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ABSTRACT: Metal halide perovskites (MHP) have attracted great attention in the
photovoltaic industry due to their high and rapidly rising power conversion efficiencies,
currently over 25%. However, hybrid organic−inorganic MHPs are inherently chemically
unstable, limiting their application. All-inorganic MHPs perovskites, such as CsPbI3, have
many merits, but their stable conversion efficiency is lower, around 18%, due to a larger
band gap causing a mismatch with the solar spectrum. Choosing α-CsPbI3 as a
prototypical system, we demonstrate a new general concept of dynamic defects that
fluctuate between deep and shallow states, and increase the range of absorbed solar
photons, without accelerating the nonradiative electron−hole recombination. In their
deeper energy state, the defects narrow the band gap and allow the harvesting of light
with longer wavelengths. Fluctuating to shallower energies, the defects allow the escape
of photogenerated charges into bands, enabling charge transport and resulting in the
defect-mediated upconversion of thermal energy into electricity. Defect covalency and
participation of low-frequency anharmonic vibrations decouple trapped charges from free charge carriers, minimizing nonradiative
charge carrier losses. Our findings demonstrate that defect covalency and defect dynamics are unique and important properties of
MHPs, and can be used to optimize MHPs for efficient solar energy harvesting and optoelectronic applications.

■ INTRODUCTION
Metal halide perovskites (MHPs) based solar energy
technologies have advanced substantially in the photovoltaic
community.1−12 The certified power conversion efficiency
(PCE) of perovskite solar cells has rapidly exceeded 25% over
the past decade, surpassing both traditional and emerging solar
cells.13 Despite the undoubted success of the MHP solar cells,
long-term stability is still a significant obstacle to the
commercialization of hybrid organic−inorganic perovskites
due to potential volatility and degradation of the organic
cations.14−16 Motivated by this point of view, all-inorganic
perovskites without reactive organic components have
appeared as promising alternatives with better stability.17−20

In particular, inorganic cesium lead halide perovskites have
gained broad attention due to comparable optoelectronic
properties with their organic analogs.21−23 For example,
CsPbI3 is highly optically active in the ultraviolet−visible
(UV−vis) region of the solar spectrum. Recently, solar cells
based on black α-CsPbI3 and β-CsPbI3 reached a stable PCE of
17%19 and over 18%,12,24−26 respectively. However, due to its
larger bandgaps (∼1.7 eV), the PCEs of CsPbI3 solar cells still
lag behind those of their organic counterparts.
According to the Shockley−Queisser (SQ) theory for single-

junction solar cells,27 the theoretical PCE limit of CsPbI3 solar
cells is only ∼28%,28 which is appreciably inferior to 30−33%
for solar absorbers with bandgaps in the 1.2−1.6 eV range.

Thus, bandgap engineering of CsPbI3 is a potential route to
further improve the PCE. In general, defect and dopant
engineering is a meaningful way to adjust the bandgap. In a
traditional semiconductor, defects narrow the bandgap by
introducing deep defect states. At the same time, these defect
states vastly accelerate the electron−hole recombination via
the Shockley−Read−Hall (SRH) process29 and consequently
suppress the PCE by converting the electronic energy of
photon-excited carriers to phonons. Intriguingly, MHPs
possess high defect tolerance due to their soft nature and
strong defect covalency, illustrated by our previous works.30−34

Based on these studies, we introduce a new concept that some
intrinsic defects in MHPs are generally not determinantal for
nonradiative charge recombination. Hence, self-doping defect
engineering will be ideal for narrowing the bandgap without
introducing extra efficiency loss from nonradiative electron−
hole (e-h) recombination. Implementation of this concept in
practice requires a comprehensive understanding of defect
electronic properties and defects induced sub-bandgap
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absorption, which can be characterized by time domain
atomistic calculations.
This work puts forth a new general concept�covalent

