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ABSTRACT: We fabricate two-dimensional Ruddlesden−Popper layered
perovskite films by introducing 1-naphthylmethylamine iodide into the
precursor, which forms a self-assembled multiple-quantum well (MQW)
structure. Enabling outstanding electroluminescence properties, light-emitting
diodes (LEDs) using the MQW structure also demonstrate significant
improvement in stability in comparison with the stability of devices made
from formamidinium lead iodide. To understand this, we perform electro-
absorption spectroscopy, wide-field photoluminescence imaging microscopy
and impedance spectroscopy. Our approach enables us to determine the
mobility of iodide ions in MQW perovskites to be (1.5 ± 0.8) × 10−8 cm2 V−1

s−1, ∼2 orders of magnitude lower than that in three-dimensional perovskites.
We highlight that activated ion migration is a requirement for a degradation
pathway in which a steady supply of ions is needed to modify the perovskite/
external contact interfaces. Therefore, the improvement in stability in a MQW perovskite LED is directly attributed to the
suppressed ion migration due to the inserted organic layer acting as a barrier for ionic movement.

Light-emitting diodes (LEDs) based on organometal halide
perovskites (PeLED) are undergoing a rapid develop-

ment, and their external quantum efficiencies (EQEs) have
recently been shown to exceed 20%.1−4 Despite these
remarkable achievements, the quest for more stable and
higher-efficiency devices continuously motivates the inves-
tigation of members of the perovskite family. Two-dimensional
(2D) Ruddlesden−Popper (RP) layered perovskites emerge as
very suitable candidates for optoelectronic devices in terms of
ambient stability.5,6 Nevertheless, in pure 2D RP perovskites,
the cost of improved stability is the sacrifice of charge transport
due to the insulating nature of the large organic cations
between lead halide octahedral (PbX6) layers.

7 To establish a
trade-off between device performance and stability, it is
intriguing to utilize quasi-2D perovskites, or multilayered 2D
perovskites, i.e., a mixture of different numbers of PbX6 layers
with different band gaps.8,9 Among them, a multiple-quantum
well (MQW) perovskite with cascade energy levels has
attracted more attention in LEDs showing remarkably high
EQEs and stabilities.10,11 This outstanding performance of
MQW PeLEDs is attributed to effective charge confinement in
small regions and negligible photoluminescence (PL) quench-

ing at the interfacial area between different band gap
regions.12−15

Unlike photovoltaic devices, which work at a maximum
power point (approaching the flat-band condition), LEDs
operate continuously under high external driving voltage and/
or current. The lifetime of perovskite solar cells has increased
to thousands of hours.16,17 However, typical lifetimes of three-
dimensional (3D) PeLEDs are less than a few hours,18,19

although they can be significantly improved by passivating
surface defects.1,20 Evidence reveals that the defects and/or
ions in perovskites play an essential role in device performance,
e.g., hysteresis,21,22 stability,8,16 and light emission.23 However,
a systematic investigation of ion dynamics in these low-
dimensional layered perovskites,24−26 especially in MQW
structures, is still insufficient. Additionally, the role of ion
migration in device stability is still not fully elucidated.17,27,28

In this work, we present a correlation of ion migration and
device performance/stability in self-assembled MQW PeLEDs.
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In this work, we fabricate RP layered perovskite films by
introducing 1-naphthylmethylamine iodide (NMAI) into the
precursor, which forms a self-assembled MQW structure.
Figure 1a shows a scanning electron microscopy (SEM) image
of a typical MQW film processed on a glass substrate with a flat
and dense surface morphology. The X-ray diffraction (XRD)
pattern (Figure S1) of the MQW perovskite film reveals that a
distribution of n values exists, i.e., the layer thickness of the 2D
sections.29−31 To characterize the perovskite crystalline
orientation, grazing-incidence wide-angle X-ray scattering
(GIWAXS) measurements were performed. As shown in
Figure 1b, alongside the continuous diffraction rings on the
extended arc segment, which indicates the existence of random
crystal orientation, there are also clear sporadic Bragg spots
within the rings. This implies the existence of single-crystal
diffraction and/or ordered alignment of the crystal.32 The
detailed orientation analysis, i.e., Herman’s orientation factor
calculation, is included in Figure S1. In combination with the
ultraviolet visible (UV−vis) absorption spectra (Figure S2), we
can identify the existence of a MQW structure, forming

quantum wells of different sizes inside the film, ranging from n
= 1, 2, and 3 to larger values. The prevalence of different
quantum well sizes leads to a cascaded energy transfer among
the QWs, which is visible in a sharp low-energy emission.10,19

