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ABSTRACT: Electric field effects on exciton absorption in
methylammonium lead tribromide (MAPbBr3) nanocrystalline
(NC) films were examined between 290 and 60 K using
electroabsorption (EA) spectroscopy. Linear (EA1ω) and quadratic
(EA2ω) spectra, scaling with field strength, were obtained for
MAPbBr3:NC films embedded between FTO/PMMA (Sample A)
or TiO2/PMMA (Sample B). Absorption and EA2ω spectra of both
samples were essentially identical at all temperatures, confirming
that EA2ω features reflect intrinsic MAPbBr3:NC properties. From
EA2ω analysis, changes in electric dipole moment (Δμ) and
polarizability (Δα) following exciton absorption, and exciton
binding energy (EB) were extracted and compared with MAPbBr3
quantum dots. In contrast, EA1ω spectra exhibited strong interface
dependence, and the exciton absorption band showed pronounced polarity-dependent broadening and narrowing of exciton
absorption band induced by application of electric field, except for Sample B at 60 K. These results indicate that EA1ω arises from
linear Stark shifts of excitons localized at the PMMA/NC and FTO (or TiO2)/NC interfaces, with opposite field-induced spectral
shifts at the two boundaries. Simulations reproduced the experimental spectra by assuming slightly different exciton peak positions at
the interfaces and opposite Stark shifts under applied fields. Franz−Keldysh oscillations, characteristic of field-modulated continuum
absorption, were also observed at 60 K in both EA1ω and EA2ω spectra, most prominently in the EA1ω spectra of Sample B. These
findings disentangle bulk and interfacial contributions to the EA response of MAPbBr3:NC films and provide quantitative insights
into exciton binding and field-induced effects in perovskite nanocrystals.
KEYWORDS: elecrtoabsorption spectroscopy, perovskite nanocrystal, MAPbBr3, interfacial linear Stark effect, quadratic Stark effect,
Franz:Keldysh oscillation, electric dipole moment and polarizability

■ INTRODUCTION
Hybrid organic−inorganic halide perovskites (OIHPs) are
pioneering semiconducting materials due to their extraordinary
photoelectronic attributes and aptitude for optoelectronic
functionalities.1−6 Despite their remarkable photoelectronic
properties, there is a concern that ion migration and light
illumination significantly affect their performance, i.e., a
prolonged light illumination can accelerate ion migration,
induce trap states, and trigger phase segregation, all of which
enhance nonradiative recombination and degrade optical and
charge transport properties.7−11 Long-term stability is another
significant concern for OIHPs in their journey toward practical
applications. For instance, the operational stability of solar cells
is often measured by the T80 metric�the time over which the
power conversion efficiency drops to 80% of its initial value.
For stable perovskite solar cells (PSCs), this value is typically
in the range of a few hundred to a thousand hours under
continuous illumination and standard testing conditions.12,13

In contrast, silicon solar cells demonstrate a T80 lifetime of 40
years. This disparity highlights a key barrier to the commercial

viability of perovskite photovoltaics, underscoring the need for
improved material and device stability. Numerous efforts, such
as compositional engineering, interface engineering, and
incorporation of cross-linking agents, have been introduced
to improve the intrinsic stability of the perovskite absorber
layer.14−19 From a fundamental perspective, it is equally
important to comprehend the electronic properties of the
perovskite absorbing layer in the bulk and at the interface in
contact with another layer or substrate.
As our understanding of the bulk and interface properties of

perovskite materials deepens, so does the need for advanced
tools to explore their intricate optoelectronic features. In this
context, electroabsorption (EA) spectroscopy has emerged as a
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powerful technique, offering a comprehensive approach to the
optoelectronic characterization of the perovskite family.20−33

Particularly, EA signals obtained from the applied electric field
(Fap)−induced change in absorption intensity synchronized at
the second harmonic of the modulation frequency of the Fap,
EA2ω, provide valuable insights into the photophysics of
excitons (EX), including their binding energy and effective
mass.20−24 This technique has proven instrumental in
investigating various features in OIHPs, such as ion migration,
phase segregation, degradation mechanisms, charge carrier
interactions, and dielectric confinement effects.34−40

We reported the EA2ω spectra of the methylammonium lead
tribromide (MAPbBr3) nanocrystalline film deposited on the
FTO at room temperature (R-T).22 The EA2ω spectra resulting
from the Stark effect were analyzed by the integral method (I-
M). The analysis led to the estimation of the change in electric
dipole moment (Δμ) and polarizability (Δα) following
photoexcitation into the EX band and exciton binding energy
(EB) at R-T, yielding values of 2.2 D, −4.1 Å3, and 14.0 meV.
We also observed EA2ω spectra of MAPbBr3 quantum dots
(MAPbBr3:QDs) doped in a PMMA film over a temperature
(T) range of 290−40 K.24 It was found that the intensity of the
EA2ω spectra of MAPbBr3:QDs depended on the modulation
frequency of the Fap, particularly at low frequencies, reflecting
the slow migration of ions. To avoid such ion migration effect,
the EA2ω spectra observed with Fap having a high frequency of

