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1.5.2 Physical Parameters of Perovskite Light-Emitting Diodes

Similar to conventional LEDs, the performance of a PeLED can be evaluated based
on several physical parameters such as turn-on voltage, brightness or irradiance,
peak luminous half-wave width (FWHM), EQE, current efficiency, lumen efficiency,
energy conversion efficiency, and stability.

The turn-on voltage is the voltage at which the device starts to operate at a certain
level of brightness, typically 1 cd m~2 for visible LEDs or when it starts to exhibit an
EQE for UV or IR LEDs. The brightness, or irradiance, is the intensity of radiation
emitted by the device, measured in cd m=2 or W sr~! m~2. The required brightness
levels will depend on the intended application of the LED.

The peak-half-peak width of the luminous spectrum represents the purity of the
emitted light. A narrower FWHM indicates a purer luminous color, which is desir-
able for display applications.

EQE is an important measure of light-emitting devices and is defined as the ratio
of the number of photons emitted per unit time to the number of electrons injected.
It can also be described by the following Eq. (1.4).

EQE = fl‘aalance ><fe—h X Nradiative Xfoutcoupling (1~4)

where f,1.nce 1S the equilibrium charge injection probability (which has a value of 1
when the number of electrons and holes injected is the same), f,.;, is the probability
of each carrier pair forming an electron-hole pair or exciton, #,,giative 1S the proba-
bility of each electron-hole pair radiating a composite, and f is the optical
output coupling rate.

In order to enhance the luminescence efficiency, certain conditions need to be
met, including maintaining a balance of electron and hole injection, increasing the
chance of electron-hole pair formation, maximizing the ratio of the radiation com-
posite to non-radiation composite, and effectively coupling the generated photons
within the luminescent layer to the output. The balance of charge injection in the
LED depends on the injection potential of electrons and holes into the perovskite
conduction and valence bands, as well as the mobility of electrons and holes, which
are limited by the type and properties of the transport layer material. The rate of
electron-hole pair formation and combination efficiency can be regarded as the
internal quantum efficiency of the material, which is related to material properties
such as exciton binding energy and defect density of states. The efficiency of light
coupling output mainly depends on the device structure and is subject to the
refractive index and shape of the device layers. Typically, the planar structure of
an LED limits the light-coupling efficiency to 25%, with most of the photon energy
being dissipated in the form of a light waveguide within the device.

Current efficiency is the luminance of the light-emitting device and the ratio of
current in cd A™!; lumen efficiency is the ratio of the luminous flux emitted by the
device to the electrical power input in Im W~!; and energy conversion efficiency is
the ratio of the photon energy emitted by the device to the total energy input.

Stability refers to the operating lifespan of an LED, which is typically measured by
the time it takes for the device’s brightness or EQE to decay to half of its initial value

outcoupling
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Figure 1.14 Structure diagram of a
perovskite light-emitting diode device
with ZnO/PEIE as the electron injection
layer and TFB as the hole injection layer.
Source: Stranks et al. [72]/John Wiley &
Sons/CC BY 4.0.
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at a constant voltage or current, also known as T50. There are also other measures,
such as T90 and T80, which indicate the time taken for the brightness or EQE to
decay to 90% and 80% of its initial value, respectively. Devices with better stability
are more desirable for commercialization purposes.

Figure 1.14 illustrates the structure of a typical PeLED device. The perovskite
light-emitting layer is sandwiched between the electron injection layer ZnO/PEIE
and the hole injection layer TFB. When an external electric field is applied, electrons
and holes are injected from the electron injection layer and hole injection layer,
respectively, and they recombine in the perovskite layer, emitting light. To enhance
the efficiency of electron injection, the electron affinity of the electron injection
layer can be reduced. For example, doping Mg can form a ZnMgO structure in
ZnO, leading to enhanced electron injection efficiency [100, 101]. Alternatively, an
additional interface layer, such as polyethyleneimine, can be added between the
injection layer and the light-emitting layer to improve electron injection. Similarly,
the hole injection barrier can be reduced by doping the hole injection layer with
perfluorinated lithium ion salt or by incorporating hole-transporting materials
with high HOMO (highest occupied molecular orbital) energy levels, such as
4,4'-bis(9-carbazole) biphenyl, to lower the hole injection barrier [40, 102, 103].

