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for High-Speed Light-Emitting Devices
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Optical interconnects transmit

signals between different parts of

integrated circuits using light and

have lower power consumption

and latency than the conventional

metal interconnects. The

modulation frequency of the on-

chip light sources in optical

interconnects determines the

signal transmission speed. In

principle, on-chip lasers relying on

stimulated emission can have high

modulation frequency but also

have high fabrication complexity

and energy consumption. Thus, it

is desirable to use light-emitting

devices that operate through

spontaneous emission as the on-

chip light source. However, the

operation speed of these devices

is limited by the radiative lifetime

of the emitting materials. In this

perspective, we envision that

elaborately designed

fluorescence molecules can give

rise to materials that have

radiative lifetime shorter by

several orders of magnitude than

conventional inorganic

semiconductors through a

phenomenon termed

superradiance.
SUMMARY

Optical communication and interconnects utilize high-speed light sour-
ces for information transmission. The modulation frequency of light-
emitting devices operating through spontaneous emission is funda-
mentally limited by the material intrinsic radiative lifetime. In this
perspective, we examine the radiative lifetime of different materials
and identify the superradiant molecular J aggregates as a promising
class of materials for high-speed light-emitting devices. These molecu-
lar aggregates are relatively unexplored for electroluminescent de-
vices and can have short radiative lifetime on the order of 10 ps while
maintaining high photoluminescence quantum yield. The relation be-
tween intermolecular interactions, molecular packing geometry, and
radiative lifetimes is presented theoretically in the context of Frenkel
excitons and is corroborated with experimental examples. We further
demonstrate the potential of designing superradiantmaterials through
molecular engineering. We believe that these superradiant molecular
materials will open up new opportunities in the fabrication of efficient
and high-speed light-emitting devices.

INTRODUCTION

Optical communications and interconnects rely on high-frequency modulation light

sources for high-speed information transmission. The commonly used light sources

include lasers and light-emitting diodes. Lasers can be modulated at high speed but

require complex fabrication steps and are energy intensive. Light-emitting devices

operating thorough spontaneous emission can have reduced fabrication complexity

and energy consumption, and devices with modulation frequency above 1 GHz have

been reported.1,2 However, the speed of these devices is fundamentally limited by

the spontaneous radiative lifetime of the light-emitting materials. Although the radi-

ative lifetime can be reduced with well-designed cavities through the Purcell ef-

fect,3,4 its implementation is material specific and introduces complications to de-

vice fabrication. Thus, developing materials with intrinsically short radiative

lifetime is fundamental to increasing the speed of light-emitting devices. As the

luminescent quantum yield is determined by the competition of radiative and

non-radiative processes, materials with short radiative lifetime produce high modu-

lation frequency while maintaining high electroluminescent quantum yields. For

inorganic materials, their radiative lifetimes are generally determined by the crystal

structures and can hardly be reduced below a few nanoseconds even with material

engineering methods such as doping or downsizing. Molecular materials can have

radiative lifetimes down to tens of picoseconds, which can be further reduced by

molecular and crystal engineering. With favorable packing geometry, superradiance

can be achieved in molecular aggregates where the radiative lifetime scales

inversely with grain size. Thus, designing superradiant molecular crystals can lead

to fundamental advancement in high-speed light-emitting devices.
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CARRIER RECOMBINATION IN INORGANIC MATERIALS

In light-emitting devices, the generation of light takes place when electrons and

holes recombine radiatively at a rate that depends on the radiative lifetime. For

some inorganic semiconductors, the high dielectric constant largely screens the

Coulomb attraction between the electrons and holes, which can thus move indepen-

dently in the conduction and valence band at room temperature. The radiative life-

time of these free carriers depends on the radiative recombination coefficient and

the carrier concentration, which are related to the material band structure and

doping level. Direct band-gap III–V semiconductors with moderate doping levels

typically have radiative lifetimes of 10–100 ns.5–12 Although the radiative lifetime

