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ABSTRACT: Electroabsorption (E-A) spectra of lead halide
perovskites, that is, CH3NH3PbI3−xBrx (x = 0−3), which show
large spectral shift depending on the ratio between iodine and
bromide, have been measured. By analyzing E-A spectra with the
integral method, spectral shape of the absorption spectra for the first
exciton band and binding energy of exciton have been determined.
Magnitudes of the change in electric dipole moment and molecular
polarizability following excitation into the exciton state have been
also evaluated in these perovskites. The binding energy of electron
and hole in exciton of these materials as well as the magnitude of
change in electric dipole moment following exciton absorption is
roughly the same, suggesting that the difference of the photoenergy conversion in photovoltaic cells using these materials comes
from the difference in light harvesting effect and difference in carrier mobility, not from the difference in carrier generation
efficiency. The frequency-dependent third-order nonlinear susceptibility χ(3) has also been calculated, based on the E-A spectra.
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Perovskite structure, that is, a class of crystal with
stoichiometry ABX3 that exhibits so many unique

properties, such as superconductivity or ferroelectricity, has
received strong attention for a long time.1−5 Recently, lead
halide perovskites have received great attention among
photovoltaic community due to their rapid boost in the
photoenergy conversion efficiencies of the solar cells fabricated
from these absorbers using a very simple low temperature
solution processes. For example, photon to electrical power
energy conversion of methylammonium lead halide perovskites
exceeding 20% has already been reported.3,6−12 Carrier
generation following photoexcitation and carrier mobility in
materials as well as in the interface between material and
electrode are key issues to determine the performance of
photovoltaic cells. Following photoirradition of organic−
inorganic lead halide perovskites, coexistence of bound exciton
and free charges has been shown.13,14 It has been also reported
that photoconductivity in photovoltaic devices with these
materials is attributed to exciton dissociation.15 To have a high
carrier generation, therefore, exciton binding energy should be
as small as possible to induce dissociation into free charge
carriers by the thermal energy at room temperature, as far as
the carrier generation from exciton dissociation is considered.
The binding energy of exciton is considered to have strong
relation to the electronic structure of materials in the
photoexcited state.16−20 Electric field effects on optical spectra
provide information about the change in electric dipole
moment following photoexcitation, that is, dipolar properties

in the photoexcited state. The charge separated character is
expected to be strongly related to the magnitude of the binding
energy in the exciton state.21,22 A large electric dipole moment
in the photoexcited state is considered to induce efficient
photocarrier generation because of a large distance between
hole and electron as well as a small binding energy of hole and
electron pair. Based on the electroabsorption (E-A) measure-
ments, therefore, the relation between binding energy of
exciton and electric dipole moment in the excited state is
expected to be determined.
Photovoltaic parameters of the perovskite solar cells based on

a series of MAPbI3−xBrx, where MA is methylammonium and x
= 0, 1, 2, and 3, were reported.23−27 The photocurrent of the
devices drastically increases with increasing iodine content in
the perovskite film, and absorption extends to the longer
wavelength as well. Thus, photon conversion efficiency was
reported to agree with the light absorption property of mixed
halide perovskites,23,24 but the difference in photocurrent
cannot be explained only by the difference in light harvesting
efficiency. In the present study, E-A spectra of bandgap-tunable
perovskite thin films of MAPbI3, MAPbI2Br, MAPbIBr2, and
MAPbBr3, whose SEM images are shown in Figure 1, have been
measured, and the observed E-A spectra have been analyzed
with the integral method. In the results, exciton absorption
spectra have been clearly determined in every sample, and the
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binding energy of exciton of hole and electron pair has been
determined. The magnitudes of the change in electric dipole
moment and molecular polarizability have been also
determined in these samples. Those parameters have been
compared with each other and with the ones reported so far in
MAPbI3.

28 Based on the results, the origin of the difference of
photoenergy conversion efficiency in photovoltaic devices
constructed with these materials of MAPbI3−xBrx has been
discussed. Plots of the third-order nonlinear susceptibility of
MAPbI3−xBrx nanocrystalline sample have been also simulated
from the E-A spectra and the corresponding absorption spectra.

