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Toward Thin-Film Laser Diodes with Metal Halide

Perovskites
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Maider Calderon Gonzalez, Jan Genoe, Robert Gehlhaar,* and Paul Heremans*

Metal halide perovskite semiconductors hold a strong promise for enabling
thin-film laser diodes. Perovskites distinguish themselves from other
non-epitaxial media primarily through their ability to maintain performance at
high current densities, which is a critical requirement for achieving injection
lasing. Coming in a wide range of varieties, numerous perovskites delivered
low-threshold optical amplified spontaneous emission and optically pumped
lasing when combined with a suitable optical cavity. A progression toward
electrically pumped lasing requires the development of efficient light-emitting
structures with reduced optical losses and high radiative efficiency at
lasing-level current densities. This involves a set of important trade-offs in
terms of material choice, stack and waveguide design, as well as resonator
integration. In this Perspective, the key milestones are highlighted that have
been achieved in the study of passive optical waveguides and light-emitting
diodes, and these learnings are translated toward more complex laser diode
architectures. Finally, a novel resonator integration route is proposed that is

in PIC development is the monolithic in-
tegration of electrically pumped coherent
light sources. Non-epitaxial thin films are a
promising candidate to fill this gap owing to
their numerous benefits over conventional
I1I-V semiconductors.?l These advantages
include low-temperature processing, broad
substrate compatibility, chemical versatility,
and ease of processing.**! Currently, thin-
film lasers, based typically on organic, col-
loidal quantum dots (QD), or metal halide
perovskite semiconductors, operate in prac-
tice by optical excitation and therefore rely
on an external light source for pumping to
the lasing threshold. The desired transition
to electrical pumping has been the subject
of numerous studies and is not adequately
solved yet.>1% Indeed, delicate trade-offs

capable of relaxing optical and electrical design constraints.

1. Introduction

The photonics industry greatly relies on photonic integrated cir-
cuits (PIC) to generate, detect, modulate, and process light over a
broad spectrum from ultraviolet to infrared wavelengths. In the
state of the art, integration of laser diode sources onto PICs is
done by heterogenous integration techniques.[!! The next step
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and complex optoelectronic design require-

ments must be met, to cope with the

low electrical and thermal conductivities

of these thin-film material systems and to

deal with specific loss mechanisms such as
Auger recombination and free carrier absorption losses.
Nonetheless, after multi-decade research efforts, several crit-
ical breakthroughs have been achieved. These include the
demonstration of electrically pumped amplified spontaneous
emission (ASE) from continuously graded colloidal QDs,!*! and
the realization of an organic laser diode under direct,'?l and
indirect!™! electrical pumping schemes. However, the reliability
and performance of these devices leave much to be desired,
triggering interest in other non-epitaxial systems.

Metal halide perovskites, hereafter referred to as per-
ovskites, while excelling in applications such as solar cells,[1*2¢]
LEDs,7-2%1 and photodetectors,???] have yet to unveil their full
potential as a laser gain medium. Perovskites exhibit several
unique properties that distinguish them from other thin-film
contenders. These include ambipolar charge carrier mobilities
exceeding 10 cm? V=' 71,23 Auger recombination rates in the
range between 10726-10"% s7! cm®,12*®] along with competi-
tive material gain values up to 10* cm~1.26] Simultaneously, per-
ovskites display major drawbacks that limit their electrical perfor-
mance at high bias onsets, such as low damage thresholds, oper-
ational instability,!*”?8] ion migration,!*’! or degradation via redox
chemistry.3%31 Our aim in this Perspective is to highlight the key
photophysical and optoelectronic properties of perovskites that
render them promising candidates for lasing applications and to
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Figure 1. Metal halide perovskites for optically excited ASE and lasing. a) Perovskite crystal structure and b) various morphologies. Reproduced with
permission.[32] Copyright 2021, John Wiley and Sons. c) ASE thresholds as a function of optical pulse widths. For details of each data point see Table S1
(Supporting Information). d) Peak N extracted by solving the rate equation (Equation (2)) with (k; = 10728 s=1 cm®) and without Auger contribution.
The horizontal axis refers to the full width at half maximum of a Gaussian optical pulse. e) PLQY as a function of N and k; recombination coefficient.
In (d) and (e), k; and k, were fixed at 107 s~1 and 2 x 10710 s=T cm?, respectively. f) CW DFB lasing from a mixed-phase system at ~102 K. Inset: Laser
structure. Reproduced with permission.[#1] Copyright 2017, Springer Nature. g) CW DFB lasing intensity for quasi-2D perovskites with different organic
cations at RT. Inset: Far-field lasing pattern. Reproduced with permission.[*2] Copyright 2020, Springer Nature. h) Volume scaling of biexciton Auger
lifetimes for NCs and QDs of variable compositions. Perovskites are highlighted in green. y is a proportionality constant that connects QD volume and

biexciton Auger lifetime. Reproduced with permission.[3] Copyright 2023, American Chemical Society.

propose guidelines for designing device architectures that could
enable perovskite laser diodes.

