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ABSTRACT: Electric-field-induced changes in absorption and
photoluminescence (PL) spectra and in PL decay profile have been
measured for two-dimensional hybrid organic−inorganic halide
perovskite semiconductor, ((C4H9NH3)2Pbl4) (N1). Electro-
absorption (E-A) spectra observed at room temperature and at a
low temperature of 45 K were analyzed by assuming the Stark shift,
and the magnitudes of the change in electric dipole moment and
polarizability following photoexcitation were determined. The
strong signal observed in the E-A spectra at 45 K was interpreted
in terms of the weak absorption band which shows extremely large
Stark shift resulting from the large change in polarizability following
photoexcitation. Electrophotoluminescence spectra of this com-
pound, that is, field-induced change in PL spectra, show that PL of
N1 is quenched by the application of electric field. Field effects on
PL decay profiles show that the quenching results both from the field-induced decrease of the population of the emitting state
following photoexcitation and from the field-induced lifetime shortening caused by the enhancement of the nonradiative decay
rate at the emitting state. At a low temperature of 45 K, two exciton emissions, each of which originates from different phase,
appear, and both emissions are quenched by the applied electric field with different efficiencies from each other. It is also found
that trap emissions observed at low temperature in the wavelength region longer than the sharp exciton bands show more
efficient field-induced quenching than that of the exciton emissions, suggesting that energy transfer from the photoexcited state
to trapped states is decelerated by the applied electric field.

■ INTRODUCTION

Hybrid metal halide perovskites have attracted tremendous
attention to photovoltaics and other optoelectronic applica-
tions because of their unique optical and electronic properties.1

Besides the low cost and ease of fabrication, the wide-range
tunability in structure highlights its importance.2−8 A large
number of lead-halide-based perovskites are self-organized low-
dimensional materials, in which [PbX6] octahedral forms zero-,
one-, two-, or three-dimensional networks.9,10 The PbX6

4−

octahedra can share all its corners to form three-dimensional
(3D) crystals with the stoichiometry of PbX3

− and balance the
charge by an organic cation, as CH3NH3

+ (MA). When the
octahedra self-assemble into layered crystals with PbX6

4−

corner-sharing into a plane, a two-dimensional (2D) layer of
stoichiometric PbX6

4− is formed. The formed 2D layer’s charge
is balanced by the large-size organic cations such as C4H9NH3

+

(BA); this type of perovskite is addressed as the 2D perovskite.
The structure of 2D and 3D can merge together; the thickness

of the lead iodide layer is controlled by the stoichiometric ratio
of two amines. With increasing molar ratio of MA/BA cations,
two (n = 2), three (n = 3), or more lead iodide octahedral
layers are obtained. These structure formulates with
BA2(MA)n−1PbnX3n+1, where the integer n represents the
number of inorganic perovskite layers between two large-size
organic cations. The value of n defines the degree of quantum
and dielectric confinement as well as the optical band gap and
exciton binding energy.11 The band gap depends on the
number of inorganic layers as well as the organic barrier
layers.12,13

The photoinduced excitons and charge carriers in 2D
perovskite materials confine to monomolecular layers of
[PbX6] sandwiched between two organic layers. Another
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interesting feature of the 2D materials is that the dielectric
constant of inorganic layer is higher than that of the organic
layer, which tends to significantly increase coulomb interaction
between the electron and holes in the inorganic layer.14−16

Thus, the above-mentioned properties make 2D perovskite as a
critical racer for functional devices such as light-emitting
diodes, field-effect transistors, and hard radiation detec-
tors.17−19 The 2D compounds with n value one, two, three,
and so forth, and butyl ammonium as organic cations have
been a hot topic for the applied and basic research.20−23 In the
similar vein, the excitonic and electronic properties of various
2D perovskites have been studied by the electroabsorption (E-
A) spectroscopy and two photon absorption spectrosco-
py.18,24−26

External electric-field effects on absorption and photo-
luminescence (PL) spectra have been extensively used to
examine electronic structure as well as excited-state dynamics,
following photoexcitation including electron and/or hole
mobility.26−37 Recently, E-A spectroscopic study of
(C4H9NH3)2Pbl4 was reported by Amerling et al.26 who
fabricated the transparent thin film of (C4H9NH3)2Pbl4 on
quartz substrate decorated with gold interdigitated electrodes
and applied electric fields parallel to the inorganic [PbI6]

4−

sheets. They focused mainly to the band-edge region to
estimate the binding energy of the exciton and insisted as the
first evidence for Franz−Keldysh (F−K) oscillation in
(C4H9NH3)2Pbl4 quantum well. Because such an interpreta-
tion of the E-A spectra of 2D perovskite films is different from
the ones reported so far,25 the evidence is necessary to be
carefully verified to give a reasonable interpretation for the E-A
spectra. In the present study, (C4H9NH3)2Pbl4 organic
inorganic 2D perovskite crystal, which is hereafter denoted
by N1, has been synthesized. Then, external electric field was
applied perpendicular to the inorganic [PbI6]

4− layer to
measure E-A spectra of N1 at 295 K and at 45 K, in contrast
with the experiments in ref 26, where electric field was applied
parallel along the [PbI6]

4− layer. E-A spectra of N1 films show
a large signal in the region between the first and second exciton
bands at 45 K. This signal could not be reproduced by the so-
called differential method analysis. Then, the E-A spectra were
analyzed by the so-called integral method, and unknown weak
absorption band has been proposed to be located in N1 thin
films between the first and second strong absorption bands.
Note that the integral method can be used to analyze E-A
spectra, even when the E-A spectra show the intense signal
beyond the identified absorption bands, where the typical
differential method analysis become unsatisfactory or failed to
simulate the E-A spectra.38,39 In the result, E-A spectra have
been interpreted in terms of the Stark shift in the whole
spectral region, and the magnitude of the change in electric
dipole moment and/or polarizability following the absorption
into the bands of N1 thin films has been estimated at 295 and
45 K.
In addition to the E-A measurements, electrophotolumi-

nescence (E-PL) spectra of N1 thin films, that is, electric-field-
induced changes in PL spectrum, have been measured for N1
thin films. Besides the E-PL spectra at room temperature and
at 45 K, field-induced changes in the PL decay profile have also
been measured at room temperature. On the basis of these
results, carrier dynamics and relaxation of exciton following
photoexcitation of N1 both in the absence and in the presence
of electric field have been discussed.

