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Recent experiments show that doping a small amount of fluorinated pseudohalides (BF4) into CH3NH3PbI3

(MAPbI3) can enhance the performance of wide-band-gap (WBG) perovskite solar cells. Using time-domain
density functional theory and ab initio nonadiabatic molecular dynamics we demonstrate that BF4-doped WBG
perovskites not only maintain the high defect tolerance but also exhibit greatly improved thermodynamic stability
due to enhanced dissociation energy and reduced thermal atomic fluctuation. The strengthened hydrogen bond
network introduces increased lattice rigidity, confined inner space, and the reorientated dipole direction of methy-
lammonium molecules, which synergistically suppress the ion migration in BF4-doped MAPbI3 perovskite.
Notably, the charge carrier lifetime experiences an order-of-magnitude improvement after BF4 doping, which
is mainly attributed to the weakened nonadiabatic coupling. This work provides valuable insights into the effect
of fluorinated pseudohalides doped in perovskite materials and suggests a promising approach to enhancing the
stability and efficiency of WBG perovskite solar cells.
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I. INTRODUCTION

Organic-inorganic hybrid perovskites (OIHPs), such as
CH3NH3PbI3 (MAPbI3), have emerged as outstanding pho-
tovoltaic materials owing to their impressive electronic and
optical properties, which include an ideal energy band, ex-
cellent charge transport capability, high defect tolerance, and
low cost [1–6]. These outstanding photovoltaic properties
have boosted the power conversion efficiencies (PCEs) of
OIHP solar cells, achieving 26% within a decade [7]. To
further enhance the performance of perovskite solar cells
(PSCs) and surpass the efficiency limit of single-junction
photovoltaics, a promising approach involves the construction
of all-perovskite tandem solar cells. The state of the art all-
perovskite tandem solar cell, which includes a wide-band-gap
(WBG) perovskite with a band gap of 1.78 eV, has been
certified for a remarkable efficiency of 28.50% [8], exceeding
the efficiency of the best-performing single-junction PSCs [7]
and other solar cells [9,10]. Adjusting the ratio of iodide (I)
and bromide (Br) in perovskite materials allows for tuning of
the band gap [11,12], but a high concentration of Br introduces
stability issues and performance degradation [13–16].

The introduction of additives, such as Lewis adducts,
amino acids, and pseudohalogens, has been identified as an
effective way to enhance the performance and stability of the
WBG perovskite devices [17–22]. Recently, fluorinated pseu-
dohalides have emerged as promising anion substitutes due to
their higher electronegativity compared to traditional halides
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[23]. Among them, tetrafluoroborate (BF−
4 ) has recently been

doped in the WBG perovskite systems as it shares similar
chemical properties and an ionic radius with I− [24,25]. Tao
et al. demonstrated that substituting a small amount of I−/Br−
anions with BF−

4 in PSCs reduced the density of trap states,
and thereby inhibited phase separation and carrier recombina-
tion [21]. Su et al. found that doping BF4 into a Br-doped
WBG mixed halide perovskite led to reduced trap density
and eliminated ion migration channels, thereby achieving high
device performance [20]. Koh et al. reported that doping BF4

ions on the surface of WBG perovskite effectively passivated
the surface defects and, consequently, enhanced the open-
circuit voltage (VOC) [26]. However, the intrinsic relationship
between BF4 doping and the superior stability and efficiency
of WBG PSCs is not yet fully understood. Particularly, it
is still unclear whether BF4 doping still maintains the high
defect tolerance like pure MAPbI3 perovskites and why BF4

doping reduces defect density and improves carrier lifetime.
Therefore, further theoretical studies on underlying micro-
scopic mechanisms in BF4-doped WBG PSCs are required.