1 kHz were analyzed, and the magnitudes of Δμ, Δα, and EB of
MAPbBr3:QDs were estimated at various T. The extracted
values of Δμ and Δα of MAPbBr3:QDs at 290 K, i.e., 4 D and
−100 Å3, respectively, are significantly larger in magnitude
than the above-mentioned values of MAPbBr3 nanocrystals.
However, a detailed comparison remains inconclusive because
the EA2ω spectra of MAPbBr3 nanocrystals (MAPbBr3:NC)
were measured only at room temperature. To enable a more
detai led comparison between MAPbBr3:QDs and
MAPbBr3:NC, further measurements of the EA2ω spectra of
MAPbBr3:NC at various T are necessary.
In contrast to EA2ω, the EA signals obtained from the Fap−

induced change in absorption intensity synchronized at the
first harmonic of the modulation frequency, EA1ω, can be used
to probe the electronic characteristics at the interfaces.31,41−46

Usually, EA1ω spectra are anticipated for an oriented ensemble
system, yielding the spectra having the first derivative shape
due to the linear Stark effect, which depends on Δμ. Contrary
to such a conventional assumption, an intriguing deviation was
observed in the EA1ω spectra of the nanocrystalline film of
methylammonium lead tri-iodide (MAPbI3:NC): the EA1ω
spectra displayed second derivative-like shapes akin to those
EA2ω spectra, as we reported.31 When the polarity of the Fap
was inverted, the positive and negative signals were inverted,
though the shape was similarly second derivative-like. Based on
the measurements of the EA1ω spectra of MAPbI3:NC at

Figure 1. Schematic representation of MAPbBr3:NC deposited on FTO (left, Sample A) and TiO2 layer (right, Sample B) with PMMA overlayer
for the measurements of EA2ω spectra (a) and EA1ω spectra (b, c), where the field-induced change in transmitted light intensity (ΔTEX)
synchronized at the second harmonic and first harmonic of the frequency of applied electric field (Fap), respectively, was monitored. Here, the
direction of Fap from Al to FTO is a positive field direction (Fap+) (b), whereas the direction from FTO to Al is a negative field direction (Fap−) (c).
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various T in the range of 290−60 K, we proposed that the peak
position of the EX band was slightly different at both interfaces
of the perovskite film and that the Fap−induced linear Stark
shift to opposite energy direction on both interfaces, which
resulted in the second derivative-like shape of the EA1ω spectra.
Further, the EA1ω spectra of MAPbI3:NC deposited on FTO
with the PMMA overlayer were found to be very different from
those deposited on the TiO2 layer, indicating that the EA1ω
spectra are very sensitive to the interfaces of MAPbI3:NC. The
EA1ω spectra of MAPbI3:NC were also demonstrated to be
strongly related to the roughness of the interfaces.46

Through those measurements of the EA1ω spectra of
MAPbI3:NC, a question arises: how do the EA1ω spectra of
other halide perovskite films, particularly MAPbBr3, respond
under similar interfacial, temperature, and electric field
conditions? In the present study, therefore, not only EA2ω
spectra but also EA1ω spectra of the MAPbBr3:NC film
deposited on FTO and TiO2 with the PMMA overlayer have
been measured at various T in the range of 290−60 K, and the
results are compared with those of MAPbI3:NC to elucidate
the influence of halide substitution from iodine to bromine.
MAPbI3, with its lower bandgap (∼1.55 eV), efficiently
absorbs light in the visible range, making it ideal for solar
cells, and undergoes a phase transition from tetragonal to
orthorhombic while decreasing the temperature from room
temperature. In contrast, the bromine substitution, i.e.,
MAPbBr3, has a wider bandgap (∼2.3 eV), absorbing more
in the green, blue, and UV regions, and does not show a phase
transition, making it more suitable for LEDs, photodetectors,
and tandem solar cells. The present study provides a
comparative and mechanistic understanding of how halide
substitution, which differs substantially in its crystal structure,
excitonic properties, and interfacial responses to electric fields,
tunes the excitonic Stark effect and interfacial properties.
Understanding halide-dependent excitonic polarization and
field coupling offers a fundamental basis for designing
perovskite materials with improved electro-optic stability and
device reliability.

■ EXPERIMENTAL METHODS

Sample Preparation
A compact TiO2 layer was deposited by spin-casting titanium
isopropoxide (TTIP) precursor solution (369 μL TTIP in 2.53 mL
isopropyl alcohol (IPA) + 35 μL of 2 M HCl in 2.53 mL IPA) on the
FTO substrates at 4000 rpm for 30 s. The FTO substrates with a
TiO2 layer were annealed at 100 °C for 10 min, followed by sintering
at 400 °C for 1 h. The FTO substrates with and without a TiO2 layer
were transferred into a nitrogen-purged glovebox for subsequent
deposition.

