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Influence of the image charge effect on excitonic energy structure in organic-inorganic multiple
quantum well crystals
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We have experimentally compared the excitonic properties of hybrid multiple quantum wells, (C6H5-
C2H4NH3)2PbBr4 and (C4H9NH3)2PbBr4, using photoluminescence, reflection, and photoluminescence exci-
tation measurements. We focused on the contribution of the image charge effect (ICE) to the excitonic energy
structure in these materials which have different dielectric constants of the barrier layers. We have found that the
binding energies of the 2s and 3s excitons are considerably enhanced by ICE, while the contribution of ICE to
the 1s excitons is smaller because of the small Bohr radius, which is comparable to the well width.
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I. INTRODUCTION

Organic-inorganic hybrid semiconductors have attracted
much attention from the viewpoint of basic science as well as
for applications in optoelectronics.1 A suitable combination
of organic and inorganic materials can overcome some of the
limitations present when they are used separately. For example,
the resonant coupling of excitons between organic molecules
and inorganic semiconductor quantum wells (QWs) can lead
to simultaneous high oscillator strength and strong optical
nonlinearity.2,3 For such applications4–6 we need to clarify
the fundamental properties of the excitons in QWs, focusing
on the characteristic property of the hybrid materials.

The layered perovskite-type organic-inorganic QW ma-
terials form self-organized two-dimensional (2D) systems,
where inorganic semiconductor well layers are sandwiched by
organic barrier layers.7,8 These materials are being considered
for several optoelectronic applications.9–14 Moreover, since
these materials have no well-width fluctuation and no lattice
mismatch, they are suitable for the fundamental study of
the excitonic properties in 2D systems. Due to the ideal
2D hybrid structure, excitons are tightly confined in the
inorganic monomolecular layer of [PbX6]4− (X = I,Br,Cl)
octahedra placed between organic barrier layers consisting
of alkyl-ammonium or phenylethyl-ammonium chains.8 It is
also known that the electronic coupling between the adjacent
inorganic well layers is almost nonexistent because of a high
potential barrier of the organic layers.8 In these materials, it
has been reported that the binding energies of the exciton
and the biexciton are extremely large (Eex = 350–480 meV,
EM = 40–60 meV),15–17 which are the largest values ever
reported. Thanks to the large exciton binding energies, the
longitudinal-transverse (LT) splitting also becomes extremely
large (70–100 meV). Such a huge binding energy is enhanced
not only by the quantum confinement effect (QCE) but also
by the image charge effect (ICE).18,19 If we assume the 2D
limit (well width is zero and barrier potential is infinity)
of a single QW, the exciton binding energy relative to the
three-dimensional (3D) case will be enhanced as19

E2D
ex = 4

(
εw

εb

)2

E3D
ex , (1)

where εw and εb are the dielectric constants of the well
layer and the barrier layer, respectively. E3D

ex is the binding
energy of the corresponding 3D excitons. In the 2D limit, the
enhancement factor of 4 is that of perfect QCE and the squared
ratio of the dielectric constants results from the perfect ICE
for a single QW.

For organic-inorganic QW materials, the ICE becomes
dominant, since the dielectric constant of the barrier layers
(εb = 2–3.5) is much smaller than that of the well layers
(εw = 4.8).16,20,21 This is in strong contrast to inorganic
semiconductors, in which the differences of the dielectric
constants are usually less than 10%. Therefore, ICE is one
of the characteristic properties of the hybrid materials. Since
the physical mechanism of ICE is a reduction in Coulomb
screening due to the small dielectric constant of the barrier
layer, the magnitude of the effect depends on the amount of
leakage of the electric lines of the Coulomb force. In other
words, it depends on the relationship between the exciton
Bohr radius and the well width. Therefore, the influences of
ICE on n = 1 excitons and n = 2 excitons are expected to
be different. Although there are several studies of ICE in the
organic-inorganic hybrid materials,17,20,22,23 studies exploring
the different effect of ICE on 1s, 2s, and 3s excitons are
very limited in number.17 In this study, we have investigated
the difference in the contribution of ICE, not only due to the
different barrier materials, but also among the 1s, 2s, and 3s

excitons.