In this study, both time-independent and real-time
time-dependent density functional theory (TDDFT)
simulations show that MAPbI3–x(BF4)x systems, when doped
with low BF4 concentrations, exhibit several advantages over
pure MAPbI3. Notably, BF4 doping strongly enhances the dis-
sociation energy and reduces the thermal atomic fluctuation in
MAPbI3–x(BF4)x, suggesting better thermodynamic stability
and easier stoichiometric phase formation than in undoped
MAPbI3. Furthermore, these BF4-doped systems do not
introduce additional deep energy level defects, thereby
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maintaining the high defect tolerance characteristic observed
in pure MAPbI3 perovskite. Strong N–H···F hydrogen bonds
and adjacent strengthened N–H···I hydrogen bonds are
formed in BF4-doped MAPbI3 perovskites, which reduce
the anharmonicity of the soft inorganic lattice, introduce the
spatial confinement effect, and induce the reorientation of
dipole direction due to methylammonium (MA) molecules.
These factors synergistically suppress the most popular
iodine migration, thereby inhibiting the common issue of
phase separation in halogen-doped WBG perovskites and
contributing to enhanced long-term stability. Moreover,
nonadiabatic molecular dynamics (NAMD) simulations
demonstrate that both nonradiative electron-hole (e−h)
recombination and hot carrier (HC) cooling processes
are greatly suppressed after BF4 doping mainly due to the
significantly weakened nonadiabatic coupling (NAC). Finally,
a 10% delocalized BF4-doped MAPbI3 shows significant
potential for its application as the top cell in all-perovskite
tandem solar cells. The reported results rationalize the
benefits of BF4-doped MAPbI3 in WBG PSCs and highlight
the role of low concentration of BF4 doping in enhancing the
stability and efficiency of these solar cells.

II. SIMULATION METHODOLOGY

The electronic structure and molecular dynamics (MD) tra-
jectories were obtained using density-functional theory (DFT)
as implemented in the Vienna ab initio simulation package
(VASP) [27]. The exchange-correlation interactions were de-
scribed using the Perdew-Burke-Ernzerhof (PBE) functional
[28] while the electron-ion interactions were treated using the
projector-augmented wave (PAW) method [29]. The primitive
unit cell contains four MAPbI3 formula units, comprising
48 atoms. All systems are based on a 2 × 2 × 2 supercell
of tetragonal MAPbI3, containing 384 or more atoms in the
MAPbI3–x(BF4)x structures. The doping percentages of 2%,
6%, and 10% BF4 correspond to replacing two, four, and ten
iodine ions with BF4 ions, respectively. A plane-wave energy
cutoff of 500 eV was set, and geometry optimization was
performed using a Gamma scheme k-point mesh. Geome-
try optimization was terminated when ion forces fell below
2 × 10−2 eV/Å. The reaction coordinates and the activation
energies were calculated with the climbing image nudged
elastic band (CINEB) method [30,31]. Van der Waals inter-
actions were considered using the Grimme DFT-D3 method,
incorporating the Becke-Johnson damping function [32,33].
To investigate the e−h recombination process, NAMD was
conducted using the semiclassical decoherence-induced sur-
face hopping (DISH) approach [34], as implemented in the
PYXAID software package [35,36]. This method has been used
successfully to study excited-state dynamics in a variety of
perovskite systems and other materials [37–42]. More theory
details on NAMD can be found in the Supplemental Material
[43] (see also Refs. [44–49] therein).

The formation enthalpies �Hf (α, q) of a complex defect in
the charge state q using the supercell model can be expressed
as [50,51]

�Hf (α, q) = E (α, q) − E (host) +
∑

ni(μi + �μi )

+ q[EVBM(host) + EF + �V], (1)

where E (α, q) and E (host) are the total energies of the super-
cell with and without defects, respectively. ni is the number
of i atoms added (ni < 0) or removed (ni > 0). In this equa-
tion, μi represents the chemical potential of i atoms, �μi

denotes the permissible variation in chemical potential, and
q is the number of electrons transferred from the supercell to
the reservoirs during the defect cell formation. Here, EVBM

is the energy of the valence band maximum (VBM) of the
pristine supercell, while EF is the Fermi energy referenced
to the VBM level. The term �V represents correction for
both electrostatic potential alignment and finite-size effects in
charged systems. The thermodynamic charge transition levels,
denoted as ε(q/q′), correspond to the EF where the formation
energy �Hf (α, q) = �Hf (α, q′) for a defect α with different
charge state q and q′:

ε(q/q′) = [E (α, q) − E (α, q′)

+ (q − q′)(EVBM + �V )]/(q − q′). (2)

