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ABSTRACT

The migration motion of defects in metal halide perovskites’ quantum dots (MHPQDs) results in charge-carrier trapping which has become
more complicated. We study two-step trapping mediated by mobile defects between the ground state of MHPQDs and a fixed-depth defect
using a full-configuration defect method, where all possible trapping processes mediated by these mobile defects could be reproduced and
the fastest channels among them are picked out. We find that these two-step trapping processes could keep more one order of magnitude
faster than these direct ones as mobile defects with the appropriate localization strength, which implies that these indirect trapping should
play the crucial rule to determine the non-radiative recombination losses. These results provide the significant explanation for studying
non-radiation processes of carriers in the presence of the migration defects in recent experiments. Moreover, this model will be available to
analyze some key performance related defects in electronic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0140911

The exceptional properties of metal halide perovskites quantum
dots (MHPQDs) have aroused extensive attention in the past decade
owing to their potential applications in the next-generation of photo-
voltaic and photoelectric devices.1–3 Various defects in these nano-
structures that arise from the solution-fabrication processes and the
original soft lattice play a vital role to determine the devices perfor-
mance,4–9 even though the property of “highly defect tolerance” has
widely been accepted for most metal halide perovskites materials.10–14

One of the pernicious impacts of these defects is that acting as trapping
centers results in the inevitable non-radiative recombination losses
and, thus, cause the changing of some key parameters of device perfor-
mance, such as open-circuit voltage,15,16 short-circuit current den-
sity,17,18 and power-conversion efficiency for perovskite solar cells.16,17

In particular, carrier trapping becomes more complicated in the
presence of a large amount of migration defects in these perovskites
nanostructures.19–24

In fact, there have been an abundance of studies about the
carrier trapping processes which happens between band edge and

defect4–9,16–19 or defects with different depth.7,18,25 From these studies,
one can conclude that charge-carrier trapping is hindered substantially
with the increase in the defect depth, because these trapping processes
mediated by deeper defects need more phonon numbers to match the
energy difference between defects and ground state of MHPQDs.
However, the migration of some defects that act as the efficient mobile
trapping centers accelerate non-radiative recombination by an order
of magnitude, because the migration induces lattice distortion, provid-
ing the enhanced lattice relaxation energy (more phonon numbers)
needed in trapping processes.21–24 These mobile defects with unfixed
depth and variable electrical polarizability of the lattice around them,
on the one hand, enhance charge carrier trapping significantly. On the
other hand, amounts of possible trapping channels induced by mobile
defects bring more challenge for analyzing carrier trapping processes,
even though the great computational labor could be undertaken for
more accurately simulations in first-principles calculations.8,9,12,20 In
order to overcome this problem, we developed a method of full-
configuration defect26 to describe the key feature of mobile defect that
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the variable depth with different lattice relaxation strengths is based on
the classical quantum defect model,27–29 where all possible channels of
charge-carrier trapping by mobile defects could be given. Although
many research works have been focused on these mobile defects, stud-
ies for mobile defects serving as the bridge states to assist charge-
carrier transfer between the ground state of MHPQDs and the deep
defects are still lacking to date.

In the present paper, we study two-step trapping processes by
using a full-configuration defect method, in which an electron is
trapped by a mobile defect from the ground state of MHPQDs first,
and then, this electron transfers from the mobile defect to the fixed-
depth defect via non-radiative multiphonon processes. With the aid of
this method, the fastest channel could be picked out from all possible
two-step processes of charge-carrier trapping mediated by these
mobile defects. We find that although these trapping processes are
indirect, the trapping time is more faster than these direct processes as
mobile defect with an appropriate localization parameter, which indi-
cates that these two-step trapping processes should coexist with these
direct ones in MHPQDs, playing the crucial rule to determine the
non-radiative recombination losses. These numerical results not only
enrich the knowledge for analyzing non-radiative recombination in
MHPQDs but also provide the potential explanation for some unique
properties of defects observed by recent experiments. More impor-
tantly, this two-step trapping could be expanded to analyze some key
performances of electronic devices, such as metastable states of defects
resulting in the bias temperature instability for devices30–32 and
Franck–Condon blockade in single molecular junction.33