The injection potentials of different layers can be determined by UV photoelec-
tron spectroscopy. However, the energy level structure of perovskites is affected by
the substrate work function, which means that UV photoelectron spectroscopy of
perovskites requires the film to be deposited on a substrate that closely mimics the
device structure. Alternatively, electron absorption spectroscopy can be used to mea-
sure the injection barrier in the device [104]. In electron absorption spectroscopy, the
effect of the internal electric field on the transmitted light is mainly measured [105].
According to the single-electron Franz-Keldysh-Aspnes low electric field theory,
the transmitted light varies with the square of the electric field, which can also be
applied to MAPbI, and other bulk materials [106, 107]. The magnitude of the inter-
nal electric field can be measured by modulating the internal electric field with a
DC bias. However, the effect of ion shielding has to be taken into account in this
process [108].
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1.5.3 Device Performance Development of Perovskite Light-Emitting
Diodes

In summary, the luminescence and physical properties of perovskite are influenced
by several factors. These include the crystal structure of the perovskite, size effects,
radiative and non-radiative processes of photons, interface states, and charge injec-
tion balance.

In most PeLEDs, the EQE and light output tend to decrease as the current den-
sity (J) increases, primarily due to augmented Auger recombination, Joule heating,
or imbalanced charge injection. This EQE roll-off phenomenon is also observed in
other LED technologies (Figure 1.15b) and typically leads to a 50% decrease in EQE
when J ranges from 100 to 1000 mA cm~2. Only a limited number of devices have
reported EQE values above 1 A cm~2, and these devices are typically fabricated using
pure-phase 2D or mixed-phase 2D/3D perovskite materials (Figure 1.15c). Signifi-
cantly, PeLEDs with reduced EQE roll-off exhibit low turn-on voltages (V o), indi-
cating barrier-free charge transport/injection. A low driving voltage can also help
alleviate the quantum-confined Stark effect, which is another potential cause for
EQE roll-off [11].

Changes in the dimensionality and crystal defects of the perovskite affect the state
of the exciton and carrier transport, resulting in a significant change in device perfor-
mance. In two-dimensional and one-dimensional perovskites, the exciton binding
energy is stronger, resulting in a wider color gamut. In contrast, three-dimensional
perovskites have a weaker exciton binding energy, leading to a narrower color spec-
trum. Crystal defects impact the carrier transport capacity, and higher defect densi-
ties lead to more exciton capture, resulting in more non-radiative output and reduced
device efficiency.

Radiative and non-radiative processes of photons are closely linked to the crystal
structure, size effects, exciton binding energy, and trap density, influencing the com-
bination path of excitons. Excitation light density also affects radiation and decay
processes. Surface and interface trap states significantly influence non-radiative pro-
cesses, and surface state modulation can improve device luminous efficiency. Charge
injection balance mainly depends on the energy level structure of the material lay-
ers and the ideal balance of injection potential at the interface, ensuring both stable
device operation and improved EQE.

Although PeLED research started later than that of perovskite solar cells, it has
experienced significant development in a short period. In just a few years, the EQE
of PeLEDs has increased from less than 0.1% to over 20% [110-114]. To date, the max-
imum EQEs for near-infrared, red, green, blue, and white light-emitting perovskite
diodes have reached 25.5%, 25.8%, 30.84%, 18.65%, and 12.2%, respectively [115-119]
(Figure 1.16).

Figure 1.17a presents a comparison of the color gamut of LFMHP-based LEDs,
demonstrating that the blue and red components have already fulfilled the
requirements of the Rec. 2020 standard, while the green component still requires
further improvement. Another critical factor limiting the commercialization of
PeLEDs is device lifetime. Figure 1.17b illustrates the promising device stability



‘ainleN Jabuiids/[11] e 19 uippnieysed :921n0S “JNF 40 3dAI 3yl pue S313ISUIP IULIND UOIIIB[Ul UO paseq suolbal a1yl o3ul papIAIp

s1301d 3yl STINI A$/AZ PUe ‘az ‘as ‘SON buihodwa ainiesaln) ays ul pariodal sg31ad 91ge1ou awos 4o Spuall 44o0-1104 303 () "a4nieN Jabunds/[11]

“1e 12 uippnJeyse :92unos "abe1j0A a1e1s-Apeals elA paselq ale sg37 JULIND 12341p DQ (ST T A-111 Ul eISAID 1Ie-3Yl-40-91e31S YUM SQ3T13d Pue ‘sq31a0
‘s@370-0ueu pue sq370 ‘s@3 d1uebio) sq3T wiy-uIy3l snolieA ul jjo-110d 303 4o uosedwod v (q) ‘0% Ag DD/a4nieN Jabuiids/[60T] e 19 oY) :924n0g
“JU312L4902 uo13diosqe 3yl 03 Pa12aULOI JUSUOAWOD XAPUI BAIIRIDI BYI SIIBIIPUL ¥ "SSUNDIYI SNOLIBA JO STINT 9113sA0sad YyIm (%00T = 301) a3 19d 1eap!
ue 104 (Saul] paysep 13101A) uoiingliauod buidAdal uojoyd aAile)al ays se 119m se ‘(salenbs anjq Aaeu uado) uoirdiosgeal Inoylm pue (A)aA130adsal ‘sasenbs
Aeub pany pue s312.12 pal pany ‘¥d) bunakial uoloyd Inoyum pue yum s3p3 paiendie) (B) 'sq3ad Ul 4o-1104 303 pue bundhdai-uoloyd §T°T a4nbi4

