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Perovskite photonic sources

Brandon R. Sutherland and Edward H. Sargent*

The field of solution-processed semiconductors has made great strides; however, it has yet to enable electrically driven lasers.
To achieve this goal, improved materials are required that combine efficient (>50% quantum yield) radiative recombination
under high injection, large and balanced charge-carrier mobilities in excess of 10 cm? V' s7, free-carrier densities greater than
10" cm3 and gain coefficients exceeding 10* cm™. Solid-state perovskites are — in addition to galvanizing the field of solar elec-
tricity — showing great promise in photonic sources, and may be the answer to realizing solution-cast laser diodes. Here, we dis-
cuss the properties of perovskites that benefit light emission, review recent progress in perovskite electroluminescent diodes
and optically pumped lasers, and examine the remaining challenges in achieving continuous-wave and electrically driven lasing.

of materials that have led to great advances in the perfor-

mance of solution-processed optoelectronic devices'™. The
bandgap is tunable through its chemical composition, allowing it
to be varied across visible and near-infrared wavelengths®. High-
quality perovskite thin films are formed at low temperature using
inexpensive earth-abundant reagents. Their low Urbach energy (as
small as 15 meV)®, minimal Stokes shift (less than 20 meV)?, high
charge-carrier mobility (in excess of 10 cm? V-'s7)8, long diffusion
length (up to 1 um or even beyond)”'! and low trap density (less
than 10'® cm~)'? have led to rapid advances in the field of solution-
processed solar cell technology.

Interest in perovskites soared once their photovoltaic power
conversion efficiencies ascended from 6.5% to 9.7% in 2012'>™.
These impressive efficiencies quickly put perovskites in contention
with leading third-generation solar harvesting materials, including
dyes", organic polymers's, colloidal quantum dots'” and thin-film
compound chalcogenides'®. By building on pioneering advances in
mesoscopic dye-sensitized solar cells, researchers greatly increased
the efficiency of perovskite photovoltaics over a span of less than
three years. Breakthroughs in perovskite film formation, chemi-
cal composition and optimized electrode materials increased the
efficiency to 10.9%", 12%2*, 15%%, 18.4%%, 20.1%* and now to
22.1% certified®.

Recently, researchers have explored new applications of this
material, including in light-emitting diodes (LEDs) and in semicon-
ductor optical amplifiers and lasers. We offer a critical evaluation of
the prospects of perovskites in these important areas of application.

| rihalide perovskite semiconductors are an emerging class

Perovskite materials for light emission

Perovskites (Fig. 1a) possess the crystal structure ABX,, where A
and B are cations jointly bound to X, an anion. Methylammonium
(MA) lead trihalide perovskites have so far been the most inten-
sively explored in optoelectronics. They have the chemical com-
position CH,NH,PbX,Y, ,, where CH;NH; and Pb are cations,
and X and Y can be I, Br or Cl anions. This perovskite is a hybrid
inorganic-organic direct-bandgap semiconductor, spectrally tun-
able through compositional control of halides. The emission ranges
from 390 to 790 nm (Fig. 1b), and can be extended through cation
substitution or blending. Methylammonium mixed with forma-
midinium extends the emission wavelength to 820 nm and has led
to the most recent photovoltaic performance breakthroughs®?.

Perovskites of composition MASnX; have an emission wavelength
tunable past 900 nm but are more sensitive to air, illumination and
external bias™.

Also extensively investigated in recent years are perovskites
based on colloidal CsPbX, quantum dots. These perovskite nano-
particles offer a spectral range spanning 410-700 nm through both
halide composition and quantum tuning®. Their narrow photolu-
minescence spectra, coupled with their continuous spectral tunabil-
ity, enable a pure colour distribution covering a range greater than
the National Television System Committee (NTSC) standard on a
CIE chromaticity diagram (Fig. 1c). Some studies have shown that
these perovskites exhibit less blinking (fluorescence intermittency)
than other semiconductor quantum dot systems, and that the exci-
ton is less sensitive to dot size®.