MAPbBr3 films were spin-coated onto the substrates using a
mixture of lead bromide (PbBr2) and methylammonium bromide
(MABr) in a 1:1 ratio dissolved in n-methyl-2 pyrrolidone (NMP).
The solution was stirred at 70 °C until it became transparent. The
precursor solution was spread over the substrates and spun with a
rotor speed of 4000 rpm for 30 s. Immediately after spin coating,
substrates coated with MAPbBr3 solution were immersed upside
down in anhydrous diethyl ether for 2 min to complete the
crystallization process, followed by drying at room temperature (R-
T). A PMMA film was subsequently deposited as an insulating layer
on the top of the MAPbBr3 film, and a semitransparent aluminum
(Al) (∼15 nm) was deposited by thermal evaporation. The external
electric field was applied between the FTO layer and Al film, which
were used as front and back electrodes, respectively. Films’
thicknesses ∼ 288 nm (MAPbBr3) and ∼1 μm (PMMA) were
measured using a profilometer (Veeco Dektak 150), which was used
to estimate the applied electric field strength (applied electric field
(Fap) = applied voltage (V)/distance between electrodes (d), i.e., Fap
= V/d). Figure 1 shows the device structure for the second and first
harmonic EA measurements, corresponding to the quadratic and
linear EA spectra, respectively.

Optical Measurements
The absorption and electroabsorption (EA) spectra were measured
using a laboratory-built system as described elsewhere.24,25,45,46 Low
temperature measurements were performed under vacuum conditions
where samples were mounted in a cryostat (Daikin, V202C5LR) with
a temperature (T)-controller (Scientific Inst., model 9600-1)
equipped with a silicon diode thermometer. EA signals were recorded
by detecting the field-induced change in transmitted light intensity
from the sample (ΔTEX) using a lock-in amplifier (SR830, SRS).
Simultaneously, the transmitted light intensity (TEX) was monitored
without applied electric field to avoid the impact of Al/PMMA film.
EA signals corresponding to the first harmonic (EA1ω) and second
harmonic (EA2ω) of the modulation frequency were obtained from

Figure 2. Absorption spectra (a) and EA2ω spectra of MAPbBr3:NC (Sample A) (b) at various temperatures in the range of 290−60 K. EA2ω
spectra were measured under Fap of 0.3 MVcm−1. Normalized absorption (broken line) and EA2ω spectra (color shaded line) at different
temperatures (c).
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=A T
T

1
ln 10

EX

EX
for EA1ω and =A T

T
2 2
ln 10

EX

EX
for EA2ω,

respectively. Unless otherwise noted, the electric field was modulated
with sinusoidal voltage at 1 kHz frequency in all of the measurements
by using a function generator. This choice of frequency stems from
our previous studies, which showed that the EA2ω signal is strongly
influenced by lower modulation frequencies (<500 Hz), due to the
slow ion migration.22 Hereafter, the applied field direction from the Al
film to the FTO film is called as positive field direction (Fap+) (Figure
1b), while the opposite field direction, i.e., from the FTO film to the
Al film, is called as negative field direction (Fap−) in the EA1ω
measurements.

■ RESULTS AND DISCUSSION

Measurements of Absorption and Second Harmonic
Electroabsorption (EA2ω) Spectra
Optical measurements have been done for two kinds of
samples, that is, the MAPbBr3 nanocrystalline film
(MAPbBr3:NC) deposited on FTO and TiO2 with the
PMMA overlayer, respectively, which are hereafter referred
to as Sample A and Sample B. The absorption and EA2ω
spectra of Sample A measured at various temperatures (T)
ranging from 290 to 60 K, under an applied electric field
strength (Fap) of 0.3 MVcm−1, are shown in Figure 2a,b,
respectively. To better visualize spectral variations, normalized
absorption and EA2ω spectra are shown in Figure 2c.
Corresponding spectra for Sample B under the same
conditions are provided in the Supporting Information (SI,
Figure S1).
The absorption spectra consist of a sharp exciton (EX) band

and a continuum band extending to shorter wavelengths. As
the T decreases, the EX absorption peak exhibits a pronounced
red shift, indicating a narrowing of the bandgap. Similar T-
dependent behavior was observed for MAPbBr3:QDs and
MAPbI3 nanocrystalline film (MAPbI3:NC).24,25 This red shift
of MAPbBr3:NCs is attributed to lattice contraction and
reduced thermal broadening at lower T. Unlike MAPbI3:NC,
which undergoes a tetragonal-to-orthorhombic phase tran-
sition alongside lattice contraction,25 MAPbBr3:NCs show
only gradual lattice contraction without any structural phase
change, as confirmed by T-dependent X-ray diffraction (Figure
S2, SI). The Bragg peaks continuously shift to higher angles
from 290 to 60 K, confirming this contraction. Notably, both
samples exhibit nearly identical absorption spectra and T-
dependent behavior (cf. Figures 2 and S1, SI).
The EA2ω spectra show increased signal intensity with