(z-wo yw) Aysusep juaun) (2) (z-wo yw) Aysusp jusun) (a)
90l g0t yOk g0l 201 0k o0k -OF 90l  gOF 0L ¢OF 0L OF (0L -0}
Ly busisy Lussss Ly [ [ P IO—' e ia, S ™ ™ L dasi, L rO
[ ] ayysnolad n_m._mm:O” + AOD ‘wu Oo_,v 3
. vl 3 asned
B 0 [ E a3710-oueN m
iy i | (pasind n_.w
: B 1| s ‘wu 00})' =
- E L0k a3ied o
PP PPTPINEN WPPPPIPI L L ] i oL N M
mu| =
asnoled gz m S
E W a3t Al £
3
- B
2 (1=t -1
- 001 8
g
1 T PRI 4 i Vi e o s oL 3
B (wu) ssauxIy} aIsA0Iad (e)
.9.\9 A & 009 00y 00€ 00¢ 00} 0
\.%, ; 3 w 0 s \ s \ - 0
YN / <
& 2 Shq /g
- 2 (0t T =
i= lbﬂf&. mn\ 0¢€ 1 FOL W
[ L s bonass s busane s boas busras o o o 3
= c
sqo/s|eishioouen .m G L1 3
= J m
[ 5 _ JP%e & ) o)
S 9Ye, 00 0e® .yt — oz M
o8 @ . 5
©2 ) mmmn -0 Bsz4 102 Hd 0=)- 1 - ® oo~
¢ uoibay 2 uoibay L uoibey | 06 1 i dd o\z” . ; dd/m _ L4 oe




¥20¢g

'sg372d ¥IN pue ‘aniq ‘uaalb ‘pas jo s30J ul uawdoljansp 3yl 9T°T a4nbi4

Jeap
€c0c c¢c0c Le0c 0c0c 610C 810¢ 210¢ 910¢ Gloc ¥10¢ €loc

LWH-063-369,10

I T T T I I I cOLLLAISIEN APV I ol A
WU 551 %200 s(qeltene fou %,00°0

10662°6191U] Ule “|ddy SOV WU G8Y %9° m — °
9d%001 ‘62 USIBIN APY ¢69-/89'6
€8'LE USRI\ WYY WU /8y % 9 WU 21G %229 .N e comscmoz N .
916241 £54E 5102 JEIeIN 1By WU 082 %920
£€95°0} UNWWoD JeN
WU G8% %L1
80L‘LL SOIUOJO Jor
8128 ‘82 ISIBIN "ADY WU 6/ %€ Cl
177101221 1202 I[BWS WU 88Y %G '€l geg—/8G' 860 Ll
¥0/-669'01'9L0Z"U00Ud 1N m
/590222202 “JOIBIN "Jound "APY WU L&W %28"tk WU 98/ %L L —St o
G2rL0E2 €202 91BN "0UNL "APY WEBY %5981 esffuu 659 ez =
, #cr2 295 SINiEN WU 25 %E"02 Joz

Ho7 CIOIWIOUBN WU L08 %5'Se
09¥¥022'220e JelBNAR

wu 9

O DA G2-6v2'295°8102
Moing eplians wu 0zg %e9tz >MEN WU 008 %L02
6-1‘0E eTBIN 1oUNS ApY sz

Wwu ¥69 %6°0¢

mmﬁmﬁmmmmﬁo

1202 IS APY HIN —h—
WU #1G %82 onig —y— g
usal
£8220€2'€202 01BN ADY _omm —o—

Wwiu 0€S %¥8'0€

sa31ed HIN pue ‘anjq ‘uaaib ‘pai jo Juswdojanag



1.6 Summary

0.9 1

— — = Rec.2020

0.8 1 : LFMHPs-based LEDs

0.7

0.6 1

0.5

y

0.4 4

0.3 4

0.2

0.1+

0.0
(@)

Blue
Green
Red
NIR

0 20 40 60 80 100 120 140 160
(b) Lifetime (h)

Figure 1.17 Current status of perovskite light-emitting diodes (PeLEDs) based on
lead-free metal halide perovskite (LFMHP) emitters. (a) Color gamut coverage of Rec. 2020
and LFMHP-based PeLEDs. (b) Device lifetime of state-of-the-art NIR, red, green, and
blue-emitting LFMHP-based PeLEDs. Source: Wang et al. [120]/Innovation Press Co.,
Limited.

of LFMHP-based LEDs, indicating their potential in overcoming the inherent
chemical instability issue found in LHP-based LEDs [120].