III. RESULTS AND DISCUSSION

Figure 1(a) shows the most stable tetragonal phase of pure
MAPbI3 at room temperature. Previous experimental work
has shown that low concentration with no more than 10%
of BF4 doping is particularly beneficial to the perovskite
performance [52]. Particularly, the band gap of 10% BF4-
doped MAPbI3 is 1.78 eV as shown in Table II, making
it a promising candidate for WBG perovskite. Thus several
representative models of MAPbI3–x(BF4)x WBG perovskite,
doped with BF4 at low concentrations (2%, 6%, and 10%),
are selected in this work. Figures 1(c)–1(f) depict the opti-
mized structure of pure MAPbI3 perovskite and three different
BF4-doped systems, respectively. Only a slight lattice expan-
sion has been observed upon doping with a small amount of
BF4, as demonstrated in Fig. S1 in the Supplemental Ma-
terial [43]. However, in the 2%, 6%, and 10% BF4-doped
systems, the MA molecules surrounding BF4 experience a
considerable reorientation as shown in Fig. 1(b). The reori-
entation leads to the formation of strong N–H···F hydrogen
bonds with average bond lengths of 1.76, 1.81, and 1.80 Å,
respectively, much shorter than the 2.78 Å of the average
N–H···I hydrogen bond in pure MAPbI3. The strong hydrogen
bond in BF4-doped perovskites should be attributed to the
high electronegativity of fluorine when compared to iodine,
since similar strong N–H···F hydrogen bonds have been found
[53,54] in BF4-doped formamidine (FA)-based perovskites.
Moreover, the reorientation of MA induced by BF4 doping
can also strengthen the interaction between MA molecules
and iodine atoms in adjacent layers, due to shortened N–H···I
hydrogen bond lengths as illustrated in Figs. 1(d)–1(f) and
Fig. S1 [43]. Such results indicate strong hydron bonds would
spread throughout the whole structure after BF4 doping. It
is well known that the hydrogen bond plays a vital role in
OIHPs, such as affecting crystal structure, charge transport,
mechanical performance, etc. [55]. Particularly, the strong N–
H···F and adjacent N–H···I hydrogen bonds would strengthen
the interaction between the organic and inorganic framework,
thereby enhancing the rigidity and stability of the soft per-
ovskite lattice.
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FIG. 1. Optimized partial structure of (a) pure MAPbI3 and (b) representative BF4-doped MAPbI3. Top views of (c) pure MAPbI3, (d) 2%
BF4-doped MAPbI3, (e) 6% BF4-doped MAPbI3, and (f) 10% BF4-doped MAPbI3. The color coding for atoms is as follows: I–purple, Pb–gray,
C–brown, N–blue, B–yellow, F–green, and H–light pink. The light orange and red dashed lines stand for N–H···I and N–H···F hydrogen bonds,
respectively.

MAPbI3 perovskite has been reported to easily decompose
into MAI and PbI2 due to its low thermal stability [16,56,57].
To investigate the thermal stability of BF4-doped WBG per-
ovskites, their phase diagrams are constructed as illustrated in
Fig. 2. In thermodynamic equilibrium growth conditions, for
pure, 2% BF4-doped, 6% BF4-doped, and 10% BF4-doped
MAPbI3 systems, the existence of MAPbI3–x(BF4)x should
satisfy

�μMA + �μPb + 3�μI = �H (MAPbI3) = −5.52 eV,

(3)

�μMA + �μPb + 2.94�μI + 0.06�μBF4

= �H[MAPbI2.94(BF4)0.06]

= −5.80 eV, (4)

�μMA + �μPb + 2.82�μI + 0.18�μBF4

= �H[MAPbI2.80(BF4)0.18]

= −6.36 eV, (5)

�μMA + �μPb + 2.70�μI + 0.30�μBF4

= �H[MAPbI2.70(BF4)0.30]

= −6.94 eV, (6)

where �H[MAPbI3−x(BF4)x] is the formation energy of
MAPbI3–x(BF4)x. To exclude the possible secondary phases

such as PbI2 and MAI, the following constraints must be also
satisfied,

�μPb + 2�μI < �H (PbI2) = −2.42 eV, (7)

�μMA + �μI < �H (MAI) = −3.08 eV, (8)

�μMA + �μBF4 < �H (MABF4) = −6.45 eV, (9)

�μPb + 2�μBF4 < �H[Pb(BF4)2] = −7.96 eV, (10)

where �H (PbI2), �H (MAI), �H (MABF4), and
�H[Pb(BF4)2] are the formation energies of PbI2, MAI,
MABF4, and Pb(BF4)2, respectively.

