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ABSTRACT: Lead-halide perovskite light-emitting diodes have
recently emerged as high-performance devices. However, they
degrade rapidly. This degradation has been attributed to the mixed
ionic−electronic nature of these perovskites. Manganese doping
increases the stability of perovskite light-emitting diodes, but the
effects of manganese doping on ion migration are not well
understood. We use impedance spectroscopy and transient ion-
drift measurements to study the effect of manganese doping on ion
migration in PEABr0.2Cs0.4MA0.6PbBr3 quasi-bulk two-/three-
dimensional perovskite light-emitting diodes. We find that
manganese doping enhances the activation energy for ion
migration twofold and reduces the diffusion coefficient. These changes in the behavior of mobile ions help us to explain the
improved stability in perovskite light-emitting diodes upon manganese doping and lead to a better understanding of the influence of
passivating agents on ion migration and thus on the stability of the devices.
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■ INTRODUCTION

Lead-halide perovskites show great promise for light-emitting
applications. Since the first report of a perovskite light-emitting
diode (LED) in 2014 with an external quantum efficiency
(EQE) of electroluminescence of 1%,1 the EQE has increased
to >20% using quasi-two/three dimensional (2D/3D) perov-
skite structures.2−5 While perovskite LEDs show high
efficiencies, their progress has so far been hampered by fast
device degradation.6 Perovskites are mixed electronic−iconic
conductors containing mobile ions, and these ions have been
linked to the poor stability of perovskite LEDs.6,7

Lead-halide perovskites have a chemical formula of ABX3,
where the A-site cation typically contains methylammonium,
formamidinium, or cesium, with the best-performing devices
containing a mixture of these cations.8−10 The B-site cation is
lead, and the X-site halide is typically a combination of
chloride, bromide, or iodide, depending on the desired band
gap.11

Several strategies involving A-site dopants such as
azetidinium and guanidinium have been shown to improve
the stability of perovskite-based optoelectronic devices.12−15

This increase in stability upon partial cation substitution was
recently shown to be due to suppression of ion transport.16

In addition to A-site doping, B-site doping has also shown
positive effects on both performance and stability of perov-
skite-based optoelectronic devices.17−23 Recently, by introduc-
ing manganese (Mn2+) into the perovskite, an increase in
efficiency, brightness, and stability of perovskite LEDs was

observed.21 X-ray diffraction and electron paramagnetic
resonance measurements suggest that Mn2+ ions are
incorporated into the crystal lattice, with Mn2+ replacing
Pb2+, resulting in lattice contraction.24−26 Enhanced efficiency
and brightness have been attributed to reduced nonradiative
recombination and evidenced by improved EQEs after
doping.21,22 However, the origin of the increase in operational
stability is still unclear. Using first-principle calculations, Zou et
al. found that doping CsPbBr3 quantum dots with Mn2+

increases the formation energy to form a nanocrystal from its
isolated atoms and thus significantly improves the thermal
stability.17 Presumably, this change also affects the behavior of
mobile ions, which is one of the main causes for the instability
of perovskite LEDs.6 The effect on Mn2+ doping on ion
migration, however, has not yet been investigated.
To study the effect of Mn2+ doping on mobile ions, we

employ impedance spectroscopy and transient ion-drift (TID)
me a s u r emen t s o n p e r o v s k i t e LEDs . We u s e
PEABr0.2Cs0.4MA0.6PbBr3 quasi-bulk 2D/3D perovskites, both
Mn2+-doped and undoped, to fabricate the LEDs. We find that
Mn2+ doping increases the activation energy for ion migration
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twofold and reduces the diffusion coefficient, thereby
enhancing the stability of perovskite LEDs.