It is noted that the sharp distinct Bragg spot at (101) suggests
an improved preferred orientation along the out-of-plane
direction, as shown in the schematic diagram (Figure 1c).18 In
a vertically configured device, e.g., inset of Figure 2a, this
orientation can facilitate suitable charge transport along the
out-of-plane direction.31,33,34

The inset of Figure 2a shows the schematic configuration of
a MQW PeLED. Figure 2a presents the forward and backward
J−V curve of the device. A figure on a log scale and consecutive
scans are shown in Figure S3a. Compared with other 3D
PeLEDs, e.g., CH3NH3PbI3−xClx,

35 the hysteresis of the MQW
perovskite devices is significantly suppressed. We note that, in
MQW PeLEDs, as shown in Figure 2b, the device lifetime
improves by ∼2 orders of magnitude under a constant current
density of 1 mA/cm2 compared to that of conventional FAPbI3
PeLEDs. In addition, MQW PeLEDs exhibit a significantly

Figure 1. (a) Scanning electron microscopy image of a MQW film on a glass substrate. (b) GIWAXS pattern of a MQW perovskite film on a glass
substrate. (c) Schematic diagram for the MQW perovskite structure and preferentially vertical alignment on a substrate, based on the calculation of
Figure S1.

Figure 2. (a) Current density−voltage (J−V) curve of a MQW PeLED. The inset is the schematic diagram of a MQW PeLED structure. The
scanning speed is 0.05 V/s. (b) Test of the stability of both MQW and FAPbI3 PeLEDs under a constant current density of 1 mA/cm2.
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enhanced stability under high driving voltages (see a
comparison in Figure S3). For example, the radiance intensity
at ≳2 V of a FAPbI3 PeLED is no longer stable, whereas the
intensity of a MQW PeLED still increases with driving voltages
up to 3.7 V (Figure S3b). This significant improvement makes
MQW perovskites promising candidates for next-generation
optoelectronic devices.
First, to explore the stability of the crystalline structure of a

MQW perovskite, we carried out the in situ GIWAXS
measurement under an external electric field, based on a
laterally configured electrode structure (Figure S4c). By
applying 200 V on the interdigitated electrode device with a
channel length of 200 μm at room temperature, we find the
comparison of the initial and final GIWAXS patterns (after 13
min) indicates negligible crystal structure decomposition, as
exhibited in Figure S4. In contrast to other perovskite films,
e.g., CH3NH3PbI3−xClx as reported previously,36 this result
also demonstrates significantly improved stability under an
external electric field.
Electroabsorption (EA) spectroscopy has been demonstra-

ted to be a powerful approach for studying the excitonic
properties,37,38 Rashba splitting,39 lattice expansion,17 and
electric dipole moment40 of perovskite materials. In this work,
we employed EA spectroscopy as a non-invasive tool to
investigate the built-in potential of MQW perovskite devices.41

As described in detail previously,42,43 with the aid of a lock-
in amplifier technique, EA spectroscopy can measure field-
modulated light absorption spectra. In a film with a uniform
internal field, the EA response at the fundamental frequency of

the applied ac bias,
ω

ΔR
R

, can be expressed as44

χ ωΔ ∝ −
ω

R
R

hv V V V tIm ( )( ) sin( )(3)
dc BI ac

(1)

where Imχ(3)(hv) is the imaginary part of the third order of the
electric susceptibility, Vdc and Vac are the applied external dc
and ac voltages, respectively, V0 is the internal dc voltage, and
VBI is the built-in potential in the device. A comparison
between an EA spectrum and an UV−vis absorption spectrum
is shown in Figure S5. It shows that the EA spectrum
corresponds to a second derivative of the absorption spectrum,
which implies the existence of permanent dipoles.40,41 Figure
3a shows the EA spectra of a TiO2/MQW perovskite/Au
device under a series of dc voltages. The shapes of these
spectra reveal the independence of the external dc voltage,
indicating that it is the Stark effect that plays the dominant role
in these spectra.44 When the photon energy is fixed at 2.15 eV,
a photon energy with the highest signal-to-noise ratio, voltage-

dependent EA amplitudes are obtained (see Figure 3b). First,
it is found that the nulling voltage is around 0.7 V, reflecting
the work function difference between TiO2 and Au, which
gives rise to VBI.