The regions of accessible equilibrium chemical potential
for MAPbI3–x(BF4)x satisfying Eqs. (3)–(10), are depicted in
Fig. 2. For the BF4 doping systems, the constraints of �μBF4 ,
�μPb, and �μI can be deduced from these equations. For
�μBF4 , our calculations show that it should satisfy the con-
straint �μBF4 � –3.98 eV. To investigate the effect of BF4

doping on the stability of perovskite phase synthesis, �μBF4

is set at −3.98 eV across all BF4-doped systems, attributable
to its low doping concentration. The red, blue, yellow, and
green regions represent phases of MAPbI3–x(BF4)x, MAI,
PbI2, and MABF4, respectively. As shown in Fig. 2(a), the
narrow and long red chemical range represents the growth
conditions for synthesizing the MAPbI3 phase under equi-
librium conditions. The narrow shape is attributed to a low
dissociation energy of 0.015 eV [58,59], which is required
for decomposing MAPbI3 into MAI and PbI2, defined as
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FIG. 2. The thermodynamic stable range for equilibrium growth of (a) pure MAPbI3, (b) 2% BF4-doped MAPbI3, (c) 6% BF4-doped
MAPbI3, and (d) 10% BF4-doped MAPbI3, indicated by red. Outside this region, the compound will decompose into secondary phases.

E (MAI) + E (PbI2)–E (MAPbI3). Normally, the low dissocia-
tion energy indicates an easy decomposition into a secondary
phase so that the growth conditions should be carefully con-
trolled to form the stoichiometric MAPbI3 perovskite. That is
why traditional OIHPs experience a low thermal stability is-
sue. Interestingly, as the BF4 doping concentration increases,
the long red chemical range progressively widens as shown
in Figs. 2(b)–2(d). The corresponding dissociation energies
of 2%, 6%, and 10% BF4-doped perovskites progressively
increase, reaching values of 0.14, 0.38, and 0.64 eV, respec-
tively, an order of magnitude larger than that in pure MAPbI3.
Such results are probably attributed to the strong hydrogen
bond network after BF4 doping as mentioned above, which
greatly strengthens the interactions between the organic and
inorganic frameworks, thus gradually increasing the energy
barrier for the dissociation process. The significant increase
suggests that the tendency for decomposition into secondary
phases of BF4-doped MAPbI3 WBG perovskites is greatly
suppressed, resulting in a considerable enhancement of its
thermodynamic stability and facilitating the synthesis of the
pure MAPbI3–x(BF4)x phase when compared to that of un-
doped MAPbI3.

To further evaluate the dynamic thermal stability within
various systems at 300 K, the thermal atomic fluctuations are
provided by the root-mean-square displacements (RMSDs)
along the adiabatic MD trajectories. The MA, Pb, and I
species are considered individually, and all results are sum-
marized in Table I. It is noted that the thermal fluctuations

of the inorganic Pb and I ions, along with the organic cation
MA, inversely correlate with BF4 doping concentration. This
relationship follows a clear sequence: 10% BF4−doped <

6% BF4−doped < 2% BF4−doped < pure MAPbI3. Such a
trend provides further evidence that the thermal stability
of perovskite is enhanced with increasing BF4 doping con-
centration. Particularly, MA shows a more reduced thermal
fluctuation. Its RMSD drops from 1.743 to 1.434 Å after only
a slight (2%) BF4 doping, about an 18% reduction, which is
much larger than that of Pb (4%) and I (9%). Further anal-
ysis indicates that the greatly reduced thermal fluctuation of
MA molecules mainly comes from their suppressed rotations.
Plenty of works [60–62] have demonstrated MA molecules
can freely rotate in MAPbI3 perovskite. Here, pseudohalide
BF4 doping can effectively prohibit MA rotations as illus-
trated in Fig. S2 in the Supplemental Material [43] due to

TABLE I. RMSD in the position of MA, Pb, and I atoms along
the MD trajectory in the pure, 2% BF4-doped, 6% BF4-doped, and
10% BF4-doped MAPbI3 systems.

