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The electronic and excitonic structures of an inorganic—organic perovskite-type quantum-well crystal (C4HoNH3),PbBry have
been investigated by optical absorption, photoluminescence, electroabsorption, two-photon absorption, and magneto-
absorption spectroscopies. Excitons in (C4HoNH3),PbBr, are of the Wannier-type, and ns (n > 2) excitons form an ideal two-
dimensional Wannier exciton system. The binding energy, longitudinal-transverse splitting energy, and exchange energy of 1s
excitons have been determined to be 480, 70 and 31 meV, respectively. These high values originate from both a strong two-
dimensional confinement and the image charge effect. These values are larger than those in (C¢H;3NH3),Pbly, owing to the
smaller dielectric constant of the well layer in (C4H9NH3),PbBry than that in (C¢H;3NH3),Pbly. The seemingly unusual
electric-field dependence of excitons resonance is also reasonably understood by taking the image charge effect into account.
[DOI: 10.1143/JJAP.44.5923]
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confinement effect

1. Introduction

In recent years, excitons confined in low-dimensional
semiconductor structures have been of great interest due to
their large binding energies and associated optical non-
linearities. The large family of lead-halide-based perovskite-
type crystals has attracted much attention because of their
unique crystal structures and optical properties. They are
self-organized low-dimensional crystals, in which [PbXg]
(X =1, Br) octahedra form zero-, one-, two or three-
dimensional networks.!® Among them, (C,Hy,+1NH;3),-
PbX, are two-dimensional crystals, in which excitons and
charge carriers are tightly confined in monomolecular layers
of [PbXs] sandwiched between organic barrier layers
consisting of alkylammonium chains [C,H,,+NH3]. Owing
to the intrinsically flat interfaces and very large band-gap
energy differences between the adjoining layers, excitons in
this group of crystals have been considered to be an ideal
two-dimensional (2D) system. Another unique feature of
these crystals is that the dielectric constant of the barrier
layers is exceptionally smaller than that of the well layers. In
such a system, one may expect to observe the so-called
image charge effect,”® in which the effective Coulomb
interaction between the electron and hole in the well layers
is significantly enhanced. In fact, we have shown recently
that (1) excitons in (C¢H3NH3),Pbly are of the Wannier-
type,!? (2) the ns (n>2) Wannier series are ideal 2D
excitons whose binding energies are enhanced by both
spatial confinement and the image charge effect, and (3) the
exceptionally large binding energy of 1s excitons (361 meV)
is also due to the prominent image charge effect.'’ Addi-
tionally, it has been found that (C¢H;3NH3),Pbly exhibits
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many unique characteristics, such as huge optical non-
linearities with ultrafast response,'? bright electrolumines-
cence,'? and outstanding scintillation characteristics.'® It
has also been shown that exciton—exciton interactions play
an important role in excitonic x©® processes,'” through
which the time-to-space conversion of nanojoule order
femtosecond pulses with a conversion rate > 140 GHz has
been demonstrated.'®!”

On the other hand, (C4H9NH3),PbBry is also a 2D crystal
with a larger band gap, larger effective mass, and a smaller
dielectric constant of the well layers than (C¢H;3NH;3),Pbly.
Accordingly, excitons in (C4HoNHj3),PbBry are expected
to have a smaller Bohr radius and a larger binding energy,
and thus may exhibit a larger optical nonlinearity than
(C¢H3NH3),Pbly. To fully discuss the excitonic optical
nonlinearities of (C4H9NH3),PbBr4, detailed knowledge of
its excitonic and electronic structures is indispensable.
However, there have been few reports on the optical
properties of (C4H9NH3),PbBr,.'® Our objective in this
study is to clarify the electronic and excitonic structures of
(C4H9NH3),PbBry by optical absorption, photolumines-
cence, electroabsorption (EA), two-photon absorption
(TPA), and magnetoabsorption (MA) spectroscopies in
comparison with those of (C¢H3NH3),Pbly. We have found
that (C4H9NH3)2PbBI‘47 unlike (C6H13NH3)2PbBr4, under-
goes no structural phase transition below room temperature,
retaining its crystal quality down to very low temperatures
(~5K). This results in (C4H9NH;3),PbBrs having sharper
exciton lines than (C¢H3NHj3),PbBry4, and makes it easier to
study its excitonic and electronic properties. It should be
noted that, in spite of the shorter organic-layer width of
(C4HoNH3),PbBry than that of (Ce¢H;3NH3),PbBrs, we
expect that its excitonic and electronic structures should be
essentially the same as those of (C¢H3NH3),PbBr4, because
it was reported that the optical spectra of (C,Hy,1NH3),-
Pbl, (n =4, 6, 8, 9, 10, 12) are essentially the same.>

In this paper, we describe our experimental procedures in
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§2, and present results of optical absorption, photolumines-
cence, EA, TPA, and MA spectroscopies in §3. Section 4 is
devoted to discussions, and conclusions are given in §5.

