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ABSTRACT

Metal halide perovskites are an emerging class of non-epitaxial semiconductor that have garnered
the attention of the photovoltaic and light emitting device (LED) research communities due to their
remarkable optoelectronic properties and wide wavelength tunability. In addition to displays and
lighting, recent studies have shown the promise of perovskite LEDs (PeLEDs) in other applications
such as optical communications. In this Spotlight article, we focus on the uniqueness and recent
progress of perovskite light emitters and their applications in optical communications. We
spotlight on the progress of their operational speed, light-emitting brightness, wide wavelength
tunability, bidirectional communication, and feasibility of monolithic integration with silicon
Complementary Metal-Oxide-Semiconductor (CMOS) technology. We believe that metal halide
perovskites are an important class of materials that hold the potential to revolutionize the next
generation of low-cost, high-performance communication links in both free space and on-chip

optical interconnect applications.

1. Introduction

The remarkable optoelectronic characteristics and broad wavelength tunability of metal halide
perovskites, a relatively new class of non-epitaxial semiconductors, have attracted the interest of
the photovoltaic and light emitting device (LED) research communities.!® Over the last ten years,
perovskite-based devices have experienced rapid improvement, with solar cells and LEDs
surpassing 25% power conversion efficiency and 90% internal quantum efficiency, respectively.’®
Furthermore, these materials are also considered as a new class of promising non-epitaxial gain
media for lasers,” !! especially due to the perception that perovskites feature all the optical and

electrical qualities that make practical, high-performance laser sources viable (e.g., low defect



density of 5 x 10'® ¢m 3, balanced electron/hole charge carrier mobility in the range of 10 - 300
cm?V-ls! depending on specific compositions, high photoluminescence quantum yield

approaching 100%, and a high material gain coefficient exceeding 3000 cm™').”

In addition to displays and lighting, recent studies have shown the promise of perovskite LEDs
(PeLEDs) in other applications such as optical communications.'?"!> The inherent properties of
metal-halide perovskites, particularly their versatility and high optoelectronic quality, make them
ideal candidates for this application. Recent studies suggest that PeLED bandwidth can achieve a
gigahertz range, exceeding the current state-of-the-art high-speed LEDs.!® Furthermore, these
materials can be solution-processed on various substrates, potentially allowing for easier and more
cost-effective manufacturing processes.!” Their compatibility with low-temperature processing is
especially advantageous for integrating light emitters on silicon chips, the workhorse of
microelectronics applications, at the backend-of-the-line.” Additionally, optical simulation reveals
that a significant enhancement in light extraction efficiency, reaching 73.6%,!® is attainable
through a dual-stage light extraction mechanism employing nano-dome light couplers and
nanowire optical antennas on the nanophotonic substrate. These findings indicate that the
integration of nanophotonic architectures offers a promising strategy for enhancing the
performance of perovskite light-emitting diodes and makes them suitable candidate for efficient
optical communication.'® This is particularly relevant in the era of the Internet of Things (IoT),
where multiple devices are connected, and there is a growing need for efficient, low-cost

communication methods. %!

In this Spotlight article, we focus on the recent progress of perovskite light emitters and their
applications in optical communications. In particular, we spotlight on the progress of their

operational speed, light-emitting brightness, wide wavelength tunability, bidirectional



communication, and feasibility of monolithic integration with silicon Complementary Metal-
Oxide-Semiconductor (CMOS) technology. We believe that metal halide perovskites are a new
and useful materials platform and hold the potential to revolutionize the next generation of low-
cost, high-performance communication links in both free space and optical interconnect

applications.

2. High Speed Operation

A sufficiently high operational speed, or high modulation bandwidth of a light emitter is a
prerequisite for optical communications. Unlike other thin film emitters such as phosphorescent
organic molecules and thermally activated delayed fluorescence (TADF) molecules, which are
intrinsically slow due to long photoluminescence/excitonic lifetimes, metal halide perovskite
emitters can be fast if well-engineered. Recent analysis suggests that the bandwidth of perovskite
light emitters may exceed gigahertz levels, although this high speed can only be achieved when
current density exceeds 100 A/cm? (Figure 1).!° Detailed discussions on high-current operation of
PeLEDs can be found in Section 3. Experimentally, however, the bandwidth of perovskite LEDs
demonstrated so far is limited to 42.6 MHz (Figure 1).!° Both extrinsic factors (such as parasitic
capacitance) and intrinsic factors (such as charge carrier recombination lifetime) can limit the

speed of PeLEDs. which is discussed in detail in Section 2.1 and 2.2.
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Figure 1. Bandwidth versus current density of the record PeLEDs, organic LEDs and III-V nitride micro-LEDs.
Solid triangles indicate the calculated RC f 34z of PeLEDs. The dashed line shows the theoretical f 345 curve of
PeLEDs limited by zrc, estimated from the measured results. Reprinted with permission from ref.!®Copyright
[Springer Nature] [2023].