Pb (Å) I (Å) MA (Å)

Pure MAPbI3 0.343 0.594 1.743
2% BF4-doped 0.328 0.538 1.434
6% BF4-doped 0.316 0.509 1.359
10% BF4-doped 0.315 0.462 1.292
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FIG. 3. The transition energy levels of intrinsic acceptors and intrinsic donors in (a) pure MAPbI3, (b) 2% BF4-doped MAPbI3, (c) 6%
BF4-doped MAPbI3, and (d) 10% BF4-doped MAPbI3.

the strengthened hydrogen bond network as explained before.
The suppressed MA rotations in BF4-doped perovskite once
again confirm its enhanced rigidity and reduced anharmonic-
ity. Therefore, BF4-doped WBG perovskites, particularly for
10% BF4-doped MAPbI3, exhibit enhanced thermal and phase
stability when compared to undoped MAPbI3 perovskite,
which is beneficial for WBG PSC applications.

Defects play another important role in determining the
stability and efficiency of solar cell materials, particularly be-
cause they act as traps and nonradiative recombination centers
that shorten charge carrier lifetime and the long-term stabil-
ity of perovskites [63–65]. To investigate defect behavior in
MAPbI3–x(BF4)x perovskite, all potential intrinsic point de-
fects close to BF4 molecules (no longer than 3.6 Å) have been
considered, including three vacancies (VMA, VPb, VI), three
interstitials (MAi, Pbi, Ii), two cation substitutions (MAPb,
PbMA), and four antisite substitutions (MAI, PbI, IMA, IPb).
The defect formation energies for all intrinsic defects under
different chemical environments are detailed in Table S1 of
the Supplemental Material [43]. The charge transition levels
for various charged defect states in the four systems were
determined by Eq. (2), as depicted in Fig. 3. Figure 3(a)
shows that most defects in MAPbI3 generate shallow lev-
els, which do not create additional recombination channels,
agreeing well with previous simulation works [66–68]. It can
be noted that MAi, PbMA, VI, and MAI are shallow donors,
while Ii, MAPb, VMA, and VPb are shallow acceptors. These
defects are still benign to MAPbI3 perovskites although they

can widely exist with low formation energies. As for the
rest of the point defects, although they generate deep gap
states in some cases, they have high formation energies so
their concentrations are expected to be low in OIHPs. The
benign shallow intrinsic defects remain after BF4 doping as
demonstrated in Figs. 3(b)–3(d), with most of the transition
energy levels changing by no more than 0.03 eV. All results
clearly indicate that the equilibrated BF4-doped WBG per-
ovskites should maintain the high defect tolerance as in pure
MAPbI3 perovskites, which could facilitate their high stability
and slow nonradiative recombination.

Now we know that high defect tolerance can still be
achieved in the equilibrated structure of BF4-doped WBG per-
ovskites. However, previous work [69] has demonstrated that
defects, considered to be benign, can become very detrimental
under nonequilibrium conditions such as during ion migra-
tion. Among all the ions, the iodide ion migration has been
widely observed in plenty of experimental studies [70–72]
due to its lowest migration barrier, with an average value
of around 0.44 eV [73]. Therefore, the iodine (along with
iodine vacancy VI) migration has been studied in BF4-doped
perovskites and compared with that in undoped MAPbI3, as
shown in Fig. 4(a). In our previous work [74], the calculated
activation energy barrier of iodine migration in pure MAPbI3

perovskite is 0.40 eV, as shown in Fig. 4(b). After doping
a small amount of BF4, the diffusion barrier for iodide ions
migrating towards BF4 molecules increases to 0.71 eV for 2%
BF4-doped MAPbI3 perovskite, 0.73 eV for 6% BF4-doped
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FIG. 4. (a) The schematic diagram of iodine ion diffusion in pure
and BF4-doped MAPbI3 systems. (b) The activation energy barriers
for iodine ion diffusion in the pure MAPbI3, 2% BF4-doped MAPbI3,
6% BF4-doped MAPbI3, and 10% BF4-doped MAPbI3 systems.

