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The development of high efficiency perovskite solar cells (PSCs) has been proved to depend on the stability
and optical properties of perovskite materials. A lot of efforts have been applied to improving these
properties. Among them, the alternative mixed-metal perovskite composition has been considered as
a new solution for photovoltaic device applications to satisfy the demand for exploring efficient
photovoltaic performance. Here, we have systematically performed first-principles calculations using
density-functional theory (DFT) to study the structural, electronic, magnetic and optical properties of the
perovskite CHzNHsz(Pb:Fe)ls, and investigated the effect of iron (Fe) metal ion doping on the properties of
the perovskites and solar cell performance. The calculated results reveal that the perovskite
CH3sNH3z(Pb:Fe)ls exhibits half-metallic behavior due to the impurity bands induced by the Fe dopant
crossing the Fermi level. Consequently, it is found that the absorption intensities of CHsNHz(Pb:Fe)ls are
slightly higher than those of CHsNHsPbls in the near-infrared light region. It is unexpected that the
perovskite CHzNH=z(Pb:Fe)ls exhibits a large magnetic moment of 4 ug and its magnetic coupling belongs
to the antiferromagnetic (AFM) configuration. Meanwhile, we found that the Fe incorporation can distort
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Introduction

Organometallic halide perovskite materials have been consid-
ered as a new class of solution-processable direct-bandgap
semiconductors for photovoltaic device applications, owing to
their high light absorption coefficient, high charge carrier
mobility, long charge diffusion length and low fabrication
cost.'® In the last few years, the power conversion efficiency
(PCE) of lead-based metal halide perovskite solar cells (PSCs)
has rapidly risen from an initial efficiency value of 3.8% ° to
a recent value of 22.1% " which is much higher than those
achieved by other emerging thin film solar cells'* and exceeds
the threshold value for commercialization.”> One attractive
feature of perovskite materials is that their properties can be
modulated by composition engineering."*'® For instance, the
structure and properties of perovskites can be well tuned by
using more lead compounds with different halides or non-
halide anions and/or compounds with different organic
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findings provide a reference for exploring the properties of perovskite materials.

cations.”*® The band gap of perovskites can be tailored by
incorporating inorganic anions like Br and C1."*** One example
is that the band gap of CH3;NH;I; ,Br, increases with the
increasing x value due to the uplift conduction band energy
level, which can significantly enhance the open-circuit voltage
(Voc) of the corresponding PSCs. Recently, developing lead-free
devices is becoming an important topic in PSCs and it was
found that the incorporation of certain polyvalent metal ions in
perovskites could significantly affect their optoelectronic and
crystallographic properties. For instance, the incorporation of
Bi*" into CH;NH;PbBr; could narrow the band gap and increase
the conductivity with electronic dopant,**?* whereas alkali
metal ions such as Na" and K' could beneficially influence the
film morphology and crystallinity of CH;NH;Pbl;.>* Likewise,
A" incorporation has been found to decrease the non-radiative
recombination rate and improve crystal quality by reducing
microstrain in the CH;NH;PbI; lattice.*® Recently, Wang et al.>”
demonstrated that perovskites with In** incorporation exhibit
high film quality with multiple ordered crystal orientations
which are beneficial for the efficient charge transport along
multiple directions and thus improve the cells performance.
Interestingly, Javier Navas et al.”® presented the synthesis of
organic-inorganic hybrid perovskite CH;NH;Pbl; doped with
sn**, sr**, €d** and Ca®" in the position of the Pb>" ion and
these kinds of dopants affected both the crystalline phase and
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the band gap energy. Therefore, it remains an attractive pursuit
to identify alternative divalent metal species those are capable
of both tuning the perovskite material properties and
preserving the excellent photovoltaic properties.

