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We report a clear experimental evidence of the image charge effect on excitons in the optical and electro-
absorption spectra of an inorganic-organic quantum-well crystalsC6H13NH3d2PbI4. The ns snù2d Wannier
series are ideal two-dimensional excitons whose binding energies are enhanced by both the spatial confinement
and image charge effects. Exceptionally large binding energy of the 1s exciton s361 meVd is also due to the
prominent image charge effect. We also observed unique blueshifts of the 1s excitons under the electric field
perpendicular to the quantum-well layers, for which we demonstrated with calculations that the image charge
effect plays a significant role.
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I. INTRODUCTION

When excitons are confined in low-dimensional systems,
they have enhanced binding energies and oscillator strength.
For example, it has been theoretically shown that the spatial
confinement in an ultrathin and deep quantum wellsQWd
quadruples the exciton binding energies and halves the exci-
ton Bohr radius.1 Additionally, it has been theoretically pre-
dicted that, if the dielectric constant of the barrier layers is
much smaller than that of the well layers, the effective Cou-
lomb interaction between electron and hole in the well layer
will be enhanced, resulting in the enhanced excitons binding
energies. To our knowledge, however, the clear experimental
evidence on this so-called image charge effect2,3 is quite lim-
ited, mainly because the difference of dielectric constants
between adjoining layers is not so large in conventional ar-
tificial semiconductor nanostructures such as GaAs/
Al xGa1−xAs susually of the order of 10%d, so that this effect
remains relatively minor effect. Although Kuliket al. have
reported that the binding energies of the excitons in near-
surface InxGa1−xAs/GaAs QW is enhanced by the large di-
electric constant difference between the QW and the vacuum,
the reported enhancement factor of the excitons binding en-
ergy due to the image charge effect is still not so large
s,1.5d.4

On the other hand, when electric fields are applied per-
pendicular to the QW layers, exciton peaks usually exhibit
redshifts squantum-confined Stark effect QCSE5d. The
mechanism of the QCSE is essentially different from the
Stark effect in atoms; QCSE is caused by the band-gap red-
shifts whose magnitudes exceed the reduction of exciton
binding energy due to the field-induced separation of elec-
tron and hole. Although the image charge effect can affect
the electric-field-induced shifts of excitons in GaAs/
Al xGa1−xAs QWs, the contribution remains minor.6

An inorganic-organic QW crystalsC6H13NH3d2PbI4 is a
self-organized crystal, in which the excitons are tightly con-

fined in the inorganic monomolecular layer offPbI6g octahe-
dra s,6.37 Åd sandwiched between organic barrier layers
consisting of alkyl-ammonium chains fC6H13NH3g
s,9.97 Åd.7,8 The crystal structure is shown in the inset in
Fig. 2. Recently, this crystal has been attracting much interest
because it exhibits many fascinating characteristics due to its
unique crystal structure, such as huge optical nonlinearity
with ultrafast response,9–11 bright electroluminescence,12 and
outstanding scintillation13 characteristics. In this crystal, the
band gap of the barrier layer is at least 3 eV larger than that
of the well layer, and the interfaces between the well and the
barrier layer are intrinsically flat; thus this crystal has been
considered as an ideal two-dimensionals2Dd system. In fact,
we have shown recently that the excitons in this crystal are
Wannier-type ones with comparatively strong 2D
characters.14 In addition, this crystal has been considered to
be a rare system where one may observe explicitly the image
charge effect on excitons,3,15–17because the difference of the
dielectric constants between the adjoining layers is excep-
tionally large sthe dielectric constants of the well and the
barrier are about 6.1 and 2.1, respectively7d compared with
the conventional semiconductor QW structures.

We have found that excitons in this crystal are nearly
ideal 2D Wannier excitons whose binding energies are ex-
ceptionally large. We have also observed unique blueshift of
the 1s excitons under the electric field perpendicular to the
QW layers, in clear contrast with the QCSE. The purpose of
this paper is to show that both the strong 2D spatial confine-
ment and image charge effects play important roles in these
unique results.