dynamic defect self-doping�to overcome the critical bottle-
neck in the photovoltaic performance of all-inorganic perov-
skites and to enable upconversion of thermal energy into
electricity. The concept is demonstrated quantitatively using ab
initio nonadiabatic molecular dynamics (NAMD) and real-
time photoabsorbance calculations, focusing on bandgap
narrowing and its influence on the e-h recombination. Several
native defects in all-inorganic perovskites can form strong
covalent bonds and new stable chemical species at ambient
conditions. Notably, the covalency nature of MHPs and their
peculiar anharmonic lattice introduce native dynamic defects,
which fluctuate between deep and shallow levels inside the
bandgap. Dynamic defects combine the merit of deep defects
that enhance the sub-bandgap light-harvesting over a broad
energy spectrum and the merit of shallow defects that
transiently trap charge carriers and allow the carriers to escape
thermally from the trapped states and retain carrier mobility,
upconverting thermal energy to current. Furthermore,
although deep trap levels do exist in MHPs, the dynamic
defects have minor influence on the e-h recombination due to
the decoupling of the trapped and complementary free charges,
and because only low-frequency phonons interact with the
carriers generating weak charge-phonon coupling. The deep
levels can act as sub-bandgap photoabsorption centers, which
enable utilization of two sub-bandgap photons sequentially.
Control of the defect-assisted e-h recombination can allow one
to use dynamic defects for the engineering of intermediate
band (IB) solar cells, which can surpass the SQ efficiency
limit.35 Our results pave the way to the optimization of light
absorption and nonradiative e-h recombination in wide
bandgap MHP solar cells and other optoelectronic devices.

■ RESULTS
To examine the general concept of covalent defect self-doping,
we take α-CsPbI3 as a prototypical system. The cubic phase of
CsPbI3 is less stable than the orthorhombic perovskite
polymorph36 and can be stabilized in perovskite nanocrystals
with a suitable choice of ligands.37 We focus on three intrinsic
defects possibly with strong covalency, namely, I vacancy (IV),
I interstitial (Ii), and Cs substituted by I (CsI). These defects
have low formation energies among the three kinds of vacancy
defects (IV, PbV, CsV), the three interstitial defects (Ii, Csi, Pbi),
and the six antisite defects (ICs, CsI, PbI, IPb, PbCs, CsPb, where
AB indicates that A is substituted by B).

38−40 In the following,
we start the discussion with geometric structure and static
electron properties at 0 K. Then, we consider the thermal
impact on pristine and defective α-CsPbI3 through electron−
phonon interactions. Third, we investigate the nonradiative e-h
recombination process. Finally, we close with the discussion on
the dynamic defect enhanced sub-bandgap light absorption.
Static Electronic Structure. It is instructive to study the

static (0 K) electronic structure of α-CsPbI3 with and without
defects before performing a comprehensive e-h recombination
dynamics simulation. Figure 1 shows the atom-projected
density of states (DOS) of the IV, Ii, and CsI defect systems,
with the corresponding optimized configurations shown in the
insets. For comparison, we also present the results for the
pristine system. Despite the strong and distinct nature of the
defects, all the introduced defect states are shallow and are
close to the band edges at 0 K. We consider a defect state in
the bandgap to be shallow, if the trapped carrier can be
released by thermal excitation. Otherwise, the defect is deep. In
the static limit, IV is a shallow electron acceptor and introduces
a shallow defect state near the conduction band minimum
(CBM). In comparison, Ii is a shallow electron donor and
introduces shallow defect states near the valence band

Figure 1. Atom-projected DOS for pristine and defective α-CsPbI3 at 0 K. The energy reference is put at the Fermi level. The insets show atomic
structures, with the red circles indicating the defect locations. The defects introduce shallow trap states near the band edges at 0 K.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.4c02530
Chem. Mater. 2025, 37, 655−664

656

https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02530?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02530?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02530?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02530?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c02530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


maximum (VBM). The electronic characters of IV and Ii are
general in other types of MHP.31,41 CsI, i.e., the original Cs
atom substituted by an I atom, introduces a shallow defect
state near the VBM. Note that its organic counterpart is
different. Specifically, the MAI defect in MAPbI3 (the
counterpart of CsI in CsPbI3) introduces a deep defect state
located 1.4 eV above the VBM due to the formation of the
iodine trimer.31 The calculated electronic properties of these
defects are consistent with the previous study.38 Shallow defect
states usually bring negligible perturbation to the electronic
structure of the host system. Hence, these defects are not
expected to optimize the bandgap of α-CsPbI3. However, it is
evident that static simulations based on lattice configurations
in 0 K equilibrium are inappropriate for interpreting the
dynamical features of MHPs, as the thermal impact is crucial to
defect level and e-h recombination.42