2.1. Device Configuration Limited Operational Speed

Perovskite light-emitters are generally composed of multiple functional layers that collaborate to
generate and emit light (Figure 2a). The device begins with a substrate, which functions as the
mechanical supporting structure upon which subsequent layers are fabricated. Notably, perovskite
materials are amenable to solution-based processing, allowing for their deposition on a wide range
of substrates such as silicon, glass, and flexible plastics. This versatility sets them apart from III-
V semiconductor light emitters, which typically require more specialized deposition techniques
such as molecular beam epitaxy (MBE) or metalorganic chemical vapor deposition (MOCVD).’
Common methods for depositing perovskites include spin-coating, vapor deposition, and inkjet
printing,”? making them highly adaptable for various applications. On top of the substrate, a
common PeLED structure typically consists of a perovskite emissive layer sandwiched between
electron and hole transport layers (ETLs & HTLs), which in turn are connected to the anode and

cathode electrodes. While applying voltage, electrons from the cathode are injected through the



ETL into the perovskite layer, and holes from the anode are injected through the HTL into the
perovskite layer, where they recombine, emitting photons. These ETLs and HTLs are designed to

facilitate efficient charge carrier transport and minimize energy barriers at the interfaces.?

A typical PeLED structure is shown in Figure 2a-b. The overlap between the two electrodes
defines the active device area of the PeLED. Resistance and capacitance associated with the device
structure inevitably affect the device’s operational speed. In essence, a typical equivalent circuit
model for an LED can be simplified into a network comprising a diode resistor (Rs) and capacitor
(C), along with a series resistor (R;), as shown in Figure 2c.'>!> The resistance of the diode
displays a nonlinear response to the electric field applied to it. Conversely, the series resistance
represents the collective resistance from various sources including the contacts, wiring, and driving
circuitry, and is generally considered to be a fixed value. The capacitor aspect of the LED stems
from its dielectric properties and the accumulation of charge at the junctions of its different
functional layers. Consequently, there's an inherent delay in the LED's response, attributable to the
combined effects of the RC time constant, the movement of charges, and the charge carrier

recombination activities.

Mathematically, the RC time constant Tz, can be written as

C
Tre =
by
d s
The frequency response of an LED is given by
f-3a8 = 2T



where T could represent either the carrier lifetime 7, (intrinsic factor limited) or Tz, (extrinsic

factor limited), depending on which factor predominantly limits the modulation performance.'?

A significant result of the RC effects is the delay between the turn-on/turn-off of the driving voltage
and the rise/fall of electroluminescence. This delay has a pronounced impact on its ability to
modulate emitted light at high frequencies. Essentially, it represents a critical factor influencing
13,1524-26 T

the temporal characteristics and modulation capabilities of such light-emitting devices.

mitigate this issue, reducing the associated resistance and capacitance in the device becomes key.

Reducing series resistance. Reducing the series resistance has shown to be an effective way to
reduce tgc. For example, Indium tin oxide (ITO), the commonly used transparent electrode in
PeLEDs, represents significant series resistance involved in the electrical injection process. An
effective strategy is to connect the ITO electrode outside of the device active area to a metal
electrode (e.g., Au or Ag) (Figure 2d). A high-speed PeLEDs with nanosecond rise time is
reported using this device configuration (Figure 2e).!> Another source of significant series
resistance comes from the low carrier mobilities of the organic charge transport layers (for
example, 10 - 10* cm?V-!s). As a result, doping in the charge transport layer is shown to be
important in PeLEDs.?” It will improve the mobility of the carriers and therefore decrease

resistance.