■ EXPERIMENTAL SECTION

Synthesis of (C4H9NH3)2PbI4 (N1) 2D perovskite crystals was
performed based on the previously reported procedure.40 For
the synthesis, PbO powder (2232 mg, 10 mmol) was dissolved
in a mixture of HI solution (10.0 mL, 76 mmol) and 50%
aqueous H3PO2 (1.7 mL, 15.5 mmol) at room temperature.
The obtained yellow solution was heated until boiled condition
and kept stirred under constant magnetic stirrer for about 5
min. Neutralized n-butylamine (924 μL, 10 mmol) with HI
57% w/w (5 mL, 38 mmol) was added to the PbI2 solution.
The stirring of boiled solution was discontinued, and the
solution was left to cool down to room temperature. After 2 h,
the obtained orange rectangular-shaped plates were collected
by suction filtration and dried in a vacuum oven at room
temperature. The N1 2D perovskite thin films were prepared
on a fluorine-doped tin oxide (FTO)-coated glass substrate by
hot casting method. The FTO-coated substrate was preheated
at 120 °C for 10 min, and then 0.05 mM solution of 2D
perovskite was spin-coated on the preheated FTO glass.
Thickness of the homogeneous N1 films was about ∼130 ± 10
nm. Then, a poly(methyl methacrylate) (PMMA) film was
deposited on the N1 film by a spin-coating method. The
typical thickness of the films was ∼0.7 μm, which was
determined by using alpha step method (Veeco Dektak 150),
and the strength of the applied electric field was estimated as
the applied voltage divided by thickness. A semi-transparent Ag
film with a thickness of ∼30 nm was further deposited on the
PMMA film through the thermal deposition. FTO and Ag films
served as electrodes for the E-A and E‑PL measurements. The
growth direction of the film which corresponds to the [PbI6]

4−

layers in N1 thin films is perpendicular to the FTO substrate,
that is, the electric field was applied parallel to the growth
direction.
All of the optical measurements were performed under

vacuum condition. Steady-state absorption and PL spectra
were recorded with a fluorescence spectrometer (JASCO, FP-
777). Electric-field modulation spectroscopy was applied to
measure E-A and E-PL spectra, with the same apparatus as
described elsewhere.41 A modulation in transmitted light
intensity of the excitation light and in PL intensity were
induced by application of the sinusoidal ac voltage with a
modulation frequency of 40 Hz. Field-induced change in
transmitted light intensity of excitation light or PL intensity
(IPL) was detected with a lock-in amplifier at the second
harmonic of the modulation frequency. The dc component of
the transmitted excitation light intensity or PL intensity was
measured simultaneously, along with the modulated signal
induced by the applied electric field. E-A spectra and E-PL
spectra were obtained by plotting field-induced change in
absorbance (ΔA) and field-induced change in PL intensity
(ΔIPL) as a function of wavelength or wavenumber,
respectively. The temperature-dependence measurements
were performed by using a cryogenic refrigerating system
(Daikin, V202C5LR) equipped with quartz optical windows.
The temperature of the substrate was controlled and
monitored by using a temperature controller system (Scientific
Inst. model 9600) equipped with a silicon diode thermometer.

■ RESULTS AND DISCUSSION

Absorption and E-A Spectra. Figure 1a,b shows the
normalized optical absorption and PL spectra of N1 at 295 and
45 K. Figure 1c shows the X-ray diffraction pattern of N1, and
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Figure 1d shows the corresponding crystal structure.
Prominent exciton and PL peaks were observed for N1 thin
films at both temperatures. The absorption of N1 thin film at
295 K which shows one main exciton absorption band at 515
nm (Figure 1a) is assigned to the 1s exciton. This band was
assigned to the intra-atomic transition from the 6s to 6p orbital
in Pb2+,42,43 and the large binding energy and large oscillator
strength of this band were explained in terms of the dielectric
confinement effect. “p” orbital has three-levels split by the
crystal field and spin−orbit interaction and exhibits less
dispersion than “s”. Later, this 1s band was reassigned to the
interatomic transition from the iodine atom to the lead atom.44

If this 1s band has a character of interatomic charge transfer, a
large change in electric dipole moment may be expected
following absorption.
Absorption spectrum of N1 depends on the temperature.

Figure 2 shows the map of the temperature-dependent
absorption intensity, and absorption spectra at various
temperatures are shown in Supporting Information (Figures
S1 and S2). As the temperature decreases from room
temperature, the intensity of the main absorption peak at
∼515 nm slightly increases but suddenly decreases below 200
K, and a new peak appeared at 486 ± 2 nm, with a 30 nm blue
shift. Along with the peak at ∼486 nm, well-structured three
absorption bands were observed in the wavelength region
below 450 nm. The drastic change in the absorption spectra
which occurs at around 200 K probably comes from the
structural change of butyl ammonium chain.45,46 Then, the
strong band at 486 nm observed at low temperatures may be
assigned to the 1s exciton in the new phase produced by phase
transition at low temperatures. The phase at high temperature
and at low temperature is denoted by H-phase and L-phase,
respectively.47 Hereafter, the broad absorption band at ∼445
nm observed at very low temperature, for example, at 45 K is
hereafter presented as α band, and much higher energy bands
are called as β and γ bands, respectively. Because of the crystal
field and the spin−orbit interaction, the threefold degeneracy
in the conduction band lifts into three bands.21 In the present
absorption region, the optical transitions from the topmost
valence band to these conduction bands have to be considered.