Many of the underlying physical properties of perovskites that
led to the progress in solar cell efficiencies also enable enhance-
ments in performance of light-emitting devices. Perovskites possess
a sharp optical absorption onset, with «, the absorption coefficient,
exceeding 10* cm™ near the band edge®. A more strongly absorb-
ing semiconductor can efficiently convert light to electrical current,
and, correspondingly, can support higher material gain in a laser.
This absorption coeflicient surpasses even that of GaAs, a leading
semiconductor in high-performance commercial optoelectronic
devices, including solar cells, LEDs and lasers.

The large mobilities in perovskites suggest promise for LEDs
that can achieve high brightness at low driving voltages. In lasing
applications, the low Stokes shift reduces energy lost to heat dur-
ing down-conversion of the pump. A clean bandgap with minimal
charge-trapping defects increases the efficiency of band-to-band
radiative recombination, central to the operation of light-emitting
devices. Non-radiative pathways in perovskite thin films are slow and
unfavourable, even at high pump intensities, as evidenced by con-
stant photoluminescence quantum yields near 70% at continuous-
wave pump powers from 500 to 2,000 mW cm™ (ref. 29) and an
electroluminescence efficiency that continues to increase with
injected current, owing to dominant bimolecular recombination®.

In addition to thin-film fabrication of polycrystalline perovs-
kites, solution-based growth of large single-crystal perovskites
has recently been reported'®!!. These single crystals offer even
lower bulk defect densities, of order 10°-10"" deep trap states per
cubic centimetre (refs 10,31) alongside diffusion lengths exceed-
ing 5 pm (refs 10,11) and slower non-radiative pathways*’. As yet,
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the large dimensions of these crystals have made them ill-suited
to form optoelectronic devices based on rectifying junctions. But
their applications as bulk semiconductor optical amplifiers and
down-converters remain promising, and the prospect of substrate-

O CH3NH,", Cs%, CHINHL)," - controlled growth of patterned perovskite single crystals is a topic
of intense research interest.

Cl=, Br~, I
. Perovskite light-emitting diodes
o Pb2, Sn2* Well before halide perovskites were used for solar light harvesting,
they were studied for their electroluminescence properties. Early
work by Saito and colleagues in 1994 demonstrated electrolumines-
cence from the layered (C(H;C,H,NH,),Pbl, perovskite, although
unoptimized fabrication meant that this was only achievable at cry-
ogenic temperatures®.
The electronic and optical performance of solid-state perovs-
kites is highly sensitive to the film formation method. The choice
b Halide composition of CHNH,PEX. Yy . of §olvent, the annea@ing and drying conditions,.p.recursor choice,
ratio and concentration of reagents, and deposition sequence all
3 Br s, determine the overall quality of the film. As a result of pioneering
0 m=0 work on perovskite photovoltaics, there now exist multiple highly
tuned processing conditions for perovskite thin films. Analysis of
the detailed balance of emission and absorption connects excel-
lent photovoltaic performance with excellent LED behaviour™.
The exceptional solar cell performance of perovskite photovoltaics,
especially their high open-circuit voltage relative to their bandgap,

\ \ \ \ \ predicts efficient operation as LEDs. After the surge in perovskite

400 500 600 700 800 photovoltaics led by advances in thin-film development, researchers
Emission wavelength (nm) once again began investigating the prospects of these excellent solar
materials in LEDs.

¢ A typical perovksite LED consists of an intrinsic active layer in a
double-heterojunction structure (Fig. 2a) with an n-type electron-
transport layer (ETL) and a p-type hole-transport layer (HTL).
Under forward bias, charge carriers are injected into a thin lumi-
nescent layer where they recombine radiatively, emitting light in all
directions. Efficient LEDs use electrodes that readily inject carriers
into the active region and prevent charges from passing through the

device and quenching at contacts.

Early perovskite LEDs used emittinglayers made of CH,NH,PbI,,
CH;NH,PbBr,I and CH,NH,PbBr, for near-infrared, red and green
emission, respectively®. In the near-infrared LED, the CH,NH,PbI,
active layer was formed between a titanium dioxide (TiO,) ETL
and a poly(9,9’-dioctylfluorene) (F8) HTL. For the larger-bandgap

green and red LEDs, PEDOT:PSS was used as the HTL, and here
NTSC standard F8 functioned as an ETL. The green LEDs reported in this work
exhibited peak external quantum efficiency (EQE) of 0.1% and peak
brightness of 364 cd m. Since this work, various perovskite LEDs
using different ETLs and HTLs have been reported (Fig. 2b).

