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ABSTRACT: Electroabsorption (E-A) spectra of methylammo-
nium lead triiodide (MAPbI,) are found to depend on the power
density of the illumination light (IL-D) in both tetragonal and
orthorhombic phases when the modulation frequency (M-F) of the
applied electric field (F) is low. As IL-D increased, the E-A
intensity decreased and the shape of the E-A spectra altered from
that similar to the second derivative of the exciton absorption band
having a Gaussian profile to the one similar to the first derivative,
when the M-F of F is low. When the M-F of F is high, E-A spectra
were independent of the power density of illumination. Orienta-
tional polarization of excitons is considered to be induced by F
having a low M-F with strong photoirradiation, following ion
migration of MA® and I” along the applied field direction
enhanced by photoirradiation.

1. INTRODUCTION

Organic—inorganic lead-halide perovskites, especially methyl-
ammonium lead triiodide (MAPbIL;), have emerged as
promising candidates for cheap and abundant energy-
consumption materials for next-generation solar cells.'~® In
devices based on MAPbI; such as photovoltaic (PV) cells, the
excitons produced on absorption play a vital role in
dissociating into supply free carriers; it is hence important to
understand how an exciton behaves under external stimuli,
such as temperature change, photoirradiation, or application of
an external electric field.””” Because it has a large relative
permittivity, MAPbI; was expected to have a non-excitonic
character, but a clear excitonic nature has been reported in
electroabsorption (E-A) spectra.'’™"*

E-A spectra of a MAPbI; film having a vertical device
structure as fluorine-doped tin-oxide (FTO)/MAPbI,/poly-
(methyl methacrylate) (PMMA)/Al were measured with
modulation frequency 40 Hz at varied temperatures, as
reported previously.'"* The E-A spectra were essentially
independent of the modulation frequency of the applied
electric field in the region 40 Hz to 1 kHz; the observed E-A
spectra were analyzed with an integral method on assuming
that the E-A signal originated from the Stark effect of the
exciton absorption band. The binding energy of the exciton
and the change in electric dipole moment and polarizability
following absorption into the exciton band were also
determined. Many groups reported ion migration of I” and
MA" ions in darkness, under illumination and on application of
an electric field."~"® The MA" cation at the center of a lead-
iodide cage is highly rotationally mobile; photoinduced carriers
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were suggested to modify the equilibrium of the local unit cell,
assisted by a MA* rotation.'” E-A spectra of which the signal
intensities depended on the modulation frequency of an
applied electric field were also reported by Wu et al.'" Despite
many reports about the mobile characteristics of MAPDI; in a
solid film, our E-A spectra of MAPDI; film were independent of
the modulation frequency of an applied electric field and were
analyzed on assuming an immobile and isotropically
distributed system.'>'* At that time, we noticed that our E-A
spectra of a MAPDI; film differed markedly from those
reported by Wu et al.'"' This discrepancy has subsequently
been resolved because we have found that the E-A spectra
depend on the power density of the incident light when the
modulation frequency of the applied electric field is low.
Hereafter, the power density of illumination, applied electric
field, and its modulation frequency are denoted as IL-D, F, and
M-F, respectively. Not only the E-A intensity but also the
shape of the E-A spectra depended on the IL-D, indicating that
a MAPDI; film under application with F having low M-F must
be regarded as a mobile system only when IL-D is large. When
IL-D is small, the E-A spectra observed with a low M-F of F are
essentially the same as those observed with a high M-F. When
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Figure 1. E-A spectra of MAPbI; at 290 (a,b) and 60 K (c,d) under varied power densities of illumination observed with field strength 0.3 MV

cm™!

respectively.

and modulation frequencies 40 Hz (a,c) and 1 kHz (b,d). Absorption spectra at 290 and 60 K are shown as dotted black line in (a,c)

the IL-D is large, in contrast, the E-A spectra depend on the M-
F. The results reported in our previous papers correspond to
those obtained with a small IL-D, whereas the E-A spectra
reported by Wu et al. are regarded as those observed with a
large IL-D. We report here E-A spectra of a MAPbI; film
dependent on the IL-D, which depend also on the M-F of F.
These results enable us to conclude that orientational
polarization of excitons is induced by F having low M-F with
strong photoirradiation, which enhances migration of MA" and
I" ions.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. The MAPbI; perovskite film
was prepared with a solution-processing method. MAI
(homemade) and Pbl, powders mixed in anhydrous dimethyl
formamide in molar ratio 1:1 at 45 mass % were stirred for 12
h at 70 °C in a nitrogen-purged glovebox to prepare the
MAPDI; precursor solution. A polycrystalline thin film of
MAPDI; on a FTO coated glass substrate was prepared by
spin-coating the mixed precursor solution of MAPbI; at 5000
rpm for 15 s, incorporating chlorobenzene after 5 s of spinning
and annealed at 100 °C for 10 min; the sample changed from
transparent to black.