As schemed in Fig. 1, the whole trapping process is divided into
two steps: (i) an electron in the ground state of the quantum dot is
trapped by defects and (ii) electron transfer from the mobile defects to
the fixed-depth defects. Here, the spherical structure for the quantum

dot is chosen, because of its easy fabrication in solution and extensively
studied in practice34 (the description for this type of the quantum dot
is in the supplementary material). Within the frame of Huang–Rhys
model,35,36 the non-radiative recombination via multiphonon pro-
cesses for two steps could be, respectively, expressed as

s�1gd ¼
2pjHgdj2

�hðk�hxLOÞ
�nLO þ 1

�nLO

� �k
2

exp �Sgdð2�nLO þ 1Þ
� �

� Ik 2Sgd
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�nLOð�nLO þ 1Þ

ph i
; (1)

s�1dd ¼
2pjHddj2

�hðp�hxLOÞ
�nLO þ 1

�nLO

� �p
2

exp �Sddð2�nLO þ 1Þ½ �

� Ip 2Sdd
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�nLOð�nLO þ 1Þ

ph i
; (2)

where Hgd (Hdd) denotes the transition matrix between the ground
state of MHPQDs and a mobile defect (between a mobile defect and a
fixed-defect) induced by electron–longitudinal optical (LO) phonon
interaction. The detailed expressions for Hgd and Hdd are given in the
supplementary material. Sgd and Sdd are the well-known Huang–Rhys
factors (whose formulations are shown in the supplementary mate-
rial), describing the difference of lattice relaxation strength between
the ground state of MHPQDs and a mobile defect as well as between
two defects, respectively. See the supplementary material for their rela-
tions with the depth of mobile defect in Fig. S1. Except for the depth of
defect, the mobile feature of defects can be reflected in both transition
matrixes and Huang–Rhys factors by the localization parameter bm
that denotes defect–LO phonon coupling strength, see Eqs. (S20),
(S21), (S28), and (S29) in the supplementary material. The energy
difference DEgd between the ground state of MHPQDs and a
mobile defect is expressed in units of LO phonon energy �hxLO, satisfy-
ing DEgd ¼ k�hxLO (k¼ 1,2,3…). Similarly, the energy difference
DEdd between two defects follows the relation of DEdd ¼ p�hxLO

(p¼ 1,2,3…). �nLO denotes the thermal average LO phonon number,
and Ik (Ip) is the modified Bessel functions of the first kind. Here, LO
phonon modes are mainly considered because they give the dominate
contribution to carrier-phonon scattering proved by experiments
extensively.37–39 In the numerical calculation, neutral defects are
selected and some related parameters are listed in Table SI of the sup-
plementary material.

According to Eqs. (1) and (2), the total trapping time of the indi-
rect process is the summation of two steps s ¼ sgd þ sdd . In Fig. 2(a),
the total lifetime (TLT) for overall possible channels for an electron
trapping from the ground states of the quantum dot to a fixed-depth
defect mediated by mobile defects with variable depth (DEgd) and
localization parameter (bm) are presented. One can see that TLT can
vary in a large scale depending on the localization parameter sensi-
tively when the level of mobile defect is not very close to the fixed-
depth defect, which displays that trapping abilities are different for the
same-depth defects due to their different lattice relaxation strength
and the lattice relaxation dramatically affects the thermal excited pro-
cess when the energy difference is large. TLT changes little when the
mobile defect is close to the fixed defect, approaching the case of the
direct trapping from the ground state to a fixed-depth defect discussed
in our previous study.26 More importantly, these minimal values of
TLT that correspond to the fastest channel of electron trapping could
be singled out as given by these circle symbols, which shows that this

FIG. 1. (a) The schematic diagram of carrier trapping between the ground state of
MHPQDs (E0) and a fixed-depth defect (Df ) mediated by mobile defects (Dm1,
Dm2,…) in the bandgap representation. DEgd (DEf ) and DEdd denote the energy
separation between the ground state of MHPQDs and the mobile defect (the fixed-
depth defect) as well as between the mobile defect and the fixed depth defect,
respectively. (b) The schematic diagram of the trapping processes in the lattice
coordinate configuration, where QðR0Þ is the equilibrium coordinate of the ground
state of MHPQDs depending on the radius of quantum dot R0 and Qð� i ; biÞ
denotes the equilibrium coordinate of defect with two parameters � and b describ-
ing the depth and the different lattice relaxation strength, respectively.
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two-step trapping process is very fast, maintaining in the scale of tens
to hundreds of nanoseconds in the presence of mobile defects with the
appropriate localization parameters, which is very consistent with the
experimental measurements.4,16,18,21 In Fig. 2(b), the fastest processes
for an electron which trapped from the ground state of the quantum
dot to a defect are compared for three models: the classical quantum
defect model, the full-configuration defect model, and the mobile
defect-mediated model (or the two-step model). From the compari-
sons, one can see that the two-step trapping process keeps more one
order of magnitude faster than the former two direct models, which

strongly suggest that this indirect process plays a vital role in non-
radiative recombination losses and affects the power-conversion effi-
ciency in photovoltaic and photoelectric devices.1–4,16,18