2. Experimental

We prepared single crystals and polycrystalline thin films
of (C4HoNH;3),PbBr, as follows:'® We first prepared
C4H9NH;3Br by reacting C4H9oNH, with a stoichiometric
amount of HBr aqueous solution at room temperature. After
the reaction, the obtained solution was evaporated to remove
water and washed with diethylether until the powder became
white. The obtained C4H9NH;Br was reacted with a
stoichiometric amount of PbBr, in dimethylformamide
(DMF). (C4Hy9NH3),PbBry powder was synthesized by
precipitating the obtained solution in acetone which is a
poor solvent for (C4H9NH3),PbBry. The obtained (C4Hg-
NH3),PbBry powder was dissolved again in DMF, and
spin-coated onto a glass substrate to prepare thin films. Since
X-ray diffraction analysis showed that spin-coated films
of (C4H9oNH3),PbBry are highly oriented with the c-axis
perpendicular to the substrate surfaces, the optical properties
of the spin-coated films are almost identical to those of the
single-crystalline samples, as measured with normal inci-
dence. Transparent single crystals of (C4Hy9NHj3),PbBry
were synthesized by solvent-diffusion recrystallization from
DMEF solution in acetone. The single crystals were typically
about 3 x 4 x 0.2mm?.

The reflection spectra of a (C4H9NHj3),PbBry single
crystal were measured at 5K from 1.5 to 5.5eV. Light from
a xenon lamp made monochromatic by a spectroscope
(Acton Research Corp., SP-300i) was focused onto the
sample through a polarizer. The reflected light from the
sample was detected by a photomultiplier tube (Hamamatsu
Photonics Corp., R955). The Kramers—Kronig method was
used to transform the reflection spectra to absorption spectra.

The polarized luminescence spectra of a (C4HoNHj3),-
PbBr, single crystal were taken at 5K. The excitation
light source was a frequency-doubled output of an optical
parametric amplifier (Coherent Inc., RegA900) seeded by an
amplified mode-lock Ti:Al,O3 laser (Coherent Inc., Mira
900). This excitation light source was also used in TPA
spectroscopy. The excitation light had a center frequency of
3.542eV and peak power of about 3.4 MW /cm?. The wave
vector k of the excitation laser was parallel to the c-axis of
(C4H9NH3),PbBr,. Photoluminescences with s- and p-polar-
izations were detected through a polarizer set 60° to the
c-axis of (C4H9NHj3),PbBry (see inset of Fig. 3) by a CCD
camera equipped with a monochromator (Acton Research
Corp., SP-275). Time-resolved photoluminescence was
measured using a streak camera (Hamamatsu Photonics
K.K., C5680). The instrumental time resolution was about
10 ps.

EA measurements were carried out at SK on 100-nm-
thick polycrystalline films of (C4H9NH3),PbBry in the
“transverse” and “longitudinal” configurations, where the
electric fields are applied parallel to the quantum-well layers
in the transverse configuration, and perpendicular to the
quantum-well layers in the longitudinal configuration,
respectively. In both configurations, ac electric fields with
no dc bias were applied at a frequency of 1 kHz. The sample
used in the transverse configuration was a polycrystalline

film of (C4H9NH3),PbBr, spin-coated on a glass substrate
on which gold electrodes with a gap of 0.8 mm were
deposited in advance. The modulated electric fields were
applied across the gap between the gold electrodes. On the
other hand, the sample used in the longitudinal configuration
was a (C4H9NHj3),PbBry polycrystalline film spin-coated on
an ITO-deposited glass substrate, on top of which a gold
electrode was deposited. The modulated electric fields were
applied between ITO and the gold electrode. The sample was
mounted on the sample holder in a cryostat evacuated to
107> Torr and maintained at 5 K. Light from a xenon lamp
made monochromatic by a spectroscope was focused onto
the sample, and the transmitted light was detected by a
photomultiplier tube. The transmitted light detected by a
photomultiplier tube had dc and ac components that were
proportional to the transmission 7" and the modulated signal
AT, respectively. The dc components were measured with a
digital multimeter, while the ac components were recovered
by a lock-in amplifier (NF Corp., 5610B) synchronized at
twice the field frequency. We have confirmed that there was
no electroluminescence in the modulated signals by check-
ing the modulated signals when light was blocked off. The
EA spectra were obtained by calculating —AT/T at each
wavelength.

TPA measurements were carried out by illuminating the
sample and monitoring exciton photoluminescence intensity
(two-photon excitation spectroscopy'?). The wave vector k
of the incident light was 30° off the c-axis of (C4H9NH3),-
PbBr4, and detected the photoluminescence from the sample
surface. The TPA spectrum was obtained by dividing
photoluminescence by the square of the laser intensity at
each wavelength.

MA measurements were carried out on a (C4HoNHj3),-
PbBr; thin film at 4.2 K in pulsed magnetic fields up to 45T
in the Faraday configuration (k || B), where k is the direction
of the incident light and B is the magnetic field. The sample
was a 100-nm-thick polycrystalline film of (C4H9NH3),-
PbBr, spin-coated on a 4-mm-diameter quartz substrate. It
was immersed in liquid helium in a specially designed
cryostat where a coil made of Nb/Ti superconducting wires
was installed in a liquid-nitrogen bath. Magnetic fields up to
45T were generated by discharging a condenser bank into
the coil. Light from a xenon lamp was introduced to the
sample through an optical fiber, a polarizer and a quarter-
wave plate. The light transmitted through the sample was
guided through another optical fiber to an optical multi-
channel analyzer (OMA). Xenon flash started at almost the
same time the gate of the OMA was opened. MA spectra
were taken while the gate of the OMA was open, for about
1 ms, when the magnetic field reached its peak value.

