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ABSTRACT: Organic—inorganic perovskites have attracted increasing attention in recent
years owing to their excellent optoelectronic properties and photovoltaic performance. In
this work, the prototypical hybrid perovskite CH;NH,Pbl; is turned into a ferromagnetic
material by doping Mn, which enables simultaneous control of both charge and spin of
electrons. The room-temperature ferromagnetism originates from the double exchange
interaction between Mn>*—I"—Mn>* ions. Furthermore, it is discovered that the magnetic
field can effectively modulate the photovoltaic properties of Mn-doped perovskite films.
The photocurrent of Mn-doped perovskite solar cells increases by 0.5% under a magnetic
field of 1 T, whereas the photocurrent of undoped perovskite decreases by 3.3%. These
findings underscore the potential of Mn-doped perovskites as novel solution-processed
ferromagnetic material and promote their application in multifunctional photoelectric-
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magnetic devices.

ethylammonium lead halide perovskites (particularly
CH;NH;Pbl;, denoted as MAPbI;) have received great
attention because of their high absorption coefficient, long
carrier lifetime and diffusion length, and desirable solar-
matching optical bandgap.'™ MAPbI; and its variants have
been used to fabricate highly efficient perovskite solar cells
(PSC), tunable light-emitting diodes and high-sensitive
photodetectors.’™® In recent years, the certified power
conversion efficiency of PSC has reached 25.2%.”~"" However,
so far perovskite-based devices have mainly exploited the
electrons in the materials, and it remains a challenging task to
realize multifunctional properties in perovskite films.
Particularly, manipulating magnetism in semiconductors is
the foundation of spintronics."”~"* As nonmagnetic materials,
hybrid perovskites were recently integrated into spintronic
devices and used as a spacer between ferromagnetic (FM)
electrodes.">™"” It was reported that the magnetic field can
assist the preparation of perovskite films, enhancing the
performance of PSC."” Moreover, the magnetic field effect is
significant in perovskites because of the strong spin—orbit
coupling (SOC) brought by the heavy atoms (Pb, I) in their
building block.”>*! In a recent work, Zhang et al. attributed the
influence of magnetic field on photoelectric characteristics to
the spin-mixing of photogenerated electron—hole pairs with
different g-factors.”” However, it is important to note that all
the research efforts have focused on investigating perovskites as
semiconductors, and it remains an open question if robust
magnetism can be introduced into hybrid perovskites via
doping or other means.
FM semiconductors have attracted unprecedented attention
because of the advancement of microelectronic and high-
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frequency recording devices. Some materials, such as GaN,
GaAs, ZnO, and SnO,, can be turned into FM by introducing
Mn or other appropriate transition metal ions.”>~>* The origin
of FM in the doped semiconductors is under intense
discussion, and the proposed mechanisms include Ruder-
man—Kittel—-Kasuya—Yosida (RKKY) model,***” superex-
change interaction, and double-exchange interaction.”®*’ For
the hybrid perovskites, Mn is a promising dopant owing to its
large net magnetic moment and isoelectronic structure to Pb**
in the host lattice. For instance, Williams et al. realized a new
class of organic—inorganic perovskites by doping Mn, Fe, Co,
and Ni during the growth of MAPbIL,; films.” Klug et al.
reported that partial substitution of Pb by divalent metals
including Mn would influence the photovoltaic and optical
performances of MAPbI, films.>' Nafradi et al. synthesized
magnetic perovskite MA(Mn:Pb)I; single crystals, which show
a Curie temperature of 25 K.** In the work by Cai et al,, lead-
free double perovskites (Cs,GeMX,, transition metal M =V,
Mn, or Ni; X = Cl, Br, or I) have been achieved showing high
Curie temperatures.33 Moreover, Mn element can present
multiple valence states, such as Mn?**, Mn**, Mn**, and Mn"*,
to trigger unique physical properties. Therefore, Mn-doped
organic—inorganic perovskites are very promising in the
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Figure 1. (a, b) Full XPS spectra and the valence band spectra of the films. (¢, d) UV—visible absorption spectra and the band diagrams of the
films, respectively. Here, CBM is determined by adding the optical bandgap to VBM. The inset of panel c shows the optical bandgap as a function

of x. (e) XPS spectra of Pb 4f and Mn 2p for the set of samples.

development of multifunctional devices, and it is an urgent task
to investigate their physical properties with the aim of
integrating such films in spintronic devices.