To investigate the opportunities available with alternative
divalent mixed-metal perovskite composition, Sn-Pb binary
metal in perovskites was applied and found that it could enlarge
the material band gap by varying the Sn-to-Pb ratio.* Klug
et al.* presented a feasibility screening study where Pb has been
replaced with a second divalent metal species (Co, Cu, and Zn).
It is the first systematically report that a fraction of Pb in
perovskites is replaced with transition metals. Recently, Nafradi
et al®" reported the synthesis of a ferromagnetic CH3;NH;-
(Pb:Mn)I; photovoltaic material where photo-excited electrons
rapidly melt the local magnetic order through the Ruderman-
Kittel-Kasuya-Yosida interactions without heating up the spin
system. The Fe is a transition metallic element which is similar
to the Mn. However, the research of incorporating Fe in CHj;-
NH,PbI; is still not performed so far. Consequently, it is quite
attractive to investigate the electronic and optical properties of
Fe doped CH3;NH;PbI;.

In this work, the structural, electronic, magnetic and optical
properties of the perovskite CH;NHjz(Pb:Fe)l; have been
systematically studied via using the first-principle calculation.
The initial experiment is also carried out to investigate the
effects of iron metal ions dopant on the properties of perov-
skites and solar cell performances. It is shown that the incor-
poration of Fe can affect the crystal formation, absorption and
charge transport of the perovskite films. Our density functional
theory (DFT) calculation results reveal that the perovskite
CH;3;NH;(Pb:Fe)l; exhibits a large magnetic moment of 4.0 up
and half-metallic behavior. Simultaneously, its absorption
edges exhibit blue-shift relative to that of the perovskite CH;-
NH,PblI;. These findings demonstrate the opportunities of
transition metal substitution as new dimensions for tuning the
electronic and crystallographic structure properties of perov-
skites. Moreover, we present a kind of method to investigate the
properties of halide perovskites by using GGA within DFT-vdw
correction in CASTEP mode for the first time, which could
provide a reference for theoretical research of the halide
perovskites.

Results and discussion

We first explored the structure properties of undoped material
which has tetragonal (I4cm) crystal structure and then extended
to the 2 x 1 x 2 supercell.*” The fully relaxed crystal structure is
shown in Fig. 1a. Moreover, the lattice parameters, bond
lengths and octahedral tilting of optimized crystal structure
have been listed in Table 1. The relaxed bond lengths of Pb-1in
the perovskite CH;NH;PbI; are in the ranges of 3.15-3.24 A,
which is in good agreement with previous theoretical works.*
The value of the calculated band gap is 1.53 eV, closer to the
experimental value of 1.52 eV.** The results are similar to the
ones obtained by Zhu et al.** for the phase of CH;NH;PbI; with
tetragonal crystal symmetry. The band structure and density of
states (DOS) of the perovskite CH3;NH;PbI; are calculated after
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Fig. 1 Geometric structures of the perovskite materials: (a) CHzNHz-
Pbls, (b) Fe doped 6.25 at%, (c) Fe doped 12.5 at%, and (d) Fe doped 25
at%.

structural optimization and shown in Fig. 2a and 3a, respec-
tively. The spin-up and spin-down components of the DOS are
totally symmetric, which indicates that the perovskite CHj;-
NH;PbI; is nonmagnetic. Moreover, it is found that the
conduction bands are dominated by Pb 6p and I 5s states,
whereas the valence bands are dominated by I 5p and Pb 6s
states. It is notable that the bottom of the conduction band and
the top of the valence band are both located at G point, indi-
cating that the perovskite CH3NH;PbI; is a direct band-gap
material, which is important for the optical application.