Broadly, perovskites can be categorized into three groups with
distinct properties: a) 3D; b) 2D or quasi-2D; and c) 0D. These
configurations can be either hybrid organic-inorganic or purely
inorganic compositions (Figure 1a,b).[32! A formula ABX; can be
ascribed to the 3D perovskites, where A is a 12-fold-coordinated
monovalent cation such as methylammonium (MA*), formami-
dinium (FAY), or cesium (Cs*), among others; B is a six-fold-
coordinated inorganic divalent inorganic cation (mostly Pb?** or
Sn?*); and X is a strongly electronegative monovalent halide an-
ion (I7, Br~, or CI7). Archetypical 3D perovskites exhibit poor
photoluminescence quantum yield (PLQY) under weak excita-
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tion intensities (<10 ¢cm™),33] owing to low bimolecular ra-
diative recombination (k,) rates relative to monomolecular non-
radiative (k) rates. A more excitonic-like recombination charac-
ter can be promoted by introducing bulky aromatic or aliphatic
cations into the A-site to segregate the inorganic octahedra and
obtain layered perovskites with 2D (n = 1 polymorph with the
highest bandgap) or quasi-2D (n > 1) morphology, where n de-
notes the number of inorganic [BX,]*~ octahedral layers De-
tween the organic barriers.**! Highly oriented 2D domains al-
low for fast (<0.5 ps) energy funneling along cascaded energy
levels, which was shown to be important for efficient perovskite
LEDs (PeLEDs).%] Finally, OD perovskite nanocrystals (NCs)
and QDs can have their optoelectronic properties engineered
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through quantum confinement, producing narrow (<100 meV)
and highly size-dependent emission.[3*-%] Being comparable to
or larger than their Bohr radius, NCs can be weakly confined and
bear the attributes of bulk semiconductors.3%40]

2. Benchmarking Optical Gain

Among many properties of various perovskite polymorphs, a
higher optical gain is crucial for lasing. The high photosta-
bility of many perovskite semiconductors when excited us-
ing either intermittent*! or continuous wave (CW)*>*] ex-
citation makes optical measurements very potent. For exam-
ple, intrinsic material gain (g;) can be determined through ul-
trafast techniques such as transient absorption spectroscopy;
however, the underlying gain mechanisms are often not
straightforward to interpret.**! Another question is how these
mechanisms establish themselves under qualitatively differ-
ent electrical driving, where the amplification along the in-
verted path would rely on the probabilistic spontaneous
emission of photons by the material itself rather than on
the photons supplied by the probe during the pump-probe
experiments.[*¢]

Optical gain can arise from a degenerate electron-hole plasma
or from the recombination of multiexcitons, such as biexci-
tons and trions. When constructing carrier-exciton phase dia-
grams, one must consider excitation intensity,[*’] temperature,*®]
and spatial carrier distribution.*”] Absent many-body effects,
the ratio between multiexciton and free-carrier populations is
adequately described by the Saha-Langmuir equation,[*8) which
points to the dominance of free carriers in systems with low
exciton binding energy, at higher temperatures, and at low ex-
citation intensities. Nonetheless, both free-carrier and excitonic
gain bands can manifest in the same material under diverse
conditions.5%!

An archetypical 0D semiconductor can be described as a two-
level system with two-fold spin-degenerate states. The strong spa-
tial confinement increases the overlap between the electron and
hole wavefunctions, thereby enhancing the Coulomb interaction
and promoting the formation of stable excitons. Excitation of a
single exciton results in optical transparency, where stimulated
emission is offset by absorption. To achieve population inver-
sion, a second electron must be excited across the energy gap,
forming a biexciton state. This implies that a semiconductor en-
semble must have an average number of excited species greater
than one. Driven by reduced optical density of states, threshold
carrier density (Ny,) can be lower in such confined systems. On
the downside, maximum g, is also lower due to rapid gain satu-
ration, which would restrict lasing to low-optical-loss structures
and would limit optical power output.[**]

A critical consequence of spatial confinement is the efficient
non-radiative Auger recombination, which quickly depletes mul-
tiexcitonic gain on a sub-ns scale. As discussed further in the text,
this would raise the lasing threshold, especially for practically
useful (long) stimuli. In colloidal QDs, heterostructure and com-
position engineering were pivotal in extending Auger lifetimes
and creating favorable conditions for single-exciton gain.l>'>]
However, extending such strategies to perovskite systems is com-
plicated by the high migration mobility of the halide anions,>*
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suggesting that new routes are required for engineering per-
ovskite QDs and NCs.

While the Saha-Langmuir equation suggests that the ratio of
free carriers to excitons moves in favor of excitons toward higher
excitation intensities, it does not account for exciton dissocia-
tion that occurs in the presence of free carriers as well as other
Coulombic potentials. A sizeable transition from an excitonic sys-
tem to electron-hole plasma occurs around the critical carrier
density, known as Mott transition density, which is higher for ex-
citons with smaller Bohr radius and stronger binding energy.>”]
Thereby, the Mott transition is improbable in systems operat-
ing in a strong confinement regime. However, multiexciton to
free-carrier transition, and hence free-carrier optical gain, were
observed in more intermediate cases such as weakly confined
CsPbBr; NCs,I*! opposite from other reports that highlight the
excitonic nature of gain in comparable systems.[>®>7]

In 3D perovskites, lower exciton binding energies and higher
dielectric constants favor the generation of free charge carriers,
which come with reduced non-radiative carrier recombination
rates. Despite limited spectral tunability, these materials offer
continuous spectral bands and high gain coefficients stemming
from the high optical density of states. In contrast, the origin of
optical gain in quasi-2D perovskites is subject to debate. The ex-
citonic character of gain is dominant for low mean n (<n>) com-
positions with high exciton binding energies,!**! while a combi-
nation of free carriers and excitons can be observed for quasi-
2D perovskites with intermediate and high <n>. Despite being
significantly brighter at low excitation intensity, low-<n> quasi-
2D compositions have demanded higher Ny, relative to their 3D
counterparts, triggered by a significant exciton-exciton annihila-
tion (EEA).’) Accumulation of non-emissive triplets in quasi-2D
perovskites under long-pulse photoexcitation may further con-
tribute to EEA.[*?] Additionally, optical excitation fails to account
for free charge carriers present under electrical driving, which
would likely impede optical gain through exciton-charge annihi-
lation. Regardless of the exact gain mechanisms in these quasi-
2D systems, control over bandgap distribution and domain ori-
entation could offer a strategy to produce materials with low N,
and high g, .[]

ASE-based experiments such as variable stripe length(®!l or
scattered emission profilel®?! have been popular in the litera-
ture due to the ease of experimentation and are suited to ex-
tract the net gain (g,.,) of the waveguide and N,,, yet they fail
to elucidate the fundamentals of optical gain mechanisms. Al-
though Ny, can be determined at the onset of ASE, many pub-
lications mention only the ASE threshold and not the corre-
sponding N, 3263 Figure 1c presents ASE thresholds for per-
ovskite films placed on passive substrates when excited using op-
tical pulses from femtosecond (fs) to nanosecond (ns) range. The
thresholds vary widely when using similar pulse widths (T,.),
even in perovskites with comparable morphology and compo-
sition. Differences in absorption, excitation wavelength, waveg-
uide, and pump geometry, and ASE extraction procedure con-
tribute to the wide spread of reported values.l®7] In particular,
the discrepancies in excitation spot dimensions can cause major
deviations.