■ RESULTS AND DISCUSSION
Device Characteristics and Improved Stability. The

LEDs used in this study consist of indium tin oxide/poly(3,4-
ethylenedioxythiophene)/perfluoro ionomer (ITO/PEDOT/
PFI)/perovskite/TPBi/LiF/Al. Here, PFI is an ionomer that
acts as a buffer layer and prevents charge leakage into the
device. On top of this, a ∼80 nm thick perovskite is deposited
by spin coating the perovskite precursors. To make the doped
perovskite layers, we replaced 30% of PbBr2 with MnBr2 in the
precursor solution. The detailed fabrication process can be
found in our previous work.21

After doping with Mn2+, we observed a striking change in
the device performance, similar to our previous work.21 From
the current density−voltage−luminance curves, a significant
reduction in current leakage is observed (Figure 1a). The

device brightness is increased from 26,000 to 89,800 Cd/m2

after Mn2+ doping. Further, control devices showed a
maximum EQE of 0.9%, which is increased to 3.3% after
doping (Figure 1b). Both the devices showed an emission peak
at 520 nm, as shown in Figure 1c. Most importantly, the
operational stability increased significantly compared to the
control devices. The initial luminance for the Mn2+-doped
device is 148 Cd/m2 under a constant current density of 3
mA/cm2, and it took 22 min to reach 50% of initial value. The
control device, however, showed lower luminance at t = 0 and
decreased to 50% of the initial value in less than 1 min. This
striking increase in operational stability after doping is not
limited to only green (bromide) LEDs but also observed in sky
blue (chloride bromide) and red (bromide iodide) perovskite
LEDs.21 To understand the impact of Mn2+ doping, we turned
to impedance spectroscopy and TID measurements. A detailed
description on how impedance spectroscopy and TID
measurements can be used to quantify ion migration in
perovskite-based devices can be found in our previous work.27

Impedance Spectroscopy. Impedance spectroscopy is a
powerful and nondestructive electrical characterization method
for studying optoelectronic devices.28−31 It is based on
applying a small AC voltage with varying frequency ( f) to
the device and recording the current response. The measure-

ment can then be used to obtain the frequency-dependent real
(C′) and imaginary parts (C″) of the complex capacitance of
the device. Figure 2a,b shows the measured complex

capacitance of the perovskite LED at different temperatures.
The low-temperature peak in C″ shifts from 26 to 3 Hz with
decreasing temperature from 330 to 240 K (Figure 2b). At
frequencies above 104 Hz, the capacitance decreases because of
the series resistance of the device. At frequencies between 103

and 104 Hz, the capacitance is related to the geometric
capacitance of the device.
The low-frequency peak in Figure 2b indicates a relaxation

process with a time constant τ = 1/(2πf).32 To obtain the time
constant of the relaxation process, we fit a Gaussian
distribution to the low-frequency region. Assuming that the
relaxation process is due to the migration of mobile ions, we
can obtain the diffusion coefficient with

l
D

2
τ =

(1)

where l is the diffusion length and D is the diffusion coefficient
given by
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a temperature independent prefactor; ν0 is the attempt
frequency of an ionic jump, d is the jump distance, and ΔS
is the change in entropy during the jump.27 Assuming that the
diffusion length is equal to the Debye length, the time constant
can be written as
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where ε0 is the vacuum permittivity, ε is the permittivity of the
perovskite layer, kB is the Boltzmann’s constant, and N is the
effective doping density, which is the product of the mobile ion

Figure 1. Characteristics of perovskite LEDs. (a) Current density−
voltage−luminance curves, (b) EQE, (c) electroluminescence spectra
showing a peak at 520 nm, and (d) operational stability of LEDs
operated at a current density of 3 mA/cm2. The inset in (c) shows a
photograph of the LED under operation.

Figure 2. Impedance spectroscopy measurements performed in the
dark at 0 V. (a) Real (C′) and (b) imaginary parts (C″) of the
complex capacitance of the undoped perovskite. (c) Arrhenius plot of
the measured time constants for both the Mn2+-doped and undoped
perovskite. (d) Effect of Mn2+ doping on the activation energy
measured by impedance spectroscopy.
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density and the doping density, q is the elementary charge, and
T is the temperature. The activation energy can be determined
by plotting ln(τ/T) as a function of 1000/T on an Arrhenius
plot (see Figure 2c). For the undoped perovskite LEDs, we get
EA = 0.21 ± 0.03 eV. Upon doping with Mn2+, we find an
increase to EA = 0.40 ± 0.08 eV. This increase is a first
indication that the improved device stability may stem from
suppressed ion migration.
We extract the activation energy from the low-frequency

capacitance, which is commonly assigned to ion migration.31

However, additional measurements are needed to attribute the
increase in activation energy to a change in ion migration.
The capacitance at low frequencies is highly dependent on