For the perovskite CH;NH;(Pb:Fe)l;, we calculated different
Fe atom doping concentrations in the crystal structure, corre-
sponding to Fe contents of 6.25 at%, 12.5 at%, 25 at%,
respectively. All atomic positions are fully relaxed after replac-
ing the Pb atom with the Fe atom and the lattice constants of
the perovskites with different concentrations are showed in
Table 1. In order to investigate the effects of iron atom doping,
the spin polarized band structures and corresponding partial
DOS of the perovskite CH;NH;(Pb:Fe)l; have been calculated.
The spin polarized band structure of CH3;NH;PbI; has been
presented in Fig. 2a. In the cases of the perovskite CH;NH;-
(Pb:Fe)I; with 6.25 at%, 12.5 at%, 25 at% Fe doping concen-
trations, the calculated band structures are shown in Fig. 2b—-d,
respectively. It can be seen that the band structures of the
perovskite CH;NH;(Pb:Fe)I; with Fe atom mixed concentrations
of 6.25 at% and 12.5 at% are similar to that of the perovskite
CH;NH;Pbl;. Both the top of valence band and the bottom of
conduction band are located at the same k-point, whereas the
perovskite CH3;NH;(Pb:Fe)I; with Fe concentration of 25 at%
has in-direct bandgap due to the stronger interaction between
atoms. Compared with the perovskite CH;NH;Pbl;, the energy
gap of the perovskite CH;NH;3(Pb:Fe)l; in the spin-up channel is
well above 1.6 eV, whereas it should be noted that the energy
gap in spin-down channel is above 0.13 eV due to impurity
bands crossing the Fermi level induced by Fe dopant. These
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Table 1 Lattice constants, bond length and octahedral tilting angles (6) of the perovskites with different concentrations
Lattice constants
Fe-1 Pb-1

Materials a (A) b (A) c(A) 6° bond (A) bond (A)
Experimental values®? (CH;3NH3PbI;) 8.8929 8.8929 12.688 23.0 24.1 27.7 27.9 — 3.16-3.28
CH;NH;PbI; 8.919 8.880 12.859 23.2 24.6 27.4 27.9 — 3.15-3.24
Fe doped 6.25 at% 8.835 8.8163 12.852 23.9 24.0 27.2 27.5 2.8-3.2 3.16-3.29
Fe doped 12.5 at% 8.785 8.778 12.892 22.8 24.7 27.9 27.2 2.65-3.4 3.15-3.41
Fe doped 25 at% 8.741 8.673 12.552 22.9 23.5 26.9 27.9 2.56-3.7 3.18-3.34

results indicate that the perovskite CH3;NH;(Pb:Fe)l; exhibits
half-metallic behavior and magnetic properties. As a result, the
perovskite CH;NH;(Pb:Fe)l; is magnetic half-metallic. The half-
metallic nature with a 100% spin polarization at the Fermi level
is considered as a potential candidate for spintronic devices.*
More importantly, it is obvious that both the top valence bands
and the bottom conduction bands are broad, indicating that
these states are non-localized and the excitons can be trans-
ported to a long distance in these materials.>®

To check the electronic structure in detail, we calculated the
DOSs of the perovskite materials. Total and partial DOSs of the
perovskite CH3;NH;(Pb:Fe)l; are presented in Fig. 3b-d. For the
doped systems, it can be seen that the spin-up and spin-down
DOSs are not completely symmetrical, indicating that the
perovskite CH3;NH;(Pb:Fe)l; exhibits magnetic properties. It is
notable that there is a clear spin polarization between the DOSs
of two spin channel near the Fermi level, corresponding to the
impurity band within the band structure. Moreover, it is found
that the impurity band is attributed to the Fe 3d state. The
conduction bands with an energy range from 0.75 eV to 4 eV are
derived largely from the Pb p, Pb s and I s states. The valence
bands with a range from —5 eV to —1 eV exist strong hybrid-
ization between the Pb p, I p, and Fe d states. The DOSs of from
—7 eV to —9 eV are dominated by the Pb s and few I p states. The
analyses of the total DOSs are well consistent with those of
calculated magnetic properties. Simultaneously, partial DOS

syndicate that the d electrons of the Fe atoms are responsible
for the induced magnetic moments. Although Pb atoms and I
atoms also exhibit spin polarization, their contribution to the
magnetic moment of the doped systems is negligible.