In (C10H21NH3)2PbI4, for example, the absorption bands in
the region of 3−3.5 eV, that is, 24 000−28 000 cm−1, are
considered to be different from the 1s band,10 in the sense that
the reached conduction bands are different from each other. As
mentioned later, not only the β and γ bands but also the α
band in N1 may correspond to the conduction band which is
different from the one of the 1s exciton, although the α band
was assigned to the 2s exciton,48 which corresponds to the
same conduction band as the 1s exciton. Extra absorption
feature at around 550 nm observed at low temperature at 45 K
may suggest the occurrence of a more disordered energetic
structure.
When the temperature increased from 40 K, absorption

spectra returned to the original spectrum at room temperature.
As shown in Figure 2, however, the phase-transition temper-
ature is different from the one observed in the experiments
where the temperature was decreased from 295 K; the peak at
486 nm appears at 260 K by heating from 40 K, whereas this
peak disappears at 200 K by cooling from 295 K, indicating the
presence of hysteresis in the map of temperature-dependent
absorption intensity. Even at low temperatures below 100 K,
weak absorption peak is observed at ∼515 nm besides the
strong band at 486 nm, implying that the phase similar to the
one which is dominant at high temperature at 295 K still exists
a little at the low temperature.
Note that the temperature-dependent absorption spectra

obtained by cooling from room temperature and by heating
from 40 K are shown in the Supporting Information (Figures
S1 and S2).
The X-ray diffraction (XRD) patterns obtained at 295 and

45 K shown in Figure 1c indicate that the shift of the
temperature-dependent absorption peak does not come from
the phase transition of the crystal structure; the crystal
structure of N1 having an orthorhombic structure at room
temperature remains unchanged even after the phase transition
at low temperatures. The Braggs peaks at 45 K shifted to a
higher value of diffraction angle, which means that the lattice
contraction which induces decreases of the inter-inorganic slab
spacing occurs at low temperatures.49 The temperature-
dependent absorption peak shift which occurs at 200−260 K

Figure 1. (a) Normalized optical absorption and PL spectra of
(C4H9NH3)2PbI4 (N1) 2D perovskite thin film at 295 K, (b)
absorption and PL spectra of N1 at 45 K, (c) XRD pattern of N1 thin
film at 295 K and at 45 K, where the peak assigned by “*” is related to
the equipment, and (d) unit cell and crystal structure of 2D perovskite
of N1 film.

Figure 2. Map of the temperature-dependent absorption intensity of
N1 2D perovskite obtained by cooling temperature from 295 K (a)
and by heating the temperature from 40 K (b).

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b08116
J. Phys. Chem. C 2018, 122, 26623−26634

26625

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b08116/suppl_file/jp8b08116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b08116/suppl_file/jp8b08116_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.8b08116


comes from the rearrangement of butyl ammonium chains at
low temperatures, as mentioned already. At room temperature,
the butyl ammonium chains adopt trans conformation.
However, the decrease in temperature induces changes in
butyl chain conformation, and the structural changes are
characterized by a decreased conformational disorder of the
methylene units of the butyl chains and gain of tilt angle
coherence leading to a decrease in the inter-slabs spacing.
E-A spectra of N1 thin films were observed at 295 K and at

45 K with different field strengths in the range of 0.2−0.4 MV
cm−1, as shown in the Supporting Information (Figure S3 for
295 K and Figures S4 and S5 for 45 K). The results obtained
with a field strength of 0.4 MV cm−1 are shown in Figure 3,
together with the absorption spectra. E-A spectra of N1 at
room temperature and at 50 K were also reported by Amerling
et al.26 It may be important to note that the applied field
directions are opposite to each other; the applied field
direction was perpendicular to the growth direction of
[PbI6]

4− in their experiments, whereas the field direction was
parallel to the growth direction in the present experiments, as
mentioned in the Experimental Section. The present E-A
spectra look similar to their spectra, except that our prominent
E-A peak located at 20 510 cm−1 at room temperature and at
22 315 cm−1 at low temperature is less enhanced. It is not
certain whether the difference comes from the applied-field-
direction dependence and/or some difference in sample
condition. They explained that the E-A signal of the exciton
bands results from the Stark shift. In addition, the band gap
modulation at 50 K was reported to be dominated by the F−K
oscillation, based on the F1/3 peak amplitude dependence and
the E-A oscillatory response broadening with the field. It was
mentioned that the F−K oscillation was not clearly visible at
room temperature. In the present experiments, it was
confirmed that the E-A signal at room temperature was
proportional to the square of the applied electric field, as
shown in Figure 4. It was also confirmed that the E-A signal of
the prominent peaks at 22 315 and 22 920 cm−1 (2.77 and 2.84
eV, respectively) at 45 K was proportional to the square of the
applied electric field, as shown in Figure 4, indicating that the
main peaks of the E-A spectra observed both at 295 K and at
45 K are caused by the Stark shift.50 Only at around 23 350
cm−1, the E-A spectra observed at 45 K cross the zero line of
ΔA at different wavenumbers (see Figure S5), which was also

reported in ref 26. In other regions, the E-A spectra observed
with different applied field strengths were essentially the same
in shape both at 295 and 45 K (see Figures S3−S5 in the
Supporting Information). On the basis of these results, the
observed E-A spectra were analyzed in terms of the Stark
effect, that is, in terms of field-induced spectral shift and
broadening, as mentioned below.
In the presence of the electric field, the energy of the

absorption band is shifted by −Δμ − ΔαF2/2, where Δμ and
Δα represent the change in electric dipole moment and
polarizability, respectively, between the excited state (e) and
ground state (g), that is, Δμ = μe − μg and Δα = αe − αg.
Then, the field-induced change in absorption intensity at
wavenumber, ν, observed at the second harmonic of
modulation frequency, that is, ΔA(ν) is considered to be
given by a sum of the zeroth, first, and second derivatives of
the absorption intensity A(ν), as follows35,51−53

ν ν ν ν
ν

ν
ν

ν
ν

Δ = +
ν

+

χ χ

χ

Ä

Ç

ÅÅÅÅÅÅÅÅÅ
i
k
jjjj

y
{
zzzz

i
k
jjjj

y
{
zzzz
É

Ö

ÑÑÑÑÑÑÑÑÑ

A fF A A B
A

C
A

( ) ( ) ( )
d

d
( )

d
d

( )

2

2

2
(1)

Here, F = |F| and f is the internal field factor. The nonzero
coefficient of the zeroth-derivative term comes from the field-
induced change in transition moment, and the coefficients Bχ

and Cχ correspond to the spectral shift and spectral broadening
of the absorption bands, which mainly result from Δα and Δμ,

Figure 3. Absorption spectra (upper) and E-A spectra (lower) of N1 at 295 K (left) and at 45 K (right); the E-A spectra were obtained with a field
strength of 0.4 MV cm−1.

