SEM image of photonic crystal nanolaser array (left) and simulation of the modes supported by the system (right). (B) Output power of

coupled cavity array shown in (A) compared to that of a single cavity. Inset: Magnified version of curve for single cavity. (C) Numerical

simulations of coupled rate equations comparing output power for single cavity (red) vs. that for a coupled cavity array with N = 10 (diamond),

N = 40 (circle), and N = 70 (square). (A), (B), and (C) adapted and reprinted from a study by Altug[79] with permission. (D) Schematic of seven

hexagonally designed metal-coated nanodisk lasers (left) and simulation of the mode structure supported (right). (E) Output intensity of one

nanodisk vs. array as pump intensity is increased. Slope efficiency and power of array are much greater than that of single emitter. (D) and

(E) adapted and reprinted from a study by Hayenga et al. [80] with permission.
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et al. [81] demonstrate that by altering the types of evan-

escently coupled metallic nanolasers, it is possible to

segment arrays into those that exclusively output vortex

beams but do not carry OAM and those that display both

characteristics. Specifically, an array of 500 nm diameter

coaxial nanolasers exhibits the former, regardless of the

array size, while a nanodisk array with 850 nm radius

produces the latter as portrayed in Figure 12A and B,

respectively. The dissimilarity in the two designs is

explained by the interplay between the geometrical shape

of the lattice and the whispering gallery modes supported

by individual nanolasers. Whereas rotation is essential for

higher order modes supported by the nanodisks to reduce

the overlap with the lossy metal, it has no significant effect

on the TE01modes supported by the comparatively smaller-

sized coaxial nanolasers. Furthermore, the topological

charge associated with the beams carrying OAM can be

tuned according to the number of lasers in the array as

depicted in Figure 12C.

It is also possible to multiplex OAM beams with high

topological charges using integrated microscale lasers as

demonstrated by Bahari et al. [89] in a recent study. This is

accomplished by designing circular boundaries between

topologically distinct photonic crystal structures as shown

in Figure 13A. In this Scanning Electron Microscope (SEM)

image, rings 1 and 3 are composed of a photonic crystal

with a nontrivial bandgap obtained by bonding InGaAsP

multiple quantum wells on yttrium iron garnet (YIG). In

contrast, ring 2 comprises a trivial bandgap photonic

crystal. The dissimilarities in these concentric resonators

gives rise to orthogonal OAM beams of alternating chirality

[89]. In other words, the sign of the topological charge

alternates as one moves from the innermost to the outer-

most ring. The chirality of the beams can also be reversed

by applying an external magnetic field. Figure 13B dem-

onstrates the far-field intensity patterns of OAM beams

arising from each individual laser and also from the mul-

tiplexed array. The topological charges associated with

rings 1, 2, and 3 are |l1| = 100, |l2| = 156, and

|l3| = 276, respectively. The observation of interference

fringes in both theory and experiment for ring 2 is char-

acteristic of beams carrying OAM. Although there is no

coupling between the individual lasers in this array, it

nevertheless presents a tantalizing possibility of dense

integration of any arbitrary number of lasers for multi-

plexed OAM generation [89]. Generating such beams on a

more compact platform based on nanolaser arrays can be a

promising direction for future research.

Finally, another manner in which the properties of the

beam emission such as OAM and directionality can be

controlled is by choosing whether the topological nano-

lasers operate in a bulk or edge state. Using semiconductor

nanodisk arrays, Shao et al. [90] demonstrate single-mode

lasing from a bulk state by relying on band-inversion–

Figure 12: Vortex beams and orbital angular momentum.

(A) Schematics and experimental far-field mode structure for coaxial metal nanolasers of different array sizes. Vortex beam with no angular

momentum is observed regardless of array size. (B) SEM image (left) and far-fieldmode structure of sevennanodisk array (right). A vortex beam

with angular momentum is confirmed. (C) Varying nanodisk array sizes (left), their corresponding far-field patterns (middle), and their

respective topological charges (right). (A), (B), and (C) adapted and reprinted from a study by Hayenga et al. [81] with permission.
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induced reflection between trivial and topological pho-

tonic crystal cavities which exhibit opposite parities. As a

result, although this bulk state mode does not carry OAM

(l = 0), the emission is highly directional in the axis vertical

to the cavity plane with divergence angles less than 6° and

side-mode suppression ratios of over 36 dB. Based on a

similar material system but with a slightly altered cavity

design, authors from the same group are also able to

observe lasing of spin-momentum–locked edge states [91].

In addition to vertical emission, the output beam from

these cavities is observed to carry a topological charge of

l = −2, while also allowing for higher side-mode suppres-

sion ratios of over 42 dB.

