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Probing the Local Electronic Structure in Metal Halide
Perovskites through Cobalt Substitution

Amir A. Haghighirad, Matthew T. Klug, Liam Duffy, Junjie Liu, Arzhang Ardavan,
Gerrit van der Laan, Thorsten Hesjedal,* and Henry J. Snaith

Owing to the unique chemical and electronic properties arising from
3d-electrons, substitution with transition metal ions is one of the key routes
for engineering new functionalities into materials. While this approach has
been used extensively in complex metal oxide perovskites, metal halide
perovskites have largely resisted facile isovalent substitution. In this work, it
is demonstrated that the substitution of Co?* into the lattice of
methylammonium lead triiodide imparts magnetic behavior to the material
while maintaining photovoltaic performance at low concentrations. In
addition to comprehensively characterizing its magnetic properties, the Co?*
ions themselves are utilized as probes to sense the local electronic
environment of Pb in the perovskite, thereby revealing the nature of their
incorporation into the material. A comprehensive understanding of the effect
of transition metal incorporation is provided, thereby opening the substitution
gateway for developing novel functional perovskite materials and devices for

future technologies.

1. Introduction

The promise of low-cost and efficient optoelectronic devices
has been the central driving force behind the recent devel-
opment of metal halide perovskite materials.'*] While this
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effort has achieved single-junction
photovoltaic devices reaching 25.7%
certified power conversion efficiencies
and light-emitting diodes with external
quantum efficiencies exceeding 20%,*°]
the demonstrated functionality of metal
halide perovskites is substantially limited
when compared with their metal oxide
perovskite counterparts, which display a
wide range of physical properties such
as ferroelectricity,’! piezoelectricity,!®]
photocatalysis,l®)  superconductivity,!'!
and colossal magnetoresistance.!'!]
Materials research and development
efforts to date have focused almost
exclusively on understanding and
improving the underlying optoelec-
tronic properties of metal halide per-
ovskites with substantially fewer reports
probing additional properties such as
magnetism,!'23]  piezoelectricity,1415%]
and photocatalysis.l'®"!8] The restricted
functionality of 3D halide perovskites versus their oxide analogs
is largely due to the limited number of metal ions that have
proven capable of occupying the B-site of the ABX, lattice. With
regards to photovoltaic performance, the most successful metal
species to date is Pb?*, with Sn?* being a far second owing to
its instability against oxidation.[') While double perovskites that
preserve charge neutrality by blending a trivalent and mono-
valent ion in equal parts have been formed,?>*} and modest
photovoltaic performance has recently been demonstrated,2+2°]
this subclass of metal halide materials tends to display indi-
rect bandgaps,?*?? reduced charge carrier transport proper-
ties, or intrinsic chemical instability that limit their usefulness.
Instead of full Pb substitution, a promising pathway to gen-
erating perovskite materials with new metal compositions is
through partial B-site replacement.?®! However, success with
this approach has also been limited since extrinsic metal ions
tend to either become excluded from the perovskite lattice and
segregate elsewhere (e.g., AI**, Sr?*, Fe*)[2728] or appear to
incorporate into the lattice but introduce defect states that detri-
mentally impact optoelectronic quality when more than a few
molar percent of Pb?* is replaced (e.g., Mn?*, Co?*).[27:2930] Tran.
sition metal ions are of particular interest for incorporation
into mixed-metal halide perovskites because their electronic con-
figurations offer the opportunity to introduce new functional-
ity into the material.??3132] Although reports remain relatively
limited, it has been demonstrated that Mn?* incorporates into

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 1. Structural properties of the magnetic perovskite semiconductor MA(Pb:Co)l. A) Illustration of Co?* ions partially occupying the B-sites of the
MAPbI; host material. B) X-ray diffraction spectra of MA(Pb:Co)l; films prepared using the gas quenching method on FTO substrate (see Supporting
Information for details). The close-up shows the first peak shifting to larger diffraction angles with increasing Co concentration. Scanning electron
micrographs of C) MAPbl;, D—F) MA(Pb:Co)l; films produced through gas quenching. For the Co-substituted samples, the morphology and the grain

size are comparable.