Figure 4. Plots of electric-field-induced change in absorption intensity
of N1 thin films at 295 and 45 K, as a function of the square of the
applied electric field strength.
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respectively, following absorption. The magnitude of Δα and
Δμ can be calculated through the given relations

μα= Δ ̅ = |Δ |
χ χB

hc
C

h c2
,

6

2

2 2 (2)

Here, Δα̅ denotes the trace of Δα, that is, Δα̅ = (1/3)Tr(Δα).
In the absorption spectra at 295 K, a small shoulder located

in the higher wavenumber region of the 1s band may be
assigned to a phonon side band.54 The E-A spectrum at 295 K
in the wavenumber region below 21 000 cm−1 can be
reproduced quite well by a linear combination of the derivative
components of the 1s band and the phonon side band, denoted
by 1ss, according to eq 1, that is, with the differential method
by assuming the Gaussian profile for these two absorption
bands. The results are shown in the Supporting Information
(Figure S6). The fact that the shape of the E-A spectrum at
295 K is very similar to the second derivative of the 1s band
indicates that the change in electric dipole moment, Δμ, is
significant following the 1s absorption of the H-phase. In the
wavenumber region of 21 000−23 000 cm−1, however, the E-A
spectrum at room temperature could not be reproduced well
by the differential method (see Figure S6); clear absorption
band cannot be identified in the region between the 1ss band at
20 430 cm−1 and the band having a peak at 22 500 cm−1, where
clear E-A signal was observed. It is also known that absorption
bands located at wavenumbers higher than 23 000 cm−1 have
no significant contribution of the first and second derivative
components of the absorption bands in the E-A spectra, except
for the slight decrease of the absorption intensity in the
presence of the applied electric field.
In contrast with the E-A spectrum at 295 K, the E-A

spectrum at 45 K around the 1s exciton band is very similar in
shape to the first derivative spectrum of the 1s band (see
Figure S7 of the Supporting Information), implying that the
field-induced change in absorption spectrum of the 1s band of
the L-phase mainly comes from Δα following absorption. In
fact, the E-A spectrum around the 1s band at 45 K can be
reproduced by the differential method, that is, by a linear
combination of zeroth, first, and second derivative compo-
nents, as shown in the Supporting Information (Figure S7).
Higher exciton bands located at wavenumbers more than 24
000 cm−1 show the field-induced enhancement in intensity, in
contrast with the E-A spectrum at 295 K. Further, there is no
doubt that E-A spectrum in the region of 21 300−23 500 cm−1

at 45 K, that is, in the region between the 1s exciton and the α
band, where strong E-A signal was observed, cannot be
reproduced by the differential method because clear absorption
band(s) cannot be identified in this region (see Figure S7).
The fact that the E-A spectrum both at 295 K and at 45 K

cannot be reproduced by the differential method in the region
between the 1s exciton and the α band suggests the possibility
that the absorption band having a large electric-field effect,
which is not identified in the observed absorption spectrum
because of its very weak intensity, is located in this region.
Then, the integral method analysis was used to figure out the
clear picture of the origin of unsatisfactory simulations for N1.
If the experimentally observed E-A signal is given by a linear

combination of the zeroth, first, and second derivatives of the
absorption spectra, as shown in eq 1, the integral of the E-A
spectra along with wavenumber can be approximately given as
follows

∫ ∫ν ν ν νΔ ν ≅ + +χ χ χ

Ä

Ç

ÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑ
A fF A A v B A C

A
v

( )d ( ) ( )d ( )
d ( )

d
2

(3)

In the right-hand side of eq 3, the first term shows a
monotonic increase or decrease, as a function of wavenumber,
depending on the sign of Aχ, and the saturation occurs with the
increasing wavenumber. The second term shows the spectral
shape given by the absorption spectrum, and the third term
shows the spectral shape given by the first derivative of the
absorption spectrum. Further integration of eq 3, that is, the
second integral of the E-A spectra along the wavenumber may
be given as follows

{ }
{ }

∫ ∫
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ν

ν ν
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+
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ÑÑÑÑÑÑÑÑ
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( )d d

( ) ( )d d ( )d

( )

2

(4)

The first and second terms in the right-hand side show a
monotonic increase or decrease, depending on the sign of Aχ

and Bχ, whereas the third term shows a spectral shape which is
the same as the absorption spectrum.
In the integral method analysis, the first integral and the

second integral of the observed E-A spectrum are taken,
according to eqs 3 and 4. The results of N1 at 295 and 45 K
are shown in Figures 5 and 6, respectively. Equation 4 indicates
that the second integral of the E-A signal that corresponds to
the second derivative of the absorption spectrum should show
the spectrum whose shape is similar to the absorption
spectrum. In fact, the second integral of the E-A spectrum at
295 K shows the peak which corresponds to the 1s exciton
band, as shown in Figure 5c, indicating that the second
derivative of the 1s absorption band gives a large contribution
in the E-A spectrum. The absence of the peak in the region
other than the 1s band suggests that the absorption band
which gives its second derivative component is not necessary
to be considered in the analysis of the E-A spectrum at 295 K,
except for the 1s band. If the first derivative of the absorption
band contributes to the E-A spectrum, the first integral of the
E-A spectrum keeps the absorption spectrum in shape, as
shown in eq 3. When the first integral of the E-A spectrum at
295 K given in Figure 5b is looked from this point of view, it is
noticed that there is a peak at around 21 000 cm−1 in the first
integral of the E-A spectrum, suggesting that a weak unknown
absorption band, whose first derivative component largely
contributes to the E-A spectrum, exists with a peak at ∼21 000
cm−1. Hereafter, this band is represented as the X295 band.
The positive and negative peaks in the first integral of the E-