Creation of vectorial vortex beams such as the ones

mentioned in the above studies can be of great value in

areas such as imaging, optical trapping, and laser

machining [92]. At the same time, beams carrying OAM

can find applications in micromanipulation and both

classical and quantum communication systems [93].

Therefore, the ability of nanolaser arrays to demonstrate

useful attributes such as in-phase and out-of-phase

supermodes and vortex beams with and without OAM

makes them an ideal device platform for catering to a

plethora of applications [40, 82].

4 Conclusion and future outlook

To conclude, recent progress on the development of array

architectures of nanolasers is reviewed in this article. The

focus was on valuable attributes realized due to unique

array designs and the underlying physics that may help

enable real-world applications such as biological sensing,

imaging, and on-chip communications. A distinction was

made between an array size of just two nanolasers and

larger arrays. The former can not only serve as a testbed to

understand the fundamental physics and enable inter-

esting applications (for example optical flip flops) but also

as a building block that can aid in comprehension of larger-

lattice behavior. Larger arrays themselves can also be

distinguished depending on whether their constituent el-

ements function independently from one another or

demonstrate coupling of some form. Uncoupled arrays are

more intuitive to understand and suitable for applications

such as imaging, biosensing, and even cryptography. On

the other hand, although coupling in nanolaser arrays can

create complex dynamics, control overmany aspects of the

emission behavior such as beam directionality, mode

switching, and OAM are afforded.

In fact, it is in the area of coupled arrays that further

research efforts are required owing to some important

applications that still need to be experimentally

demonstrated.

4.1 Phase-locked laser arrays

As mentioned previously in Section 2, the coupling be-

tween nanolasers can yield a plethora of dynamical re-

gimes such as periodic intensity oscillations, chaotic

Figure 13: Multiplexed orbital angular

momentum (OAM) beams.

(A) SEM image of three concentric ring

lasers composed of two different photonic

crystal structures. Inset: rings 1 and 3 are

composed of a photonic crystal with a

nontrivial bandgap obtained by bonding

InGaAsP multiple quantum wells on yttrium

iron garnet (YIG). In contrast, ring 2

comprises a trivial bandgap photonic

crystal and cylindrical air-holes. (B)

Measured far-field intensity of the rings

showing their individual OAM beams (top

row, first three images from left) and the

multiplexed OAM beam formed (top row, far

right image) when all rings are pumped

simultaneously. The interference pattern

observed in the far-field emission from ring

2matcheswell with theory and confirms the

OAM carried in the beams. (A) and

(B) adapted and reprinted from a study by

Bahari et al. [89] with permission.
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fluctuations, and stable phase-locking. Among these, the

regime of stable phase-locking holds great potential as it

canhelp in the realization of phase-locked laser arrayswith

demonstrably higher power. Though the ability of evan-

escently coupled nanolasers to generate higher power has

already been experimentally demonstrated, the studies

mainly focused on how the accumulated power and slope

efficiency of the arrays exceeded those of single emitters

[79, 80]. Ideally, if all the constituent lasers are locked in-

phase, their electric field amplitudes will interfere

constructively, and the resulting far-field power density

can be much greater than without in-phase locking. Spe-

cifically, for an array of N identical nanolasers with iden-

tical output intensities, the far-field power density that is

measured will be N2 times greater than that of a single

nanolaser. Note here that the greater power density that is

afforded is simply due to the coherent superposition of

field amplitudes of the emitted waves, which means that

conservation of energy is not violated in any manner.

Achieving in-phase stable locking, however, is not

trivial as the stability regions are narrow and sensitive to the

parameters in the rate equations, especially so for semi-

conductor lasers [42]. In a past work, Shahin et al. [94]

demonstrated this increased sensitivity to the tuning pa-

rameters by considering the case of three free-running

semiconductor lasers coupled to each other via optoelec-

tronic feedback. The researchers observed that distinct

dynamical regimes of operation can be achieved with their

system including winner-takes-all (WTA), winner-shares-all

(WSA), and winnerless competitions [94]. To gauge the

stability of these different regimes, the coupled rate equa-

tions from a study by Shahin et al. [94] are numerically

solved for the steady-state behaviors while varying the

feedback coupling strength (ξ32) aswell as thedetuning (Ω12)

between two of the lasers. This allows us to create a bifur-

cation map (shown in Figure 14A) for the same system

considered in a study by Shahin et al. [94]. In this diagram,

the different dynamical regimes are represented by color

codes such as black for chaos, red for WTA competition,

yellow for WSA competition, and white for winnerless

competition. It is evident from the diagram, that the network

of three coupled semiconductor lasers has numerous small

regions of stability and for the slightest variation in the input

parameters, the system transitions from one state to the

other. This makes the system extremely unstable, thus

rendering it challenging to put it to practical use.