In this work, MAPb,_ Mn_I; (x is the molar ratio and x = 0,
0.0S, 0.1, and 0.2) films were deposited on glass substrates via
solution processing. The doped films exhibit robust FM
properties at room temperature. Further, the photoelectric and
photovoltaic performances of perovskite films can be
modulated by the magnetic field. Intriguingly, we found that
the magnetic field can effectively decrease the photoresistance
of Mn-doped films as well as increase the photocurrent of Mn-
doped PSC. These findings present a new perspective of doped
perovskite films as a promising building block in magnetic and
spintronic devices.

The energy band of perovskite films was characterized by X-
ray photoemission spectroscopy (XPS) and UV-—visible
absorption measurements. The full XPS spectra of Mn-doped
perovskite films are shown in Figure 1a, and no new peak was
observed with increasing x. The valence-band maximum
(VBM, Eg—Eypy, where Ex = 0 eV) is obtained from the
edge of valence band spectra, as shown in Figure 1b.** The
VBM of perovskite films increases from 1.27 to 1.35 eV with
increasing x. The optical bandgap, calculated from the edge of
UV—visible absorption spectra, also increases slightly from
1.59 to 1.61 eV (Figure 1c). The Tauc plot method is used to
deduce the optical bandgap (for details, see Figure S1). Adding
the optical bandgap to the VBM, the conduction-band
minimum (CBM, Eg—Ecgy) is calculated and shown in Figure
1d.*® With increasing x, the VBM shifts away from the Fermi
level while the CBM gets closer. In fact, there are significant
energy level differences between the empty 4s, 4p orbitals of
Mn and the empty 6s, 6p orbitals of Pb. The upper edge of
valence band is constituted mainly by halogen p orbitals
interacting with Pb s orbitals in perovskites, whereas the Pb p
orbitals contribute to the lower edge of conduction band.*
Thus, the shift of VBM and CBM derives from the influence of
Mn doping.
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In addition, the change in areas for core level peaks (Pb 4f,
Mn 2p) is consistent with the doping ratio (Figure le). We did
not estimate the Mn doping concentration from the XPS data
because of the strong surface effect that stems from the
different nucleation rates of the perovskite and unreacted Mn
precursors.”” Instead, the atomic ratio of Mn: Pb in films was
calculated by using the energy dispersive spectroscopy (EDS)
measurements carried out in a scanning electron microscope
on fresh perovskite films. As summarized in Table 1, the slight

Table 1. Mn:Pb Atomic Ratios Obtained from the EDS data

x 0 0.05 0.10 0.20
Mn:Pb 0:1 0.09:1 0.16:1 0.29:1

deviations of experimentally derived compositions may come
from the accumulation of unreacted Mn precursors on the film
surfaces. Nevertheless, the Mn:Pb ratios largely follow the
trend of stoichiometry expected for the doped films.

To investigate the Mn-doped effect on MAPDI; films, the
evolution of structure as a function of x was characterized by
using X-ray diffraction (XRD). As shown in Figure 2a, the
XRD patterns indicate the typical tetragonal phase in the
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Figure 2. (a) XRD pattern of the MAPb,_Mn,; films. (b) The
amplified XRD spectra of perovskite films.
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MAPDI; film and no secondary phase was detected. With
increasing «x, the intensity of (110) characteristic peak for
MAPDbI; gradually increases. In addition, it is observed that the
(110) peak position is shifted to lower angles with increased x,
as shown in Figure 2b, which indicates a slight increase of the
spacing between (110) crystal planes. It is known that the ionic
radii of Mn?* and Mn*" are smaller than that of Pb**, from
which the crystal plane spacing should decrease if Mn
substitute Pb in the perovskite lattice. Since this is contra-
dictory to the results of XRD measurement, some Mn ions may
be doped as interstitials in the perovskite film. In such solution-
processed perovskite films with very soft lattice, doped Mn
ions may be located in a variety of positions in the lattice and
create charged defects in grain boundaries, which is different
from the diluted magnetic semiconductors grown by vapor-
based techniques like molecular beam epitaxy.”®” It is
noteworthy that the film with x = 0.2 shows only (110) and
(220) diffraction peaks, demonstrating a highly textured
nature.

It has been concluded that the morphology is crucial for
improving performances in ogtoelectronic and photovoltaic
devices from previous studies.”’ Scanning electron microscope
(SEM) is used to characterize the morphology of samples. As
shown in Figure 3, the Mn-dopant has indeed a strong

Figure 3. Top-view SEM images of the MAPb,_ Mn_I; films.

influence on the morphology of MAPbI; films, and the grain
size increases from 100—200 nm at x = 0 to 500—700 nm at x
= 0.2. We thus decided to focus the magnetic measurements
on the film with x = 0.2.

