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ABSTRACT: Temperature-dependent electroabsorption (E-A) spectra of methylammo-
nium lead tri-iodide (MAPbI3) solid film, which result from the quadratic Stark effect of
the exciton absorption band, have been analyzed with an integral method. The change in
the electric dipole moment (Δμ) and polarizability (Δα) following exciton absorption was
determined at each temperature; the absorption profile was separated into an exciton band
and a continuum band caused by a transition from the valence band to the conduction
band, and the position and the linewidth of the exciton absorption band were determined
at each temperature. As the temperature decreased, a phase transition occurred from a
tetragonal phase to an orthorhombic phase; the temperature dependence of Δμ and Δα
differed greatly between the two phases. We have evaluated the exciton binding energy
(EB) of MAPbI3 polycrystalline film with the following three methods: (1) fitting the
temperature-dependent absorption profile; (2) fitting the temperature-dependent
linewidth of the exciton absorption profile; and (3) fitting the photoluminescence
intensity as a function of temperature. The EB values thus determined for samples fabricated with the same procedure are compared.
Our estimated binding energies for an exciton of a MAPbI3 nanocrystalline film are also compared with those reported in the
literature.

KEYWORDS: temperature-dependent electroabsorption spectra, integral method analysis, methylammonium lead iodide perovskite,
exciton binding energy, perovskite solar cells

■ INTRODUCTION

Over the past few years, methylammonium lead halide
(MAPbX3) perovskites have become fascinating and purpose-
ful materials for next-generation cheap optoelectronic devices,
such as solar cells, field-effect transistors, light-emitting devices
(LEDs), photodetectors, and memory devices.1−7 The most
satisfactory traits of these materials are that they are
processable in solution and that they have unique optoelec-
tronic properties, such as a tunable band gap, a wide emission
region, long carrier diffusion lengths, and large carrier
mobilities.8−10 The performance of these perovskite materials
varies with the fabrication. Methylammonium lead tri-iodide
(MAPbI3), which is the most studied perovskite, has attained
the great efficiency of conversion of photons to electrical
power, but the binding energy of an exciton produced on
photoexcitation is still debated.11

To advance scientific techniques, the application of the
electric field has been used to design and develop more
efficient optoelectronic devices.12−14 The performance of a
perovskite-based optoelectronic device depends on an external
electric field, indicating that the performance of a photovoltaic
cell can be improved by applying an external electric field.13,14

Application of an electric field can be used also to understand
the working mechanism of an optoelectronic device. Many

studies have been devoted to the effect of an electric field on
the optical properties of lead halide perovskites.15−24 Electric-
field modulation spectra provide information to understand the
excitonic feature in a semiconductor as an unwanted
background signal becomes suppressed by means of an electric
field.25

Ziffer et al. reported electroabsorption (E-A) spectra of
MAPbI3,

17 i.e., the effects of an electric field on absorption
spectra; the E-A spectra observed at the second harmonic of
the modulation frequency (2f) of an applied electric field were
related to the Franz−Keldysh−Aspnen (FKA) effect, as
observed in other bulk semiconductors whose binding energy
of an exciton is less than 10 meV. As mentioned in our
previous paper, the E-A spectra of MAPbI3 observed at the
second harmonic of the modulation frequency were
interpreted in terms of the quadratic Stark effect of the
exciton absorption band for these reasons: (1) the field-
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induced change in absorption intensity is proportional to the
square of the strength of the applied electric field; (2) the FKA
oscillation, which is expected in the continuum band in the
presence of an applied electric field,26 was observed at neither
room temperature nor low temperature, although the E-A
spectra of MAPbI3 at low temperatures were not shown
explicitly; and (3) the third derivative of the absorption
spectra, of which the E-A spectra have a shape expected
according to the FKA model,27 had a shape that differed
greatly from the observed E-A spectra of a MAPbBr3
nanocrystalline film, which shows the E-A spectra similar to
that of MAPbI3. In the results, the change in electric dipole
moment and polarizability following photoexcitation into the
exciton band is expected to be estimated through the analysis
of the E-A spectra of MAPbI3 at different temperatures.
Independently of our work on the E-A spectra of MAPbI3,