The lowest ASE thresholds (< 10 pJ cm~2) were predominantly
reported under fs excitation, where carriers are excited instanta-

neously relative to their recombination lifetime (z ;). Under fs
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conditions, itis possible to directly convert ASE threshold fluence
(Fy,) into Ny, :68)

Fy, - Abs

N, =
th hw- d

1)
where Abs is the fraction of absorbed incident light by the active
layer, hw is the laser excitation energy, and d is the perovskite
layer thickness. On the other hand, when T, is comparable to
or exceeds 7, one can employ the simplified rate equation to
analyze carrier generation-recombination dynamics and estimate
carrier density (N) within a film at a given fluence:(%®]

%:G—kl.N—kZNZ—k}.N} @)
where G is the time-dependent carrier generation rate, k, is the
monomolecular recombination coefficient (non-radiative), k, is
the bimolecular recombination coefficient (radiative), and k; is
the three-body Auger recombination coefficient (non-radiative).
These free-carrier rates are specific to each device stack and can
be determined using spectroscopic techniques while accounting
for the relevant excitation intensities and ambient conditions.
Importantly, Equation (2) is applicable under the assumption that
the hole and electron densities are equal, and their recombination
is non-excitonic. Here and below, similar quadratic differential
equations can be drawn for excitonic perovskites, with second-
order recombination assigned to EEA.[®]

By applying mid-range k;, = 1 x 10’ s! and k, = 2 x
1071% 7! ¢m? values of an exemplary 3D perovskite and first
disregarding Auger quenching processes, we extract the peak
N within the film as a function of the optical pulse width for
a range of excitation fluences (Figure 1d). A higher N can be
achieved when using short T, below 100 ps. In this ultrafast
excitation regime, the active medium is quickly populated with
carriers that build up during the pulse, giving rise to ASE that
takes place on the ps scale.l’"! Toward longer T, carrier re-
combination becomes more relevant, yielding lower Nin the gain
layer. These temporal differences between excitation pulses are
exacerbated when accounting for Auger recombination, in par-
ticular at higher excitation fluences. Auger loss with a rate of
k; =1 x 1072 s7! cm® remains insignificant for ns-long pulses
with a fluence of 10 pJ cm~?2, while reducing attainable N for
500 pJ cm~? excitation delivered over hundreds of fs.

These results are consistent with the large difference be-
tween ASE thresholds under fs and ns excitations of 0D per-
ovskites, whose short Auger recombination lifetimes have been
well documented.l”!72] Being a non-radiative process, Auger re-
combination competes with radiative recombination, leading to
a significant reduction in PLQY. Figure le shows a PLQY map
of a perovskite film for different N and k, rates. By incorporat-
ing the k; and k, coefficients outlined above, we calculate PLQY
according to:(73

k, N*
kN +k,N? + k;N3

PLQY = (3)

In the low excitation regime (<10'® cm~3), k, is the dominant
carrier loss mechanism. Progressing toward 107-10'® cm=3,
PLQY starts to be governed by generally high k, for perovskites,
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which is comparable to that of III-V semiconductors.l’+7¢]

k, rate surpasses radiative recombination beyond some criti-
cal carrier density N, where PLQY is 50%, such that k, =
ky; Nc. Under (quasi)-steady-state conditions, i.e., long excita-
tions, the ASE threshold can be sustained only if N, remains
below N..[”7]

The electrical modulation speed of state-of-the-art PeLEDs
is currently limited to some ns,”®! making optical results de-
rived using extremely short T, less relevant toward current-
injection lasing. CW optical ASE and lasing, where T, >
T amrier» A€ considerably more representative when drawing par-
allels between optical and electrical stimuli, as CW optical excita-
tion is associated with lower peak N and more pronounced local
heating.”! Consequently, the demonstration of CW ASE and las-
ing from 3D perovskites have been restricted to cryogenic tem-
peratures (Figure 1f). Lower temperatures have enabled carrier
funneling between different bandgap regions triggered by phase
transition,[*!] or have extended carrier lifetimes and exponentially
reduced N,, in single-phase perovskites.!*’]

At room temperature (RT), the most prominent CW results
were reported for quasi-2D FAPbBr;-based gain media with <n>
of 8. CW distributed feedback (DFB) lasing was observed at a
threshold as low as 45 W cm™ (Figure 1g), highlighting long-
lived triplet exciton accumulation as a primary obstacle under
CW conditions.[*?! Similarly to organic gain media, triplet anni-
hilation could be addressed by introducing triplet quenchers.[®!
Charge funneling gives rise to locally high N, while the remain-
ing perovskite volume remains uninverted. This is in contrast to
phase-stable 3D perovskites that display g, across the entire vol-
ume, giving rise to more predictable modal gain distribution.