3. Results

3.1 Absorption

Figure 1 shows the optical absorption spectra of (C4Hg-
NH;),PbBry at 5K for k| ¢ and E L ¢ configurations,
where k and E are the wave vector and polarization vector of
the light, respectively, and the c-axis is perpendicular to the
ab-plane (layer plane). The two spectra were taken in the
two configurations where the electric field E is parallel to
the orthogonal crystal axes a and b. The absorption
coefficient at approximately 3.75eV in the spectrum of E ||
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Fig. 1. Optical absorption spectra of (C4HoNH3),PbBry at 5K for E || a
and E || b configurations obtained by Kramers—Kronig transformation of
reflection spectra. Bands A—C are discussed in the text.

b being negative may be an artifact caused by our Kramers—
Kronig transformation procedure. Nevertheless, we believe
that the obtained spectra are reliable, because the resonance
energies of I'y excitons and the step structure at approx-
imately 3.4eV agree well with those determined from the
absorption spectrum measured in a polycrystalline thin film
of (C4HoNHj3),PbBry [see Fig. 5(a)]. Since the optical
absorption spectra of E || a and E | b configurations are
essentially the same, the crystal is approximately uniaxial.
The observed optical absorption spectra are similar to those
of (C¢H;3NH;3),Pbl,,> indicating that the fundamental
electronic structures of both crystals are essentially the
same. The blue shift of the whole structures in (C4HoNHj3),-
PbBry as compared with that in (C¢H;3NH3),Pbly (about
0.6eV) is due to halogen substitution.

Figure 2 shows the expansion of the optical absorption
spectrum around the lowest-energy excitons in the E || a
configuration. The prominent peak at 3.015eV labeled I's
corresponds to the lowest-energy excitons, below which a
weak peak at 2.988 eV designated I'| is observed. The I'”
state is attributable to the triplet state, as will be discussed
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Fig. 2. Expansion of optical absorption spectra of (C4H9NH3),PbBr, at
5K for E || a configuration around the lowest-energy excitons obtained
by Kramers—Kronig transformation. The inset shows expansion at
approximately 3.4eV.
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Fig. 3. Polarized luminescence spectra in single crystal of (C4H9NH3),-
PbBry at 5 K. The configuration is shown in the inset. The origins of I's,
'y, I'T and M bands are discussed in the text.

below. Although the triplet excitons should be dipole-
forbidden, they are weakly allowed by spin—orbit interac-
tions.?”) From the analysis of Kramers—Kronig transforma-
tion, we have determined the longitudinal-transverse split-
ting energy of I's excitons to be 70meV, which is larger
than those of the lowest-energy excitons in (CgH 3NHj3),-
Pbly (54 meV?D), indicating that the lowest-energy excitons
in (C4H9NHj3),PbBrs have a smaller Bohr radius, larger
binding energy, and a larger oscillator strength than those in
(C¢H13NH;3),Pbly.

Assuming from our previous study of (CgH;3NH3),-
Pbly,'” we expect that ns (n > 2) excitons and band gap
exist around the step structure. The inset of Fig. 2 shows the
expansion of the absorption spectra around the step structure
(3.40eV), where we found no distinct peaks as observed in
(CgH3NH3),Pbly,') which may be due to the strong
concentration of the oscillator strength of 1s excitons
resulting in smaller oscillator strengths of ns (n > 2)
excitons.

3.2 Photoluminescence

Figure 3 shows the polarized luminescence spectra of a
(C4H9NH3),PbBry single crystal at 5 K. Free-exciton photo-
luminescence labeled I'y (3.010eV) is clearly observed,
under which two peaks labeled I'; (2.988 V) and I'| (2.982
eV) were observed. We found that the Stokes shifts of I'y
and I'[ excitons are very small. The prominent band at
approximately 2.94 eV labeled as M has been attributed to
biexciton photoluminescence, i.e., a radiative recombination
of a biexciton leaving an exciton behind.?? Figure 4 shows
the decay curves of I'y and I'{ + I'; photoluminescences
for a (C4Hy9NH3),PbBry single crystal at 5 K. The decay time
of the I' + I'; photoluminescence (~10ns) is much longer
than that of I'y excitons (~10 ps), indicating that I'} and I';
excitons are mainly composed of triplet components, while
I'5 is singlet excitons, which is reasonable as is discussed in
§4.1.

3.3 Electroabsorption
3.3.1 Transverse configuration

Figure 5(a) shows the optical absorption spectrum of the
(C4H9NH3),PbBry spin-coated film at 5 K. The EA spectra
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Fig. 4. Decay curves of I'y and I'T + I'; photoluminescences measured
at 5K for a (C4H9NH3),PbBry single crystal.

under several values of electric fields in the transverse
configuration are shown in Fig. 5(b). In this EA measure-
ment, the leakage current is negligible (Iess than 10nA).
Clear EA signals were observed at approximately the
lowest-energy excitons (3.02eV) and at the step structures
(3.40eV). As shown in Fig. 6, the EA signal amplitudes
around 3.02 eV and 3.40eV are proportional to the square of
the field strength, indicating that these EA spectra are due to
the excitons.?® Figure 7(a) shows the expansion of the EA
spectrum at a field strength of 29.1kV/cm and the first
derivative of the absorption spectrum with respect to the
photon energy of approximately 3.02 eV. Figure 7(b) shows
the expansion of the EA spectrum at a field strength of
29.1kV/cm and the second derivative of the absorption
spectrum with respect to the photon energy of approximately
340eV. The EA spectra at approximately 3.02eV are
attributable to the Stark shift of the lowest-energy excitons,
while the EA spectra at approximately 3.40 eV are attributed
to the life-time broadening of the 2s excitons, because the
EA spectrum at approximately 3.02 and 3.40eV exhibits
first-derivative and second-derivative shapes of the absorp-
tion spectra, respectively.!®?¥ Since these characteristics
are the same as those of the EA spectra in (C¢H 3NH3),Pbly,
we conclude that the excitonic internal structures of
(C4H9NH;3),PbBr, are essentially the same as those of
(CgH3NH3),Pbly; i.e., they are Wannier excitons.