20

the E-A spectra of MAPbI3 at different temperatures as well as
an estimate of the binding energy of an exciton from the
absorption profile were reported by Ruf et al.21 These authors
concluded that the E-A spectra resulted from the excitonic
nature of the absorption caused by bound electron−hole pairs
rather than unbound continuum states, consistent with our
conclusion. Regarding the band profile of the E-A spectra, “a
first derivative-like functional form” of the total absorption
spectra was stated to reproduce the observed E-A spectra, in
contrast with our conclusion. If the E-A spectra arise from only
the exciton absorption of bound electron−hole pairs, the E-A
spectra should be analyzed according to the derivative shapes
of only the exciton absorption band, as described in our
previous paper.20 In the present work, we recorded the E-A
spectra of a MAPbI3 nanocrystalline film at temperatures in the
range 290−60 K, that is, in both the tetragonal and the
orthorhombic phases, and analyzed them with an integral
method, under the assumption that the observed E-A spectra
represent a linear combination of the zeroth, first, and second
derivatives of the exciton absorption bands. Based on these
results, the magnitudes of the change in the electric dipole
moment and polarizability following photoexcitation into the
exciton absorption band have been determined at each
temperature. Hereafter, the tetragonal phase and orthorhombic
phase are written as the TT phase and the OR phase,
respectively, and integral method analysis is written as the I-M
analysis.
The binding energy (19 meV) of an exciton estimated by

Ruf et al.21 from the simulation of the absorption profiles near
295 K is larger than the value reported in our previous paper
(11.5 meV),20 although both estimates were based on the E-A
measurements. From the viewpoint of practical devices, e.g., in
solar cells, where even a difference of 0.1% in efficiency has
very important significance, the above-mentioned difference in
binding energy is critical, and the problem must be solved. In
the present work, we have evaluated the binding energy at
different temperatures, based on a simulation of the absorption
profiles which were assumed to be a sum of the exciton and
continuum absorption profiles, each of which was obtained
with the I-M analysis of the E-A spectra.
The reported exciton binding energy of MAPbI3 in a range

2−85 meV was determined with the following methods: (1) a
simulation of the absorption profile composed of an exciton
band originating from the bound electron−hole pairs and
continuum band resulting from a transition of an electron to
the conduction band from the valence band;17,20,21,28−34 (2)
the temperature dependence of the photoluminescence (PL)

intensity;35−39 (3) the temperature dependence of the
linewidth of the absorption profile;40 (4) magneto-optical
spectra;41−45 and (5) static dielectric constant.46 Each reported
binding energy was estimated with one such method, but there
is great variability among the values reported for MAPbI3, as
mentioned above. The exciton binding energy and photo-
voltaic behavior of perovskites depend on the fabrication and
the film microstructure.47 For this reason, it is unclear if the
variability of the reported binding energy arises from the
sample condition or from the estimation method. It is thus
important to examine whether the above-mentioned methods
give the same value of the binding energy for samples
fabricated with the same procedure.
The I-M analysis of the E-A spectra yields a peak position

and a linewidth of the exciton absorption bands.20,23 Further,
we could compare the exciton binding energy in the
procedures (1) and (3) above, both in the TT phase and in
the OR phase. For the MAPbI3 nanocrystalline films prepared
by the same fabrication, temperature-dependent PL spectra
have been also measured, which allows a comparison of the
binding energy for procedures (1)−(3). The binding energies
estimated from the temperature-dependent absorption and the
E-A spectra and temperature-dependent PL spectra have hence
been compared for MAPbI3 nanocrystalline films prepared
with the same method, and with values reported so far for the
MAPbI3 solid films.

■ EXPERIMENTAL SECTION
Sample Preparation. MAI (homemade) and PbI2 (molar ratio

1:1) powders were mixed in anhydrous DMF with a concentration of
45 mass % and stirred for 12 h at 70 °C in the nitrogen-purged
glovebox to prepare the MAPbI3 precursor solution. For the
deposition of the MAPbI3 layer, a suitable amount of MAPbI3
precursor solution was dropped onto a fluorine-doped tin oxide
(FTO)-coated glass substrate (spin-coating method, 5000 rpm for 15
s). After 5 s of spinning, chlorobenzene as an antisolvent was injected
directly on the center of the substrate for rapid nucleation. The
substrates were then annealed at 100 °C for 10 min. The morphology
and thickness of the fabricated MAPbI3 layer are shown in Figure 1,
which shows an average grain size of about 1 μm of a prepared
MAPbI3 layer and a thickness of about 516 nm.

After the deposition of the MAPbI3 layer onto the FTO-coated
substrate, a thin poly(methyl methacrylate) (PMMA) film was spin-
coated as an insulator, which also isolated the MAPbI3 layer from the
external environment (oxygen and moisture). A semitransparent layer
of aluminum (Al) of thickness ∼15 nm was deposited by thermal
evaporation on the sample substrates having a PMMA film on the
perovskite layer. The FTO and Al films were used as electrodes; field
strength was determined to be the applied voltage divided by the
distance between the two films.

Measurements of Absorption, E-A, and PL Spectra at
Different Temperatures. Optical spectra at various temperatures
were measured under vacuum conditions with a cryogenic
refrigerating system (Daikin, V202C5LR), equipped with silica optical

Figure 1. SEM images: (a) top view and (b) cross-sectional view of
our MAPbI3 film.