The highest reported peak EQEs for perovskite LEDs are 3.5%
and 8.5%% at near-infrared and green wavelengths, respectively
(Fig. 2¢, left). The 8.5% value, achieved by optimizing the perovskite
MABr:PbBr, precursor ratio and by pinning the perovskite grain
size using molecular additives to confine the exciton, remains below
the efficiencies (>20%) demonstrated for both solution-processed

0.0 I ‘ ‘ polymer® and colloidal quantum dot (CQD)* devices operating

0.0 0.2 0.4 0.6 0.8 in the visible. The near-infrared efficiency more closely approaches

X the record demonstrated by CQD LEDs of 5.2%%. The largest

peak luminance in perovskite LEDs of 20,000 cd m™ is the highest

Figure 1| Perovskite structure and emission spectrum. a, Perovskites reported for solution-processed green LEDs, and the peak radiance

possess the general crystal structure ABX,. The most prevalent of 28 W sr'! m™ is a record among solution-processed emitters in
perovskite in optoelectronic devices is methylammonium (MA) lead the near-infrared (Fig. 2c, right)®.

trihalide, for which A = CH;NH,, B="Pb, and X = Cl, Br or |. b, Emission- Recently, perovskite electroluminescence at blue wavelengths

wavelength tunability of CH;NH;PbX,Y;_,. The emission of the has been demonstrated, but with low efficiency**!. This results

MAPbX,Y;_, perovskite is tunable from 390 to 790 nm wavelength. ¢, CIE from suboptimal injecting electrodes and band-tailing observed

chromaticity diagram. Perovskites have demonstrated colour spaces in chloride perovskites***. Perovskites, with complete tunability

covering a larger area than the National Television System Committee throughout the visible spectrum, are also a promising candidate for

(NTSC) standard?”. white-light LEDs. The first demonstrations of perovskite white-light
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Figure 2 | Perovskite light-emitting diodes. a, General operation of perovskite LEDs. ETL, electron (e")-transport layer; HTL, hole (h*)-transport

layer. b, Energy-band alignment of methylammonium halide perovskites and the various ETLs and HTLs that have been used in reported perovskite
LEDs. References: TiO, (ref. 30), PCBM (phenyl-C,-butyric acid methyl ester)*°¢, ZnO:PEl (ZnO:polyethylenimine)>, PEDOT:PSS (poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate))394%°6-2° F8 (poly(9,9’-dioctylfluorene)®**’, TPBI (1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)
benzene)3¢5%1%0 TPD (N,N"-bis(3-methylphenyl)-N,N"-diphenylbenzidine)®® and TFB (poly(9,9-dioctyl-fluorene-co-N-(4-butylphenyl)diphenylamine)®.
¢, External quantum efficiency (EQE, left) and brightness/radiance (right) versus current density for reported perovskite LEDs, compared with leading
polymer and CQD devices. NIR, near-infrared; RGB, red/green/blue. Numbers correspond to references in which values were obtained. *This EQE is

achieved from 107 to 10" mA cm™.

emission have been achieved using a 2D layered perovskite with
self-trapped emissive states*, and a blended cation mixture of tun-
able perovskite nanocrystals embedded in a polymer matrix*.

The inherently low exciton binding energy in perovs-
kites — approximately a few millielectron volts — is a limiting factor
in developing high-efficiency LEDs*. To promote radiative recombi-
nation, thin active regions are required to confine carriers spatially.
Producing ultrathin perovskite films with complete substrate cover-
age has proved difficult and remains an ongoing challenge on the path
to higher efficiency. Stoichiometry-tuned reduced-dimensionality
phenylethylammonium perovskites have recently been shown to
possess higher exciton binding energies, and may show promise in
light-emitting applications*. Perovskite nanocrystals possess larger
exciton binding energies than their bulk counterparts*; however,
initial attempts at forming LEDs from these systems have resulted
in lower efficiencies than for bulk perovskites, primarily as a result
of non-ideal surface passivation and poor film formation®. The
best-performing perovskite nanocrystal LED exhibited an emission
linewidth of 18 nm with peak EQE near 1% and peak brightness near
2,000 cd m, highlighting the initial promise of these quantum-con-
fined materials for applications in light emission.

