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ABSTRACT: Photoluminescence (PL) of a nanocrystalline film of methylammonium
lead iodide perovskite (MAPbI,) sandwiched between an electrode of a fluorine-doped
tin oxide (FTO) layer and an insulating film of poly(methyl methacrylate) is found to
increase and decrease significantly with the application of an external electric field (F.,,),
depending on the direction of the applied field, based on the measurements of
electrophotoluminescence (E-PL) spectra, ie., field-induced change in PL spectra. The
field-induced change in PL intensity is confirmed to originate from the field-induced
change in the number of free carriers which induce radiative recombination, based on
temporally resolved E-PL measurements. We propose that an internal field (F,,) exists
even without application of F,,. The anisotropic behavior of the effect of F,, on PL is
interpreted in terms of a synergy effect of F,, and F,; both fields are additive with the
applied field direction from Ag to FTO electrode (positive direction) or subtractive with
the opposite applied field direction (negative direction), where FTO is the positive
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electrode, resulting in an increased or decreased total electric field as well as quenching or enhancement of PL, respectively. The
PL lifetime in the nanosecond region increased and decreased with an application of an electric field in the positive and negative

directions, respectively, which is attributed to a field-induced change in the concentration of free carriers.

1. INTRODUCTION

Understanding photogenerated carriers and excitons in an
organic—inorganic hybrid perovskite is one of the most
attractive subjects in the fields of optics, spectroscopy, and
material sciences, because of the prospective applications of
these materials in optoelectronic and photonic devices such as
solar cells, light-emitting diodes, photodetectors, lasers, and
field-effect transistors.' > The application of perovskite
materials in photovoltaic devices has increased the power
conversion efficiency over ~22% in a short period,6_8 as a
result of a large carrier diffusion length,”'® ambipolar carrier
conduction,"" small exciton binding energy, and small rate of
charge recombination.'”"?

To elucidate the working mechanism of perovskite-based
optoelectronic and photonic devices, which might translate into
improved device performances, many studies such as of
photoluminescence, temporally resolved microwave conductiv-
ity, and transient absorption have been conducted to reveal the
nature of charge carriers created in these materials and their
kinetic behavior, but the nature of photoexcitation across the
band gap remains a subject for debate and research.”'%"*~"

Two distinct mechanisms of carrier generation in photo-
voltaic cells following photoexcitation can be considered: a free-
carrier model and an exciton model. In the former case, the
recombinations of free electrons and holes are dominant
processes in photoexcited states, whereas free electrons and
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holes are produced in the latter through dissociation of an
exciton (electron—hole pair) that has some binding energy. In
organic photovoltaic cells, exciton generation by photo-
excitation, migration, and dissociation to produce free electron
and hole are the main processes; carriers are generally
considered to be produced through excitons.””
with organic solar cells, the consensus is that free carriers are
dominant in hybrid lead halide perovskites.'”'”**™** The
carrier-generation mechanism seems hence to differ between
organic solar cells and cells constructed with lead halide
perovskites.

An electric field has been extensively used to modulate the
level structure and dynamics of the excited state including
charge transfer.”> It was shown that the measurements of
electrophotoluminescence (E-PL) spectra, i.e., the electric-field-
induced change in photoluminescence (PL) spectra, were
useful to illuminate the working mechanism in organic dye-
sensitized solar cells (DSSCs). The field-induced quenching of
PL is well correlated in organic photovoltaic cells with the
performance of photovoltaic cells.”>*” If the carrier generation
mechanism differs between organic sensitizers and organo lead
halide perovskites, it is of interest to ascertain the difference in
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the effects of an electric field on the PL property between these
materials.

Electron—hole interaction and carrier recombination, which
are essential for the efficient functioning of these materials in
photovoltaic devices, were recently shown to be modulated
with an electric field through the reorientation and movement
of molecular dipoles. In a solid film of methylammonium lead
triiodide (MAPbI;) sandwiched between two noninjected
AlLO; layers, for example, an electron—hole interaction as
well as the photogenerated carrier dynamics was shown to be
affected by an applied electric field, based on the steady-state
and time-resolved PL measurements, when such a field was
applied.”® A field-induced carrier drift that induces PL
quenching and field-induced defect migration were suggested
to occur in MAPbI; near 300 K. At 190 K, dipole alignment and
structural ordering induced by an electric field, which results in
enhanced electron—hole interaction and increased rate of
radiative decay, was suggested. The influence of ion conforma-
tional and translational dynamics on charge dynamics has been
also examined following photoexcitation in methylammonium
lead tribromide (MAPbBr;) under an applied electric field,
based on the temporally resolved PL measurements over time
scales from ~100 ps to 10 s. PL modulation was then observed
over a range of time scale ~ 100 ps to 100 ms, which was
attributed mainly to field-induced reorientation of a molecular
cation group.”” The field effect on PL observed in lead halide
perovskites seems hence to differ greatly from that observed in
dye-sensitized solar cells.