After deposition of a MAPDI, layer on FTO, a thin PMMA
film was spin-coated on top of the MAPDI; layer as insulator,
which also protected the MAPDI; layer from the external
environment (oxygen and moisture). A semi-transparent layer
of aluminum (Al) with thickness ~15 nm was deposited by
thermal evaporation on sample substrates having a PMMA film
on the perovskite layer. The FTO and Al films served as
electrodes to record E-A spectra.'”'* The field strength was
calculated from the applied voltage divided by the distance
between electrodes.

2.2. Optical Measurements. All measurements were
conducted under vacuum conditions with a cryogenic
refrigerating system (Daikin, V202CSLR), equipped with silica
optical windows, a temperature controller (Scientific Inst.,
model 9600-1), and a silicon diode thermometer.'* All spectra
were recorded with a commercially available spectrometer
(JASCO, FP-777), and the intensity of transmitted light (T)
controlled with neutral density filters. A sinusoidal ac voltage
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of modulation frequency in a range 40 Hz to 1 kHz was
applied from a function generator between two electrodes
attached to the sample. The modulated transmitted light
intensity (AT) was detected with a lock-in amplifier at the
second harmonic mode (2f). The dc component T was
concurrently recorded with a computer. The E-A spectra were
derived on plotting the field-induced change of absorption
AA ( = —(%)(%)) as a function of wavelength or
wavenumber.

3. RESULTS AND DISCUSSION

We recorded E-A spectra of MAPDI; at 290 and 60 K with
varied IL-D using varied M-F of F. The results obtained with
M-F 40 Hz and 1 kHz with IL-D from ~20 to ~800 W cm >
are shown in Figure 1. When the M-F was 1 kHz, the E-A
spectra were essentially the same as those reported in our
previous papers at both 290 and 60 K; the E-A spectra were
nearly independent of the IL-D, as Figure 1 shows. When the
M-F was as low as 40 Hz, the E-A spectra observed with IL-D
~20 W cm™ were almost the same as those observed with
M-F 1 kHz at both 290 and 60 K, but the E-A signal intensity
depended significantly on the IL-D (see Figure 1). As Figure 2
shows, the magnitude of the E-A signal monitored at the
minimum of the E-A spectra, that is, 762 nm at 290 K and 738
nm at 60 K, gradually decreased and approached a saturated
value with increasing IL-D at M-F 40 Hz. The extended view
of the E-A spectra shown in Figure 3 demonstrates that the
shape of the E-A spectra observed with M-F 40 Hz also
depends on the IL-D at both 290 and 60 K. The E-A spectra
observed at 110 K also showed a remarkable IL-D dependence
(see Supporting Information, Figure S1) under a M-F 40 Hz,
which is similar to the spectra at 290 and 60 K. Note that a
MAPDI, film at 110 K shows the orthorhombic phase, as also
the case at 60 K.'* It should be noted that the IL-D
dependence is reversible. Once the magnitude of IL-D is
returned to the original one, E-A spectra which are essentially
the same as the original one were obtained.

To examine the dependence of the E-A spectra of MAPbI,
on the M-F, we recorded AA with two values of IL-D and
varied M-F at 290 and 60 K. As shown in Figure 4, AT/T, that
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Figure 2. Plots of E-A signal intensity as a function of power density
of illumination at 290 K (a) and 60 K (b). The intensity was
monitored at the minimum of the E-A spectrum, i.e., 762 nm at 290 K
and 738 nm at 60 K. E-A signals measured at modulation frequency
40 Hz and 1 kHz are shown as purple and orange circle, respectively.
Broken lines are just for visual guidance.
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Figure 3. Normalized E-A spectra observed at 290 (a) and 60 K (b)
with a modulation frequency of 40 Hz and different illumination
power densities, to clearly show the illumination power dependence
of the spectral shape of the E-A spectra. These spectra are the same as
the ones in Figure 1.

is, AA was independent of M-F when IL-D was as small as ~§
UW cm™% When IL-D was as large as ~200 4W cm ™, on the
other hand, the magnitude of AT/T, which was small with a
low M-F, increased monotonically with increasing M-F and
nearly saturated about 500 Hz, indicating a slow process that
occurs in a millisecond time range is involved in the IL-D
dependence of E-A spectra. The M-F dependence was thus
observed only with a large IL-D. Figure 4 also shows that the
value of the M-F required for the saturation of AT/T is larger
at 60 K than at 290 K.