ACS Applied Energy Materials www.acsaem.org Article

https://dx.doi.org/10.1021/acsaem.0c01983
ACS Appl. Energy Mater. 2020, 3, 11830−11840

11831

https://pubs.acs.org/doi/10.1021/acsaem.0c01983?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01983?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01983?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01983?fig=fig1&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c01983?ref=pdf


windows, temperature controller (Scientific Inst., model 9600-1), and
silicon diode thermometer. Absorption and PL spectra were measured
with a commercially available spectrometer (JASCO, FP-777). An ac
field with a modulation frequency of 40 Hz was applied for the
measurements of the E-A spectra, with apparatus as described
elsewhere.48 Hereafter, the applied electric field is denoted by F. The
transmitted light intensity (TEX) was modulated with a sinusoidal ac
voltage applied between two electrodes of the samples with a function
generator. A field-induced change in the transmitted light intensity
(ΔTEX) was measured at twice the modulation frequency (2f) with a
lock-in amplifier. The dc component of TEX was concurrently
recorded with a computer. Plotting the field-induced change in

absorbance Δ ≡ − Δ( )( )( )A T f
T

2 2
ln 10

(2 )EX

EX
as a function of wavelength

or wavenumber produced the E-A spectra.

■ RESULTS AND DISCUSSION

Absorption and E-A Spectra. Absorption spectra of the
MAPbI3 films were measured at different temperatures in the
range 60−290 K. The results are shown in Figure 2, together
with the temperature-resolved, i.e., T-resolved, absorption
intensity image. The exciton band, which overlaps with a
continuum band, showed a gradual red-shift from 750 to 772
nm, as the temperature decreased from 290 to 140 K; at the
latter temperature, the crystal structure is assigned to the TT
phase according to the XRD pattern (Supporting Information,
SI, Figure S1). At 120 K, a second peak appeared at 730 nm
besides the first peak at 773 nm, which indicates a mixture of
the TT and OR phases. Upon further decreasing temperature,

the intensity of the second peak, which corresponds to the OR
phase, increased; this peak showed a monotonic red-shift,
while the first peak that corresponds to the TT phase
disappeared. The excitonic absorption band narrowed, as the
temperature decreased (see Figure 2). A red-shift of the
absorption band with decreasing temperature is commonly
observed in lead-composite semiconductors, which is contrary
to the Varshni trend because of the positive thermal-expansion
coefficient of the band gap.40,49

Figure 3 shows the E-A spectra observed at different
temperatures and their intensity image of MAPbI3 in the TT
and OR phases obtained at 2f of the modulated F with a
strength of 0.3 MV cm−1. Under the application of F, a
derivative shape was observed at each temperature around the
exciton absorption band. The observed E-A spectra depend
strongly on temperature (T); the intensity of the E-A signal
increased monotonically, as T decreased. At 120 K, at which
the crystal is a mixture of the TT and OR phases, the bands
corresponding to these two phases show a concurrent field-
induced change. Under the application of F, semiconductors
typically show the FKA effect, resulting from a field-induced
modification of the continuum band, but the field-induced
change in the absorption spectra of the MAPbI3 nanocrystal-
line film observed in the present study is considered to result
from only the field effect on the exciton absorption band at any
temperature, as mentioned below in detail.
The E-A spectra of MAPbI3 at different temperatures were

reported by Ruf et al.;21 the E-A signal was detected at the

Figure 2. (a) Absorption spectra of the MAPbI3 film observed at different temperatures. (b) T(temperature)-resolved absorption intensity image.

Figure 3. (a, b) E-A spectra of the MAPbI3 film observed at different temperatures with F having a strength of 0.3 MV cm−1 for the TT and OR
phases, respectively. (c, d) Temperature-resolved E-A images for the TT and OR phases, respectively.
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fundamental frequency (1f) and 2f of F, but it is unclear
whether the reported E-A spectra were measured at 1f or 2f. As
we reported,50 the exciton band of the MAPbI3 film shows an
electric-field-induced spectral broadening and narrowing,
depending on the polarity of F, which was detected on
monitoring the E-A signals at 1f. This behavior depends on the
sample condition, i.e., a strong 1f E-A signal was observed for
the MAPbI3 film sandwiched between FTO and PMMA films,
whereas the 1f E-A signal was weak or negligible for the
MAPbI3 film sandwiched between TiO2 and PMMA films.
These 1f E-A signals are considered to originate as a result of
interfacial interaction between the MAPbI3 film and the
conducting film of FTO. In contrast with the 1f signal, 2f E-A
signals correspond to the bulk property; similar E-A spectra
were observed for both the MAPbI3 films sandwiched between
FTO and PMMA films and between TiO2 and PMMA films. In
the present work, we have focused on the bulk property of the
MAPbI3 film; the E-A spectra in Figure 3 were recorded on
detecting 2f signals at temperatures in the range 60−290 K.
The E-A spectra observed with varied applied field strength at
60 and 290 K are shown in Figure 4. Plots of the E-A signal,

