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ABSTRACT The last decade has witnessed great progress in
photovoltaic technology based on organometal halide per-
ovskites because of their low nonradiative recombination loss,
long carrier lifetime, and long diffusion length. The excellent
optical properties and easy preparation of organometal halide
perovskite-based photovoltaic products enable their wide ap-
plications in electro-optical and opto-electrical conversions. In
this review, photoinduced free carriers, exciton recombina-
tion, and diffusion properties of perovskite photoelectronic
devices are discussed. By controlling grain sizes and grain
boundaries, suppressing defects, and conducting interfacial
charge transfer, their dynamics can be controlled in a versatile
manner. The generality and differences in “effective carriers”
for device applications, including their electro-optical and
opto-electrical conversions, are discussed. In all-optical de-
vices, a strong light-matter interaction causes nonlinear ef-
fects, such as two-photon absorption, self-phase modulation,
and optical blenching, which enable high-resolution imaging,
optical modulation, and optical switching. This review pro-
vides a basis for constructing high-performance photoelec-
tronic devices.

Keywords: perovskites, carrier, exciton, dynamics, photo-
electronic devices

INTRODUCTION
Solar cells incorporating organic-inorganic hybrid perovskites
(OIHPs) have emerged as the devices with important applica-
tions among leading photovoltaic (PV) technologies. The power
conversion efficiency (PCE) has increased from 3.8% [1] to over
25.2% for a single planar structure and 28.0% for a tandem
structure [2]. All-inorganic thermodynamic perovskite solar
cells have reached new record of more than 18% in CsPbI3 [3].
In addition to PV devices, applications based on hybrid per-
ovskites have been widely extended to bright light-emitting
diodes (LEDs), nanolasers, photodetectors (PDs), and all-optical
devices. Rapid progress and great successes in PVs and LEDs are
mainly attributed to the unique combination characteristics of
OIHPs, including the following: (1) large absorption coefficient
(104–105 cm−1) and sharp direct-bandgap absorption [4], which

enable effective light harvesting with only hundreds of
nanometers of film thickness, (2) long carrier lifetime and dif-
fusion length [5,6], (3) a small proportion of nonradiative
recombination, indicating the low thermal loss and effective
opto-electrical or optical to optical conversions [7], and (4) a
desirable and tunable bandgap [8]. For PV and PD devices,
effective photocurrent harvesting through the transport layer
and minimal loss at the interface is also essential [9,10]. A strong
light-matter interaction in low-dimensional perovskites enables
a complex nonlinear effect, such as harmonic generation, two-
photon absorption, and self-phase modulation, which implies
their promising applications in optical switches, modulators,
and multiphoton imaging. Multifunctional applications in var-
ious photoelectronic devices demand different carrier dynamics.
With a complex crystal structure, carrier dynamics can be cus-
tomized in a versatile manner via chemical doping, phase
transition, and surface passivation. In the heterojunctions
combined with electron/hole transport layers (ETL/HTL) or
other semiconductors, charge transfer between layers facilitates
carrier transport and increases the harvesting of solar energy.
Numerous excellent review papers have described various

aspects of organic-inorganic halide perovskites and their device
applications, for example, the fabrication of perovskite thin films
toward commercialized solar cells [11]. Photophysical properties
[12,13], especially carrier recombination and transport proper-
ties [5,14–17], have been investigated by spectroscopic techni-
ques [18–20]. Device applications in solar cells have also been
summarized in previous reviews [21,22]. Applications of per-
ovskites have been extended to electro-optical conversion (LEDs
and nanolasers), opto-electrical conversion (solar cells and PDs),
and all-optical conversion (multiphoton imaging, saturable
absorbers (SAs), and optical modulators); however, the common
and distinguishing characteristics of photoinduced carrier
dynamics and their role have not yet been clarified.
In this paper, we review the fundamental photoinduced spe-

cies (carriers and excitons) and related dynamic properties in
perovskites. These properties can be easily controlled through
various strategies, including examining a pristine film in terms
of chemical compounds and stoichiometric ratios, micro-
structures (grain boundary (GB), grain size (GS), and defects),
surface passivation, and interfacial charge transfer. The roles of
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an “effective carrier” in various optoelectronic devices, including
solar cells, LEDs, optical switches, and PDs, are discussed
(Fig. 1). This review will help elucidate the mechanism of
“effective carriers” in these devices and provide a basis for
designing high-performance optoelectronic devices.

FUNDAMENTAL OF PEROVSKITES

Crystal structure
Hybrid/all-inorganic perovskites comprise compounds with an
ABX3 crystal structure (Fig. 2a), which refers to the mineral
CaTiO3, where A is a large organic cation (e.g., methylammo-
nium = MA+ (CH3NH3

+), butylammonium = BA+ (C4H9NH3
+),

formamidinium = FA+ (NH2CH=NH2
+), and phenylethy-

lammonium = PEA+ (C6H5(CH2)2NH3
+)) or an inorganic cation

(e.g., Cs+ and Rb+) [3,21]. B is a divalent element, such as Pb2+,
Ge2+, Sn2+, Cu2+, Mn2+, Zn2+, Cr2+, and Cd2+, and X is a halogen,
such as I−, Br−, and Cl− [13]. Furthermore, mixed organic
cations (MA+/FA+) or triple-cation approaches (MA+/FA+/Cs+)
[22], mixed metal cations (Sn2+/Pb2+) [5], and mixed halides
(Br−/I−) have been developed [10,23,24]. In bulk perovskites,
anion X− together with B2+, form the framework of corner-
sharing BX6 octahedra and B2+ usually forms a specific crystal
structure that is easily affected by material dimensions, tem-
perature, and pressure [25,26].
In addition to perovskites with a three-dimensional (3D)

morphology, low-dimensional perovskites, i.e., 2D nanoplates
[27,28], 1D nanowires [29,30], and 0D quantum dots (QDs)
[31,32], have been developed [31,33–35]. Low-dimensional
perovskites possess unique photophysical properties to retain the
electron behavior in a limited region. As a result, size-related
quantum confinement should occur if the size of materials is
comparable to the de Broglie wavelength of the electron wave-
function, thus modifying the energy levels. In comparison with
van der Waals 2D nanomaterials, such as graphene, black
phosphorus (BP), and transition-metal dichalcogenides
(TMDCs), the connection between layers in low-dimensional
perovskites is ionic in nature (ionic bonding). In contrast to the
3D morphology with an ABX3 structure, 2D Ruddlesden-Popper
perovskites (RPPs) have the following formula:
(LA)2An−1BnX3n+1, where LA or A is a Group IA monovalent
cation or a monovalent organic molecule cation, B is a divalent
Group IVA cation, X is a halogen anion and n indicates the
number of the metal cation layers between the two layers of the
organic chains [36]. Fig. 2b shows the structure of RPPs (n =1, 2,
and 3) and the corresponding bulk counterpart (n =∞). When n
→ ∞, the 2D RPP phase transforms to a 3D structure similar to
BaTiO3. Thus far, many combinations, including
(BA)2(MA)n−1PbnI3n+1 [28,37], (PEA)2(MA)n−1PbnI3n+1 [38,39],
(BA)2(MA)n−1SnnI3n+1 [38], Csn+1PbnI3n+1 [39], and (BA)2PbBr4
[27], have been proposed. Yang et al. [40] systematically studied
the structural stabilities of 2D halide perovskites. These per-
ovskites normally possess an orthorhombic or tetragonal struc-

Figure 1 Roadmap of this review. (i) Carrier generation, recombination, and diffusion dynamics. (ii) Device applications, including electro-optical, opto-
electrical, and all-optical devices.
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ture and exhibit more flexibility and deformability than their
bulk morphology. Moreover, their structure is easily affected by
the external pressure [41] because the alignment of Pb–I–Pb
bond angles cause a phase transition (a tetragonal phase to a
cubic phase) above 0.3 GPa [42]. The space group changes from
Pm m3 to Im3 in MAPbBr3 and from Fmmm to Im3 in MAPbI3
[43]. Wang et al. [44] found a similar result, i.e., the space group
changes from Pm m3 to Im3 and then to Pnma in MAPbBr3. The
phase structure of MAPbBr3 is sensitive to temperature but not
to pressure. Fig. 2c illustrates the space groups of perovskites.
Ions (MA+ and I−) and defects in perovskites diffuse when an

electric field is applied (Fig. 2d), causing unconventional
photocurrent hysteresis in perovskite-based solar cells. Defects
are inevitable species in the solution-processed perovskites,
which considerably affect the electronic band structures, carrier

dynamics, and related device performance. Defects in per-
ovskites can be categorized, as shown in Fig. 2e. Perovskite thin
films are mostly fabricated by simply spin/drop coating the films
with a colloidal solution. Unintentional defects inevitably form
and yield trap states and recombination centers. The high PCE
of solar cells suggests that hybrid perovskites have a high tol-
erance for defect-related potential losses. Thus far, the highest
PCE is lower than the thermodynamic limit of ~30%–33% for
bandgaps of perovskites in the range of 1.2–1.6 eV [50]. Defects
remain one of the most crucial crystal characteristics that hinder
further progress for increasing PCE and obtaining stable solar
cells [49].