In our previous papers,”'* we showed AA of a MAPbI, film
to be proportional to the square of the applied field strength.
At that time, we paid little attention to the dependence on IL-
D; the dependence on applied field strength was thus again
measured at 290 and 60 K with IL-D ~5 and ~200 yW cm™?,
on monitoring AA at the minimum of the E-A spectra. As
shown in the Supporting Information (Figure S2), AA is
proportional to the square of the strength of F, regardless of
the temperature or IL-D, indicating that the observed E-A
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Figure 4. Plots of the field-induced change in transmitted light
intensity relative to the transmitted light intensity (AT/T) as a
function of modulation frequency of applied electric field under two
power densities, i.e., 6 and 216 yW cm™* at 290 K (a) § and 180 yW
cm™* at 60 K (b). The E-A signal was monitored at 762 nm at 290 K
and at 738 nm at 60 K, at which E-A spectra show a minimum, with
applied field strength 0.3 MV cm™. Broken lines are just for visual
guidance.

spectra of a MAPDI; film originated from the Stark effect,
independent of IL-D or the M-F of F. Note that our previous
experiments were undertaken with a small IL-D.

In direct band-gap semiconductors and insulators where
weakly bound Wannier excitons are characterized, E-A spectra
were shown to be simulated by exciton theory, that is, with
physical parameters of binding energy of exciton, thermal
broadening factor, and electron-optical parameter including
band-gap energy.”’ The major effect of the electric field is
considered to cause the bound levels giving exciton bands to
be mixed and broadened into a continuum levels. Also, the 1s
level is considered to be shifted to lower energy. In the results,
the first exciton absorption peak shows a red shift in the
presence of electric field, and the oscillation of the absorption
profile of the continuum band is expected to be observed
above the edge.

According to the exciton theory reported by Blossey,”
Wannier excitons show the E-A profile such as the one shown
in Figure 5, which is quite similar to the ones of the present E-
A spectra of MAPDbI; observed with high M-F of F or low M-F
of F and small IL-D, and the following characteristics have
been pointed out: (1) AH; should be greater than AH, except
for the case of both small field (F/F; < 0.3) and small
broadenings (I'/R < 0.2), where F, I, and R represent

s

AL,

AE,

|- ]

hv

Figure S. E-A spectra expected in Wannier exciton.
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ionization field, temperature-dependent broadening parameter,
and exciton binding energy, respectively; (2) AH, and AH,
can increase or decrease with field, whereas AH, should always
increase with field; (3) for large fields, AH, should approach a
constant value, if the exciton is not thermally considered; (4)
the first negative oscillation is pinned at hv = E; — R, where hy
and E, are excitation photon energy and energy gap of
semlconductor, respectively; (S) the width AE, increases
slower than (F/F;)*? and is temperature dependent, whereas
the width AE, increases as (F/F;)*’® and is largely temperature
independent. Further, the total oscillator strength is considered
to be conserved.

When the E-A spectra of MAPDI; observed in the present
study are compared with the ones expected in the exciton
model by Blossey,”” clear differences are noticed. For example,
(1) in E-A spectra at a high temperature 290 K, that is, with a
large I, AHj, is smaller than AH, (see Figure 3, and Figure 4 of
ref 14), in contrast with the theoretical expectation, though
AH; is larger than in AH; at low temperatures; (2) the
magnitude of the E-A signal is proportional to the square of the
applied field strength at any monitoring wavelength, as
previously reported,'* indicating that the ratio AH,/AH,/
AH; is independent of the magnitude of F; (3) AE, and AE,
are independent of the magnitude of F, in contrast with the
theoretical expectation, and the shape of the E-A spectra is
independent of the applied field strength (see Figure 4 of ref
14). Further, total absorption intensity of MAPbI; solid film
changes in the presence of applied electric field, as mentioned
later, while the total oscillator strength is considered to be
conserved in the theoretical treatment. Regarding the temper-
ature dependence of the E-A spectra, a comparison cannot be
carried out in a MAPDIj solid film because the crystal structure
changes with different temperatures and phase transition
occurs. Thus, the E-A spectra observed in the present study
cannot be reproduced by the simulation given by Blossey.”” It
may be necessary to examine carefully whether optical
properties of organic—inorganic perovskites such as MAPDI,,
where MA rotation as well as ion migration of MA* and I” ions
occurs, are completely similar to the ones of excitons in
semiconductor crystals from group IV of the periodic table.