cesium lead halide nanocrystals and produces subgap lumi-
nescence through a d-d transition of the extrinsic ions, 33
whereas single crystals of MAPb,,Mn,,I; have demonstrated
magnetic behavior,"?l and Ruddlesden-Popper halide perovskite
display magnetically brightened excitonic luminescence upon
Mn?* doping.’”] Crystallographic evidence that Co?* is capable
of partially replacing Pb** at the B-site of MAPbI,, presenting a
means to modify the energetics of the perovskite material with-
out changing the bandgap or reducing the power conversion ef-
ficiency in p—i-n solar cells upon substitution,*®! was limited
to a few percent.?”3!] This observation has been questioned by
the finding of Kubicki et al.,**! who provide evidence based on
solid-state NMR that Co?* is not capable of substitutionally dop-
ing MAPDI, but rather concludes it clusters into an impurity
phase.

Here, we experimentally demonstrate that Co** ions are
incorporated into the bulk perovskite crystal structure. We use
Co?" ions themselves to sense the local electronic environment
of Pb by performing a study of the magnetic properties of
the system by electron spin resonance (ESR), superconduct-
ing quantum interference device (SQUID) magnetometry,
and X-ray magnetic circular dichroism (XMCD) using syn-
chrotron radiation. These techniques reveal that Co?* ions
possess a high-spin configuration in an octahedral crystal field,
imparting paramagnetic behavior to the perovskite thin film
material.
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2. Results and Discussion

2.1. Sample Growth and Halide Substitution

Alloyed perovskites are formed by substitution on A, B, and X
sites in the ABX; perovskite structure, where A is a 1+ cation
(typically methylammonium (MA), formamidinium (FA), or
cesium (Cs*)), B is a metal cation such as lead (Pb**) or tin
(Sn?*), and X is a halide anion (Cl-, Br,~ or I7) (Figure 1A).
Directing the final composition of a compound metal halide
perovskite films, where multiple ions are located at a particular
site of the ABX, lattice, is often not straightforwardly determined
by the precursor stoichiometry. Local compositional heterogene-
ity has been identified in both mixed A-site systems [*0l and
mixed X-site systems,*!] and photoinduced halide segregation
at the X-site is a well-known phenomenon that occurs in certain
mixed-halide compositions.!**] Likewise, in the most common
example of a mixed-metal system, where Pb and Sn are alloyed
to narrow the bandgap down to ~1.24 €V, there is evidence that
the metal species are not homogeneously distributed throughout
the film.3¥%] It has been reported that upon simply dissolv-
ing the halide precursor materials in standard solvents, such
as dimethylformamide or dimethylsulfoxide, the ions do not
fully dissociate but rather remain loosely networked forming
soft colloids that help template the perovskite during thin-film
formation.[*6-#]

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 2. Magnetic properties of MA(Pb:Co)l; samples for different Co concentrations. A) ESR spectra for a range of temperatures from 5 to 150 K
for a MA(15Pb:1Co)l; sample. The signal gradually reduces for higher temperature T. Inset: Comparison of the line shapes of the Pb:Co = 63:1 and
15:1 sample at 1.5 and 90 K. The spectra are scaled and offset for better comparison. B) Magnetic susceptibility versus temperature plot obtained after

zero-field cooling (ZFC), and measured during warming up in an applied field

of 0.5 T. The structural transition from tetragonal to orthorhombic reveals

itself by a small step at T, ~ 161 K. C) Magnetization versus field (hysteresis) plot at a temperature of 5 K for MA(31Pb:1Co)l;.