decreasing T, like the absorption spectra, as shown in Figures
2b and S1b of SI. Across all T, the EA2ω spectra resemble the
second derivative of a Gaussian profile, corresponding to the
EX band (Figures 2c and S1c). This behavior differs from
MAPbBr3:QDs, whose EA2ω resembles the first derivative of a
Gaussian profile.24 As will be mentioned below, the first and
second derivative shapes come from the change in polar-
izability (Δα) and in electric dipole moment (Δμ),
respectively, following photoexcitation to the EX band. These
differences likely reflect variations in quantum confinement
between the nanocrystalline film and quantum dots.
The T dependence of the absorption intensity normalized at

290 K and the intensity at the minimum of the EA2ω spectra
relative to the absorption, as shown in Figure 3, are essentially
the same in both samples. It is also noted that the EA2ω
amplitude at 60 K is significantly larger than that at T above
100 K, likely due to reduced thermal broadening of the
absorption spectrum. The Fap dependence of the EA2ω spectra

of Sample A observed at 290 and 60 K is shown in Figure 4,
confirming that the signal magnitude varies quadratically with
Fap. Similar results for Sample B are shown in Figure S3 of SI.
Thus, both samples exhibit identical EA2ω spectra, indicating
that the EA2ω originates from the intrinsic quadratic Stark
effect of MAPbBr3:NC, which is subsequently utilized as the
foundation to analyze the EA2ω spectra. At 60 K, the EA2ω
spectra also display Fap-dependent features in the higher
energy continuum region, similar to MAPbBr3:QDs. A zero-
crossing point shifts to longer wavenumber (blue shift) as Fap
increases for both samples (Figure S4, SI). This Fap-dependent
oscillatory behavior in the continuum absorption region is
attributed to Franz-Keldysh (F-K) oscillations,47,48 consistent
with similar phenomena observed in EA1ω spectra, which will
be shown later.
Analysis of EA2ω Spectra to Determine Δμ and Δα
The observed EA2ω spectra were analyzed by I-M as described
elsewhere, and the detailed information is given in SI, Note
1.49−53 The EA2ω analysis yields two key parameters: the
change in electric dipole moment (|Δμ|) and polarizability
(Δα̅), which characterize the electronic response of the
excitonic transition to Fap. The parameter |Δμ| reflects the
difference in permanent dipole moment between ground and
excited states and is therefore sensitive to the charge separation
or exciton localization. In contrast, Δα̅ represents the change
in electronic polarizability upon excitation and indicates how
readily the excited state electron cloud can be distorted by Fap.
The simulated EA2ω spectra of Sample A at 290 and 60 K are

shown in Figure 5, and the other simulated spectra are shown
in Figure S5 of SI. The values of |Δμ| and Δα̅ were estimated
at each T for both Samples A and B, and the results are shown
in Figure 6 and Table S1 (SI), along with the EX peak positions
and full width at half-maximum (FWHM) used for the
simulation. At 290 K, |Δμ| and Δα̅ are estimated to be ∼2.7 D
and ∼−14 Å3, respectively, for both samples. As the T
decreased from 290 to 120 K, |Δμ| remained nearly the same,
and then exhibited a sharp increase at 60 K by more than twice
(∼5.8 D). In contrast, Δα̅ in the present study at 290 K is −14
Å3 and decreases with decreasing the T and becomes negligibly
small (0.4 Å3) at 60 K for both samples. The values of |Δμ| and

Figure 3. Temperature-dependent plots of the absorption intensity of
the exciton peak (a) and EA2ω intensity at the minimum relative to
the absorbance at the exciton peak (b) of MAPbBr3:NC in Sample A
(red circle) and Sample B (black circle). The EA2ω spectra were
measured with Fap of 0.3 MVcm−1. The exciton peak intensities are
normalized to the one at 290 K in both samples.
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Figure 4. EA2ω spectra of MAPbBr3:NC (Sample A) at 290 K (a) and 60 K (b) under varying Fap from 0.05 to 0.30 MVcm−1. The plots of the
EA2ω intensity as a function of the square of Fap are shown in panels (c, d), monitored at 18920 and 18550 cm−1, respectively, which corresponds to
the minimum of the spectra at 290 and 60 K.