To present the detailed shape of the E-A spectra observed
with different IL-Ds, the following equation was used for

simulation
A
( (v)) A,
v

AA = (fF)?

4’ ( A(v) ]

d*\ v (1)
in which F is the magnitude of the electric field, that is, F = |F|,
f is the internal field factor and Ay, A; and A, are coefficients.
Usually, eq 1 is used for random ensembles of molecules by
assuming an isotropic angular distribution of the absorb-
ers,”' 7** and it may be important to note that this equation is
applicable not only to spatial fixed molecules (materials) but
also to molecules like being able to reorient freely under
applied electric field.”** For example, E-A spectra of organic
dipolar molecules both in solution and in solid film, which give
different spectral shapes of E-A spectra, could be analyzed with
eq 1.”* The simulation of the observed E-A spectra of MAPbI,
film based on this equation may suggest what causes the field-
induced change in profile of the E-A spectra.

AA(Y) + A

All the E-A spectra could be reproduced quite well with eq 1
by assuming that only the exciton band having a Gaussian
profile shows an electric field effect. Simulation of the E-A
spectra at 290 and 60 K observed with M-F 40 Hz and IL-D
~20 or ~800 W cm™> appear in Figure 6, in which the
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Figure 6. Analysis of E-A spectra of MAPbI, observed at 290 K (left)
and 60 K (right). (a) Absorption spectrum and its decomposition into
an exciton band of Gaussian shape (red line) and a continuum band
(black dotted line), (b) first derivative (red line) and second
derivative (black line) of the exciton absorption band, (c) E-A
spectrum observed with small power density of illumination and the
simulated spectrum, and (d) E-A spectrum observed with large power
density of illumination and the simulated spectrum. The illumination
power density used for the E-A measurements is shown in the figure.

absorption spectrum, composed of exciton and continuum
bands, and the first and second derivatives of the exciton band
are also shown. Simulations of other E-A spectra observed with
M-F 40 Hz and varied IL-D are shown in Supporting
Information (Figures S3 and S4). Each value of coefficients
Ay A, and A, at 290 and 60 K used to simulate the E-A spectra
observed with M-F 40 Hz and varied IL-D is listed in
Supporting Information, Tables S1 and S2. Plots of coeflicients
A, and A, as a function of IL-D at 290 and 60 K are shown in
Figure 7. With M-F 40 Hz, coefficient A, as well as the total
intensity of the E-A spectra decreased monotonically with
increasing IL-D at both 290 and 60 K, whereas coefficient A,
monotonically increased with increasing IL-D. Coefficients A,
and A, used to simulate the E-A spectra observed with M-F 1
kHz are essentially the same as those estimated for the E-A
spectra observed with IL-D ~20 gW cm™> and M-F 40 Hz.
When the M-F of F is as low as 40 Hz, the shape of the E-A
spectra altered from that similar to the second derivative of the
exciton absorption band having a Gaussian profile to a shape
similar to the first derivative of the exciton band, as the IL-D
increased (see Figure 6c,d). Even with varied IL-D, the
observed E-A spectra could be reproduced by using eq 1,
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Figure 7. Plots of coefficients A, (a) and A, (b) used to simulate E-A
spectra at 290 K (scale on the right) and 60 K (scale on the left) with
eq 1 as a function of power density of illumination (IL-D). The data
for the E-A spectra observed with modulation frequencies 40 Hz and
1 kHz are shown with red and black circles, respectively. Broken lines
are just for visual guidance.

although the contribution of each derivative component
depended on IL-D.

In random ensemble of molecules, where eq 1 is applied in
the presence of external electric field, the first term indicates
the fleld-induced change in absorption intensity, and the
second and third terms corresponds to the spectral shift and
spectral broadening, respectively. With the simulation of the E-
A spectra with eq 1, it is noticed that the coefficient A, is
negligibly small at room temperature, indicating that the Stark
effect resulting from the spectral shift of the exciton absorption
band is negligible. The fact that no redshift caused by the
change in polarizability following absorption is negligible at
room temperature is very different from the theory of the
electric field effect on absorption spectra of the Wannier
exciton.