Optical absorption, emission, and electronic band structure
PV and LED devices have high performances because of their

Figure 2 Crystal structure of hybrid perovskite. (a) Typical perovskite structure with the ABX3 formula, where A, B, and X indicate a large organic cation, a
divalent element, and a halogen, respectively. Reprinted with permission from Ref. [45]. Copyright 2015, Elsevier. (b) 2D-layered perovskites with
(LA)2An−1BnX3n+1 (n = 1, 2, and 3) formula and 3D morphology when n = ∞. LA is a Group IA monovalent cation or a monovalent organic molecule cation.
A, B, X, and LA are represented by a blue circle, a green circle, an orange circle, and a gray circle, respectively. Reprinted with permission from Ref. [46].
Copyright 2019, Springer Nature. (c) Representation of the crystal structures of cubic, tetragonal (space group: I4cm), tetragonal (I4/mcm), and orthorhombic
perovskites. Reprinted with permission from Ref. [47]. Copyright 2018, OP Publishing Ltd. (d) (i) VI, (ii) VMA, (iii) VPb, and (iv) Ii defect diffusion paths.
Vacancies are highlighted with dashed circles. Brown = C, white = H, purple = I, blue = N, and black = Pb atoms. Reprinted with permission from Ref. [48].
Copyright 2015, Royal Society of Chemistry. (e) Defects in a perovskite crystal lattice (black, blue, and purple dots represent M−, A−, and site ions,
respectively): (i) perfect lattice, (ii) vacancy, (iii) interstitial, (iv) antisite substitution, (v) Frenkel defect, (vi) Schottky defect, (vii) substitutional impurity, (viii)
interstitial impurity, (ix) edge dislocation, (x) GB, and (xi) precipitate. Reprinted with permission from Ref. [49]. Copyright 2016, Springer Nature.
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unique optical absorption and emission characters. The MAPbI3
perovskite has a large absorption coefficient of up to
104–105 cm−14; consequently, a large amount of solar energy is
harvested in a solution-processed film that is as thin as hundreds
of nanometers. Tunable optical absorption and emission bands
are quite attractive in stack-structure solar cells and full-band
LEDs. The optimal bandgap of single-junction solar cells is
designed to be 1.1–1.4 eV to harvest the photon energy of solar
irradiation effectively, whereas the most popular perovskite,
namely, MAPbI3, has a relatively large bandgap of ~1.55 eV,
restraining the effective harvesting of energy above the bandgap
[51]. Thus, the absorption band should be tuned, for example, by
dimension tailoring and chemical compound controlling, as
presented in Fig. 3a, b.
The ground state transition of MAPbI3 perovskite at R and M

point is presented in Fig. 3c, corresponding to the two lowest
energy transitions F3/2,g → E1/2,u and E1/2,g → F3/2,u and a series of
optically allowed transitions between R and M point. The optical
absorption and carrier dynamics have been investigated by
transient absorption spectroscopy [52]. The bandgap is deter-
mined by the energy difference between the upper VBM2 and the
CBM. This transition is correlated with the fundamental elec-

tronic band structure. In Pb-halide perovskites, the VBM com-
prises antibonding states, which are derived from the
hybridizations of the atomic 5p orbitals of I and 6s orbitals of Pb;
conversely, the CBM mainly comprises empty 6p orbitals of Pb
(Fig. 3e). The split band of the valence and conduction bands
yields a wide continuum absorption from the absorption onset,
where electrons transit vertically and instantly via the Franck-
Condon principle [53]. After being photoexcited to a high-
energy state, the free charges or excitons achieve intraband
equilibrium and recombine radiatively or nonradiatively. Most
hybrid metal perovskites possess a direct band structure and a
moderate band gap, covering most of the solar radiation spectra.
The first-principle calculation indicates that a hybrid MAPbI3
perovskite possesses a direct bandgap of 1.51–1.63 eV [54]. In
bulk perovskites, the electronic bandgap is close to the optical
bandgap for the small exciton binding energy of tens of milli-
electronvolt [55]. Although large organic MA+ can effectively
stabilize crystal structures, it does not affect the electronic
structure at the band edge. The occupied s orbital of Pb2+ has a
strong antibonding coupling with p orbital of I; thus, upper
valence bands become dispersive [56].
The bandgap structure and value of semiconductor per-

Figure 3 Optical absorption, emission, and electronic band structure alignment. (a) Absorption of thin films versus n in the (BA)2(MA)n−1PbnI3n+1
perovskite. Reprinted with permission from Ref. [57]. Copyright 2017, American Association for the Advancement of Science. (b) Emission of FAPbIyBr3−y

perovskites with varying y. Reprinted with permission from Ref. [58]. Copyright 2014, Royal Society of Chemistry. (c) Schematic of the band structure of the
cubic perovskite phase of MAPbI3, including spin-orbit coupling through which the colorful arrows show optical absorption and emission. Reprinted with
permission from Ref. [59]. Copyright 2014, American Chemical Society. (d) Crystal and band structures of (i) (MA)PbI3, (ii) (MA)2TlBiBr6, and
(iii) Cs2AgBiBr6. Reprinted with permission from Ref. [60]. Copyright 2017, American Chemical Society. (e) Band structure and density of states of MAPbI3
when the pressure is P = 1.8 GPa. Reprinted with permission from Ref. [43]. Copyright 2016, American Chemical Society. (f) Calculated band structures versus
the layer thickness of the (PEA)2PbI4 (n = 1–4) perovskite. Reprinted with permission from Ref. [39]. Copyright 2017, American Chemical Society. (g) Trap-
state levels of 12 intrinsic defects in the MAPbI3 perovskite. Reprinted with permission from Ref. [61]. Copyright 2014, American Chemical Society.
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ovskites can be tailored in a versatile manner by selecting dif-
ferent metal cations [62], inorganic anions [1], and organic
ligands [63]. The bandgap increases as the size of the cation
decreases. At the M site, changing the cation from Pb2+ to the
less toxic Sn2+ forms MASnI3 and shifts the bandgap from 1.55
to 1.3 eV. Replacing the MA+ with a slightly larger FA+ results in
the bandgap shifting from 1.57 to 1.48 eV; when MA+ is replaced
with a smaller cesium ion, the bandgap changes to 1.73 eV [58].
The double perovskite (MA)2TlBiBr6, where Pb2+ is replaced
with isoelectronic Bi3+ and Tl+, has a similar orbital composition
at its band edge. The inclusion of Ag s (Ag d) orbitals in
(MA)PbI3 changes the CBM and the VBM, leading to an indirect
gap [60] (Fig. 3d). Friend’s group [64] found that the bandgap
can be tuned by varying the chloride to bromide ratio in a
MAPb(BrxCl1−x)3 (0 ≤x ≤ 1) perovskite. As the chloride fraction
increased from 0% to 100%, the bandgap increased from 2.3 to
3.1 eV. Snaith’s group [65] investigated the absorption band-
edge shifts in mixed anions and cations for obtaining optimal
solar cells, where the absorption wavelength onset decreased as
the Br fraction increased in FAPb[I(1−x)Brx]3 and FA0.83Cs0.17Pb-
[I(1−x)Brx]3.
The bandgap is sensitive to the thickness of a layered per-

ovskite because of the quantum confinement effect. In the
layered (BA)2(MA)n−1PbnI3n+1 perovskite, the optical bandgap
monotonously increases from 1.85 to 2.42 eV when n decreases
from 5 to 1 [57]. Experimental observations [66] reveal that the
calculated band structures of (PEA)2PbI4(n) and Cs2PbI4(n)

based on density functional theory show a decrease in their
bandgaps as the layer thickness (n) increases [39] (Fig. 3f).
Further, the optical bandgaps of hybrid halide perovskite
materials can be tuned by the pressure [26,42–44]. In an MAPbI3
perovskite, the bandgap undergoes a noticeable shift from
1.537 eV at 0.1 GPa to 1.507 eV at 0.32 GPa. When the pressure
increases up to 2.1 GPa, the bandgap is optimized to obtain the
desired single-junction solar cells in Pb-based perovskites [67].
Solution-processed perovskite films have a non-negligible defect
concentration, as presented in Fig. 2e. These defects generate
deep or shadow trap states (Fig. 3g) and eventually affect the
carrier dynamics.