It is noted that the perovskite CH3;NH;(Pb:Fe)l; is yet
a proposed compound and so far no data on its synthesis and
lattice structure are available. Generally, the structure of the
perovskite materials such as CH;NH;Pbl; can be distorted
when it is doped with larger or smaller ions. In order to
evaluate the effect of Fe atoms doping on the crystal structure
of CH3NH;Pbl;, the Goldschmidt tolerance factor (¢),
t = (ra +rx)/v2(rg + rx)and octahedral factor (u), u = ra/rx
are calculated, where r, and rg are effective ionic radii of
cations and ry is the anion radius.?” The values of the toler-
ance factor and octahedral factor are required to be located
within reasonable range and perovskite structures are stable
when 0.813 = ¢ = 1.107and 0.442 = u = 0.895. According to
this definition, the calculated values of the tolerance factor
and octahedral factor are 1.036 and 0.355 for the CH;NH;Fels,
which indicates that the high incorporated concentration
with Fe** doping can distort the perovskite crystal structure.
Furthermore, with the purpose of evaluating the plausibility
of the perovskite CH3;NH;(Fe:Pb)I;, we calculated the forma-
tion energy of the doped systems by using the following
definition:*®
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Fig.2 Band structures of the perovskite materials: (a) CHzNH3zPbls, (b)
Fe doped 6.25 at%, (c) Fe doped 12.5 at%, and (d) Fe doped 25 at%.
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Fig. 3 Total and partial DOS of perovskite materials: (a) CHzNH3zPbls,
(b) Fe doped 6.25 at%, (c) Fe doped 12.5 at%, and (d) Fe doped 25 at%.
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AE = E(CH;NH;(Pb:Fe)l;) — E(CH;NH;Pbl;)+u(Pb)
— u(Fe) (1)

where E(CH;NH;(Pb:Fe)l;) is the total energy of the perovskite
CH;3NH;(Pb:Fe)l;, E(CH3NH;3Pbl;) is the total energy of the
perovskite CH;NH;PbI;, and u(X) (X = Pb, Fe) is the chemical
potential of X spices. According to this definition, the results of
calculated formation energies of the perovskite CH;NH;(Pb:Fe)
I; with different doping concentrations are shown in Fig. 4. As
displayed in the Fig. 4, the formation energies of all the doped
systems are found to be positive. It is well known that a system
with smaller formation energy value is more favourable in
experiments. Consequently, the obtained results of the calcu-
lated formation energies indicate that the iron incorporation is
maybe not so stable in experiment. This is demonstrated by our
following experiments with 10 mol% Fe®" incorporation.

An important aspect of the perovskite CH;NH;(Pb:Fe)l; is its
magnetic behaviour. From our calculation, it is found that the
total magnetic moment of the perovskite CH;NH;(Pb:Fe)l;
doped by one Fe atom is 4 ug and the magnetic properties of the
systems are mainly attributed to the contribution of doped Fe
impurities. Moreover, the contributions from Fe atom and its
nearest-neighbouring I atoms are 3.58 ug/Fe, and 0.05 ug/I,
respectively. It is clear that the spin resides mainly on the Fe
atoms, and I atoms only have very minor contribution to the
total magnetic moment. The magnetism distributions of the
perovskite CH3;NH;3(Pb:Fe)l; can be studied by the analysis of
the spin density as shown in Fig. 5. It can be seen that the
perovskite CH;NHj(Pb:Fe)l; exhibits similar distribution
phenomenon that magnetic moments mainly concentrate on
the Fe atom, which is consistent with above calculated local
magnetic moments of the Fe atom.

To examine the type and strength of magnetic coupling
between Fe dopants, we construct 2 x 1 x 2 supercell and
consider four configurations of two dopant atom as shown in
Fig. 6. The calculated energy differences (AEspy_pm) between
the antiferromagnetic (AFM) and ferromagnetic (FM) states are
listed in Table 2. It is important to see that the configuration I
with both Fe atoms residing at nearest-neighboring sites
exhibits the lowest energy than other configurations, indicating
that Fe atom has a clear clustering tendency (Fig. S1t). We
found that the AFM configuration is the ground state, which is
3.1 meV lower in energy compared with the FM configuration.

2.0

1.54

Formation Energy/eV

0.5

0.0

6.25% 12.5% 25%

Fig. 4 Formation energy of the perovskite CHzNHsz(Fe:Pb)lz with
different incorporation.
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Fig. 5 Spin charge density distributions of the perovskite CHzNHsz-
(Pb:Fe)ls: (a) Fe doped 6.25 at%, (b) Fe doped 12.5 at%, and (c) Fe doped
25 at%.