The structure of this paper is as follows. In Sec. II, the
sample preparation and the experimental procedure are
briefly described. Results of the reflection and electroabsorp-
tion measurements are presented in Sec. III. In Sec. IV, we
discuss the effects of the spatial confinement and the image
charge enhancement on the exciton characters. Finally, a
conclusion is given in Sec. V.
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II. EXPERIMENT

We prepared single crystals ofsC6H13NH3d2PbI4 in the
following procedure. We first prepared C6H13NH3I by reac-
tion of C6H13NH2 with a stoichiometric amount of HI aque-
ous solution at room temperature. The obtained solution was
evaporated to remove water and washed with diethylether
until the powder became white. The obtained C6H13NH3I
was mixed with a stoichiometric amount of PbI2 in acetone.
sC6H13NH3d2PbI4 powder was precipitated by adding ni-
tromethane to the obtained solution. Single crystals of
sC6H13NH3d2PbI4 were grown by solvent evaporation from
its acetone/nitromethane solution. Controlled slow evapora-
tion stypically for one monthd enabled us to obtain very high-
quality crystals ofsC6H13NH3d2PbI4.

The reflection spectra ofsC6H13NH3d2PbI4 single crystals
were measured at 5 K over a wide range from 1.5 eV to 5.5
eV. Light from a xenon lamp monochromated with a spec-
troscopesActon Research Corp., SP-300id was focused onto
the sample after passing through a polarizer. The reflected
light from the sample was detected using a photomultiplier
tube sHamamatsu Photonics Corp., R955d. The Kramers-
Kronig procedure was used to transform the reflection spec-
tra to absorption spectra.

Electroabsorption sEAd measurements were carried
out at 5 K on 200-nm-thick polycrystalline films of
sC6H13NH3d2PbI4, where the electric fields are applied per-
pendicular to the quantum-well layers. Since they are highly
oriented withc axis perpendicular to the substrate surfaces,
their optical properties are almost identical to those of single
crystalline sample as measured with normal incidence. The
ac electric fields with no dc bias were applied with a fre-
quency of 1 kHz. The sample was asC6H13NH3d2PbI4 poly-
crystalline film spin coated on an ITO-deposited glass sub-
strate, onto the top of which a gold electrode was deposited.
The modulated electric fields were applied between the ITO
and gold electrode. The sample was mounted on a sample
holder in a cryostat evacuated to 10−5 Torr and maintained at
5 K. Light from a xenon lamp monochromated with a spec-
troscope was focused onto the sample and the transmitted
light was detected with a photomultiplier tube. The transmit-
ted light has dc and ac components which are proportional to
the transmissionT and the modulatedDT, respectively. The
dc components were measured with a digital multimeter,
while the ac components were decomposed with a lock-in
amplifier sNF Corp., 5610Bd synchronized at twice the field
modulation frequency. We have confirmed that there was no
electroluminescence in the modulated signals by checking
the modulated signals when the light was blocked off. The
EA spectra were obtained by calculating −DT/T at each
wavelength.

III. RESULTS

Figure 1sad shows the reflection spectrum of a
sC6H13NH3d2PbI4 single crystal forkic, E'c, andEia con-
figuration at 5 K, wherek and E are the wave vector, the
polarization vector of the light, respectively, and thec axis is
perpendicular to theab planeswell planed. Since this crystal

has very small anisotropy in theab plane,7,8 the reflection
spectrum for theEia configuration is almost identical with
that for Eib snot shownd.

The reflectivity peak of the 1s exciton smarked as “1s” d
and associated phonon sidebands were clearly observed
around 2.34 eV, and steplike structures were also observed
around 2.6 eV. The inset in Fig. 1sad shows the expansion
around 2.6 eV. We have found a weaker but distinct peak
around 2.595 eVsmarked as “2s” d, which had been attribut-
able to the 2s exciton in our previous report.14 Above them,
two weak but distinct peaks have been newly observed. We
have confirmed the reproducibility of these structures by
measuring three different samplesfsee the inset in Fig. 1sadg.
The structure around 2.66 eV is attributable to the 3s exciton
because it is located close to the 3p exciton observed in the
two-photon absorption spectrum,14 and the structure just
above the 3s exciton is to the 4s exciton.