which was monitored at the minimum, i.e., 13 547 cm−1 at 60
K and 13 111 cm−1 at 290 K, as a function of the applied field
strength show that the E-A intensity is proportional to the
square of the applied field strength at both 290 and 60 K, i.e.,
for both TT and OR phases. Then, it is known that the E-A
signals of the MAPbI3 nanocrystalline films are caused by the

quadratic Stark effect, which then serves as a basis of the I-M
analysis. As mentioned later, the exciton binding energy is
estimated to be 11.6 and 24.2 meV in the TT and OR phases,
respectively. Even with such low binding energy, the field-
induced FKA oscillation, which is usually observed at the edge
of the continuum absorption band, was not confirmed. This
may be due to the lack of homogeneity and/or increased
disorder caused by thermal fluctuation even at 60 K, which was
the lowest temperature used in the present experiments.

Theoretical Background and Analysis of the E-A
Spectra. The Stark effect shifts the energy of the absorption
band by −ΔμF − ΔαF2/2 in the presence of F; Δμ and Δα
represent the change in the electric dipole moment and
polarizability, respectively, following photoexcitation, i.e., the
difference between the excited state (e) and ground state (g),
that is, Δμ = μe − μg and Δα = αe − αg. The field-induced
change in absorbance at wavenumber ν, that is, ΔA(ν), is given
by a sum of the zeroth, first, and second derivatives of
absorbance A(ν),51−54

ν α ν β ν
ν

ν
ν

γ ν
ν
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ν
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where f is the internal field factor and F = |F|. Each of αχ, βχ,
and γχ corresponds to the change in absorption intensity,
spectral shift, and broadening of the absorption spectrum,
respectively. The magnitudes of Δμ and Δα were calculated by
βχ and γχ, which could be given at a magic angle χ, that is,
54.7° as follows

β α γ μ= Δ ̅ = |Δ |
χ χhc h c2

,
6

2

2 2 (2)

where Δα̅ denotes the trace of Δα.
Exciton and continuum absorption bands of MAPbI3 overlap

severely, and the separation of these bands is difficult. In such a
case, an integral method is useful to analyze the E-A
spectrum.55 If the E-A spectrum is expressed with eq 1, the
first and second integrals of the E-A spectrum over the
wavenumber are given as follows

∫ ∫ν α ν ν β ν γ ν
ν

Δ ≅ + +χ χ χ
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Estimation of Δμ and Δα̅. The values of αχ, βχ, and γχ in
eqs 1−4 could be obtained by simulating E-A spectra and their
first and second integral spectra. Figure 5 shows the results for
the E-A spectra observed at 290, 120, and 60 K. The results for
E-A spectra at other temperatures are shown in Figures S2−S5
of the SI. The magnitudes of |Δμ| and Δα̅ shown in Figure 6
have been evaluated at each temperature with γχ and βχ,
respectively, using eq 2. Note that the values of |Δμ| and Δα̅
estimated at each temperature from the I-M analysis are listed

Figure 4. (a, b) E-A spectra of MAPbI3 observed at 290 and 60 K,
respectively, in the region of the exciton absorption band. (c) Plots of
the change in the absorbance (ΔA) measured at the minimum as a
function of the square of the applied field strength at 60 and 290 K.
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in SI (Table S1). At 290 K, the value of |Δμ| was ∼8.14 D, and
Δα̅ was negligibly small. As the temperature decreased, the
value of |Δμ| gradually decreased, whereas the magnitude of
Δα̅ was small and remained constant up to 140 K. At 120 K, at
which both TT and OR phases coexist, the values of |Δμ| and
Δα̅ were 4.6 ± 1.5 D and −7.5 ± 25 Å3, respectively, in the TT
phase and 12.4 ± 1.5 D and −75 ± 25 Å3, respectively, in the
OR phase. As the temperature decreased from 120 K, i.e., in
the OR phase, the magnitudes of both |Δμ| and Δα̅ increased
and reached 14.1 ± 1.5 D and −536 ± 25 Å3, respectively, at
60 K. The peak position (hν0) and linewidth (FWHM) of the
exciton absorption band at each temperature, which were