1.6 Summary

Perovskite materials are highly sought after for their luminescent properties,
including their ability to emit light when excited by an external energy source. This
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luminescence is due to the presence of a bandgap in the electronic structure of the
material, which allows for the absorption and re-emission of light. This chapter
discusses the structure and luminescent properties of perovskite materials, as well
as some important physical parameters of PeLEDs and their current development
status.

Metal halide perovskites, composed of a lead or tin cation, a halide anion (such as
iodide or bromide), and an organic or inorganic A-site cation (such as methylammo-
nium or cesium), are an important class of perovskite materials for optoelectronic
applications. These materials exhibit high defect tolerance, which means they can
accommodate a high density of defects and impurities without significantly degrad-
ing their electronic and optical properties. Metal halide perovskites exhibit a range
of luminescent properties, including strong photoluminescence (PL) and electrolu-
minescence (EL) across the visible spectrum. The crystal structure and composition
of the material, as well as the presence of defects and impurities, strongly influence
their PL and EL properties.

Perovskite LEDs have the potential to operate under ultra-high brightness
conditions, allowing for the passage of high currents (100 cm? V='S™! or higher)
through the diode without causing detrimental processes. This provides an advan-
tage over organic and colloidal quantum dot semiconductors in high-brightness
operations. Peak brightness exceeding 10°cd m~2 has been achieved [96], and
a recent encouraging aging report using two-dimensional perovskites in LEDs
demonstrated no significant degradation in device operation at a current density of
Acm™ [121].

However, the high-brightness operation of perovskite LEDs is currently hindered
by other factors, including the instability of ionic materials under an electric field
(ionic migration) [122], imbalanced carrier injection, and non-radiative and Auger
recombination losses that occur mainly under low/high injection conditions [123].
These factors may further contribute to the degradation associated with heating.

Perovskite materials also show promise for other applications, such as solar cells,
LEDs, lasers, and sensors. Their unique combination of properties, including high
defect tolerance, tunable bandgap, and excellent charge transport properties, makes
them an attractive candidate for a wide range of optoelectronic applications. Per-
ovskite materials have also been explored for use in sensors, particularly for detect-
ing gases and ions, due to their unique electronic properties, high surface area, and
ability to selectively bind to certain molecules.

However, perovskite materials have some challenges that need to be addressed
before they can be widely deployed in commercial applications. Their instability in
the presence of moisture and oxygen can lead to degradation over time, which is a
major obstacle for the development of perovskite-based solar cells. Researchers have
made progress in addressing this issue through the development of encapsulation
strategies and the use of stable electrode materials, but further work is needed to
improve long-term stability. The toxicity of some of the elements used in perovskite
materials, particularly lead, is another challenge. While there has been progress in
developing lead-free perovskites, many of these materials have lower performance
than their lead-based counterparts.
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Furthermore, PeLEDs still face challenges in terms of the poor efficiency of
blue devices, a decline in EQE under high-brightness conditions, and insufficient
device lifespans. The low efficiency of blue PeLEDs is often attributed to halide
segregation in mixed CI-Br perovskite emitters. Some progress has been made
through compositional adjustments and the incorporation of bulky organic cations
in low-dimensional perovskites. Large organic cations can stiffen the perovskite
crystal structure, reducing detrimental electron-phonon interactions and ion
migration. However, these cations are typically insulating, resulting in inferior
charge transport and reduced device performance. One potential solution is
to replace these insulating ligands, commonly alkyl-chained, with conjugated
semiconducting ligands, which could potentially alleviate this issue [11].

EQE roll-off and operational stability are significant challenges for PeLEDs,
influenced by both intrinsic factors of the perovskite active layer and extrinsic
parameters of the device. Ongoing strategies to address these challenges include
compositional and dimensional engineering of the perovskite emitter, formation
of defect-free emissive layers (EMLs) through passivation techniques, optimization
of heterointerfaces to enable barrier-free charge transport and injection, achieving
balanced charge injection, operating the devices at low voltages, and reducing
the transport resistance in the emissive layer. Given the ionic nature of halide
perovskites, the development of specific biasing schemes (e.g. pulsed biasing) may
assist in minimizing ion migration and enhancing stability [11].

There is also a need for more research on the potential environmental impact
of large-scale perovskite production and deployment, as well as the scalability and
reproducibility of perovskite synthesis and device fabrication.

Despite these challenges, perovskite materials hold tremendous potential for a
range of applications, and the field is likely to see continued rapid development and
progress in the coming years. Advances in perovskite synthesis and device engineer-
ing have led to significant improvements in performance, and it is likely that per-
ovskites will continue to be a focus of research and development. Further improve-
ments in performance and stability, as well as the development of new applications
and markets for perovskite materials, are expected as continued research and devel-
opment in this area progresses.
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