Negative AEsry—pm Values suggest that the AFM state is more
favorable than the FM state. More interestingly, magnetic
coupling is found to exist even if the separation distance is
12.835 A for perovskites CH;NH;(Pb:Fe)l;, which suggests that
slowly decaying extended tail of the impurity wave functions
mediate the long-range magnetic coupling between local
moments.*

To further understand the possibilities of the CH;NH;-
(Pb:Fe)I; applications in the PSCs, the optical properties are
calculated. The material optical properties can be described by
means of the dielectric function &(w) = &;(w) + iey(w), and then
other properties can be expressed in terms of them. The real
part & (w) of the dielectric function can be calculated from the
imaginary part ¢,(w) as:*

ey =n? + K, (2)

2w
- QSO

Z |<‘Pk"|u'r|(/’kv>’26(EkC - E' - o) (3)
ky,e

where w is the frequency of incident photons; Q is the unit cell
volume; u is the vector defining the polarization of the incident
electric field; v and ¢ stand for the conducting and valence
bands, respectively; ¢t and ¢} are the wave functions of the
conduction and valence bands, respectively; 7 is the refractive
index of the medium; £ is the reciprocal lattice vector. We obtain
the absorption coefficient a(w) from & (w)and &,(w), which is
expressed by:**

C o Pb e X}
Ne I¢©

H ¢ Fe ©

8‘~L

Fig. 6 Geometric structure for 2 x 1 x 2 CH3zNHz(Pb:Fe)ls supercell.
The substituted position of Fe dopants are denoted by 0-4.
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Table 2 Calculated Fe—Fe distance (dr._rc), difference between AFM and FM (AEarm_rm). @and magnetic state for each configuration. AEy is the

relative energy of the FM states and AFM states

Configuration drere (A) AExpm_py (meV) Coupling AEy (FM) (meV) AEy (AFM) (meV)
1(0,1) 6.407 -3.1 AFM 3 0
11 (0,2) 6.618 —2.8 AFM 13 10
111 (0,3) 8.883 -1.6 AFM 50 48
v (0,4) 12.835 —-0.1 AFM 56 56
12 substituting 10% of Pb>" with Fe** ions. Moreover, we fabri-
a(w) = V2| Ve (0) + &7 (w) —&(w) (4)  cated devices with and without Fe doping. The PSCs architec-

The absorption coefficients of the perovskite materials have
been shown in Fig. 7. It is found that the absorption edge of the
pristine CH3NH;PbI; is above 1.5 eV, whereas that of the Fe
incorporation slightly shifts to the high-energy side, which
presents the blue-shift of the optical spectrum and is in good
agreement with the calculated band structure. Furthermore, we
found that the peak intensities of the doped systems in visible
light range become weaker than those of the pristine CH;-
NH;Pbl;, whereas the peak intensities in deep UV light region
are stronger which caused by the band transitions between
impurity bands and other bands. More interesting, there is
a sub-gap absorption peak appears around 0.58 eV, which can
be explained by the introduction of the impurity band near the
Fermi level. More important, it is obviously observed that the
intensities of sub-gap absorption and the main peak vary
slightly with the value of U (U= 0 eV, 2.5 eV, 5 eV), as shown in
Fig. S2.T Thus, the perovskite CH3;NH;(Pb:Fe)I; have enormous
potential application in UV light region or infrared light region.
These special properties could be considered for photodetector,
particularly deep ultraviolet detector.

In the calculated cases of the perovskite materials with
different Fe doping concentrations, the perovskite material
stability has decreased with increasing Fe concentration.
Obviously, it is found that the main absorption peak with
doping 12.5 at% Fe atom is the strongest for the doped systems.
Thus, we have developed a perovskite CH;NH;(Pb:Fe)l; by

120000
e e 0 at.%
[=—=TFe 6.25 at.%)
100000 ——Fe 12.5 at.%
===Fe 25 at.%
< 800004
£
<
£ 600004
=
I
g 6000
2 40000 < 4000
< 2000
0.0 04 08 12 16
20000 I P
JAmmmm——s <
0« T T . =
0 1 2 3 4 5 6

Energy (eV)

Fig. 7 Calculated absorption coefficient of the Fe doped perovskite
materials with different doping concentrations.
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ture is similar to the previous report.*” The device without Fe
dopant exhibited a V. of 1.06 V, a short-circuit current density
(Jse) of 13.2 mA em >, a fill factor (FF) of 0.74, and a PCE of
10.3%. However, the incorporation of Fe>" significantly changes
the device performance. The PCE dramatically decreases to
0.9% with a V. 0of 0.63 V, a Js. of 2.7 mA cm 2, and an FF of 0.53.
These results are corresponding to positive formation energy
and larger octahedral factor.