determined with the I-M analysis of the E-A spectra, are shown
in the SI (Table S2). The present value of |Δμ| at room
temperature is larger than that reported previously,20 i.e., 2.4
D, estimated with the same method of analysis, which is
attributed to a larger crystal size of MAPbI3 in the present
work, which is also responsible for improving the efficiency of
conversion of photons to energy in a solar cell.56,57 In the
analysis of the E-A spectra, only the absolute value could be
determined for Δμ, and it is not clear whether the electric
dipole moment increased or decreased on photoexcitation. As
mentioned later, the PL spectra of exciton showed a
remarkable red-shift, relative to the absorption band,
suggesting that the magnitude of the electric dipole moment
increases with photoexcitation into the exciton band. The
negative values of Δα̅ indicate that the magnitude of the
polarizability in this material is larger in the ground state than
in the exciton state. The magnitude of Δα̅ in the OR phase is
much larger than that in the TT phase, implying that the
polarizability of the MAPbI3 film in the ground state is much
larger in the OR phase than that in the TT phase. The
significant blue shift of the exciton absorption band following
phase transition from the TT phase to the OR phase may be
related to the big difference in the polarizability of the ground
state between these two phases (see Figure 2).

Estimation of Exciton Binding Energy. The values of
the exciton binding energy (EB) at each temperature can be
estimated from the Elliott fit of the absorption spectra,58 on
assuming a Gaussian shape for the exciton and remaining

Figure 5. I-M analysis of the E-A spectra of MAPbI3 at 290, 120, and 60 K (from left to right). (a) Absorption spectrum, (b, c) first and second
integrals of the E-A spectrum, respectively, and (d) E-A and simulated spectra.

Figure 6. Plots of |Δμ| (red circle) and Δα̅ (black circle) following
the exciton absorption of the MAPbI3 polycrystalline film against
temperature. See text for the evaluation method.
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continuum bands. The absorbance at the angular frequency
(ω) can be given by the following equation20
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In eq 5, the first and second terms correspond to the exciton
and continuum bands, respectively; Zk is the kth dummy
variable that has equal space in wavenumber ∼0.81 cm−1; β
represents the magnitude of the nonparabolicity of the band
dispersion; Eg is the band gap energy; the relation Eg = ℏν0 +
EB holds. Here, ℏν0 is the energy of the exciton band. Gaussian
functions were assumed for Gex to analyze the E-A spectra. σ in
eq 5 was determined from the linewidth of the exciton band.
As already mentioned, only the exciton band showed the
electric field effect, and the value of full width at half-maximum
(FWHM) extracted from the E-A spectra was used as a
linewidth of the exciton absorption band. Absorption spectra,
simulated as a combination of exciton and continuum bands,
have been reproduced satisfactorily with eq 5. The parameters
EB, β, and Cex/Ce−h used in the simulation are listed in SI
(Table S2). Figure 7 shows the results at 290 and 60 K. The
results at other temperatures are shown in the SI (Figures S6
and S7). Then, the average value of EB was evaluated to be
11.6 meV in the TT phase and 24.2 meV in the OR phase; EB
is known to be independent of temperature in each of the TT
and OR phases. EB in the OR phase estimated at 120 K, at
which the exciton absorption bands in both TT and OR phases
were observed, was much smaller than the other values in the
OR phase (see Figure S6 of the SI); this value at 120 K was
excluded from a calculation of the average value.
The value of EB was estimated also using the linewidths of

the temperature-dependent absorption band obtained through
the I-M analysis of the E-A spectra (see Table S2 of the SI), as
reported by D’Innocenzo et al.40 A temperature-dependent
exciton linewidth in a semiconductor at temperature T, Γ(T),
is related to an exciton−phonon interaction and given by59

γΓ = Γ + + ΓT T N T( ) ( )0 B LO (6)

The first term on the right-hand side corresponds to the
temperature-independent inhomogeneous broadening, which
arises from scattering due to impurities and imperfections. The
second and third terms result from the exciton interactions
with acoustic phonon and LO phonon, respectively. γ and ΓB
are the exciton−acoustic phonon and exciton−LO phonon
coupling strength, respectively; NLO(T) is given by the Bose
function, i.e., 1/[exp(ELO/kBT) − 1], with phonon energy ELO
and Boltzmann constant kB. LO phonons might scatter
excitons to bound states and continuum states. On assuming
that interactions of excitons with LO phonons predominantly
lead to exciton dissociation, the relation between Γ(T) and EB
is

γΓ = Γ + +
Γ

−
T T( )

e 1E k T0
B

/B B (7)

On neglecting γT in eq 6 and assuming ELO ≫ kBT, i.e., EB ≫
kBT, eq 7 becomes similar to the relation used by D’Innocenzo
et al.40 to estimate EB of MAPbI3 from Γ(T) of the exciton
absorption band. The value of Γ(T) of the MAPbI3 film, i.e.,
FWHM, evaluated with the I-M analysis of the E-A spectra,
was plotted as a function of the inverse of temperature. The
plots were simulated well with eq 7, as shown in Figure 8, with

the values of Γ0, γ, and ΓB given in Table 1; EB is estimated to
be 12.6 meV in the TT phase and 30 meV in the OR phase.
These values are a little larger than the average value estimated
from the simulation of the absorption profile, i.e., 11.6 and 24.2
meV, respectively. However, the fact that the simulation of the
absorption profile and temperature-dependent linewidth of the
exciton absorption band give quite similar values for the
binding energy of the exciton may indicate that the exciton
scattering by LO phonons leads predominantly to exciton

Figure 7. Absorption spectra of the MAPbI3 film at 290 K (a) and 60 K (b). The shaded areas show the observed spectra; a blue line shows the
spectrum simulated as a sum of the exciton band (red) and continuum band (green). See Table S2 for the parameters used in the simulation.

