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ABSTRACT: It is an effective method to use SnF2 and SnF4 molecules to
assist in enhancing the performance of FASnI3 perovskite. However, the
mechanism in this case is not clear as it lacks a certain explanation to
specify the phenomenon. Through first-principles calculations, this paper
constructed several modes of SnF2 and SnF4 adsorbed on the surfaces of
FASnI3 and explored adsorption energies, band structures, photoelectric
properties, absorption spectra, and dielectric functions. The SnF2 molecule
adsorbed at the I5 position on the FAI-T surface has the lowest adsorption
energy for the F atom, which is 0.5376 eV. The Sn−I bond and Sn−F
bond mainly affect the photoelectric properties of FASnI3 perovskite solar
cells, and the SnF2 adsorption on the FAI-T surface can effectively
strengthen the bond energies, which shortens the bond lengths of the Sn−I
and Sn−F bond, and eliminate surface unsaturated bonds to passivate the
surface defects. Furthermore, the probability of energy transfer was lower
between the SnF2 molecule and the ion around it than between SnF4 and its ion. Especially, in the aspect of optical properties, we
found that the intensity of the absorption peak of SnF2 adsorption increase was larger than that of SnF4 adsorption. Additionally, the
static dielectric constants of SnF4 adsorption on the two surfaces, denoted SnF4, made the perovskite respond more slowly to the
external electric field. Based on this work, we found that SnF2 had a greater positive effect on the optical property of perovskite than
SnF4. We consider that our results can help to deeply understand the essence of SnF2 assistance in the performance of FASnI3 and
help researchers strive for lead-free perovskite solar cells.

1. INTRODUCTION
Over the past decade, the power conversion efficiencies
(PCEs) of organic−inorganic metal halide perovskite solar
cells (PSCs) have reached 25.2%, making them promising in
commercial applications.1−14 Lead-based PSCs possess a
number of merits, such as a high absorption coefficient, long
carrier diffusion distance, low exciton binding energy, and so
on. Simultaneously, this kind of material faces huge challenges
of environmental protection and atmosphere stability.15

Hence, it is a common approach to substitute tin for lead in
perovskite. Recently, many lead-free perovskite materials have
appeared, for instance, CsSnI3, MASnI3, FASnI3, MAGeI3, etc.
Compared with lead-based perovskites, tin-based perovskite
has the advantage of good absorption. However, its instability
and low efficiency impede the performance of its devices.
To optimize the performance of the tin-based PSCs, Lewis

base additives are being used, which is effective. Some
literature studies reported that by adding a SnF2 additive to
the precursors of CsSnI3, the PCE increased from 3.38 to 3.4%,
the open circuit voltage (Voc) increased from 0.40 to 0.41 V,
and the short circuit current (Jsc) was maintained at 18.0 mA/
cm2.16 The highest PCE of pure MASnI3 was 6.4%, with a Voc
of 0.88 V, Jsc of 16.8 mA/cm2, FF of 42%, and band gap of 1.23
eV.17 However, when the MA cation (CH3NH3) was

replaced by an FA cation (CH (NH2)2), the band gap
broadened to 1.41 eV18 at low temperature. FASnI3 can keep a
stable structure and has a larger resistivity and lower mobility
than MASnI3, indicating that it possesses a lower density of
vacancy states.19 Therefore, FASnI3 possesses a higher stability
with a favorable PCE than MASnI3. For instance, Ning and his
coworkers prepared a low-dimensional tin-based perovskite
with PEA doping, and this kind of perovskite reached a PCE of
5.94% after 100 h in a glovebox.20 Ke and his team made the
PCE of FASnI3 reach 7.14% through doping 10% ethyl-
enediammonium (en), and the PCE was sustained at 6.37%
after 1000 h.21

In addition, with the purpose of achieving high PCE and
long-term stability of perovskite, different sorts of measures
were taken. For instance, it is an effective method to take
advantage of SnF2 and its complex for an advanced FASnI3
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film. Zong et al. pointed out that SnF2 remained in grain
boundaries of polycrystalline films when they put SnF2·3FACl
into the precursors of (FAPbI3)0.7(CsSnI3)0.3.

22 In the
conditions of high humidity or strong light exposure, the
structural phase was stable with or without utilizing any
additive. They claimed that SnF2 played a significant role in the
device. Coincidentally, Lee et al. demonstrated that the PCE of
FASnI3 reached 4.8% with 10 mol SnF2−pyrazine doping,23

and then in darkness and in atmosphere conditions, the PCE
was retained at 98% of the initial value. In their work, they
declared that pyrazine played a vital role in optimizing the
surface morphology, making it smoother and denser. Plenty of
work showed that the Sn2+ cation promoted the performance
of the FASnI3 film.24−26 However, they lack any theoretical
proof to clarify the working mechanism of SnF2. It is important
to explain why the SnF2 additive enhances the stability of
FASnI3.
In this article, the first-principles method was utilized to

analyze the interaction between fluorides and perovskite
surfaces. Four types of models were built, and their electronic,
structural, and optical properties were analyzed. Based on these
results, the inner mechanism of SnF2 bettering the perform-
ance of FASnI3 was understood.

2. CALCULATION SECTION

2.1. Parameter Setting. Based on the first principle, the
CASTEP27 model was chosen. After geometric optimization
procedure, our calculations are performed by employing
density functional theory with the plane wave projector
augmented wave method (PAW) as implemented in the
Vienna ab initio package.28 The exchange correlation is
approximated by the GGAs PBE29 and PBEsol30 and the
hybrid functional HSE06 where the Hartree−Fock screening
parameter μ is set at 0.2 Å−1. HSE06 usually gives band gaps
closer to experimental values than GGA results and is useful for
calculating the dielectric function despite the fact that it is
computationally very expensive. Structural optimization can be
performed efficiently with GGAs, and therefore the structural
optimization in this study is done employing the GGAs only.
To obtain the equilibrium structural parameters, the volume
and the ion positions of the crystal are fully relaxed using the
PBE and PBEsol approximations. Stability studies were
performed by comparing the cohesive energy of the
chalcopyrite phase relative to five other potential structural
phases of the lattice parameters of orthorhombic FASnI3 where
a = 8.8175 Å, b = 12.416 Å, and c = 8.867 Å.31 The cutoff
energy of the plane wave was 380 eV. Either in geometric
optimization or in electronic property calculation, the K
point32 in the Brillouin zone33 was 3 × 3 × 2. The energy band
gap of the 2 × 2 × 2 supercell of FASnI3 optimized was 0.868
eV, corresponding to the experimental result.34 As for the
surface, the vacuum thickness was 10 Å. The self-consistent
field (SCF) energy tolerance convergence was 5 × 10−6 eV/
atom. The max force, max stress, and max displacement were
0.02 GPa, 0.01 eV/atom, and 5 × 10−4 eV/atom, respectively.
The detailed experimental structural information of FASnI3

can be learned somewhere else.35−38 For FASnI3, the
electronic configuration was 1s1 for H, 2s22p2 for C, 2s22p3

for N, 5s25p2 for Sn, 5s25p5 for I, and 2s22p5 for F.
2.2. Adsorption Energy Calculation. The formula of the

adsorption energy is as follows:39

= − +E E E E( )ads molecule/surf molecule surf (1)

in the formula above (1), Eads, Emolecule/surf, Emolecule, and Esurf
stand for the adsorption energy of the system, the total energy
of the system, the total energy of a molecule adsorbed, and the
total energy of the clean surface, respectively. The lower the
adsorption energy, the more stable the surface.