We checked the magnetic properties of Mn-doped and
undoped MAPDI; using the superconducting quantum
interference device (SQUID). As shown in Figure 4a, the
magnetic moment as a function of the magnetic field (M—H)
for the film with x = 0.2 is characterized at 300 K. To avoid the
influence from substrates, powder sample with a weight of 6.64
mg was obtained by scraping the film with a nonmagnetic
plastic tweezer. The nonlinear M—H behavior illustrates the
appearance of FM magnetization in the Mn-doped perovskite.
As shown in Figure 4b, we found a clear coercive field of about
50 Oe for the Mn-doped MAPbI; sample. The undoped
perovskite, on the other hand, is diamagnetic, as shown in
Figure 4a. Clearly, the magnetic property of the doped
perovskite polycrystal film can be attributed to the influence of
Mn dopant. This result excludes the superexchange as the
dominant magnetic interaction since it is exclusively used to
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Figure 4. (a) M—H curve of MAPb, jMn,,1; measured at 300 K. The
data of the undoped counterpart are also shown for comparison. (b)
Magnetization data in the low-field regime showing the ferromagnetic
hysteresis loop. (c) Mn 2p XPS peaks of the MAPb, sMn,,]; film. (d)
Schematic of the double-exchange interaction between Mn and I ions.

. . . . P 28,41
explain the origin of antiferromagnetism in insulators.”™

Furthermore, the RKKY interaction which underpins the
theory of giant magnetoresistance (GMR) is not favorable here
either*”*’ because the carrier density of hybrid perovskites is
known to be rather low and not sufficient to sustain the spin
coupling between electrons in d orbitals.*”* It is noted that
the room-temperature FM observed herein differs from the
previous report on the existence of FM at crzogenic
temperatures in Mn-doped perovskite single crystal,”* which
may be ascribed to the different structural orders and defect
concentrations between single crystal and polycrystal film
samples.*®

To explain the appearance of FM property, the alternation of
Mn valence in the doped perovskite should be taken into
consideration. As shown in Figure 4c, Mn ions oxidation state
can be determined by the XPS measurements.”’ ~>' The Mn 2p
spectrum of doped perovskite with x = 0.2 is fitted to achieve
the quantification of Mn*" and Mn®*. It should be noted that
the fraction of Mn*" appears to be negligible, which is different
from mixed-valence oxide manganites.””*> The fitting results
are summarized in Table S1. From the XPS data, the Mn**/
Mn®** ratio is determined to be 3.2:1. The likely presence of
Mn**—I"—Mn*" motifs in the sample suggests a plausible
explanation for the ferromagnetic coupling observed between
Mn ions (Figure 4d), that is, the double exchange mechanism
proposed by Zener for analogous oxide perovskites.””>* Here,
Mn ions are coordinated to I ions in the perovskite structure,
and a crystal field splits the 3d orbitals into ¢, and . In the
Mn** ions, three out of the four electrons occupy the te level
and the remaining one the € level; in the Mn?* ions, three out
of five electrons occupy the t,, level and the remaining two the
e, level. All spins are parallelly aligned to satisfy the Hund’s
rules.”® The I” ions provide a closed shell to transfer
electrons.”” In the Mn?*—I"—Mn*" motif, the I” ion may
transfer one spin-up electron to the Mn>* ion and the resulting
empty state can be subsequently filled by one electron from the
Mn?* ion. Accordingly, the ionic configuration changes from
Mn* —I"=Mn** (y;) to Mn**—I"—Mn>* (y,), which
represents two degenerate states involving electron delocaliza-
tion (in the crystal, such a degeneracy is typically lifted by the
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local environment). The electron transfer from Mn>* to Mn**
mediated by I” is possible only if the two Mn ions are coupled
ferromagnetically since the spin of the electron cannot change
during the hopping processes and Hund’s rules need to be
satisfied (Figure 4d). We should note that only a small fraction
of Mn ions is expected to exhibit ferromagnetism through
double exchange with I ions, and the majority may be locally
coupled in antiferromagnetic interaction or left as isolated
spins. Future X-ray magnetic circular dichroism experiments
may help shed light on the mechanism of magnetism and the
nature of magnetic interactions in such doped hybrid films.*

Considering the magnetic nature of MAPb,Mn,l;, we
measured the magnetic field effect on the photoelectric
performance. First, the quality of the MAPbI; film was
confirmed by the performance of a solar cell, in which an
efficiency of 15.1% was obtained (Figure S). In addition, the
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Figure S. Current—voltage (J—V) characteristic scans measure from

the solar cells. The inset shows the power conversion efficiency
(PCE) and the fill factor (FF) of solar cells.

solar cell with the Mn dopant exhibits an undesirable S-shaped
J—=V curve, which may origin from the decreased carrier
mobility of the Mn-doped solar cell,”” resulting in a low PCE
because of a significantly reduced fill factor, which agrees with
the previous report.”