The reduced Auger loss distinguish perovskites from other
solution-processed materials, which are otherwise typically
dominated by non-radiative losses at high carrier densities.
Perovskites may therefore have distinct promise in the realization
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of high-intensity LEDs. But more work needs to be done to under-
stand the root cause of the diminishing performance at higher
current densities. Some reports have associated this with sample
degradation due to heat generation in the active layer®, but oth-
ers argue that non-radiative recombination limits performance®.
Given that the photoluminescence quantum yield of CH;NH,PbI,
perovskite thin films varies considerably with sample prepara-
tion and processing conditions, it is reasonable that various per-
ovskite LEDs exhibit different performance limitations under
high injection.

Continued work on film formation, tailoring electrodes for
efficient injection, and the development of new perovskite active
regions engineered to promote radiative recombination will con-
tinue to lead to progress in LED efficiency and promote higher
brightness at lower injection currents.

Stimulated emission in perovskites. Stimulated emission is the
process by which photons induce the radiative relaxation of excited-
state electrons coherently (Fig. 3a). Early evidence of stimulated
emission in methylammonium lead trihalide perovskites was
observed while studying the charge-transfer dynamics of efficient
perovskite solar cells using ultrafast pump-probe spectroscopy'*.
Here, researchers observed negative total absorbance at energies
just above the bandgap and identified it as a signature of stimu-
lated emission, but then focused on studying the solar cell itself. As
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Figure 3 | Perovskite optical amplification. a, Schematic of amplified spontaneous emission (ASE) process. v, photon frequency; h, Planck’s constant;
E, energy; E,, bandgap; k, momentum. b, Optical amplification with a perovskite gain medium coupled with an optical cavity providing feedback, enabling
lasing. ¢, Vertical surface-emitting Fabry-Pérot laser cavity with a planar perovskite gain medium?. d, Whispering-gallery-mode cavity>+°¢¢'¢2 e, Random
lasing®3%4.f, Perovskite single-crystal nanowire Fabry-Pérot cavity32¢°-%¢, g, Stimulated emission threshold (E,,) versus emission wavelength. Numbers

correspond to references in which values were obtained.

photovoltaic power conversion efficiencies soared, so too did the
number of reports on perovskites for optical gain and lasing.

Optical amplification, given as gain per unit length (in cm™),
can be studied by photoexciting the gain medium and measuring
its spectral absorption in time. In perovskite thin films, the opti-
cal gain has been reported® to be as high as 3,200 + 830 cm™.
Values of this magnitude for a bulk material are comparable to
single-crystal GaAs, as expected given the high absorption coefhi-
cient of perovskite. Gain has been shown to last as long as 200 ps,
with a threshold near 16 pJ cm™ (ref. 52).

Gain as studied using ultrafast transient absorption gives
an upper limit on the net gain that can be realized in an opti-
cal amplifier. When the modes emanating from the active mate-
rial propagate, they suffer additional loss per unit length. Gain
offset with propagation loss is reported as the net modal gain.
It is measured using the variable stripe length technique®. This
method has been applied to perovskite thin films, and net modal
gains in the range of 66-250 cm™ (ref. 43), 125 cm™* (ref. 54) and
6-10 cm™ (ref. 55) have been reported. Caesium lead halide per-
ovskite nanocrystals have recently emerged as an efficient solu-
tion-processed gain medium, with a net modal gain greater than
450 + 30 cm™! (ref. 56).

Using similar experimental conditions and varying the pump flu-
ence instead of the stripe length while measuring the emitted spec-
tral intensity profile yields the threshold for amplified spontaneous
emission (ASE). Above the threshold for ASE, the luminescence
spectrum greatly narrows and sharply increases in output inten-
sity. Reported ASE thresholds range from 12 pJ cm under 150-fs
excitation® to 60 pJ cm™ under 2-ns pumping conditions*, and
7.6 W] cm~ at pulse durations as long as 5 ns with the aid of a liquid-
crystal reflector”. These early values are impressive, comparable
to leading values for other solution-processed materials, including

298

long-studied semiconductor polymers®, CQDs** and colloidal nan-
oplates® under similar excitation conditions.