In random ensemble of molecules, whose E-A spectra are
given in eq 1, orientational polarization of electric dipole
moment (permanent and/or field-induced dipole) toward the
applied electric field direction leads to the enhancement of the
first derivative term, that is, increase of A, in eq 1. The present
results remind such orientational polarization of a dipole. In
case of MAPDI, films, two cases may be able to be considered
as the origin of orientational polarization of excitons. One is
the reorientation of MA* cation, which has an electric dipole
moment ~2.3 D,* along the applied field direction, and
another is an orientation of a pair of MA* and I” ions, which
migrate along the applied field direction. Both may induce the
orientation of excitons along the applied field direction. It has
been reported that photoirradiation greatly reduced the ion
migration energy barrier in polycrystalline and single crystalline
organic—inorganic halide perovskite materials including
MAPbI,.'® Therefore, orientational polarization of excitons
which enhances the A; value may be attributed to the ion
migration of MA" and I~ ions toward the opposite directions
to each other in the presence of electric field, because A, is
strongly enhanced by photoirradiation.

The fact that the total intensity of the E-A signal as well as
coefficient A, decreased with small M-F and with increasing
IL-D indicates a possibility that the electric field applied to a
material decreases with increasing IL-D in the presence of F
having a low M-F. By a field-induced migration of MA* and I™
ions, which produces internal field, the applied field may be
screened, resulting in the decrease of the actual applied electric
field. This assumption is also reasonable because the field-
induced enhancement of A, is attributed to the field-induced
ion migration of MA* and I” ions which is strongly enhanced
by photoirradiation.

It was reported that the line-shape of the E-A spectra could
be modified by the field inhomogeneity,”**” suggesting that
field non-uniformity inside the device due to the drift/diffusion
of mobile ions can distort the shape of the E-A spectra. As an
example of the experimental evidence of such behavior, the
electric field effects on absorption (reflection) spectra of
germanium solid was pointed out. It is well known that the
shape of the E-A spectra of germanium solid depends
remarkably on the applied field strength,”** and so it is easily
expected that the spectral shape of E-A spectra of germanium is
affected by field inhomogeneity. In the present case of
MAPbDI;, on the other hand, the spectral shape of the E-A
spectra is independent of the applied field strength, as already
mentioned. Even when non-uniformity of the field exists inside
the sample, therefore, the change in spectral shape cannot be
expected in the E-A spectra of MAPDI;, though the magnitude
of the E-A signal may be affected by the field inhomogeneity.
Therefore, it is unlikely that the change in spectral shape of E-
A spectra of MAPDI; in the present study observed with
different photoirradiation intensities results from the field
inhomogeneity.

Wu et al. analyzed E-A spectra of MAPbI; on assuming a
second-derivative line shape of the absorption spectrum.'’ The
magnitude of |Aul was reported to decrease with increasing M-
F of F. Their analysis is unacceptable because the E-A spectra
were measured at frequency 91 Hz and light intensity 2 mW
cm™?, which is greater than the largest IL-D in the present
experiments. The E-A spectra reported by Wu et al. resemble
those obtained in our present experiments with a large IL-D,
that is, similar to the first-derivative line shape of the exciton
absorption band. Those authors also reported the relative
permittivity (&), measured with electrochemical impedance
spectra under the illumination conditions, as a function of
frequency, such that & increased with decreasing frequency.
Juarez-Perez et al.'” also reported that a large relative
permittivity was induced under 1 sun illumination in
MAPDX; perovskite including MAPbI;, especially at small
frequencies. There is thus no doubt that & of a MAPDI; film at
low frequency increases with intense illumination. The
monotonic decrease of the total E-A signal intensity as well
as the coeflicient A, with increasing IL-D at 40 Hz, shown in
Figures 2 and 7, can then be attributed to a photoinduced
decrease of electric field applied to the MAPbI; film caused by
an increase of €. The strength of an electric field in a dielectric
is decreased by factor 1/e relative to vacuum.”® The increase of
€ with a large IL-D under an application of F with a low M-F
occurs probably through the field-induced ion migration of
MA" and I" ions. Only when the M-F of F is less than 500 Hz,
€ is considered to depend remarkably on the IL-D, as shown in
Figure 4.