the device stack.33 In addition to the LED structure, we
therefore measure a structure consisting of NiOX/perovskite/
C60/bathocuproine (BCP), which is often used for perovskite
solar cells. For this solar cell structure, we find a similar
increase in EA from 0.13 ± 0.01 to 0.28 ± 0.06 eV after Mn2+

doping (see Supporting Information Section S1), suggesting
that the increase in activation energy is not determined by the
interfaces. Therefore, we tentatively assign the increase in
activation energy upon Mn2+ doping to a change within the
perovskite bulk. We emphasize, however, that the observed
changes in impedance measurements can be due to both
mobile ions and trap states within the perovskite bulk.
TID. To determine whether the increase in activation energy

measured by impedance spectroscopy is due to traps or mobile
ions, we use TID measurements.34−37 In the case of traps, the
application of a bias would lead to charge carriers being
trapped at these defect states, changing the capacitance.27 After
removing the bias, the release of charge carriers from traps
would result in a capacitance transient due to a change in the
charge density. On the other hand, in the case of mobile ions,
the application of a voltage bias would lead to redistribution of
ions within the device, as the ions diffuse into the previously
depleted region.35 After removing the voltage bias, mobile ions
would drift toward the interfaces because of the presence of the
internal electric field within the device, resulting in a
capacitance transient caused by a change in the depletion-
layer width.37 The difference between the traps and mobile
ions is the ratio of timescales. For mobile ions, the capacitance
rise is expected to be slower than the decay.38 In contrast, in
the case of traps, the capacitance rise is much faster than the
decay. A detailed description of the expected times can be
found in our previous work.27 With the inverted solar cell
structure, we observe a ratio between rise and decay time
characteristics for mobile ions (see Supporting Information
Section S2 for details). For the LED structures, the ratio
between the rise and decay times points toward a measurement
of traps instead. We speculate that mobile ions are not visible
in the LED structure because of the high voltage biases

required to collapse the depletion region, which leads to a
considerable charge injection and hence a large diffusion
capacitance. In some cases, this can even result in
decomposition of the perovskite into its precursors.39 We
therefore use the solar cell structure to quantify mobile ions
using TID measurements. Note that for the impedance
measurements above, no voltage bias was required, and
therefore the detrimental effects observed here for the LED
structure are not relevant.
Under the assumptions of (i) a linear electric field, (ii)

diffusion negligible against drift, and (iii) the total ion
concentration conserved, the capacitance transient can be
described with
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where C(∞) is the steady-state capacitance, Nion is the density
of mobile ions, and τ is a time constant given by eq 3.27,34

Perovskite permittivity and effective doping density are
obtained by impedance spectroscopy measurements and
voltage-dependent capacitance measurements (see Supporting
Information Section S1 and Section S3).
Figure 3a,b shows the capacitance transients following a

voltage bias of 1.25 V applied for 2 s on the undoped and
Mn2+-doped perovskite, measured at 0 V with a 20 mV ac
perturbation at 10 kHz. Hall measurements have shown that
both CsPbBr3 and MAPBBr3 perovskites are p-type.40,41 We
hence assume that our perovskite layer is also p-type. The
negative capacitance change is therefore assigned to the
migration of bromide ions within the perovskite bulk.27

Previously, we have found both iodide and methylammonium
migrating in MAPbI3 perovskites. The absence of a positive
capacitance transient indicates that the migration of methyl-
ammonium is inhibited in the samples studied here.
To quantify ion migration, we fit the capacitance transient

using exponential decay functions. Using an Arrhenius plot,
both EA and D0 can be obtained (see Figure 3c). At low
temperatures, observed thermal emission rates deviate from
the fitted line. This might be due to the occurrence of both
mobile ions and trap states at low temperatures, which could
lead to complex interactions between the two (see Supporting
Information Section S4 for details). The activation energies
and diffusion coefficients for ion migration are shown in Figure
4a,b and summarized in Table 1.
As in impedance spectroscopy, we find that Mn2+ doping

increases the activation energy from 0.14 ± 0.01 to 0.30 ± 0.01
eV, which we can now assign to migration of bromide within
the perovskite bulk. The activation energy of 0.14 eV for the
migration of bromide in undoped PEABr0.2Cs0.4MA0.6PbBr3 is
very close to theoretically predicted activation energies for