Reducing device area. Since parasitic capacitance is inversely dependent on device area, reducing
the active device area is the most straightforward way to improve the device modulation bandwidth.
For example, the 3dB cutoff frequency is increased from 1.9 MHz for a 7.25-mm? device to 21.5

MHz for a 0.1-mm? (Figure 2f).!°



Increasing operating voltages. Since the device differential resistance decreases with increasing
carrier density, another strategy to reduce the Tz is to increase the voltage bias or current density.
It has been reported that the bandwidth of PeLEDs increases from 2.1 MHz to 37.6 MHz as the

bias increases from 3.5 to 7.5 V.!°
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Figure 2. (a-b) A schematic PeLED structure in side-view (a) and top view (b). (¢) a typical equivalent circuit model
for an LED. Reprinted with permission from ref.'® Copyright [Springer Nature] [2023]. (d) Alternative PeLED device
structure for higher speed operation. Reprinted with permission from ref.!> Copyright [Wiley] [2021]. (e) Fast
electroluminescence rise time of several nanosecond due to reduced RC time constant in the device architecture.
Reprinted with permission from ref.'* Copyright [Wiley] [2021]. (f) Bandwidth of PeLEDs with various device area.
Reprinted with permission from ref.!>Copyright [Springer Nature] [2020].

2.2. Charge Carrier Recombination Limited Operational Speed

The charge carrier recombination lifetime in perovskites sets the intrinsic speed limitations of
PeLEDs. The device cannot be turned on and off faster than the carrier recombination lifetime.

Thus, a faster carrier recombination process enables faster modulation. There are three major



carrier recombination processes in perovskites, assuming that 3D perovskites are not excitonic
owing to a small binding energy of <50 meV: (1) first-order defect-assisted recombination, (2)
second-order bimolecular radiative recombination, and (3) third-order Auger recombination.?® The

change of carrier density n versus time ¢ can then be described by the rate equation:

dn

—— =—G+An+Bn® +(n°,

where G is the carrier generation rate, and A, B, C are the rate coefficients describing defect-

assisted monomolecular recombination, radiative bimolecular recombination, and Auger

recombination, respectively. The defect-assisted recombination lifetime can be defined as 74, = "

the radiative recombination lifetime as 75 = e and the Auger recombination lifetime as 7, =

Ccn?

The defect-assisted monomolecular recombination lifetime is constant, while the other two
decrease with increasing carrier density. Therefore, one could expect a faster charge carrier
recombination rate at high excitation intensity (either optically or electrically). In other words, the

intrinsic response speed of PeLEDs will be faster when operating at high current densities.

Perovskite films containing a high nonradiative defect density generally have a short carrier
recombination lifetime due to a large defect-assisted monomolecular recombination coefficient A.
However, this will lead to low light-emission efficiency and is not desirable for LED applications.
Most defect passivation strategies developed so far can reduce the defect-assisted nonradiative
recombination process, which will increase the overall carrier recombination lifetime due to longer
74.%° However, longer carrier radiative lifetime is not desirable for high-speed PeLEDs. Electrical

doping might be a promising strategy that can reduce carrier recombination lifetime by promoting



radiative recombination and shortening 7z and at the same time maintain efficient light emission.

The Auger recombination coefficient C is typically on the order of 1072 cm®s™!30-32

which is on
average 25 times higher than the recombination coefficient for GaAs. This means perovskite light
emitters suffer more severe Auger recombination loss at high carrier densities (n>10'7 cm™).
Although a higher Auger recombination rate has theoretical benefits to increase the bandwidth at

high current injection levels, it impedes PeELDs from reaching high current density operating

regimes for high brightness and fast radiative bimolecular recombination.'¢

Notably, despite the charge carrier recombination rate sets the material’s intrinsic bandwidth, all
reported studies so far have been constrained by extrinsic RC factors. Based on experimentally
measured 4, B, C rate coefficients, a recent study suggested that PeLED bandwidth can achieve a

gigahertz range, exceeding the current state-of-the-art high-speed LEDs.!'®

3. High Brightness Operation

For optical communications, the signal-to-noise ratio (SNR) of a communication system increases
with the power of the carrier signals, and based on Shannon's theory, the capacity of a
communication channel increases as well with SNR.* Therefore, the brightness (power) of light

emitters is a critical property for optical communications.