In the experiments on effects of electric field in PL reported
so far, organo lead halide perovskites were sandwiched between
noninjecting contacts. For example, a MAPDbI; film was
sandwiched between AL, O; films or MAPDbBr; crystals were
dispersed into a polystyrene (PS) host matrix sandwiched
between SiO, and aluminum.”®*’ The temporally resolved PL
decays at both positive and negative biases were there the same,
and PL components showed no apparent dependence on the
direction of the applied electric field. In organo lead trihalide
perovskite-based photovoltaic devices, in contrast, a field-
switchable photovoltaic effect was observed;*° that is, the
photocurrent direction was switched on application of a small
electric field with the opposite direction, likely resulting from a
switchable field-induced ion drift in the perovskite layer. In the
present work, we measured E-PL spectra and field-induced
change in temporally resolved PL decay for a MAPDI;
nanocrystalline film sandwiched between conducting and
insulating films, ie, between a fluorine-doped tin oxide
(FTO) electrode and a poly(methyl methacrylate) (PMMA)
insulator film. We devoted particular attention to the field
direction dependence of the field effects on photoexcitation
dynamics. An anisotropic behavior of the effects of electric field
on the PL of MAPDI; films has been clearly observed, such that
field-induced quenching and enhancement of PL depended on
the direction of an applied electric field. The present results
indicate that a population of the free carriers that show the
radiative recombination of electron and hole pairs to be
enhanced and suppressed on application of an electric field in a
MAPDI; nanocrystalline film, respectively, depending on the
field direction. We observed further a field-induced increase and
decrease of the PL lifetime in the nanosecond range that
depended on the field direction, indicating that radiative
bimolecular processes of free electrons and holes in a
thermalized state are also affected by an electric field. These
anisotropic field effects on PL might yield guidance in

considering the operating mechanism of optoelectronic devices
with perovskite materials, including the hysteresis behavior
observed in voltage—current plots in photovoltaic devices.

2. EXPERIMENTAL SECTION

The MAPbI; thin film was prepared on a TiCl,-treated FTO-
coated glass substrate on the spin-coating for 30 s of a
perovskite solution (45 mass %, which includes Pbl, (578 mg)
and MAI (200 mg) of DMF (1 mL)). After a delay of 4 s,
chlorobenzene (240 uL) was quickly added onto the spinning
film to obtain homogeneous perovskite film of smaller size and
thickness ~ 270 nm; an insulating layer of PMMA film was
then deposited on the perovskite thin film. The total thickness
of perovskite and PMMA films was determined by the SEM
image measurements to be ~1 ym or less. One example of the
SEM images both of MAPDI; crystals and of the layer structure
of the FTO/MAPDI;/PMMA is shown in Figure 1. The
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Figure 1. (a) SEM image of the layer structure of FTO/MAPbI;/
PMMA coated on the glass plate and (b) SEM image of prepared
MAPDI; crystals.

thickness of MAPDI; films was also estimated by comparing the
absorption intensity of the exciton band at 750 nm. A
semitransparent Ag film of thickness ~ 25 nm was further
deposited on the PMMA film through thermal deposition. FTO
and Ag films served as electrodes for the E-PL measurements. A
schematic illustration of the sandwich film of perovskite is
shown in Figure 2.

Steady-state E-PL spectra were recorded with modulated
electric field by using a sgectrometer (Jasco FP777) combined
with a lock-in amplifier.”” Excitation light at 450 nm which
propagates in the plane including the normal direction of the
sample plate was incident to the electrode with the angle larger
than 45° between the propagation direction of the excitation
light and the normal direction of the sample. The sample was
arranged to minimize the scattered light which entered to the
monochromator for detection, i.e., PL transmitted through both
MAPDI, layer and another electrode, which is different from the
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Figure 2. Schematic illustration of the sandwich films of MAPbI;
perovskite with respect to the directions of applied electric field, and
PL (red line) and E-PL spectra (shaded line) of perovskite thin film
with a field strength of 0.3 MV cm™. In (a), the direction of the
external electric field is toward the FTO electrode from the Ag
electrode (positive direction), and in (b), the direction of the external
electric field is toward the Ag electrode from the FTO electrode
(negative direction).