Figure 8. Plots of the linewidth of the exciton absorption band of the
MAPbI3 film as a function of the inverse of temperature.
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dissociation. The importance of the exciton−LO phonon
interaction in the dissociation of an exciton might indicate the
significance of a polaron effect,11,31 which arises from the
Coulomb interaction between carriers and ionic lattice, as the
origin of slow carrier mobility. In the present results, the
exciton−acoustic phonon interaction is much larger in the OR
phase than in the TT phase, i.e., γ in eqs 6 and 7, as shown in
Table 1. This result might be related to the fact that trap
emission relative to exciton emission is much larger in the OR
phase than in the TT phase, as shown later.
Temperature-Dependent PL Spectra and Estimation

of Binding Energy. The PL spectra of the MAPbI3 films were
recorded at different temperatures in the range 60−290 K; the
PL spectra appear in Figure 9a, with the temperature-resolved
intensity image (Figure 9b). A clear exciton emission was
observed at high temperatures. In the temperature range in
which the crystal structure is assigned to the TT phase, the
peak of the exciton emission spectra shows a red-shift with
decreasing temperature, that is, the maximum intensity was at
768 and 790 nm at 290 and 140 K, respectively. As the
temperature decreased below 120 K, at which the crystal
structure was assigned to the OR phase (see Figure S1), the
peak of the exciton emission showed a blue shift and its
intensity rapidly decreased; a new band appeared with a peak
at 840 nm, which was assigned to trap emission. It has been
reported60 that a minor volume fraction of the TT phase
coexists at low temperatures with the dominant OR phase in
MAPbI3 polycrystalline films and that the PL originating from
the TT phase following charge transfer from the OR phase
appears, besides the emissions originating from the OR phase

and trap states. Then, it may be important to note that the
emission intensity data at temperatures above 160 K, where
only the TT phase exists, is included in Figure 9c.
As a relaxation from the exciton state in the TT phase,

radiative process to give PL, nonradiative thermal process to
the ground state, energy transfer to trap states including
impurities or defects in crystals and dissociation process to
produce electron and hole are considered. Among these
processes, energy transfer to the trap states, which is
considered to depend on temperature because of the
remarkable temperature dependence of the trap emission
intensity, might be neglected in the tetragonal phase, in which
the exciton emission is dominant and trap emission is
negligible. If only the exciton dissociation process depends
on the temperature in the TT phase, the rate constant for the
decay of exciton (kex) is expressible as kex = kr + knr +
kdis exp (−EB/kBT), where kr, knr, and kdis represent radiative
and nonradiative decay rate constants and dissociation rate
constant, respectively. Both kr and knr are assumed to be
independent of temperature. Under such conditions, EB in the
TT phase may be estimated from the plots of PL intensity as a
function of temperature.
The PL quantum yield at temperature T, Ψ(T), is given by

kr/kex, and 1/Ψ(T) is given as follows

Ψ
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Here, Ψ(T = 0) = kr/(kr + knr). The value of EB is then
determined on fitting I(T), the PL intensity, with the following
equation
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in which C1 and C2 are fitting parameters and C1 corresponds
to the inverse of I(T) at T = 0 K. Several authors reported the
value of EB of MAPbI3 determined with eq 9. The present
temperature-dependent I(T) in the temperature range 160−
290 K is also well-fitted with eq 9, as shown in Figure 9c. EB is

Table 1. Magnitude of Parameters Γ0, ΓB, and γ Used for
Simulation of the Temperature-Dependent Linewidths of
the Exciton Absorption Band to Evaluate EB in the
Tetragonal (TT) and Orthorhombic (OR) Phases with eq 7

tetragonal (TT) orthorhombic (OR)

Γ0 (meV) 20 20
ΓB (meV) 17.8 15
γ (meV K−1) 0.058 0.168

Figure 9. (a) PL spectra of the MAPbI3 film at various temperatures (T = 40−290 K), (b) T-resolved intensity image of PL spectra, and (c) inverse
of PL intensity of the MAPbI3 film as a function of the inverse of T from 160 to 290 K.