2.3. Effective Mass Calculation. The calculation formula
of the effective mass is as follows:40

ε*=ℏ ∂
∂m k

k/( ( ) )2
2

2 (2)

In the formula mentioned above, m* represents the electron or
hole effective mass, ℏ represents the reduced Planck constant,
and ε(k) represents the energy level of wavevector k.
Generally, according to the particle curve of the maximum of
the valence band and the curve of the minimum of the
conduction band, it is convenient to calculate the electron or
hole effective mass.

2.4. Optical Properties and Dielectric Function. The
relationship between absorption coefficient and dielectric
function is as followes:41

α ω ε ω ε ω ε ω= [ + − ]( 2 ) ( ) ( ) ( )1
2

2
2

1
1/2

(3)

in the formula above, α, ω, ε1, and ε2 represent the absorption
coefficient, the frequency, the real part of the dielectric
function, and the imaginary part of the dielectric function,
respectively.
The complex dielectric function formula is as follows:

ε ε ω ε ω= + i( ) ( )1 2 (4)

The dielectric function ε is referred to as the complex dielectric
function with the real part ε1 and the imaginary part ε2. ε1
symbolizes the polarization intensity of the medium under the
condition of an external electric field, which is the ability to
bind to a charge. ε1 at low frequency (=0) stands for the static
dielectric constant, reflecting the dielectric response of the
material to a static electric field. ε2 is caused by the relaxation
polarization induced by the fact that the various steering
polarizations in the material cannot keep up with the change of
the external high frequency electric field, which represents the
loss of the material under lighting. Light absorption of the
interband transition occurs when radiated electrons are
perturbed by the electromagnetic field, jumping from the low
occupied state to the high unoccupied state.

3. RESULTS AND DISCUSSION
3.1. Stable Geometric Configuration of Surface

Adsorption. Before studying the performance after SnF2
and SnF4 molecule adsorption, it is essential to select a surface

Table 1. Parameters of the Optimized Bulk and Two Surfaces with Different Terminals

bulk surface final enthalpy (eV) Eg (eV) formula number atoms a (Å) b (Å) c (Å)

bulk FASnI3 −7261.040 0.868 C4H20N8Sn4I12 48 8.818 12.416 8.857
(010) surface with SnI2-T −7261.462 1.205 C4H20N8Sn4I12 48 8.857 8.8175 21.492
(010) surface with FAI-T −7260.836 1.157 C4H20N8Sn4I12 48 8.818 23.842 8.857

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00767
ACS Omega 2021, 6, 14938−14951

14939

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00767?rel=cite-as&ref=PDF&jav=VoR


with high stability as the adsorption surface. We picked out
two surfaces, FAI-terminal (FAI-T) and SnI2-terminal (SnI2-
T). When the proportions of SnI2 and FAI are not equal, there
exist two surfaces, the SnI2-T and FAI-T surface. If the surface
is rich in FAI precursors, it forms an FAI-T surface. Similarly, if
it is rich in SnI2, it forms a SnI2-T surface, and on it, the (100)
low index surfaces were selected. As all the thicknesses of the
surface slabs were the same and their supercell units were 2 × 2
× 2, the atom numbers of the bulk structure were similar to
that of the two surfaces. When these models were optimized,
several parameters are gathered in Table 1. For the FAI-T
surface, four adsorption locations, considering the SnF2 or
SnF4 adsorption, contain I5, N1, H4, and H2 atoms.
Meanwhile, for SnI2-T, there are two adsorption locations,
including I1 and Sn4, as depicted in Figure 1. For SnF2
molecule adsorption on the FAI-T surface, there exists eight
cases below in total: (1) the Sn atom of the SnF2 molecule
adsorbed at the I5 atom of the FAI-T surface, denoted as
Sn(SnF2)@I5@FAI-T; (2) the Sn atom of the SnF2 molecule
adsorbed at the N1 position of FAI-T, denoted as Sn(SnF2)@
N1@FAI-T; and (3) the Sn atom of the SnF2 molecule
adsorbed at the H4 atom of the FAI-T surface, denoted as
Sn(SnF2)@H4 @FAI-T. The rest can be done in the same

manner: (4) the F atom of the SnF2 molecule adsorbed at the
H2 atom of the FAI-T surface, denoted as Sn(SnF2)@H2@
FAI-T. Similarly, there are four cases of F atoms of SnF2
adsorbing on the FAI-T surface: (5) F(SnF2)@I5@FAI-T, (6)
F(SnF2)@N1@FAI-T, (7) F(SnF2)@H4@FAI-T, and (8)
F(SnF2)@H2@ FAI-T.
Additionally, we found that SnF2 oxidized into SnF4 when it

was exposed to air, and we calculated these cases of SnF4
adsorption on the FAI-T surface, giving eight cases for FAI-T:
(1) Sn(SnF4)@I5@FAI-T, (2) Sn(SnF4)@N1@FAI-T, (3)
Sn(SnF4)@H4@FAI-T, (4) Sn(SnF4)@H2@FAI-T, (5) F-
(SnF4) @I5@FAI-T, (6) F(SnF4)@N1@FAI-T, (7) F(SnF4)
@H4@FAI-T, and (8) F(SnF4)@H2@FAI-T.
Each denotation has its own meaning as mentioned about

the FAI-T surface. However, there are a few cases that is not
convergent in the calculation process for SnF2 molecule
adsorption on the FAI-T surface, which include (3) Sn(SnF2)
@H4@FAI-T, (4) Sn(SnF2)@H2@FAI-T, (5) F(SnF2)@I5@
FAI-T, and (6) F(SnF2)@N1@FAI-T. For (3) and (4), the
two cases failed because tin (Sn) atoms belong to group IA
along with hydrogen atoms, losing electrons easily, leading to
the mutual repulsion between Sn and H atoms. Thus, the Sn−
H bond hardly formed. As for (5), fluorine (F) atoms belong