The schematic diagram of the photovoltaic device structure
is shown in Figure 6a. As shown in Figure 6b, the
photocurrent, Ip, is sensitive to the magnetic field. Here, we
define the relative change of short-circuit photocurrent as MI,

(ML, = w X 100%, where I,(H) is photocurrent
P

under the magnetic field). For the PSC based on
MAPb,gMn,,];, the increasing magnetic field induces an
upsurge in MI,. Under the applied magnetic field of 1 T, the
value of MI}, in Mn-doped PSC is about 0.5%, while that of the
undoped PSC is —3.3%. The magnetic field dependence of
MI, for the Mn-doped and the undoped samples is
summarized in Figure 6c. Clearly, the magnetic field induces
opposite trend of changes in the photocurrents of Mn-doped
and undoped perovskites. We also characterized the magnetic-
field-induced modulation of photoresistance (noted as Ry, at a
10 V bias) for the films, and the schematic diagram is shown in
Figure 6d. As shown in Figure 6e, the Ry of MAPb,¢Mn,,];
film decreases with increasing magnetic field. In contrast, the
Rp of undoped film increases with increasing magnetic field.
The relative change of R, (noted as MR;, and

MR, = %(_OI;P(O) X 100%, where Ry(H) is photoresistance
P

under magnetic field) is summarized in Figure 6f. Under the
magnetic field of 1 T, the MRp values of Mn-doped and
undoped films are —3.3% and 7.0%, respectively.
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It is clear that both MI; and MRy of the MAPb,, sMn,,1; film
vary linearly with the magnetic field. Application of a magnetic
field aligns the spins of the Mn ions and strengthens the ds—eg
double exchange, thus enhancing the electron hopping and
resulting in a decrease of photoresistance.”™” In contrast, MI,
and MR, of the undoped perovskite change nonlinearly
(quadratic dependence) with the magnetic field. The magnetic
field effect in the undoped perovskite films may be related to
the Lorentz force and similar to the ordinary magneto-
resistance found in conventional diamagnetic materials.”” An
electric field, either built-in or external, can induce the
directional migration of photogenerated carriers. When the
magnetic field is perpendicular to the direction of motion of
these carriers, the Lorentz force extends the motion path of
photogenerated carriers to enhance the carrier recombination,
leading to a nonlinear increase (decrease) in MR, (MIp).
Other factors like inhomogeneous charge transport and device
configuration may also contribute to the positive magneto-
resistance in the undoped perovskite films,”° and more
characterizations should be carried out to reveal the underlying
mechanism.

As a control experiment, we also prepared a Zn-doped
perovskite film and investigated its magnetic properties. As
shown in Figure Sg, the magnetic moment of the
MAPDbygZny,I; film as a function of the magnetic field
indicates that the Zn-doped perovskite is diamagnetic. In
addition, we measured the relative changes of Rp and I, for the
Zn-doped perovskite film under varied magnetic field (Figure
6h and 6i). Under a magnetic field of 1 T, the MI, and MR,
values of Zn doped perovskites are —0.3% and 3.9%,
respectively. The quadratic dependence of MI, and MRy, on
the magnetic field is shown in Figure S2, which is consistent
with its diamagnetic nature. These results suggest that a proper
doping element should be selected to render a ferromagnetic
perovskite film.

In conclusion, we observed the emergence of magnetism in
Mn-doped MAPDI; at room temperature and investigated its
effect on the photoelectric properties. This ferromagnetism
stems from the double-exchange mechanism taking place in the
Mn**—I"—Mn*" framework. Owing to the new Mn-endowed
magnetic degree of freedom, the application of a magnetic field
can effectively modulate the photovoltaic and photo-electric
performance in the hybrid perovskites, which may have
implications for a wide range of optoelectronic devices. In
particular, a magnetic field of 1 T induces an increase of
photocurrent of 0.5% in Mn-doped MAPbDI;, whereas the
photocurrent of the undoped counterpart decreases by 3.3%.
Our findings suggest that a magnetic field can be used as an
additional tuning parameter for optimizing the performance of
photovoltaic materials, thus promoting the implementation of
doped hybrid perovskites in multifunctional devices. Fur-
thermore, since SOC is strong in perovskites because of the
heavy ions (e.g, Pb, I), the related effect, such as Rashba
splitting may be modulated by the Mn doping, which warrants
future investigations.