Despite the rapid improvement in performance,' PeLEDs with brightness comparable to inorganic
LEDs have yet to be reported. One source of this difficulty is that the external quantum efficiency
(EQE) of PeLEDs typically decreases at high current densities (or brightness), an effect known as
EQE roll-off. Factors that contribute to EQE roll-off include Joule heating,** charge imbalance,®
Auger recombination,*® and electrical field-induced quenching.*’ Furthermore, operational

lifetime decreases dramatically at high current densities,*® making it difficult to achieve both high
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brightness and long lifetime. Nevertheless, the ability to maintain operation at high current density
is a prerequisite for PeLEDs to achieve high brightness. Figure 3 shows the timelines for the
maximum current densities of PeLEDs achieved over the years.’*>° Notably, driven by
nanosecond electrical pulses, the maximum current density of PeLEDs has exceeded 20 kA/cm?,*!
and the maximum current density, driven continuously, has achieved 25 A/cm?.* These reports
show the promise for high-power PeLED operations. The following strategies have been
demonstrated to be effective to improve the brightness and stability of PeLEDs, particularly

operating at high current densities:
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Figure 3. Timelines showing maximum current density for PeLEDs, driven continuously or by electrical pulses. Data
adopted from literature.37-3°-0

Thermal management. It has been reported that PeLEDs are sensitive to temperature, mainly due
to the ionic nature of perovskites. For example, the lifetime of PeLEDs decreases by an order of
magnitude when the environmental temperature increases from 10 to 40 °C (Figure 4a).* Hence,
thermal management is crucial to achieve a stable device performance. Several strategies have

been demonstrated to be effect in controlling heat in PeLEDs, such as the use of heat sinks and
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thermally conductive substrates. It has been reported that using a thermally conductive sapphire
substrate and a graphite as a heat spreader significantly improves device performance in the high
injection level (Figure 4b).>’ Furthermore, utilizing doped charge transport layers can be
instrumental in enhancing electrical conductivity. ** Consequently, it reduces Joule heating in
PeLEDs.** In addition to better heat dissipation, another strategy to support high-power high-
brightness operation of PeLEDs is to improve the thermal stability of PeLEDs, such as adopting

more thermally stable organic charge transport layers in PeLEDs (Figure 4c).”!

Reducing Auger recombination. Efficient perovskite light emitters typically adopt
polycrystalline perovskite films with nanometer sized grains or low-dimensional perovskites.>
These materials exhibit a higher exciton binding energy (E») compared to bulk 3D perovskites due

to the influence of quantum and dielectric confinement.>

These features result in severe Auger
recombination in polycrystalline based PeLEDs and limit their maximum attainable brightness. To
address this issue, in a recent report, relatively thick single-crystal (SC) perovskite thin films are
used as the light emission layer in PeLEDs.*® At high current densities, the 4.4-um thick SC
PeLEDs exhibit significantly reduced EQE roll-off compared to polycrystalline PeLEDs (Figure

4d), and the authors attribute this improved performance to reduced Auger recombination.

12
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Figure 4. (a) Operational stability of PeLEDs working at various environmental temperatures operating at a constant
current density of 10 mA/cm?. Reprinted with permission from ref.?® Copyright [Wiley] [2020]. (b) Radiance of
PeLED with various thermal management strategies. Reprinted with permission from ref.3* Copyright [Wiley] [2020].
(c) Radiance of PeLEDs using polymer HTLs with different glass-transition temperatures. Reprinted from ref.>*
Copyright [2023] American Chemical Society. (d) Efficiency of PeLEDs with single-crystal or polycrystalline
perovskite emission layers. Reprinted with permission from ref.3¢ Copyright [Springer Nature] [2023].

Improving Electron-Hole Balance. The transport layers should ensure a balanced injection of
both holes and electrons into the emissive layer.”> This balance is important for maximizing
quantum efficiency. However, an uneven injection of electrons and holes into the perovskite layer
is fairly common due to different energy barriers at interfaces in the device stack.’® For example,
electrons from common electron transport materials like 2',2'-(1,3,5-benzinetriyl)-tris(1-phenyl-1-