Figure 1. Model structures: of (a) S1, clean FAI-T surface; (b) S2, Sn(SnF2)@I5@FAI-T; (c) F(SnF4)@I5@FAI-T; (d) clean SnI2-T; (e)
Sn(SnF2)@Sn4@SnI2-T; and (f) F(SnF4)@Sn4@SnI2-T.
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to group VIIA, as well as the iodine atom, gaining electrons
easily, leading to repulsion interaction. For (6), it is mainly
because the F atom is more prone to forming a bond with the
H atom of the NH2 group than with the N atom. This is
because the electronegativity difference42 between the H atom
(an electronegativity value of 2.1) and F atom (an electro-
negativity value of 4.0) is 1.9, whereas the electronegativity
difference between the N atom (an electronegativity value of
3.0) and F atom is 1.0. The larger the electronegativity, the
easier it is for two atoms to bond. Apart from four cases
mentioned before, for SnF4 molecule adsorption on the FAI-T
surface, there are two cases that cannot be calculated
successfully, which are (3) Sn(SnF4)@H4@FAI-T and (4)
Sn(SnF4)@H2@FAI-T.
Similarly, for SnF2 adsorption on SnI2-T, there exist four

cases in total: (1) Sn(SnF2)@I1@SnI2-T, (2)Sn(SnF2)@
Sn4@SnI2-T, (3)F(SnF2)@I1@SnI2-T, and (4) F(SnF2)@
Sn4@SnI2-T. All of the four cases were calculated successfully.

In addition, for SnF4 adsorption on the SnI2-T surface, there
are also four cases: (1) Sn(SnF4)@I1@ SnI2-T, (2) Sn(SnF4)
@Sn4@SnI2-T, (3) F(SnF4)@I1@SnI2-T, and (4) F(SnF4)@
Sn4@SnI2-T. There also exist a few cases that cannot be
calculated for their misconvergence for SnF4 molecule
adsorption. Hence, finally, the case of F(SnF4)@Sn4@SnI2-T
was successfully calculated, providing reasonable results. For
the FAI-T surface, there are 10 cases that provided good
results. Meanwhile, for the SnI2-T surface, there are five cases.
The total energies and the adsorption energies of clean surfaces
and these adsorption cases are shown in Table 2. From Table
2, it is remarkable that the most stable condition for SnF2
adsorption on the FAI-T surface is the case of Sn(SnF2)@I5@
FAI-T, denoted as S2. S1 refers to the case of a clean FAI-T
surface. In addition, the most stable system for SnF4 adsorption
is the case of F(SnF4) @I5@FAI-T, noted as S3. S4 represents
the case of a clean SnI2-T surface. S5 denotes the most stable
structure of the Sn(SnF2)@Sn4@SnI2-T case. Finally, S6

Table 2. Total Energies and Adsorption Energies of Clean Surfaces and Cases of SnF2 Adsorption and SnF4 Adsorption

aThe mark part in blue shows the most stable cases of every type.
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represents the most stable structure for SnF4 adsorption on the
SnI2-T surface, which is F(SnF4)@Sn4@SnI2-T. All in all, S1 is
the clean (010) FAI-T surface, S2 is Sn(SnF2)@I5@FAI-T, S3
is F(SnF4)@I5@FAI-T, S4 is the clean (010) SnI2-T surface,
S5 is Sn(SnF2)@Sn4@SnI2-T, and S6 is F(SnF4)@ Sn4@
SnI2-T.
We find that the I5 position of FAI-T is the most active

adsorption place from every model (S2, S3, S5, and S6) by the
lowest-energy principle. Meanwhile, for SnI2-T, it is the Sn4
atom that is the most active atom. In the aspect of the total
energy of the system, the case of S2 = F(SnF2)@I5@FAI-T has
the smallest adsorption energy, which is 0.5376 eV, implying
that the case of a F atom of SnF2 molecule adsorption on the
FAI-T surface has the most stable structure among all of the
four adsorption cases.
In addition, we calculated the surface defect states, see Table

S1 (Supporting information, SI). We studied various types of
surface defects on three types of terminations, FAI, flat, and
vacant, by first-principles calculations. Combining the calcu-
lated defect levels and the defect formation energy, our results
can be summarized in three points as follows. (i) Under the I-
rich condition, excess I atoms on flat and vacant surfaces are
responsible for the carrier trapping. On the other hand, under
the Sn-rich condition, I atom vacancies on vacant surfaces and
excess Sn atoms on both flat and vacant surfaces act as carrier
traps. (ii) The formation of carrier-trapping surface defects
under the Sn-rich condition is thermodynamically more
unfavorable than under the I-rich condition. (iii) Under the
moderate condition, any surface defects that act as carrier traps
have high formation energy, that is, cannot easily form the
surface defect. From the above, to reduce carrier trapping on
surfaces or grain boundaries so as to improve the carrier
lifetime and avoid hysteresis, the Sn-rich condition is better
than the I-rich condition.
3.2. Energy Band Structure and Effective Mass

Analysis for Surface Adsorption. The band structures of
the six cases (S1, S2, S3, S4, S5, and S6) are displayed in
Figure 2. We used the PBE and SHE06 methods to calculate
the energy band; the energy band calculated by this PBE is
smaller than that by the SHE06 method (see the Supporting
Information). By comparison, this SHE06 method is closer to
the real value, according to the band structures calculated by
the SHE06 method, and the electron’s and hole’s effective
masses are calculated, shown in Table 3. From Figure 2, we
notice clearly that after SnF2 molecule adsorption on the FAI-
T surface, the band gap (Eg) increases from 1.56 to 1.67 eV
with an increase of 7%. However, for SnF4 adsorption on the
FAI-T surface, the Eg changes slightly, with an enhancement of
0.01 eV compared with the Eg of S1. For SnI2-T surface
adsorption, SnF2 molecule adsorption also enlarges the Eg from
1.61 to 1.81 eV, with an increase of 12.4%. Meanwhile, SnF4
molecule adsorption on SnI2-T affects the Eg largely, which
changes from 1.61 to 1.65 eV, with an increase of 2%.
Moreover, there exist impurity levels in the cases of S3 of
F(SnF4)@I5@FAI-T and S6 of F(SnF4)@Sn4@SnI2-T. In S3,
the impurity level is far away from the Fermi level (EF) but
close to the conduction band. In S6, the impurity level is
located above the valence band and close to the Fermi level. It
was obvious that the SnF2 molecule broadened the band gap
more greatly after adsorption on the two surfaces than the
SnF4 molecule did. However, the SnF4 molecule induced
impurity levels to the FAI-T surface and SnI2-T surface, and

the p-type semiconductor characteristics of these surfaces did
not change.
Additionally, as we all know, the band structure relates to the

distribution of electrons and holes. Why do SnF2 molecules
enlarge the band gap of the FAI-T surface and SnI2-T surface?
We consider that the SnF2 adsorption on the two surfaces
eliminates effectively more dangling bonds of these unsatu-
rated coordinated atoms on the surfaces, which affect the
energy distribution of surface defect states, leading to the
bottom of the conduction band rising up and keeping the top
of the valence band unchanged relative to the Fermi level, then
resulting in the increase in the band gap. Then, based on band
structures, we calculated the electron effective masses (me*)
and the hole effective masses (mh*).
Since the slope of the band edge is associated with the

effective mass of carriers, the electron transfer along the a and
b directions should be more favorable than along the c
direction. We can calculate the effective mass of charge carriers
by the shape of the energy band, as shown in the following
equation:

Figure 2. Band structures of (a) S1, clean (010) FAI-T surface; (b)
S2, Sn(SnF2)@I5@ FAI-T; (c) S3, F(SnF4)@I5@FAI-T; (d) S4,
clean(010)SnI2-T surface; (e) S5, Sn(SnF2)@Sn4@SnI2-T; and (f)
F(SnF4)@Sn4@SnI2-T. The red solid line stands for the impurity
level in panels (c) and (d).
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where ε(k) is the average eigenvalue of the band, k is the
wavevector, m* is the charge carrier effective mass (me* and
mh* are the electron and hole effective masses, respectively),
and the results are shown in Table 3. In Table 3, for FAI-T
surface adsorption, both SnF2 and SnF4 molecules reduce their
me*. In S2, the SnF2 molecule reduces the average me* from
0.279 to 0.224m0 and reduces the average mh* from −0.457 to
−0.389m0 too. As for S3, the average me* decreases to 0.260m0,
along with mh* increasing to −0.665m0. Apparently, the
reduced ratio of me* of SnF2 adsorption is greater than that
of SnF4 adsorption on the FAI-T surface.
Similarly, for SnI2-T surface adsorption, both SnF2 and SnF4

have decreased me* and mh* after adsorption on the SnI2-T
surface. For S5, the SnF2 molecule made the average me*
decrease from 0.350 to 0.183m0, with mh* decreasing from
−0.632 to −0.481m0. Surprisingly, for S6, me* is essentially
unchanged in 0.316m0, and mh* reduces to −0.625m0.
Based on the effective mass results, SnF2 adsorption clearly

reduces the carrier effective masses of the two surfaces. SnF4
reduces the carrier effective masses (electron and hole) of SnI2-
T and the electron effective mass of FAI-T but raises the hole
effective mass of FAI-T. It can be concluded that SnF2 is a
powerful additive for FASnI3 to promote charge transfer.
Whether they are adsorbed on the FAI-T surface or on the

SnI2-T surface, the fluoride additives (SnF2 and SnF4) enlarge
the band gaps in all four cases and decrease the carrier effective
masses (me* and mh*) except for S3. Furthermore, SnF2 has a
more powerful ability to broaden the band gap and to decrease
the effective mass of electrons and holes than that of SnF4.
Except from those mentioned above, two impurity levels catch
much attention. In S3, the F atom of SnF4 is adsorbed at the I5
atom of the FAI-T surface, and an impurity level below the
conduction band and above the Fermi level emerges, which is
shown in Figure 2c (see the red line). Coincidently, an
impurity level emerges as well in S6 for SnF4 adsorption on the
SnI2-T surface, as shown in Figure 2f (see the red line). In S6,
the impurity level in the band gap is close to the conduction
band and is away from the valence band. However, it weakens
the mh*, differing from that of S3, in which the mh* was

enhanced. It is well known to all that when the electrons in the
valence band jump to the conduction band, it first jumps to the
nearby impurity energy level rather than transferring to the
conduction band. Thus, the impurity energy level will maybe
become a recombination center, and binding the electron,
leading to a decrease of the effective mass of the carrier. In
addition, for SnF2 molecule adsorption on the FAI-T or SnI2-T
surface, the energy levels of SnF2 are located in the valence
band. These energy levels have strong interactions with the
levels below the valence band, decreasing the hole effective
mass. Therefore, with regard to the band structure and the
carrier effective mass, SnF2 is superior to SnF4 in enhancing the
charge transfer for FASnI3.
In pursuing high-performance PSCs, the small effective mass

contributes to bigger carrier mobility.43−45 By this point, the
SnF2 molecule affected the two surfaces positively in terms of
relieving the carrier effective mass. To specify the interactions
between different adsorbates and the surface, the electron
density distributions are depicted in the density of states
(DOSs) in later paragraphs.

3.3. Density of States and Partial Density of States
for Surface Adsorption. To explore the electronic structures
of the two surfaces after SnF2 and SnF4 adsorption, the total
density of states (TDOS) and the partial density of states
(PDOS) of all the six cases (S1, S2, S3, S4, S5, and S6) were
calculated, as shown in Figure 3a−f corresponding to the
DOSs of S1, S2, S3, S4, S5, and S6, respectively.
For the clean FAI-T surface, as shown in Figure 3a, the peak

of the TDOS of S1 is located at −1.5 eV. There are three lower
subpeaks in the valence band located at −2, −2.7, and −3.8 eV.
From Figure 3a, it is obvious that the TDOS from −3 eV to 0
is mainly contributed by the Sn 5p orbital and I 5p orbital
electrons. At −2 eV, the PDOS of the I 5p orbital shows a
sharp peak, indicating that I 5p orbital electrons possess a
strong electronic localization property.46−48 In the conduction
band above Fermi level, there appears two peaks from 0 to 3
eV. One peak is at 1.9 eV, and another peak is located at 2.5
eV. The peak of the TDOS is contributed by the FA 2p orbital,
Sn 5p orbital, and I 5p and I 5s orbital electrons. The peak of
the PDOS of the Sn element is at 2 eV, and the subpeak is at
1.2 eV.