II. EXPERIMENT

Among the layered perovskite-type organic-inorganic QW
materials, we focus on (C6H5-C2H4NH3)2PbBr4 (hereafter
denoted as “PhEPbBr4”) and (C4H9NH3)2PbBr4 (hereafter
denoted as “C4PbBr4”). These materials have the same well
layers with the same thickness (lw = 0.5 nm) (Ref. 16) and
the same dielectric constant (εw = 4.8) but the barrier layers
have different dielectric constants (PhEPbBr4: εb = 3.32;
C4PbBr4: εb = 2.1–2.4).7,20 In addition, we have confirmed
that both PhEPbBr4 and C4PbBr4 show no structural phase
transition below room temperature. Therefore, these materials
are suitable for the study of ICE in 2D systems at low
temperature.
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The samples used in this study were single crystals of
PhEPbBr4 and C4PbBr4 prepared by a chemical synthetic
method. Both samples have a size of about 2 × 2 mm2 and
were kept at 10 K for the measurements. We measured
photoluminescence (PL), reflection, and photoluminescence
excitation (PLE) spectra around the excitonic resonance. The
excitation light source for the PL experiments was a second
harmonic generation of a pulse from an optical parametric
amplifier seeded by an amplified mode-locked Ti:Al2O3 laser
at a repetition rate of 10 kHz. For PLE experiments, we used a
Xe lamp filtered by a spectrometer as the excitation light. The
signals were detected with an optical multichannel analyzer.

III. RESULTS AND DISCUSSION

Figure 1 shows the excitation intensity dependence of PL
spectra for C4PbBr4 and PhEPbBr4 at 10 K with an excitation
energy of 3.542 eV. In our previous study, four main peaks
in the PL spectra of C4PbBr4 were already assigned to be
�−

5 , �−
2 , �−

1 , and M peaks.15,24 �−
5 is the emission from the

singletlike excitons (bright excitons) and �−
1 , �−

2 are from
the tripletlike excitons (dark excitons). The reason why the
emissions from the dark excitons are stronger than those from
the bright excitons is that the populations of the dark-exciton
states are much larger than that of the bright-exciton state
due to a fast spin relaxation from the bright-exciton state
to the dark-exciton states. The energy splitting between �−

5
and �−

1 is caused by the exciton exchange interaction. These
anomalously large exchange energies (>25 meV) are due to
the small 2D-exciton Bohr radius, which is a consequence
of both the strong QCE and ICE. M is the emission from the
biexciton state to the �−

5 state. The energy differences between
M and �−

5 for both samples show extremely large biexciton
binding energies of ∼ 60 meV.

FIG. 1. (Color online) Photoluminescence spectra of (a) C4PbBr4
and (b) PhEPbBr4 single crystals at 10 K for various excitation
intensities. There are four main peaks in both samples. The assign-
ments of these four peaks are described in the text. Dashed lines
show absorption spectra obtained by the Kramers-Kronig relation of
reflection spectra.

We can see from Fig. 1 that the PL spectrum of PhEPbBr4
is very similar to that of C4PbBr4, although there is a broad
peak on the lower side of the M peak probably due to impurity
states. Therefore, we can assign the four peaks in Fig. 1(b)
to be the same as those in Fig. 1(a). All excitonic emission
lines of PhEPbBr4 are found to be located at higher energies
than those of C4PbBr4. For example, the �−

5 peak of C4PbBr4
is located at 3.02 eV, while that of PhEPbBr4 is located at
3.04 eV.

In these materials, it is difficult to estimate the band-gap
energy from the optical data, because the oscillator strength of
the excitons is so strong that the band-edge absorption becomes
invisible. Tanaka estimated the exciton binding energy of
C4PbBr4 to be 480 meV assuming that the band-gap energy
is 3.5 eV. Since this assumption was not based on clear optical
data, but only from the suppression of the electroabsorption
signals above 3.5 eV, it seems poorly founded. However,
Tanaka showed that the ns-exciton (n � 2) energies in the
similar materials C6PbI4 obey the ideal 2D Wannier series.17

Therefore, we can estimate the band-gap energy if we obtain
the energy positions of the 2s and 3s excitons. To obtain the
2s and 3s exciton energies, we performed PLE and reflection
experiments.