To the best of our knowledge, no true CW ASE or lasing
has been demonstrated from perovskites with 0D morphology.
Higher exciton binding energy of 0D semiconductors gives rise to
enhanced Coulombic electron-hole interaction and consequently
more efficient Auger recombination.’?7?] The Auger decay life-
times are shown to be proportional to the NC volume, following
a universal “volume scaling” law (Figure 1h). Perovskite QDs and
NCs have been characterized by markedly shorter Auger recom-
bination lifetimes than those derived from more traditional semi-
conductors, in particular from colloidal CdSe-based QDs.[**! Con-
sequently, as of today, quasi-2D and 3D perovskites offer a more
viable route to injection-lasing than 0D perovskite semiconduc-
tors.

3. Electrical Injection in PeLEDs

Optical gain measurements performed over simple waveguides
can be used to screen diverse perovskite compositions. How-
ever, the path to electrical pumping requires equipping these
perovskite layers with charge-selective transport layers and con-
tacts with suitable energy bandgaps, band offsets, and interfacial
properties. This is commonly achieved in a vertical PeLED archi-
tecture (Figure 2a). An accessible PeLED metric is the external
quantum efficiency (EQE) as a function of current density (J). The
EQE is the ratio of the number of photons that are emitted by the
source into the forward-viewing hemisphere over the number of
injected electrons.®!! Light outcoupling efficiency (£, coupiing) CON-
nects EQE to internal quantum efficiency (IQE), which in turn
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Figure 2. Performance of PeLEDs comprising quasi-2D and 3D perovskite emissive layers. a) Generic PeLED structure. HIL: hole injection layer. HTL:
hole transport layer. ETL: electron transport layer. EIL: electron injection layer. Dimensions are not to scale. b) Relevant IQE roll-off mechanisms. ¢)DC
EQE-J characteristics of quasi-2D PeLEDs. Reproduced with permission.[®'] Copyright 2021, Springer Nature. d) DC (filled) and pulsed (unfilled) EQE-J
characteristics of 3D PeLEDs. *MAPbl;:PMAI thickness was changed from 40 to 80 nm when transitioning to pulsed measurements. Data points from
refs. [78,93] e) Transient heat simulation. The pulse is sharply terminated after 1 ps. Model details are in Figure S1 (Supporting Information). f) Pulsed
EQE-/ characteristics at different temperatures acquired using DC bias (filled) and without DC bias (unfilled). Reproduced with permission.l1%! Copyright

2022, John Wiley and Sons.

depends on PLQY, charge carrier balance efficiency (f;,jance), and
the probability of forming a correlated electron-hole pair f, , :8?!

EQE = IQE ><foutcoupling zﬁzalance Xfe—h X PLQY Xf(;utcoupling (4)

Outcoupling-limited EQEs beyond 20%, corresponding to
near-unity IQE, have been extracted from green,®}] red,®* and
near-infrared PeLEDs.[®] However, such IQEs were achieved in
rather low current density regimes in the range of mA cm™2,
and by introducing elaborate passivation strategies that reduce
k, .88 Toward higher current densities, relevant for injection-
lasing, PeLEDs typically display a decrease in electrolumines-
cence (EL) efficiency, known as roll-off, which can typically be
caused by Auger recombination, Joule heating, and charge im-
balance (Figure 2b).[3%0 The latter two mechanisms play a minor
role in optical studies as both types of charge carriers are gener-
ated simultaneously upon a fast optical excitation, in addition to
the limited heat generation in optical pumping experiments.

In PeLEDs, the contribution of each of the three mechanisms
heavily depends on the stack design and the intrinsic proper-
ties of the perovskite emitter. Some of the lowest reported ASE
thresholds (Figure 1c) have been obtained from quasi-2D per-
ovskites. It is therefore useful to examine their electrical perfor-
mance, in order to assess their suitability for electrically pumped
lasing. From optical measurements, it was inferred that in quasi-
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2D perovskites, Auger quenching limits PLQY, and hence IQE,
for a mean carrier density N larger than ~10'7 cm~3.1°!] It should
be noted that in quasi-2D perovskites, there is effective carrier
funneling toward lower-bandgap regions, as discussed earlier,
such that the local N can be significantly larger than the mean
N. This could indeed explain the occurrence of Auger recombi-
nation at relatively low mean N, corresponding to an apparently
large k5. A second observation is that EQE roll-off is reported to be
more severe for compositions with a lower <n> or higher exciton
binding energy. It is tempting to correlate this EQE roll-off to the
Auger mechanism observed in optical measurements, but great
caution needs to be applied before drawing such a conclusion.
Indeed, the EQE roll-off was observed at very small current den-
sities of 10 to 1000 mA cm~? (Figure 2c), where the expected car-
rier concentration is likely significantly smaller than ~#10Y cm3,
and hence unlikely large enough to cause Auger recombination.
A strong limitation of quasi-2D PeLEDs is their severe EQE roll-
off and low stability when driven electrically beyond a few tens
of A cm~2, even for high-<n> quasi-2D perovskites. To date, the
most promising result is the demonstration of a stable PeLED
operation up to 200 A cm~? with an EQE of ~0.3%.1°2] Beyond
200 A cm™?, irreversible degradation kicked in. The achieved |
was still far below the threshold needed for electrically pumped
ASE and lasing (~4-10 kA cm™2, as estimated by the authors),
which might be due to the inferior charge transport and thermal
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properties of quasi-2D perovskites, in addition to Auger recom-
bination effects.

In contrast to quasi-2D perovskites, the lack of strong excitonic
features in 3D perovskites leads to inferior EQEs in the low ex-
citation regime. To enhance PLQY in the A cm™ range, one can
introduce bulky organic ligands such as benzylammonium io-
dide (PMAI) or ionic compounds such as potassium halides (KX)
(Figure 2d).”8%%] Encouragingly, 3D PeLEDs were extensively in-
vestigated in the kA cm™ range. To retain EQEs in this regime, it
is necessary to tackle Joule heating, which is proportional to the
dissipated electrical power and is exacerbated by poor thermal
conductivities of non-epitaxial functional layers.