Table 3. Band Gaps, Lattice Parameters, and Electron or Hole Effective Masses of S1, S2, S3, S4, S5, and S6

aCharacters in blue in the brackets are the average values of effective masses of electrons and holes.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00767
ACS Omega 2021, 6, 14938−14951

14943

https://pubs.acs.org/doi/10.1021/acsomega.1c00767?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00767?fig=tbl3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00767?rel=cite-as&ref=PDF&jav=VoR


After SnF2 molecule adsorption on the FAI-T surface, as
shown in Figure 3b, the TDOS alters dramatically. In Figure
3b, the main sharper peak of the TDOS is at −1.4 eV,
accompanied by a subpeak at −3 eV. In addition, the DOSs of
the FA cation shifts toward the right. For the PDOSs of the Sn
atom and I atom, the curves change greatly. The peak of Sn’s
PDOS is located at 1.3 eV with an increased peak. However,
SnF2 molecule adsorption makes the PDOS of the I atom
diffuse. Before SnF2 adsorption on FAI-T (seeing Figure 3a),
not only does a peak at −2 eV exist, along with a subpeak at
−3 eV in the valence band, but also a new third weak peak at
−4 eV emerges. In addition, after SnF2 adsorption on FAI-T,
the Sn atom originates from SnF2 adsorbed at the I5 atom of
FAI-T, resulting in the overlapping electron cloud between the
I 5p orbital and Sn 5s and 5p orbitals in the range from −4 to
−1 eV. The result indicates that the I atom had strong
interaction with the Sn atom of SnF2, forming a Sn−I bond,
which broadened the band gap and elevated the conduction
band. The results agree with Figure 2.
When the SnF4 molecule adsorbed on FAI-T (see Figure

3c), the TDOS showed a long span peak from −1.2 to −2 eV,

indicating that the delocalization property of electrons
increases after SnF4 adsorption. In addition, the PDOS of Sn
in this diagram has a flatter peak than those of S1 and S2 in the
valence band, meaning that the PDOS peak of the I atom
moved toward the Fermi level, showing that the SnF4 molecule
makes great contributions to the TDOS constitution in the
valence band.
Comparing the DOSs of S2 and S3 with that of S1, both

DOS curves of S2 and S3 move to the right. Apart from this,
the PDOS curves of the Sn atom of S1, S2, and S3 differ from
each other distinctly, especially the curves’ shapes in the
valence band. A proof is the sharpness of the peak of the
PDOS of the Sn atom on the FAI-T surface. In Figure 3a−c,
SnF2 adsorption makes this peak sharper than that of S1, while
SnF4 adsorption makes it flatter with a long span. These
different phenomena show that the distribution of the Sn atom
on the FAI-T surface is highly localized after SnF2 molecules
adsorbed, while SnF4 molecules make it more diffuse. In other
words, SnF2 molecules make the electrons of Sn on the FAI-T
surface localized, but SnF4 molecules make them delocalized.
Localized electrons build up strong bonds, while delocalized
electrons weaken the bond. Hence, adding SnF2 molecules
contribute to the bond strength of Sn−I, while SnF4 molecules
decrease the Sn−I bond strength. Therefore, SnF2 molecule
adsorption has a deeper influence on the FAI-T surface than
SnF4 molecule adsorption. For the SnI2-T surface, the DOSs of
the three cases (clean SnI2-T surface, SnF2 adsorption, and
SnF4 adsorption) are shown in Figure 3d−f, respectively.
For the clean SnI2-T surface, the peak of TDOS is located at

−1.5 eV, with a subpeak at −3.2 eV. For the PDOS of the FA
cation, it has no electrons distributed near the Fermi level, and
it has two peaks, which is distributed symmetrically in the
valence band and in the conduction band. For the PDOS of
the Sn atom, it presents a peak at −2.5 eV in the valence band,
along with a smaller peak close to the Fermi level, and the
PDOS at the Fermi level does not reach a value of 0. For the
PDOS of the I atom, a sharp peak at −1 eV appears, with a flat
peak at −2.5 eV.
When SnF2 adsorbs on the SnI2-T surface, the TDOS and

PDOSs alter apparently (see Figure 3e). For the TDOS, after
SnF2 adsorbed, the enhanced subpeak originally at −3.2 eV
shifts to the right to 3 eV. In the conduction band, a peak at 1
eV and another at 2 eV disappeared, with a new peak at 1.5 eV
for the PDOS emerging. The PDOS of FA does not change.
For the PDOS of the Sn atom, the electron distribution in the
valence band gets more diffuse toward the low-energy
direction. More interestingly, the PDOS of the I atom alters
dramatically. Compared with the PDOS of the I atom in Figure
3d,e, one sharp peak at −1 eV and another lower peak at −2.5
eV originally shift to a peak at −1.5 eV and a peak at −2.3 eV,
respectively. SnF2 molecule adsorption on SnI2-T changes the
electron distribution of nearby I atoms hugely. In addition,
there exists an overlap of PDOSs between the adsorption
location of the Sn4 atom on SnI2-T and the Sn atom of SnF2
from −4 to 0 eV, with the overlap between the Sn 5p orbital of
the surface and the Sn 5s and 5p orbitals of SnF2. The
phenomenon indicates that the repulsive interaction between
two Sn atoms belongs to the surface and SnF2, forming a Sn−
Sn bond. Hence, the Sn−Sn bond heightens the conduction
band, with the band gap enlarged.
For SnF4 adsorption on the SnI2-T surface, the most

interesting point is that at the Fermi level, the TDOS does not
reach 0. At the Fermi level, the PDOS consists of the PDOS of

Figure 3. Density states of (a) S1, clean (010) FAI-T; (b) S2,
Sn(SnF2)@I5@FAI-T; (c) S3, F(SnF4)@I5@FAI-T surface; (d) S4,
clean(010)SnI2-T surface; (e) S5, Sn(SnF2)@Sn4@SnI2-T surface;
and (f) S6, F(SnF4)@Sn4@SnI2-T surface.
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FA, that of Sn on the SnI2-T surface, and that of the I atom. As
shown in Figure 3f, the Fermi level enters into the valence
band, forming a degenerate state.49−52 This makes the top of
the valence band generate excess hole carriers for SnF4
adsorption on the SnI2-T surface. SnF4 adsorption made the
SnI2-T surface exhibit p-type semiconductor characteristics.
Combined with the corresponding band structure of this case,
shown in Figure 2f, SnF4 molecule adsorption on SnI2-T
generates an impurity level in the valence band under the
Fermi level. Based on the related PDOS diagram, the impurity
level consists of FA 2p orbital and F 2p orbital electrons. As
shown in Figure 3f, though the TDOS of S6 increases after
SnF4 molecules adsorbed, the PDOS of FA diffuses. So did the
PDOS of the Sn atom close to the SnF4 molecule. Zhou’s
group53 suggested that the F atom of fluorides formed a N−
H···F hydrogen bond between the F atom and organic cation.
Our results of the DOS and PDOS agree with their
experimental results. According to Figure 3f, after SnF4
adsorption, the discrete distribution of FA’s PDOS becomes
continuous, implying the charge transfer from the FA cation to
the adjacent SnF4 molecule. As we all know, FA (H2N−CH
NH2) possesses an extra proton in one NH2 part, bonding with
the F atom easily. Additionally, the PDOS of the Sn atom

adsorbed on the SnF4 molecule moves to the right slightly, so
that there exist a few electrons distributed at the Fermi level.
The PDOS of the I atom shifts toward the right as well, leading
to the denser distribution of electrons near the Fermi level.
Similar to the comparison among the three cases of the FAI-