Figure 3. TID measurements for the (a) undoped and (b) Mn2+-doped perovskite. (c) Arrhenius plot of the measured time constants used to
obtain the activation energy and the diffusion coefficient for ion migration.
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bromide in MAPbBr3 (0.09 eV)42 and consistent with
measured activation energies in CsPbBr3 (0.09−0.25 eV).43,44

Even though the activation energy for ion migration
increases twofold, we find only a small decrease in the
diffusion coefficient from (3.3 ± 0.1) × 10−11 to (1.8 ± 0.2) ×
10−11 cm2/s upon Mn2+ doping. This is due to a strong
increase of the prefactor D0 by 3 orders of magnitude from
10−6 to 10−3 cm2/s upon Mn2+ doping (see Supporting
Information Section S5). We assume that this increase in
prefactor is due to an increase in the attempt frequency ν0 and
migration entropy ΔS that depends on the change in lattice
vibrations during migration.45 It has previously been shown
that decreasing the phonon density of states in ionic
conductors decreases the activation energy for ion migration
but at the same time increases both the attempt frequency ν0
and the migration entropy ΔS, resulting in a trade-off between
the activation energy EA and the prefactor D0.

46,47 We hence
suspect that Mn2+ doping leads to an increase in the phonon
density of states compared to the undoped case. This change in
phonon density might be due to the weaker bond between
Pb2+ and Br− than between Mn2+ and Br− or because of the
smaller ionic radius of Mn2+ (∼0.97 Å) compared to Pb2+

(∼1.33 Å),25 which stabilizes the perovskite lattice and reduces
the migration of mobile ions.
The obtained diffusion coefficient in the order 10−11 cm2/s

for mobile bromides is 2 orders of magnitude lower than
typical diffusion coefficients of 10−9 cm2/s obtained for iodide
in MAPbI3

37 but close to the diffusion coefficient for iodide in
2D perovskites (10−10 cm2/s) and for bromide in MAPbBr3
single crystals (10−11 cm2/s),48,49 which shows that the
diffusion coefficient depends strongly on the perovskite
composition. We furthermore find a concentration of mobile
ions in the order of 1016 cm−3, which corresponds to about
10% of the effective doping density (see Supporting
Information Section S5). The diffusion coefficient and the
activation energy are highly reproducible in our devices,
whereas the ion concentration varies from sample to sample
(see Supporting Information Section S5). This trend indicates
that the fabrication conditions determine the density of halide
vacancies responsible for ion migration49,50 but that the bulk

properties such as EA and D are largely independent of the
mobile ion density.
We note that only with TID measurements, the sign of the

mobile ion species can be measured and can be used to directly
extract the diffusion coefficient of mobile ions.27 To extract the
diffusion coefficient with impedance spectroscopy measure-
ments, the diffusion length of the ions must be known. In eq 3,
we estimated the diffusion length to be equal to the Debye
length. Knowing the diffusion coefficient from TID measure-
ments, we can verify this assumption by calculating the
diffusion length from our impedance spectroscopy measure-
ments using eq 1. We obtain a diffusion length of 5.7 ± 0.7 nm
for both the undoped and Mn2+-doped cases. This is close to
the calculated Debye length of 4.0 ± 0.4 nm using doping
densities and dielectric permittivities from the Mott−Schottky
analysis. We therefore assume that the assumption that
diffusion is restricted to the Debye layer is approximately
valid in our case. However, this is not necessarily true for every
system.
Because the degradation of perovskite LEDs is mainly

related to their mixed ionic−electronic nature,6 we suspect that
the suppression of ion migration is the reason for the increased
stability of the Mn2+-doped devices. We furthermore suspect
that the increased activation energy for ion migration within
the perovskite lattice suggests a reduced migration of ions from
the electrodes, that is Au, In, or Sn,51,52 into the perovskite
bulk, which is another significant degradation pathway of
perovskite LEDs.
The increase in performance and stability due to Mn2+

doping is not limited to perovskite-based LEDs but also applies
to perovskite-based solar cells.53 Presumably, in all these
materials, replacing Pb2+ with Mn2+ leads to a stronger metal−
halide bond giving rise to an increase in the activation energy
and attempt frequency. We therefore expect that Mn2+ doping
is a transferable method to improve the stability of perovskite-
based optoelectronic devices by reducing ion migration in
these devices.