To promote the mixing of the Co and Pb ions at the B-
site, lead(Il) iodide and cobalt(Il) iodide underwent a high-
temperature solid-state reaction to form an alloyed material with
molar metal ratios of Pb:Co = {63:1, 31:1, and 15:1}. The alloyed
iodide material was then further reacted stoichiometrically with
methylammonium iodide in the solid state to form the mixed-
metal perovskite material. Thin films were cast by spin-coating
ink prepared from the perovskite powders. Powder X-ray diffrac-
tion (Figure 1B and Figure S3, Supporting Information) of the re-
sultant films do not show any evidence of impurity phases such
as Pbl,, Col,, or MA,Col,,l°° but rather show perovskite diffrac-
tion peaks that shift to higher diffraction angles with increasing
Co concentration. This finding is in agreement with our previous
report (21 and consistent with the smaller sized Co ion becoming
incorporated at the B-site of the perovskite lattice, and in contrast
to the finding of Kubicki et al.,**) who show that Co?* is not ca-
pable of substitutionally doping MAPDI;. Details of the sample
preparation and characterization can be found in the Supporting
Information. As shown in Figure 1C-F, this approach produces
pinhole-free perovskite films.

2.2. Electron Spin Resonance

Variable-temperature electron spin resonance (ESR) measure-
ments were performed on two powder samples with different
Co concentrations (Pb:Co = 63:1 and 15:1). The representative
(normalized) ESR spectra are shown in Figure 2A. In contrast
to the report by Kubicki et al.l**! where ESR spectra were not de-
tected, we observe clear ESR resonances that appear independent
of the substitution level, which suggests that the Co atoms are
homogeneously incorporated into the host material and that no
concentration-dependent Co clustering is present. At high tem-
peratures, a single ESR resonance feature is observed in both
samples with an effective g-value, g, = 4.36, which is in good
agreement with the experimental literature values for Co?* in
the octahedral environment.>!] Upon decreasing the tempera-
ture, additional fine features start to emerge as shoulders, while
the overall width and center of the ESR resonance remain fixed
and are temperature independent. The emergence of the addi-
tional features is likely due to the tetragonal to orthorhombic
structural transition, as well as the freezing out of the lattice
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Figure 3. Curie-Weiss behavior of MA(Pb:Co)l; thin films. A) Inverse susceptibility versus temperature for MA(15Pb:1Co)I; measured after field-cooling
(FC). The inset shows the Curie-Weiss behavior of the susceptibility above 170 K (indicated by red rectangle). B) Inverse susceptibility versus temperature
with a Curie-Weiss fit in the temperature range 10-40 K (indicated by blue rectangle in (A)).

vibrations. At low temperatures, the octahedral environment of
the Co atoms is distorted, leading to a small anisotropy, ie.,
anisotropic g values and/or zero-field splitting, which appear
as unresolved fine structures in the 5 K ESR spectrum. Since the
width as well as the position of the resonance appear to be insen-
sitive to the temperature, the magnetic interactions between the
Co spins are expected to be weak down to the lowest reachable
temperature (5 K).

2.3. SQUID Magnetometry

In order to characterize the effect of Co substitution on the mag-
netic properties of MA(Pb:Co)l;, we measured the susceptibility
X o1 (1) and the isothermal magnetic hysteresis loops M(H) for
the selected samples with nominal Co molar concentrations of
1.6, 3.1, and 6.2%. The magnetic measurements were performed
using a superconducting quantum interference device (SQUID)
magnetometer in fields of up to 7 T and the results are shown in
Figure 2B,C, and in the Supporting Information.