■ THEORETICAL BACKGROUND OF E-A SPECTRA
In the presence of electric field (F), molecular energy level is
shifted by −μF − αF2/2, depending on the electric dipole
moment (μ) and the molecular polarizability (α). As a result,
the so-called Stark shift is observed; absorption transition
energy is shifted by ΔE (= −ΔμF − ΔαF2/2), where Δμ and
Δα are the differences in electric dipole moment and molecular
polarizability, respectively, between the ground state (g) and
excited state (e), that is, Δμ = μe − μg and Δα = αe − αg. The
theory shows that the field-induced change in absorption
intensity of an isotropic sample at wavenumber ν, that is,
ΔA(ν), can be given by a sum of the zeroth, first, and second
derivatives of the absorption intensity A(ν) as follows:29−32
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Here f is the internal field factor and F = |F|. E-A spectra
depend on the angle between the direction of F and the
polarization direction of electric vector of the absorption light,
that is, χ. In immobilized and randomly distributed system, the
coefficient Aχ depends on the field-induced change in transition
moment. With the magic angle χ, that is, 54.7°, Bχ and Cχ are
given as follows:
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χ χB

hc
C

h c2
,
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where Δα̅ denotes the trace of Δα, that is, Δα̅ = (1/3)Tr(Δα).
In the analysis of the observed E-A spectra using the above

equation, that is, so-called differential method, spectral shape of
each absorption band should be clearly separated because the

magnitudes of Δμ or Δα depend on the absorption band.
When the separation of the absorption bands is very difficult or
when very weak absorption band which shows a large field
effect is buried under the strong absorption band, the integral
method analysis of the E-A spectra may be very useful, that is,
the following integrals of the E-A spectra along the wave-
number are considered:33,34
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The first derivative term in the E-A spectra gives a shape of
the absorption spectrum in the first integral of the E-A spectra,
while the second derivative term in the E-A spectra gives a
spectrum whose shape is the same as the one of the first
derivative and zeroth derivative, respectively, in the first and
second integrals of the E-A spectra. In fact, the absorption
spectra of the exciton band of perovskite samples severely
overlap with the broad free carrier absorption band, and the
field-induced change in absorption intensity seems to occur
only for the exciton band. Therefore, the integral method is
extremely useful to analyze the E-A spectra of the perovskites,
as shown below.

■ RESULTS AND DISCUSSION

Electroabsorption Spectra. E-A spectra of perovskite
samples of MAPbI3−xBrx (x = 0, 1, 2, and 3) were obtained at
the second harmonic of the modulation frequency of the
applied electric field with a field strength of 0.3 MVcm−1. The
results are shown in Figure 2, together with the absorption
spectra. Schematic layer structure of FTO/MAPbI3−xBrx/
PMMA/Ag used for the E-A measurements and one example
of the SEM images with MAPbI3 crystals are shown in Figure 3.
Excitation light proceeded perpendicular to the plane surface of
the sample, and transmitted light was monitored. Actually, a
field-induced change in transmitted light intensity relative to
the total intensity of the transmitted light, that is, ΔIEX/IEX was
measured, as will be mentioned in the section of Materials and
Method. As shown in Figure 4 for MAPbI3, the field-induced
change in absorption intensity is proportional to the square of
the applied electric field. The similar field strength dependence
was obtained in other samples of MAPbBr3, MAPbIBr2, and
MAPbI2Br, as shown in Supporting Information (SI, Figures
S1−S3). X-ray diffraction (XRD) patterns of the prepared
mixed lead halide perovskite films observed at room temper-
ature in the region of the tetragonal (220) and cubic (200)
reflections (2θ = 27−31), which are shown in SI (Figure S4),
are essentially the same as the ones shown in the literature.23 As
the iodine content increases, the diffraction peaks in the XRD
spectrum shift to smaller angles (Figure S4), whereas
absorption spectra shift to longer wavelength as a whole, as
shown in Figure 2. In the absorption spectra, the band which
corresponds to the bandgap transition, that is, the so-called
exciton band overlaps with the broad continuum band, which
corresponds to the transition from the valence state to the
conduction state, and the separation between these bands is not

Figure 1. SEM images of MAPbI3, MAPbI2Br, MAPbIBr2, and
MAPbBr3 crystals prepared in the present study.
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easy, though it is known that the exciton band is located in the
longer wavelength region.
When absorption band which shows large Stark effect is

buried under strong absorption band(s) or severely overlapped

with other absorption bands, the so-called integral method is
very useful to analyze the E-A spectra.33,34 In the case of
MAPbI3−xBrx, it is likely that the exciton absorption band
severely overlaps with a continuum absorption band, as shown
in Figure 2. Then, the first integral and the second integral of
the observed E-A spectra were taken. The results of MAPbI3 are
shown in Figure 5. As mentioned already, the second integral of
the E-A spectrum that gives the second derivative of the
absorption spectrum in shape should show the spectrum whose
shape is the same as the absorption spectrum. When the second
integral of the E-A spectrum is watched from this point of view,
one peak that corresponds to the exciton band is clearly seen in
Figure 5, indicating that the E-A spectrum of the exciton band
is mainly given by the second derivative of the absorption
spectrum. The absence of other peak in the second integral
spectrum indicates that it is not necessary to consider other
absorption bands which give the second derivative of the
absorption spectrum. The fact that E-A signal at wavenumbers
higher than 14500 cm−1 is negligible indicates that the E-A
signal of the continuum band is negligible.
When the electric field effect is considered in semi-