Free carrier and exciton
Excitons, the bound state of an electron-hole pair generated via
Coulomb interaction, and the free carrier are the fundamental
photoinduced species in perovskites. Fig. 4a shows the intraband
free carrier and exciton contribution to the total absorption
spectrum of MAPbI3. The ease of exciton dissociation is quite
essential to effectively harvest the photocurrent in solar cells and
PDs. In thermodynamic equilibrium, the fraction of free carriers
and exciton (x) is determined using the exciton binding energy
(Eb) and excitation density (nc). Under the PV working regime
(nc is ~1013–1015 cm−3), the exciton-exciton interaction is
neglected, which occurs at a high density of >1020 cm−3. The
fraction of the free carrier and exciton can be depicted by the

Figure 4 (a) Contribution of continuum and exciton to the total optical absorption. Reprinted with permission from Ref. [76]. Copyright 2016, Springer
Nature. (b) Schematic of the free carrier, exciton, trion, biexciton, and the corresponding exciton binding energy. (c) Representation of electrons and holes
bound to excitons for the bulk and monolayer semiconductor. Reprinted with permission from Ref. [77]. Copyright 2014, American Physical Society.
(d) TRPL traces versus the pump fluence of CsPbI3 QDs. The multiexciton signal is represented by M = A − B. M, A and B are amplitude of the multiexciton
signal, the amplitudes of the total PL signal and its single-exciton component. 〈N〉 is the average number of excitons generated in one QD. Reprinted with
permission from Ref. [32]. Copyright 2016, American Chemical Society.
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ing the law of the mass action of Wannier-Mott excitons [68].
Several investigations on the exciton and exciton binding energy
have been reported. D’Innocenzo et al. [68] found that free
charges are the dominant photoinduced species at room tem-
perature for operating solar cells (n < 1015 cm−3). With a
decrease in temperature, the proportion of the exciton increases.
This finding is partially attributed to the small exciton binding
energy of tens of millielectronvolt (~55 meV for the
MAPbI3−xClx mixed perovskite [68] and 16 meV for MAPbI3
[55]), which can be experimentally characterized using the dia-
magnetic shift of magnetoabsorption [69], temperature depen-
dence of photoluminescence (PL) intensity [70–72], analysis of
absorption onsets [57,68,73], and excitonic resonances in mag-
netoabsorption [55]. This exciton binding energy in bulk per-
ovskites is low enough to be depicted by the Wannier-Mott
model, through which relatively large dielectronic constants
induce a reduced Coulomb interaction. A small exciton binding
energy means that excitons can easily dissociate into a free
charge at room temperature (E = kBTR = 26 mV), where kB is the
Boltzmann constant, and TR is the thermodynamic temperature.
The value presents the magnitude of the conventional III–V
semiconductor QDs and is smaller than the value of 2D semi-
conductors, such as BP and TMDCs [74,75].
With quantum confinement and reduced dielectric confine-

ment in low-dimensional perovskites, electrons and holes are
strongly bonded via Coulombic interaction in the forms of one
electron and one hole (exciton), one electron and two holes, two
electrons and one hole (trions), and two electrons and two holes
(biexciton). Studies have focused on multibody complexes and
their spectroscopic signature except for the neutral single exci-
ton. A schematic of their binding energy and the corresponding
emission energy is shown in Fig. 4b. In a low-dimension limit,
the exciton binding energy is larger than that of the bulk mor-
phology. In 2D-exfoliated RPP crystals, exciton binding energies
as a function of n reach 380, 270, and an average value of
220 meV for n = 1, n = 2, and 3 ≤n ≤ 5, respectively. These
values are several times larger than those of a 3D perovskite for
quantum confinement and reduced dielectric screening [57], as
shown in Fig. 4c. If electrons and holes have opposite spins, two
particles can easily recombine and emit photons. These electron-
hole pairs are called bright excitons. However, if they have the
same rotation, electrons and holes cannot easily recombine. Such
excitons cannot emit light; as such, they are called dark excitons.
In addition to bright excitons, dark excitons have been found in
perovskite nanocrystals (NCs) [78–81]. At a low-temperature
stable crystalline phase, where the exciton band continuously
exists, the “Varshni” trend causes the blue shift of the absorption
band edge. Except for free carriers and excitons, conducting
plasma and unbound but Coulomb-correlated electron-hole pair
can be photoexcited. Carrier-carrier interactions are con-
siderably enhanced because of the strong quantum confinement
in a low-dimensional perovskite; consequently, this phenom-
enon can prioritize carrier cooling via Auger recombination,
which is a reversible process of carrier multiplication (CM).
Under high photoexcitation, multibody complexes are observed.
Makarov et al. [32] investigated the spectral and dynamical
properties of single excitons and biexcitons in Cs-Pb-halide
perovskite QDs. Fluence-dependent PL traces show that a fast

decay component increases as the fluence increases. The
increasing fast decay signal in time-resolved PL (TRPL) is
attributed to biexciton decay, with a time constant of 93 ps for
CsPbI3, which is confirmed by the amplitude of the TRPL versus
the pump fluence. At moderate excitation levels (〈N〉 < 0.5), the
amplitude of M is proportional to the Poisson probability p2 or
〈N〉2; in this case, the dominant multibody species are biexci-
tons.
In perovskite QDs, slowed-down carrier relaxation facilitates

CM, which is known as multiple excitons. This indicates that a
single exciton under a high exciton transfers its energy to
another exciton and generates multiple electron-hole pairs. This
process is the reverse of Auger recombination. de Weerd et al.
[82] reported efficient CM in the CsPbI3 perovskite NCs. Under
a linear excitation regime, namely, the number of absorbed
photons per nanocrystal at a very low level (〈Nexc〉 << 1), a fast
component rises when the excitation energy surpasses the CM
threshold. The CM efficiency reaches 98% when the excitation
energy is 2.4 times that of the bandgap (Fig. 4d). This Auger-
effect-induced CM helps reduce the energy loss above the
bandgap in solar energy collection.

CARRIER DYNAMICS AND TUNABILITY

Recombination and diffusion dynamics

Recombination dynamics
After photoexcitation, electrons are instantly generated in the
valence band, thereby leaving holes in the conduction band and
forming excitons below the bandgap. The generated carrier
density is directly determined in terms of the optical intensity of
light [83]. For PV devices working under AM 1.5 solar spectral
irradiation, the charge carrier density nc is low, i.e.,
1015–1016 cm−3; for perovskite-based lasers, the value is much
higher, which is up to 1020 cm−3. The charge carrier density is a
crucial parameter and considerably affects recombination paths
in related devices, such as solar cells, LEDs, PDs, and laser
devices. The charge carrier recombination dynamics in hybrid
perovskites revealed by time-resolved spectroscopies or transient
photocurrent techniques can be understood by probing the
charge carrier density in terms of different mechanisms, which
can be expressed by the third-order rate equation [15,84]:

n
t k n k n k nd

d = , (1)c
3 c

3
2 c

2
1 c

where nc is the carrier density, k1 is the trap-assisted mono-
molecular recombination rate constant in which “mono-
molecular” indicates an exciton (i.e., a bound state of electron-
holes pair, an electron, or a hole), k2 is the bimolecular (electron
and hole) recombination rate constant, and k3 is the Auger
recombination rate constant. The schematic of recombination is
shown in Fig. 5a.
Trap-assisted recombination, also referred to as Shockley-

Read-Hall (SRH) recombination, happens when an electron or a
hole falls into a “trap” state, which is caused by the presence of
foreign atoms or crystal defects. This recombination involves
two steps. A free electron that falls into a “trap” state falls into an
empty state in the valence band and recombines with the free
hole, thereby completing recombination. At low fluences, SRH
recombination is the dominant recombination mechanism,
which limits the PL efficiency. At high fluences, the trap states
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are predominantly filled and the recombination of the photo-
generated carriers is dominated by radiative processes [85–87].
The discussion in the previous section has shown that most of
the defects with low formation energy yield a shallow energy
level and the deep subgap leads to rapid nonradiative recombi-
nation. The GS, surface, and GBs should be optimized by con-
trolling the trap state through surface passivation to modulate
trap-mediated recombination. Bimolecular recombination,
namely, band-to-band recombination, occurs when electrons fall
from the conduction band into the empty state of the valence
band and recombine with the hole. This band-to-band transition
also indicates the radiative transition in direct-bandgap semi-
conductors. Intensity-dependent recombination follows a simple
rate equation, including monomolecular recombination and
bimolecular radiative recombination. Therefore, carrier lifetime
decreases inversely with excitation intensity when the excitation
intensity is above 20 nJ cm2 [87].
Multibody Auger recombination is not a process by which an

electron and a hole can recombine directly, but the carrier
releases its energy to another carrier [88,89]. In some instances,
an carrier may also interact with phonons. Under high-energy
excitation, the generated electron-hole pair releases its energy to
another pair, causing multiple exciton generation, that is, CM. In
low-dimensional perovskites, the exciton is spatially confined for
quantum confinement. Carrier-carrier scattering enhances when
energy in continuous energy band (bulk semiconductors) is
modified to discrete energy level (QDs), facilitating CM [83].
The interaction of a charge carrier with a phonon sets a fun-
damental intrinsic limit to carrier mobilities and governs emis-
sion line broadening in perovskites. Moreover, it influences
carrier cooling above the bandgap excitation. Electron scattering
from the longitudinal optical phonon via Fröhlich interaction is
the dominant process at room temperature, whereas this process
from acoustic phonons is negligible [90]. Phonon scattering
mechanisms are phonon-impurity scattering, Umklapp phonon-

phonon scattering, phonon-boundary scattering, and phonon-
electron scattering, which can be characterized via the recom-
bination rate (1/τ, the inverse of relaxation time). Yang et al. [73]
clarified that carrier cooling is slow because of the hot-phonon
bottleneck effect. A longitudinal optical phonon model can be
used to model carrier cooling in MA Pb-halide perovskite,
whose energy loss is dominated by the carrier-phonon interac-
tion:

U
t

k T
t k T k T

d
d = 3

2
d
d / exp exp , (2)c B e

LO ave
LO

B e

LO

B L

where Te and TL are the electron and lattice temperatures,
respectively, and τave is the time constant characterized by
phonon emission, which increases by three orders of magnitude
(from ~30 fs to ~30 ps) when the carrier density increases from
5.2 × 1017 to 6.0 × 1018 cm−3. Such slow thermalization at a high
carrier density is ascribed to a hot-phonon bottleneck, which
occurs in a nonequilibrium phonon population with a high
phonon emission rate under high n0. Price et al. [91] observed a
similar reduced carrier cooling process at a high fluence at which
the decay lifetime changes from 230 to 770 fs when the carrier
density increases from 6 ×1017 to 60 × 1017 cm−3.
Recombination dynamics in perovskites can be characterized

by time-resolved spectroscopies, including transient absorption
spectroscopy (TAS), TRPL, time-resolved terahertz absorption
spectroscopy (TRTAS), and time-resolved microwave con-
ductivity (TRMC). TAS and TRPL can directly probe the carrier
lifetime at the excited state, and the former can provide broad-
band information for radiative and nonradiative carrier combi-
nations. By comparison, the latter can only probe radiative
dynamics. Previous investigations suggested that radiative
bimolecular recombination dominates at high initial carrier
densities (n0 > 1017 cm−3) [52,92,93]. At lower excitation den-
sities, such as those under a solar cell working condition, trap-
mediated recombination is widely used to clarify the carrier

Figure 5 Carrier dynamics in perovskites. (a) Mechanisms of the charge carrier recombination, (i) trap-assisted monomolecular recombination,
(ii) bimolecular recombination, and (iii) multibody Auger recombination. (b) Schematic of carrier diffusion in perovskites.
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dynamics by which relaxation shows the following order: single
exponential [94,95] to biexponential [96,97] to stretched expo-
nential [98] functions with varying fidelity levels.
Carrier recombination can be exactly determined on the basis

of advanced techniques. Herz and co-workers [83] revealed the
contribution of the three mechanisms to the total recombination
by fitting the transient terahertz transmittance to the third-order
recombination equation under the excitation of 6 μJ cm2 (pho-
ton density = 6 × 1017 cm−3); conversely, the first-order constant
k1 can be obtained by fitting the TRPL data to exponential
function under a low excitation of 0.03 μJ cm2, corresponding to
a photon density of 1015–1016 cm−3 based on the above calcula-
tions. In the mixed halide perovskite, MAPbI3−xClx should
possess a longer carrier lifetime and diffusion than those of
triiodide MAPbI3, even under relatively high excitation energy.
k1 of the mixed halide perovskite is smaller (4.5 μs−1), although it
is much larger than that of the triiodide (MAPbI3 (3:1) = 15 μs−1

and MAPbI3 (1:1) = 14 μs−1). Second-order constants show the
same trend (MAPbI3−xClx = 8.7 × 10−11 cm3 s−1, MAPbI3 (3:1) =
9.4 × 10−10 cm3 s−1, and MAPbI3 (1:1) = 9.2 × 10−10 cm3 s−1),
whereas the third-order constants have a reverse trend
(MAPbI3−xClx = 9.9 × 10−29 cm6 s−1, MAPbI3 (3:1) = 3.7 ×
10−29 cm6 s−1, MAPbI3 (1:1) = 1.3 × 10−28 cm6 s−1).

Diffusion dynamics
Carrier transport and diffusion are critical processes in PV and
PD devices. Diffusion should be long, especially in a planar
heterostructure, which has been widely accepted as the
requirement for the high performance of perovskite-based solar
cells (Fig. 5b), to effectively harvest the photocurrent. According

to the following equation, L D
r n

µk T
r n e= ( ) = ( )D

B , where LD, D,

μ, kB, and T are the carrier diffusion length, diffusion constant,
carrier mobility, Boltzmann constant, and temperature [83],
respectively. It is easily deduced that high carrier mobility and a
small carrier recombination rate are beneficial to long diffusion.
Carrier diffusion properties can be modeled by fitting the TAS
or TRPL decay dynamics to the 1D diffusion equation [98,99],
which has been applied to understand the exciton/free charge
transportation of organic- or perovskite-based solar cells:

n x t
t D n x t

x k t n x t( , ) = ( , ) ( ) ( , ), (3)c
2
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where k(t) is the PL decay rate without any electron/hole
transporting layers as quenchers. In this scenario, the obtained D
is the total carrier diffusion, incorporating an electron and a
hole. In a solution-processed perovskite film, a large absorption
coefficient of up to 104–105 cm−1 ensures that the thin film with
hundreds of nanometers can absorb most of the sunlight.
Peng et al. [18] summarized various techniques to monitor the

carrier transport properties. The diffusion coefficient can be
obtained by fitting the dynamics to the 1D diffusion equation
mentioned above. In optical pumped TRTAS and TRMC mea-
surements, the photoinduced carrier density with time evolution
is correlated with the changes in terahertz or microwave con-
ductivity (Δσ) and carrier mobility can be deduced from the
following equations:

µ n e = , (4)
exc

P
P A t Ae n t µ n t µ= ( ) = ( ( ) + ( ) ), (5)e e h h

where ξ is the quantum yield of charge generation, nexc is the
excitation density, e is the elementary charge, ΔP is the relative
change in the power, ne and nh are the populations of the mobile
electrons and holes, and μe and μh are the mobilities of electrons
and holes, respectively.
One of the important characters of perovskite is its long dif-

fusion length (LD) of up to or greater than the thickness of the
absorber and absorption depth (d = 1/α). However, the deter-
mined LD is sensitive to many factors, such as characterization
techniques, sample morphologies, and compositions. LD of
MAPbI3 ranges from ~100 nm [98] to tens of micrometer [6],
which is usually longer than the absorption depth of
100–200 nm. This value is much larger than that of the solution-
processed and thermally deposited organic molecules [99].
Charge transport can be affected by the layer thickness and ratio
of MA+ to PEA+; the perovskite with an intermediate PEA+

content (50%) possesses the longest diffusion length of 2.5 μm,
which is longer than that of the bulk MAPbI3 (2.2 μm) and 2D
(PEA)2PbI4 (60 nm) [100]. In the mixed hybrid perovskite
MAPbI3−xClx with additive chloride ion, the carrier diffusion can
be longer [94,101]. Using impedance spectroscopy measure-
ments, the ambipolar diffusion lengths of the coupled electron-
hole transport of MAPbI3 and MAPbI3−xClx are 1000 and
1400 nm, respectively [101]. For low defects and recombination
centers, the diffusion length of a single crystal is much longer
than that of the polycrystal. With a long carrier lifetime and
diffusion length, the PV performance is high [102]. Carrier
transport is longer in a planar thin film than that in a mesos-
tructured analog with Al2O3 perovskites [16]. As temperature
increases, the carrier mobility and diffusion length of MAPbI3
decrease from 3 μm at −93°C to 1.2 μm at 67°C [103], which is
closely correlated with temperature-induced phase transition.
All-inorganic 11-nm colloidal CsPbBr3 NCs have excellent car-
rier transport properties of ~4500 cm2 V−1 s−1; this value is two
magnitudes higher than that of the organic-inorganic hybrid
perovskites [104].
The transportation of carriers in single FAPbX3 crystals

(where X = Br− and I−) is enhanced compared with that of
MAPbX3, where FAPbBr3 crystals display a five-fold longer
carrier lifetime than that of the single MAPbBr3 crystals [105].
At a low excitation fluence of 10.59 μJ cm−2, upon two-photon
excitation, single FAPbI3 and FAPbBr3 perovskite crystals have
ultralong carrier diffusion lengths of 19.7 and 107.2 μm,
respectively [106]. Previous discussions clarified that carriers
recombine faster at the surface of the grain than in the bulk
morphology in the single MAPbBr3 crystals. The surface
recombination lifetime is considerably shortened by one order
(i.e., from ~34 to ~1 ns), and the diffusion length is reduced to
~130–160 nm from the bulk value of ~2.6–4.3 μm [107].
Recently, a mixed Sn-Pb iodide low-bandgap perovskite
(FASnI3)0.6(MAPbI3)0.4 has received considerable interest for its
excellent performance in tandem architecture solar cells with a
newly recorded PCE of 25%, which has a long carrier lifetime of
255 ns [108]. After C2H4N4S is added to decrease the defect
density, the carrier lifetime surpasses 1 μs, with a long carrier
diffusion length of 2.5 μm [5].