Figure 5. Analysis of the EA2ω spectra of MAPbBr3:NC (Sample A) at 290 K (left) and 60 K (right). Absorption spectra and their decomposition
into exciton band (G1) and continuum band (e−h), along with the sum of these bands (a). The first (b) and second (c) integrals of the EA2ω
spectra and their simulations were obtained using the derivatives and integrals of exciton band (G1). (d) Observed EA2ω spectra (black circle) and
simulated spectra (red line). The contributions of the integral and derivative spectra of G1 in each simulation are also shown in the figure.
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Δα̅ at 290 K reported in our previous paper22 are also given in
Table S1 of SI. The previous value of Δα̅ at 290 K seems small
beyond experimental error, but this may reflect differences in
crystal size.
The observed trends can be interpreted in terms of the T-

dependent lattice symmetry and dielectric properties of
MAPbBr3. As T decreases, the rotational motion of the MA+

cation becomes restricted, leading to reduced lattice symmetry
and a lower dielectric constant. The decrease in dielectric
constant leads to weaker dielectric screening of the Coulomb
interaction between electrons and holes, which increases their
spatial correlation and promotes exciton localization. This
enhanced localization produces a greater asymmetry in the
charge distribution of the excitonic state, manifesting as the
pronounced increase of |Δμ| at 60 K. Simultaneously, the
reduced lattice symmetry and diminished electronic delocaliza-
tion suppress the ability of the excitonic transition to polarize
under Fap, accounting for the marked reduction of Δα̅.
As reported previously, the magnitudes of |Δμ| and Δα̅ in

MAPbBr3:QDs were determined by using the same method
with the present one to be ∼4 D and ∼−100 Å3 at 290 K,
which increased to ∼10 D and ∼−1070 Å3 at 40 K,
respectively. Thus, the magnitudes of |Δμ| and Δα̅ of
MAPbBr3:NC estimated in the present study are much smaller
than the values in MAPbBr3:QDs.24 The large Δα̅ of
MAPbBr3:QDs explains why their EA2ω spectra resemble the

first derivative shape of the Gaussian profile of the EX band,
whereas MAPbBr3:NCs in this study exhibit second derivative-
like line shapes.
Estimation of Exciton Binding Energy of MAPbBr3:NC

By assuming a Gaussian line shape for the spectral profile, the
EX absorption band can be separated from the continuum band
contribution, which corresponds to the band-to-band tran-
sitions.22,24,25 The detailed information is given in SI, Note 2.
To reproduce the observed spectrum as a combination of EX
and continuum bands, FWHM and the center of the EX band
extracted from the analysis of EA2ω spectra were employed
(see Table S1). The simulations at 290 and 60 K are shown in
Figure 7, and the fitting parameters are given in Table S1. The
results at other T, i.e., 240, 160, 120 K, are shown in Figure S6
(SI). The present results indicate that the binding energy of
the EX of MAPbBr3:NC (EB) is nearly independent of T, which
is ∼14 meV.
First Harmonic Electroabsorption (EA1ω) Spectra

The EA1ω spectra of Samples A and B were measured at
various T from 290 to 60 K under opposite field polarities,
(Fap+ and Fap−) (see Figure 1b). The results obtained with Fap
of 0.3 MVcm−1 are shown in Figure 8. Both samples exhibit a
strong polarity-dependence: reversing the direction of Fap
inverts the signal sign without altering its spectral shape at
each T. This behavior is consistent with the EA1ω spectra of
MAPbI3:NC, which we reported previously.45 For Fap− (from
FTO to Al), the EA1ω spectra closely resemble the EA2ω
spectra at T above 120 K, indicating Fap−induced broadening
of the EX absorption band. In contrast, when the direction of
Fap is reversed (from Al to FTO, Fap+), the EA1ω spectra
correspond to spectral narrowing of the EX band.
At 60 K, the EA1ω spectra of Sample A show a similar shape

to the second derivative of the Gaussian profile, as seen at
higher T, whereas Sample B exhibits a similar in shape to the
first derivative. The origin of the different EA1ω spectra of
Sample B at 60 K will be discussed later. The Fap dependences
of the EA1ω spectra at 290 and 60 K of both samples and the
intensity monitored at the spectral maximum for Fap+ and
minimum for Fap− are shown in Figure 9 for Sample B and
Figure S7 for Sample A, confirming that the EA1ω spectra result
from the linear Stark effect.
As already mentioned, EA2ω spectra are essentially the same

in Samples A and B (see Figure 3). On the other hand, the
EA1ω intensity differs markedly between Samples A and B,
indicating that the EA1ω intensity is very sensitive to the

Figure 6. Magnitudes of |Δμ| (a) and Δα̅ (b) determined from the
analysis of the EA2ω spectra of Sample A (red circles) and Sample B
(black circles) as a function of temperature.