one facing the incoming excitation light, was dispersed by the
monochromator and detected by the photomultiplier. Details of
the experimental procedures appear in the Supporting
Information. The PL intensity and its field-induced change,
ie, Ip, and Alp, respectively, were measured together. The
field strength was determined from the applied voltage divided
by the distance between FTO and Ag films. In the PL decay
measurements, the second harmonic of the laser light (450 nm)
of a mode-locked Ti:sapphire laser (Spectra Physics, Tsunami,
pulse width ~ 100 fs) served for excitation; the PL was detected
with a microchannel plate photomultiplier (Hamamatsu,
R3809U) in a single-photon-counting system.”” Regarding the
position relation between the incident laser light and the
sample plate, the arrangement which was essentially the same as
the one used for the steady-state E-PL measurements was used,
and PL transmitted through the MAPDI; layer was detected.
Details of the decay measurements are shown in the Supporting
Information and Figure S1.

3. RESULTS AND DISCUSSION

E-PL spectra of MAPDI; film were recorded at the first
harmonic of the modulation frequency with field strength 0.3
MV cm™ . For excitation at 450 nm, the field-induced change in
absorption intensity was negligible. The results are shown in
Figure 2, together with the PL spectra. Here and hereafter, the
direction of the electric field applied to a MAPbI, film shown in
Figure 2a, in which FTO is the negative electrode, is denoted as
the positive direction, whereas the opposite direction, shown in
Figure 2b, is regarded as the negative direction. The E-PL
spectra show that the intensity, i.e., the quantum yield of PL,
decreases and increases, respectively, on application of an
electric field in the positive direction (Figure 2a) and in the
negative direction (Figure 2b). The magnitude of the field-
induced change in PL intensity (Alp) relative to the PL
intensity at zero field (Ip.) is linearly proportional to the
strength of the applied field, as shown in Figure 3; the
magnitude of Alp /Iy was as large as ~20% at field strength
0.3 MV cm™". It is noted that the results shown in Figure 2
were obtained with the experimental condition where the Ag
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Figure 3. Electric field strength dependence of the field-induced
change in PL intensity. Plots of Alp /Iy as a function of applied
electric field strength. A and B correspond to the applied electric field
having positive and negative applied field directions, respectively (see

Figure 2).

electrode was facing the 450 nm excitation light and that the PL
transmitted through the MAPDI; layer and FTO layer was
detected. It was confirmed that the results were essentially the
same, even when the PL measurements were done with the
FTO layer facing the incident excitation light. E-PL spectra
were also recorded at the second harmonic of the modulation
frequency of the applied electric field. As shown in Figure S2 of
the Supporting Information, Alp; obtained at the second
harmonic of the modulation frequency was positive, indicating
the field-induced increase of the quadratic term of the PL
intensity, but the magnitude of Al /Iy was as small as about 5
X 107* at field strength 0.3 MV cm ™.

According to the consensus, the PL of a MAPDI; film is
emitted as a result of a radiative carrier recombination. As
shown in Figure S3 of the Supporting Information, the lifetime
of the rapid decay of the PL has been confirmed to be 175 fs
with excitation at 450 nm, indicating that the PL of MAPbI;
observed at 670 nm is emitted from hot carriers produced by
photoirradation.'® In contrast with the PL at 670 nm, the
strong PL that shows a maximum intensity at 770 nm is
considered to be emitted by radiative recombination of
thermalized free carriers, not hot carriers. These PL emissions
are hereafter called as hot PL and cold PL, respectively. The PL
spectra shown in Figure 2 correspond predominantly to the
cold PL.