The magnetic susceptibility curves, X, ;(T), for all concentra-
tions show that the magnetization increases significantly with de-
creasing temperature, which is an indication for paramagnetic
behavior. Figure 2C and Figure S12 (Supporting Information)
display the isothermal magnetization at 3 and 5 K for Co con-
centrations of 1.6 and 6.3%, respectively. The temperatures are
fixed at 3 and 5 K. For all Co substitutions, the hysteresis loops are
hardly observable down to 3 K, while the saturation tendency per-
sists (see Figures S11 and S12, Supporting Information). A small
ferromagnetic contribution superimposed on an overall param-
agnetic state cannot be excluded. One could anticipate the Co
sublattice being paramagnetic while an additional ferromagnetic
component is present, presumably from defects in the lattice (see
XMCD section below). There is some indication of superparam-
agnetism in the M—H curves for 1.6% Co (see Figure S11, Sup-
porting Information).

The temperature dependence of the dc magnetic susceptibility
is shown in Figure 3 and Figures S11a and S12a (Supporting In-
formation). In the high-temperature range, the susceptibility in-
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creases linearly for Co concentrations of 1.6, 3.1. and 6.3% with
decreasing temperature down to 160 K, following a Curie-Weiss
behavior.

There is a change of slope in the inverse susceptibility X'(T)
below ~165 K, which is due to a well-known structural transition
from tetragonal to orthorhombic (see Figure 3 ). Note that we ob-
serve no magnetic transitions at lower temperatures, which could
be linked to impurities, such as Col,, which has a Néel tempera-
ture of 11 K and a first-order transition at 9.4 K.>2]

Figure 3A presents the temperature dependence of the in-
verse magnetic susceptibility X~!(T). In the inset, the Curie-Weiss
behavior of susceptibility above 170 K for MA(15Pb:1Co)l; is
shown. The data fit well to X (T) = T_:cw + X,, where C is the
Curie constant, 0 is the paramagnetic Curie temperature, and
X, is a temperature-independent constant to account for the dia-
magnetic contribution. The M—H magnetization curves for dif-
ferent Co substitution levels are shown in Figure 3A and Figures
S1la and S12a (Supporting Information). The maximum mag-
netization corresponds to a magnetic moment of ~0.66 p /Co**
ata field of 2 T (Figure 2C). This agrees reasonably well with the
value obtained from the XMCD sum rules (which is discussed in
detail in Section 2.4 below), which is (m; + mg) = 0.52 pg/Co**
at 3 Kand a field of 2 T. Due to competing antiferromagnetic and
superexchange interactions between neighboring Co ions, only
a fraction of the Co?" ions are expected to order ferromagneti-
cally at 2 T. In these films, the magnetization is far from satura-
tion. The moment of high-spin Co?** (3d’) in octahedral crystal
field (10Dg = 0.7 eV) is ~2.2 py, while that of metallic Co is ~1.8
g. The exchange coupling between Co—Co nearest neighbors in
MAPDI, hints to an antiferromagnetic interaction being domi-
nant at low temperatures (see Figure 3B). A likely scenario for
the observation of a reduced moment in the films at low temper-
atures is the competition of different magnetic ordering mech-
anisms, such as Co-defect pair ferromagnetism, Co-Co antifer-
romagnetic exchange, and isolated paramagnetic Co ions. While
we are not able to unravel the detailed mechanism with the data
at hand, it is clear that for large Co concentrations, there will be
more Co defect pairs present which can reduce the effective mo-
ment per Co atom.

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 4. Magnetic X-ray spectroscopy on MA(Pb:Co)l; films. Co L, 3 XAS and XMCD spectra of MA(Pb:Co)l; films measured at 3 K in an applied
magnetic field of 2 T. XAS signals for right- (solid lines) and left-circularly polarized (dashed lines) as measured by A) total-electron yield (TEY) and B)
fluorescence yield (FY). Corresponding XMCD signals as obtained from the difference between the two circular polarization measurements of D) TEY
and E) FY. Comparison of measured and calculated C) averaged XAS and F) XMCD TEY spectra of the Co:MAPbI; sample grown on MgO with medium
Co concentration, i.e., 15Pb:1Co. The calculated results are shown for the high-spin Co d” configuration in an octahedral crystal field. In order to facilitate
the comparison between the line shapes, the calculated XAS is normalized to the experiment, whilst the corresponding calculated XMCD is scaled down
by a factor 0.09.