Figure 1sbd shows the optical absorption spectrum of
sC6H13NH3d2PbI4 at 5 K derived from Kramers-Kronig
transformation of its reflection spectrum. The resonance en-
ergies of the 1s, 2s, 3s, and 4s excitons are 2.339 eV, 2.595

FIG. 1. sad Reflection spectrum of asC6H13NH3d2PbI4 single
crystal at 5 K. The inset shows the expansion around 2.6 eV, in
which the spectra of three different samplessNos. 1–3d are shown.
The reflection spectra for the samples Nos. 2 and 3 are shifted
vertically in order for them to be distinguishable.sbd Solid line
shows the optical absorption spectrum of asC6H13NH3d2PbI4 single
crystal at 5 K obtained from the Kramers-Kronig transformation of
its reflection spectrum. The inset shows the expansion around 2.6
eV. Dotted line shows the optical absorption spectrum of
sC6H13NH3d2PbI4 polycrystalline film measured at 5 KsRef. 14d.
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eV, 2.658 eV, and 2.685 eV, respectively. Although the asym-
metricity in the shape of the 1s exciton peak might be an
artifact caused in our Kramers-Kronig transformation proce-
dure, the resonance energies of the excitons are highly reli-
able because the obtained energies of the 1s exciton and its
phonon sideband humps agree well with those determined
from the absorption spectra measured in polycrystalline thin
films of sC6H13NH3d2PbI4 fa typical spectrum is shown by
the dotted line in Fig. 1sbdg. In addition, the resonance en-
ergy of the 2s excitons determined from our EA study14

agrees well with that determined here. Therefore, we con-
clude that the resonance energies determined by the
Kramers-Kronig-transformed absorption spectrum are suffi-
ciently accurate, and in the following part of this paper, we
thus discuss the exciton structures based on the obtained ex-
citon resonance energies.

Figure 2 shows EA spectra ofsC6H13NH3d2PbI4 under
electric fields perpendicular to the QW layers. The inset in
Fig. 2 is a sketch of the wave vector of lightskd, the applied
electric field sFd, and the crystal structure of
sC6H13NH3d2PbI4.

IV. DISCUSSIONS

A. Excitons binding energies

The observed resonance energies of thens sn principal
numberd excitons are plotted as a function of 1/sn−1/2d2,
which are shown by the closed circles in Fig. 3. The ob-
served resonance energiesEn

res of the ns snù2d excitons are
well described by a simple 2D hydrogenic model1 given by

En
res= 2.700 − 0.240/sn − 1/2d2 seVd, s1d

indicating that they are ideal 2D Wannier excitons. This is
reasonable because their inplane Bohr radii are far larger
than the well width. From Eq.s1d, the band-gap energy is
determined to be 2.700 eV. Therefore, the binding energy of
the 1s exciton is 361 meV. As is readily seen in Fig. 3, the 1s
exciton resonance energy is deviated to the higher energy
side of this formula. Since the so-called central cell correc-
tion usually makes 1s excitons deviate to the lower energy
side from the simple hydrogenic model18, the observed de-

viation is unusual. The observed smaller binding energy of
the 1s exciton is a result of the following two factors:s1d
Since the in-plane Bohr radius of the 1s exciton is not much
larger than the well width, the spatial confinement effect on
the 1s exciton is not so sufficient compared to that on thens
snù2d excitons.s2d The relatively small Bohr radius of the
1s exciton results also in weaker penetration of the line of
electric force between the electron and the hole into barrier
layers with lower dielectric constant, and thus leads to
smaller enhancement due to the image charge effect in con-
trast to very large enhancement onns snù2d excitons.