Figure 7. Estimation of the exciton binding energy (EB). Experimentally obtained absorption spectra of the MAPbBr3 nanocrystal (Sample A) at
290 K (left) and 60 K (right), together with simulated absorption spectra modeled as a sum of the excitonic and continuum (band-to-band)
contributions. The corresponding exciton binding energies were derived from these simulations (see Note 2 of SI). Parameters used for the fitting
are summarized in Table S1.
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interface. As shown in Figure 10, both samples display a similar
T dependence trend of EA1ω intensities normalized to
absorption intensity and a slight increase with decreasing T;
however, Sample A exhibits approximately twice the intensity
of Sample B across all measured T, highlighting the impact of
the underlying substrate and interfacial dipole orientation.
In principle, the EA1ω spectra stem from the Fap−induced

spectral shift induced by Δμ, i.e., −ΔμFap, which gives the first
derivative shape of the absorption band in systems with
uniformly oriented dipoles.41−43 In randomly oriented
ensembles, this effect is nullified by dipoles pointing in
opposite directions from each other. However, MAPbBr3:NC
exhibits a second derivative-like EA1ω spectra, as in the case of
the EA1ω spectra of MAPbI3:NC reported previously.31,45,46

This can be rationalized by considering the two interfaces
bounding the MAPbBr3:NC layer: the upper PMMA interface
(interface 1) and the lower FTO or TiO2 interface (interface

2), where the direction of Δμ at each interface is likely
opposite, and the EX absorption band associated with each
interface exhibits slightly different peak energies. The energy
separation between these two excitonic bands is defined as
Δνp−p (peak-to-peak energy difference), arising from differ-
ences in local interfacial potential between MAPbBr3:NC and
the adjacent layers (PMMA and FTO/TiO2). The Fap −
induced shift (Δν) corresponds to the Stark shift of the
excitonic transition energies at interface 1 (Δν1) and interface
2 (Δν2) in opposite directions, directly proportional to Δμ·Fap.
The summed response of these oppositely shifted EX bands
yields a polarity-dependent second derivative-like EA1ω spectra.
The schematic representation of simulations based on two
Gaussian EX bands separated by Δνp−p and shifted by equal but
opposite amounts (±Δν1 and ±Δν2) successfully reproduce
the observed profiles, as shown in Figure S8.

Figure 8. Absorption and EA1ω spectra of Sample A (left) and Sample B (right) at different temperatures in the range of 290−60 K. The EA1ω
spectra were obtained with Fap of 0.3 MVcm−1. Spectra measured with the Fap+ and Fap− are shown as red and green shaded lines, respectively. See
Figure 1b for the field directions.
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The remarkable difference of the EA1ω spectra of Samples A
and B at 60 K clearly demonstrates that the EA1ω spectra are
very sensitive to the interface of MAPbBr3:NC on the substrate
(Figure 8). The polarity-dependent spectral broadening and
narrowing of EX absorption band induced by Fap in EA1ω
spectra of Sample A at 290 and 60 K are simulated by
assuming that two absorption bands with a Gaussian profile
having different peak positions are shifted in opposite
directions. The results are shown in Figure 11, where the
energy separation of the two peaks (νp−p) is assumed to be
29.0 cm−1 at both T, and the Fap−induced shift (Δν) is
assumed to be 0.70 and 1.01 cm−1 at 290 and 60 K,
respectively, in opposite directions at different interfaces. The
magnitudes of the Fap−induced shift of these bands into the
opposite direction are assumed to be the same. The EA1ω
spectra of Sample B at 290 K are similarly simulated, as shown
in Figure 12 (left), by assuming that νp−p is 11.70 cm−1 and Δν
is 0.70 cm−1 with opposite directions for absorption bands
corresponding to different interfaces. The direction of Δμ is
considered to be opposite to each other at both interfaces.

In the simulation of the EA1ω spectra of Sample B at 60 K,
the magnitude of the Fap−induced shift is assumed to be
different from each other for the two absorption bands
corresponding to different interfaces, which may come from
the difference in magnitude of Δμ on both interfaces. The
results are shown in Figure 12 (right), where it is assumed that
νp−p is 3.0 cm−1 and Δν is 1.01 cm−1 on one interface and 1.15
cm−1 on another interface with opposite direction. The EA1ω
spectra rather similar to the first derivative of the Gaussian
profile can be reproduced. These simulations confirm that the
linear Stark effect originates primarily from the interfacial
dipole difference. The stronger asymmetry and altered line
shape in Sample B at 60 K suggest that the compact TiO2 layer
modifies the FTO surface and interfacial energetics,54,55

influencing the field distribution and dipole orientation. The
fitting parameters used in the simulation in Figures 11 and 12,
i.e., νp−p and Δν, are shown in Table 1.
As already mentioned and shown in Figure S4 of SI, EA

spectra showed zero-crossing points which depended on Fap at
60 K. This observation was particularly pronounced in the
EA1ω spectra of Sample B, as shown in Figure 13. The zero-
crossing points of the EA2ω and EA1ω signals observed at 60 K
shift to the higher energy sides with increasing Fap (see Figure
13). This phenomenon is consistent with Franz-Keldysh (F-K)
oscillation arising from the field-band coupling in semi-
conductor materials.47,48 In contrast, interference would not
typically show such systematic Fap dependence or energy shifts
correlated with Fap changes. Furthermore, the oscillations
appear in the continuum absorption region above the excitonic
peak and are reproducible across different sample interfaces,
which supports their physical origin from the electronic band
structure rather than experimental artifacts. The fact that the
stronger F-K oscillation manifested more prominently in the
EA1ω spectra than in the EA2ω spectra, especially in Sample B,
probably indicates that the F-K oscillation dominantly results
from the MAPbBr3:NC in contact with the TiO2, which may