The absorption spectra of the perovskite films with and
without doping are shown in Fig. 8a. It is found that the
perovskite film without doping exhibits strong absorption from
the visible range down to the near-infrared wavelengths with the
absorption onset at ca.780-785 nm that corresponds to an
optical band gap of 1.58 eV, which is in good agreement with the
calculated value of 1.53 eV. It is obvious that the intensities of
doped system with wavelength range from 760 nm to 900 nm
are stronger than those of the undoped system, which is
consistent with the phenomenon in calculated absorption from
1.3 to 1.5 eV in near-infrared region. As shown in Fig. 8a, the
intensities of Fe doped 10% in experimental absorption
between 300 nm to 400 nm are higher than those of the undo-
ped CH;NH;PbI; film, which is not corresponding to the DFT
calculated results with an energy range from 3.10 eV to 4.13 eV
may be due to the imperfection in experiments, background (or
substrate) noise, and the ideal model in calculations. Even so, it

~
N
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(©

Fig. 8 (a) UV-Vis spectra of the CH3NHsPbls and CH3NHz(0.9-
Pb:0.1Fe)ls. (b) XRD patterns of the CH3sNHzPbls and CH3zNH=(0.9-
Pb:0.1Fe)ls. (c and d) SEM images of the CH3sNHszPbls (c) and
CH3NH=(0.9Pb:0.1Fe)l5 (d).
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is found that the intensities of the doped system have increased
in deep ultraviolet region and the tendency of absorption is in
the right direction. Thus, our works could provide a reference
for theoretical research of the halide perovskites.

The structure and crystallinity of the perovskite films are
more important for the PSCs, because it can affect the charge
dissociation, charge transport and charge diffusion length.** In
order to further understand the effect of the iron metal ions
doping on the perovskite structure and photovoltaic perfor-
mance of PSCs, we investigated the structure and crystallinity of
the perovskite films by XRD, as shown in Fig. 8b. The CH;-
NH;Pbl; films exhibit strong diffraction peaks at 14.2°, 28.5°
and 31.9°. These diffraction patterns are assigned to the (110),
(220) and (310) crystal planes of tetragonal perovskite, respec-
tively. The XRD results indicate a highly crystalline nature with
the (110) plane preferentially oriented. The peak positions are in
good agreement with the results reported previously.**™** For the
Fe”* doped perovskite, the intensity of the (310) peak became
weak, whereas the (200) peak and the (224) peak significantly
enhanced. This phenomenon suggests that the crystallinity and
structure of the thin films has been changed. Furthermore, it
could be seen that there are two peaks around 28.9° for the
doped system in Fig. 8b, which indicates that both cubic and
tetragonal crystal phase are likely present in the perovskite
CH;NH;(Fe:Pb)I; doped with 10 mol% Fe®". The similar results
have been presented by the work with the Co** incorporation.