To analyze quantitatively, we calculated thens excitons
binding energiesEn

b based on Muljarov’s formalism.16 We
solved a 2D Schrödinger equation describing the in-plane
exciton motion

−
q2

2m
S d2

dr2 +
1

r

d

dr
−

m2

r2 DRm + VsrdRm = − En
bRm, s2d

wherem is the in-plane reduced mass of the exciton,m and
Rmsrd are the exciton angular momentum and the in-plane
wave function;Vsrd is the averaged in-plane image-charge-
mediated potential given by

Vsrd =E dzeE dzhuceszedu2uchszhdu2Vsze,zh,rd. s3d

Herece,hszd are the one-electron or hole wave functions for
the direction perpendicular to the QW layers, and
Vsze,zh,r= ure−rhud is the electrostatic potential at point
sre,zed caused by a hole at pointsrh,zhd.16

We have shown recently that the effective mass approxi-
mation is not valid for describing the motions of electrons
and holes in the direction perpendicular to the QW layers;19

this is quite reasonable because the well layers are composed
of only one fPbI6g octahedron layer. Accordingly, the most
reasonable wave functionsce,hszd we should use to evaluate
Eq. s3d are the highest occupied molecular orbitalsHOMOd
and the lowest unoccupied molecular orbitalsLUMOd of a
fPbI6g octahedron, which have been obtained by our first-

FIG. 2. Electroabsorption spectra ofsC6H13NH3d2PbI4 under
electric fields perpendicular to the well layers measured at 5 K. The
inset shows the crystal structure ofsC6H13NH3d2PbI4 with the wave
vector of light skd, the applied electric fieldsFd, and thec axis.

FIG. 3. Resonance energies of Wannier-series excitons in
sC6H13NH3d2PbI4 as a function of 1/sn−1/2d2. Closed circles and
crosses represent the observed and calculated energies of the exci-
tons, respectively. The solid line shows the fitting based on a simple
two-dimensional Wannier exciton model.
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principle calculations.20 However, to avoid tedious calcula-
tions, we used the simplest step functionsce,h=1/Îlw sin the
welld, 0 soutside the welld, wherelw is the width of the well
layer. In spite of this crude simplification, obtained results
satisfactorily reproduce the experiment, as will be shown be-
low. We usedlw andm as adjustable parameters in the con-
dition lw+ lb=s6.37+9.97d Å,8 where lb is the width of the
barrier layer; and we set«w=6.1, «b=2.1, where«w and «b
are the high-frequency dielectric constant of the well layer
and the barrier layer, respectively. We also calculated the
diamagnetic coefficientc0 of the 1s excitons from their wave
function C with the formulac0=se2/8mdkCur2uCl to fit the
experimental datafs2.6±0.1d310−7 eV/T2g obtained in our
recent detailed magnetoabsorption study. The calculatedE1

b,
E2

b, E3
b, E4

b andc0 were fitted to the experimental data.
We have obtained E1

b=362 meV, E2
b=82 meV, E3

b

=32 meV, E4
b=17 meV, and c0=2.1310−7 eV/T2 for m

=0.18m0, lw=6.0 Å. The obtained in-plane Bohr radius of
the 1s excitons is 14 Å. The obtainedm is slightly larger than
that of the lowest-energy excitons insCH3NH3dPbI3 f0.15m0

sRef. 21dg, which is reasonable because the reduction of di-
mensionality will result in the band narrowing, and thereby
the larger reduced mass. The calculated resonance energies
of thensexcitons are plotted as a function of 1/sn−1/2d2 by
the crosses in Fig. 3. They quantitatively agree well with the
experiment.

For comparison, the 1s excitons binding energysfor m
=0.18m0d are calculated to be 117 meV when the image
charge effect is not includeds«b=«w=6.1d, which is about
2.4 times as large as the binding energy of the lowest-energy
excitons in the three-dimensionals3Dd analoguesbulk crys-
tald, sCH3NH3dPbI3 f50 meV sRef. 21dg. Since the spatial
confinement enhances the 1s excitons binding energy by a
factor of 4 in the 2D limit, this enhancement factor 2.4 indi-
cates that the spatial confinement for the 1s exciton is not
sufficient. Nevertheless, it is worth noting that the 1s exci-
tons binding energys361 meVd is still at least 7 times larger
than that in the 3D analoguesCH3NH3dPbI3. The additional
enhancement by a factor of 7/2.453 is definitely due to the
image charge effect, which is much larger than the image
charge enhancement reported for the excitons in near-surface
InxGa1−xAs/GaAsQW.4