T surface, here, we compare the DOS and PDOS of the SnI2-T
surface for S4−S6 based on Figure 3d−f, respectively. SnF2
molecules supported electrons mainly in the range from −4 to
−2 eV. However, SnF2 does not affect the electron distribution
of the FA cation, indicating that the SnF2 molecule has no
interaction with the FA cation. Additionally, SnF2 adsorption
on this surface boosts the Sn−I bond of the surface, enhancing
the binding force with the SnI2-T surface. Meanwhile, for SnF4
molecule adsorption on this surface, the interaction between
the FA cation and F atom is so strong that the PDOS of FA
altered obviously. In addition, SnF4 contributes electrons to
the surface in the range of −5 to −4 eV and in the range of 0 to
1 eV. In Figure 3f, the peak at EF is contributed by FA 2p
orbital electrons, Sn 5s and 5p orbital electrons of the SnI2-T
surface, I 5p orbital electrons, Sn 5p orbital electrons of SnF4,
and F 2p orbital electrons. In this case, SnF4 forms a hydrogen
bond between FA and the F atom, stabilizing the structure in a
heated environment. Additionally, the electronic valence state

Table 4. Parameters of Bonds Formed between the Adsorption Location of the Surface and the Atom of SnF2 or SnF4 with
Related Parameters of Clean Surfaces and Free Fluorides (SnF2 and SnF4)

aThe bond in blue indicates the newly formed bond between the adsorbate and the adsorption location of the perovskite surface.
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of Sn in the SnF4 molecule is 4d105s05p0. However, it is the Sn
5s orbital electron state that contributes to the TDOS,
indicating that the 5s orbital of Sn in the SnF4 molecule has
accepted electrons from other atoms. Thus, the Sn4+ ion of
SnF4 acts as a shallow acceptor.
Therefore, from Figure 3, we conclude that the adsorbed

SnF2 molecules form different new bonds with the FAI-T
surface and SnI2-T surface, for instance, the Sn−I bond and the
Sn−Sn bond. These new bonds passivate the perovskite’s
surface effectively and hinder the charge transport between the
SnF2 molecule and the surface of the perovskite. Additionally,
based on the DOS, in F(SnF4)@Sn4@SnI2-T, the strong
hydrogen bond N−H···F facilitates the thermal stability of
perovskite solar cell devices. Also, for the SnI2-T surface, a
small amount of SnF4 generated less impurity bands near the
Fermi level above the valence band. The impurity band may
become a new recombination center when the amount of SnF4
molecules increases. As for the FAI-T surface, the impurity
level is located below the conduction band and away from the
Fermi level after SnF4 adsorption. As a result, it accepts more
electrons that jumped from the impurity levels. The impurity
level will become a new recombination center. Therefore, SnF2
molecule adsorption increased the band gaps of both surfaces
greatly compared to SnF4 molecule adsorption, while SnF4
adsorption on both surfaces induced impurity levels, making
them a new recombination center and hindering the carrier
transfer process.
3.4. Bond Analysis on Surface Adsorption. Bond

analysis is necessary for studying the energy transduction
because the DOS cannot display the real space distance and
energy state between related atoms. In this part, we discuss
three cases. They form the bonds between an atom of the SnF2
or SnF4 molecule and an atom on the surface. We found that
the Sn−I bond and Sn−F bond play a crucial role in the
structural stability of FASnI3. For example, the Sn−I bond
belongs to the perovskite surface, and the Sn−F bond belongs
to the SnF2 or SnF4 molecule. The related parameters, such as
bond lengths, bond angles, and charges, are shown in Table 4.
As shown in Table 4, the Sn5 atom comes from the SnF2
molecule and the F atom is from the SnF4 molecule, which
form the Sn5−I5 bond and F−I5 bond with the FAI-T surface
atoms, respectively. These bonds eliminate the coordination-
ally unsaturated states of the I5 atom on FAI-T. The bond
length of the Sn5−I5 bond is 3.058 Å. The bond length of the
F−I5 bond is 3.241 Å. These results indicate that on the clean
FAI-T surface exist the unsaturated I atoms with dangling

bonds and unpaired electrons. On the SnI2-T surface, the Sn4
atom of SnI2-T bonds with the Sn5 atom of the SnF2 molecule,
forming a Sn4−Sn5 bond.
In addition, there exists a charge transfer behavior between

the SnF2 or SnF4 molecule and some atoms on the perovskite
surface. For the FAI-T surface, the I5 atom catches much
attention in the aspect of charge transfer and becomes a better
adsorption location on the surface for SnF2 and SnF4
adsorption on the FAI-T surface. In S2, the I5 atom and Sn5
atom have charges of −0.31e and 0.99e, respectively.
Compared with the charges of S1, the obtained charges for
the I5 atom and Sn5 atom are 0.17e and 0.26e, respectively. In
S3, the I5 atom, the F3 atom, and the Sn5 atom have charges
of −0.17e, −0.63e, and 1.88e, respectively. Compared with
those of S1 and free SnF4 molecules, the I5 atom gains a 0.31e
charge, the F3 atom loses a 0.03e charge, and the Sn5 atom
loses a 0.42e charge. In S5, the Sn4 atom and the Sn5 atom
have charges of 0.43e and 1.05e, respectively. In this case, after
SnF2 adsorption, the Sn4 atom and the Sn5 atom lose 0.05e
and 0.20e charges, respectively. In S6, the Sn4 atom and the F4
atom possess charges of 0.70e and −0.58e, respectively.
Compared with those of S4 and free SnF4 molecules, the
Sn4 atom gains a 0.22e charge and the F4 atom loses a 0.02e
charge. From the above, we know they can lose or gain
different amounts of electrons in different circumstances, and
combining with the bond length of Sn4−F4, the charge
transfer happens between the Sn4 and F4 atom. The obvious
short bond length of Sn4−F4 is a strong ionic bond and
indicated the dramatic change in electron distribution,
corresponding to the DOS of S6.
As shown in Table 5, for S2, the average bond length of the

Sn−I bond of the perovskite surface decreases from 2.984 to
2.955 Å with a decrease of 0.99%. In S3, the average bond
length of Sn−I is 2.984 Å, without any changes, indicating that
the SnF4 molecule has a weak interaction with the perovskite
surface and even reflecting how the SnF4 molecule adsorption
hardly affected the structural stability of FAI-T. The cases of
SnF2 and SnF4 adsorption on the SnI2-T surface have a few
differences. In S5, the average bond length of Sn−I increases
from 2.929 to 2.945 Å with an increase of 0.56%. For the S6
model, the average bond length of Sn−I increases to 2.93406 Å
too, with an increase of 0.17%.
From Table 5, apparently, SnF2 is able to shorten the bond

length of Sn−I, indicating that SnF2 is beneficial to
strengthening the Sn−I bond of the FAI-T surface. Compared
with the effect of SnF2 adsorption on the FAI-T surface, SnF4