As the processes following photoexcitation, which decay with
the average lifetime of 175 fs, the next processes are considered:
(1) radiative geminate recombination of photogenerated hole—
electron pairs, which produce the hot PL; (2) quick
thermalization of hot carriers to the extremes of conduction
and valence bands, that is, a relaxation of photogenerated hot
carriers to the conduction state of least energy and highest
valence state, respectively, which results in intense PL with a
maximum at 770 nm by a radiative recombination; (3) drift of
hot carriers following dissociation of photogenerated hole—
electron pairs, which is a nonradiative dissociation of
photogenerated electron—hole pairs. In the present experi-
ments, the intensity of irradiation light was not strong; the
nonradiative electron—hole annihilation via Auger processes
can be excluded.'® The present results then imply that the
population of the emitting state of the cold PL, that is, the
number of free carriers that produce the cold PL, might be
decreased or increased on application of an electric field,
depending on the direction of that applied field. As mentioned
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above, such free carriers are produced by relaxation of
photogenerated hot carriers, in competition both with radiative
geminate recombination of photogenerated electron—hole pairs
and with nonradiative drift of dissociated hot electrons and
holes. As a mechanism of the quenching and the enhancement
of PL in the presence of an electric field, another possibility is
that the field effect results from an altered rate of a radiative
process or a nonradiative process at the emitting state of the
cold PL. To distinguish these two mechanisms, we measured
PL decay profiles of MAPbI; on monitoring the PL at 770 nm
at zero field and in the presence of an electric field (0.3 MV
cm™"). The results appear in Figure 4, together with the ratio
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Figure 4. PL decay profiles observed with and without application of
electric field. PL decay of a MAPbI, thin film at 770 nm in the absence
(black line) and in the presence of 0.3 MV cm ™" (red line). In part (a),
the applied electric field was directed from the Ag to the FTO
electrode (positive direction), and in (b), the applied electric field was
directed from the FTO to the Ag electrode (negative direction). The
ratio of the decay profile observed at 0.3 MV cm™" relative to that at
zero field (red line) together with a simulated one (black line) is
shown at the bottom of (a) and (b), respectively. These results were
obtained with laser fluence ~ 0.1 yJ cm™ (excitation density ~ 5 X
10' cm™) at 450 nm.

between two decays observed with and without electric field,
i.e., Ipp(pz0)/Ip(r=0)- The observed PL shows a nonexponential
decay, likely because the PL lifetimes vary between grains.”>**
The observed decay profiles were simulated on assuming a
triexponential decay, ie., LA; exp(—t/7;), in which A; and 7;
represent pre-exponentail factor and emission lifetime of
component i, respectively. The lifetime and pre-exponential
factor of each component simulated for the observed decay are
shown in Table 1.

As shown in Figure 4 and Table 1, the ratio of Ipy )/
Ipy(r=0) at time £ = 0 was less than unity in the positive direction,
but larger than unity in the negative direction. These results
indicate that the population of the free carriers that produce the
cold PL with a maximum at 770 nm decreases and increases on
application of an electric field in the positive and negative
directions, respectively. The yield of the accumulation of

electrons and holes at the bottom and top of the conduction
and valence bands is hence not unity. Note that the
accumulation competes both with the radiative geminate
recombination that produces hot PL and with the nonradiative
drift of generated hot carriers following photoexcitation. The
anisotropic field-induced change in quantum yield of PL is then
ascribed to the field effect on the population of the emitting
state of the cold PL; that is, the number of free carriers for the
cold PL is influenced with an applied electric field. The
temporal dependence of the field-induced change in the rapidly
decaying component in the sub-picosecond region was
undetectable in the present experiments because of the limited
time resolution in the measurements of the field effects on
decay profile, but the results shown in Figure 4 imply that the
rapid processes that occur in the sub-picosecond region are
affected by applied electric fields.

As the origin of the field-induced change in population of the
emitting state of the cold PL, a field-induced drift of
photocarriers to the electrode can be considered; photo-
generated electrons and holes drift to opposite sides of
electrodes in the presence of an electric field, diminishing the
probability of their recombination. An anisotropic behavior, i.e.,
the dependence of the PL intensity and the decay profile on the
field direction, might be interpreted in terms of a synergistic
effect of externally applied electric field (F,,) and internal field
(Fy) produced in the MAPbI; film sandwiched between the
electrode of FTO and insulating film of PMMA.

The electroconductivity of the present MAPbI; film can be
regarded as n-type, for which the electron concentration is
large, because the perovskite was grown under conditions that
the ratio of lead iodide (Pbl,) to methylammnonium iodide
(MAI) in the precursor mixture solution was 1.0.>> In the
MAPDI; film in contact with a conducting FTO film, therefore,
free electrons originally generated in MAPbI; and generated
through dissociation of photoexcited electron—hole pairs might
accumulate near an FTO surface even without an application of
an electric field, because the Fermi level of FTO (—4.4 eV) is
located below the conduction band of MAPbI, at —3.75 eV.*
In the results, a local field of which the direction is the same as
the positive direction exists in MAPbI; film even without
application of an external electric field. The internal field, F,,
may be estimated to be 0.7 MV cm™" as a maximum, as shown
in the Supporting Information and Figure S4. The optical
transition of PMMA is located in the UV region, and the
LUMO and HOMO levels are located at —1.8 and —7.3 €V,
respectively.”’ As mentioned above, the MAPbI; layer is
regarded as the electron-rich materials, but the PMMA layer is
regarded as a charge blocking layer because the LUMO level of
PMMA is located much higher than the conduction state of
MAPDI,. In the results, the internal field induced by interaction
between MAPbI; and PMMA is not necessary to be considered,
in contrast with the interface between FTO and MAPDL,.
Under such conditions, the total electric field is enhanced with