conductors, the applied field may result in the Franz-Keldysh
effect caused by the field-induced modification of the band
structure.35 In such a case, the Franz-Keldysh oscillation may be
expected to be observed also in the continuum band. In the
present E-A absorption spectra of all the perovskite samples,
however, it is likely that the field-induced change in absorption
intensity results only from the exciton band. The first and
second derivative components in the E-A spectra correspond to
the spectral shift and spectral broadening induced by
application of electric field in exciton band. The intensity of
the first integral of the E-A spectrum at large wavenumbers

Figure 2. Absorption and E-A spectra of MAPbI3, MAPbI2Br,
MAPbIBr2, and MAPbBr3. Applied electric field was 0.3 MVcm−1.

Figure 3. Schematic layer structure of FTO/MAPbI3−xBrx/PMMA/Ag
used in the E-A measurements and SEM image of the sample with
MAPbI3.

Figure 4. Field strength dependence of the E-A spectra of MAPbI3,
and plots of the magnitude of the field-induced change in absorption
intensity relative to the absorption intensity as a function of the square
of F. Plots were obtained at the minimum of the E-A spectra.
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around 16,000 cm−1 is not zero, which results from the
contribution of the zeroth derivative component of the exciton
absorption spectrum in the E-A spectra. The results that the
second integral monotonically decreases with increasing
excitation wavenumber also agree with the one expected from
the second integral of the absorption spectrum, which may have
a Gaussian shape.
As shown in eq 3, the first integral of the E-A spectrum

should be given by a linear combination of the zeroth and first
derivatives and the first integral of the exciton absorption
spectrum. The second integral of the E-A spectrum should be
given by zeroth, first, and second integral spectra of the exciton
absorption band. Under this consideration, the exciton
absorption band superimposed with the continuum band was
simulated by assuming that the absorption shape is sym-
metrical. In fact, the observed E-A spectrum and its first and
second integral spectra could be reproduced well by employing
the simulated exciton absorption spectrum, its first and second
derivative spectra, and its first and second integral spectra, as
shown in Figure 5. Based on the above-mentioned integral
method analysis, the coefficients Aχ, Bχ, and Cχ in eqs 1, 3, and
4 were obtained, and the magnitude of Δμ and Δα̅ were
determined with eq 2. The results are shown in Table 1. The
peak position and bandwidth of the exciton band simulated
using the integral method are also shown in Table 1.
E-A spectra of MAPbI2Br, MAPbIBr2, and MAPbBr3 have

been similarly analyzed using the integral method, as shown in

SI (Figures S5−S7). Note that the exciton bands were
simulated by assuming a Gaussian band shape. The peak
position and bandwidth of the exciton band as well as the
magnitude of Δμ (≡|Δμ|) and Δα̅ determined with the integral
method are shown in Table 1. As shown in Table 1 and Figure
6, the magnitude of Δμ is roughly the same in these

compounds, while the magnitude of Δα̅ increases, as the
bromine component increases in mixed halides. A comparison
of E-A spectra among MAPbI3−xBrx could not be done with the
same grain size. Further, the grain size of the nanocrystal in
each sample is not homogeneous, as shown in the SEM images
(Figure 1). As will be mentioned in the experimental section, a
large size of MAPbI3 crystals having the average size of more
than 0.5 μm were prepared by the solvent-annealing method,
and it was confirmed that E-A spectra were essentially the same
within the experimental error as the ones of the small size
crystals having the average diameter of 0.1 μm (shown in
Figure 1), indicating that E-A spectra of MAPbI3 are nearly
independent of the crystal size. As shown in Figure 1, the
average diameter of nanocrystals is in the order of MAPbBr2I >
MAPbBr3 > MAPbBrI2 > MAPbI3, but the magnitude of Δμ
and Δα̅ does not follow the order. Thus, the magnitude of Δμ
or Δα̅ among MAPbI3−xBrx, with x = 0−3 has no direct relation
with the grain size (cf. Figures 1 and 6), suggesting that the

Figure 5. Integral method analysis of the E-A spectra of MAPbI3.
From top to bottom, absorption spectrum, the first integral of the E-A
spectrum, the second integral of the E-A spectrum, and E-A and
simulated spectra.