would decrease with doping, heavy doping can result in non-radiative recombina-

tion by introducing trap states and promoting Auger processes (Figure 1A). When

the thermal energy of the electrons and holes are not enough to overcome their

Coulomb attraction, they become bound electron-hole pairs and behave as neutral

quasiparticles termed excitons. The excitons can be categorized by their radius,

which is the distance between the bound electron and hole. In inorganic semicon-

ductors, due to the screened Coulomb interaction and large orbital overlap between

atoms, the excitons typically have radius larger than the size of a lattice unit cell and

are categorized as Wannier-Mott excitons. The bound electrons and holes have

lower energy than the free carriers (Figure 1B) in the conduction and valence band

corresponding to their binding energy, which is on the order of 10 meV and can

be increased by quantum confinement.13,14 II–VI quantum dots are a class of mate-

rials that host Wannier-Mott excitons, and their radiative lifetime is on the order of

10 ns. Although their radiative lifetime can be reduced by decreasing the particle

size,13,15 below a certain size (�2 nm) the quantum dots become chemically unstable

and defective. The excitons can also form trions (with charged carriers) or biexcitons

(with another exciton), which can have different radiative and non-radiative life-

times.16,17 For II–VI quantum dots, the radiative lifetime for trions and biexcitons

can be twice as short as for the excitons, but still on the order of several

nanoseconds.
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EXCITON DYNAMICS OF MOLECULAR MATERIALS

The photophysics of excitons in molecular materials can be understood in the

context of molecular orbitals (Figures 1C and 1D).18–20 An isolated molecule can

be conceptually simplified as a two-level system with the two energy levels being

the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular

orbital (LUMO, Figure 1D). A molecule at its ground state typically has a pair of elec-

trons with opposite spin occupying the HOMO, which is a singlet state denoted S0.

With optical excitation, one electron in the HOMO can be excited into the LUMO

without changing its spin. The resulting singlet excited state (S1) is conceptually

equivalent to having one electron in LUMO and one hole in HOMO. In molecular

solids, these excitations correspond to Frenkel excitons where the electron and

hole reside in the same molecule. The radiative lifetime of a molecule is determined

by the transition rate between the two states, which is proportional to the transition

dipole moment m (Equation 1). Here fg and fe denote the molecular ground and

excited state wavefunction, q is the elemental charge, r! is the position operator,

and kr is the rate of radiative recombination and the inverse of radiative lifetime.

For molecules in singlet excited states, the recombination between the electron

and hole gives fluorescence, which has radiative lifetime on the order of 1–100 ns.

Besides radiative decay, the singlet excited state can also relax to the triplet state

through intersystem crossing, whereby the electron excited into the LUMO would

change its spin so that its spin is the same as the electron remaining in the
Matter 3, 1832–1844, December 2, 2020 1833
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Figure 1. Dynamics of Carriers and Excitons in Different Materials

(A and B) (A) Electrons and holes can move freely in the electronic band of inorganic

semiconductors (e.g., III–V compounds) as their Coulomb interaction is smaller than the thermal

energy. The radiative band-to-band recombination of free carriers compete with the non-radiative

trap-assisted and Auger recombinations. (B) The Wannier-Mott excitons can be described by a

hydrogen-like model and have radius larger than several unit cells. Due to their binding energies,

the electrons and holes have lower energy than the free carrier and thus are placed within the band

gap.

(C) In molecular materials, an electron from the HOMO of a molecule can be excited into the LUMO

of an adjacent molecule. Such excitation gives the charge-transfer exciton that has the electron and

hole located on adjacent molecules. Charge-transfer excitons often mix with the Frenkel excitons

and lead to red-shifted optical spectra due to the lowered exciton band energy.