Thermally Activated Dynamic Defect. Due to the soft
nature of MHPs, considerable thermal vibrations in defective
α-CsPbI3 at ambient temperature have a significant impact on
the electronic structure, hence, invoking electron−phonon
interactions. Figure 2 shows the time evolution of the frontier
and defect energy levels at 300 K. Under ambient temperature,
only Iv remains a shallow defect state near the CBM, while the
defect states in Ii and CsI exhibit large fluctuations, showing an
oscillatory behavior between shallow and deep states (Figure
2c,d). Therefore, we refer to Ii and CsI as dynamic defects.
Moreover, Ii and CsI lift up the defect levels to ∼0.3 and 1.3 eV
above the VBM, respectively, with a canonical average at the
ambient temperature. The significant lifting of the defect level
is rationalized with the formation of an iodine trimer as
proposed in the previous study.30,31,43 For CsI, the level lifting
is so large that it becomes closer to the CBM than the VBM.
The defect level of the I3 species has been shown to depends
on the strength of its covalent bond.43 To evaluate the self-
interaction error of the Perdew−Burke−Ernzerhof (PBE)
functional and the importance of spin−orbit coupling (SOC),
we further perform an molecular dynamics (MD) simulation of
CsI using the HSE06 hybrid functional with consideration of
SOC. The oscillation of the defect state level between the

shallow and deep states is still observed (Figure S1a). We also
test the results with respect to the simulation cell size. The
behavior of the CsI defect level obtained with the 8-times
larger 2√2 × 2√2 × 4 supercell (Figure S1b) confirms the
behavior seen in Figure 2d.
The combination of strong covalency, charge localization

and large anharmonicity of MHPs gives rise to these dynamic
defects undergoing significant defect energy level fluctuations
and lifting. Ii and CsI oscillate with the amplitudes of ∼0.8 and
0.9 eV. It indicates that the dynamic defect levels of Ii and CsI
are sensitive to the type and position of the defect iodine atom,
in particular, the formation of an iodine dimer or an iodine
trimer, which will significantly alter the localization of the
defect electronic distribution. The large anharmonicity of
MHPs, resulting from the relatively flat potential energy
surfaces,44 enhances the vibrational amplitude of these
dynamic defects. Further, the dynamic lifting of the shallow
defects located just above the VBM at 0 K results from strong
covalency. Agiorgousis et al. have argued that strong covalency
between homoions, such as two Pb2+ and three I− leading to a
Pb2+ dimer and an I− trimer, results in deep energy levels.43

The strong covalency of the Ii and CsI defects in CsPbI3
rationalizes their dynamic character. Ii and CsI oscillate
between shallow and deep states depending on whether an I
dimer and an I trimer are formed or not. Remarkably, the
defect level of CsI lifts so considerably that it becomes closer to
the CBM than the VBM at the ambient temperature, which is
similar to what we have found in other MHPs.30,31 This can be
rationalized by the stronger bonding in the iodine trimer of the
CsI system compared with Ii. In contrast, for IV, we did not
observe deep energy levels in long-time MD simulation due to
the high formation energy of a Pb2+ dimer.43 According to the
simple Shockley−Read−Hall (SRH) model,29 deep transition
levels introduced by strong covalency can be harmful
recombination centers and carry the critical consequence of
the solar cell performance loss. As we showed in the previous
study,30 though strong covalency introduces the new deep
level, the strong covalency also constrains the defect state
electron density to a small space with weak coupling to the

Figure 2. Evolution of the VBM, CBM and defect levels in the α-CsPbI3 systems at 300 K. The energy reference is put at the VBM of the initial
configuration. Ii (c) and CsI (d) exhibit an oscillatory behavior between shallow and deep states at 300 K.
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frontier orbital, thus suppressing the e-h recombination.
Importantly, the dynamic defect narrowing of the bandgap
can be utilized to enhance the solar light harvesting. In the
following section, we show that the combination of these
dynamic defects improves light harvesting by a distinct
mechanism.
Nonradiative Electron−Hole Recombination Process.