Table 1. Evaluated Physical Parameters, that is, the
Difference in Polarizability (Δα̅) and Electric Dipole
Moment (Δμ), the Peak Position and Bandwidth of the
Exciton Band of MAPbI3, MAPbI2Br, MAPbIBr2, and
MAPbBr3 Obtained with the Integral Method Analysis of the
E-A Spectra

Δα̅ (Å3) Δμ (D)
peak position

(nm)
bandwidth
(nm)

MAPbI3 0 ± 0.5 2.4 ± 0.3 760 ± 10 32 ± 2
MAPbI2Br −1.9 ± 0.8 1.5 ± 0.5 680 ± 16 23 ± 4
MAPbIBr2 −2.2 ± 0.5 3.0 ± 0.3 600 ± 13 23 ± 3
MAPbBr3 −4.1 ± 0.7 2.2 ± 0.5 530 ± 16 14 ± 3

Figure 6. Plots of the magnitudes of Δμ and Δα̅ following absorption
into the first exciton band of MAPbI3, MAPbI2Br, MAPbIBr2, and
MAPbBr3.
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charge-separated character of the exciton state has no direct
relation with the grain size in these materials.
The shape of the E-A spectra as well as the magnitude of Δμ

of MAPbI3 reported by Wu et al.28 is very different from the
one obtained in the present study. The present E-A spectra
were obtained from the transmitted light intensity of the
excitation light, while the E-A spectra reported by Wu et al.28

were obtained from the reflected light intensity of excitation
light. The differences between the line shape measured in our
EA spectra of MAPbI3 and those shown in other reports can be
explained primarily on the basis of optical effects due to
differences in measurement geometry and sample thick-
ness.28,36,37 The other literature’s reports of E-A spectra on
MAPbI3 conducted the measurement on relatively thicker films
(∼200−400 nm) in a reflection geometry, where the sample
was oriented at 45° incidence, and the modulation of the
reflected signal relative to the total reflective light intensity,
ΔR/R, was recorded. In those experiments, the probe light was
reflected from a thick (∼100 nm) metal back electrode after
making its first pass through the film, and then detected after
second pass transmission back through the film to the air/glass
interface. When E-A spectra are measured in this geometry,
ΔR/R signal may be significantly distorted, in contrast with the
ΔIEX/IEX signal that would be measured in a single pass
transmittance geometry, where a semitransparent top electrode
is used.36 The distortion is entirely due to the effects from
refractive index modulation, which can be expected for thicker
films measured in reflection geometry and optical interference
effects.
Ziffer et al.36 observed E-A spectra of MAPbI3 by monitoring

the transmitting light, as in the present experimental
procedures. Their E-A spectra of MAPbI3 are very similar to
the ones observed in the present experiments. In contrast with
the present analysis as well as the analysis done by Wu et al.,28

where E-A spectra are analyzed by a linear combination of the
sum of zeroth, first, and second derivative line shapes, Ziffer et
al.36 hypothesized that the E-A response was related to the
Franz-Keldysh-Aspnes (FKA) effect,38,39 as has been observed
in other bulk semiconductors which have binding energy of
hole and electron less than 10 meV. The main reason for such
hypothesis results from the fact that the observed E-A spectra
could not be fitted with the analysis by a combination of zeroth,

first, and second derivatives of the observed total absorption
spectra. Here, we do not employ their hypothesis because it is
considered that the E-A spectra could be analyzed by a
combination of the zeroth, first, and second derivatives of the
absorption spectra by assuming that absorption spectrum is a
superposition of exciton band and continuum band, which
result from the absorption of a hole−electron pair and the
transition from the valence state to the conduction state,
respectively, and that only the exciton absorption band shows
strong E-A signal, as already mentioned above.
If FKA effect exists as a contribution from continuum part of