In order to further understand the effects of the iron metal
ions doping on the crystal growth behaviour and photovoltaic
performance of PSCs, the perovskite thin film morphology
without and with iron metal ions were investigated by the field-
emission scanning electron microscopy (FESEM). As shown in
Fig. 8c and d, all the perovskite films whether they are doped or
not are uniform with large regular crystallites, and they fully
cover the underlying layer. The favourable thin film uniformity
and coverage indicate a homogenous nucleation of the perov-
skites on the substrates. The SEM images also indicate the effect
of doping the Fe*" on the morphology of the perovskite films.
Simultaneously, it is found that the large grains of micrometer
can be observed when the iron metal ions doping degree is
10 mol% and the iron metal ions can promote the growth of
large perovskite crystallites. Furthermore, we performed EDX
elemental mapping on these thin films. As shown in Fig. S3,t
the element signal at grain boundaries didn't show obvious
color change, and uniform distribution. All these results indi-
cate that Fe®" ion is incorporated into MAPbI; films. However,
pinholes appear between the large crystallites. The pinholes can
lead to large current leakage and consequently lower the PCE of
PSCs. Furthermore, the iron metal ions can distort the crystal
structure of the perovskite CH;NH;PbI; due to its small ionic
size. It is thus reasonable to infer that iron metal ions can
change the crystallization behaviour of CH;NH;PbI;.

Conclusions

In summary, the structural, electronic, magnetic and optical
properties of the perovskite CH;NHj(Pb:Fe)l; have been
systematically studied by using the first-principle calculation
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for the first time. We also investigated the effect of iron metal
ions doping on properties of perovskites and photovoltaic
performance of PSCs by experiment. Our DFT calculations
reveal that the perovskite CH;NH;(Pb:Fe)l; exhibits the large
magnetic moment of 4.0 up, which is mainly attributed to
localized d states of the Fe atoms. Meantime, the AFM config-
uration is 3.1 meV lower in energy compared with the FM
configuration, indicating that the AFM state is more favourable
than the FM state. Moreover, there are impurity-bands appeared
in spin-down channel crossing the Fermi level, which indicates
that the doped systems exhibit half-metallic behaviour. Conse-
quently, for the optical properties, it is found that the absorp-
tion intensities of the CH;NH;(Pb:Fe)l; are slightly higher than
the CH3;NH;3PbI; in near-infrared light region and/or UV light
region. Simultaneously, its absorption edges exhibit blue-shift
relative to that of the perovskite CH;NH;PbI;. Despite of the
results, our findings demonstrate that transition metal substi-
tution provides new dimensions for tailoring the electronic and
crystallographic properties of perovskite materials and provide
a reference for exploring other efficient photovoltaic or spin-
tronic materials and devices.

Experimental
First-principles calculation

First-principles calculations are performed with the framework
of density functional theory (DFT). The geometry optimization
and the calculated properties have been implemented within
the CASTEP code.*** The interaction between ions and electron
is described by ultrasoft pseudo potentials. All the calculations
are carried out with spin-polarizations. We use the generalized
gradient approximation (GGA) with Perdew-Burke-Ernzerhof
(PBE) function to explain the exchange and DFT-vdw correla-
tions.*® A plane-wave energy cutoff of 310 eV is used throughout
the calculations, which has been adopted in the previous
theoretical work in similar systems. It should be noted that the
convergence of total energies of the chosen plane-wave energy
cutoffs is calculated to be within 10 meV even using higher
energy cutoff such as 500 eV (Fig. S4t). Geometry structures are
relaxed until maximum force on each structure is less than
0.03 eV A, the convergence criteria for energy of 1 x 10~ eV is
satisfied, and the maximum displacement is 0.005 A. The model
of the perovskite CH;NH;(Pb:Fe)l; is constructed starting from
the experimentally determined room-temperature tetragonal
(I4¢m) crystal structure of undoped material, and then extended
to the supercell. In the case of single doping, in order to avoid
the interaction between Fe atoms, only one Fe substitution at
a Pb site is considered in one supercell. Here, considering the
number of the supercell, we construct three different size
models of 2 x 1 X 2,1 x 2 x 1and 1 x 1 x 1 supercells for
CH;NH;PbI; with one Pb atom substituted by one Fe atom, as
shown in Fig. 1b-d. The brillouin zone is sampled with 1 x 2 x
1,3 x 1 x 2,3 x 3 x 2 k-points, respectively. These models
correspond to Fe mixed levels of 6.25 at%, 12.5 at%, 25 at%,
respectively. The normal GGA approximation is employed
although CH3;NH;PbI; was reported to have the spin-orbital
coupling (SOC) effect due to the strong relativistic effect of Pb.
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However, it is well known that the GGA approximation under-
estimates the band gap,* since it does not consider the non-
continuity of the exchange-correlation. This implies that the
GGA method can give accurate band gap of CH;NH;Pbl;, and
thus we use the generalized gradient approximation (GGA) with
DFT-vdw correction to explain the exchange and correlations.™
It has been shown that GGA DFT with DFT-vdw correction is
able to provide good insights into perovskite electronic struc-
ture, justifying the use of the less expensive methods for
exploring novel effects. Furthermore, we also performed the
calculation with DFT + U to further verify the results. The U
correction is applied on d orbitals of the Fe atom. And the band
structures and DOS of the doped system based on doping
concentration of 12.5 at% have been shown in Fig. S5 and S6.7 It
could be seen that the band gap of spin down has significantly
changed due to the stronger Coulomb interaction. More
important, it is observed that the DFT + U only affects the
conduction band and band gap.