The nonradiative electron−hole recombination dissipates the
electronic energy into heat and is the dominant mechanism of
energy losses in solar cells. Figure 3a depicts the photo-
excitation, and subsequent hot-carrier cooling and e-h
recombination processes. These processes are indicated with
1−3 in Figure 3, and occur in both pristine and defective α-
CsPbI3. It is to be noted that a sub-bandgap photon is
unexploited in the pristine α-CsPbI3. However, for defective α-
CsPbI3, the sub-bandgap photon can be utilized to extend the
absorbance. The pathways of the photoexcited electrons are
complex, as they usually evolve multiple states and processes,
including hot-carrier charge cooling, trapping and detrapping,
photon absorption, and e-h recombination, as illustrated in
Figure 3b,c. In addition, carrier−carrier scattering is possible at
high carrier densities, resulting in Auger-assisted carrier
trapping, recombination and re-excitation. High light intensity
can lead to re-excitation of free or trapped carriers by photons.

In addition to the common above-the-bandgap excitation,
sub-bandgap photons can be absorbed to promote an electron
from VB to empty defect states or from filled defect states to
CB, process 4 in Figure 3b,c. The dynamic nature of these
defects brings the electron to a higher or lower energy as the
defect level fluctuates due to adiabatic electron−phonon
interactions, i.e., without transitions between electronic states.
When the defect levels fluctuate between shallow and deep
configurations, they harvest sub-bandgap photons over a
relatively broad energy range due to transitions between
band edges and the intermediate levels. Further, when the
fluctuation of the dynamic defect level brings the carrier to a
shallow state within a few kBT of thermal energy near a band
edge, thermal excitation promotes the carrier detrapping to a
band, and therefore, the trapped carrier becomes a free carrier
to further improve the PCE, as illustrated in Figure 3b,c
(processes 5 and 6). Nevertheless, the nonradiative e-h
recombination (processes 3 and 7) can deteriorate the
efficiency of the solar cell if such dynamic defects form strong
recombination centers. The aforementioned dynamic defects
significantly impact the optical and dynamic properties of α-
CsPbI3 due to the large-amplitude oscillation of the defect
states inside the fundamental bandgap. Consequently, it is
important to study trap-assisted charge recombination, which

Figure 3. Comprehensive schematic of the photophysical processes. (a) Pristine α-CsPbI3, (b) CsI, and (c) Ii. For the dynamic defect, when the
defect level is shallow, thermal excitation can promote carrier detrapping into the band. When the energy of the same defect level is deep, it creates
sub-bandgap excitation and extends light absorption into longer wavelengths.

Figure 4. e-h recombination process in the α-CsPbI3 systems. (a) e-h recombined percentage after two ns. The direct and by-defect e-h recombined
percentages are shown by the blue and green color bars. (b) The time-dependent e-h recombined percentage for different systems. The direct and
by-defect e-h recombined percentages are shown with the solid and dash lines, respectively.
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can be performed rigorously by the real-time ab initio
calculation. Therefore, we model the energy loss pathways
(processes 3 and 7) using the NAMD framework within the
decoherence-induced surface hopping (DISH) scheme.45,46

Thermal excitation and relaxation are intrinsically included in
the surface hopping scheme. Radiative and Auger e-h
recombination processes are not discussed in this work
because radiative recombination is significantly slower than
trap-assisted recombination, and since Auger processes require
high light intensity and carrier density.
To provide a comprehensive picture of the energy loss

processes, Figure 4a presents the direct and by-defect
contributions to the nonradiative charge recombination after
2 ns. The height of the bar component of the corresponding
color gives the probability, in percent, that a particular pathway
has occurred within 2 ns after the photoexcitation. Figure 4b
illustrates the time-evolution of the direct and by-defect
recombination in the pristine and defective systems, with the
slopes of the lines providing the rates. For the pristine system,
we found that ≈6.8% of the nonradiative recombination occurs
within 2 ns, with an estimated e-h lifetime of 30 ns. In addition
to the desired slow e-h recombination in the pristine system, α-
CsPbI3 shows defect tolerance comparative with MAPbI3 and
β-CsPbI3. In the previous studies, we found that the e-h
recombination will not be accelerated significantly and can
even be suppressed by some intrinsic defects.30,31 The total 2
ns recombination probabilities are found to be ≈2.7% (Iv),