H-benzimidazole) (TPB1) can easily enter the perovskite layer due to a favorable energy level
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alignment, while holes struggle to do the same because of an energy mismatch between the HTL
and perovskite layer. This imbalance leads to inefficiencies in PeLED performance. Furthermore,
the energy level difference at the HTL-perovskite interface can quench excitons before they emit
light. This quenching effect is particularly significant for green and blue-emitting PeLEDs. To
mitigate this issue, several attempts have been made. One strategy is to introduce energy barriers
to reduce electron injection, which consequently improves the device performance and helps to
achieve a peak external quantum efficiency (EQE) of 16.7%.°” Alternatively, strategies have been
proposed to enhance hole injection.”® ®° It is evident that device efficiency can be enhanced by
selecting HTLs with proper highest occupied molecular orbital (HOMO) energies that minimize
the energy barriers between HTLs and perovskites.”> When an energy barrier is inevitable, building
a stepwise “energy ladder” with multiple HTLs (e.g., inserting additional HTLs of TFB and PVK
between PEDOT:PSS and perovskites) is favorable to enhance hole.>® This strategic choice helps
to mitigate carrier imbalance issues, ensuring a more balanced injection of electrons and holes,

ultimately leading to improved device performance and efficiency.

Improving the Morphology of Perovskites: The surface morphology of perovskite films plays a
crucial role in achieving optimal performance in PeLEDs, as it directly influences their optical,
electrical characteristics, and overall device efficiency. Nonuniform perovskite films with pinholes
are commonly caused by the dynamic crystallization and grain-growth process from perovskite
precursors to perovskite polycrystalline films during the fabrication process (e.g., spin coating),’!
which is appliable to multiple perovskite compositions.®* The pinholes can lead to a shunt pathway
between the perovskite layer and the charge transport layer, which induce reduction in device
performance.®>% Anti-solvent (e.g., chlorobenzene, chloroform, toluene, or other nonpolar

solvent) quenching treatment has been widely used to control the crystallization process, leading
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to pin-hole free perovskite thin films.®* Another effective approach to address the morphological
challenges of perovskite films is by regulating the crystallization rate of perovskites. For example,
after incorporating an acid (HBr) into the MAPbBr3 precursor solution,’® the solubility of the
inorganic component rises, leading to a reduction in the crystallization rate of the perovskite film
and a more uniform film is formed.®® Furthermore, to achieve efficient radiative recombination,
it's essential to confine charge carriers effectively. Studies have demonstrated that the efficiency
of PeLEDs can be increased by introducing quasi-2D perovskite structure so that radiative
efficiency can be improved by concentrating charge carriers.®® Another example is the use of
dielectric polymer: perovskite composite films, which shows a substantial increase in both
photoluminescence (PL) efficiency and lifetime for CsPbBr3 perovskites due to the suppression of

trap states and reduction in grain boundaries.®’

Improvement in light outcoupling: The EQE of an LED is a product of the IQE and light
outcoupling efficiency (nour). With IQEs of nearly 100% being achieved in PeLEDs, realizing high
EQEs would rely on the improvement of light outcoupling or the extraction of generated photons.
In planar LEDs, like organic LEDs, approximately 70 to 80 percent of the emitted light from the
emitters becomes confined within the device.®®® Various techniques, such as employing
diffraction gratings, low-index grids, introducing polymers and buckling patterns, have been
utilized to extract the light trapped within LEDs.”®”* However, most of the methods have some
complex fabrication difficulty which paves the way for new ideas to be implemented and make

the device practically realizable.
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4. Wavelength Tunability

Wavelength division multiplexing (WDM) is a widely employed technique in optical
communication systems. It enables the simultaneous transmission of multiple signals over a single
optical path by utilizing distinct wavelengths of light for each signal. By adjusting the composition
of the perovskite material (e.g., the mixed halide stoichiometry), PeLEDs can emit light across the
visible spectrum, including challenging colors such as blue and green (figure 5a).”* This
wavelength tunability of perovskite light emitters makes it promising for WDM applications.
Furthermore, there is currently a so-called “green gap”, a deficiency in the performance of III-V
semiconductor based optical sources within the green spectral range. This underperformance stems
from fundamental limitations within these materials in this energetic range, which is at the very
edge of their tolerance. After only a few years of investigation, perovskite devices offer a
compelling alternative in the green, with a current EQE record of 29.5%,”* despite that more light
is trapped in thin film LEDs compared to their III-V counterparts. In other words, PeLEDs possess

significant potential to surpass established technologies in green light generation.