3.3.2 Longitudinal configuration

Figure 5(c) shows the EA spectra at several electric fields
in the longitudinal configuration. The leakage current is also
negligible (less than 10nA) in the longitudinal configuration.
We found that the EA spectra in the longitudinal config-
uration are qualitatively different from those in the trans-
verse configuration, indicating that excitons in this crystal
have very strong 2D characteristics. The striking differences
are summarized as follows: (1) The lifetime broadening of
2s excitons observed in the transverse configuration is not
observed in the longitudinal configuration, even though the
applied electric field in the longitudinal configuration is
about 35 times as large as that in the transverse one. This is
because a barrier layer impedes the ionization of 2s excitons,
as is observed in the so-called quantum-confined Stark effect
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Fig. 5. (a) Optical absorption spectrum, (b) EA spectra at several electric

fields in the transverse configuration, and (c) EA spectra at several
electric fields in longitudinal configuration of (C4HyoNHj3),PbBry spin-
coated film at 5 K.

(QCSE).?® In addition, the EA spectra show the redshift of
2s excitons and the blueshift of 1s excitons, which are
justified because the EA spectra around the 1s and 2s
excitons agree well in shape with the sign reversal of the first
derivative and the first derivative of the optical optical
absorption spectrum, respectively. The measured shifts of
the 1s and 2s excitons peaks as functions of electric field are
shown by the closed and open circles in Fig. 8, respectively.
Here, the absolute values of the shifts, AE, were obtained
using
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Fig. 7. (a) Transverse EA spectrum at field strength of 29.1kV /cm (black
line) and first derivative of absorption spectrum at approximately 3.02eV.
(b) Transverse EA spectrum at field strength of 29.1kV/cm (black line)
and second derivative of absorption spectrum (gray line) at approximately
3.40eV.
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where OD is the optical density, and E is the photon energy.
The observed blue shift of the Is excitons seems a unique
behavior, because in conventional semiconductor quantum
wells, electric fields perpendicular to the well layers pull the

configuration as a function of the applied electric field. Closed and open
circles represent the experimental values for Is and 2s, and the lines
represent the theoretical calculation with (solid) and without (dashed)
consideration of the image charge effect.

Band gap m———— - - —— e mm o - _
! AE
E, ¢
2s exciton e __] - E,>-AE,P
E}P

E>-AE}

1S eXCIitON mm

Ground State
F=0 F#0
Fig. 9. Schematic illustration of energy levels of band gap, and Is and 2s

excitons in (C4H9NH3),PbBry without (F = 0) and with (F # 0) external
electric field in longitudinal configuration.

electrons and holes towards opposite sides of the layers,
usually resulting in a large reduction in band-gap energy and
a small reduction in exciton binding energy, thus corre-
sponding to a redshift of the exciton peak (QCSE).?%
Figure 9 illustrates the mechanism of the seemingly
unusual behavior of excitons.'” The band gap is redshifted
by AEg (>0) under the applied electric fields. On the other
hand, the Is and 2s excitons binding energies are reduced by
AE}I’ (>0) and AE'Z’ (>0), respectively, owing to the electric-
field-induced separation between the electron and the hole.
The direction and amount of the energy shift of the exciton
resonance energy are determined according to the relative
magnitudes of the band-gap redshift (AEg) and the
reduction in the binding energy of excitons (AE}lJ and
AES). Since the 2s excitons have a larger Bohr radius, the
electric-field-induced change in the distance between the
electron and the hole has a smaller influence on their binding
energy, i.e., AES should be relatively smaller. On the other
hand, since the 1s excitons have a smaller Bohr radius, the
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electric-field-induced change in the distance between the
electron and the hole results in a larger reduction in their
binding energy. That is, AE? should be relatively larger. We
supposed that AES < AEg < AE? in this case, resulting in
the redshift of the 2s excitons and the blue shift of the 1s
ones. This assumption will be justified by our quantitative
argument in §4.2.2.

On the other hand, we found that the EA signals above
3.50eV are completely suppressed. The same behavior was
also observed in the EA spectra of (C¢H;3NH3),Pbly in the
longitudinal configuration above the band gap (2.700eV),
indicating that the carriers in (C¢H;3NHj3),Pbly are tightly
confined two-dimensionally.>!" We thus assumed that the
band gap of (C4H9NH;3),PbBry is located at 3.50eV, from
which the binding energies of the 1s and 2s excitons are
estimated to be 480 and 100meV, respectively. Here, it
should be noted that the binding energy of the Is exciton is
at least 6 times larger than that of the three-dimensional (3D)
analogue CH3;NH3PbBr; (76 meV>). Since the spatial
confinement only quadruples the exciton binding energy in
the 2D limit,”® this strong enhancement factor (>6)
indicates that the image charge effect definitely increases
exciton binding energy.