Figure 4 shows the calculatedr dependence of the image-
charge-mediated averaged potentialVsrd ssolid lined. Dotted
line represents the ideal 2D Coulomb potential with a perfect
image charge enhancementVs2Ddsrd.22 The wave functions of
the 1s and 2s excitons are represented by dashed-dotted
lines. AlthoughVsrd agrees well with the ideal 2D Coulomb
potentialVs2Ddsrd in the ranger.15 Å, the former is shal-
lower than the latter in the ranger,15 Å owing to the
weaker penetration of the lines of electric force. It follows
that the ns snù2d excitons form an ideal 2D hydrogenic
series because their wave functions extend over the range
r.15 Å, while the 1s exciton is deviated from it to the
higher-energy side because the 1s excitons wave function
occupies the inner regionrø15 Å, where the image charge
enhancement is not sufficient.

Observed relative oscillator strengthsfn/ f1, where fn is
the oscillator strength of thens excitons, are summarized in

Table I along with theoretical values. Here, the experimental
fn/ f1 was estimated using the following relation:

fn = «`vLTmvTV0/2pe2, s4d

wherem ande are the mass and the charge of the electron,
respectively,vLT andvT frequencies of the LT splitting and
the transverse exciton, respectively,V0 the volume of the
formula unit, «0 the average high-frequency dielectric
constant.7 The theoreticalfn/ f1 were calculated using the
relation fn~ uCns0du2,23 where Cn is the ns excitons wave
functions which were obtained as eigenfunctions of Eq.s2d.
The experimental and calculatedfn/ f1 are in moderate agree-
ment, whilefn/ f1 for the ideal 2D excitons do not reproduce
the observedfn/ f1 becausef1 is too large in the ideal 2D
system. This confirms relatively insufficient enhancement for
the 1s excitons in contrast to thens snù2d excitons.

B. Electric field effect

The EA spectrasFig. 2d obtained in this study are quali-
tatively different from those under the electric field parallel
to the QW layers14 in that s1d the lifetime broadening ob-
served in the 2s excitons under the electric field parallel to
the QW layers is not seen for the perpendicular configuration

TABLE I. Experimental and theoretical relative oscillator
strengths ofns excitons to that of 1s excitons, fn/ f1. Theoretical
fn/ f1 values for an ideal 2D excitons systemsRef. 1d are also
included.

n=1 n=2 n=3 n=4

Observed 1 0.129 0.037 0.01s1d
Present model 1 0.21 0.056 0.023

Ideal 2D 1 0.037 0.008 0.003

FIG. 4. Thick solid line shows the calculated averaged image-
charge-mediated potentialVsrd. Dotted line shows the ideal 2D
Coulomb potential with a perfect image charge enhancementVs2Dd

3srd. Dashed-dotted lines represent the wave functions of 1s and
2s excitons, and the corresponding energies are shown by thin solid
lines.
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even though the applied electric field is about 30 times
larger. This is reasonable because the QW impede the 2s
excitons ionization.5 s2d The EA spectra show the redshift of
the 2s excitons and the blueshift of the 1s excitons, because
the EA spectra around the 1s excitons and the 2s excitons
agree well in shape with the sign reversal of the first deriva-
tive, and the first derivative of the optical absorption spec-
trum, respectively. The measured shifts of the 1s and the 2s
exciton peaks as a function of the electric field are shown by
the solid and open circles in Fig. 5, respectively. Here mag-
nitudes of the shiftsDE were obtained using the relation
DE=sDaLdsda L /dEd−1, where L is the sample thickness
andE is the photon energy. The mechanism for the blueshift
of the 1s excitons is as follows. Under electric field, the
band-gap redshifts and the excitons binding energies are re-
duced by the same mechanism as conventional QCSE. The
difference is that, in this crystal, the magnitude of the reduc-
tion in the 1s excitons binding energyDE1

b exceeds that of
the band gap.