Metal halide perovskites possess a highly tunable bandgap, which directly dictates the wavelengths
of light they absorb and emit.*®7%77 At the heart of this tunability lies the perovskite's crystal
structure and its flexible composition. The general formula for halide perovskites is ABXs, where
A-site cations are typically organic cations like methylammonium (MA") or formamidinium
(FAY), or inorganic cations like cesium (Cs"), B-site cations are usually divalent metal ions, most
commonly lead (Pb®") and tin (Sn?*), and X-site ions are halide anions such as chloride (CI),
bromide (Br"), or iodide (I"). By carefully manipulating the elements occupying these specific sites
within the crystal lattice, the bandgap, and thus the light-emitting properties of the perovskites can

be engineered.
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The size and nature of the A-site cation influence the overall geometry of the perovskite lattice.
Larger cations expand the lattice, leading to a smaller bandgap (red shifting the emission color),
while smaller cations cause the opposite effect. This allows for a degree of bandgap control and
color tuning. For example, doping with Cs" can reduce the lattice constant and enlarge bandgap in
MAPDbBr; crystal, which in lead to blue-shifted light emission,’® while replacing Cs" with FA*
leads to a wide range of tunable luminescence.”” Substituting the B-site cation lead with tin is
another powerful bandgap tuning method. Tin-based perovskites have smaller bandgaps than their
lead counterparts, allowing for a wider range of accessible emission wavelengths. Changing the
halide anions has the most dramatic impact on the bandgap. lodide-based perovskites possess
smaller bandgaps than bromide-based perovskite counterparts, while bromide-based perovskites
have smaller bandgaps than chloride-based perovskites. By creating mixed-halide perovskites, the
bandgap of perovskites can be controlled so that the emitted light can cover the full visible

spec‘[rum.go’82

However, simply mixing different halide species to form mixed-halide perovskites typically leads
to unstable light emitting wavelength.®* This wavelength instability issue originates from halide
phase separation. The phase separation process leads to the formation of separate iodide-rich
domains and bromide-rich domains.®® Consequently, this results in a challenging "red gap"
problem, wherein the emission wavelength becomes fixed to that of the lower bandgap iodide-rich

phase, hindering the achievement of red-emitting PeLEDs at room temperature.

Introducing cesium (Cs) cations into perovskite materials containing methylammonium (MA) or
formamidinium (FA) cations can help mitigate the lattice mismatch between bromine (Br) and
iodine (I) components. This adjustment in the cation composition leads to a reduction, though not

a complete elimination, of the segregation of halide species within the mixed-halide perovskite
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structure. This strategy helps improve the homogeneity and stability of mixed-halide perovskite
materials.** On the other hand, introducing bulky organo-ammonium ligands seems to be key to
achieving stable emission wavelength for perovskite emitters. Both wavelength tunable PeLEDs

(Figure 5b) and optically pumped lasers (Figure 5S¢, d) have been demonstrated using this

strategy,!83#38 showing the potential of perovskite light emitters in wavelength division
multiplexing.
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Figure 5. (a) Wavelength tunability of perovskite light emitters by changing their compositions. Reprinted with
permission from ref.” Copyright [American Association for the Advancement of Science] [2017]. (b) Photo images
and electroluminescence spectra of mixed-halide perovskite LEDs. Reprinted from ref.®*. Copyright [2017] American
Chemical Society. (c) Single-mode lasing emission in a wide range of wavelengths from mixed-halide perovskite thin
films. Reprinted from ref.®> Copyright [2019] American Chemical Society. (d) Single-mode lasing spectra from a
single perovskite composition with varied distributed feedback (DFB) grating periodicities. Reprinted from ref.3¢
Copyright [2021] American Chemical Society.
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5. Bidirectional communication