A spectrum at around the 1s band at 295 K, which are shown
in Figure 5b, originate from the first derivative of the 1s
absorption band. Note that the first integral of the second
derivative component in the E-A spectrum gives a shape
corresponding to the first derivative of the absorption
spectrum. Further, the monotonic increase of the second
integral of the E-A spectrum at wavenumbers larger than 20
500 cm−1 at 295 K indicates the contribution of the zeroth
derivative component of the 1s, 1ss, and/or the X295 bands. In
fact, the E-A spectrum and its first and second integral spectra
could be simulated in the whole spectral region quite well by
considering the contribution of the first and second derivatives
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of the 1s band, the zeroth derivative of the 1ss band, and the
first derivative of the X295 band, as shown in Figure 5. Note
that the X295 band was assumed to have a Gaussian profile with
a full-width at half maximum (fwhm) of 830 cm−1. Actually,
the electric-field effect on the absorption in the high
wavenumber region is not considered in the present
simulation. As shown in Figure 3b, the absorption intensity
at 295 K slightly decreases in the presence of the applied
electric field even in the wavenumber region above 23 000
cm−1. The gradual decrease of the first integral of the E-A
spectrum at 295 K as a function of wavenumber, which is not
reproduced in the present simulation, is attributed to this field-
induced decrease of the absorption intensity observed for the
absorption in the high wavenumber region. On the basis of the
simulation using the integral method, the magnitude of the
field-induced change in absorption intensity, Δα̅ and |Δμ| was
determined for the 1s, 1ss, and X295 bands at 295 K. The results
are shown in Table 1. Because the X295 band could not be
identified in the observed absorption spectrum, the exact value
of Δα̅ following this transition could not be determined, and
the value of Δα̅ shown in Table 1, ∼200 Å3, was estimated, as
the minimum value by assuming that the peak intensity of this
absorption band is less than 1/5 of the observed intensity at
21 340 cm−1. The large value of |Δμ| for the 1s band at 295 K
indicates the charge-transfer characteristics of this transition,

which probably comes from the interatomic transition in
nature.
The above-mentioned analysis with eqs 1 and 2 is based on

the assumption that the dipole moment as well as polarizability
of materials are randomly oriented. Then, it may be pointed
out that the layers of N1 orient parallel to the substrate,
suggesting anisotropic behavior on optical and optoelectrical
properties. In fact, the E-A spectra of the (C4H9NH3)2PbBr4
film observed in the transverse and longitudinal configurations,
where the electric fields were applied parallel to the quantum-
well layers and perpendicular to the quantum-well layers,
respectively, were very different in shape from each other.24 As
mentioned already, however, the present E-A spectra both at
295 K and at 45 K are very similar to the results reported in ref
26, although the directions of the applied electric fields were
different from each other; fields were applied perpendicular to
the substrate in the present experiments and parallel to the
substrate in ref 26. Therefore, the assumption of the random
orientation of materials seems to be applicable for the analysis
of the present E-A spectra, although the assumption is not
strict, as mentioned below.
In the present study, the E-A spectra at 295 K have been

interpreted in terms of the Stark effect in the whole spectral
region, that is, by considering the field-induced spectral
broadening of the 1s exciton band, red-shift of the X295

Figure 5. Integral method analysis of the E-A spectra of N1 at 295 K.
(a) Absorption spectrum (shaded line) and absorption bands having a
Gaussian profile, (b) first integral of the E-A spectrum (black solid
line), simulated spectrum (red dotted line), and each spectral shape
which contributes to the simulated spectrum, (c) second integral of
the E-A spectrum (black solid line), simulated spectrum (red dotted
line), and each contributed spectrum, and (d) E-A spectrum (shaded
line) at a field strength of 0.4 MV cm−1 and the simulated spectrum
(red dotted line) derived using the integral method analysis.

Figure 6. Integral method analysis of the E-A spectra of N1 at 45 K.
(a) Absorption spectrum (shaded line) and absorption bands having
Gaussian profile, (b) first integral of the E-A spectrum (black solid
line), simulated spectrum (red solid line), and the spectral
contribution to the simulated spectrum, (c) second integral of the
E-A spectrum (black solid line), simulated spectrum (red solid line),
and each spectral shape which contributes to the simulated spectrum,
and (d) E-A spectrum (shaded line) at a field strength of 0.4 MV
cm−1 and the simulated spectrum (red dotted line) derived using the
integral method analysis.
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band, and intensity enhancement of the phonon band (see
Table 1). In ref 26, the E-A spectra observed at 300 K were
interpreted in terms of the red shift caused by a change in
polarizability for the 1s exciton and the band gap oscillation,
but the spectral broadening of the 1s band induced by the
change in electric dipole moment was not considered. The
significance of the change in electric dipole moment following
absorption of the 1s exciton at 295 K can be shown by the E-A
spectra observed at the first harmonic of the modulation
frequency, that is, the linear field effect on the absorption
spectra at 295 K. As shown in the Supporting Information
(Figure S8), the E-A spectra observed at the first harmonic of
the modulation frequency, which depended on the applied
field direction, showed the shape similar to the first derivative
of the 1s exciton absorption band. These results indicate that
the linear Stark shift was induced by a change in electric dipole
moment along the applied field direction for the 1s band, that
is, the change in electric dipole moment is involved in the E-A
signal. Field-induced shift in transition energy is given by
−ΔμF, and the magnitude of Δμ along the applied field
direction, that is, along the direction perpendicular to the
substrate was estimated to be 0.03 D from the E-A spectra
shown in Figure S8. At the same time, the results show that the
samples were not a random-distribution system because the
linear effect along the applied electric field should be cancelled
to each other for dipoles whose directions are opposite to each
other. However, the fact that the magnitude of Δμ mentioned
above is about 2 orders of magnitude smaller than that derived
from the E-A spectra observed at the second harmonic of the
modulation frequency, that is, 3.0 D (Table 1), seems to show
the validity of the approximation of the random distribution.
The above-mentioned integral method analysis was also

applied to the E-A spectrum of N1 observed at 45 K because
the E-A spectrum over the whole region could not be
reproduced by the differential method. The E-A spectrum and
its first and second integral spectra are shown in Figure 6,
together with the simulated spectra. The absorption spectrum
and its decomposition into each band are also shown in this
figure. In the second integral of the E-A spectrum (Figure 6c),
there is no clear peak, implying that the absorption band which
gives the second derivative component in the E-A spectrum is
not necessary to be considered. On the other hand, clear peaks
appear at ∼20 600 and 22 690 cm−1, respectively, in the first
integral of the E-A spectrum (Figure 6b). The former peak
essentially the same as the absorption peak of the 1s band of
the L-phase indicating the 1s absorption band shows the first-
derivative component in the E-A spectrum, which results from
Δα following absorption. The latter sharp peak in the first
integral of the E-A spectrum also suggests that this E-A signal
results from the first derivative of the absorption band with a