Tunability of carrier recombination and transport

Microstructures
Carrier recombination and diffusion dynamics strongly correlate
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with the microstructure of solution-processed films, including
GB, GS, and defects. As the nonradiative charge recombination
centers are most densely located in the regions near GBs, the
quality of GBs should be optimized to increase the PL intensity
and radiative recombination rate. The larger the GS of the
perovskite films, the smaller the proportion of GBs and defect
concentration. When the GS increases, the nonradiative
recombination rate is suppressed. Studies on the carrier
dynamics at a specific area using microTRPL have revealed that
the nonradiative decay of GBs is faster than those of other areas,
as shown in Fig. 6a, b [109]. In perovskite polycrystalline thin
films, surface recombination at the top and bottom plays a more
important role in limiting the total carrier lifetime than the
recombination inside grains or at GBs. The crystal quality can be
improved by reducing the microstrain in a polycrystalline film
and introducing aluminum acetylacetonate to a perovskite pre-
cursor. Consequently, the nonradiative recombination rate
decreases [110]. Adding hypophosphorous acid into the pre-
cursor considerably enhances the film quality, with the average
GS being enlarged from 168 to 769 nm [111]. A vapor-induced
intermediate phase strategy is used to manipulate the morpho-
logical characteristics of perovskite films [112]. A compositional/
structural conversion of MAPbI3 to PbI2 occurs mostly at GBs
via thermal annealing, which hinders the carrier recombination
at GBs and enhances the performance of the organic/inorganic
hybrid perovskite [113].

Composition
The chemical compositions and stoichiometric ratios in hybrid
perovskites are effective parameters to tune the carrier dynamics.
Bu et al. [114] proposed a quadruple cation perovskite absorber,
namely, KxCs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3 (KCsFAMA),
with a uniform GS of up to 1 μm, which is approximately two
times that of the K-free structure. A longer carrier lifetime
indicates fewer irradiative defects because K incorporation
produces a higher crystallinity than those of pristine FAMA and
CsFAMA perovskites. In three Pb-halide perovskites, i.e.,
MAPbI3, FAPbI3, and CsPbI3 [115], carriers relax more slowly in
CsPbI3 than in the other two perovskites because of the reduced
electron-phonon coupling caused by the weak interaction
between the Cs cation and the PbI6 framework. Appropriate
MAPbCl3-MAPbBr3 heterojunctions can dramatically reduce the
recombination channels in the surface region [116]. In the
pristine FAPbI3 perovskite, FA+ decays to 50% maximum when
considering a time constant of 2 ps by a vector autocorrelation
function, and the time constant is increased to ~5 ps in mixed
FA0.9A0.1PbI3 (A = Cs and Rb) [117]. In the MAPbI3 perovskite,
the carrier lifetime increases with the excess PbI2 [118]. The PL
recombination rate slightly decreases from 15 μs−1 at a non-
stoichiometric ratio of 3:1 of MAI to PbI2 compared with that of
14 μs−1 at a stoichiometric ratio of 1:1 [83]. In an MAFA-mixed
solar cell absorber, TRPL measurements have shown that the
lifetime roughly increases as the Rb fraction increases, as shown

Figure 6 Tunability of carrier dynamics. (a) The blue circle and the red square show dark and bright microstructures and (b) the corresponding carrier
lifetime via the TRPL measurement. Reprinted with permission from Ref. [109]. Copyright 2015, American Association for the Advancement of Science.
(c) Carrier lifetime versus the increased Rb fraction in the MAFA-mixed perovskite. Reprinted with permission from Ref. [119]. Copyright 2018, Royal Society
of Chemistry. (d) Temperature dependence of the monomolecular recombination rate. Reprinted with permission from Ref. [103]. Copyright 2015, Wiley-
VCH. (e) Surface passivation of perovskite film and (f) external quantum efficiency (EQE) of electroluminescence (EL) of the devices with/without a
passivation layer. Reprinted with permission from Ref. [126]. Copyright 2019, Springer Nature. (g) Representation of energy levels and electron transfer in an
HTM/perovskite/ETM cell, where HTM represents hole transport material and ETM represents electron transport material. Reprinted with permission from
Ref. [127]. Copyright 2014, Springer Nature. (h) Band alignments of MoS2/CsPbBr3/WSe2 heterostructures, where the arrows indicate the charge transfer
pathways. (i) TRPL traces of isolated CsPbBr3, monolayer MoS2, and CsPbBr3 in a heterostructure. PNW: perovskite nanowire. Reprinted with permission
from Ref. [30]. Copyright 2018, American Chemical Society.
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in Fig. 6c [119]. Chemical doping is an effective method to tune
carrier dynamics. Until now, numerous chemical components
have been designed as additives, such as metal ion additives (K+

[120], Bi2+ [121], Sr2+ [122], and Al3+ [110]) and anion additives
(Cl− [123] and Br− [124]) in MAI (only at a low concentration of
3%–4%). The nonradiative recombination rate is suppressed
using Al3+. Yang et al. [22] proposed to introduce additional
iodide ions into an organic cation and found that the con-
centration of deep-level defects decreased.

Temperature-induced phase transition
In the previous section, it was shown that temperature can
induce phase transitions in MAPbI3 perovskites, consequently
exacerbating crystal disorder with increasing temperature. The
monomolecular recombination rate (k1) increases as tempera-
ture increases (Fig. 6c); conversely, bimolecular and Auger
recombination rates (k2 and k3) decrease as the temperature
increases [103]. The carrier dynamics revealed by TRPL have
shown that the decay at 22°C is fitted using a biexponential
function to be τ1 = 5.7 ns and τ2 = 83 ns; at −223°C, the constant
is fitted to be τ1 = 375 ns and τ2 = 5367 ns; at −268°C, the
constant is fitted to be τ1 = 263 ns and τ2 = 5043 ns [12]. In a
working solar cell, the carrier transport lifetime increases from
2.05 ± 0.06 μs to 2.367 ± 0.05 μs, when the temperature increases
from −20 to 25°C, corresponding to the PCE from 14.8% to
13.4% [125]. This prolonged carrier lifetime and decreased PCE
are attributed to the decreased carrier mobility with increasing
temperature.

Defects and passivation
Carrier recombination at defects limits the performance of
perovskite-based photoelectronic devices. The carrier recombi-
nation lifetime is limited by trap states at low carrier densities
under typical solar illumination, which helps explain why the
carrier lifetimes of solution-processed thin films are usually
shorter than those of single crystals [128]. When treated with
light and a specific atmosphere, a crystalline perovskite can have
a carrier lifetime comparable to that of a single crystal [129]. The
existence of defects can yield deep or low defect energy and form
recombination centers. Most defects have low energy. To some
extent, these defects influence the carrier recombination
dynamics and diffusion length and eventually determine the
device performance [130]. Surface-defect passivation is effective
in enhancing the PCE and stability of the perovskite-based solar
cells [131]. Many passivation strategies have been proposed to
suppress defects, such as thermal annealing [113,132] and using
guanidinium-based additives [133], Lewis bases [128,134,135],
and ammonium halide anions and cations [136].
Through thermal annealing, MAI is structurally converted to

PbI2 at the GBs of the film, which impedes the carrier recom-
bination at the GBs of the planar heterojunction. PL quenching
shows a single-exponential decay trend of 3.65 ns without any
annealing; then, it is modified to a biexponential decay with
annealing. The longest PL time constants are τ1 = 6.39 ns and τ2
= 101.3 ns at the annealing time of 60 min [113]. The surface
passivation of a perovskite film is a good approach to modify the
carrier dynamics (Fig. 6e). The passivation effect caused by the
guanidinium-based additives in MAPbI3 prolongs the per-
ovskite’s carrier lifetime by one magnitude longer than that of a
pure MA film [133]. The reduced defects at GBs reduce the
nonradiative recombination rates, enabling the long carrier

diffusion and enhanced PL/EL efficiency, as shown in Fig. 6f.
Defects are passivated in an MAPbI3 hybrid perovskite using
ammonium halide anions and cations, inducing the reduction of
GB defects and prolonging the radiative recombination time
from 82.3 to 903.4 ns [136]. The average lifetime of a perovskite
film increases from 24 to 40 ns after NH3I(CH2)8NH3I treat-
ment, revealing the suppressed charge recombination in the
treated film [137].
Under illumination, photoinduced halide migration in triio-

dide perovskites reduces the trap-state density by one order of
magnitude. De Quilettes et al. [138] found a photoinduced
“brightening” of the PL and prolonged carrier recombination in
a MAPbI3 perovskite film, which was attributed to defect
migration. Mosconi et al. [139] proposed the computational
modeling of defect migration under light irradiation, promoting
the annihilation of Frenkel pairs, which are abundant in poly-
crystalline MAPbI3. This process partly restores a nondefective
crystalline environment and eliminates the trapping centers
associated with such defect pairs. A light-induced PL intensity
enhancement, and lifetime increasement is also found in sur-
face-deposited MAPbI3 perovskites. The intensity increases up to
three orders of magnitude upon light illumination with an
excitation power density of 0.01–1 W cm2, and the lifetime
prolongs from several nanoseconds to several hundred nano-
seconds [140].