Materials and chemicals

Patterned indium tin oxide (ITO) glass substrates (10 ohm (1)
were supplied by NGS group. Poly(3,4-enthylenedioxy-
thiophene): poly (styrence sulfonate) (PEDOT:PSS, Clevios P
VP Al 4083) was purchased from Heraeus Holding GmbH.
Methylammonium iodide (MAI) and [6,6]-phenyl-Cg;butyric
acid methyl ester (PCBM) were obtained from Dyesol Ltd and
Nano-C Inc., respectively. Other chemicals, including lead(u)
iodide beads (PbI,, 99.999% purity), ferrous iodide (Fel,,
99.999% purity), anhydrous dimethyl sulfoxide (DMSO, =99.9%
purity), y-butyrolactone (GBL, =99% purity), LiF (=99% purity),
anhydrous chlorobenzene (99.8% purity), and anhydrous
toluene (99.8% purity), were supplied by Sigma-Aldrich. All
materials are used without further purification.

Fabrication and characterization of PSCs

ITO glass substrates were cleaned sequentially in detergent,
deionized water, acetone, and isopropanol by sonication for
20 min each. After drying under N, stream, the substrates were
further treated with UV-ozone for 15 min. A PEDOT:PSS layer
with a thickness of ~ 40 nm was prepared by spin coating clevis
4083 on ITO substrates at 8000 rpm for 1 min and subsequently
annealed at 140 °C for 15 min in air. The substrates coated with
PEDOT:PSS were then transferred into a glove box filled with
highly pure N,. The perovskite layer was formed by spin coating
a solution consisting 1.0 M (PbI, and Fel,), and 1.0MMAlIin co-
solvent of DMSO : GBL (3 : 7 vol. ratio) at1000 rpm for 20 s, and
then at 4000 rpm for 60 s. The total concentration of Pbl, and
Fel, were 1.0 M in the solutions. After 45 s from the start of the
spin coating, 200 pL toluene was dripped. Then, they were
annealed at 100 °C for 12 min. The thickness of the perovskite
thin films was around 200 nm. The PCBM layer with a thickness
of about 60 nm was deposited by spin coating a chlorobenzene
solution of 20 mg mL~" PCBM at 2000 rpm for 40 s. The devices
were completed by thermally depositing LiF (0.5 nm thick) and
Al (100 nm thick) in a vacuum of <1 x 10~° Torr. Each device
has an active area of 0.11 cm”. The PSCs were encapsulated with
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a UV-curable epoxy and cover glass slides in the glove box. The
current-voltage characteristics of the PSCs were tested in air
with a computer-programmed Keithley 2400 source/meter and
a Newport's Oriel class A solar simulator which simulated the
AM1.5 sunlight with energy density of 100 mW c¢m > and was
certified to the JIS C 8912 standard. The initial scan was from
—0.2to 1.2 V.

Materials characterizations

X-ray diffraction (XRD) spectra were acquired using a BrukerD8
Advance XRD Instrument. UV-Vis Absorption spectra were
recorded with a Shimadzu UV-1800 spectrophotometer. Scan-
ning electron microscopic (SEM) images were obtained with
a Zeiss Supra-40 SEM. The film thicknesses were determined
using a surface profilometer (KLATencor, Alpha-Step 1Q).
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