Several promising strategies can be employed to combat Joule
heating. One approach involves engineering more conductive
device stacks equipped with heat-sinking features.!®?] For exam-
ple, the voltage drop over typical organic transport layers can
be reduced through interstitial doping of organic transport lay-
ers. However, only a small fraction of the dopant molecules
contributes to free carrier conduction, while creating a large
population of bound polaron states that have broad absorption
bands.[*"! Instead, these organic transport layers can be replaced
with inorganic counterparts,®> or nm-thick self-assembled
monolayers.”’] Next, the amount of injected heat can be re-
stricted by utilizing small active areas with electrical pulses
featuring sharp edges.[¥%%%%1 Consequently, 3D PeLEDs ap-
proached 10 kA cm™ when driven by electrical pulses with
1.2 ns rise times.”®] The highest current densities were enabled
in a device geometry with reduced resistive-capacitance delay.
Remarkably, neat MAPDI, perovskite outperformed other pas-
sivated emissive layers when comparing stabilized EL signals,
showing that defect passivation plays a minor role at extreme J
in the kA cm™ range.

The build-up and dissipation of Joule heat in a PeLED based
on a 150 nm-thick perovskite active layer can be quantified in a
transient heat simulation (Figure 2e; Figure S1, Supporting In-
formation). In our model, the exemplary PeLED is subjected to
1 us-long current pulses spanning from 100 to 10 000 A cm 2.
The major heat accumulation takes place past 300 ns, wherein
at J > 1 kA cm2, relevant for injection lasing,[°*°%] the device
heats by > 60 K. On the other hand, the increase is limited to just
~10 K when using sub-10 ns electrical pulses. After the termina-
tion of the electrical pulse, it takes up to 100 ps to dissipate the
thermal power, which favors the use of low-duty-cycle electrical
pulses with a frequency of up to 10 kHz. By allowing PeLEDs to
return to equilibrium, it was possible to preserve the EL across
hundreds of thousands of intense (1 kA cm™2) pulses.l’31%] We
note that Joule heating is exacerbated for thicker perovskite emis-
sive layers, hence favoring thinner structures to limit junction
temperature.l'°!l Moreover, heat management is instrumental in
decoupling Joule heating from other effects that influence EQE
roll-off.[%%

Finally, cryogenic cooling of perovskite devices has resulted in
significant benefits relevant to injection lasing. Lower tempera-
tures have particularly been beneficial for the exponential reduc-
tion of ASE thresholds in 3D perovskites,|*7?] wherein a stronger
threshold temperature dependence than T*? was assigned to
shallow band tails.”?! On the contrary, temperature dependence
may be less pronounced in confined systems due to their sparse
density of states.!'%?] Next, lower perovskite temperatures may en-
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hance k,,l7677191 yielding ever-increasing EQEs at lower temper-
atures. For example, a more than 4-fold brightness enhancement
was achieved when reducing the device operating temperature to
77 K.[1901 Additionally, lower temperatures allowed for the modu-
lation of the dynamic charge balance inside the PeLED by control-
lable DC-bias-induced redistribution of mobile ions (Figure 2f),
though this benefit gradually diminished toward extreme current
densities. Overall, perovskite semiconductors have proven to op-
erate very robustly at cryogenic temperatures, but it should be
said that not all charge transport layers are suitable in such con-
ditions. Materials with strongly temperature-dependent electrical
conductivity, such as in particular many organic semiconductors,
are less suitable. Furthermore, attention should be spent on the
occurrence of phase transitions, which may impact k.

4. From PeLEDs to Functional Electrical
Waveguides

The high refractive indices (> 2) of perovskites compared to col-
loidal QDs and organic semiconductors facilitate lateral light am-
plification, orthogonal to the current injection in relatively thin
vertical light-emitting devices. Surrounded by lower-index trans-
port layers and electrodes, waveguide cores of perovskites can ex-
hibit high mode confinement (I'), which is defined as the ratio
between optical power in the gain medium to the total optical
power across the structure. In pursuit of low-threshold stimu-
lated emission, these cladding layers should be characterized by
low extinction coefficients.

In an electrically pumped device, the threshold current den-
sity (Jy,) for stimulated emission can be estimated from the
following equation, assuming balanced concentrations of elec-
trons and holes and the dominant role of free-carrier radiative
recombination:*"]

qd Ny, qdk, Nj
Tcarrier IQE B IQE

where g is the elementary charge. Even though thinner device
structures would deliver lower J; , the use of thin active media in
optically lossy structures would necessitate higher carrier injec-
tion (higher g) to reach non-negative g, ., (Note S1, Supporting
Information). Neglecting scattering, self-absorption, and other
losses, g, can be linked to g via I' and modal loss associated
with the claddings (a):1%%1%]

Ju= ©)

Enet = Fgl - & (6)

Optical propagation losses depend on guided mode overlap
with the absorbing layers (calculated in Figure S2, Support-
ing Information) and remain relevant for far-from-unity I'. In
conventional PeLEDs optimized toward efficient EL operation
(Figure 3a), the use of conductive transport layers and injection
electrodes contributes to a high a.. Consequently, a central chal-
lenge in creating a perovskite laser diode is to sustain LED oper-
ation while simultaneously mitigating optical losses.