(D) In a molecule, an electron from the HOMO can be excited to LUMO to produce a molecule in an

excited state. The two unpaired electrons can have same or opposite spin, leading to triplet (T) or

singlet (S) states. These molecular excitations lead to Frenkel excitons where the electron and holes

are bound within the same molecule. Intermolecular interactions split the molecular excited states

into exciton bands, where the radiative processes typically take place from the bottom of the

exciton band to the ground state.

ll
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HOMO. Due to the spin-pairing energy, the triplet state would have a lower energy

compared with the singlet state. The triplet state can decay to ground state via phos-

phorescence, which is spin forbidden and has radiative lifetime beyond hundreds of

nanoseconds.
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The optoelectronic properties of molecular aggregates and crystals are different

from isolated molecules due to the many-body Coulomb interactions between the

electrons and nuclei of different molecules. When the intermolecular distance is

significantly greater than the separation of charges within a molecule, Coulomb

interaction can be approximated by the electrostatic interaction of electric dipoles.

Thesematerials host Frenkel excitons, which are molecular excitations delocalized in

thematerial with eachmolecule having a certain possibility to be in the excited state.

When the molecules are placed closer to each other, their molecular orbitals start to

overlap. In these materials, the intermolecular interactions depend on the shape,

phase, and orientation of the molecular orbitals of adjacent molecules and require

quantum chemical treatment. The orbital overlap between nearby molecules facili-

tates charge transfer and delocalization. As a result, an electron from the HOMO of

one molecule can be excited into the LUMO of other molecules in the material. This

type of excitation gives charge-transfer excitons, which have the electron and hole

bound to two different molecules. In actual molecular aggregates, although the

intermolecular distance is comparable with the molecular size, the far field dipole

approximation of Coulomb interaction is largely valid in materials without significant

charge-transfer characteristics. For aromatic molecules with p conjugation, p-p

stacking could lead to substantial orbital overlap between adjacent molecules;

thus, charge-transfer excitons need to be considered when modeling their optical

properties.

As the molecules have singlet and triplet excited states, Frenkel excitons in solids

have singlet and triplet bands. Phosphorescence from the triplet band, similar to

the phosphorescence from molecules, has long lifetime beyond 100 ns. Efficient

phosphorescence typically involves heavy atoms that promote spin-orbit

coupling.21,22 The electron excited into the singlet band would first decay to the

lowest energy state in the exciton band (internal conversion) before transition to

the ground state via fluorescence,23 which can have radiative lifetime down to nano-

seconds. With increased wavefunction overlaps between the molecules, the charge-

transfer exciton states can have energy low enough to mix with the Frenkel exciton

and lower the energy of the first exciton band. Thus, these materials have red-shifted

optical spectra, which are also broad due to the coupling to intermolecular vibra-

tional modes.18,19 Charge-transfer excitons tend to have longer radiative lifetime

than Frenkel excitons due to larger separations of the electrons and holes.24

jkD = 1ffiffiffiffi
N

p
X

n

eiknjnD k = 0; G
2p

N
; .;p jnD =fn

e

Y

isn

fi
g; (Equation 2)
J =
ð3cos 2 q� 1Þj m!j2

4pε0R3
Ek = 2J cosðkÞ: (Equation 3)

PHOTOPHYSICS OF J AGGREGATES

The radiative lifetime of materials hosting Frenkel excitons can be shortened by en-

gineering the molecular interactions, which can give rise to the superradiance phe-

nomenon in molecular aggregates.25,26 In this phenomenon, fluorescence from a
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Figure 2. J and H Molecular Aggregates

For a linear chain of N molecules, the Coulomb interaction between the near-neighbors causes the

splitting of single excited states into an exciton band. The molecular packing geometry determines

the sign of Coulomb interaction, which determines whether the lowest energy level in the exciton

band is optically allowed (J aggregates) or forbidden (H aggregates). The radiative lifetime of a J

aggregate is N times lower than the monomer. J is the Coulomb energy between two molecules

under the far field dipole approximation and jkD is the Frenkel exciton states defined in Equation 2.