Nanolasers inherently possess certain attributes such

as high-β’s and Purcell factors that can help alleviate this

issue of instability as theorized in some works [42, 43, 95].

To demonstrate the effects such parameters can have on

Figure 14: Stability maps.

(A) Calculated bifurcation diagram of three optoelectronically coupled free running semiconductor lasers as a function of detuningΩ12 and the

coupling coefficient ξ32. Varying systemdynamics are observed such as chaos (magnitude of 0 in the color bar with black color), winner-takes-

all (WTA) competition (magnitude of 0.5 with red color), winner-shares-all (WSA) competition (magnitude of 1 with yellow color), and

winnerless competition (magnitude of 1.2 with white color). (B) Stability regions for two laterally coupled metallo-dielectric nanolasers as a

function of coupling coefficient κ and spontaneous emission factor β. The dash-dotted purple line demarcates the weak coupling (κτp < 1) and

strong coupling (κτp > 1) regions.
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the stability, the coupled laser rate equations for two

laterally coupled metallo-dielectric nanolasers are

numerically solved. These equations are shown below:

dE1,2

dt
�
1

2
(1 + iα)(ΓG(N1,2) − 1

τp
)E1,2 + iw1,2E1,2

&doublehyphen; 29pt +
ΓFpβN1,2

2τrad
∣∣∣∣E1,2

∣∣∣∣2E1,2 + iκE2,1  ,

(1)

dN1,2

dt
� P −

N1,2 

τnr
−
(Fpβ + 1 − β)N1,2

τrad

&doublehyphen; 17pt − G(N1,2)∣∣∣∣E1,2

∣∣∣∣2  ,
(2)

where E1,2 are the electric field amplitudes, N1,2 are the car-

rier densities, w1,2 are the intrinsic resonance frequencies, α

is the phase-amplitude coupling (Henry) factor for a quan-

tum well laser, G(N) is the carrier density-dependent gain

function, τp is photon lifetime, Γ is the confinement factor,

Fp is Purcell enhancement factor, τrad and τnr are the radi-

ative and nonradiative recombination lifetimes of the car-

riers, respectively, and P is the pump rate. The subscripts

denote the two cavities that are coupled to each other.

By solving for the steady state solutions of equations (1)

and (2), Figure 14B is created which illustrates how the sta-

bility region is affected by both β as well as the coupling

coefficient κ. It can be inferred from the plot that although

varying κ yields a more complex effect, higher values of β

contribute to increased possibility of achieving in-phase

locking. Therefore, what is now needed in this regard is

further analysis and experimental demonstration of how pa-

rametersunique tonanolasersaswell asotherkeyparameters

(such as frequency detuning, linewidth enhancement factor

and pump rate) can enable easier in-phase locking.

Whereas near-field coupling can lead to higher powers

via in-phase stable locking, far-field coupling can also be

used to realize this goal. In addition, combining far-field

coupling with control over the phase and amplitude of in-

dividual nanolasers in an array can result in an optical

phased array with both frequency and phase tunability,

akin to RF phased arrays. The methods to achieve direc-

tionality in array beam emission demonstrated thus far are

limited to altering the incidence angle/polarization of the

pump. In contrast, a true optical phasedarrayof nanolasers

can offer multiple degrees of freedom and much more

nuanced control of the directionality since each emitter in

the array can be individually tuned in both frequency and

phase. Such far-field coupling with quantum cascade laser

arrays has already been demonstrated [96]. The challenge

that lies ahead is to achieve the same for subwavelength

nanolaser arrays and preferably, with current injection.

4.2 Ultrashort pulse generation

When discussing nanolasers, an often-overlooked topic is

ultrashort pulse generation. Typically, such pulses are

created usingmode-locking techniques, which can include

both active and passive mode-locking. Due to the need for

external design elements such as saturable absorbers or

electro-optic modulators, achieving mode-locking with

nanoscale lasers faces impediments. However, Gongora

et al. [97] demonstrate in a recent work that it is in fact

possible to mode-lock nanolasers in an array without

external design elements by relying on the nonradiative

nature of anapole states. Using this technique, the authors

numerically demonstrate an ultrashort pulse down to 95 fs

generated from an array whose constituent nanolasers are

spaced apart evenly in frequency from one another to

mirror mode-spacing in traditional mode-locking theory. It

is also observed that the position of the nanolasers can

alter the duration of the pulse generated [97]. Despite this

result, experimental results of mode-locked nanolasers for

ultrashort pulse generation are yet to be demonstrated.

Doing so can unlock a wealth of applications in areas

requiring short optical pulses such as LiDAR, optical

regeneration, nonlinear optics, and optical sampling [98].
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