Figure 2 shows PLE and reflection spectra for both samples
at 10 K. For the PLE spectra we monitored the �−

2 emission.
The stop bands due to the LT splitting are clearly observed
in the reflection spectra. Although C4PbBr4 and PhEPbBr4
are not bulk samples but multi-QW (MQW) samples, it is
known that, if the number of QWs is sufficiently large, the
MQW polaritons have the same feature as that of the bulk
exciton polaritons.25 Around the 1s exciton resonance, the
PLE signals decrease in the stop band region (denoted as

FIG. 2. (Color online) (Color line) Reflection and PLE spectra
of (a) C4PbBr4 and (b) PhEPbBr4 single crystals at 10 K. The
features in the PLE (denoted I–IV) are explained in the text. The
inset shows a schematic of the polariton dispersion, in which the 2s

and 3s exciton resonances are merged considering the resolution in
the PLE experiments.
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FIG. 3. (Color online) (a) Expanded views of the reflection spectra around 2s and 3s exciton resonances. (b) Absorption spectra obtained
by the Kramers-Kronig analysis of the reflection spectra. Sample 1 is the same sample shown in Fig. 1.

I in Fig. 2) and increase toward the longitudinal energy of
the exciton (denoted as II in Fig. 2). Above the 1s exciton
resonance, the signals from the upper-branch polaritons (UPs)
appear due to LO phonon scatterings from the UPs to the
lower-branch polaritons (LPs). The signals from UPs decrease
with an increase in the excitation energy (denoted as III in
Fig. 2) because of a decrease in the excitonlike component of
the UPs. However, as we can see from Fig. 2, the decreases
of the PLE signals are slow and the intensities remain at
some level over a wide energy range. This indicates that
the UPs contain considerable excitonlike components over
such a wide energy range. Since, in general, polaritons
contain considerable excitonlike components over an energy
range that can be more than ten times their LT-splitting
energies, the range becomes several hundreds of meV for these
materials.26

We can see that the PLE signals increase abruptly around
3.33 eV (denoted as IV in Fig. 2). This is because the exciton-
like components of the UPs increase again due to the 2s and
3s exciton resonances. Although each respective peak of the
2s and 3s exciton resonances could not be identified because
of the resolution limit in our PLE experiments (20–30 meV),
it is clear that the excitonlike components exist in this region.
In addition, we can find some structures around 3.33–3.34
eV in the reflection spectra for both C4PbBr4 and PhEPbBr4.
Figure 3(a) shows an expanded view of the reflection spectra,
focusing on these structures. We can see that there are two
small peaks which are reasonably assigned to the 2s and 3s

resonances. To confirm that these peaks are not caused by
experimental noise, Fig. 3(a) also shows the data from another
sample. We found that all data from other samples have two
peaks in this region.

By using the Kramers-Kronig relation, we obtained the
absorption spectra from the reflection spectra. The obtained
absorption spectra around the 1s exciton resonance are plotted
together with the PL spectra in Fig. 1 and those around the 2s

and 3s exciton resonances are shown in Fig. 3(b). Since the
absorption spectra around the 2s and 3s exciton resonances are
somewhat noisy, we used a peak-analysis method for several
sets of data including ones other than those shown in the
figures. The peak analyzer showed that there were two main
peaks corresponding to the absorption peaks of the 2s and 3s

excitons. From the obtained absorption peaks we can estimate
the energy positions of the exciton resonances to be 3.022
(±0.001) eV (1s), 3.316 (±0.005) eV (2s), and 3.379 (±0.004)
eV (3s) for C4PbBr4; and 3.047 (±0.001) eV (1s), 3.333
(±0.002) eV (2s), and 3.378 (±0.003) eV (3s) for PhEPbBr4.

In Fig. 4, the estimated resonance energies of the ns excitons
are plotted as a function of 1/(n − 1/2)2. Since the 2s and
3s exciton energies can be described by a simple 2D Wannier
series, we can draw lines passing through the 2s and 3s energies
described by

En = Eg − Ry(ICE)/(n − 1/2)2, (2)

where Ry(ICE) indicates the excitonic Rydberg energy, includ-
ing the ICE effect. From these lines we can estimate the
band-gap energy Eg, Ry(ICE), and then the binding energies of
the excitons. The estimated values are summarized in Table I.27

By comparing Ry(ICE) with the excitonic Rydberg energy of
the three-dimensional analog material of the well structure,
CH3NH3PbBr4 (Ry(3D) = 76 meV),21 we can discuss the
enhancement factor of ICE. We can see that the estimated
values of Ry(ICE) are much larger than that of Ry(3D),
which clearly indicates that ICE is fairly effective in these
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FIG. 4. (Color online) Observed resonance energies of Wannier-
series excitons in C4PbBr4 and PhEPbBr4 as a function of 1/(n −
1/2)2. The solid line shows the fitting based on a simple two-
dimensional Wannier exciton model.

materials. The enhancement factor F (ICE), which we define by
Ry(ICE)/Ry(3D), can be estimated to be F (ICE) = 0.223/0.076 =
2.93 for C4PbBr4 and F (ICE) = 2.08 for PhEPbBr4. The
larger value of F (ICE) for C4PbBr4 is considered to originate
from the smaller value of the dielectric constant of the barrier
layer. Although this seems like a clear demonstration of the
differences in the contributions of ICE in these two materials, it
is prudent to carefully consider this result, as discussed below.