MAPbI3 perovskite, and 0.73 eV for 10% BF4-doped MAPbI3

perovskite, as illustrated in Fig. 4(b). The diffusion barrier
increases by more than 78% after a small amount of BF4

doping, suggesting an effective suppression of ion migration.
The mitigated ion migration in BF4-doped MAPbI3 per-

ovskite can be easily understood. The prevalent ion migration
in perovskites mainly comes from their soft lattice structure
and large inner space. Our previous work [75] has clarified
that a small amount of BF4 doping significantly reduces an-
harmonicity and enhances lattice rigidity. Furthermore, the
larger effective ion radius of BF4 molecules, in comparison to
iodine atoms, results in spatial constriction. Moreover, doping
with BF4 leads to the formation of strong hydrogen bonds
as clearly explained above, which can further compress the
perovskite inner space. In addition, these strong hydrogen
bonds around BF4 are associated with the reorientation of
the MA+, which consequently changes the distribution of
strong molecular dipoles of MA+. It has been demonstrated
that negative I ion migration is strongly inhibited when dif-
fusing along the dipole direction of MA+ [74]. In a word,
the increased lattice rigidity, the confined inner space, and
the reorientated dipole direction synergistically suppress the
ion migration in BF4-doped MAPbI3 perovskite. It should be
pointed out that the iodine diffusion occurring far from BF4

molecules remains unchanged as detailed in Fig. S3 in the
Supplemental Material [43]. Therefore, delocalized doping
of BF4 in MAPbI3 perovskite should be an effective way to
inhibit ion migration, which in turn suppresses the common
issue of phase separation in halogen-doped WBG perovskites,
thereby enhancing the stability of WBG PSCs.

TABLE II. Band gap, average absolute NAC, and nonradiative
e−h recombination time (τ ) in four MAPbI3–x (BF4)x systems.

System Band gap (eV) NAC (meV) τ (ns)

Pure MAPbI3 1.60 2.31 0.44
2% BF4-doped 1.63 1.93 0.79
6% BF4-doped 1.70 1.72 1.15
10% BF4-doped 1.78 1.21 3.45

Apart from the stability issues, another challenge for the
performance of WBG PSCs is the limited diffusion length
[76], which is determined by the charge carrier lifetime. In
general, slow recombination rates (long lifetime) are asso-
ciated with long diffusion lengths [77]. Moreover, previous
experimental and theoretical studies [69,78,79] have estab-
lished the fact that ion migration introduces a trap state
into the fundamental energy gap, thereby accelerating the
nonradiative e−h recombination. As mentioned above, BF4

doping can effectively inhibit ion migration. Therefore, it is
of great significance to investigate the nonradiative carrier
recombination process under the impact of BF4 doping on
MAPbI3 perovskite. Based on NAMD simulations, Fig. 5(a)
illustrates the time-dependent population decay of the excited
state involved in e−h recombination dynamics for pristine
and BF4-doped (2%, 6%, 10%) MAPbI3 systems. To de-
termine the carrier recombination time τ , we employ the
short-time linear approximation to the exponential decay,
given by P(t ) = exp(t/τ ) ≈ 1−t/τ . The relaxation times for
nonradiative e−h recombination are 0.44 ns (pristine), 0.79 ns
(2% BF4-doped), 1.15 ns (6% BF4-doped), and 3.45 ns (10%
BF4-doped), as collected in Fig. 5(a) and Table II. All results
reveal a significant increase in charge carrier lifetime with BF4

doping concentrations up to 10%.
To elucidate the mechanisms underlying the significantly

enhanced carrier lifetime in BF4-doped perovskites, the NAC
between the conduction band minimum (CBM) and VBM
is carefully analyzed because previous studies [80–84] have
demonstrated the e−h recombination process is strongly de-
pendent on the NAC. The NAC between adiabatic orbitals j
and k is defined by −ih̄〈φ j |∇R|φk〉 dR

dt . The first term char-
acterizes the coupling between adiabatic orbitals due to the
nuclear coordinate R, while the second term represents the
corresponding nuclear velocity. Normally, a large NAC would
result in a fast electron transition. As shown in Table II, the
NAC value has decreased by nearly half from 2.31 meV in
pure MAPbI3 to 1.21 meV in 10% BF4-doped MAPbI3, which
clearly explains the suppressed e−h recombination after BF4