the transition, the so-called Franz-Keldysh oscillation should be
observed as a result of the band structure of the conduction
band modified by electric field. Actually, the Franz-Keldysh
oscillation was not identified in the present experiments.
According to our preliminary experiments of the temperature
dependence of the E-A spectra, the oscillation could not be
observed even at low temperatures less than 100 K. The
contribution of the continuum band could be neglected in the
present analysis of the observed E-A spectra. For the
assignment of the E-A spectra of MAPbI3 crystal as the FKA
effect, it was stressed that the observed E-A spectra of MAPbI3
could be simulated by the third derivative of the absorption
spectra.36 If it is true, it may be considered that the E-A spectra
of other MAPbI3−xBrx than MAPbI3 should be also fitted by the
third derivative of the absorption spectra because all the
samples of MAPbI3−xBrx give similar E-A spectra, as shown in
Figure 2. As shown in Figure 7, however, the E-A spectrum of
MAPbBr3 cannot be fitted by the third derivative of the total
absorption spectrum, though the E-A spectrum of MAPbI3 is
similar in shape to the third derivative of the total absorption
spectrum. Then, it is considered that the observed E-A spectra
of MAPbI3−xBrx should be analyzed as the Stark shift of the
exciton absorption band, that is, as a linear combination of the
zeroth, first and second derivatives of the exciton absorption
band, as already mentioned. It is noted that the E-A spectra
observed for 2D organic−inorganic hybrid perovskite multiple
quantum wells ((C4H9NH3)2PbI4) were explained in terms of
FKA effect.40 The binding energy of this semiconductor was
reported to be 190 meV by the same authors and 320 meV by
other authors.41 However, it should be also noted that E-A
spectra of 2D exciton in (C6H13NH3)2PbI4 observed at 5 K was

Figure 7. Absorption spectrum (upper) and E-A spectrum (lower) of MAPbI3 (left) and MAPbBr3 (right). The red dotted line shows the third
derivative of the absorption spectrum in arbitrary unit.
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explained in terms of the Stark shift,42 not by the FKA effect.
Then, further study may be necessary to fix the origin of the E-
A signal in the 2D lead halide samples.
The theoretical work of the effect of applied electric fields on

the exciton absorption band suggests that the presence of
electric fields results in the shift and broadening of the exciton
band.43,44 The magnitude of the field-induced broadening of
the exciton absorption band profile is estimated to be roughly
10 cm−1 with a field strength of 0.3 MVcm−1, based on the
magnitude of Δμ in the present perovskite compounds
(roughly 2D, as shown in Table 1). Nonzero value of Δα̅
except for MAPbI3 also shows a field-induced blue shift of the
first exciton band. The magnitude of the shift becomes larger
with increasing the bromine component, and MAPbBr3 shows
the maximum blue shift by about 0.01 cm−1 with a field
strength of 0.3 MV·cm−1.
Simulation of Binding Energy of Exciton. As already

mentioned, absorption spectra of MAPbI3−xBrx (x = 0, 1, 2, and
3) can be separated into the exciton absorption band and the
remaining continuum band assigned to the band-to-band
transition (see Figures 5 and S5−S7). As shown in SI, the
absorption intensity at angular frequency ω can be expressed as
follows:
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ω = ω σ− ℏ −G e2( ) Z(( )) /2 )k
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Here, the first and second terms in eq 5 correspond to the
exciton band and the continuum band, respectively, and Zk is
the k-th dummy variable which has equal space in energy ∼0.81
cm−1, β represents the magnitude of non parabolicity of band
dispersion, Eb is the binding energy of hole and electron, Eg is
the bandgap energy, and the relation of Eg = ℏν0 + Eb is hold
for the exciton band. We use the Gaussian function, G1 and G2,
as the line shape function, because the Gaussian shape has been
assumed to derive the absorption spectrum of the first exciton
band from the E-A spectra using the integral method. σ in eq 5
was estimated from the full-width at the half-maximum (fwhm)
of the exciton band. To simulate the observed absorption
spectrum as a combination of exciton band and continuum
band, fwhm and the center of the exciton band, ν0, which were
obtained from the E-A spectra by the integral method were
used (see Table 1). In the simulation, Eb, β, Aex, and Ae‑h were
changed, and the total absorption spectrum could be
reproduced quite well with eq 5 with suitable values of these
parameters, as shown in Figure 8. Then, the binding energy of
electron and hole, that is, Eb has been determined for each of
MAPbI3−xBrx, based on these simulations. The results, that is,
fwhm and peak position (hν0) of the exciton band, Aex/Ae‑h, β,
and Eb are shown in Table 2. The simulated value of Eb is
ranged from 9 to 15 meV in these materials, indicating that the
binding energy of these materials is not so different from each
other. To show the reliability of the evaluated value of the
binding energy, a comparison is made with different binding
energy by ±5 meV, with Aex/Ae‑h and magnitude of
nonparabolicity of band dispersion (β) which are the same as
the ones shown in Table 1. The results are shown in SI (Figure
S8). Simulation was also done not only with different binding