Multiple strategies were proposed to tackle optical losses in
electrically contacted LEDs, in which the active layer acts as a
waveguide. In one approach, the recombination zone was moved
away from the lossy electrodes by relying on lateral conduction in
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Figure 3. Modal properties of electrically contacted perovskite waveguiding devices. a) Schematics of a conventional PeLED structure with thick and
optically lossy contact layers. b) Schematics of a transparent PeLED structure based on 20 nm-thick ITO contacts. Me: metal layer. No bottom transport
layer was included in the model. Material constants and descriptions used for the simulation are listed in Table S3 (Supporting Information). Dimensions
are not to scale. c) g, simulation of four different waveguide structures as a function of perovskite thickness for exemplary g; of 500 cm~". In the ultimate
perovskite thickness limit, g, will approach g; in each architecture. The re-absorption in the perovskite was set to 0. d) ASE thresholds for a scaled
PeLED (50 um in diameter) and an electrode-free stack, measured at RT and 77 K. F,; .: energy fluence under ns-excitation. e) Transient luminescence
response produced using photo-electrical co-excitation of a scaled PeLED (50 um in diameter) at 77 K. VP: voltage pulse. f) Corresponding spectral
changes. Figures d—f) were reproduced with permission.l'%°] Copyright 2024, Springer Nature. g) Lasing input-output curves for a metal-insulator-
perovskite structure with and without voltage bias. Inset: Temporal evolution of lasing intensity as a function of voltage bias applied on the second scale.
Reproduced with permission.['1% Copyright 2021, American Chemical Society.

doped organic layers.['%] Similarly, a field-effect transistor config-
uration was explored to concentrate recombination to a narrow
electrode-free zone.['”] Alternatively, the waveguide mode in a
vertical LED structure can be separated by incorporating optically
thick cladding layers.!'%! However, limited mobilities of thin-film
functional layers have restricted the attainable J and resulted in
rather poor EQEs.

To replace absorbing electrodes, we highlight a promising
strategy that exploits thin low-loss contact layers.['!!] These con-
tact layers, preferably of transparent conductive oxides such as
indium tin oxide (ITO), can be placed in the immediate proxim-
ity of the gain layer with minimized thickness, while not greatly
elevating free-carrier absorption losses (Figure 3b). By optimiz-
ing the indium-tin ratio and deposition conditions, one can tai-
lor the ITO refractive index and transparency around the gain
bandwidth.[''2] The impact of perovskite film thickness and con-
tact layers on the optical losses can be assessed by a numerical
simulation of several device architectures. Assuming a reason-
able g of 500 cm™, the optical losses induced by the transport
layers are offset by utilizing a 50 nm-thick perovskite gain layer
(Figure 3c). This is in stark contrast to conventional waveguide
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structures with a thick ITO anode and opaque cathodes. There,
the thickness of a perovskite layer needs to exceed 200 nm to
achieve a positive g ... On the other hand, a transparent stack
largely circumvents optical losses, where g, .. > 0 is achieved for
perovskite layers of 130 nm. This is despite largely similar I in
all four waveguide geometries (Figure S2, Supporting Informa-
tion). A transparent waveguide structure can support ASE at a
comparatively lower | using a thinner active medium.

These mode simulations did not account for self-absorption of
stimulated photons in unpumped gain medium regions, a phe-
nomenon that can be pronounced in perovskites with a small
Stokes shift. This loss channel is minuscule in optical excita-
tion experiments where the entire perovskite excitation volume
gets inverted following an exponential single-pass laser absorp-
tion profile, provided the layer is not excessively thick.'3] In
contrast, in electrical devices charge carriers are typically less
uniformly distributed across the gain medium, leaving a size-
able volume absorptive.l'' The difference in the recombina-
tion zone profile might contribute to a higher electrical pump-
ing threshold relative to optical excitation and demands proper
consideration.

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85UB017 SUOWIWIOD 3A 81D 8|qedljdde au) Aq peuAoh 812 So[oe VO ‘35N JO S3|NJ 104 A%eiq 18Ul IUO AB|IM UO (SO IPUOD-PUR-SLURY WD A8 | M ARRIq U1 |UO//SORY) SUORIPUOD PUe SWB L 83885 *[7202/0T/60] U0 ARiq1T8UIUO A8 |IM D3 INI AQ E6THTEZ0Z BWIPR/Z00T OT/I0P/L0D A8 | Im" AReIq1)BUI|UO//STRY W1} papeojumoq ‘O %202 ‘G60VTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

The electrical performance of the proposed transparent archi-
tecture was validated in an LED stack with a 3D perovskite ac-
tive layer (150 nm) sandwiched between thin (20 nm) transparent
ITO electrodes in a current-focusing architecture using a 50 um
circular opening in a dielectric layer.['% At 77 K, the PeLED de-
livered a high J (> 3 kA cm™2) and was characterized by an F,,
of 9.1 pJ em™ (N, of ~#7.3 X 10" cm™®) when excited using ns-
long optical pulses. In contrast, an electrode-free waveguide re-
quired an Fy, of 6.6 uJ cm~2 (Figure 3d). By combining optical and
electrical excitation of such a PeLED at 77 K, an Fy, reduction of
13% was observed when the optical pulse was superimposed with
the rising edge (first 50 ns) of the electrical pulse (Figure 3e,f).
By the end of the 500 ns electrical pulse, the device tempera-
ture increased by more than 50 K (see Figure 2e), which led to
a pronounced ASE signal quenching. A major drawback associ-
ated with such a transparent structure is an excessive resistive-
capacitive delay that limited the rise time to 200 ns. The delay
issue can be overcome by transitioning from dielectric pixel def-
inition layers to more sophisticated electrode layouts.”®] More
recently, combined optical and electrical excitation was applied to
an LED equipped with a resonant cavity, where the electrical as-
sist to lasing was limited to the first few ns of the electrical pulse,
leading to a ~24% threshold reduction relative to optical-only
excitation.'’] These findings further show that photo-electrical
co-excitation experiments can be used as a gauge to measure
the progress toward a purely electrically pumped perovskite
laser.

Several other studies unveiled the influence of electrical bias
on optical ASE/lasing in different vertical and lateral PeLED and
capacitor structures.l''®1161 Although most reports observed a
quenching of spontaneous and stimulated intensities upon ap-
plying an electric field, it has been shown that mobile ions can
enhance ASE intensity in CsPbBr; perovskite.[!'7] This reversible
effect was pronounced over timescales ranging from seconds to
minutes (Figure 3g). Strategies to minimize Ny, through the dis-
tribution of slow ions might accelerate the development of per-
ovskite laser diodes.