Having demonstrated a net modal gain, perovskite research-
ers are exploring integration into amplification-exploiting devices:
optically pumped lasers.

Perovskite lasers. Lasers require gain media capable of achieving
population inversion, an optical cavity to provide feedback of coher-
ent light, a method to outcouple this light, and net modal gain in the
cavity configuration (Fig. 3b).

The first report of a trihalide perovskite laser was of a surface-
emitting vertical Fabry-Pérot cavity made by coating a distributed
Bragg reflector with a perovskite thin film, capped with a spacer
layer and highly reflective gold mirror (Fig. 3¢c)*. The device lased
when excited with intense 400-ps green laser light and produced
lasing lines with a free spectral range of 9.5 THz. Since this work,
there have been many new perovskite lasers using both thin films
and large-dimension single crystals.

Most reported perovskite lasers have made use of whispering-
gallery-mode (WGM) cavities, where optical modes guided by
internal reflection around the circumference of a circular or polygo-
nal resonator provide feedback (Fig. 3d). A spherical WGM laser
was realized by conformal coating of perovskites onto glass micro-
spheres via atomic laser deposition (ALD) — a new materials pro-
cessing strategy termed perovskite ALD®. This fabrication approach
may be of interest in the field of silicon photonics, which could
benefit from monolithic integration with structured substrates and
cavities. Planar WGM lasers were also developed that used perovs-
kite nanoplates. Polygonal plates of CH,NH,PbI, grown by chemical
vapour deposition exhibited a lasing threshold of 37 u] cm™ (ref. 61),
and solution-processed single-crystal CH;NH;PbBr; microdisks
demonstrated a threshold of 3.6 uJ cm™ (ref. 62). Perovskite CsPbX,
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nanocrystals have also demonstrated WGM lasing with a thresh-
old of 5 pJ cm™ (ref. 56). Taking advantage of the disorder in per-
ovskite thin films, random lasing from a CH,NH,Pbl; microcrystal
network has also been demonstrated (Fig. 3e)*>**. Recently, the first
perovskite distributed-feedback cavity laser has been reported®,
with thresholds as low as 0.32 pJ cm™.

Single-crystal pristine and mixed iodine, bromine and chlorine
perovskite nanowires have been grown and used as Fabry-Pérot opti-
cal cavities for lasing (Fig. 3f)*>¢%%. Owing to the low trap-state den-
sity and long Auger lifetimes, the resultant lasers demonstrate lasing
thresholds as low as 220 nJ cm with lasing efficiencies approaching
unity quantum yield, and quality factors of 3,600 (ref. 32). The latter
two key figures of merit eclipse even the performance of epitaxial
state-of-the-art GaAs-AlGaAs nanowire lasers. The exact nature of
the lasing cavity in these nanowires has been shown to be dependent
on sample and pump positioning, and is a competition between the
lengthwise Fabry-Pérot mode and the transverse WGM®. The stim-
ulated emission thresholds in perovskite nanowire single crystals are
lower than some of the best values reported in colloidal nanoplate-
lets®®, CQDs’ and organic polymers™ (Fig. 3g). There have also been
initial reports demonstrating more direct integration of perovskite
gain media, including in amplifying waveguides” and in outcou-
pling perovskite lasers with silver nanowire plasmonic waveguides’.

In addition to luminescent down-converters, LEDs, optical
amplifiers and lasers, perovskites have also been demonstrated
to be efficient nonlinear emission sources. Both MAPbBr; single-
crystal nanowires®® and CsPbX; nanocrystals” have exhibited
multiphoton stimulated emission, with thresholds of 674 and
2,500 yJ cm, respectively. Room-temperature single-photon emis-
sion from CsPbX; nanocrystals has also recently been demonstrated,
with several benefits over traditional metal chalcogenide nonlinear
emitters, such as an increased absorption cross-section, faster radia-
tive recombination and reduced dark exciton emission’”>.