ACS Applied Energy Materials www.acsaem.org Article

https://dx.doi.org/10.1021/acsaem.0c01983
ACS Appl. Energy Mater. 2020, 3, 11830−11840

11836

http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c01983/suppl_file/ae0c01983_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01983?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01983?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01983?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01983?fig=fig9&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c01983?ref=pdf


then estimated to be 85 ± 30 meV, which is about 10 times the
value of EB determined from fitting the absorption profile in
the TT phase. The large difference in the binding energies
estimated from the two processes suggests that the exciton
produced directly by photoirradiation and the exciton that
emits PL are very different from each other, as we suggested
earlier for MAPbBr3 quantum dots.23 It was also suggested that
the analysis using PL measurement might overestimate the
exciton binding energy because of the existence of nonradiative
recombination process.61

As already mentioned, the unique structure and associated
dielectric responses in halide perovskites including MAPbI3
have led to the proposal of large polaron formation having
strong electron−phonon coupling.11,31,62 As shown in the SI
(Figure S8), the peak position of the PL spectra shows a red-
shift, relative to the exciton absorption peak, e.g., the shift is
∼180 and ∼190 cm−1 at 290 and 200 K, respectively. As
shown in Figure S8 of the SI, further, the spectral width of the
PL band in the TT phase, which monotonically decreased with
decreasing temperature, is larger than that of the exciton
absorption band by 160 ± 30 cm−1 at each temperature, e.g.,
the linewidths of the PL band were 720 and 530 cm−1 at 290
and 200 K, respectively, which are very similar to the ones
reported so far.63 Note that the peak position and linewidth of
the exciton absorption band at each temperature is shown in
Table S2. These spectral shift and broadening of the PL
spectra, in comparison with the exciton absorption spectrum,
may result from the polaron formation, indicating the polar
nature and strong electron−phonon coupling in the MAPbI3
solid films.
Comparison of the Present Binding Energy of the

MAPbI3 Film with the Reported Values. The efficiency of
photovoltaic cells constructed with the MAPbI3 film depends
on the sample condition including the microstructure of the
MAPbI3 film.46 The binding energy (EB) is then expected to
show a variation among experiments in which EB was
estimated, as the fabrications of the MAPbI3 films and the
sample conditions of the crystal might differ. Even so, a
comparison of the EB value estimated in the present results
with other results reported so far might be important to an
understanding of the intrinsic physical property of the exciton
produced by photoirradiation of the MAPbI3 polycrystalline
film.
The EB value estimated from fitting the absorption profile

was reported to be 10 ± 5 meV at room temperature (TT
phase) by seven groups including ours,17,20,29−33 despite the
varied fabrication method of the MAPbI3 films. The value of EB
near 295 K estimated with magneto-optical measurements is
also located in this region, i.e., ∼5 and ∼12 meV.44,45 The
present EB value in the TT phase is hence consistent with the
reported results, although greater binding energies, i.e., 19, 25,
and 29 meV were also reported,21,28,34 based on fitting the
absorption profile, and a small value, 2 meV, was estimated
from static dielectric constant.46

The EB value in the OR phase at low temperatures estimated
from fitting the absorption profile is larger than that in the TT
phase when a comparison is made within the same research
group; the magnitude of EB was estimated to be in the range
15−34 meV.21,29−31,33,34 The present value, i.e., 24.2 meV, is
nearly in the middle of these reported values. In the magneto-
optical experiments, the EB value in the OR phase at low
temperature was estimated to be 37, 50, and 16 meV;41−45 the
EB values obtained in the TT phase by two groups were smaller

than the ones in the OR phase,44,45 consistent with the relation
in EB between the TT and OR phases, obtained from fitting the
absorption profile, including the present result.
D’Innocenzo et al. estimated EB to be 55 ± 20 meV in the

TT phase with the temperature-dependent linewidth of the
exciton absorption band (Γ(T)).40 As mentioned already, it
was assumed in their analysis that exp(−EB/kBT) ≫ 1 in eq 7,
that is, EB is much larger than kBT; the contribution of the
exciton−acoustic phonon interaction was not considered, and
their value might be regarded as the upper estimate for the
exciton binding energy.64 As far as Γ(T) values estimated from
the I-M analysis of the E-A spectra are concerned, their
assumption cannot be applied, as the magnitude of ln(Γ(T) −
ν0) plotted as a function of inverse T deviates from a straight
line. As already mentioned, the present EB values estimated
with eq 7 from the temperature-dependent Γ(T), i.e., 12.6 and
30 meV, respectively, in the TT and OR phases, are near, but a
little larger than the values evaluated from fitting the
absorption profile, implying that a part of excitons interacting
with LO phonons return to the bound state without
dissociation.
In a single crystal of MAPbI3, LO phonon energy, i.e., ELO,

was estimated to be 16.1 meV with the temperature-dependent
spectral width of the photocurrent peak due to the exciton
absorption of the OR phase, and the binding energy of free
exciton was also derived to be 12.4 ± 1.2 meV at low
temperatures, i.e., in the OR phase, based on the estimation of
the photocurrent caused by exciton dissociation into free
carriers under exciton-resonant excitation.61 Thus, the binding
energy of exciton in the single crystal of MAPbI3 was shown to
be smaller than the LO phonon energy by 3.7 meV, which is
similar to the present results of the MAPbI3 polycrystalline
film. The result that the binding energy of MAPbI3 is larger in
polycrystalline films than that in single crystal may be caused
by the influence of grain structures, that is, polycrystalline film
may be quite sensitive to the surrounding external force.60