2.4. X-Ray Magnetic Circular Dichroism From the sum rule analysis,**! the orbital and spin moments,
as well as the averaged spectroscopic splitting factor (g-factor) are
To unambiguously identify that Co ions are responsible for the  obtained as m; = 0.2075 pug/Co, mg = 0.311 pug/Co, and g,, =
magnetic properties observed with ESR and SQUID, X-ray ab-  3.33 (details of the analysis can be found in the Supporting Infor-
sorption spectra (XAS) at the Co L, ; edges of MA(Pb:Co)I; films ~ mation). On the other hand, the calculated spectrum gives m; =
were measured using synchrotron radiation on beamline 110 at ~ 0.652 u/Co, mg = 1.54 uy/Co, and g,, = 2.85, i.e, a large dif-
the Diamond Light Source. The XAS measurements were made  ference in m, /mg and hence g is observed. This can be partly
in surface-sensitive total-electron yield (TEY) mode and bulk-  ascribed to the challenge correcting for the cumbersome back-
sensitive fluorescence yield (FY) mode.3 ground in the experimental XMCD data. Also, a small distor-
The Co L, ; edges are clearly observed in all samples, with the  tion of the octahedral site symmetry—not accounted for in the
FY mode demonstrating signal intensities that are nearly linear  calculation—can modify the orbital moment. Note that observed
with Co concentration. The element-specific XMCD technique  spin and orbital moments which are 11% of the calculated crystal
is able to probe the local electronic character of the magnetic  field values for Co?* are relatively small.
ground state.>*! The XMCD signal is obtained by taking the dif- By performing a study of the magnetic properties of
ference between two XAS spectra recorded with the X-ray helicc ~ MA(Pb:Co)I; by ESR, SQUID magnetometry, and XAS/XMCD,
ity vector and applied magnetic field parallel and antiparallel, re-  we were able to reveal that Co?* ions possess a high-spin con-
spectively. The measurements were performed by reversing the  figuration in an octahedral crystal field, imparting paramagnetic
polarization of the incident X-rays. A field of 2 T was applied dur-  behavior to the perovskite thin film material. This finding is in
ing the measurements with the field along the X-ray beam atan  contrast to the work by Kubicki et al.,**) who show that Co?* is
incident angle of 30° relative to the surface normal. During the  not capable of substitutionally doping MAPbI;.
change between different temperatures, and for the initial cool
down, no magnetic field was applied. The XAS and XMCD results  2.6. Photovoltaic Performance
are shown in Figure 4a,b for the measurements at a temperature

of 3 Kin TEY and FY mode, respectively. Finally, we investigated the effects of Co substitution on the
bandgap and the performance of the solar cells for the different

2.5. XMCD Analysis and Multiplet Calculations Co concentrations using the procedure detailed in the Support-
ing Information.

Figure 4C,F shows a comparison of the XAS and XMCD spec- The current-voltage (J-V) curves for the optimized solar cells

tra obtained from measurements and multiplet calculations (de-  are shown in Figure 5A. The steady-state power conversion
tails on the multiplet calculations are given in the Supporting In-  efficiency (PCE) for these optimized cells reduces from 16.14%
formation). A satisfactory agreement is achieved for Co havinga  for MAPbI; to 8.29% for MA(15Pb:1Co)I; (Figure 5B), which is
high-spin d’ configuration in an octahedral (O,)) crystal field. The  an effect of the Co?*, which can act as centers for non-radiative
ground state is a spin quintet t,’¢,* (*T,,) state, which is splitby ~ recombination, affecting the PL lifetime in complex ways (see
first-order spin-orbit interaction into four levels, of which only  Figure S7, Supporting Information), as has been discussed in
the lowest level (E') is significantly Boltzmann occupied. detail in ref. [#0029]. Note that the J-V curves are increasingly
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Figure 5. A) Current-voltage characteristics for forward (triangles pointing to the right) and backward (triangles pointing to the left) biased measure-
ments for MA(Pb:Co)l5. B) Stabilized power output (power conversion efficiency, PCE) of the champion MA(Pb:Co)l; solar cells as a function of time.