Table 1. Lifetime (7;) and Pre-exponential Factor (4;, in Parentheses) of Each Decaying Component of PL Observed at Zero
Field and at 0.3 MV cm™" (in the Positive and Negative Directions), Where £} | A; Was Normalized To Be Unity at Zero Field.
The Average Lifetime and a Sum of the Pre-exponential Factors in Each Decay Profile Are Also Shown

7y (ns) (Ay) 7, (ns) (4,) 73 (ns) (43) Tavg (ns) (ZLA,)
F(0) 0.10 (0.609) 620 (0.231) 24.02 (0.160) 5.34 (1.0)
F (+0.3 MV cm™) 0.10 (0.495) 6.46 (0.185) 27.61 (0.137) 6.16 (0.817)
F (=03 MV ecm™) 0.10 (0.722) 5.83 (0.273) 21.42 (0.191) 4.85 (1.186)
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an external electric field, F,,, applied in the positive direction,
whereas the total field strength decreases, when F,, is applied
in the negative direction (see Figure S), because the directions
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Figure 5. Schematic illustration of the total electric fields before and
after application of an external electric field. Applied electric field and
internal field are additive (left) and subtractive (right), respectively.

of F,, and F,, are opposite to each other in the negative
direction. In the presence of F,;, photogenerated hot electrons
and holes are considered to move to opposite sides of
electrodes, which decreases both the probability of radiation
recombination and the population of free carriers for the cold
PL. In the results, cold PL is considered to be decreased by the
internal field. When F,, is applied in the positive direction, the
total field strength increases; the drift of hot electrons and holes
becomes more efficient, resulting in an enhanced PL
quenching. When F,,, is applied in the negative direction, the
strength of the total field applied to the sample decreases
relative to the strength of F,, (see Figure 5). The quenching
induced by the internal field is then recovered, resulting in an
enhanced cold PL on application of F,, in the negative
direction. The anisotropic behavior of field-induced change is
thus interpreted on considering that the total electric field in
MAPDI; is increased and decreased on application of F,,
respectively, in the positive and negative directions.

In addition to the field-induced change in the population of
free carriers for the cold PL, another field effect is perceptible in
the decay measurements. As Figure 4 shows, the ratio Ipjp.)/
Ip(r=0) increases and decreases monotonically as a function of
passage of time in the positive and negative directions,
respectively. These results show that the lifetime of PL in the
nanosecond range is altered on application of F,,. The lifetime
of each decay component increases with F,, in the positive
direction, but decreases with F.,, in the negative direction (see
Table 1). There is no doubt that the rate of nonradiative decay
of free carriers in the thermalized state, which competes with
the radiative bimolecular recombination, decreases and
increases on application of F,, in the positive and negative
directions, respectively.

In the thermalized conduction state, trapping of electros to a
defect or surface state might be efficient, in competition with
the radiative recombination between electrons and holes.
Trapped electrons might recombine nonradiatively with holes
in the valence bands at later times.’® As mentioned already, the
population of the free carriers that produce the cold PL is
affected by an application of F,,. The field-induced variation in
the number of free carriers might produce a change in the
number of trapped electrons; the decreased number of free
carriers on application of F,, in the positive direction might
decrease the number of trapped electrons because of the small
carrier density, whereas the number of trapped electrons might
increase on application of F in the negative direction. The
decreased and increased number of trapped electrons might
result in the decreased and increased rate of nonradiative
recombination as well as the increased and decreased PL
lifetime, respectively, with application of F,,, in the positive and
negative directions.