Interfacial charge transfer
After photon excitation, charge carriers are generated from
perovskite films, undergoing long-lived carrier relaxation and
bipolar transport. Then, carriers should be accepted by the
electron/hole-accepted layers and generate an efficient photo-
current. To a large extent, the efficiency of harvesting charge
carriers using ETLs/HTLs determines the performance of the
device. Once electrons or holes are collected by the extracting
layers, the carrier density in the perovskite absorbers decreases,
which can be resolved by decreasing PL intensities and
increasing carrier lifetimes. The model of electron transfer in a
hole transport material (HTM)/perovskite/electron transport
material (ETM) cell is shown in Fig. 6g. Here, we summarize
how the electron/hole transporting layers affect the carrier
extracting efficiency.
The ETL is an n-type semiconductor, and the HTL is a p-type

semiconductor. Phenyl-C61-butyric acid methyl ester (PCBM) is
the most widely applied electron-accepting layer in a perovskite
solar cell. PCBM is an effective candidate that can considerably
quench the PL intensity, resulting in a lifetime of 6.1 ± 0.1 ns,
compared with a pure MAPbI3−xClx film on poly(methyl-
methacrylate) (PMMA) with a quenched lifetime of 272.7 ±
7.0 ns; a similar result is observed in a hole acceptor, i.e., spiro-
OMeTAD, whose lifetime is quenched to 9.6 ± 0.3 ns [98]. They
have been widely applied to various perovskite absorbers
(FAPbI3 [58]) and structures. Heavily p-doped NixMg1−xO and
n-doped TiOx charge extraction layers are used in fast and
efficient charge carrier extraction. The long carrier recombina-
tion of 110.3 ns in a pure MAPbI3 film is shortened to 6.2 ns
with a NiO hole-accepting layer and 5.2 ns with a Li0.05Mg0.15-
Ni0.8O electron extraction layer [9]. Yang’s group [141] reported
improved air stability of a perovskite solar cell with a metal-
oxide transport layer to enhance the stability compared with
those of the conventional transport layer (where the PL decays
for a pristine MAPbI3 film on glass with NiOx), spiro-OMeTAD
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HTLs, and ZnO, TiO2, and PCBM ETLs. Without a quenching
layer on pure glass, the carrier lifetime is determined to be
145 ns. Then, it decreases to 70 and 21 ns in the presence of
NiOx and ZnO, respectively. The charge extracting ability of the
PCBM/spiro-OMeTAD layers is stronger than that of NiOx/
ZnO; they contribute to the stability of working solar cells. Heo
et al. [142] found that the PL quenching in the glass/MAPbI3/
PCBM film (τavg = 1.28 ns) is faster than that in the F-doped tin
oxide (FTO)/TiO2/MAPbI3 film (τavg = 1.94 ns), confirming the
faster transfer of charge carriers from MAPbI3 into a PCBM
electron conductor than into a TiO2 electron conductor. Zheng
et al. [143] proposed a mesoporous TiO2 ETL, which performs a
better electron transport than a conventional planar structure, as
evidenced by the PL lifetime (6.1 and 7.0 ns, respectively).
Adding Ni to rutile TiO2 is an effective approach to enhance the
electron extraction ability with a PL lifetime from 57.4 to 43.8 ns
[144]. Adding SnO2 as a layer in HC(NH2)2PbI3-based per-
ovskites affords efficient electron extraction because charge
carriers are more rapidly cultivated than a TiO2 layer [145].
Yang et al. [146] found an enhanced ethylene diamine tetraacetic
acid-complexed SnO2 electron transporting layer, which has a
higher electron extraction capability than the pure SnO2 layer.
Therefore, the efficiency of carrier collection in graphene-doped
mesoporous TiO2 is increased twice in terms of standard mTiO2
[147].
An HTL, a functional layer with a CBM higher than the

absorber, and an ETM are used to extract holes. Many p-type
semiconductors, including organic semiconductors, spiro-
OMeTAD [98], PEDOT:PSS [96], Trux-OMeTAD [148], and π-
conjugated organic small molecule 4,4′-cyclohexylidenebis[N,N-
bis(4-methylphenyl)benzenamine] [149], have been designed as
HTMs. Huang et al. [148] reported that the efficiency of Trux-
OMeTAD is higher than that of PEDOT:PSS as an HTL; the
average PL quenching times are 39.1 and 76.6 ns, and the col-
lecting efficiency is confirmed through the PV performance. A
dopant-free polymeric HTM based on benzo[1,2-b:4,5:b′]-
dithiophene and 2,1,3-benzothiadiazole [150] was proposed as
an excellent candidate with a better charge extraction ability
than the traditional spiro-OMeTAD. In addition to the energy

transfer between perovskite and ETL/HTL, other 2D semi-
conductors have been reported because of their unique optical
properties [30]. In perovskite nanowire/2D MoS2 and WSe2,
which form types I and II heterojunctions (Fig. 6h), ultrafast
charge transfer is confirmed using PL spectra and TRPL traces.
In the former configuration, the electron and hole transfer from
a perovskite nanowire to MoS2 causes considerable PL
quenching and shortens the PL lifetime, as shown in Fig. 6i.
Work function can be controlled via defect engineering, thereby
enabling an ultrafast hole transfer between the MoS2 monolayer
and the CH3NH3PbI3 perovskite [151].

ROLE IN DEVICE APPLICATIONS

Opto-electrical conversion
Perovskites have been widely considered for use in various
devices, particularly as absorbers in solar cells for the PCE
breakthrough. Fig. 7a, b show the perovskite-based solar cell
module and device structure, respectively. Long carrier recom-
bination lifetimes and diffusion length of pristine perovskite
absorbers are the requisites of high-performance solar cells.
Appropriate ETL and HTL should be designed to harvest the
photocurrent at the interface between absorbers and transport
layers effectively. Charge extraction efficiency can be revealed by
the reduction of carrier recombination time for a bilayer per-
ovskite/ETL or a perovskite/HTL; therefore, the shorter the
lifetime, the higher the efficiency.
The PCE of a solar cell (η) is determined by multiplying the

open-circuit voltage (VOC), short-circuit current density (JSC),
and fill factor (FF):

V J
P S = × × FF

× , (6)OC SC

in

where Pin and S are the power of the incident light and the
effective area, respectively. For a given sunlight condition,
increasing VOC, JSC, or FF can improve the PCE of a solar cell. In
metal halide perovskite solar cells, a high PCE is mainly attrib-
uted to the low loss in potential between a bandgap and the
open-circuit voltage (Eg/e-VOC). The maximum VOC of a solar

Figure 7 Opto-electrical devices. (a) Solar cell module and (b) device structure. Reprinted with permission from Ref. [156]. Copyright 2017, Springer
Nature. (c) Field-effect transistors based on a single-crystal perovskite and output performance. Reprinted with permission from Ref. [157]. Copyright 2018,
Springer Nature. (d) X-ray detection. Reprinted with permission from Ref. [158]. Copyright 2017, Springer Nature. (e) High-speed all-inorganic CsPbBr3
perovskite-based PD for ultraviolet light communication. Reprinted with permission from Ref. [159]. Copyright 2019, Springer Nature. (f) Perovskite PD array
for applications in image sensors for artificial vision. Reprinted with permission from Ref. [160]. Copyright 2018, American Chemical Society.
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cell is dominated by the Shockley-Queisser (SQ) limit V [50]. In
MAPbI3 (Eg = 1.5 eV), this value is ~280 meV [152]. The voltage
loss in a perovskite solar cell can be partially attributed to the
nonradiative recombination [153].

( )V kT
q= ln EQE , (7)OC

nr
EL

where kis the Boltzmann constant, q is the elemental charge, and
EQEEL is the EQE of electrical luminescence. Abdi-Jalebi et al.
[120] demonstrated high external PL quantum yields in a
(Cs0.06FA0.79MA0.15)Pb(I0.85Br0.15)3-passivated triple-cation per-
ovskite, providing the elusive combination of high luminescence
and excellent charge transport. When a certain percent of pas-
sivated K+ is added to a perovskite, the PL quantum efficiency
enhances from 41% to 66%, corresponding to the prolonged PL
recombination lifetime and reduced potential loss (from 0.26 to
0.11 eV). Although solution-processed perovskite absorber films
suffer from the non-negligible density of subgap defect states,
the radiative efficiency is usually high in poly- and mono-
crystalline films, which ensure low nonradiative loss and good
performance in solar cells and LEDs. The SQ model describes
the relation of VOC, film thickness, and effective carrier lifetime
as follows [154]:

V kT
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where J0, ND, τeff, ni, and d are the initial current density, doping
concentration, effective carrier recombination lifetime, intrinsic
carrier concentration, and thickness of the light absorber,
respectively. A longer carrier recombination lifetime is beneficial
for a larger VOC because it enables a higher carrier concentration
[155]. The passivation effect caused by the guanidinium-based
additives in MAPbI3 prolongs the carrier lifetime by one mag-
nitude greater than that of the pure MA film [133]. The reduced
defects at GBs reduce the nonradiative recombination rates,
enabling the long carrier diffusion. VOC improves from 1.025 to
1.071 V; consequently, PCE increases from 16.35% to 17.13%. As
3D perovskites possess a small exciton binding energy of tens of
millielectronvolts, the potential offset to dissociate the exciton is
quite low, enabling the large VOC.
In addition to the great success in PV, organic-inorganic

hybrid and all-inorganic perovskites have been widely con-
sidered for PDs because they have a large absorption coefficient,
high carrier mobility, and tunable absorption bands, which
satisfy the requirement for highly sensitive and broadband PDs.
Similar to solar cell absorbers, highly sensitive PDs require a
facile exciton into free charge and long carrier diffusion length
to achieve efficient charge extraction. Bulk perovskites possess a
low exciton binding energy, i.e., only tens of millielectronvolt,
following the Wannier model. This value is usually lower than or
comparable to the thermal energy at room temperature
(25 meV), thereby enabling effective free charge and photo-
current generation. With excellent photoinduced carrier prop-
erties, different types of perovskite-based PDs have been
proposed; some of them are photodiodes [161–166], photo-
conductors (Fig. 7c) [167–169], and transistors [157,170–173].
Photoconductive gain means that an incident photon triggers
multiple electrons through impact ionization. An efficiency of
>1 is possible based on the ratio of the charge recombination
time (τr) and the charge transit time (τt). A high gain can
improve the sensitivity of PDs using semiconductors with a long

carrier lifetime, high carrier mobility, and a reduced distance
between electrodes. Direct-bandgap perovskites have a long
carrier lifetime by tens to hundreds of nanoseconds [108] and
even up to >1 μs [5,119]. Zou et al. [174] reported a vertical
structure with a short electrode distance of ~2.3 μm, which
enables effective charge extraction and high photoresponsivity of
>1000 A W−1 at a low incident intensity of 0.66 mW cm−2 and a
bias voltage of 3 V. Its photoconductive gain is approximately
2.37 × 103, which is attributed to the fast charge transfer and
long carrier recombination lifetime.
In PV detectors, the response time is determined by the carrier

transit time rather than the carrier recombination lifetime,
resulting in a faster response time than that of photoconductors.
The typical response time of a PV structure is tens to hundreds
of nanoseconds, whereas the response time of the latter is in
microseconds or even milliseconds. Li et al. [175] reported a fast
perovskite/organic PD with a response time of as short as 5.6 ns.
A tunable bandgap using chemical or material strategies enables
not only the formation of multijunction solar cells but also the
development of broadband PDs. Thus far, the spectral range of
perovskite-based PD has covered the ultraviolet to near infrared
range. A hybrid perovskite has a typical bandgap of electron-
volts. Perovskites have been used for sensitive X-ray detection
(Fig. 7d) [158,176]. The broad tunable spectral detection and fast
response time of perovskite-based PDs are the desired char-
acteristics for fast optical communication (Fig. 7e), rapid ima-
ging for artificial vision (Fig. 7f), and high-speed dynamic
process monitoring.

Electro-optical conversion
Electro-optical conversion enables the use of LEDs (Fig. 8a) and
laser diodes if a Fabry-Perot cavity is incorporated. As discussed
above, an efficient PCE in perovskite-based solar cells requires
long carrier diffusion length and facile exciton dissociation into
a free carrier. A direct-bandgap perovskite has high PL quantum
yields, which indicates an efficient multicolor display. Similar to
solar cells, highly efficient light emission requires low non-
radiative recombination, as revealed by a low defect concentra-
tion and a long carrier lifetime [177]. However, factors limit the
EL efficiency of LEDs that differ from PV devices: (1) substantial
luminescence quenching caused by the thermal ionization of
excitons generated in an absorber layer and (2) a large GS and a
rough nonuniform surface inducing long carrier diffusion length
and substantial leakage. Therefore, improving the EL efficiency
and tuning the emission band are the primary targets for LEDs
and laser diodes.
An efficient PL is a prerequisite for high-performance LEDs.

PL yield can be enhanced through light curing with oxygen
[140], anion exchange [31], thickness tailoring [178–180],
improvement of light extraction on nanophotonic substrates
[181], surface passivation [179], chemical compounding
[32,35,182], and temperature control [34]. Carrier lifetime,
together with the PL intensity, can be indicative of achieving
high-performance LEDs. The EQE in violet EL is improved by
converting polycrystalline thin films to (PEA)2PbBr4 nanoplates
via solvent vapor annealing [180]. The modified nanoplates
show a carrier lifetime of 1.27 ps, which is two times longer than
that of the thin film; this finding indicates lower nonradiative
recombination, which can be confirmed by the PL intensity
(quantum yield= 26% for nanoplates and 10% for thin film). For
LED performance, the EQE of devices based on thin films is as
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low as 0.002% and enhanced to 0.008% on nanoflakes. Excessive
Pb atoms in MAPbBr3 increase the nonradiative recombination
and degrade luminescence [183]. Cho et al. [184] found that a
slight increase in the excessive MABr with a stoichiometric ratio
of MABr:PbBr2 = 1.05:1 can improve the radiative recombina-
tion and decrease the carrier diffusion length. As a result, the
current efficiency of the target LEDs improves to 42.9 cd A−1

compared with 0.183 cd A−1 at a ratio of 1:1. Anion-exchange
perovskite QD-based LEDs exhibit a high EQE of up to 21.3%,
whereas pristine CsPbBr3 QDs have an EQE of 14.1% [31], as
shown in Fig. 8b. This enhancement is attributed to the reduc-
tion of anion defect formation [185].
Tunable light emission wavelengths covering the visible band

from blue to red have been achieved in perovskite QDs
[31,32,34,35,186] and 2D morphology [66,182,190–193]. Fig. 8c
shows the photograph of an efficient perovskite-based blue LED
[187]. Color tuning is mainly achieved by size-related quantum
confinement or chemical compound. In an MAPbI3−xBrx per-
ovskite thin film, the full-band gap range of 1.6–2.3 eV is
achieved by adjusting the ratio of PbI2 and PbBr2 [194]. A bright
PL with a narrow bandwidth of tens of nanometers ensures pure
color emission. In MA3BiX9 (X = Cl, Br, and I) QDs, the
emission wavelength is considerably tuned using different halide
compositions, i.e., 360 nm for MA3BiCl9, 423 nm for MA3BiBr9,
and 540 nm for MA3BiCl9 [35]. Similar composition tunable
emission occurs in perovskite CsPbX3 QDs [186] and 2D
nanosheets [195]. Huang et al. [34] found that the emission
color of MAPbBr3 perovskite QDs is achieved by precipitation
temperature. The emission peak in the range of 475–520 nm is
obtained by changing the temperature from 0 to 60°C. Addi-
tionally, the wavelength can be tuned by varying the thickness of
2D perovskites, such as (PEA)2SnIxBr4−x [193], (MA)m−1Pbm-

Br3m+1 [192], BA2FAn−1PbnBr3n+1(n = 2–5) [196], BA2MAn−1-
PbnBr3n+1 [58,162], and BA2MAn−1SnnI3n+1 [38]. Organic LEDs
represent the next-generation display technology. Hybrid per-
ovskites possess the advantage of organics for flexibility, easy
fabrication, and overcoming the disadvantage of low carrier
mobility. An extraordinarily thick CH3NH3PbCl3 (MAPbCl3)
transport layer is used instead of the pure organics to con-
siderably reduce the voltage of high carrier mobility and make
the layer transparent to visible light [197]. The hole mobility is
1.3 cm2 V−1 s−1 (for L = 3000 nm), and the electron mobility is
2.9 cm2 V−1 s−1 (for L = 3000 nm), which is 103 times more than
the value of conventional organic films.
A laser output requires an efficient EL and suitable cavity

design to amplify stimulation emission. Perovskites have
achieved great success in LEDs, and their successful application
in electroexcitation nanolasers is anticipated. Most perovskite-
based lasers are achieved by optical pumping, while the elec-
troexcitation is rarely reported. Various cavity structures have
been designed [198]; some of them include whispering-gallery-
mode cavities [199,200], Fabry-Perot nanowire cavities, QD
structures, and thin films, as shown in Fig. 8d. In addition to
down-conversion lasers, two-photon up-conversion lasers are
achieved for high nonlinearity [200,201]. Carrier dynamic evo-
lution can be used to monitor the laser working mode. Under
low excitation, a monomolecular recombination mechanism
dominates recombination, accompanied by long and single
carrier dynamics. Fast recombination occurs when excitation
energy increases.