≈3.1% (Ii), ≈7.6% (CsI), corresponding to the lifetimes of ≈73
ns (Iv), ≈ 64 ns (Ii), ≈ 27 ns (CsI), respectively. Ii and Iv
suppress the recombination rate by a factor of ≈2, while CsI
does not affect the recombination rate too appreciably. In
common, slower e-h recombination reduces electronic energy
dissipation into heat, and hence, enhances the overall PCE.
The e-h recombination rates obtained in NAMD simulations

are strongly dependent on the energy gap, decoherence rate,
and NA coupling (NAC) between the initial, intermediate, and
final states.47−51 Typically, a weaker NAC, a larger energy gap,
and a faster decoherence lead to slower e-h recombination. The
defect states, especially deep defects, have narrower energy
gaps to the band edges compared to the fundamental bandgap,
usually leading to more significant and detrimental e-h
recombination. At the same time, generally to MHPs, deep
defect states are spatially localized, possessing a weaker NAC
and a faster decoherence due to reduced spatial overlap and
weaker correlation with the band edge states, and that may
counteract the drawback of a narrower energy gap due to the
presence of defects.
The strength of NAC, djk determines the probability of

hopping between electronic states. The scalar form of the NAC
has the units of energy and reads

d i
t

i
H

Rjk j k
j R k

j k
= | | =

| |

(1)

Table 1. Canonically Averaged Absolute Values of NAC and Pure-Dephasing Times between Pairs of the VBM, CBM, and
Defect Statesa

NAC (meV) pure dephasing time (fs)

VBM-CBM VBM-defect CBM-defect VBM-CBM VBM-defect CBM-defect

pristine 0.41 10.1
Iv 0.43 0.28 0.26 11.3 8.1 9.6
Ii 0.30 2.86 0.23 8.6 3.5 3.4
CsI 0.35 0.19 0.76 8.6 3.3 3.5

aDefect assisted recombination is a two-step process. Charge trapping by the defects is fast, because the corresponding NAC is large. However, the
subsequent recombination is slow, because the corresponding NAC is small.

Figure 5. Dynamic defect enhanced optical absorption. (a) Different views of the spatial distribution of the trap state density in CsI. (b) Optical
absorption of pristine α-CsPbI3 and α-CsPbI3 with the CsI defect. The absorption of the CsI system is extended into the red region of the visible
spectrum. Both the charge densities and the spectra are calculated by canonical ensemble averaging over 7000 configurations.
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Here, H is the Kohn−Sham (KS) Hamiltonian, φj, φk, εj and
εk are, respectively, the wave functions and eigenvalues for the
initial and final states j and k, and Ṙ is the nuclear velocity. The
middle part of eq 1 shows that the NAC is determined by the
time differential of two orbitals’ overlap, and we compute
NACs numerically as the overlap of two orbitals at adjacent
ionic time steps along the MD trajectory. The righthand-side
shows that the NAC is directly proportional to the electron−
phonon coupling term ⟨φj|∇RH|φk⟩ and the nuclear velocity Ṙ,
and that it is inversely proportional to the energy difference εj-
εk. Since the NAC varies with atomic configuration along the
trajectory, we report in Table 1 the canonically averaged
absolute value of the NAC between the relevant states to
quantify the coupling strength for the systems under
investigation.
The presence of defects perturbs the VBM and CBM

orbitals. As shown in Figure S2, the VBM partial charge density
in Iv and Ii is repulsed from the defect site, while the CBM
remains delocalized. As a result, the VBM-CBM overlap
decreases, and the VBM-CBM NAC diminishes in the
defective systems, as shown in Table 1. The diminished
NAC between the frontier orbitals indicates that the
recombination through the direct pathway is prolonged.
Electron−phonon interaction plays a central role in the

nonadiabatic e-h recombination dynamics. First, the strength of
the electron−phonon interaction is proportional to the overlap
between the two corresponding orbitals. Figure S2 shows the
partial charge densities of the frontier orbitals and the defect
states for representative configurations extracted from the MD
trajectories. They are consistent with the projected DOS given
in Figure 1. The VBM and CBM charge densities are
delocalized over I and Pb atoms uniformly in the pristine
system, giving the NAC of 0.41 meV (Table 1). The defects
perturb both orbitals significantly due to strong distortions in
the lattice. Despite the ionic nature of MHPs, the formation of
the iodine trimer indicates its strong covalency. Figure 5a
shows canonically averaged electron densities of the defect
states. The covalent bond localizes the electron distributions
strongly, which leads to a weak overlap of the defect states with
the lattice, rationalizing the small NAC values for the transition
involving the defect states, Table 1. Second, the adiabatic
electron−phonon interaction drives fluctuation of the energy
levels and causes rapid decoherence of the electronic states
superpositions formed during the transitions. Generally, a
larger energy gap fluctuation and a more rapid correlation
decay result in a faster decoherence.52 As shown in Figure 2,
the fluctuation amplitude of the energy gap between the defect
levels and the VBM/CBM levels is much more significant in Ii
and CsI than in IV. This explains the shorter decoherence time
in Ii and CsI than in Iv. Third, not all phonons contribute
equally to the NAC. Figure S3 shows Fourier transforms of the
autocorrection functions of the energy levels. Phonons coupled
with the VBM, CBM, and defect states are low frequency,
around 120 cm−1 and less. These phonons arise from the
motions of the heavy inorganic Pb−I frameworks.53 These
low-frequency phonons have small nuclear velocities, hence,
leading to a weak NAC.
Although the carrier traps generated by the covalency