43 Second, as expected, in contrast to a 3D
CH3NH3PbI3−xClx perovskite device (as shown in Figure S6b),
there is no significant built-in potential shift during the
sweeping of dc voltages, which is consistent with the absence
of J−V hysteresis in Figure 2a. It is accepted that the formation
of a charge injection barrier, due to the interplay between
charges and accumulated mobile ions at the perovskite/
electrode interface, plays an essential role in an occurring J−V
hysteresis.21 This absence of a potential shift suggests the lack
of the existence of charge accumulation at the opposite
electrode/perovskite interfaces, yet it is important to mention
that when sweeping towards higher voltages, the shift in built-
in potential occurs again (illustrated in Figure S7). This
implies that ion migration is still prevalent, probably due to the
existence of high-n domains within the perovskite composition.
This result clearly points to a reduced supply of ions to the
external interfaces due to a reduced level of ion migration in
the bulk of the MQW perovskite, and stabilization of the
double layer occurs only at lower frequencies.
To further study the accumulation of ions at the external

interfaces, we studied the capacitance−voltage response using
techniques previously described for perovskite devices based
on CH3NH3PbI3−xClx.

36 In particular, we observe that
capacitive techniques are useful for understanding ionic
migration toward the external electrodes as the capacitance
in the low-frequency region is related to ion migration and a
double-layer polarization of the electrode.28 Capacitance−
frequency results are shown in Figure 4a for devices measured
under no applied dc bias (0 V) and a modulated ac voltage
perturbation. These results for the CH3NH3PbI3−xClx perov-
skite are very similar to those of our previous studies of charge
accumulation. In particular, the capacitance values of 3.7 F
cm−2 measured at low frequencies (20 mHz) are similar to
those previously reported (1.9 F cm−2). Interestingly, the
measured MQW perovskite shows the onset of ion migration
at frequencies of 0.1 Hz, ∼3 orders of magnitude lower than in
the 3D CH3NH3PbI3−xClx perovskite (100 Hz). This result
clearly indicates that ion migration is not kinetically favored in
the case of the MQW perovskites, which requires longer times
to effectively observe the double-layer capacitance arising from
ion migration. As one can see in Figure 4b for a given applied
dc bias, the capacitance due to the double layer is always lower
for the MQW perovskites. As shown in the previous works, the
thermalized distribution of ions can be approximated by the
formula

Figure 3. (a) EA spectra of a TiO2/MQW perovskite/Au device for a series of dc voltages. (b) Voltage dependence of the EA amplitude at a
photon energy of 2.15 eV.
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= αC C e qV k T
0

/ B (2)

where C0 = C1, which is the capacitance at zero bias,36 and a
parameter α of 1/2 corresponds to the thermalized accumu-
lation of freely diffusing ions according to their electrochemical
potential. q, kB, T, and V are the charge, Boltzmann constant,
absolute temperature, and external voltage, respectively.
However, the experimental observations reported in Figure
4b show that an α of 1/2 is far from being satisfied. Results for
an α of ∼0.025 of the CH3NH3PbI3−xClx perovskite are very
similar to those previously reported and slightly higher than for
the MQW perovskite (α ∼ 0.018). The increase in capacitance
does not correspond simply to the thermalized distribution of
ions, but to an exponential distribution of states characterized
by a temperature parameter T0 as α = T/T0.