Table 5. Bond Lengths of the Sn−I Bond in S1, S2, S3, S4, S5, and S6

aThe first character in blue in brackets stands for the mean value. The percentage is relative to the clean surface.
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adsorption on the FAI-T surface sustains the bond length of
the Sn−I bond. As for the other surface of SnI2-T, SnF2 and
SnF4 both increase the average bond length of the Sn−I bond.
Additionally, the increase of S5 is larger than that of S6,
meaning that SnF2 affects the SnI2-T surface greatly compared
to SnF4. Therefore, SnF2 affects the two surfaces largely, either
by shortening the bond length of Sn−I on the FAI-T surface or
by enlarging the bond length on the SnI2-T surface. Especially,
SnF2 adsorption strengthens the bond length of the Sn−I bond
of the FAI-T surface, which is distinct from SnF4 molecule
adsorption. At this point, SnF2’s performance is superior to
that of SnF4. Nevertheless, the oxidized products of SnF2 and
SnF4 can maintain the bond strength of the Sn−I bond on the
FAI-T surface with a slight variation on the SnI2-T surface.
Thus, a conclusion is drawn: SnF2 is able to enhance the Sn−I
bond of the perovskite surface, increasing FASnI3’s photo-
electric properties.
Another important bond is the Sn−F bond. The Sn−I bond

of the surface affects not only the stability and photoelectric
properties but also the properties of perovskite. Table 6 shows
the bond lengths of the Sn−F bonds of the free SnF2 and SnF4
molecules and of S2, S3, S5, and S6. From Table 6, in the S2
case, the average bond length of the Sn−F bond decreases
from 2.085 to 2.050 Å with a decrease of 1.64%. In the S3 case,
the average bond length decreases from 2.036 to 1.997 Å with
a decrease ratio of 1.93%. In the S5 and S6 cases, the average
bond length of the Sn−F bond reduces from 2.085 to 2.0195 Å
with a decrease of 3.12% and reduces from 2.036 to 2.022 Å
with a decrease of 0.70%, respectively. These results indicate
that these fluorides adsorbed on the perovskite surfaces form a
strengthened Sn−F bond.

Through the analysis of the band structures and DOSs, we
notice that the SnF4 molecule adsorbed on FAI-T changes the
band gap slightly, and the bond length of the Sn−I bond
almost does not alter. This denotes that SnF4 molecule
adsorption has no effect on the FAI-T surface. However, SnF4
improves the DOS greatly near the Fermi level in S6. It forms a
strong Sn4−F4 bond in S6. The F atom of SnF4 has a strong
interaction with the Sn4 atom with charge transfer. As a result,
the Sn4−F4 bond weakens the bond strength of the Sn−I
bond of the surface, producing an unstable state on the surface.
Therefore, SnF4 has no positive effect on the SnI2-T surface.
Additionally, from the point of view of atomic coordination,

the I atom of FAI-T is in an unsaturated state. As for the SnI2-
T surface, both the Sn atom and I atom are both not saturated.
Therefore, the I atom of FAI-T, the Sn atom, and the I atom of
SnI2-T all have dangling bonds. As we all know, the Sn4+ cation
has a higher stability than the Sn2+ cation,54−56 and both of
them have stable [SnI6]

4− octahedral strucutres.57 When the
Sn atom of SnF2 adsorbs at the Sn4 atom of SnI2-T, in S5, a
Sn−Sn bond is formed. On the other hand, the F atom of SnF4
adsorbs at Sn4 in S6, forming the F−Sn bond. The passivation
effect of SnF2 is better than that of SnF4, producing more
dangling bonds of SnF2 than of SnF4. In addition, the radius of
Sn2+ is 1.12 Å, larger than the radius of Sn4+ (0.69 Å). The I
atom is coordinated with Sn4+, such as in the case of S3. This
may induce the instability of perovskite because of the
difference in particle sizes of Sn2+ and Sn4+. Hence, the SnF2
molecule has a more positive effect on the perovskite surface in
terms of saturating uncoordinated atoms of the two surfaces
than SnF4.

Table 6. Bond Lengths of the Sn−F Bond of Free SnF2 and SnF4 Molecules and of S2, S3, S5, and S6

aThe first character in blue in brackets stands for the mean value. The percentage is relative to the clean surface.

Figure 4. Absorption curves of (a) three cases of the FAI-T surface and (b) three cases of the SnI2-T surface.
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3.5. Optical Absorption Properties. The formula of the
absorption coefficient is shown by eq 3. The absorption curves
of the six cases are sketched in Figure 4. Figure 4a represents
the absorption curves of clean FAI-T and SnF2 adsorption and
SnF4 adsorption on the FAI-T surface, respectively. Figure 4b
represents the absorption curves of clean SnI2-T and SnF2
adsorption and SnF4 adsorption on the SnI2-T surface.
Figure 4 shows that the SnF2 molecule promotes the

adsorption performance of perovskite whether it occurs on the
FAI-T surface or on the SnI2-T surface. In Figure 4a, the peak
of the absorption coefficient of SnF2 adsorbed on FAI-T is
127,827.50 cm−1, which is the highest peak among all three
cases (S1, S2, and S3). In addition, the absorption peaks and
absorption edges are both shifted toward a higher-energy
direction with a blue shift. In Figure 4b, the maximum
absorption coefficient comes from the SnF2 adsorption on
SnI2-T, which is 149,764.71 cm−1. The locations of absorption
peaks in these three cases are nearly the same, but the
absorption edges shift toward the higher-energy direction too.
Coincidental with the DOS analysis, here, we just discuss the