Challenges ahead

Early organic conjugated polymer LEDs™ and lasers” were dem-
onstrated in the 1990s, pioneering a field of solution-processed
semiconductor light emitters. Now, over two decades later, the field
of light emission is still in search of a solution-processed material
capable of electrically driven lasing. Leading contenders include
organic semiconductors, inorganic colloidal nanocrystals and
now perovskites. Organic semiconductors suffer from low dam-
age thresholds, low carrier mobilities and non-radiative losses from
exciton-exciton annihilation at high carrier injection”. Colloidal
quantum dots have made impressive progress over the past two
decades and carry the promise of purely inorganic films with high
damage thresholds; Auger recombination needs to be overcome,
however, to sustain population inversion for extended periods of
time®. Recently, colloidal quantum wells have shown promise with
an indication of continuous-wave lasing. They offer an interesting
solution to the Auger recombination problem”, but their electrical
properties are largely unexplored.

Perovskites have shown initial promise in their applications for
light emission. Nonetheless, much remains to be done before these
materials can realize the ultimate goal of continuous-wave and, ide-
ally, electrically excited lasing.

Increasing the duration of the excitation pulse that produces
sustained inversion and lasing, ultimately towards continuous-wave
operation, is a first thrust. Perovskite thin films possess a compa-
rable Auger lifetime and stimulated emission threshold to those of
colloidal nanoplatelets. Perovskite single crystals exhibit even fur-
ther slowing of Auger recombination and lower thresholds. This
indicates promise for perovskite lasers with reduced heat generation
under high-power continuous-wave optical pumping.

So far, perovskites have achieved room-temperature ASE with 5-ns,
100-Hz pump pulses”, and with 100-ns pump pulses at temperatures
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Figure 4 | Electrically injected lasing and resistive heating under current.
a, Schematic diagram of electrically driven laser. Lasing is achieved

when the injected current J is greater than the stimulated emission
threshold current J,.. b, The resistive heating of a 200-nm semiconductor
thin film with a carrier density of 5 x 10'® cm= under current injection of
1kA cm™. Ellipses provide a general estimate of the limiting mobility g in
various semiconductors. ., electron mobility; u,, hole mobility.

up to 220 K (ref. 80). Through an analysis of the feedback between
the density of states at the ASE threshold and sample heating, it has
been determined that the optical quality of the perovskite film and
the substrate thermal conductivity are the two key parameters to fur-
ther sustaining lasing over long durations of time*. Recently, CQDs
have achieved microsecond lasing with the use of a high-thermal-
conductivity substrate®’. Such strategies have yet to be used for
perovskite lasers, and processing conditions for films with high pho-
toluminescence quantum yield have yet to be understood and repro-
duced consistently. Efforts towards continuous-wave lasing should
aim to develop strategies to effectively convey heat from the best per-
ovskite active materials, in order to raise the film ablation point above
the threshold for stimulated emission under longer pulse durations.

To achieve electrically excited lasing, several ingredients are
necessary: a high-quality gain medium with slow non-radiative
decay pathways at the carrier density levels required for population
inversion, large mobilities and free-carrier densities to minimize
resistive heat loss, good thermal stability, a large gain cross-section
at the lasing wavelength and sharp band tails marked by a low
Urbach energy. Perovskites have demonstrated all of these attributes
except for high carrier densities and thermal stability, making them
an exciting candidate for electrically driven lasing.

A typical architecture for an edge-emitting electrically pumped
diode consists of a gain medium formed between thicker n-type
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electron-transport and p-type hole-transport cladding layers with
lower refractive indices. This semiconductor junction is forward-
biased, and a current density J is injected that is greater than the cur-
rent threshold for population inversion, J;. To form a laser, a cavity
is required. A typical way to achieve this is by polishing one edge
facet of the device and roughening the other. Emitted light from
the active layer becomes trapped in the higher-refractive-index gain
medium, with the polished facet acting as an outcoupler, emitting
laser light (Fig. 4a).

The refractive index of hybrid organic-inorganic perovskites is
typically greater than the organic ETLs and HTLs used in solution-
processed LEDs. The thicknesses of these layers are typically around
50-200 nm. In a laser diode, confining light in the active region and
preventing leakage of the guided mode into the metal contacts is
crucial. This requires suitably thick (>500 nm) lower-refractive-
index cladding layers that do not incur significant transport losses
under high injection. The use of transparent top-contact conduc-
tive oxides may enable structures in which both contacts have low
refractive indices, permitting the use of more conventional thin
ETLs and HTLs.