Figure 8. Absorption spectra of mixed halide perovskites MAPbI3−xBrx (x = 0, 1, 2, and 3) thin films. Shaded line shows the observed spectra, and
red line shows the simulated absorption spectrum given by a sum of the exciton band (black dotted line) and continuum band which were simulated
with eq 5. The used parameters are shown in Table 2.
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energy but also with different value of Aex/Ae‑h. One such
example is also shown in SI (Figure S9 and Table S1).
It was reported that the photoenergy conversion efficiency in

photovoltaic cells constructed with these perovskite com-
pounds is very different from each other.23 We have
reconfirmed these results, as shown in SI (Figure S10). The
present results of similar binding energy as well as similar value
of Δμ (see Figure 6) imply that the remarkable difference of
the photoenergy conversion efficiency in these materials does
not come from the difference in concentration of free carriers
produced by photoirradiation, but probably comes from the
difference in carrier mobility, in addition to the difference in
light harvesting efficiency. Regarding the carrier mobility from
one nanocrystal to another or carrier injection from nanocrystal
to electrode, morphology may play a significant role. By
controlling morphology, therefore, carrier mobility as well as
efficiency of photoenergy conversion may be increased. It is
also noted that the absorption intensity extends to the red, as
the iodine component becomes larger in the mixed halide
compounds. Information about the carrier dynamics following
photoexcitation in the presence of electric field may be
obtained from electrophotoluminescecne (E-PL) study, that
is, from the electric field effects on photoluminescence.45

The ion migration mobility in the presence of electric field
was estimated to be 1.5 × 10−9 cm2 V s−1 at 1.5 V μm−1.46 The
small size nanocrystals of MAPbI3 has an average size of 0.1 μm
(surface area is roughly 1 × 10−10 cm2). In case of the sample
shown in Figure 3, the distance between FTO and silver
electrodes was ∼660 nm, and so ∼20 V was applied to obtain
the field strength of 0.3 MV cm−1. With this applied voltage, the
mobility is estimated to be ∼3 × 10−8 cm2 s−1. In the present
experiments, E-A spectra were measured with application of
electric field having modulation frequency of 1 kHz, not DC
voltage. In such a case, there is a possibility that ion drift occurs
with ∼3 × 10−11 cm2 per one cycle of applied ac voltage, which
is much smaller than the surface area of single nanocrystals, that
is, ions may drift back and forth inside a single nanocrystal
during application of ac voltage. The quadratic field strength
dependence of the E-A signal suggests that this kind behavior
does not affect the electric property of exciton as well as local
composition.
As demonstrated in the E-A measurements of solution,47

reorientation of chromophores induced by applied electric field
can be detected by measuring the angle dependence of the E-A
spectra, that is, the spectral shape of the E-A spectra observed
with 90° and 54.7° (magic angle) as the angle of χ in eqs 1−4
are different from each other, when orientation as well as
location of chromophores is affected by applied electric field. As
shown in SI (Figure S13), E-A spectra were essentially the same
with 90° and magic angle for χ, indicating that applied electric
field does not affect the local composition as well as molecular
alignment.

Dispersion of χ(3) of Perovskite Films. Refractive index is
changed by application of external electric field. Complex
refractive index (n ̅) can be represented as a sum of the real part
(refractive index, n) and imaginary part (extinction coefficient,
k) as follows:

̅ = +n n ik (6)

The field-induced change in absorption spectra can be
related to the change in reflective index by the following
Kramers−Kronig relation:48,49
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Here, represents the principal value of the integral, λ is the
wavelength, and β(ν) and Δβ(ν) are absorption coefficient and
its field-induced change, which can be related to absorbance
(A) and its field-induced change (ΔA), respectively, as follows:
β(ν) = ln10A(ν)/L and Δβ(ν) = ln10AΔ(ν)/L, where L
represents thickness of samples.
With these optical quantities, the frequency-dependent third-

order nonlinear susceptibility χ(3)(−ν; ν, 0, 0) can be calculated
from the following equation:50
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Here, F is the external electric field. By using the above
equation, the dispersion curve of χ(3)(−ν; ν, 0, 0) was obtained
for each of the perovskite samples. As already mentioned, the
E-A signal was observed only for the first exciton band, whose
absorption spectrum was extracted by the integral method
analysis of the E-A spectra. Therefore, the calculation was done
in the wavelength region from 400 to 830 nm, by assuming that
Δβ = 0, that is, Δn = 0, as well as Δk = 0, except for the exciton
absorption region. The results of the simulation are shown in
Figure 9. The value is in the range of (6−15) × 10−12 e.s.u.
(electrostatic unit), as shown in Figure 9.
For evaluation of the nonlinear optical property, it is more