The orange oval denotes the molecule; the orange arrow denotes the molecular transition dipole

moment.
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certain exciton state can lead to radiative lifetime inversely proportional to the size of

the aggregate. Molecular aggregates can be categorized as J and H aggregate de-

pending on the sign of intermolecular Coulomb interactions. As a simple example,

we describe the photophysics of molecular aggregates and the origin of superra-

diance with a linear chain of N molecules where the molecular transition dipole mo-

ments are parallel. With a far field dipole approximation, the effect of intermolecular

interaction can be treated analytically and can lead to a simple relationship between

molecular orientations and material radiative lifetimes. The ground state of the mo-

lecular chain is not affected by the intermolecular interactions and can be expressed

as themultiplication of themolecular ground state wavefunctions. The excited states

of the chain are linear combinations of the degenerate single-molecule excited

states (Equation 2) in which the electrons and holes are bound within the samemole-

cule.18 Here, jn> denotes the single-molecule excited states wavefunction where the

nth molecule is in the excited state while all other molecules are in the ground state,

and jk> denotes the wavefunctions of the Frenkel excitons that form an exciton

band. The radiative lifetime of the exciton can be related to the transition dipole

moment after substituting the molecular electronic states with the exciton states.

If we only consider the interaction between adjacent molecules, the energy of

exciton states depends on the relative orientation between the molecular transition

dipole and displacement vector connecting the molecular mass centers (Equations 2

and 3; Figure 2).18 With negative Coulomb interaction energy, the all-symmetrical

(k = 0) state has lowest energy in the exciton band, which is the state from which

the radiative decay will occur. The transition dipole moment of this state is ON times

that of the molecular state, which gives the molecular aggregate N times shorter

radiative lifetime as well as brighter fluorescence. In the classical picture in which
1836 Matter 3, 1832–1844, December 2, 2020
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Figure 3. Radiative Lifetime of Materials with Different Mechanisms of Luminescence

The material lifetimes are summarized in (A) and their chemical structures and classification by type of excitons are listed in (B). The J aggregates also

host Frenkel and charge-transfer excitons but are listed as a separate class to highlight their short radiative lifetimes.
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the fluorescent molecules are treated as oscillating dipoles (the transition dipole),

these dipoles in the molecular chain are aligned in the same direction into a giant

oscillating dipole that has N times the oscillator strength of an isolated molecule.

In actual molecular aggregates, due to the presence of disorder and the effect of

finite temperature, the number of molecules that ‘‘coherently’’ interact with each

other is often smaller than the size of the aggregates. In the absence of disorder,

the coherence length is proportional to the square root of the Coulomb energy J

divided by thermal energy kT (where k is Boltzmann’s constant and T is tempera-

ture).27 As the all-symmetrical state has lower energy than the molecular excited

states, the optical spectra of the aggregate are red-shifted with respect to the iso-

lated molecules. This type of molecular aggregate was discovered by Jelley and

named as J aggregate.28,29 Conversely, with positive Coulomb interaction energy,

the all-symmetrical state is the highest energy state in the exciton band. The electron

excited into this state would decay through internal conversion to the lowest energy

state in the exciton band, which has zero transition dipole moment and thus a long

radiative lifetime. In this case the aggregate is named H aggregate, as the absorp-

tion spectra have hypsochromic shift compared with the molecular monomer. With

the existence of faster non-radiative decays, the H aggregate typically has weak fluo-

rescence. Thus, the photophysics of molecular materials depends highly on the ge-

ometry of molecular assembly, which dictates the molecular interactions that deter-

mine material properties important to high-speed light-emitting devices.

RADIATIVE LIFETIME OF DIFFERENT MATERIALS

The lifetimes of a various fluorescent materials are summarized in Figure 3. The UV-

emitting GaN has one of the shortest radiative lifetimes in materials hosting free

carriers approaching 1 ns,6,10 with the most widely used GaAs and InGaAsP having

lifetime beyond 10 ns.5,8 For lead iodide perovskite, although the direct band-gap

material has radiative recombination coefficient similar to that of GaAs, its lower

carrier concentration leads to the long radiative lifetime up to tens of
Matter 3, 1832–1844, December 2, 2020 1837



ll
Perspective
microseconds.30,31 The range of radiative lifetime of these free carrier materials