The earlier reports of the effects of electric field on PL
intensity and on lifetime of MAPbI; sandwiched between two
noninjecting Al,O; layers highlight the field-induced endurin§
decrease of PL intensity near 300 K and increase at 190 K.”
However, the electric field effects on PL of MAPbI, sandwiched
between conducting (FTO) and insulating (PMMA) films are
decisively different from the ones reported for MAPbI;
sandwiched between insulating films. In the present results,
both the field-induced quenching and the enhancement of PL
of MAPbI, were observed at the same temperature (~297 K)
following photoexcitation, simply on altering the direction of
the applied field. An enduring nature of the effect of electric
field on PL was not confirmed in the present experiments; the
photoexcitation dynamics were almost recovered in a short
period on removing the applied electric field. As shown in
Figure SS of the Supporting Information, decay profiles in one
set of measurements were almost completely recovered, within
+2%, at S ms after removing the electric fields for both
directions. Note that the observation of the field-induced
change was reported even after an electric field was removed
both near 300 K and at 190 K in MAPbI; sandwiched between
noninjecting layers.”® The application of electric fields for a
long period might induce a metastable configuration, resulting
from the enduring field-induced molecular orientation.*”

The field-induced dipole alignment and structural ordering
induced with an applied electric field and the presence of
mobile ions have been suggested to play an important role in
the effects of an electric field on the photoexcitaiotn dynamics
of MAPbI;. The rotation of CH; or NH; groups around the
C—N axis of the MA" jons and also the rotational realignment
of the C—N axis within the cage formed between the Pbl;
octahedra of the surrounding lattice have been reported.”” An
electric-field-induced degradation was reported to have
occurred in MAPDI; perovskite solar cells through the field-
induced migrations of loosely bound I” anions and CH;NH;*
cations in response to a field direction, which is expected to
produce PbL.*"** In the present work, a field-induced
degradation of MAPbI; films was not confirmed for the field-
induced change in PL intensity and PL decay profiles measured
near 300 K with a field of strength 0.3 MV cm™' modulated
with a frequency less than 50 Hz. We found no evidence for
molecular alignment or structural ordering in the presence of
an electric field, although these phenomena seem to be
common in MAPbI; sandwiched between an electrode and an
insulating film and between noninjecting layers. The aniso-
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tropic behavior of the effects of an electric field on PL, which
indicates the presence of a large internal electric field, and the
quick recovery of the PL property on removing the applied
electric field seem to come from the motion of free carriers, i.e.,
electrons and holes, not ions.

The effects of an electric field on the PL of MAPDI, observed
with F,, in the ne§ative direction resemble those observed for
the PL at 190 K,*® that is, an enhanced initial intensity and a
decreased lifetime. As a mechanism of the initial enhancement,
an explanation was that electrons and holes undergo geminate
recombination, due to the field-induced enhancement of the
interaction between electron and hole, resulting in the efficient
PL, although the predominant route of PL is regarded as a
bimolecular recombination of free carriers. If the geminate
recombination were enhanced with an applied electric field, it
seems that enhancement should be observed for the hot PL,
not for the cold PL. In the present results, it is hence unlikely
that the field-induced enhanced cold PL in the negative
direction results from an enhanced radiative geminate
recombination of hole—electron pairs. On the basis of the
present results, the effects of an electric field on PL at low
temperatures cannot be discussed satisfactorily; not only the
free-carrier model but also the exciton model might, however,
have to be considered, in contrast with MAPbI; near 300 K.

The dependence of photoexcitation dynamics on direction of
the applied electric field might be related to the hysteresis
observed in the current—voltage plots; the present results might
contribute to improve photovoltaic cells using perovskites for
efficient conversion of solar energy.

4. CONCLUSION

Photoluminescence (PL) intensity of a nanocrystalline film of
MAPDbI; sandwiched between FTO layer and insulating film of
PMMA decreases, when the external electric field is applied
with the direction toward the FTO electrode (positive
direction). On the other hand, PL intensity of MAPbI,
increases, when the external electric field is applied with the
opposite direction (negative direction). The field-induced
change in PL intensity is confirmed to originate mainly from
the field-induced change in the number of free carriers which
induce radiative recombination, based on the time-resolved E-
PL measurements. It is proposed that an internal field (F,,)
exists even without application of F,,,. The anisotropic behavior
of the effect of F,,, on PL is interpreted in terms of a synergy
effect of F,,, and F.g; ie, both fields are additive with the
applied field in the positive direction and subtractive with the
applied field in the negative direction. In the results, PL
intensity decreases and increases, respectively, when the electric
field is applied in the positive and negative directions,
respectively. The PL lifetime in the nanosecond region was
also found to increase and decrease, respectively, when the
external electric field was applied in the positive and negative
directions. The present findings about the electric-field-induced
variation of the PL intensity of a perovskite thin film might have
important implications for optoelectronic devices.
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