peak at ∼22 690 cm−1, although the corresponding absorption
band cannot be identified in the absorption spectrum. This
unknown absorption band is represented as the X45 band. The
fact that the intensity of the first integral gradually increases as
the wavenumber increases suggests that the absorption
intensity of the bands higher than the X45 band increases in
the presence of the electric field, that is, the higher bands
contribute to the E-A spectrum as the zeroth derivative
component. Finally, E-A and its first and second integral
spectra were satisfactory simulated, as shown in Figure 6. On
the basis of the simulation, the magnitude of the zeroth
derivative component of each absorption band which
contributes to the E-A spectrum and the magnitude of Δα̅
following absorption were determined. The results are shown
in Table 1. As in the case of X295 at 295 K, the X45 band at 45
K is not identified in the absorption spectrum. The magnitude
of Δα̅ for the X45 band shown in Table 1 (>2410 Å3) was
determined by assuming that this band has a Gaussian profile
with fwhm ∼600 cm−1, and that the peak intensity of this
absorption band is less than 1/5 of the observed absorption
intensity at 22 690 cm−1.
In ref 26, the E-A signal of the 1s band at 50 K was

interpreted in terms of the red shift caused by the uniform
polarizability change. This agrees with the present results, but
the magnitude of change in polarizability estimated from the E-
A spectra is very different from each other. The E-A signal of
the band at 2.37 eV which is located in the lower energy region
than the present 1s exciton band at 45 K was interpreted in
terms of spectral broadening (second-derivative shape) caused
by the change in polarizability which was not uniform. In the
present study, the quantitative analysis of the latter band at 45
K was not carried out because of the uncertainty resulting from
the weakness of the signal, but it was realized that the weak E-
A signal of this band shows the shape having the second
derivative of the small absorption band, as reported in ref 26.
As the mechanism of the field-induced broadening of this
band, the change in electric dipole moment following
absorption can be considered, as in the case of the E-A
spectra of the 1s exciton band at 295 K. Even at 45 K, the
crystal phase which is the same as the one at room temperature
still exists slightly even after the phase transition at 220 K, and
this component gives the second derivative of the absorption
spectrum. The PL spectra also show the coexistence of the two
phases at very low temperatures, as mentioned later.
As mentioned above, the E-A signal of the 1s band is mainly

originated from Δμ in the H-phase at room temperature and
from Δα in the L-phase at low temperature. Following the
phase transition caused by the conformational change of butyl
ammonium chain, the interatomic transition in nature in the
H-phase may be changed to the intra-atomic transition in

Table 1. Coefficients of Aχ and Magnitude of |Δμ| and Δα̅ for the Bands Contributed to the Simulated E-A Spectra of N1 at
295 K and at 45 K

temperature transition peak (cm−1) Aχ (10
−3 MV−2) Δα̅ (Å3) |Δμ| (D)

295 K 1s 19 600 0 12 3.0 (±0.5)
1ss 20 430 6 (±1) 0 0
X295 21 340 0 >200 ± 50 0

45 K 1s 20 660 0 7 (±1) 0
X45 22 690 0 2410 ± 200 0
α 23 220 1.5 (±0.5) 0 0
β 24 500 3.2 (±1) 0 0
γ 26 460 7.8 (±1) 0 0

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b08116
J. Phys. Chem. C 2018, 122, 26623−26634

26629

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b08116/suppl_file/jp8b08116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b08116/suppl_file/jp8b08116_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.8b08116


nature in the L-phase. The unknown absorption band, which
induces very large change in polarizability, is confirmed both at
room temperature and at low temperature, that is, X295 at 295
K and X45 at 45 K. In particular, the X45 band gives a major
part of the E-A spectrum at low temperature. Our assignment
of the E-A signal for this band is different from the one
reported in ref 26, where the E-A signal at 2.73 eV (22 000
cm−1) was assigned to the F−K oscillation. However, the
square field-strength dependence both at positive and negative
peaks of the strong E-A signal shown in Figure 4 clearly shows
that these E-A signals mainly come from the Stark shift. These
X295 and X45 absorption bands cannot be assigned clearly at the
moment, but there seems to be the possibility that these bands
are assigned to the 2s band.
As already mentioned, the E-A spectra observed at 45 K with

different applied field strengths cross the zero line of ΔA at
different wavenumbers at around 23 350 cm−1 (2.9 eV). This
may result from the F−K oscillation, as pointed out in ref 26.
Then, the band gap energy corresponding to the 1s exciton is
estimated to be ∼2.9 eV. If so, the binding energy of the 1s
exciton is estimated to be ∼340 meV, which is larger than the
one reported in ref 26 (220 meV) by about 100 meV and
smaller than the one reported in ref 48 for nanosheets of N1
crystal (490 meV). Note that the 1s exciton band is located at
20 660 cm−1 (2.56 eV), and that the evidence of the band gap
transition could not be confirmed below 23 350 cm−1 in the
present E-A spectra. It is stressed that the present
interpretation of the E-A spectra of N1 is very similar to the
one given for (C6H13NH3)2PbI4,

25 in the sense that E-A signals
around the lowest energy exciton peak at 2.34 eV (1s band)
and at the step structure (2.60 eV) observed at 5 K for the
layered crystal of this compound were interpreted in terms of
the Stark shift and Stark broadening of the exciton bands. It is
also stressed that the binding energy of the 1s exciton
estimated in the present study at 45 K is very similar to the one
of the 1s exciton of (C6H13NH3)2PbI4 estimated at 5 K from
the E-A and two-photon absorption spectroscopy, that is, >300
meV.25