Figure 9. EA1ω spectra of MAPbBr3:NC (Sample B) at 290 K (a) and 60 K (b) under varying Fap from 0.10 to 0.30 MVcm−1. The plots of the
EA1ω intensity as a function of Fap are shown in panels (c, d), monitored at 18920 and 18425 cm−1, respectively, which corresponds to the
maximum and minimum of the spectra at 290 and 60 K.

Figure 10. Plots of the EA1ω signal intensity of Sample A (red circles)
and Sample B (black circles) at the maximum (with Fap+) or
minimum (with Fap−) relative to the absorbance at the exciton
absorption peak, as a function of temperature.
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generate enhanced local fields and reduced dielectric screening,
strengthening band-to-band coupling under Fap.
As reported in our previous papers,31,45,46 MAPbI3:NC also

exhibits polarity-dependent EA1ω spectra whose shapes
resemble those of EA2ω spectra, i.e., similar to the second
derivative of a Gaussian function, and show a strong T

dependence. This resemblance was attributed to the spectral
broadening and narrowing of the EX absorption band under
Fap+ and Fap−, respectively. Thus, the present EA1ω spectra of
MAPbBr3:NC display similar polarity-dependent and deriva-
tive-like features. However, notable differences also exist

Figure 11. Simulated EA1ω spectra of Sample A at 290 K (left) and 60 K (right) using the model shown in Figure S8 (SI). (a, c) Absorption spectra
modeled with Gaussian profiles for the excitonic bands, having FWHM values of 520 cm−1 at 290 K and 240 cm−1 at 60 K. The absorption bands at
the two interfaces are represented by red and blue Gaussian lines in panels (a, c) separated by a peak-to-peak energy difference (Δνp−p). (b, d)
Experimentally observed EA1ω spectra measured under opposite field polarities, Fap+ (red shaded line) and Fap− (green shaded line). The black and
purple dashed lines represent the corresponding simulations, assuming an opposite field-induced spectral shift (Δν) in the mentioned bands of
exciton peaks in opposite directions at the two interfaces. The values used for Δνp−p and Δν at the two interfaces used in the simulations are given
in Table 1 with experimental errors.

Figure 12. Simulated EA1ω spectra of Sample B at 290 K (left) and 60 K (right) using the model shown in Figure S8 (SI). (a, c) Absorption spectra
modeled with Gaussian profiles for the excitonic bands, having FWHM values of 520 cm−1 at 290 K and 240 cm−1 at 60 K. The absorption bands at
the two interfaces are represented by red and blue Gaussian lines in panels (a, c) separated by a peak-to-peak energy difference (Δνp−p). (b, d)
Experimentally observed EA1ω spectra measured under opposite field polarities, Fap+ (red shaded line) and Fap− (green shaded line). The black and
purple dashed lines represent the corresponding simulations, assuming an opposite field-induced spectral shift (Δν) in the mentioned bands of
exciton peaks in opposite directions at the two interfaces. The values used for νp−p and Δν used in the simulations are given in Table 1 with
experimental errors.
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between MAPbI3:NC and MAPbBr3:NC, emphasizing the
importance of comparing their EA1ω spectra in detail.
The EA1ω spectra of MAPbI3:NC further clarify the role of

structural phase and interface. The MAPbI3:NC film on FTO
(Sample C) and on TiO2(Sample D) with the PMMA
overlayer exhibited very different behavior from each other.45

In Sample D, the EA1ω signals were extremely weak at R-T, but
increased with decreasing T. Further, the EA1ω spectra of
Sample D observed with Fap− (see Figure 1b) are similar in
shape to the EA2ω spectra, and positive and negative EA1ω
signals became opposite with Fap+ (see Figure 1b). Those
results in Sample D are similar to the present ones of Samples
A and B of MAPbBr3:NC. In Sample C, on the other hand, the
EA1ω spectra similar to the EA2ω spectra were observed with
Fap+; that is, the EA1ω spectra of Sample C observed above 200
K were opposite in signature to the EA1ω spectra of Sample D.
As the T decreased, the EA1ω signal of Sample C became
weaker, and inversion of the EA1ω signal was found. Below
∼200 K, both samples C and D show the EA1ω spectra similar
to the present EA1ω spectra of MAPbBr3:NC, including the
spectral shape and polarity dependence. These variations in the
EA1ω spectra of MAPbBr3:NC and MAPbI3:NC may be
attributed to the tetragonal to orthorhombic phase transition
of MAPbI3 below ∼120 K, which alters lattice symmetry. In
contrast, MAPbBr3:NCs maintains a cubic phase across the full
T range studied (290−60 K). Thus, while both systems