corresponds to materials with different doping levels. Low-dimensional semicon-

ductors hosting Wannier-Mott excitons such as quantum dots and transition metal

dichalcogenides have radiative lifetime on the order of 10 ns.15,32–35 As previously

discussed, phosphorescent materials have long radiative lifetimes on the order of

microseconds.21,22 Among aromatic molecules, smaller molecules have larger opti-

cal band gap and weaker p stacking, and thus can host Frenkel excitons with radia-

tive lifetime of a few nanoseconds.36,37 With increasing conjugation size and without

steric hindrance from side chains or functional groups, the tendency of p stacking

between molecules increases, leading to a substantial portion of charge-transfer ex-

citons and longer radiative lifetime of around 100 ns.24 In general, extensive p stack-

ing often leads to side-by-side packing geometry behaving as H aggregates, which

is also undesirable for shortening the radiative lifetime. The pseudoisocyanine (PIC)

molecular aggregates, where the J-aggregate behavior was first discovered, have

radiative lifetime of 1.5 ns.38 J-aggregate behavior can also be achieved in crystals

of aromatic molecules, where some small molecules that host Frenkel excitons can

directly crystallize into J aggregates (e.g., 2,6-diphenylanthracene).39 For large con-

jugated molecules, bulky side chains can be used to reduce the charge-transfer

exciton and facilitate the desirable molecular packing geometry.40,41 Alternatively,

the molecules can be assembled into orderedmonolayers where the charge-transfer

excitons can be greatly reduced and the intermolecular Coulomb interaction can

lead to the formation of J aggregates.42 The radiative lifetime of these materials

can be reduced to tens of picoseconds,42 corresponding to modulation frequencies

on the order of sub-100 GHz for light-emitting devices, which is more than one order

of magnitude faster than devices based on inorganic materials. We believe that mo-

lecular engineering and material design can produce J aggregates with lower radi-

ative lifetime and enable light-emitting devices with modulation speed comparable

with that of laser devices.
MATERIAL DESIGN FOR SUPERRADIANT J AGGREGATES

Although J aggregates were originally discovered in dye solutions by spectroscopic

characterizations, the observation of the delocalized exciton states at submolecular

level was made available in molecular aggregates adsorbed on single-crystalline

substrates, which provides a rational route to the design of low-dimensional molec-

ular J aggregates.43 In this study, linear aggregates of ZnPc molecules were fabri-

cated on a NaCl layer on single-crystalline silver substrate by a scanning tunneling

microscopy (STM) tip under ultra-high vacuum (Figure 4). The tunneling current

from the STM tip can excite the molecular aggregate to give fluorescence, which

was used to map the spatial distribution of the transition dipole moment of the mo-

lecular aggregate at submolecular resolution. In the STM photon map, it was found

that the fluorescence is strongest when the tip is located at the two ends of the linear

aggregate, which is consistent with the transition dipole moment of the all-symmet-

rical excited state in the exciton band. This observation also validated the classical

picture of J aggregates, in which the molecular transition dipole moments in the

aggregate are aligned by the Coulomb interaction and produce a giant transition

dipole moment that leads to a faster radiative decay rate proportional to the size

of the aggregate. With an increased number of molecules in the aggregate, the

tip-induced fluorescence spectrum progressively red-shifts and intensifies, accom-

panied by decreased effective fluorescence lifetime, which confirms the superra-

diant nature of J aggregates. This study demonstrated that molecules assembled

laterally on substrate can form J aggregates that host Frenkel excitons. As the mol-

ecules assembled on the substrate as monolayers, there would be no intermolecular
1838 Matter 3, 1832–1844, December 2, 2020



Figure 4. Superradiance of Artificially Fabricated Linear J Aggregates of ZnPc Studied by STM

The ZnPc molecules are absorbed on a NaCl layer on silver substrate, where the STM photon map

visualized the transition dipole moment of the delocalized Frenkel exciton state. The fluorescence

induced by tunneling current reached maximum when the tip was at the end of the aggregate,

consistent with the giant transition dipole moment expected for J aggregates. The red-shifted and

intensified fluorescence spectra with increased number of molecules are also characteristic of J

aggregates. Adapted with permission from Zhang et al.43 Copyright 2016, Springer Nature.
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p stacking leading to charge-transfer excitons, which typically have longer lifetimes

compared with the Frenkel excitons. Although the fabricated ZnPc molecular aggre-

gates only have four molecules, the lateral assembly can in principle be extended to

give two-dimensional molecular monolayers with low radiative lifetimes. With

proper selection of the fluorescence molecule and substrate, these monolayers

can be prepared using scalable methods, paving the way for high-speed light-emit-

ting devices.