doping. To further understand details of NACs in BF4-doped
MAPbI3 WBG perovskites, Figs. 5(b)–5(e) illustrate matrices
of the average absolute NACs between the electronic orbitals
involved in the photoinduced charge transfer processes, in-
cluding the electron transfer (e− transfer: from CBM + 4
to CBM + 1), e−h recombination (from CBM to VBM),
and hole transfer (h+ transfer: from VBM-1 to VBM-4);
they are highlighted by orange, purple, and blue dashed
lines, respectively. One can see the NACs in all BF4-doped
systems are weaker than that in the undoped system, partic-
ularly for the e−h recombination and e− transfer processes.
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FIG. 5. (a) Nonradiative e−h recombination dynamics of MAPbI3–x (BF4)x and averaged absolute magnitudes of the nonadiabatic couplings
(meV) for the electron and hole transfer dynamics in (b) pure MAPbI3, (c) 2% BF4-doped MAPbI3, (d) 6% BF4-doped MAPbI3, and (e) 10%
BF4-doped MAPbI3. The color bar suggests the coupling strength: the red and green colors mean the strong and weak coupling strengths,
respectively.

Specifically, the NAC value between the CBM and VBM de-
creases with increasing BF4 concentration, gradually chang-
ing from 2.31 meV (yellow) of the undoped system in
Fig. 5(b) to 1.21 meV (green) of the 10% BF4-doped system in
Fig. 5(e) as mentioned above. This can be well understood. On
the one hand, as the concentration of BF4 doping increases,
the atomic fluctuations are significantly reduced, as proved by
lower RMSD values in Table I. On the other hand, our previ-
ous work [75] has shown that a small amount of BF4 doping
effectively reduces the anharmonicity of inorganic Pb and I
atoms, and suppresses the vibrations of the MA molecules.
This leads to weakened electron-phonon interactions and in-
troduces small NAC values. In addition, the NACs in the
electron transfer [orange dashed boxes in Figs. 5(b)–5(e)] are
significantly suppressed after doping a small amount of BF4.

As discussed in previous works [85,86], the HC cooling rate is
dependent on the NAC. Generally, the small NAC indicates a
slow HC cooling process. Thus, our results show that BF4-
doped systems can also efficiently slow down hot electron
cooling and avoid accelerating hot hole cooling compared to
pure MAPbI3, which is promising for the development of HC
solar cells. Finally, it can be concluded that the reduced NAC
in the BF4-doped WBG perovskites can extend the charge
carrier lifetime and improve the photovoltaic performance
when compared to the pure MAPbI3 perovskite.

IV. CONCLUSION

In summary, using ab initio time-independent and real-
time time-dependent DFT, coupled with NAMD, we have
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investigated thermal stability, defect levels, ion migration,
and nonradiative recombination in the low concentration BF4-
doped MAPbI3 WBG perovskite. Our study demonstrated
that the doped pseudohalide BF4 not only introduces strong
N–H···F hydrogen bonds, but also strengthens the adjacent
N–H···I hydrogen bonds. As a result, a comprehensively
strengthened hydrogen bond network is formed in BF4-doped
perovskite, which enhances the lattice rigidity and prohibits
the rotation of MA molecules along the adiabatic MD tra-
jectories. A small amount of BF4 doping would dramatically
increase the dissociation energy to 0.64 eV, an order of
magnitude larger than that (0.015 eV) in pure MAPbI3 per-
ovskite. Along with the reduced thermal atomic fluctuation,
BF4-doped WBG perovskites exhibit greatly enhanced ther-
modynamic stability and they do not introduce additional deep
energy level defects so the high defect tolerance characteristic
is maintained as in pure MAPbI3 perovskite. Furthermore,
BF4 doping can reduce the anharmonicity of the soft inorganic
lattice, introduce the spatial confinement effect, and induce
the reorientation of dipole direction due to MA molecules,
which synergistically suppress the most popular iodine mi-
gration, inhibiting the common issue of phase separation in
halogen-doped WBG perovskites. Moreover, both nonradia-
tive e−h recombination and hot carrier cooling processes are
greatly inhibited as well after BF4 doping mainly due to the
significantly decreased NAC values. As a result, the charge

carrier lifetime of BF4-doped MAPbI3 WBG perovskite is
an order of magnitude longer than that of pure MAPbI3.
Finally, a 10% delocalized BF4-doped MAPbI3 would be
particularly beneficial when applied to WBG PSCs. Our find-
ings highlight the importance of fluorinated pseudohalide BF4

doping strategies in WBG perovskite materials to achieve
improved stability and efficiency, offering a promising ap-
proach for future research and development in photovoltaic
technologies.
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