B EXPERIMENTAL METHODS

Perovskite Film Preparation. Glass substrates were cleaned with
detergent solution, deionized water, isopropanol, and absolute
ethyl alcohol with 15 min of sonication for each step and
finally transferred to argon-filled compact plasma sputtering
coater for 40 min. Then, the substrates were transferred to an
N,-filled glovebox. Methylammonium iodide (CH;NH,],
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MAI), lead acetate trihydrate (Pb(CH;CO,),-3H,0 or
PbAc,-3H,0), and manganous acetate tetrahydrate (Mn-
(CH,;CO,),-4H,0 or MnAc,-4H,0) were purchased from
Xi'an Polymer Light Technology, Corp. MnAc,-4H,0 is
soluble in dimethylformamide. Moreover, one-step method
for preparing perovskite films can preserve Mn element in
perovskite films. MAI (0.6 mmol) was dissolved in 0.2 mL of
anhydrous N,N-dimethylformamide (DMF) and then added to
0.2 mmol mixture of PbAc,-3H,0 and MnAc,4H,0 (0 <
Mn/(Pb + Mn) < 0.2), depending on the desired
concentration, thus obtaining precursor solution
(MAPb,_,Mn,I; is 1 M). The perovskite films were prepared
by spin-coating precursor solution at 6000 rpm on glass
substrates and the films were annealed at 100 °C for S min.
Device Fabrication. The solar cells employed a device
structure of glass/FTO/TiO,/perovskite/spiro-MeOTAD/
Au. FTO substrates were exposed to a UV-ozone environment
for S min. A thin TiO, compact layer was deposited on a
cleaned FTO substrate by spin-coating using a solution
composed of 0.3 M titanium diisopropoxide bis-
(acetylacetonate) (75 wt % in 2-propanol, Sigma-Aldrich) in
2-propanol (99.9% Sigma-Aldrich) at 4000 rpm for 30 s. The
coated FTO substrate was then dried at 120 °C for S min,
followed by calcination at 500 °C for 30 min. After it was
cooled to ambient temperature, a TiO, paste (30-TS, G24
power Ltd., UK) diluted in ethanol was spin-coated on the
compact TiO,-coated FTO substrate at 6000 rpm for 30 s to
form a mesoporous TiO, film. After coating, the bilayer was
dried at 120 °C for S min and then sintered at 500 °C for 30
min again. Prior to perovskite layer preparation, the bilayer
TiO, film was treated in a 40 mM TiCl, solution at 70 °C for
30 min. After it was rinsed with deionized water and ethanol
sequentially, the film was dried in air and resintered at 450 °C
for 30 min. After the as-prepared FTO/bilayer TiO,/
perovskite film cooled down from annealing, a layer of spiro-
OMe TAD was spin-coated on the top at 4000 rpm for 30 s.
The spiro-MeOTAD solution was composed of 75 mM
2,20,7,70-tetrakis(N,N-di-4-methoxyphenylamino )-9,90-spiro-
bifluorene (spiro-OMeTAD, > 99%, Lumtec, Taiwan), 35 mM
lithium bis(trifluoromethyl sulphonyl)imide (Li-TFSI, 99.95%,
Sigma-Aldrich), and 120 mM tert-butylpyridine (tBP, > 96%,
Sigma-Aldrich) in chlorobenzene (99.8%, Sigma-Aldrich). Li-
TFSI was dissolved in acetonitrile (99.5%, Merck) at a
concentration of 340 mg/mL. Finally, a gold electrode was
deposited on top of the spiro-MeOTAD layer by thermal
evaporation. The entire fabrication process was conducted in a
controlled environment with a relative humidity level in the
range of 30—45% and a temperature of approximately 25 °C.
Au electrodes for the transport measurement were deposited
on the surface of MAPbI; films using a sputtering coater.
Measurements. X-ray diffraction (XRD) was performed using
an X-ray diffractometer (XRD-7000, Shimadzu) with a Cu Ka
radiation source (1 = 1.5406 A) at a step size of 0.02°. The
surface morphology of thin films was characterized by using a
scanning electron microscope (SEM, JSM-6700F, JEOL). The
ultraviolet—visible (UV—vis) absorption spectrum was meas-
ured using an ultraviolet—visible spectrophotometer (U-3010,
Hitachi). The energy dispersive spectrometer (EDS, Oxford
INCA) was used to obtain the content of the elements. X-ray
photoemission spectra (XPS) were measured using mono-
chromated Al Ka radiation (1486.7 eV) at a resolution of 400
meV. The superconducting quantum interference device
(SQUID, MPMS-XL-7) was used to characterize the magnetic
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properties. The photoelectric and photovoltaic performance of
samples were measured using a low-noise probe station and a
current—voltage source (6487 Keithley multimeter).
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