To achieve J-aggregate molecular monolayers that are stable under ambient condi-

tion and suitable for the fabrication of optoelectronic devices, several factors need

to be considered for the selection of the molecules and substrate. First, the substrate

needs to have atomically well-defined crystalline surfaces free from dangling bonds
Matter 3, 1832–1844, December 2, 2020 1839
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Figure 5. Photophysics of Me-PTCDI Monolayer

Me-PTCDI monolayer (A) on h-BN is a J aggregate hosting Frenkel excitons that combines narrow

emission linewidth (B), high PLQY (C), and short radiative lifetime (D). Adapted with permission

from Zhao et al.42 Copyright 2019, Springer Nature.

ll
Perspective
to template the molecular assembly. Second, the molecules need to have strong

interaction with the substrate to form a self-limited monolayer but cannot be

quenched by the substrate. With these selection criteria, two-dimensional materials

such as hexagonal boron nitride (h-BN) are the ideal choice for the substrate, which

are atomically smooth and have large optical band gap that does not interfere with

the fluorescence of the molecular layer. From numerous STM studies, it is known that

ordered monolayers can be formed on these two-dimensional substrates with flat

conjugated aromatic molecules such as perylene diimides,44,45 which are also known

to be optically active and have high photoluminescence quantum yield (PLQY) in iso-

lated form. To this end, we prepared these perylene diimide monolayers on h-BN

substrates and studied their optical properties (Figure 5).42 We found that N,N0-
dimethyl-3,4,9,10-perylenedicarboximide (Me-PTCDI) molecules form flat crystals

with well-defined layer thickness corresponding to the p-p stacking distance.

When the layer thickness is reduced to a monolayer, the charge-transfer excitons

from p stacking between layers are removed, and the Frenkel excitons interact to

form a J aggregate that simultaneously gives high PLQY, narrow emission linewidth,

and short radiative lifetime of 27 ps. We believe that this method can be generalized

to other aromatic molecules to achieve low-dimensional molecular crystals that have

short radiative lifetime.

The molecular design of J aggregates with short radiative lifetime is not limited to

molecular monolayers. Undesirable charge-transfer excitons can be removed from

thicker molecular assemblies by isolating the core of the fluorescent molecules

with side chains or reducing the p stacking with precisely designed molecular struc-

tures.46 It has been shown that side chains added to perylene diimides effectively

isolate the conjugated core of the molecule. Thin films of these molecules display
1840 Matter 3, 1832–1844, December 2, 2020
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Figure 6. Molecular Engineering for J-Aggregate Behavior

Different substitutions on the trans-distyrylbenzene molecule give different packing structures (A)

with different photoluminescence quantum yield (QY) and radiative lifetime (tR). The differences in

their optical properties can be attributed to their J- and H-aggregate behavior and excimer band

related to strong p stacking, which can be determined from their absorption and emission spectra

(B). The dotted line is the absorption and emission spectra of the molecule in solution, which is

similar among all four molecules. Adapted with permission from Gierschner et al.47 Copyright 2013,

The Royal Society of Chemistry.

ll
Perspective
higher photoluminescence quantum yield compared with that of the molecules

without side chains and less red-shift in their solid-state fluorescence spectra, which

both indicate the successful reduction of the charge-transfer excitons.41 Another

example demonstrating the versatility of molecular design is the distyrylbenzene de-

rivatives, where different substitutions on the molecule change the packing of mol-

ecules from J to H aggregate and alter the degree of p stacking between molecules