45

The ionic migration/transport/conduction within traditional
perovskite oxide materials (ABO3)

46 and solid-state electro-
lytes47,48 has been intensively studied in past several decades.
Temperature-dependent stepwise-stabilized current responses,

or chronoamperometry, have been used to obtain the involved
activation energy.41,49 As shown in Figure 5a, the current
increases after each voltage step can be fitted by a
biexponential function. It is found that two distinct processes
exist in the time-dependent current behavior, a fast one on a
time scale of ∼1 s and a much slower one on a time scale of
∼10 s. Further study of the temperature-dependent behavior of
these spectra indicates that (1) the fast dynamic behavior is
nearly independent of temperature and might be due to the
electronic conduction24,50 and (2) the slower one shows a
temperature dependence as indicated in Figure 5b. By fitting of

an Arrhenius relation,49 Γ = Γ −( )exp E
k T0

a

B
is obtained. Γ is the

rate of the thermally activated process obtained from the
current decay/rise behavior, which is due to an ionic
equilibration process. T is the absolute temperature, and kB
is the Boltzmann constant. This temperature-dependent
measurement reveals an activation energy Ea of 0.48 ± 0.09
eV, via measurement of four different devices for better
averaging. On the basis of previous studies of
CH3NH3PbI3−xClx and FAPbI3 perovskites, it is found that
the activation energy of iodide ions/vacancies is mostly within
the range of 0.1−0.3 eV.21 Hence, this increased activation
energy suggests a larger barrier for the ionic migration in these
MQW perovskite films. This enhanced barrier is attributed to
the inserted hydrophobic organic cations, which suppresses ion
migration.24 Note that there is still a gap in the activation
energy between a single crystal, ∼1 eV,51 and this MQW
perovskite film. This gap suggests the prospect of further
improving the quality of the film and optimizing the structure
as well as 3D−2D composition. Furthermore, considering the
perpendicular orientation of the MQW perovskites with
respect to the substrate and the fact that a vertical device
geometry has been used (shown in Figure 1c), it seems that
the MQW structure also reduces the level of ionic migration in
parallel with the MQWs. This nicely implies that the long
organic molecules within quasi-2D materials also passivate
grain boundaries in polycrystalline films, impeding ionic or
vacancy migration.52

To characterize the ion migration in these materials in situ,
we use an in situ wide-field PL imaging technique while
applying a bias. This method has been demonstrated
previously16,36 and offers the possibility of investigating both
the spatial and the temporal evolution of PL inactive areas
under an external electric field simultaneously.28 Figure 6
shows both the spatial and the temporal evolution of PL
inactive areas under a voltage of 100 V across an ∼200 μm

Figure 4. (a) Capacitance−frequency measurements of a 3D
CH3NH3PbI3−xClx and a MQW perovskite film at an applied dc
bias of 0 V with ac voltage perturbation with different frequencies. (b)
Capacitance measured at 20 mHz measured as a function of the
applied dc bias. The device structure is shown in Figure S4c.

Figure 5. (a) Temperature-dependent current vs time when applying voltages ranging from 0 to 1 V under dark vacuum conditions. The device
architecture is TiO2/MQW perovskite/Au. (b) Rise time vs 1000/T at a fixed external voltage of 0.5 V. The slope is calculated as 3800 K.
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channel length, and the device configuration is depicted in
Figure S4c. At 0 s, in Figure 6a, the bright area represents the
high-PL emission of a pristine MQW perovskite film. Upon
application of an external dc electrical field, around 0.5 V/μm,
a sharp front of PL inactive area appears at the positive
electrode and moves toward the negative one. A complete
video is included in the Supporting Information. These PL
inactive areas are attributed to electric field-driven halide ions/
vacancies.50,53,54 In brief, due to the low-temperature
fabrication, defect states exist, such as iodide- and lead-related
defects/ions, for example, Frenkel defects. This initial doping
level can be changed by the moving species, for instance,
iodide vacancies under an external electric field. As a
consequence, these moving vacancies can modulate (1) the
local doping level, which results in a change in the conductivity
of the film, and (2) the local charge recombination ratio, which
strongly influences the PL intensity. The latter is due to the
prevalence of interstitial defects, which remained as the more
mobile vacancies migrated away. Those interstitials act as
nonradiative recombination centers. Therefore, by monitoring
the moving front of the PL quenching area and the time-
dependent current, we are able to quantitatively characterize
the ionic mobility.
To quantitatively characterize the ion movement, according

to our recent iodide vacancy migration model,28,50 we
determined that the ionic mobility (μ) is (1.5 ± 0.8) × 10−8