5. Optical Cavity Integration into Light-Emitting
Devices

The intensity of a guided mode can be strongly amplified through
the integration of an optical resonator. Optically pumped las-
ing was measured experimentally in several perovskite systems
featuring different resonant cavities such as nanowires,!11811]
nanoplates,!'?%l and microspheres.['?1122] The latter whispering
gallery mode (WGM) resonators with their potentially extraor-
dinary high quality factors (Q,,,) are very attractive as was also
demonstrated for a standalone patterned MAPDbI, microdisk.!1?3
The choice of cavity geometry affects the beam shape, emission
wavelength and linewidth, mode operation, and, notably, the las-
ing threshold. To optimize laser cavities for low lasing threshold
pump powers (Py,) or J,, it is essential to consider the depen-
dencies on cavity volume (V), cavity photon lifetime (z,), PLQY,
and the quality factor of the emitter (Q,,,). The latter is defined
as the ratio of the central emission wavelength to the correspond-
ing spontaneous emission linewidth. Q. should not be confused
with the Q_,, of the resonator, which is directly proportional to the
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photon lifetime. The dependence of threshold characteristics on
these parameters follows the equation:[124l

1

v
PLQY X Q.. 7, )

Jin & Py

While the material parameters, specifically PLQY and Q,,,, are
very similar for a wide range of perovskites and thus not good se-
lection criteria, 7, and Vare accessible by design and can be tuned
across many orders of magnitude. Therefore, achieving injection
lasing might turn out to be more accessible than cavity-free elec-
trically stimulated ASE, as the photon lifetime within a resonator
- and consequently within the gain medium - is extended. Addi-
tionally, it has been shown in optical pumping experiments that
the ASE threshold decreases as the excitation length increases
since the threshold corresponds to a certain required gain-length
product.[12126] For electrically pumped structures, the problem
with long excitation lengths is that they demand a larger device
size, which inevitably will suffer from higher temperatures by
Joule heating when pumped to a certain N, as compared to a
shorter, smaller device. However, when a cavity is integrated with
the waveguide, the required amplification length are strongly re-
duced compared to that of a planar structure.['3] This translates
to a lower J, for lasing, as well as a shorter physical gain length,
hence a more compact device that will suffer less from Joule heat-
ing. It is an important prerequisite that none of the resonator de-
sign choices add optical or electrical losses to the system.

For a wide range of resonators, especially DFB cavities, the
amount of power that is coupled back into the laser cavity, or
the feedback strength, can be engineered through modification
of grating features.[!'*1?7] This design sensitivity of cavity param-
eters provides an extra degree of freedom to reduce the lasing
threshold manyfold below the steady ASE threshold (Figure 4a).
Similar benefits are expected from single-mode, e.g., high-Q_,,
WGM cavities, especially when their resonant modes are tuned
to the peak of the gain bandwidth. While WGM cavities can be
fabricated with small radii and thus small resonator volumes, too
high bending curvatures increase mode losses, thereby reducing
the photon lifetime.[128]

Even though cavity architectures such as DFBs and disk res-
onators have shown potential for low-threshold lasing, the meth-
ods to ensure uniform and efficient current injection are yet to
be developed to bring such structures from lasing under opti-
cal pumping to electrical pumping. Electrical devices with inte-
grated cavities have been realized using DFB structures. DFB
optical lasing was achieved in functional PeLED devices upon
imprinting the perovskite gain layer or by etching cavity into
the ITO anode (Figure 4b,c).[1?) Alternatively, the insulating pe-
riodic DFB layer was used to induce complex index-gain cou-
pling in scaled PeLED structures.[’® However, it is expected that
a thin-film diode processed on a non-planar surface would suffer
from increased leakage currents, strong local electric fields, de-
vice instability, and nonuniform current distribution. Nonethe-
less, such PeLEDs with integrated cavities allowed for J in excess
of 10 kA cm~2 and delivered highly directional EL (Figure 4d).l"8
A promising next step would be to maintain a high optical feed-
back strength of the cavity while preserving the electrical perfor-
mance of planar LEDs.

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85UB017 SUOWIWIOD 3A 81D 8|qedljdde au) Aq peuAoh 812 So[oe VO ‘35N JO S3|NJ 104 A%eiq 18Ul IUO AB|IM UO (SO IPUOD-PUR-SLURY WD A8 | M ARRIq U1 |UO//SORY) SUORIPUOD PUe SWB L 83885 *[7202/0T/60] U0 ARiq1T8UIUO A8 |IM D3 INI AQ E6THTEZ0Z BWIPR/Z00T OT/I0P/L0D A8 | Im" AReIq1)BUI|UO//STRY W1} papeojumoq ‘O %202 ‘G60VTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

(a) (b)

www.advmat.de

i Grating patterned on f

ETL

Perovskite Perovskite

@® Perovskite

Cathode
Si substrate

4 6 8 10 12 pamg:  lnsing

Pump fluence (uJ cm™)

A 890 &~
4151 T P
— 800 5 12
2411- 7002 310
o 0] ©
o g 600 2 = 8
s 407 = _E,
o 500 u_s. S 6
=} E 2
8403 400% E, o ITo
=
o 399 320 ? 5
; 240 &
1 - 5 5 5 L 160 = 0
30 34 38 42 46 50 54 58 62 66 70
Duty Cycle [%]
(d) T T T T T T e 10!
L J= 2 ——— With grating | i 20
JE10 ke ——— Without grating F_l_l;@rl_l_!
5100+ ero e
1 =
- >
2 31074
< 1 &
2 k=
£ 51024
£ g
= 3
1 10734

E . L L L L s 3 -4 i

51

64 :