defects are not notably harmful to the recombination lifetime,
they potentially diminish carrier mobility by inducing carrier
scattering from the defects. For instance, trap states can
suppress the device’s performance by preventing carriers from
reaching the carrier extraction layers.54 Carrier detrapping and

escape back to the band edges play a vital role in avoiding
operational electronic mobility loss. Intriguingly, compared to
the traditional deep defects, the dynamic defects offer an
efficient thermal detrapping pathway operating when the defect
state level approaches the band edge, process 5 (hole carrier)
and process 6 (electron carrier) in Figure 3. The lowest gaps
between the dynamic defect states and the band edge are 0.02
and 0.16 eV for Ii and CsI, respectively. It should be noted that
the 0.16 eV gap between the CsI defect state and the CBM
decreases to 0.06 eV in our HSE + SOC simulation. These
values are comparable to kBT which is about 0.03 eV at room
temperature. Therefore, a significant thermal detrapping
probability is expected for both dynamic defects at ambient
conditions, helping to retain the carrier mobility.
The critical bottleneck of the all-inorganic perovskites lies in

the bandgap. The covalent defects can introduce defect levels
within the bandgap. As we have shown above, these dynamic
defect levels will not be notably harmful to the carrier lifetime.
Moreover, by decreasing the bandgap and fluctuating over a
broad energy range, the dynamic defects will extend the
absorbance into the red region of the solar spectrum.
Dynamic Defect Enhanced Sub-Bandgap Light

Absorption. To characterize the gain of sub-bandgap light-
harvesting induced by the dynamic defect levels, we compute
the absorption spectra of the pristine CsPbI3 and CsI systems
by calculating and ensemble-averaging the transition dipole
moments within the Franck−Condon approximation. Figure 5
shows that pristine CsPbI3 possesses an excellent cross-
bandgap absorption, similar to other MHPs.55,56 The above
bandgap absorption strength increases exponentially. The
exponential Urbach band tail57 just below the bandgap is
from absorption induced by thermal phonon fluctuations.58,59

However, sub-bandgap absorption is very limited in pristine
CsPbI3. Figure 5b shows that the CsI system possesses a
notable defect-related sub-bandgap light absorption below 1.8
eV. The sub-bandgap absorption discussed here excludes
multiphoton absorption.60,61 Here, we emphasize that dynamic
defect-induced photoabsorption can not be described in a
static picture associated with the optimized system geometry
corresponding to 0 K. The flat absorption terrace below the
bandgap in CsI is induced by the time-averaged optical
transition from the valence band to the dynamic defect level.
The sub-bandgap absorption extends to 1.2 eV below the
bandgap, which is in line with the amplitude of the dynamic
defect level fluctuation in Figure 2d. The sub-bandgap
absorption strength is weaker than the above-bandgap
absorption, rationalized by the low defect DOS, as shown in
Figure 2d. The gain of the sub-bandgap absorption is
proportional to defect concentration. Here, we propose that
an iodine-rich environment during the CsPbI3 synthesis is
likely to be beneficial for creating these dynamic defects and
enhancing the sub-bandgap absorption. Sub-bandgap photo-
currents generated by deep defect states are revealed in MHP-
based photovoltaic devices.59