3.4  Two-photon absorption

Figure 10(a) shows the TPA spectrum of a (C4HoNHj3),-
PbBr, single crystal at 5 K. The excitation light intensity was
on the order of several kW/cm?. In the excitation power
range, we found no biexciton photoluminescence. Figur-
e 10(b) shows the typical photoluminescence spectrum when
the incident-light photon energy and power were 1.702eV
and 200 kW /cm?, respectively. We found only I'; exciton
photoluminescence, which was proportional to the square of
the incident light intensity, as shown in the inset of
Fig. 10(b). We therefore determined the TPA coefficient
by monitoring the photoluminescence intensity of I'y
excitons at 2.988eV.

In the TPA spectrum of (C4H9NH3),PbBry [Fig. 10(a)],
we found a clear resonance peak at 3.406eV, which is
attributable to the 2p state of the Wannier series, because the
resonance energy is nearly equal to that of the 2s state
observed in the EA spectrum.

3.5 Magnetoabsorption

Figure 11 shows the MA spectra around the 1s excitons of
(C4Hy9NH3),PbBry in the Faraday configuration for the left-
handed circular (6") polarization. The MA spectrum for the
right-handed polarization is displayed only for the highest
magnetic field by a dashed line for comparison. The
magnetic-field-induced energy shifts were very small, which
indicates that the 1s excitons in (C4H9NHj3),PbBry have a
very small Bohr radius. The peak energies of the lowest-
energy excitons are plotted as functions of magnetic field, by
closed circles for o™, and open circles for ¢~ polarizations
in Fig. 12.

The solid line in Fig. 12 are theoretical curves fitted with
the method of least squares by

1
E=Ey+5giupB+ coB?, 2)

where E is the energy of the absorption peak at 0T, g, the

(a) (C4HoNH;),PbBr, 2p
i Single Crystal
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0 1 1 1
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_ | () (C,H,NH,),PbBr, Single Crystal
z 10°
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s 2 ? :
= { \
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Fig. 10. (a) Two-photon absorption spectrum of (C4H9NH3),PbBry single
crystal at 5SK. (b) Photoluminescence spectrum where excitation photon
energy and power are 1.702eV and 200 kW /cm?, respectively. Biexciton
photoluminescence is not observed. The inset shows the excitation power
dependence of I'; photoluminescence at 2.988eV.

[(c) 422T  (CjHgNH,),PbBr,
\ 42K

Optical Density (arb. units)

3.05
Photon Energy (eV)

3.00 3.10

Fig. 11. Magnetoabsorption spectra of (C4H9NH3),PbBrs in Faraday
configuration at 4.2 K. The spectra are shown for o polarization (solid
lines) and o~ polarization (dashed line).
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Fig. 12. Energy shifts as functions of magnetic field in Faraday config-
uration. Closed circles and open circles represent the experimental values
for ot and o~ polarizations, and solid lines show the theoretical fitting
obtained by the least-squares method.

effective g factor perpendicular to the ab-plane, ¢y the
diamagnetic coefficient, and upg the Bohr magneton. The
second term of eq. (2) is the Zeeman term and the third term
is the diamagnetic shift. From the fitting, we have obtained
g =12and ¢g = (1.24+0.3) x 1077 eV/T.

4. Discussion

4.1 Electronic and excitonic structures

The electronic and excitonic structures of (C4HoNHj3),-
PbBrs have been analyzed in terms of group theoretical
considerations (see Fig. 13). Although the point group of
(C4H9oNH3),PbBry crystal is C,,'® we approximately take
the symmetry of (C4H9oNH3),PbBry as tetragonal (Dyy) for
simplicity, because this crystal is approximately uniaxial. A
first-principles band calculation shows that the lowest

Bands Excitons
Iy |y B
@12y L=E2 (o) I,
(312, +3/2) — I's
|
B) -
=
— 1—17 l—‘47
Iy -
172, £172) 5 U ==
Iy u.=0
o I u.=0
r* Iyt 6
: 2, £12)  J,=172 Ellc x

T Ground

i Stat
Spln‘ Cr.y stal Coulomb Exchange ate
-Orbit  Field

(a) (b) (c) (d) (e)

Fig. 13. Schematic energy diagram of two-dimensional crystal
(C4H9NH3),PbBr4 at I' point of Brillouin zone. (a) The LUMO and
HOMO states of the [PbBrs] octahedron have I'; and I'f symmetries,
respectively. (b) With spin—orbit interaction and (c) tetragonal crystal
field, the LUMO state splits into the three bands A, B, and C, while the
HOMO state is not split. The excitons in each band are split by the (d)
Coulomb and (e) exchange interactions. Only the selection rules to the
lowest-energy excitons (A band) are described.

unoccupied (LUMO) states of [PbBrg] octahedron are
composed of the o antibonding of Pb(6p)-Br(4s) and =
antibonding orbitals, and that the highest-occupied (HOMO)
states are decomposed into three parts as described in our
previous paper, the top of which is composed of o
antibonding of Pb(6s)-Br(4p) orbitals.>” Here, we found
that the LUMO and HOMO states of a [PbBrg] octahedron
have I'; and '] symmetries in the point group of the
[PbBrg] octahedron (Oyp). After introducing the spin—orbit
interactions and tetragonal crystal field, the HOMO state
transforms to I'¢ (J; = £1/2), while the LUMO state splits
into three bands (A-C), where both A and C have I'g
symmetry (J; = 4=1/2), and B has I'; (J; = 4=3/2) symme-
try. Here, J, is the z component of the total angular
momentum J. As was shown by Ishihara et al., these three
bands A—C are attributable to the optical absorption spectra
shown in Fig. 1.Y From the energy separations in the
absorption spectrum, we have obtained the crystal-field
parameter 7 = —0.513eV and spin—orbit parameter 1 =
—0.380eV, which are close to those of (C¢H;3NH3),Pbly
(T = —0.505eV, 1 = —0.322eV¥). This denotes that the
electronic structures of (C4H9oNH3),PbBry are essentially the
same as those of (C¢H 3NH3),Pbly.