(Figure 6A).47 Such differences in molecular packing have a direct impact on the radi-

ative lifetime and optical spectra of the respective molecular materials. We believe

that by properly selecting the molecular core and functionalization of molecular ma-

terials, J aggregates with simultaneously low radiative lifetime and high PLQY

enable practical high-speed light-emitting devices for optical communication and

interconnects.
HIGH-SPEED LIGHT-EMITTING DEVICES INCORPORATING J
AGGREGATES

As superradiance in molecular materials relies on well-defined molecular packing

geometries, rationally designed J aggregates would largely be crystalline materials

that often form discontinuous films with pinholes. Low-dimensional J aggregates

often need to be grown on flat, insulating substrates. Thus, conventional organic

light-emitting diode structures that typically employ amorphous thin films are not

suitable for crystalline J aggregates. AC-driven light-emitting devices have been re-

ported to incorporate monolayer perylene diimides on h-BN where the h-BN sub-

strate becomes part of the gate dielectrics (Figure 7A).42 The AC-driven light-emit-

ting devices with capacitor structures are also tolerant to pinholes and thus can

incorporate low-dimensional or discontinuous materials. Electroluminescence
Matter 3, 1832–1844, December 2, 2020 1841
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Figure 7. High-Speed Light-Emitting Devices Incorporating J Aggregates

(A) An AC-driven device with a capacitor structure can generate electroluminescence from

perylene diimide molecular monolayers. Adapted with permission from Zhao et al.42 Copyright

2019, Springer Nature.

(B) Proposed DC light-emitting devices adopting a structure similar to that of organic light-

emitting diodes with charge-injection layers.

(C) Device structure operating with inelastic electron tunneling.
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from these low-dimensional J aggregates can also be produced by inelastic electron

tunneling, whereby the molecular layers are sandwiched between two insulating

tunneling barriers and two electrodes (Figure 7B).48 The device structure used for

achieving electroluminescence from organic crystals could also be a promising

candidate to incorporate J aggregates, and low-dimensional molecular layers can

also be incorporated as a multilayer stack that is similar to multiple quantum well

structure (Figure 7C)49. Light-emitting devices incorporating J aggregates can

also employ cavities and antennas that further enhance the radiative recombination

rate by the Purcell effect, which is a common device-designing strategy for high-

speed light-emitting devices. The combination of intrinsic short radiative lifetime

with enhancement from the cavity environment would give the light-emitting device

with, ultimately, high operation speed.
CONCLUSION AND OUTLOOK

High-speed light-emitting devices are essential components of optical communica-

tions and interconnects, and their modulation frequencies are limited by the intrinsic

radiative lifetimes of the light-emitting materials. While the intrinsic radiative life-

times of inorganic materials are typically longer than 1 ns, some molecular materials

(i.e., J aggregates) can have radiative lifetime down to 10 ps. In these materials,

favorable molecular packing geometries lead to negative intermolecular Coulomb

interaction energy that gives rise to superradiance, whereby the radiative lifetime

of the material is inversely proportional to the number of molecules in the material.

We believe that these molecular J aggregates are promising candidates for fabri-

cating high-speed light-emitting devices due to their low radiative lifetime and

high photoluminescence quantum yield. J aggregates can be designed by tuning

the molecular packing geometry with molecular engineering methods such as at-

taching side chains or changing the functional groups. Low-dimensional J aggre-

gates can be formed on atomically flat substrates which template their structures.

We believe that with increased ability to predict the crystalline structure of mole-

cules,50,51 J aggregates with lower radiative lifetime can be developed. As J aggre-

gates in solid state are often crystalline and form non-uniform films with pinholes,

new device structures need to be designed to incorporate them in light-emitting de-

vices. We believe that next-generation high-speed light-emitting devices would

combine the short intrinsic radiative lifetime of J aggregates with Purcell effects

enabled by optical antennas to produce operation frequencies beyond 100 GHz.
1842 Matter 3, 1832–1844, December 2, 2020
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