becoming nonhysteretic with Co incorporation, which is due to
unbalanced charge carrier transport due to doping, and variation
of the charge trap density due changes in morphology (compare
Figure 1C-F).l>]

The measurements of the external quantum efficiency were
performed using a custom-built Fourier transform photocurrent
spectroscopy system, and by plotting the data against the photon
energy, the bandgap energy E, is obtained, showing a fixed value
0f 1.58 V and no dependence on the Co concentration (Figure S4,
Supporting Information), which is also consistent with our pre-
vious work. The ability of these mixed-metal films to function as
efficient solar cells, while also presenting magnetic properties in
thin films, leads us to conclude that the MA(Pb:Co)I; perovskites
constitute a new class of paramagnetic semiconductors.

3. Conclusion

In conclusion, we have explored isovalent substitution of Pb**
with Co®" ions in MAPDI; perovskite films. Cobalt serves as a
paramagnetic probe that enables the systematic exploration of
doping and alloying of this important materials class by prob-
ing the electronic environment of Pb. Using magnetometry, ESR
and XAS/XMCD, we found that in MAPb,  Co,I;, Co?** is in an
octahedral environment with a high-spin t,’e,* configuration.
The photovoltaic performance of the Co-doped MAPDI; films
was measured and only a moderate reduction of their photo-
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voltaic performance and photoluminescence was found for low
Co concentrations, while the bandgap remained unaffected. With
the demonstration that doping with Co®* leads to magnetic bulk
behavior, this material is the first multifunctional mixed-metal
halide perovskite system that exhibit both paramagnetic prop-
erties and efficient photovoltaic performance. By demonstrating
that the Co?* ions themselves can act as probes to sense the local
crystal field in perovskite thin films, we open the opportunity to
similarly characterize the crystallographic environment of other
Co-doped 2D and 3D perovskite systems and rationally design
them to display new and tunable functionalities.

4. Experimental Section

A detailed discussion of the synthesis, the material and the photovoltaic
characterization methods can be found in the Supporting Information.

Statistical Analysis: (1) Pre-processing: The data presented in Figure 4
was averaged over six scans (three with left and three with right circularly
polarized light). (2) Mean values and standard deviations are not relevant
for the presented figures. (3) The number of data points in the XRD spec-
tra is typically 1000 (Figure 1B), in the ESR spectra (Figure 2A) 5000 for
every temperature, in the magnetic hysteresis curve (Figure 2C) 200 field
points, and in the XAS/XMCD spectra (Figure 4) 351 energy points (cov-
ering the range from 770 to 805 eV in steps of 0.1 eV). (4) No statistical
methods were employed to test the hypotheses in this work. (5) The mag-
netic parameters, extracted from fitting the (linear) Curie-Weiss law to the
inverse susceptibility (Figure 3B), were obtained using Origin.
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85U8017 SUOLLLIOD BA 18810 3cedldde ayy Aq peusenob o e sajolLe VO ‘8sn Jo Se|ni oy Afeiq 178Ul UO A8]IAA U (SUORIPUOD-PUR-SLURIALICO" A3 IM"A a1 BU UO//SANY) SO RIPUOD pUe SWis | 8u 88S *[£202/80/82] U0 AkeidiTauluo Ae|im ‘a1Bojouyos 1“4 15Ul Jeynssied Aq G6000£202 PILS/Z00T OT/I0p/W0D" A8 | ARe.q1jeuljuo//:sdny Wwo.y pepeoiumod ‘0 ‘809699€2



ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

Supporting Information

Supporting Information is available from the Wiley Online Library or from
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