As shown in Figure 7 and Tables S1 and S2 of Supporting
Information, coefficient A, decreased to ~22 and 11% of the
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initial values, when the IL-D increased from ~20 to ~800 yW
em™ at 290 and 60 K, respectively. If these decreases
originated from an increased & of the MAPbI; & would
increase by factor ~2.1 or ~3.0 with increasing IL-D (see
Table S3 of Supporting Information). Note that the E-A signal
is proportional to the square of the strength of the applied
field. € of MAPDI; films estimated by Wu et al. with IL-D 2
mW cm™ is ~300 at 100 Hz and ~90 at 1 kHz. The ratio of
these two, that is, 300/90 = 3.3, is roughly the same as the
above-mentioned ratio. E-A spectra recorded with M-F 1 kHz
are independent of IL-D and are essentially the same as that
obtained with a small IL-D and low M-F of F (see Figures 1
and 2).

Coefficients Ay and A, are also affected by a change in ¢, that
is, by a change in field strength, which depends on IL-D. On
assuming that the dependence of coefficient A, on IL-D results
from the varied field strength, coeflicients A, and A, evaluated
from the simulation of the E-A spectra obtained with M-F 40
Hz became modified so that these were obtained under the
same field strength. The values were normalized to those
obtained with the smallest IL-D. Plots of modified A, and A, as
a function of IL-D are shown in Supporting Information
(Figure SS). Both A, and A; show a monotonic change with
increasing IL-D. As already mentioned, the increase of
coefficient A; with increasing IL-D is attributed to the
orientational polarization of excitons, which probably results
from a migration of a pair of ions MA" and I” enhanced by
photoirradiation to the opposite direction along the applied
field direction.

Usually, the incident photon to current conversion efficiency
in solar cells is measured with 1 sun (100 mW cm™>). The
magnitude of IL-D used in the present study, for example, 20
or 800 yW cm™* corresponds to 0.0002 and 0.008 sun,
respectively, which are much weaker than the illumination light
condition of 1 sun. According to the present IL-D dependence
of E-A spectra, sample condition of MAPbI; film under light
illumination with 1 sun may be similar to that with the high IL-
D such as 800 4W cm™ in the present experiment, where
migration of MA" and I” ions is enhanced by photoirradiation.
Then, it is interesting to know how the incident photon to
current efficiency of solar cell of MAPDI, is related to the
illumination light density. This is very important to consider
the PV devices with dim irradiation, for example, for indoor PV
application. This will be a future problem.

As we reported for a silver iodide crystal’** and as reported
for MAPbI; crystal,”® ionic conductivity can be altered by
photoirradiation. Then, it is also interesting to know how the
present illumination power dependence of E-A spectra is
related to illumination power dependence of ionic conductivity
of MAPbI, film, which will be also examined as a future work.

4. CONCLUSIONS

E-A spectra of MAPDI; perovskite film were recorded with
various intensities for absorption light and with different
modulation frequencies of applied electric field (F). Then, it is
found that E-A spectra observed at a small modulation
frequency of F depend on the IL-D; the intensity of the E-A
signal decreased with increasing IL-D, and the shape of the E-A
spectra changed from that similar to the second derivative to
that of the first derivative of the exciton absorption band
having a Gaussian profile, as IL-D increased. When the
modulation frequency of F was high, for example, 1 kHz, E-A
spectra were independent of IL-D. The shape of the E-A
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spectra was different from the one theoretically expected for
the Wannier exciton. Then, the observed E-A spectra were
simulated by a linear combination of the zeroth, first and
second derivative shapes of the exciton absorption band having
a Gaussian profile, which is usually used for random ensemble
molecules, and well reproduced. The dependence of E-A
spectra on the IL-D results from the relative permittivity (&) of
a MAPbI; film being dependent on the IL-D; under an
application of F of low modulation frequency, € increases with
increasing IL-D, leading to a monotonic decrease of the
effective electric field applied to a MAPDI; film. This is
attributed to ion migration of MA" and I” ions along the
applied field direction, which produces an internal electric field
and reduces the applied field. The change in the shape of the
E-A spectra with increasing IL-D is attributed to orientational
polarization of excitons induced by applied electric field, which
probably results from a migration of ion pairs of MA* and I",
that is, the ion migration and orientational polarization of
excitons along the applied electric field is enhanced by strong
photoirradiation.
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