cm2 V−1 s−1 by fitting the time-dependent current curve in four
different individual devices. The detailed calculation is
presented in Figure S9. Compared with those of CH3NH3PbI3
perovskites,50 this ionic mobility decreases by approximately
1−2 orders of magnitude, consistent with the enhanced
activation energy. Here, we must mention that the observation
of Figure 4a, which is the onset of the capacitive process at the
perovskite/electrode interface, shows that it has become slower
by 2 orders of magnitude at low frequencies. The consistency
of the activation energy and wide-field PL imaging character-
ization including a capacitive process suggests that the

interface/surface and bulk ionic migration process are
correlated.
In conclusion, we found that a MQW PeLED demonstrates

strongly improved stability compared to that of FAPbI3 LED
perovskites, increasing by ∼2 orders of magnitude in duty time
and enhanced stability performance, especially at higher
driving voltages. By incorporating a group of characterization
techniques, we have quantitatively investigated ion migration
in MQW perovskite materials: there is no interfacial
modulation demonstrated by electroabsorption studies, the
activation energy of ions is significantly increased, and the ionic
movement is significantly impeded as shown by in situ PL
imaging studies under an external bias. This goes hand in hand
with a significantly reduced level of interfacial ion accumu-
lation as detected by impedance spectroscopy. We attribute
these improvements to the suppressed ion migration toward
the contacts where interface modification leads to chemical
reactions and degradation. In addition, both lateral and vertical
device structures have been used in these studies, whereby the
MQWs show a strong orientation perpendicular to the
substrates. Interestingly, the decreased ionic/vacancy migra-
tion is viable in both directions of the MQWs. These
characteristics enable the MQW perovskite to serve as a
prospective candidate for the next-generation LED materials.
For the next step of the materials design and optimization
process, the crystalline orientation and optimal 3D−2D
composition and structure will be some of the most important
topics for device stability and performance.

■ EXPERIMENTAL METHODS
Perovskite MQW Film Fabrication. Formamidinium iodide
(FAI) was purchased from Tokyo Chemical Industry Co.
(TCI), all the other chemicals were purchased from Sigma-
Aldrich and used as received.
1-Naphthylmethylamine iodide (NMAI) was synthesized by

adding 4.34 g of hydroiodic acid (45 wt % in water) to a
stirring solution of 1-naphthalenemethylamine (12.72 mmol)
in tetrahydrofuran (THF, 50 mL) at 0 °C for 2 h. Then, the
solution was evaporated at 50 °C to obtain the NMAI
precipitate. This product was washed three times with a THF/
CH2Cl2 (3:1) mixture and then dried under vacuum. MQW
perovskite precursor solutions were prepared by dissolving
NMAI, FAI, and PbI2 with a molar ratio of 2:1:2 in N,N-
dimethylformamide (DMF) (10 wt %) in a nitrogen-filled
glovebox.
Glass substrates were washed with acetone and isopropanol

for 10 min individually. Then, these glass substrates were
treated within ozone for ∼10 min at 50 °C. In a nitrogen-filled
glovebox, the precursor solution was spin-coated on the glass
substrates at 3000 rpm for 60 s. Then, the as-spun films were
annealed at 100 °C for ∼15 min in the glovebox. These
samples were transferred into an evaporation chamber with a
pressure of ∼3 × 10−6 mbar, and an ∼70 nm thickness of Au
was deposited by thermal evaporation through an interdigitat-
ing shadow mask. This geometry of the mask was as follows.
Electrode distance L was 200 μm, and a ratio between channel
width W and length L was 500. After that, a 40 mg/mL
poly(methyl methacrylate) (PMMA) solution dissolved in
butyl acetate (anhydrous, 99%) was spin-coated on the film at
a speed of 2000 rpm for 60 s in the glovebox. In the end, by
using an Ultrasonic Soldering System (USS-9200, MBR
electronics GmbH), external conducting wires were connected
to the electrodes.