There is another report that the exciton binding energy and
reduced mass of carriers remain effectively unchanged with
grain size,65 which was examined at 2 K, i.e., under the
condition where thermal fluctuations of the interactions were
frozen and the rotational disorder of the organic cation was
negligible. In temperatures at which practical devices are used,
however, there may be a possibility that the binding energy
depends on the sample condition since dynamic disorder
caused by orientation and mobility of the cation cannot be
negligible in the crystals of MAPbI3.

66 In the present sample
condition, for example, the effect of thermal fluctuation and
dynamic disorder may be unable to be excluded even at the
lowest temperature of 60 K.
The present EB value estimated from the PL intensity

observed at different temperatures is much larger than both
values evaluated from the absorption profile and evaluated
from the temperature-dependent linewidth of the exciton
absorption band. Similar results were also obtained for
MAPbBr3 quantum dots, of which the EB value evaluated
from the temperature-dependent PL intensity (∼70 meV) was
much larger than the one evaluated from the exciton
absorption profile (∼17 meV), as mentioned previously.23

The EB values of the MAPbI3 film estimated by other groups
from the PL intensity are also large, i.e., 68.3 and 83.2
meV,38,39 compared with the EB values estimated from the
absorption profile. Sun et al.35 and Savenije et al.36 reported
small EB values, i.e., 19 ± 3 and 32 ± 5 meV, respectively,
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based on the PL intensity. In their plots of the PL intensity as a
function of temperature, however, PL intensities observed in
the temperature range from ∼80 to ∼300 K and from ∼10 to
∼300 K were used for simulation. MAPbI3 crystals show a
phase transition from the TT to OR phase, as the temperature
decreases from 300 to 100 K; both the PL properties and XRD
patterns change much across the phase transition (see Figures
9 and S1). As already mentioned, the TT and OR phases show
disparate EB values. The estimation from the PL intensity in
the temperature range including both TT and OR phases is
likely to mislead to incorrect binding energy of an exciton
produced on the photoirradiation. As mentioned already and
shown in Figure S8 of the SI; further, the PL peak shows a
large red-shift, relative to the exciton absorption peak, and the
PL band is much broader than the exciton absorption band,
suggesting that the excitons produced by photoexcitation are
very different from the excitons that give PL.

■ CONCLUSIONS
Electroabsorption (E-A) spectra of the MAPbI3 nanocrystalline
film detected at the second harmonic of the modulation
frequency of the applied electric field have been interpreted in
terms of a quadratic Stark effect on the exciton absorption
band; an integral method has been applied to analyze the E-A
spectra observed at temperatures in the range 60−290 K. The
magnitudes of the change in electric dipole moment (|Δμ|)
and polarizability (Δα̅) following absorption into the exciton
band have been evaluated at each temperature. A transition
from the TT phase to the OR phase occurred at ∼120 K, as the
temperature of the MAPbI3 film decreased from 290 to 60 K;
the temperature dependence of both |Δμ| and Δα̅ differs
greatly in these TT and OR phases. An analysis of the E-A
spectra yielded the peak position and the linewidth of the
exciton absorption band, resulting in a clear separation
between the exciton absorption band and continuum band,
arising in a transition from the valence band to the conduction
band. By fitting the total absorption spectra composed of
exciton and continuum bands, the binding energy of exciton
(EB) is evaluated at each temperature, i.e., 11.6 meV in the TT
phase and 24.2 meV in the OR phase on average, which are
nearly independent of the temperature. With the temperature-
dependent linewidth of the exciton absorption profile, which
was determined through the I-M analysis of the E-A spectra at
each temperature, EB has been estimated to be 12.6 and 30
meV in TT and OR phases, respectively. These values are near,
but a little larger than those evaluated from fitting the
absorption profile, implying that some excitons interacting with
LO phonons pass to the bound state without dissociation. The
EB value of the MAPbI3 film was evaluated also from the
temperature-dependent PL intensity to be 85 ± 30 meV in the
TT phase. This value is much larger than the value evaluated
from a simulation of the absorption profile or the temperature-
dependent linewidth of the exciton absorption profile, even
when a comparison is made among samples fabricated with the
same procedure.
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