Here we only discuss the structures of the lowest-energy
excitons (A). The excitons in the other bands can be
analyzed in the same way. The lowest-energy excitons
comprise three exciton levels that have I'|,I';, and I'y
symmetries and thus have different optical selection rules,
because the direct product I} x 'y transforms according to
I'T + Iy +T'5 representations. Here, the I'l (J;=0)
exciton is a pure spin triplet and thus dipole-forbidden,
and the I'; (J; =0) exciton is observable in the E | ¢
configuration; twofold I' (J; = £1) excitons are observable
in the E L ¢ configuration. The I'; exciton is composed of
mainly triplet excitons, and thus its oscillator strength is
relatively small; on the other hand, the I's exciton is mainly
a singlet exciton, and hence its oscillator strength is larger.
These excitons are split by the exchange interactions
between the electron and the hole. The excitons wave
functions with I'|", T';, and I'y symmetries are described as

1
¢' = 5 (P+eSuBect = P—cSyac ) cos 0

7
1 .
- EPOeSh(aeah — BePn)sin@  for I'[, (3)
1
¢’ = 75 (PreSifean & PocSitef) cos6
1
— EPOeSh((xe(xh + Befn)sin@ for I'5, 4)

@, = P oSnBePncos O — Po.Shaefrsing  for I's, (5)
@ = P_,Shaeotn c0s 0 — Po.ShBean sind  for ry, (6)

222
A+43T 2

where S is the wave function of the HOMO state of the
[PbBrg] octahedron; P, Py, and P_ are the wave functions
of the LUMO state of the [PbBrg] octahedron, in which +, 0,
and — indicate the z components of its angular momentum
being 1, 0, and —1, respectively; e and h are the electron and
hole states, respectively; and « and S indicate the up and

tan 20 =
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down spins, respectively. From eq. (7) and 4 = —0.380eV
and T = —0.513¢eV, we obtained sin6 = 0.320. The exci-
tons resonance energies with I'[', I';, and I's symmetries
are

E\ =Ex—v for Fl_’ ®)

Ey = Ep — v+ 2wsin*6@  for ', )
Es=Es —v+wcos*6 for Is, (10)

where v is the Coulomb integral and w the exchange
integral. #*® Here, the long-range part of the exchange
interactions between the electron and the hole are neglected,
because the transverse excitons are unaffected by the long-
range exchange interaction when the excitons are delocal-
ized Wannier excitons, which amount to the neglect of local-
field corrections.?

The photoluminescence from these exciton states to the
ground state are observed and attributed to I'y', 'y, and I's
in Fig. 3, which is justified for the following reasons: (1) I';
exciton photoluminescence is mainly polarized as E || c. (2)
The decay time of the I'[” 4+ I'; photoluminescence is much
longer than that of I's excitons, indicating that I'; and I'y
excitons are mainly composed of triplet excitons, and are not
bound excitons, because bound excitons should decay as fast
as I'5 excitons should. (3) E; should be the smallest among
El, Ez, and E5.

Here, we present the following comments: (1) Based on
optical selection rules, I'; excitons cannot be observed in
the photoluminescence spectrum with s-polarization. We
suppose that the observed I'; photoluminescence with s-
polarization is caused by a misalignment of the polarizer in
front of the detector. (2) Although I'; excitons have a much
smaller oscillator strength than I'y excitons, the former’s
photoluminescence is much stronger than the latter’s. This is
because most excited I's excitons decay to I'; excitons,
after which they recombine themselves.’”

From the photoluminescence peaks E; = 2.982¢eV, E, =
2.988¢eV, Es =3.010eV with eq. (8)—(10), we deduced
sinf = 0.32 and an exchange energy w = 31 meV. It was
confirmed that the obtained sinf agrees well with the
obtained value from eq. (7) (0.320). The obtained w is much
larger than those of the lowest-energy excitons in conven-
tional semiconductors (for example: 20ueV in GaAs,V
0.1meV in ZnSe,’® 7meV in CuCl’¥), and is still larger
than that of the 1s excitons in (C¢H;3NH;3),Pbl, (12 meV).2"
The huge w indicates that the spatial confinement and image
charge effect make the excitons’ Bohr radius smaller,
resulting in a larger overlap of the electron and hole. The
larger w in (C4H9NHj3),PbBry than in (C¢H 3NHj3),Pbly is
due to the smaller Bohr radius of the former than the latter.

4.2 Image charge effect
4.2.1 Exciton binding energies

We calculated the ns exciton binding energies EE >0)
based on Muljarov’s formalism.*¥ We solved the 2D
Schrodinger equation describing the in-plane excitons
motion.

hz(d2+1d m2>R<>+v<)R<)
2 \dp? " pdp 2 )F PPy
= —E"R,(p),

Here, p is the reduced mass of the in-plane motion of an
exciton, and m and R,,(p) are the exciton angular momentum
and in-plane wave function, respectively.