cases in a low-energy distribution range from 0 to 5 eV. In the
range of 0 to 5 eV, a new absorption peak at 4.89 eV for SnF2
adsorption on the FAI-T surface appears, while SnF4
adsorption on the same surface does not lead to a unique
peak. Combined with Figure 3, from 0 to 5 eV, the absorption
curves of the clean FAI-T surface and the SnI2-T surface are
distinct because of the different elemental components. In
Figure 4a, in the range from 0 to 5 eV, the curve of the clean
FAI-T surface has two clear peaks. The curve of SnF4
adsorption on FAI-T also has two peaks at the same energy
level compared with that of the clean FAI-T surface. However,
SnF2 adsorption on FAI-T showed a third peak at 4.89 eV
aside from the two other peaks at the same positions (2.27 and
3.82 eV). The peaks are related to the charge transfer process,
based on the DOS of Figure 3b. The third peak (at 4.89 eV for
SnF2 adsorption on FAI-T, in Figure 4a) is attributed to the
electron transfer from the Sn 5s orbital to the F 2p orbital,
both of which come from the SnF2 molecule. The result
indicates that the internal charge transfer of the SnF2 molecule
causes a new absorption subpeak. However, this process does
not contribute to the carrier transfer of perovskite. In Figure
4a, the absorbance curve of S3 did not show peaks at this
energy level, which reveals that the Sn5−I5 bond plays an
important role in boosting the second absorption in S2. For
the SnI2-T surface, in the range of 0 to 5 eV, there are many
differences of absorption peak. From 0 to 5 eV, S5 has the
highest peak at 4.30 eV, as shown by P1. Meanwhile, S6 has a
peak at 4.46 eV, as shown by P2. A weak absorption peak
indicates a forbidden transition. Therefore, the SnF4 molecule
adsorption is predicted to hinder the charge transition on the
two surfaces, while for SnF2 molecule adsorption, the opposite
is concluded.
3.6. Dielectric Function. Figure 5 shows the dielectric

functions of the six cases. According to the Fermi gold rule58

and the definition of direct transition, ε2 is described as the
formula below

∑
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In the formula above, μ is the polarization direction vector of
the incident electric field. V and C represent the valence band
and conduction band, respectively. K is the reciprocal lattice
vector. The component ⟨ψK

C|μ→ · γ→|ψK
V⟩ stands for the

momentum transition matrix. EK
C and EK

V stand for the intrinsic
level of the conduction band and the valence band,
respectively. It just takes electron transition into consideration
in CASTEP. Thus, the dielectric function can be described as a
linear response function. The distribution of the peak of the
imaginary part is related to the electronic structure. At a
frequency of 0 point, the value of ε1 is the static dielectric
constant, which just considers the electron polarization. In
addition, the highest peak of ε1 is caused by the electron
transition from the top of the valence band to the bottom of
the conduction band.
For the dielectric function, we focus on the energy range

from 0 to 5 eV. In Figure 5a, the curves of ε2 in the FAI-T
surface have similar characteristics with regard to the three
peaks and two other subpeaks at the same frequency levels. For
example, the frequency levels of T1, T2, and T3 (at 1.67, 3.28,
and 7.51 eV) do not shift, indicating SnF2 and SnF4 molecule
adsorption on FAI-T did not affect the charge transition in the
range of 0 to 5 eV. However, for the ε1 curve of S2, the static
dielectric constant reduces slightly from 5.14 to 4.78. The
static dielectric constant of S3 increases to 5.33. For the FAI-T
surface, the static dielectric constant does not change the
polarization property. The result shows that the FAI-T surface
possesses good stability when SnF2 or SnF4 adsorbed on this
surface.
Similarly, in Figure 5b, on the SnI2-T surface, for the ε2

curves in the three cases, there are two differences in the curves
of S4, S5, and S6: the intensity and the number of peaks. As
shown in Figure 5b, the photon energy levels of the peak and a
subpeak (3.07 eV for L1 and 7.03 eV for L2) do not change
after SnF2 and SnF4 adsorption. However, the subpeak L2 is
more nonlocalized than the two other peaks in the S4 and S5
cases. Additionally, the third peak L3 is at 0.71 eV. Compared
with the energy band structure, we guess that the third peak
originated from the transition from the inner valence band to
the impurity energy levels, as shown in Figure 2f.
As for the FAI-T surface, the peaks of ε2 for the three cases

(clean FAI-T, SnF2 adsorption, and SnF4 adsorption on FAI-
T) are at 1.67 eV coincidentally, implying that SnF2 or SnF4 do
not affect the degree of direct transition. Apparently, SnF2
adsorption decreases the static dielectric constant, while SnF4
adsorption enhances it. Hence, we judge that SnF2 adsorption

Figure 5. Dielectric function curves of (a) three cases of FAI-T and
(b) three cases of SnI2-T.
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decreases the surface polarization effect, and SnF4 adsorption
increases the surface polarization effect on perovskite.
All in all, it generates a peak in the SnF4 adsorption on the

SnI2-T surface case, with the electrons jumping from the
impurity level to the conduction band. In addition, SnF4
adsorption improves the static dielectric function of the FAI-
T surface and increases the polarization properties of FASnI3.

4. CONCLUSIONS
In summary, this work explores the impacts of SnF2 and SnF4
molecules adsorbed on the FAI-T and SnI2-T surface of
FASnI3 based on the first-principles method. By analyzing the
total energy and adsorption energy, we found that the case of
S2 has the smallest adsorption energy of 0.5376 eV. In the
band structure, SnF2 molecules broaden the band gap of each
surface. Interestingly, each case of SnF4 molecule adsorption
on the two surfaces induced impurity energy levels in their
band gaps. By analyzing the band structures and the effective
masses, on the one hand, SnF2 and SnF4 weaken the carrier
effective masses on the SnI2-T surface, except for the case
where SnF4 increases the hole effective mass of the FAI-T
surface. On the other hand, in other cases, for SnF2 or SnF4
adsorption on the FAI-T surface, the carrier effective masses
are both reduced. Therefore, by the electron effective mass
analysis, selecting SnF2 is much more efficient as it possesses a
smaller electron effective mass with higher mobility. These
results indicate that SnF2 strengthened the Sn−I bond and
even boosted the [SnI6]

4− octahedral structures.
Lastly, in the aspect of optical properties, including the

dielectric function and absorbance spectrum, SnF2 makes the
perovskite possess higher absorption coefficient than SnF4.
Especially, for the dielectric function, SnF4 molecules affect ε2
largely. This means that SnF2 adsorption made it easier for the
perovskite to respond to an external electric field than SnF4
adsorption did. All in all, SnF2 adsorption effects are superior
to those of SnF4 in the photovoltaic application of FASnI3.
Then, it is proposed that adding SnF2 into perovskite at an

appropriate proportion is effective in enhancing the photo-
electric performance of perovskite. Meanwhile, SnF4 added
into perovskite diminishes the optical property of perovskite as
a shallow acceptor. Thus, Sn(II) is positive in terms of
promoting the photoelectric performance of perovskite, and
Sn(IV) is negative. In addition, the role of the F− ion is
significant in enhancing the performance when SnF2 is added
into perovskite as it has an interaction with the FA+ cation,
forming a N−H···F hydrogen bond, promoting the charge
transfer of protons in the FA+ cation. In this regard, adding
fluoride into the perovskite can also improve the photoelectric
performance of perovskite.
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