PL and E-PL Measurements. PL spectrum of N1 thin
films depends on temperature. The maps of the temperature-
dependent PL intensity are shown in Figure 7. The PL spectra
at various temperatures are shown in the Supporting
Information (Figures S9 and S10). At room temperature, N1
thin films show PL emission with a peak at 525 nm. This band,
which is hereafter called as the H-band, corresponds to the
monolayer emission.55 Because the sample with monolayer
only was used, there was no chance for emission from higher
order layers. As the temperature decreases, the H-band shows a
slight blue shift, the peak intensity increases, and the
bandwidth becomes narrower. At 220 K, a strong peak newly
appears at 493 nm,46 whereas the H-band becomes weaker and
shows a slight blue shift by about 3 nm (see Figures 7a and
S9). The newly appeared band is hereafter called as the L-
band. When the temperature further decreases from 220 to 40
K, the intensity of the L-band monotonically increases, and the
peak position shows a red shift by a few nanometers. As the
temperature decreased below 220 K, the intensity of the H-
band also increased and a slight blue shift was observed. At 40
K, it is characteristic that the H-band is much narrower than
the L-band. The sudden change in PL spectra at 220 K from
the H-band to the L-band is assigned to the phase transition,
that is, a large lattice contraction, which is induced by the
conformational change of butyl ammonium chain, as

mentioned in the temperature-dependent absorption spectra.
The temperature dependence of the semiconductor band gap
is caused by a change in the relative position of the conduction
and valence bands that usually results from dilatation (or
contraction) of the lattice and from interactions of electrons
with the lattice (phonon), and the band gap energy usually
decreases with increasing temperature in semiconductors.56 As
known from the XRD patterns, the lattice contraction occurs in
the N1 film at low temperatures. Therefore, the present result
that the L-band observed at low temperatures is located in the
shorter wavelength region than that of the H-band observed at
high temperatures can be interpreted in terms of the lattice
contraction, as in the case of usual semiconductors. In contrast
with common semiconductors or the present samples of N1,
which show a red shift in PL band with increasing temperature,
some inorganic perovskites such as CsPbBr3 nanoparticle show
an enlargement in band gap as well as a blue shift in PL
emission with increasing temperature,57,58 which is considered
to originate from the temperature-dependent electron−
phonon coupling. It should be also noted that the map of
temperature-dependent PL intensity shows a hysteresis (see
Figures 7, S9 and S10) in the temperature range of 200−260
K,55 as in the case of absorption intensity. The presence of the
hysteresis in PL intensity as well as in the absorption intensity
suggests that a metastable state exists between 200 and 260 K,
and that the conformational structure is switchable within this
temperature range.55

Irrespective of the peak shift, the crystal structure is regarded
as the same even at different temperatures, that is, the
orthorhombic phase, although a significant lattice contraction
suddenly occurs at ∼220 K with decreasing temperature, as
confirmed by the XRD analysis. In addition to the sharp
exciton bands at 523 and 495 nm, a broad and weak emission
appears at around 560 nm at low temperatures, which can be
assigned to traps associated with H- and L-phases. The low-
energy PL tails are considered to come from the radiative
recombination of trap states, as reported in the case of 2D
perovskites.59,60 The excitonic traps do not originate from

Figure 7. Map of the temperature-dependent PL intensity of N1 2D
perovskites obtained by cooling from 295 K (a), and by heating from
40 K (b).
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common chemical defects but rather from the self-trapping of
the band-edge excitons. The formation of self-trapped exciton
results from the exciton−phonon interaction, which depends
on the dimensionality of a crystalline system. Lowering the
dimension of a system lowers the deformation energy, which
makes self-trapping easier.61

As mentioned above, the bandwidth of the H-band increases
with the increasing temperature. This broadening can be
explained in terms of exciton interaction with phonons.59 PbI2
exhibits a very strong exciton-phonon coupling which leads to
the existence of self-trapped excitons.62 The exciton trapping
becomes less efficient, as temperature decreases. In inorganic
quantum wells, the Stokes shift is usually caused by exciton
localization in the potential minima induced by the disorder.63

By comparing PL spectra with the absorption spectra, the
Stokes shift is as small as 10−20 nm (see Figure 1), suggesting
a negligible influence of disorder and inhomogeneity.
The PL intensity of the peak at 495 nm increases with

decreasing temperature, as shown in Figures 7, S9, and S10.
The decrease of the PL intensity at high temperatures can be
ascribed to the partial ionization of the exciton17 or related to
activation of another carrier recombination channel.63 The
main PL emission is intrinsic in nature with the excitonic origin
at all temperatures,48 except for the weak trap emission located
at longer wavelengths.
The cooling temperature has two effects: (1) the increase of

the dielectric constant because of the densification64 and (2)
some conformational changes in alkyl ammonium chains or
dynamic disordering of alkyl chains, which result in structural
phase transition.65 Freezing out of vibrational and rotational
modes narrows the bandwidth at low temperature. When the
temperature decreased from room temperature to 40 K, the
main emission band shows a blue shift by ∼30 nm, and the
spectral width becomes narrower. As the temperature
decreased, the PL intensity both of H-band and L-band
increased monotonically (Figures 7 and S9), indicating that the
nonradiative relaxation at the emitting state becomes less
efficient with the decreasing temperature.
To study the relaxation dynamics of N1 in the presence of

electric field following photoexcitation, we measured the E-PL
spectra, that is, the field-induced change in the PL spectra. PL
and E-PL spectra of N1 thin films were measured
simultaneously at 295 and 45 K under vacuum conditions
with an applied field strength of 0.4 MV cm−1. Excitation was
performed at 430 nm, where the field-induced change in
absorption intensity was negligible. The results at 295 and 45
K are shown in Figures 8 and 9, respectively. As clearly shown
in these figures, PL is quenched by the application of electric
field, indicating that the emission quantum yield becomes
smaller in the presence of the applied electric field. It is noted
that the magnitude of the field-induced quenching is
proportional to the square of the applied electric field at
both temperatures, as shown in the Supporting Information
(Figure S11). Plots of ΔIPL/IPL as a function of wavelength,
which are given in Figures 8 and 9, show that the magnitude of
the quenching is nearly the same in the whole spectral region
at 295 K, whereas the value of ΔIPL/IPL at 45 K depends on the
monitoring wavelength, for example, the field-induced
quenching of the H-band at 516 nm is more efficient than
that of the L-band at 495 nm (see Figure 9), clearly indicating
that H-band and L-band result from different emitting states
and that the efficiency of the quenching is different from each
other.

From the steady-state measurements, it is not possible to
confirm whether the field-induced quenching of the PL
intensity comes from the change in PL lifetime or the change
in population of the PL emitting state following photo-
excitation. To elucidate the mechanism of the electric field
effects on photoexcitation dynamics, we have measured the
electric-field effects on the PL decay profile. Figure 10 shows
the PL decay profiles of N1 film observed in the absence and
presence of the external electric field at room temperature.
Excitation and monitoring wavelengths were 430 and 525 nm,
respectively. PL exhibited a multiexponential decay, and the
observed decays were analyzed by assuming a triexponential
decay. The results are shown in Table 2.
Besides the major component having a lifetime of ∼90 ps, a

minor decaying component having a lifetime of ∼1 ns is
confirmed. The difference between the decays observed at zero

Figure 8. (a) PL and E-PL spectra of N1 obtained with the excitation
at 430 nm at a temperature of 295 K with a field strength of 0.4 MV
cm−1, (b) ratio between E-PL spectrum and PL spectrum, that is,
ΔIPL/IPL as a function of the monitoring wavelength and the PL
spectrum. The maximum PL intensity is normalized to unity in both
cases.