The obtained values of F (ICE) are smaller than those
expected from the squared ratio of the dielectric constant
(4.8/2.1)2 = 5.2 and (4.8/3.32)2 = 2.1, which indicates that
the contribution of ICE is not following the perfect 2D limit
for a single QW described by Eq. (1). This is quite reasonable
because these materials are not single-QW materials but MQW
materials. In the case of MQW materials, the ratio of the
barrier width and the well width influences the magnitude of
ICE, therefore we should use the effective dielectric constant
averaged over the MQW,

ε* =
√

εwεb
(εwlw + εblb)

(εblw + εwlb)
, (3)

where lb and lw are the barrier and well widths, respectively.
By substituting the actual values, i.e., lb = 0.8 nm for C4PbBr4
and lb = 1.0 nm for PhEPbBr4,20,28 we obtain ε* = 2.9 and
3.8, respectively. If we use the effective dielectric constants,
the expected enhancement factors become (4.8/2.9)2 = 2.6
for C4PbBr4 and (4.8/3.8)2 = 1.6 for PhEPbBr4. It should
be noted that ε* is appropriate if the material is assumed to
be uniform continuous matter, therefore an estimation for the

TABLE I. Comparison of the excitonic parameters in PhEPbBr4
and C4PbBr4.

Eg Ry(ICE) (eV) F (ICE) (meV) E
(1s)
b (meV)

C4PbBr4 ∼3.42 240 5.2 393
PhEPbBr4 ∼3.40 170 2.1 356

enhancement of ICE using ε* leads to an underestimation. On
the other hand, the estimation using Eq. (1) is appropriate
if all electric lines of the Coulomb force are assumed to
lie in the barrier, therefore this leads to an overestimation
of the enhancement of ICE. Since the dielectric constant
might not be a well-defined parameter for an extremely
narrow QW, as in the present case, we can only suggest
that the enhancement factor of ICE should range between the
underestimated and overestimated values. According to this
criterion, the enhancement factors should lie in the range from
2.6 to 5.2 for C4PbBr4 and from 1.6 to 2.1 for PhEPbBr4.
We have found that the observed values of F (ICE) lie in these
ranges for both materials. This is a clear demonstration of
the differences in the contribution of ICE due to the different
barrier materials. The observed value of F (ICE) for C4PbBr4 is
close to the underestimated value (continuous approximation
case), while the one for PhEPbBr4 is close to the overestimated
value (perfect-single-QW approximation case). However, we
prefer to avoid a detailed discussion of this point, because
the dielectric constants used here are not completely precise,
having been estimated from optical interference fringes by a
simple calculation model. The important point here is that the
observed F (ICE) for both materials lie in the range between the
underestimated and overestimated values.

From Fig. 4, we can readily see that the 1s exciton resonance
energies for both C4PbBr4 and PhEPbBr4 deviate from
Eq. (2) to the higher-energy side. This feature was already
reported in Ref. 22, and means that the contribution of ICE
to the 1s excitons is much smaller than that to the 2s and 3s

excitons. This is reasonable because the well width is finite and
comparable to the Bohr radius of the 1s excitons. Although
both QCE and ICE work well for the exciton confinement in
these materials, the contribution of ICE becomes saturated if
the Bohr radius becomes small enough to become comparable
to the well width. Therefore, the excitonic energy structure
with ICE does not obey the hydrogenic energy series of the
Wannier excitons. This means that we can control the excitonic
energy structure by choosing the dielectric constant of the
barrier layer or by changing the well width. This unique feature
brings us another way to tune the resonant coupling between
the inorganic and organic parts in the hybrid materials.

IV. SUMMARY

In summary, we have clearly demonstrated that ICE is
dominant in both C4PbBr4 and PhEPbBr4, and the amount of
the effect varies with the dielectric constant of the barrier layer.
We have shown that the binding energies of the 2s exciton are
considerably enhanced by ICE, while the contribution of ICE
to the 1s excitons is smaller than that to the 2s excitons because
of the small Bohr radius comparable to the well width. This
feature can be used for tuning the excitonic energy structure to
couple the resonance between organic and inorganic materials.
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