From Eqs. (1) and (2), one can conclude that each transition in
this two-step process depends on the temperature described by the
average LO phonon number �nLO, both of which, in fact, are thermally
excited processes in the classical Huang–Rhys model.25,26,28,29,35,36 The
temperature dependence of the total trapping time with different local-
ization parameters are plotted in Fig. 3. The trapping time decreases
one order of magnitude with temperature, because more LO phonons
will be excited with the increase in the temperature, thus benefiting to
these thermally excited trapping processes. The most fast trapping
channels for these two-step processes with the optimal localization
parameters are also signed by these circle symbols in Fig. 3, which
show that the optimal mediated-defects will be shifted to defects with
smaller bm when the temperature increases. In addition, the electron
trapping in the first-step process depends on the radius of the quan-
tum dot due to the quantum confinement effect, which has been dis-
cussed in our previous study.26

Apart from providing the explanation for non-radiative recombi-
nation losses, we notice that this two-step process may be available to
analyze many performances of electronic devices related to charge-
carrier trapping or transfer by defects. For instance, in the past
decades, in order to give the reasonable explanation for the unusual
behaviors of some defects in field-effect transistors by the time-
dependent defect spectroscopy, Grasser et al. proposed a multi-state
model for charge-carrier trapping by defects, in which the metastable
states of defects are introduced and occupied temporarily, serving as
the mediated states for carrier transfer.30–32 These metastable states of
defects could be completely reproduced by the mobile feature of
defects as suggested in the present model. In a recently experiment,
the sequential tunneling and cotunneling of electron transfer can be

FIG. 2. (a) The two-step process of the trapping time s as functions of the variable
depth of mobile defects DEgd and the polarization parameter bm for the fixed defect
depth DEf¼24 �hxLO and temperature T¼ 300 K, in which these minimal values of
s (corresponding to the fastest relaxation channel) are signed by circles; (b) the
trapping time as a function of the fixed-defect depth for an electron trapping
from the ground state of a quantum dot to the fixed-depth defect at temperature
T¼ 300 K, where the comparisons of the trapping time for three models are shown:
the classical quantum defect model (black circles), the full-configuration defect
model (blue circles), and the mobile defect-mediated model (red circles).

FIG. 3. The total trapping time of two-step trapping process as functions of the tem-
perature and the localization parameter (bm) for the neutral defects at DEf ¼ 24
�hxLO and R0¼ 50 nm. The circle symbols denote the shortest trapping time (or the
fastest trapping channel) for mobile defects with the appropriate localization
parameters.
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tuned between the right and the left graphene electrodes in a single-
molecule junction due to the strong electron–phonon coupling,33

where the tunable mediated-states of electron-transfer induced by the
torsional molecular motions are very similar to the mobile defect
states. Therefore, these theoretical results also provide the enlighten-
ment for studying quantum transitions of charge-carriers between
nanoscopic system and its environment.

In summary, we investigate the charge-carrier trapping
between the ground states of the quantum dot and a fixed depth
defects mediated by mobile defects based on the full-configuration
defects method. We find that (1) the total trapping time of this
two-step process vary from tens to hundreds of nanoseconds,
depending on the depth and the localization strength of mobile
defects and (2) this two-step trapping process could keep more one
order of magnitude faster than these direct processes as the mobile
defects with the appropriate localization strength, which implies
that this two-step process will play an important role to determine
the dynamic properties of charge-carrier transfer in nanostruc-
tures. Moreover, this type of process could be expanded to analyze
some key performances of devices related to carriers trapping by
defects directly and indirectly. We hope that these results can stim-
ulate more and more future experiments in this aspect.

See the supplementary material for the eigenfunctions and eige-
nenergies of an electron in a quantum dot, the full-configuration
quantum defect model, the calculation of Huang–Rhys factor, and the
detailed derivations for the trapping probability of charge-carrier by
defects.
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