Figure 6. (a−d) Ion migration characterization under an external
electrical field (∼0.5 V/μm) using wide-field PL imaging microscopy
at different time intervals. The scale bar is 100 μm. The excitation
intensity is ∼35 mW/cm with a wavelength of 440 nm, and the
exposure time per image is 200 ms. A video is provided in the
Supporting Information.
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For EA measurements, samples were prepared as previously
described. Fluorine-doped tin oxide (F:SnO2) (FTO)-coated
glass was patterned with Zn powder and a HCl solution. FTO
glasses were washed successively with acetone, 2% hellmanex
diluted in deionized water, deionized water, and isopropanol
for 10 min each. A compact TiO2 layer was deposited by
spraying a solution of titanium diisopropoxide bis-
(acetylacetonate) (0.6 mL) in ethanol (21.4 mL) at 450 °C
for 90 min under an ambient atmosphere. As in previous
devices, after the precursor had been spin-coated, the samples
were annealed and deposited with a Au electrode. In the end, a
40 mg/mL PMMA solution dissolved in butyl acetate was spin-
coated on the film at a speed of 2000 rpm for 60 s as a
protection layer.
In Situ GIWAXS Experiment. GIWAXS measurements were

performed at the SAXS/WAXS beamline at the Australian
Synchrotron. During the experiment, 12 keV photons were
used, equipped with 2D scattering patterns recorded on a
Dectris Pilatus 1M detector. The distance between the sample
and detector was calibrated with a silver behenate sample.
Fabrication and Characterization of LEDs. The device has an

ITO/polyethylenimine ethoxylated (PEIE)-modified zinc
oxide (ZnO, ∼20 nm)/perovskite (∼30 nm)/poly[9,9-
dioctyl-fluorene-co-N-(4-butylphenyl)diphenylamine] (TFB,
∼40 nm)/molybdenum oxide (MoOx, ∼7 nm)/gold (Au,
∼60 nm) structure. The ITO substrates were washed with
acetone and isopropanol for 10 min and then treated with
oxygen plasma for 10 min. Colloidal ZnO nanocrystals were
spin-coated at 4000 rpm for 45 s and annealed at 150 °C for 30
min. Then, an ultrathin PEIE layer was deposited on ZnO
layers. The 3D (3:1 FAI:PbI2 molar ratio) and MQW (2:1:2
NMAI:FAI:PbI2 molar ratio) perovskites were spin-coated
onto the PEIE-modified ZnO films at 4000 rpm for 45 s and
annealed at 100 °C for 10 min. TFB dissolved in m-xylene was
spin-coated on the perovskite films at 2000 rpm for 45 s.
Finally, the MoOx/Au anodes were evaporated through a
mask. The device area was 0.03 cm−2 as defined by the
overlapping area of ITO and Au. The devices were measured
by a combination of a Keithley 2400 source meter and a fiber
integration sphere (FOIS-1) coupled with a QE65 Pro
spectrometer in a nitrogen-filled glovebox.
Impedance Spectroscopy. The dc voltage source for polarizing

the sample was a potentiostat equipped with a frequency
analyzer (Autolab PGSTAT-30). A small ac perturbation was
applied, and the differential current output was measured to
calculate the impedance response. The frequency window was
kept small, ranging between 10 kHz and 100 mHz, to minimize
the measurement time.
Electroabsorption Spectroscopy. The light source was installed

within a monochromator illuminator (Oriel Company). The
light going through a monochromator (SPEX 1681B, Horiba
Scientific) illuminated the device and was reflected back from
the Au electrode onto a photodiode (HUV-4000B, EG&G
Judson). A dual-channel lock-in amplifier (SR 830, Stanford
Research Systems) was used to bias the device with a dc and an
ac voltage and monitored the ac amplitude of the EA signal
from the photodiode. The ac voltage was set to 1 V at a
frequency of 2013 Hz. In the meantime, the dc amplitude of
the EA signal was recorded with a digital multimeter
(HP34401A, Hewlett-Packard Co.).
PL Imaging Microscopy. This experiment was based on a

modified commercial PL microscopy experiment (Microscope
Axio Imager.A2m, Zeiss). The sample was arranged in the focal

plane of an objective lens (10×/0.25 HD, Zeiss). The sample
was illuminated by an internal LED illuminator using a filter
(HC 440 SP, AHF analysentechnik AG), which provides the
excited light at a wavelength of ∼440 nm. The excitation light
intensity was set to ∼35 mW/cm2. The PL signal was filtered
(HC-BS 484, AHF analysentechnik AG) to remove the
residual excited light and then directed onto a high-speed
CCD camera (Pco. Pixelfly, PCO AG). The exposure time was
set to 200 ms. An external dc voltage of 100 V was applied
between the Au electrodes using a Sourcemeter (236 Source
Measure Unit, Keithley Co.), and the time-dependent current
was recorded by a LabVIEW program.
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