V(p) = / dze / dzn |V )P (@) PV (zes 20y p) - (12)

V(p) is the averaged image-charge-mediated potential. Here,
V(Zes2n, o = |Pe — pnl) represents the electrostatic potential
at point (0., z.) made by a hole located at (o, zn); ¥°(z.) and
I/fh(zh) are one-electron and hole wave functions for the
direction perpendicular to the quantum well layers, respec-
tively. We have shown recently that effective mass approx-
imation is not appropriate for describing the motions of
electrons and holes in the direction perpendicular to the
quantum well layers, because the quantum well layers are
composed of only one [PbX¢] layers.” Accordingly the most
reasonable *"(z) we should use to evaluate eq. (12) are the
HOMO and LUMO of a [PbBrg] octahedron that have been
obtained by our first-principles calculations.?” However, to
avoid tedious calculations, we chose the simplest step
functions: ¥*" = 1/4/Iy, (in the well), O (outside the well),
where [, is the width of the well layer. In spite of this rather
crude simplification, the obtained results satisfactorily
reproduce the experimental results, as will be shown below.
In this calculations, we used I, and u as adjustable
parameters under the condition I, + Iy = (5.9 +8.1)A,'®
where Iy, is the width of the barrier layer; we set &, = 4.8%>
and e, = 2.1,Y where &, and e, are the high-frequency
dielectric constants of the well layer and the barrier layer,
respectively. The reason high-frequency dielectric constants
are used is that when the binding energy of the exciton is
much higher than the energy of the optical phonons, the
relative motion of the electron and hole is too fast for the
optical phonons to follow.”” We also calculated the dia-
magnetic coefficient of the Is excitons ¢y from their wave
function W with the formula ¢y = (e?/81)(¥|p?| W) to fit the
experimental data [(1.240.3) x 1077 eV/T?]. The calcu-
lated EY, ES and ¢, were fitted to the experimental data.
The fitting was satisfactory. We obtained EY = 470 meV,
E'23 =92meV, and ¢cg = 1.4 x 1077 eV/T2 for u = 0.17my,
I, =5.0A. Since the obtained y is nearly equal to that of
(C¢H3NH3),Pbly (0.18my), the remarkably larger excitons
binding energies of (C4H9NH3),PbBry, than those of
(C¢H 3NHj3),Pbly mainly originates from the smaller dielec-
tric constant of the well layers, while the difference between
their excitons’ reduced masses has a minor effect on their
binding energy. The calculated Bohr radius of the s
excitons is 12 A, which is smaller than that of excitons in
(C¢H3NH3),Pbl, (14 A'D). This is reasonable because the
dielectric constant of the well layer in (C4H9NHj3),PbBry is
smaller than that in (C¢H;3NH3),Pbls. On the other hand,
the obtained p is slightly larger than that of the lowest-
energy exciton in the CH3NH3PbBr3 (0.13m),>> which is
consistent with our recent band calculation.?”” For compar-
ison, we calculated E'f = 176 meV (for u = 0.17my) when
the image charge effect is not taken into account (&, =
ew = 4.8), which is about 2.3 times as large as the binding
energy of the lowest-energy excitons in the three-dimen-
sional analogue CH3;NH3PbBr; (76meV?>). Since the
spatial confinement enhances the Is exciton binding energy
by four times in the 2D limit, this enhancement factor 2.3
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(<4) indicates that the in-plane 1s exciton Bohr radius is not
significantly larger than the perpendicular Bohr radius (well
width). Nevertheless, it is worth noting that the 1s exciton
binding energy (480 meV) is still at least 6 times as large as
that in the three dimensional analogue CH3;NH3PbBr;. This
additional enhancement factor (6/2.3 ~ 2.6) is definitely
due to the image charge effect, which is much larger than the
image charge enhancement reported for excitons in near-
surface In,Ga;_,As/GaAs quantum wells (~1.5).3Y The
following are also worth noting: (1) The enhancement factor
(~6) of the 1s exciton binding energy in (C4HoNH3),PbBry
is smaller than that in (CgH;3NH3),Pbly (~7).'" This is
reasonable because the dielectric constant difference be-
tween the well layer and the barrier layer is smaller in
(C4Hy9NH3),PbBry than in (C¢H;3NHj3),Pbly. (2) In spite of
the smaller enhancement factor due to the image charge
effect, the exciton binding energy of the ls excitons in
(C4H9NH3),PbBry is much larger than that in (CgHj3-
NHj;),Pbl,. This is also reasonable because the dielectric
constant of the well layer is smaller in (C4H9NH3),PbB1y.

On the other hand, we calculated Eg = 32 meV when the
image charge effect is not taken into account (ey = &, =
4.8). Since the binding energy of the 2s exciton in
CH;3NH3PbBrj is estimated to be 76 x 1/4 = 19meV, the
theoretical E5 =19 x 16/9 =34meV in the 2D limit*®
when the image charge effect is not taken into account. This
value agree well with the calculated ES = 32 meV, indicat-
ing that the 2s excitons are ideal 2D excitons confined
tightly. From these calculations, we conclude that (1) the ns
(n > 2) excitons in (C4H9NH3),PbBr, are sufficiently con-
fined, and thus their binding energies are sufficiently
enhanced due to both the 2D spatial and image charge
effect, and that (2) although these effects are insufficient for
the 1s exciton with a smaller Bohr radius, its binding energy
is still substantially enhanced, which are the same as that of
(C¢H13NH;3),Pbly.