Figure 9. (a) PL and E-PL spectra of N1 obtained with excitation at
430 nm at a temperature of 45 K with a field strength of 0.4 MV cm−1,
(b) ratio between E-PL spectrum and PL spectrum, that is, ΔIPL/IPL
as a function of monitoring wavelength and PL spectrum. The
maximum PL intensity is normalized to unity in both cases.
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fields (I0(t)) and at 0.4 MV cm−1 (IPL(t)), that is, IPL(t) −
I0(t), referred to as ΔIPL(t), and the ratio IPL(t)/I0(t) (≡IPL(F
≠ 0)/IPL(F = 0) in Figure 10) are shown in Figure 10b,c,
respectively. The integrated intensity of ΔIPL(t) shown in
Figure 10b is negative, indicating the field-induced quenching,
in agreement with the steady-state E-PL spectra shown in
Figure 8. Further, the ratio IPL(t)/I0(t) is less than unity at t =
0 (see Figure 10c), indicating that there is a reduction in
population of the emitting state in the presence of electric field.
Furthermore, this ratio decreases as a function of time, t,
indicating that the PL lifetime decreases in the presence of
electric field. In fact, a small decrease both in lifetime and in
the pre-exponential factor in the presence of the electric field is
evaluated by the simulation of decay profiles, as shown in
Table 2. In the results, it is known that the average lifetime,
defined by ∑Aiτi/∑Ai, becomes shorter in the presence of
electric field and that the population of the emitting state of
N1 following photoexcitation is decreased by the application of
electric field. Thus, the nonradiative decay rate at the emitting
state of N1 is enhanced by the applied electric field.
At room temperature, it is considered that PL is emitted

from a single state. At low temperatures such as 45 K, on the
other hand, PL emissions resulting from different emitting
states were observed, that is, H-band and L-band. As already
mentioned, both bands show field-induced quenching whose
efficiency is different from each other. Further, the bands

located in the longer wavelength region, which are assigned to
the trap emission, show more efficient field-induced quenching
than that of the exciton band. Then, it is suggested that the
relaxation to the trap state following photoexcitation is
decelerated by the application of an electric field. Here, we
have to confess that the efficiency of the field-induced
quenching of H-band and L-band at low temperatures depends
on the sample condition. As shown in Figure 9, the field-
induced quenching of the H-band is more efficient than that of
the L-band. This is the usual case, but the relation becomes
opposite depending on the sample, that is, the L-band shows
more efficient field-induced quenching than that of the H-
band, as shown in the Supporting Information (Figure S11).
However, it should be noted that the field-induced quenching
of the trap emission located in the longer wavelength region is
always more efficient than the exciton emissions which give H-
and L-bands (see Figures 9 and S12).

■ CONCLUSIONS

Absorption, PL, E-A, and E-PL spectra of solid thin films of
two-dimensional hybrid organic−inorganic halide perovskite,
(C4H9NH3)2Pbl4 (N1), have been measured at various
temperatures in the range of 40−300 K. A structural phase
transition occurs at 200−260 K because of the butyl
ammonium chain rearrangement, and hysteresis was observed
in the measurements of the maps of temperature-dependent
absorption intensity and PL intensity, indicating the presence
of metastable state in this temperature range. The E-A spectra
observed at 295 and 45 K were analyzed with the integral
method by assuming that the electric-field effects on the
absorption spectra result both from the Stark shift and from
the field-induced change in absorption intensity. In the results,
the magnitude of Δα̅ and |Δμ| were determined. The strong
signal observed in the E-A spectra at 45 K, which cannot be
corresponded to the observed absorption band, is assigned to
the one resulting from the Stark shift of very weak absorption
band. The binding energy of the 1s exciton of N1 film is
estimated to be ≥300 meV at 45 K, and the weak absorption
band which gives the large Stark shift may be assigned to the 2s
exciton band. The presence of the absorption band which
cannot be identified in the absorption spectra is also suggested
at 295 K to interpret the observed E-A spectrum. The E-PL
spectra show that PL of N1 is quenched by the application of
electric field both at room temperature and at a low
temperature of 45 K, where two exciton emissions show
different efficiency in field-induced quenching from each other.
At low temperatures, not only the exciton emissions but also
the trap emissions are observed, and it is found that the
efficiency of the field-induced quenching of the trap emissions
is much higher than those of the exciton emissions. The field-
induced change in the PL decay curve shows that the field-
induced quenching results from the field induced decrease
both in population of the emitting state, following photo-
excitation, and in field-induced shortening of the PL lifetime,
which results from the field-induced enhancement of the
nonradiative decay rate at the emitting state.
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Figure 10. Electric-field effects on the PL decay profile of the N1 film.
(a) Decay profiles observed at zero field and in the presence of the
electric field (F), (b) difference between the decay in the presence of
F and the decay at zero field, that is, ΔIPL(t) (≡IPL(F) − IPL(0)), (c)
ratio between the decay in the presence of F relative to the decay at
zero fields, that is, IPL(F)/IPL(0). The applied field strength was 0.4
MV cm−1. Simulated curves are also shown in (b,c).

Table 2. Results of the Analysis of the PL Decay Profiles
Observed at Zero Field (F = 0) and in the Presence of the
Electric Field of 0.4 MV cm−1 (F ≠ 0)a

τ1 (a1) τ2 (a2) τ3 (a3) τav (ns)

F = 0 0.090 (0.917) 0.304 (0.081) 1.065 (0.002) 0.109 (1.0)
F ≠ 0 0.089 (0.907) 0.302 (0.079) 1.056 (0.002) 0.106 (0.988)

aThe decays were analyzed by assuming a triexponential decay, and
the lifetime of each component as well as average lifetime is shown
together with the preexponential factor (in parenthesis).
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