Optical communication is indeed a cornerstone of modern communication technology because of
its numerous advantages including high-speed data transmission, long-range connectivity, robust
resistance to interference, and exceptional security features. To establish any successful optical
communication system, three components are needed: an emitter, a transmission channel, and a
detector. The information is coded by the modulation of light from the emitter, converting the
electrical signal into optical signal, which is detected by a detector, where the optical signal is
converted back to the electrical signal at the receiving end. As our reliance on data communication
is increasing with time, the entire system needs to be capable of dealing with high modulation
bandwidth. The advantages of PeLEDs over currently available optical communication systems
are intriguing, such as the potential for high-speed modulation (challenging for phosphorescent
and TADF molecule-based emitters), cost effectiveness, fabrication simplicity, and easy
integration with silicon chips (difficult for III-V semiconductors-based emitters). Notably, visible
light communication (VLC) represents an emerging technology employing light-emitting diodes
(LEDs) for both illumination and data communication simultaneously. It's anticipated to play a
significant role in addressing existing bottlenecks in data and wireless communication. VLC boasts
numerous advantages over lower-frequency communication methods like Wi-Fi and Bluetooth.
These include superior energy efficiency, utilization of an unregulated communication spectrum,
environmental friendliness, compact security, and immunity to radio frequency interferences.”~*°
However, conventional LED bulbs are typically based on blue inorganic LEDs with a phosphor

coating as a down converter to generate white light. While the modulation speed of the inorganic

LED is fast, the response speed of the phosphor coating is slow, which significantly constrained
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the modulation bandwidth, hindering the realization of VLC's full potential.’! Perovskite LEDs, if

well engineered, can be fast, which hold great potential for VLC applications.

Interestingly, bidirectional optical communication has been demonstrated using identical
perovskite based optoelectronic devices as both the emitter and the receiver (Figure 6).!>%2
Bidirectional optical signal transmission offers significant potential for miniaturized, monolithic
optoelectronic systems. While achievable with III-V semiconductors, their integration remains
complex. Solution-processable semiconductors promise advantages like flexibility and simplified
integration but face intrinsic material and design limitations. For example, organic semiconductors
suffer from a large Stokes shift, hindering efficient signal reception. Perovskites, however,
demonstrate remarkable versatility in both light emission and detection. Their small Stokes shift,
impressive LED efficiencies, and the sensitivity and fast response times of their photodetectors
make them exceptional candidates for dual-functional devices capable of bidirectional optical

signal transmission.
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Figure 6: (a) PeLEDs used as inter-chip (Left) and intra-chip (Right) data communication. (b) Perovskite diode biased
at -0.5V working both as photodetector and LED. Reprinted with permission from ref.!> Copyright [Springer Nature]
[2020].

6. Monolithic Integration with Silicon Microelectronics

Optoelectronic devices are ubiquitous in modern life, powering displays across our devices,
enabling diverse lighting solutions, and driving lasers for healthcare, spectroscopy,
communications, and security. However, a key limitation hindering their broader adoption is
silicon's inability to efficiently emit light. Silicon remains the backbone of microelectronics, and
the need to integrate conventional III-V semiconductor light sources adds substantial complexity
and cost. Metal halide perovskites offer a compelling solution. They possess the optoelectronic
properties necessary for efficient LEDs (e.g., balanced electron/hole mobility, high
photoluminescence quantum yield) and, crucially, their solution-based deposition allows
integration with virtually any substrate, including silicon. Monolithic integration of perovskite-
based VIS-NIR light emitters on silicon would revolutionize silicon photonics, offering

unparalleled scalability compared to current III-V integration approaches.

Despite a comprehensive investigation on the monolithic integration theme of perovskite emitters
on silicon is yet to complete, there have been a few promising reports on PeLEDs fabricated on
silicon wafers. One straightforward integration strategy would be fabricating complete PeLED
stacks including the electrodes on electrically isolated silicon wafers (e.g., silicon CMOS wafers
covered with an insulating oxide layer).'® However, direct deposition of the perovskite layer on
bare c-Si substrate would result in poor film quality. As a result, a thin hole transport layer (PVK)
is pre-deposited in top of the c-Si layer before spin coating Perovskite layer. For light outcoupling,
a semitransparent electrode using an ultrathin metal layer (e.g., 15 nm Ag) is typically adopted in

the top-emitting structure (Figure 7a). This integration theme can essentially be applied to any
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substrates including glass and plastics,”® taking advantage of the low-temperature, solution-
processing capability of PeLEDs. Another study uses a p-type silicon wafer as both the substrate
and hole injection layer (Figure 7b),°* which shows the possibility of direct electrical interactions

between silicon and perovskites. This integration technique provides better heat dissipation as well.
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Figure 7. (a) Photographs of PeLEDs fabricated on a 100-mm-diameter silicon wafer, and the corresponding cross-
sectional image of the PeLED. Reprinted with permission from ref.!® Copyright [Springer Nature] [2023]. (b)
Configuration of a PeLED on a silicon substrate and corresponding cross-sectional image of the device active stack.
Reprinted from ref.** Copyright [2020] American Chemical Society.
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7. Conclusions and Outlook

In this Spotlight article, we have offered insight into the unique optical and electrical properties
that make perovskite light emitting devices promising for next-generation optical communication
applications. While significant progress has been made since the first demonstration of room-
temperature electroluminescence from perovskites in 2014, there are still many challenges that
must be overcome for this technology to reach its full potential. We summarize the primary

challenges here.