practical to compare |χ(3)(−ν; ν, 0, 0)|/α(ν) since the
absorption of light is taken into account. Here α(ν) is the
absorption coefficient and given by A/(log eL), where A and L
are the absorbance and thickness of the material, respectively.
The absorbance at the peak of the first exciton band is
estimated to be 0.30, 0.12, 0.16, and 0.69 for MAPbI3,
MAPbI2Br, MAPbIBr2, and MAPbBr3, respectively (see Figures
5 and S5−S7), while the thickness of the perovskite solid films
corresponding to these samples is 270, 62.5, 66.8, and 198 nm,
respectively. Then, |χ(3)(−ν; ν, 0, 0)|/α(ν) is determined to be
4.4 × 10−16, 5.9 × 10−16, 2.3 × 10−16, and 1.0 × 10−16 e.s.u. cm
for MAPbI3, MAPbI2Br, MAPbIBr2, and MAPbBr3, respec-
tively, showing a trend of the decrease of the third-order
nonlinear susceptibility with increasing bromine component.
These values are much smaller than those for conjugated
polymers, (5 ± 3) × 10−14 e.s.u. cm. Thus, the nonlinear optical

Table 2. Fitted Parameters Used for the Theoretical
Simulation of Optical Transitions of Uniform-Structured
Perovskite under Different Perovskite Thin Films

sample fwhm (cm−1) hν0 (cm
−1) Aex/Ae‑h β (eV−1) Eb (meV)

MAPbI3 587 ± 40 13068 0.59 0.25 11.5
MAPbI2Br 512 ± 40 14699 0.48 0.10 9.0
MAPbIBr2 708 ± 50 16595 0.74 0.40 13.8
MAPbBr3 510 ± 70 18901 1.18 0.20 14.0
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parameter of perovskites is rather small, indicating the field-
induced change in refractive index is rather small in the present
perovskites. In π-conjugated polymers, the third-order non-
linear optical property is very sensitive to the length of the π-
electron conjugation. The fact that the magnitude of χ(3) of the
present nanocrystals of MAPbI3−xBrx is much smaller than
those in π-conjugated polymers may indicate that electrons in
these perovskites are localized in the small region of the
network of metal halide PbX6 (X = Br and I) octahedral with
organic cation spacer MA.

■ CONCLUSIONS
Electroabsorption (E-A) spectra of nanocrystalline films of
methylammonium lead halide prerovskites, MAPbI3−xBrx (x =
0, 1, 2, and 3) have been obtained by measuring the transmitted
light intensity of the excitation light. The E-A spectra have been
analyzed by assuming that the E-A signal is caused by the Stark
shift, whose signal is given by a linear combination of the
zeroth, first and second derivatives of the exciton absorption
band in every material, and it is considered that the E-A signal
of the continuum band is negligibly small. By using the integral
method analysis for the E-A spectra, the magnitudes of the
change in electric dipole moment (Δμ) and in electric
polarizability (Δα̅) between the ground state and the exciton
state as well as the clear shape of the exciton absorption band
have been determined. The magnitude of Δμ for the exciton
band is nearly the same in these materials, while the magnitude
of Δα slightly increases with increasing the bromine

component. Based on the spectral shape as well as the position
of the exciton band determined by the integral method analysis
of the E-A spectra, the total absorption spectra could be
reconstructed, and binding energy of hole−electron pair at the
exciton state could be evaluated. In photovoltaic cells
constructed with MAPbI3−xBrx, the photoenergy conversion
efficiency drastically decreases with increasing the bromide
component. The fact that the magnitude of Δμ as well as the
binding energy is nearly the same in these materials implies that
the drastic difference in photoenergy conversion results from
the drastic difference of mobility of free carriers produced by
photoirradiation and from the difference of the light harvesting
effect, not from the difference in efficiency of photoinduced free
carrier generation. Information about the carrier dynamics
following photoexcitation in the presence of electric field may
be obtained from E-PL study, that is, from the electric field
effects on photoluminescence, which will be a future problem.
The frequency-dependent third-order nonlinear susceptibility
could be also obtained from the E-A spectra in these materials
by using the Kramers−Kronig relation. In the results, the
nonlinear optical parameter of the perovskites is rather small,
and clear relation between the nonlinear optical property and
the crystal size or morphology could not be found in the
present perovskites.