There have been some promising preliminary studies, such as
achieving stimulated emission in the presence of electrically quench-
ing contacts*®. The bulk defect density of perovskites is low, and
these results suggest that the surface states of common ETLs and
HTLs do not diminish stimulated emission efficiency in thin films.

As with continuous-wave optically pumped lasing, a principal
challenge for electrical injection lasers is heat management. The
large balanced electron and hole mobilities, g, and p;, in high-
performance perovskite thin films, with respect to other contending
technologies, correlate to reduced resistive heating under current
injection. The projected temperature increase due to resistive heat-
ing, for a given mobility, y, and thermal conductivity, K, was simu-
lated (Fig. 4b). A threshold current density of 1 kA cm™, a typical
value for compound semiconductor injection lasers, was used and
was assumed to transit a 200-nm-thick semiconductor film at an
ideal injected carrier density of 5 x 10'® cm™’. Epitaxial single-crystal
semiconductors used in commercial injection lasers, such as GaAs
and InP, offer both a large K (refs 83,84) and a high limiting ¢ (mini-
mum of g, and u,)*, and do not experience any significant resis-
tive heating under large current flow. Colloidal quantum dots* and
organic semiconductors®” suffer from a small K, and are limited by
low mobility for at least one carrier (typically electrons for organ-
ics®® and holes for CQDs®), resulting in a substantial temperature
increase. Perovskites, although they have similar K values to those
of other solution-processed thin films®, possess large and bal-
anced mobilities, so the temperature increases due to resistive heat
generation are lower. These results motivate the need to solve the
grand challenge of increasing the free-carrier density in perovskite
materials from of order 10 cm~ (ref. 8) to 10" cm™ and beyond.
These simulated resistive heat losses underestimate the actual heat
generation under current injection. All energy lost through non-
radiative pathways will ultimately generate heat, in addition to lim-
iting radiative efficiency, and heat management remains a critical
point of control.

An essential requirement for applications of perovskite photonic
sources will be stability under the relevant injection conditions.
Light-emitting perovskite devices face many of the stability con-
cerns seen in perovskite solar cells, perhaps even more stringently
as a result of the high carrier densities typically generated in these
devices. Some of the strategies for photovoltaic devices hold prom-
ise for stabilizing the perovskite active medium while retaining high
performance: such strategies include incorporating caesium into the
lattice®', varying the organic cation®, using bifunctional alkylphos-
phonic crosslinking molecules” or using reduced-dimensionality
perovskites (which also have the added benefit of possessing a higher
exciton binding energy)*. Using thermally stable carrier transport
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layers may also improve the stability of perovskite LEDs under high
carrier injection®’. There have been some initial studies of stability
in perovskite light emitters, but there is still much to learn from the
large body of work on stabilizing perovskite solar cells. Stimulated
emission in MAPDI, has been demonstrated over an initial 24-hour
output study under continual pulsed excitation****. Nanowire lasers
made of formamidinium lead halide perovskite have recently shown
increased stability under continuous pulsed illumination in com-
parison with a MAPDI, control®®. The lowest-threshold perovskite
lasers have also demonstrated no significant variation in lasing
threshold after 4-6 months of storage in inert atmosphere™.

The toxicity of perovskite precursor materials is also an important
point of consideration. All of the perovskites used so far for light-
emitting applications, much like any high-performance perovskite
solar cell, contain lead, a toxic substance. Implementing proper end-
of-life management of any light-harvesting or light-emitting device
using lead-based perovskites is critical to mitigate environmental
impact. Incineration of perovskite films and subsequent recovery of
the lead has been determined to be the most environmentally sus-
tainable protocol®. Studies on lead-free perovskites for light emis-
sion are an encouraging yet unexplored avenue.

The photophysical properties of perovskites, and the advance-
ment of the field of solution-processed fabrication technology, dis-
tinguish this new class of light emitters as a leading candidate for
next-generation on-chip optical sources. Their promise for electri-
cally driven lasing and their prospects as a low-cost replacement
for gain media made of epitaxial III-V compound semiconductors
are bright.
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