■ CONCLUSIONS
We have investigated the effect of Mn2+ doping on mobile ions
in PEABr0.2Cs0.4MA0.6PbBr3 perovskites. Mn2+ doping im-
proves both efficiency and long-term stability in LEDs made
from these materials. Using temperature-dependent impedance
spectroscopy and TID measurements, we found that Mn2+

doping leads to a twofold increase in activation energy, which
is accompanied by an increase in the attempt frequency and
migration entropy of mobile bromide ions within the bulk of
the perovskite. This change results in a small reduction of the
diffusion coefficient. We suspect that this increased activation
energy for ion migration within the perovskite bulk reduces
migration of ions from the contact layers into the perovskite
bulk. These results help to explain the improved stability of
manganese-doped LEDs and lead to a better understanding of
the influence of passivating agents on managing ion migration,
thus improving the stability of perovskite devices.

■ EXPERIMENTAL SECTION
Device Fabrication. The perovskite devices were fabricated by

following the same procedures described in our previous work.1,2

Briefly, a thin layer of PEDOT:polystyrene sulfonate (Clevios PVP Al
4083) was spun at 4000 rpm for 40 s with a ramp of 2500 rpm/s on
cleaned ITO substrates, followed by a thin layer of PFI (Nafion) spun
at 3000 rpm for 45 s using 10 μL/mL PFI in isopropanol. After

Figure 4. Effect of Mn2+ doping on mobile ions. (a) Activation energy
and (b) diffusion coefficient at 300 K obtained by TID (red) and
impedance spectroscopy (blue) measurements. The values of TID
measurements are summarized in Table 1.

Table 1. Summary of Results Obtained Using TID
Measurementsa

activation energy (eV) diffusion coefficient (cm2/s)

undoped 0.14 ± 0.01 (3.3 ± 0.1) × 10−11

Mn2+-doped 0.30 ± 0.01 (1.8 ± 0.2) × 10−11

aSee Supporting Information Section S5 for results from individual
measurements.
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drying, the perovskite layer was spun from 0.3 M precursors in an
appropriate ratio to make PEA0.2Br0.2Cs0.4MA0.6Pb(1−y)MnyBr3, where
y = 0 and 0.3 at 1000 rpm for 10 s and 3000 rpm for 45 s; after 20 s,
90 μL of chloroform was dripped to control the crystallization. Finally,
40 nm TPBi, 1.1 nm LiF, and 60 nm Al were deposited consecutively
in an evaporation chamber. To fabricate devices consisting of NiOX/
perovskite/C60/BCP, NiOX was spun at 2500 rpm with a ramp of
2500 rpm/s on clean ITO substrates. After annealing at 300 °C for 3
h, the perovskite layer was spun in the same way as for the LEDs.
Finally, 50 nm C60, 5 nm BCP, and 60 nm Ag were deposited
consecutively in an evaporation chamber.
Device Characterization. The devices were packed using epoxy

and glass before performing any measurements outside the glovebox.
Current density−voltage−luminance curves were measured using an
HP4145A analyzer and a calibrated half-inch ThorLabs photodiode.
Electroluminescence spectra were taken with an Ocean Optics QE
Pro spectrometer at 0.5 mA supplied by a Keithley 2400 source-
measure unit. Stability curves were determined by measuring the
electroluminescence over time at a constant current.
Electrical Measurements. The measurements were performed in

a Janis VPF-100 liquid nitrogen cryostat at a pressure below 2 × 10−6

mbar in the dark using a DLTS system from Semetrol. Capacitance
transient measurements were performed between 240 and 340 K in
steps of 2−3 K. Before each capacitance transient measurement, the
temperature was maintained for at least 1 min with an accuracy of 0.2
K. The capacitance transients were averaged over 20 scans.
Impedance spectroscopy measurements were performed between
240 and 340 K in steps of 10 K with an AC voltage of 50 mV. Before
each impedance spectroscopy measurement, the temperature was
maintained for at least 5 min with an accuracy of 0.2 K. The
capacitance was calculated assuming a capacitor in parallel with a
resistor.
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