. Speed: It is predicted that the bandwidth of PeLEDs can achieve a gigahertz range,
exceeding the current state-of-the-art high-speed LEDs.!¢ However, all reported studies so far have
been constrained by extrinsic RC factors, limiting their speed to megahertz range. To lower RC
time-constant, the device area needs to be reduced. Additionally, challenges such as unbalanced
charge injection, outcoupling loss, and inadequate thermal management must be tackled. The
increased Joule heating and efficiency decline pose significant hurdles in sustaining continuously
operating devices under high injection conditions. To achieve high speed operation, it is essential
to simultaneously attain a combination of an emitter featuring fast radiative recombination and

high charge-carrier mobility, alongside a low Trc device architecture and an efficient light-

outcoupling structure.

. Stability: One of the most significant challenges faced by PeLEDs, regardless of their
specific applications, is their instability.”® This instability is closely related to many unique
properties of halide perovskites, such as ion migration and many chemical reactions that
perovskites may participate in during device operation.”” As a relatively new material system, there

are still a lot to learn about the dynamics of the ions inside the active layer, such as the mechanism
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governing the halide separation upon long-time illumination, what might be their diffusion length
and most importantly, how to stabilize them. Notably, iodide transport through the charge transport
layers is identified as one significant degradation channel for perovskite-based devices. Since hole
transport layers efficiently transport holes in an iodide-based perovskite system, it can also be
oxidized by the free iodides and hence aid the entire process of iodide separation.”® As a result, a
charge transport layer that can efficiently block iodide transport is critically in need. One effective
strategy to meet this criterion is mixing MoOs to oxidize the hole transport layer m-MTDATA
(4,4°,4”-tris[(3-methylphenyl)-phenylamino] triphenylamine) to avoid further oxidation with
iodides.”

. Efficiency roll-off: While PeLEDs can achieve high peak efficiencies, the efficiency often
drops off rapidly at higher brightness levels, a phenomenon known as "efficiency roll-off".
Strategies to overcome the efficiency roll-off of PeLEDs are highly desirable for many relevant
applications.'” Factors that contribute to EQE roll-off include Joule heating,** charge imbalance,*® Auger
recombination,* and electrical field-induced quenching.’’ Joule heating can be controlled by
introducing thermal management strategies, such as using heat sinks alongside, or increasing the
charge mobility inside the device so that the resistance can be lowered. On the other hand, quantum
and dielectric confinement increases the probability of many body interactions such as Auger
recombination under high injection level.’” Using 3D perovskite single crystals can be a potential
solution in this regard.

J Manufacturing and scaling: In the last ten years, PeLEDs have made consistent strides
in their electroluminescent (EL) performance, with key metrics nearing the thresholds for
commercial viability. However, developing industry-relevant, cost-effective, reproducible

manufacturing processes for large-scale production is a challenge. While solution processing of

24



perovskites holds promise for low-cost production, it also introduces challenges regarding
achieving high-quality films and devices with high uniformity and reproducibility, and local area
patterning of different colors and compositions for wavelength division multiplexing. Inkjet
printing of perovskites is a promising method due to its compatibility with large-area, flexible
substrates, and its ability to pattern different materials.!°! Recently, additive manufacturing has
also come into the picture for PeLEDs.!%? Perovskite QDs are distributed in the polymer
(Polypropylene) matrix during the fabrication process which provides excellent quantum yield and
stability.

. Toxicity: Most high-performing perovskite materials contain lead, which is toxic and
poses environmental and health risks. Research is ongoing to find lead-free alternatives that still

deliver high performance.

These are only five of the many remaining challenges facing PeLEDs for optical communications.
Nevertheless, as research continues, improvements to device performance, stability, and
manufacturing techniques, the potential for commercialization and widespread adoption of

PeLEDs for optical communications becomes increasingly likely.
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