To justify the mechanism stated above, we calculated the
shifts of E1

res and E2
res under electric field in the following

procedure:sid We estimated the polarizability of the HOMO
and the LUMO of thefPbI6g octahedron. The polarizability
of the HOMO,aS

H, was calculated by theab initio molecular
orbital calculations using the B-LYP method24 and the CEP-
31G basis sets.25 We performed these calculations using the
Gaussian 98 code,26 and obtainedaS

H=36.5 Å3. For the po-
larizability of the LUMO,aS

L, which cannot be calculated by
the same code, we tentatively assumeaS

L,aS
H, the validity of

which will be confirmed later.sii d Assuming that the
electron/hole wave functionsce,hszd are linear functions ofz,
slopes of which are chosen so that the induced polarizations
are consistent withaS

H,LF, we calculatedVsrd using Eq.s3d.
siii d We calculatedE1

b, E2
b and their shiftssDE1

b, DE2
bd by

solving Eq. s2d. In this calculation, we neglected the self-
energies of electron and hole that give only a minor
contribution.6

The calculation showed that bothE1
b and E2

b are reduced
under electric fields, with the calculateduDE1

b−DE2
bu

nearly identical with the measureduDE1
res−DE2

resu, where

DE1
ress.0d andDE2

ress,0d are the magnitude of the shifts of
the 1s and 2s exciton resonance energy, respectively.DE1

b is
much larger thanDE2

bsDE1
b,10DE2

bd, which is quite reason-
able because the 1s excitons have a smaller in-plane Bohr
radius, and thus the field-induced separation of electron and
hole has a larger influence on their binding energy.DE2

b is
much smaller than the magnitude of the measured 2s exciton
shift, indicating that the observed energy shift of the 2s ex-
citon is mainly due to that of the band gap. In other words,
the mechanism of the energy shift of the 2s exciton is similar
to the conventional QCSE. The magnitude of the band-gap
shift is reasonable in the following order-of-magnitude argu-
ments. The band-gap shift under the electric fieldF is given
by −s1/2dsaS

L−aS
HdF2; from the measured 2s exciton shift,

we estimate saS
L−aS

Hd,1.5 Å3. Since the HOMO and
LUMO of a fPbI6g octahedron is mainly composed of
Pbs6sd2 and Pbs6sds6pd respectively,20 and their electron
configuration is the same as the 61S0 and 63P1 state of Hg
atoms, respectively, we believe thatsaS

L−aS
Hd should be

nearly equal toa0s3P1d−a0s1S0d, wherea0s3P1d anda0s1S0d
are the polarizabilities of the 61S0 and 63P1 state of
Hg atoms, respectively. SincesaS

L−aS
Hd=1.5 Å3 and

a0s3P1d−a0s1S0d=3.95 Å3 sRef. 27d are in the same order of
magnitude, the magnitude of the measured band-gap shift is
reasonable. Additionally, sinceaS

L−aS
H!aS

H, the validity of
the relationaS

L,aS
H assumed above is confirmed.

The solid and dashed lines in Fig. 5 show the theoretical
electric-field dependence of the energy shifts of the exciton
peaks, calculated with and without the image charge effect,
respectively. Here we have determined the band-gap shifts so
that the calculatedE2

res reproduce the measuredE2
res. The

measured shifts ofE1
res and E2

res agree well with the theory
only when the image charge effect is taken into account.
Remarkable enhancement ofDE1

b is attributable to the
smaller Bohr radius of the 1s excitons which is strongly re-
duced by the image charge effect. Note that the blueshift of
the 1s excitons cannot be reproduced when the image charge
effect is not taken into account. We thus conclude that the
seemingly unusual blueshift of the 1s exciton is due to the
large reduction of exciton binding energy exceeding that of
the band gap, on which the image charge effect plays a sig-
nificant role.

V. CONCLUSION

We have quantitatively shown that thens snù2d excitons
in sC6H13NH3d2PbI4 form a nearly ideal 2D Wannier system
where their binding energies are sufficiently enhanced by the
2D spatial confinement and image charge effect. Although
these effects are relatively insufficient for the 1s exciton with
smaller Bohr radius, its binding energy is still substantially
enhanced. We have also demonstrated with calculations that
the image charge effect plays a significant role in the unusual
blueshift of the 1s exciton under the electric field.
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