78 5 4
ITO 20 nm

16

Substrate

720 740 760 780 800 820 840

Wavelength (nm) Wavelength [nm]

\!:
) vy sy
! v Ty sy
107+ -JE I lllll’
700 720 740 760 780 800 820 840
CrgssLe

Figure 4. Perovskite waveguides and light-emitting devices with integrated resonators. All measurements were at RT. a) DFB lasing threshold extracted
from a standalone perovskite film as a function of Bragg period and duty cycle under ns optical excitation. Dashed contours highlight the steady ASE
threshold. Reproduced with permission.['13] Copyright 2024, John Wiley and Sons. b) Input-output lasing characteristics of top- and bottom-emitting
LEDs shown in c) under ps optical excitation. Reproduced with permission.l'2°] Copyright 2019, John Wiley and Sons. d) EL spectra at J of 10 kA cm~2 of
ns-pulsed PeLEDs with and without DFB cavity. Reproduced with permission.[”8] Copyright 2021, John Wiley and Sons. e) Photoluminescence spectra of a

UV-nanoimprinted DFB laser with a 20 nm-thick ITO interlayer under ns optical excitation. Inset: Waveguide structure. Reproduced with permissio

n.[130]

Copyright 2023, American Chemical Society. The waveguides in (a)-(e) incorporated second-order 1D DFB cavities. f) Proposed planar laser diode
architecture with a cavity integrated into the lossless substrate. Dimensions are not to scale.

The integration of fully planar electrical stacks with variable
resonator geometries combines the benefits of homogeneous
electrical injection and a wider range of perovskite device fab-
rication techniques. One implementation is the monolithic inte-
gration of a feedback resonator above the perovskite active layer
to enable pure index coupling.3%! To facilitate sufficient mode
coupling, the optical distance between the gain medium and the
grating needs to be minimized. Nonetheless, optically pumped
lasing was achieved even when a 20 nm-thick ITO was inserted
in between the active layer and grating (Figure 4e), making this
approach promising when combined with a transparent archi-
tecture outlined in the previous section (Figure 3b). Alterna-
tively, the resonators can be integrated into the substrate with
a planarized arrangement of DFB or circular patterns of alter-
nating materials with a refractive index difference (Figure 4f). By
adopting this approach, high-precision semiconductor lithogra-
phy processes can be utilized for the definition of resonator fea-
tures prior to depositing fragile non-epitaxial functional layers.
Furthermore, a completely planar device configuration would not
affect current injection, which relaxes optical and electrical de-
sign constraints.

6. Conclusion

In this Perspective, we highlighted the critical developments that
should enable the first demonstration of electrically pumped las-
ing from metal halide perovskites. In search of novel material
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compositions, researchers should focus on perovskite gain lay-
ers with low ASE thresholds that maintain their EL performance
when driven electrically in an LED structure. Stable operation at
high current densities (hundreds to thousands of A cm~2) is likely
required. We urge the community to characterize optical proper-
ties such as ASE or lasing threshold and optical gain using long
optical excitations (ns to CW regime), and not limit them to the
ps or fs regime. Indeed, electrical pumping sources will operate
at ns and CW time scales, rather than in deep sub-ns regime.

At these time scales, several extra PLQY quenching mecha-
nisms are activated and must be managed to reach electrically
pumped lasing. Among them is Auger recombination, which can
compete with stimulated emission. This carrier loss mechanism
is particularly problematic in 0D perovskites, limiting their PLQY
long before stimulated emission Ny, can be established. Auger
recombination is also a reported issue in quasi-2D perovskites,
as it seems to already limit performance at moderate mean car-
rier densities, likely due to higher carrier concentrations in low-
bandgap regions.

Encouragingly, quasi-2D and 3D perovskite semiconductors
have repeatedly been brought to lasing under CW optical stim-
uli. At present, to unlock the potential of quasi-2D perovskites for
injection lasing, it is essential to improve PeLED performance at
higher current densities. However, due to the challenges of heat
generation, Auger recombination, and device stability, their per-
formance in the kA cm~2 range will likely remain limited. A more
viable route relies on engineering quasi-2D perovskites with
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reduced ASE thresholds through manipulating <n> and the or-
ganic cation of an active layer. 3D PeLEDs, in contrast, have over-
all inferior EQEs at low current densities but have an edge at high
current densities. Several reports have shown operation at cur-
rent densities of 1 to 10 kA cm~? with decent EQEs. This was
enabled in current-focusing architectures with elaborate thermal
management. Moreover, such devices delivered enhanced EL per-
formance at cryogenic temperatures that are also beneficial to-
ward reduced ASE and lasing thresholds. Optical pumping ex-
periments show that the ASE threshold increase can be limited
to only #50% for a functional 3D PeLED with transparent elec-
trodes compared to contact-free waveguides. Though electrically
pumped ASE with PeLEDs has not been demonstrated yet, it is
expected to be achievable with the currently known techniques
and materials.

Integration of an optical cavity, which does not compromise
PeLED performance, is a critical final step in developing a per-
ovskite laser diode. In contrast to material parameters that are
more challenging to manipulate, the design and features of a
cavity can significantly affect the lasing threshold. Special atten-
tion should be paid to specific resonator structures that can be
integrated with a thin-film diode, with DFB cavities and ring res-
onators emerging as the most feasible solutions. We note that
well-designed feedback architectures can lower the threshold for
lasing below the ASE threshold. The best marriage between an
optical resonator structure and a PeLED may be achieved by em-
bedding the optical cavity structure in the substrate, as it will si-
multaneously provide optical feedback and enable the seamless
fabrication of a flat PeLED on top. This approach solves many
challenges typically encountered during the fabrication of a thin
light-emitting device atop a non-planarized optical grating. More-
over, by limiting advanced photolithography steps and associ-
ated harsh solvents to the substrate, performance of the thin-film
stack would remain unaffected.
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