(MAPbI3:NC and MAPbBr3:NC with different interfaces)
exhibit polarity-dependent EA

d1ω responses linked to interfacial
dipole asymmetry, MAPbBr3:NC demonstrates greater struc-
tural and electronic stability, an advantage for reproducible
electro-optic performance.
In summary, the combined EA1ω and EA2ω analyses provide

a unified understanding of the electro-optical behavior of
MAPbBr3 nanocrystalline films, revealing distinct interfacial
and bulk contributions to their field response. The EA1ω
spectra, governed by the linear Stark effect, are highly sensitive
to the orientation of the interfacial excitonic dipole. Their
polarity-dependent and asymmetric spectral features between
MAPbBr3:NC deposited on FTO (Sample A) and on TiO2
(Sample B) with the PMMA overlayer indicate opposite dipole
alignments at the FTO (or TiO2) and PMMA interfaces.
These results establish EA1ω as a sensitive probe of interfacial
energetics, band alignment, and dipole orientation in perov-
skite heterostructures. In contrast, the EA2ω spectra originate
from the quadratic Stark effect, reflecting the intrinsic bulk
excitonic response of MAPbBr3:NC. Their identical behavior
across both samples confirms their bulk origin. Overall, EA1ω
reflects interfacial field modulation, whereas EA2ω captures the
intrinsic bulk excitonic response. Together, they delineate how
interfacial chemistry and lattice symmetry jointly govern the
electro-optical properties of hybrid perovskites�insights that
are essential for designing efficient, stable, and tunable
perovskite-based modulators, detectors, and sensors.

■ CONCLUSIONS
Electroabsorption (EA) spectra of MAPbBr3 nanocrystalline
films (MAPbBr3:NC) sandwiched between the FTO layer and
the PMMA film and between the TiO2 layer and the PMMA
film were measured by synchronizing signals with the first
(EA1ω) and second (EA2ω) harmonics of the applied sinusoidal
field over 290−60 K. The EA2ω spectra, attributed to the
quadratic Stark effect, enabled quantitative estimation of the
changes in dipole moment (|Δμ|) and average polarizability
(Δα̅) of MAPbBr3:NC following absorption at each temper-
ature. In contrast, EA1ω spectra exhibited spectral broadening
and narrowing of the of EX absorption band, which depended
on field polarity. These effects were explained by the linear
Stark effect of excitons located at the interfaces, with opposite
spectral shifts arising from excitons in contact with PMMA and
with FTO (or TiO2). The interface-dependent nature of EA1ω
was further supported by simulations assuming slightly
different exciton peak energies at the two boundaries.
Additionally, Franz−Keldysh oscillations appeared in the
continuum absorption region at 60 K, most clearly in EA1ω
spectra of films interfaced with TiO2. This highlights the
stronger interfacial contribution to field-induced modulation in
such heterostructures. Overall, these results establish a clear
distinction between bulk (quadratic Stark effect) and interfacial

Table 1. Parameters Used in Simulation of the EA1ω Spectra Observed at 290 and 60 K for Sample A and Sample B (See
Figures 11 and 12)a

temperature (K) Δνp−p (cm−1) Δν1 (cm−1) Δν2 (cm−1)

Sample A 290 29.0 (±2.0) ∓0.70 (±0.1) ±0.70 (±0.1)
60 29.0 (±2.0) ∓1.01 (±0.1) ±1.01 (±0.1)

Sample B 290 11.7 (±1.0) ∓0.70 (±0.1) ±0.70 (±0.1)
60 3.0 (±1.0) ∓1.01 (±0.1) ±1.15 (±0.05)

aΔνp−p denotes the energy separation between two peaks under zero field, and Δν1 and Δν2 are the field-induced shifts at interfaces 1 and 2,
respectively. The shifts at both interfaces are considered to occur in opposite directions and depend on the polarity of Fap.

Figure 13. Extended view of the Fap dependence of the EA1ω spectra
from 18650 to 19750 cm−1 of Sample B observed at 60 K in Sample
B.
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(linear Stark effect, F-K oscillations) contributions to the EA
response of MAPbBr3:NC films. Understanding these mech-
anisms provides valuable insights for designing perovskite-
based optoelectronic devices such as electro-optic modulators,
photodetectors, and field-sensitive sensors, where precise
control of exciton-field interactions and interfacial effects is
essential for optimizing performance and stability.
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