All-optical conversion
Energy is inevitably wasted during electro-optical and opto-
electrical conversion processes. To some extent, all-optical

Figure 8 Electro-optical devices. (a) Illustration of a multilayer perovskite QD LEDs (QLED). Reprinted with permission from Ref. [186]. Copyright 2015,
Wiley-VCH. (b) EQE of anion-exchange CsPbBr3 perovskite QDs versus the pristine situation. Reprinted with permission from Ref. [31]. Copyright 2018,
Springer Nature. (c) Photograph of a perovskite-based blue LED. Reprinted with permission from Ref. [187]. Copyright 2018, Springer Nature. (d) Schematic
of perovskite lasers formed by different cavities. Reprinted with permission from Ref. [188]. Copyright 2017, Wiley-VCH. (e) MicroPL spectra of a square
microdisk (i), as shown in (ii), versus the excitation density. (iii) MicroPL image of the square microdisc. Reprinted with permission from Ref. [189].
Copyright 2015, Wiley-VCH.
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conversion is a good approach to eliminate energy wastage. A
large absorption coefficient and a strong light-matter interaction
cause excellent nonlinear effects on perovskites, thereby pro-
moting all-optical device applications. All-optical conversion
incorporates PL, harmonic generation, frequency conversion,
optical switching, and saturable absorption. Despite a non-
negligible defect concentration, perovskite possesses a high PL
efficiency of a low nonradiative recombination rate. In contrast
to EL, such as in LED, PL is easily generated in direct-bandgap
perovskites. The relation between exciton energy and emission
energy is dominated by the Stokes (hνex > hνem) or anti-Stokes
(hνex < hνem) law. By the Stokes law, the PL of perovskite, as
fundamental and robust characterization spectroscopy, has been
intensively investigated in the past years (Fig. 9a). By compar-
ison, two-photon or multiphoton PL (Stokes law) has been
widely explored because of its unique advantages, including
high-resolution and high signal-to-noise ratio imaging. A large
two-phonon absorption coefficient of up to 221.5 cm MW−1 is
observed in a 2D perovskite, which is ~3–4 magnitudes larger
than those of the conventional semiconductor QDs (CdSe) and
2D semiconductors (WS2 monolayer) [202]. Strong two-phonon
absorption enables bright two-photon pumped PL [203] and
nanolasers [199,200,204]. In addition to two-phonon absorption,
multiphoton absorption has been found. Chen et al. [205]
reported a large five-photon absorption in core-shell structured

perovskite NCs, as shown in Fig. 9b. Multiphoton absorption is
important for in vivo imaging and optical limiting. In biopho-
tonics, perovskites have been applied to multiplex cellular ima-
ging. In optical modulators and switches based on a nonlinear
effect, modulation depth and lifetime are the key parameters for
a high signal-to-noise ratio and high-speed manipulation. Wu et
al. [206] reported an optical switch based on the self-phase
modulation of space, where a strong green laser beam (λ =
532 nm) is used to control a blue beam (λ = 457 nm). The
schematic and output performance plot of CsPbX3-all-optical
switching are shown in Fig. 9d, e, respectively. A terahertz
modulator is obtained using a CsPbBr3 perovskite QD hetero-
structure [207] and an all-optical terahertz wave switch based on
a MAPbI3 perovskite [208]. Perovskites are applied to ultrafast
photonics as the slow SAs. Saturable absorption indicates that
the absorption coefficient decreases as the input fluence
increases. Upon high excitation, it causes “optical bleaching”, as
shown in Fig. 9f. For a slow SA, the carrier response time can be
made longer than the generated ultrafast pulses by passive
mode-locking in an optical cavity. In comparison with the fast
SA switched via the Kerr effect on Ti:sapphire ultrafast lasers,
passive mode-locking employs slow SA to relieve the cavity
working at the steady edge and facilitate self-starting. However,
the modulation depth is smaller than that of the Kerr-effect-
induced fast SA. It is still an effective way to generate pulses

Figure 9 (a) PL spectra of all-inorganic colloidal solutions in toluene. Reprinted with permission from Ref. [209]. Copyright 2015, American Cheical Society.
(b) Schematic of five-photon PL in perovskite QDs. Reprinted with permission from Ref. [205]. Copyright 2017, Springer Nature. (c) Multiplex cellular
imaging and in vitro tumor targeting based on perovskite. Reprinted with permission from Ref. [210]. Copyright 2019, American Cheical Society.
(d) Schematic of CsPbX3-all-optical switching based on self-phase modulation and (e) output performance. Reprinted with permission from Ref. [206].
Copyright 2018, Wiley-VCH. (f) Mechanism of saturable absorption in perovskites. (g) Schematic of the ring cavity of a MAPbI3-based mode-locked fiber
laser. Reprinted with permission from Ref. [211]. Copyright 2017, Springer Nature. (h) Typical pulse trains at different time scales. Reprinted with permission
from Ref. [212]. Copyright 2017, American Institute of Physics.
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from hundreds of femtoseconds to picoseconds. The developed
and optimized perovskites also provide a novel family of can-
didates applied to this field.
Since 2017, perovskites have been used as slow SAs in ultrafast

photonics at 1064 nm [213] and communication band [214].
The typical experimental diagram of passively mode-locked fiber
laser based on SA is shown in Fig. 9g. Li et al. [211] proposed 2D
MAPbI3 perovskite nanosheets for an effective slow SA to gen-
erate picosecond pulses working at 1064 nm. Jiang et al. [212]
achieved 661-fs ultrafast laser pulses (Fig. 9h) at a commu-
nication band of 1555 nm. C- and L-bands pulses are generated
in an anomalous dispersion regime by adjusting the optical gain
with the shortest pulse to 381 fs by employing a novel crystalline
(C6H5C2H4NH3)2PbI4 perovskite. In a normal dispersion regime,
stable pulses with a signal-to-noise ratio at 89 dB are achieved at
a C band [215]. These results suggest that perovskites are
potential candidates. Notably, absorption band, damage
threshold, tunable modulation depth, and recovering time are
critical parameters for an SA. Optimal candidates can be
designed by considering perovskites’ tunable photoelectronic
properties through various strategies. Although the response
time of slow SA can be shorter than pulse duration, most of the
developed effective SA processes have a short carrier recovery
time in the range of femtoseconds to picoseconds. However,
tuning the lifetime of perovskites in this range through defect
engineering, integrating heterostructure, and other processes is
challenging.

CONCLUSIONS AND OUTLOOK
The application of perovskites has been widely extended to solar
cells. In photoelectronics, the discovery of photoinduced species

and dynamic processes is the basis for achieving high perfor-
mance; among them, an “effective carrier” is a key factor. In this
review, we discuss the fundamentally photoinduced species (free
carriers and excitons), tuning strategies (including the tuning of
chemical compounds), defect passivation, and charge transfer
between heterojunctions (Fig. 10). Free carriers and Coulombic
interaction-induced excitons coexist in perovskites, and their
fraction is determined using exciton binding energy. In opto-
electrical devices, the ease of neutral exciton dissolution facil-
itates photocarrier collection to achieve high-performance in
solar cells and PDs as well as well-known long carrier lifetime
and diffusion length. In solar cells and LEDs, defect tolerance
and low nonradiative loss help achieve large PCE and high
quantum yields. In modulators and switches, introducing defects
is an effective approach to shorten the carrier lifetime, enabling
high-speed modulation. Bandgap engineering considerably
expands the working spectra of devices to achieve short-band X-
rays and long-band terahertz responses. Combined studies from
the perspective of chemical, physical, and material fields are
indispensable to enhance device performance. In these studies,
in situ photoinduced species and dynamic monitoring should be
performed to control “effective carriers” in the devices.
In practical applications of optoelectronic devices, long-term

stability is a key factor that determines whether the perovskite-
based devices can be commercialized [216,217]. Perovskite sta-
bility has two crucial factors: material stability and device sta-
bility. For material stability, the perovskite lattice easily breaks
down under ambient conditions, particularly when it is exposed
to heat and humidity [218]. Suitable elements should be chosen
on the basis of tolerance factors to form a stable perovskite
lattice [219]. For device stability, many strategies have been

Figure 10 “Effective carrier” in perovskites, tunability, and role in device applications.
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proposed from the perspective of atomic substitution [220],
interfacial engineering [23,120,221], and the packing technique
[222] to solve the stability problem. After years of investigation,
the fundamental carrier and exciton dynamics in perovskites
have been well understood to a large extent. However, complex
multibody interaction remains to be explored. For a strong light-
matter interaction in perovskites, especially in low-dimensional
limits, all-optical manipulation and related devices should be
explored in the future. Fundamentally photoinduced species,
including free carriers, excitons, polaritons, and phonons,
should be characterized using in situ spectroscopic technologies.
Another aspect involves actively tuning the dynamics of optical
parameters through the abovementioned strategies. For example,
in an SA, a much shorter carrier lifetime can be achieved in
direct-bandgap semiconductors by introducing defects and
suppressing radiative recombination, which helps shape ultra-
short pulses. In optical modulators, linear and nonlinear para-
meters, such as response wavelength, modulation depth,
nonsaturable loss, and recovery time, are the key issues that
should be controlled to achieve a high performance. Photonic
devices at the attractive band of optical communication, mid-
infrared, and terahertz band can be achieved by bandgap engi-
neering.
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钙钛矿光电子器件中光致/电致载流子动力学调谐工程
张峰1†, 秘周2†, 郝伟仲2, 陈华龙1, 张俣乐1, 赵晋津2*, 曹国忠3*,
张晗1*

摘要 过去十年以来, 具有非辐射复合损失低、载流子寿命和扩散长
度长等优异特征的有机金属卤化物钙钛矿在光伏技术领域取得了长足
进展. 有机金属卤化物钙钛矿具有卓越的光学性能和易于制备的特征,
其在电光和光电转换中得到广泛应用 . 本文讨论了光激发自由载流
子、激子的复合和扩散动力学特性. 这些动力学特性可以通过控制晶
粒尺寸和晶界、抑制缺陷和界面电荷转移等多种方式进行控制. 并且
讨论了在电光和光电转换器件中“有效载流子”的共性和差异. 在全光
器件中, 强的光与物质相互作用会导致非线性效应, 如双光子吸收、自
相位调制和光学漂白, 从而实现高分辨率成像、光调制和波长转换. 本
综述为构建高性能光电器件提供了理论基础.
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