■ DISCUSSION AND CONCLUSIONS
The use of an IB or levels lying within the bandgap of a
semiconductor has been proposed by Luque and Marti.35 The
IB increases PCE in light-harvesting via a sequence of two sub-
bandgap optical excitation processes, in which one photon
stimulates an electron from the VB to the IB (process 4 in
Figure 3b,c) and another stimulates an electron from the IB to
the CB (process 4 in Figure 3b,c), rising photocurrent and
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preserving high voltage.62,63 Notably, the IB solar cells can
exceed the single gap solar cell efficiency limit by around 50%
under one sun illumination.64 There are various ways to realize
an IB, such as high concentrations of impurities,65 hetero-
interfaces,66 and quantum dot.67 Nevertheless, so far, no
technical implementations have benefited from the IB
concept.68 The bottleneck of IB solar cells is low photon
absorption and high NA coupling between IBs and band edge
states. Although most IBs enhance photon absorption, the IBs
assisted nonradiative charge recombination is also significantly
enhanced. The proposed general concept of dynamic defect is
a promising solution to overcome the current bottleneck in
IBs, since dynamic defects extend photoabsorption and
preserve low nonradiative recombination, conferring the
dynamic defect concept with a great potential as a novel
absorber of future IB solar cells. Recent experiments have
demonstrated efficient energy upconversion of up to 220 meV
in MHPs, exceeding the thermal energy by nearly an order of
magnitude.69 It is feasible that defects contribute to the
observed phenomenon.
To conclude, we demonstrated a new mechanism to

enhance sub-bandgap photon harvesting and energy upcon-
version by novel covalent defect engineering with a suppressed
nonradiative energy loss. Taking α-CsPbI3 as a prototype, we
have investigated the e-h recombination dynamics of the
pristine system and in the presence of native point-defects
using state-of-the-art ab initio quantum dynamics simulation.
First, the energy levels of dynamic defects fluctuate
significantly between shallow and deep states at ambient
conditions, because thermal phonons significantly influence the
electronic structure. Second, although the electronic properties
associated with the defect states are distinct in these systems,
we have not observed notable acceleration of charge
recombination, even for the deep defects. Our analyses show
that the strong defect tolerance in α-CsPbI3 is due to the
softness of the inorganic lattice and its low-frequency
anharmonic phonons. For defects, the coordination of lattice
deformation and strong covalent bonds significantly reduce the
overlap between the trapped and free charges involved in the
recombination, preventing the defects from acting as efficient
charge recombination centers. Third, the deep levels can act as
IBs for effective sub-bandgap absorption, which allows
absorbing two sub-bandgap phonons sequentially. Sub-
bandgap absorption assisted by IBs raises photocurrent and
preserves high voltage.67 In addition, the dynamic nature of the
defect level facilitates light absorption over a broad energy
range. The long lifetime of the trapped carriers is also
beneficial to optical absorption from the IB to the main bands.
Fourthly, we establish that both optical and thermal excitation
are efficient pathways for carriers detrapping from the trap
states to the band edges and enhancing their mobility. Finally,
we propose that with proper control of the defect-induced e-h
recombination, the IBs arising from the dynamic defects can
help to exceed the SQ efficiency limit and achieve defect-
mediated upconversion of thermal energy to current. We
suggest that the established features of the dynamic defects are
applicable to MHPs in general and possibly to other classes of
materials.

■ METHODS
We employ ab initio NAMD simulations to calculate the nonradiative
e-h recombination in the presence of the defects. The ab initio NAMD
simulations are performed using the Hefei-NAMD code70 within the

real-time time-dependent density functional theory framework.71 We
use VASP72−74 to optimize the structure, obtain room temperature
(300 K) nuclear trajectories, and extract the Kohn−Sham orbitals that
are needed to compute the NAC for the NAMD simulations. A 2 × 2
× 2 supercell of α phase CsPbI3 is employed. Additionally, a larger
2√2 × 2√2 × 4 supercell is utilized to assess finite-size effects. The
Perdew−Burke−Ernzerhof (PBE) exchange-correlation functional75
is employed for the majority of the calculations. To validate the
proposed dynamic defect, we also employ the Heyd−Scuseria−
Ernzerhof (HSE06) functional,74 incorporating spin−orbit coupling
effects. We use a 3 × 3 × 1 k-point mesh to sample the Brillouin zone
in the geometry optimization, MD, and static calculations, while the
G-point is used to perform NAMD. The NAC is calculated using the
CAnac code with phase correction.76−78 The absorption spectra are
calculated using the standard expression for the oscillator strength
that depends on the transition dipole moment and transition energy,
shown in the Supporting Information. It is important to note that the
defect concentration accessible in ab initio NAMD calculations is
typically higher than in experiments. In order to reduce the defect
density, one can employ machine learning based calculations79 or
scaling laws.80
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