4.2.2  Electric field effect

In §3.3.2, we have suggested that a blue shift of the 1s
excitons observed in the EA spectra in the longitudinal
configuration occurs because the magnitude of the reduction
in exciton binding energy exceeds that of the band-gap
redshift. To justify our assumption, we calculated the shifts
of E® and EY* under electric fields by the following
procedure: (i) We estimated the polarizabilities of the
HOMO and LUMO states of the [PbBrg] octahedron. The
polarizability of the HOMO ! was calculated by ab-initio
molecular orbital calculations using the B-LYP method?®
and the CEP-31G basis sets.’” We performed these
calculations using the Gaussian 98 code,®® and obtained
a? =25.2A3 On the other hand, since we could not
calculate the polarizability of the LUMO «f by the same
code, we tentatively assume of ~ of, the validity of which
will be confirmed later. (ii) Assuming that ¥*"(z) are linear
functions polarized along the perpendicular direction to the
quantum well layers, we calculated V(p) using eq. (12). (iii)
We calculated EY, ES and their changes (AEY, AES > 0) by
solving eq. (11). In this calculation, we neglected the self
energies of the electron and hole that give a minor
contribution.’”

The calculation showed that (a) both E'l’ and Eg are

reduced under electric fields, with the calculated |AE§’ —
AE5’| nearly identical with the measured |AET® — AET®|,
where AET® (>0) and AES® (<0) are the magnitudes of the
shifts of the 1s and 2s excitons resonance energies,
respectively. (b) AEY is much larger than AES (AEY ~
ISAED), which is quite reasonable because the 1s excitons
have a smaller in-plane Bohr radius, and thus the field-
induced separation of the electron and hole has a larger
influence on their binding energy. (c) AE} is much smaller
than the magnitude of the measured 2s exciton shift,
indicating that the observed energy shift of the 2s exciton
is mainly due to that of the band gap. The magnitude of the
band-gap shift is reasonable in the following order-of-
magnitude arguments. The band-gap shift under the electric
field F is given by —(1/2)(ek — of)F?; from the measured
2s exciton shift, we estimate (ak — af) ~ 0.9 A, Since the
HOMO and LUMO states of a [PbBrg] octahedron are
mainly composed of Pb(6s)> and Pb(6s)(6p),”” and their
electron configurations are the same as the 6'Sy and 6P,
states of Hg atoms, we believe that (o — o) should be
nearly equal to «o(’P;) — ao('Sp), where oo(°*P;) and
ao('Sp) are the polarizabilities of the 6'Sy and 6°P; states
of Hg atoms, respectively. Since (o — o) = 0.9 A% and
[ao(CPy) — ap(1Sg) = 3.95 A3]40) are of the same order of
magnitude, the magnitude of the measured band-gap shift is
reasonable. In addition, since ok — o < ol, the validity of
the relation of ~ ofl assumed above is confirmed.

The solid and dashed lines in Fig. 8 show the theoretical
electric-field dependence of the energy shifts of the excitons
peaks, with and without the image charge effect, respec-
tively. Here, we have determined the band-gap shifts so that
the calculated E5* reproduces the measured ET°. The
measured shifts of ET™ and ET® agree well with the
theoretical shifts only when the image charge effect is taken
into account. A remarked increase in AEY is attributable to
the smaller Bohr radius of the 1s excitons that is markedly
reduced by the image charge effect. Note that the blue shift
of the 1s excitons is not reproduced without the image
charge effect. We thus conclude that the seemingly unique
blue shift of the Is exciton is due to the large reduction in
exciton binding energy exceeding that of the band gap, on
which the image charge effect plays an important role.

5. Conclusions

We have investigated the electronic and excitonic proper-
ties of an inorganic—organic perovskite-type quantum-well
crystal (C4H9NH3),PbBry by absorption, photolumines-
cence, electroabsorption, two-photon absorption, and mag-
netoabsorption spectroscopies. The electronic structures of
(C4H9NH3),PbBry are essentially the same as those of
(C¢H3NH3),Pbl4, while the whole structures in (C4Hg-
NHj3),PbBry are shifted to the higher-energy side than those
in (C6H13NH3)2PbI4. Excitons in (C4H9NH3)2PbBI‘4 are of
the Wannier type, which is also the same as those in
(C¢H3NHj3),Pbly. The exciton binding energy is markedly
increased by two-dimensional spatial confinement and the
image charge effect. The electronic and excitonic structures
have been discussed in terms of group theoretical consid-
erations, which explain well the observed absorption and
photoluminescence spectra. Below I's excitons that have a
huge oscillator strength, we have found I'; and I']" excitons,



5932 Jpn. J. Appl. Phys., Vol. 44, No. 8 (2005)

K. TANAKA et al.

which have different selection rules. They are split by strong
exchange interactions between the electron and the hole,
which are strongly enhanced by the spatial confinement and
image charge effect. The larger exciton binding energy,
longitudinal—transverse splitting, exchange energy, and
smaller enhancement factor caused by the image charge
effect in (C4H9NH3)2PbBr4 than (C6H13NH3)2PbI4 are
well explained by the fact that the dielectric constant of
the well layer in (C4H9oNH3),PbBry is smaller than that
in (C¢H 3NH3),Pbly. We have observed a unique blue shift
of the 1s exciton under applied electric fields perpendicular
to the quantum-well layer. We have demonstrated with
calculations that this blue shift of the Is excitons is clear
experimental evidence of the image charge effect on
excitons.
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