■ MATERIALS AND METHODS
Sample Preparation. MAPbI3 was prepared as follows:

PbI2 (Aldrich, 96%, 574 mg) and CH3NH3I (homemade, 198
mg) powders were mixed in 1 mL of DMF, which was stirred
for 12 h and homogeneous solution was achieved; then, suitable
amount of solution (0.3 mL) was dropped on FTO-coated
substrate, and spin-coating was done with 5000 rpm for 30 s.
We used chlorobenzene (0.2 mL) as antisolvent and dropped it
directly on the center of the substrate during the spin coating
procedure. After annealing at 100 °C for 10 min, the reaction
completed, and the color changed from transparent to black.
Then, the small-sized perovskite film which was shown in
Figure 1 was obtained. For large sized nanocrystals, the so-
called solvent-annealing was used; as the post-treatment, the
small-sized perovskite film was put into a Petri dish with 10 mL
of DMF and kept at 100 °C for 10 min.
MAPbI2Br was prepared as follows: PbI2 (Aldrich, 96%, 574

mg) and CH3NH3Br (homemade, 139.4 mg) powders were
mixed in 1 mL of 1-methyl-2 pyrrolidinone, which was stirred
for 12 h, and homogeneous solution was obtained; then,
suitable amount of solution (0.3 mL) was dropped on substrate
and spin-coating was done with 4000 rpm for 30 s. After it was
immersed in ether for 2 min, the reaction completed, and the
color changed from transparent to light brown.
MAPbIBr2 was prepared as follows: PbBr2 (Alfa, 99%, 457

mg) and CH3NH3I (homemade, 198 mg) powders were mixed
in 1 mL of 1-methyl-2 pyrrolidinone and stirred for 12 h to
achieve homogeneous solution; then, a suitable amount of
solution (0.3 mL) was dropped on substrate, and spin-coating
was done with 4000 rpm for 30 s. After it was immersed in
ether for 2 min, the reaction was completed, and the color
changed from transparent to orange.
MAPbBr3 was prepared as follows: PbBr2 (Alfa, 99%, 457

mg) and CH3NH3Br (homemade, 139.4 mg) powders were
mixed in 1 mL of 1-methyl-2 pyrrolidinone and stirred for 12 h
to achieve homogeneous solution; then, suitable amount of
solution (0.3 mL) was dropped on substrate and spin-coating
was done with 4000 rpm for 30 s. After it was immersed in

Figure 9. Real part (black line) and the imaginary part (red line) of
χ(3) obtained using the E-A spectra of MAPbI3, MAPbI2Br, MAPbIBr2,
and MAPbBr3. Absolute value is also shown in the figure (green).
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ether for 2 min, the reaction completed, and the color changed
from transparent to yellow. The SEM images of MAPbI3,
MAPbI2Br, MAPbIBr2, and MAPbBr3 thus prepared are shown
in Figure 1.
All of the perovskite samples used for the E-A measurements

were fabricated by a spin coating method. Before the
preparation of perovskite nanocrystalline film on FTO
substrates, the substrates were immersed in isopropanol,
acetone and deionized water in turn and then cleaned by
ultrasonic oscillator for 20 min. After that, it was dried by N2
and treated with UV ozone for 10 min prior to spin coating.
By dissolving 0.4 g PMMA into 10 mL benzene, PMMA film

was spin coated as an insulator on FTO-coated substrate having
a perovskite layer. The PMMA layer also prevents perovskite
from decomposition. The sample substrates having PMMA film
on perovskite sample layer were transferred to a vacuum system
(10−6 Torr), and silver film was deposited on the PMMA film
with a thickness of 25 nm by thermal evaporation. Silver film
and FTO film were used as electrodes in the E-A measure-
ments. Thickness of perovskite layers were determined by SEM
measurements, and the total thickness of perovskite and
PMMA layers were determined by using SEM and profilometer
(Dektak 150).
Electroabsorption Measurements. All the measurements

were performed at room temperature. Electric field modulation
spectroscopy was applied to measure E-A spectra, with the
commercially available apparatus (EMV 100, JASCO).47 A
modulation in transmitted light intensity of the excitation light
(IEX) was induced by application of the sinusoidal ac voltage
with a modulation frequency of 1 kHz. Field-induced change in
transmitted light intensity (ΔIEX) was detected with a lock-in
amplifier at the second harmonic of the modulation frequency.
The dc component of IEX was simultaneously observed. Note
that the field-induced change in absorbance (ΔA) is given by
(ΔIEX/IEX)log e, when ΔIEX ≪ IEX. E-A spectra were obtained
by plotting ΔA, as a function of wavelength or wavenumber.
The angle between the direction of the applied electric field and
the electric vector of the excitation light (χ) was usually set to
90° in the E-A measurements. As occasion demands, magic
angle (54.7°) was used for χ.
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