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Influence of dielectric confinement on excitonic nonlinearity in inorganic-organic layered
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We have investigated photoinduced spectral changes of excitons in inorganic-organic layered semiconduc-
tors, (CgHsCoH4NH3),Pbl, (PhE-Pb)) and (CgH13NH3),Pbl, (C6-Pbl), by means of the subpicosecond
pump-probe spectroscopy. The two semiconductors consist of the same inorganic layers and different organic
layers. In the two substances, the blueshift and the bleaching of the exciton are observed. It is found that both
of the blueshift and the bleaching are considerably stronger in C6tR&h in PhE-Phl The weight of the
blueshift relative to the bleaching is larger in PhE-Ptilan in C6-Phj). These differences are qualitatively
explained in terms of the stronger dielectric confinement in CG-ftdn in PhE-Phl due to the lower
dielectric constant of the organic layers in C6-Pthian in PhE-Phl Delay time dependences of the blueshift
and the bleaching and their polarization dependences are understood as being due to the exciton relaxation in
the angular momentum space with rates of 2.7 and 4.1fps PhE-Pb} and C6-Phj, respectively.
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[. INTRODUCTION The dielectric confinement, as a concept, was theoreti-
_ cally examined by Rytovaand Keldish'® Its influence on
For tailoring electronic properties of semiconductors, thethe exciton Rydberg in semiconductor quantum wells was
hybridization of essentially different sorts of substances is &alculated by Hanamuret al!! Ishiharaet al1213 applied it
possible strategy. While attempts for artificially realizingto the inorganic-organic layered perovskites. A practical
such hybrid structures by mean of various surface depositiomodel to deal with excitons in the perovskite compounds,
techniques are still in preliminary stages, there are a series @fhich includes not only the potential confinement but also
inorganic-organic hybrid perovskite compouhdsihose  the dielectric confinement effect, was proposed by Muljarov
structures are realized by self-organization, i.e., crystallizaet al,'* and the model has been further verified in detail by
tion from mixed solutions of constituents. means of two-photon and the electroabsorption spec-
Among such hybrid compounds, the Pbl-based perovtroscopies by Tanaket all® By these efforts, it seems to be
skites are one of the most studied semiconductors up testablished that the excitons in two-dimensional perovskites
now?23 Zero-, one-, two-, and three-dimensional networks ofare elucidated quite well as two-dimensional Wannier exci-
[Pbls]*~ octahedra are realized in crystals, where low-tons, although their in-plane exciton Bohr radii are no more
dimensional networks are separated each other by organiban several times as large as the unit cell. Hereafter in this
parts. Linear optical properties have been systematicallpaper, unless otherwise noted, we shall limit our discussion
investigated'~® Since the band gap energies of organic partso the two-dimensional perovskites, which we call the
(typically 6 eV) are much larger than that of the inorganic inorganic-organic layered semiconductors.
part(1.68 eV}, carriers and low-energy excitations are con-  Excitonic nonlinearity in these layered semiconductors
fined in the inorganic part. Thus, it is possible to understandhas been reported in several papers up to now. The excitonic
their electronic properties in analogy with quantum dots,molecule with a binding energy of 50 meV was observed in
wires, wells, and the bulk of conventional semiconductorsPhE-Pbj [(C¢HsC,H,NH5),Pbl,] by the photoluminescence
According to the tight binding calculatidithe valence band measurement by Ishiharat all®? The large modulus
top consists of Pis) and (5p) orbitals, while the conduc- of y® at the exciton resonance was observed in
tion band bottom mainly consists of @p) orbitals, regard- C6-Pb}, [(C¢H,3NH5),Pbl,] by Kondoet al'® A nondegen-
less of the dimensionality. Excitons are understood consiserate four-wave-mixing measurement was carried out for
tently from viewpoints of thepotential confinemerand the  C6-Pb}, by Ishiet al,'® to demonstrate biexcitonic contribu-
dielectric confinementThe potential confinement is brought tions. The result was analyzed with a few-level model which
about by the larger band gap energy of the organic part. Thincludes biexcitons. Detuning dependence of the ac Stark
potential confinement enhances both the kinetic energy anshift in PhE-Pb) was studied by Shimizet al.?° to show
the exciton Rydberg. The dielectric confinement effectthe bound and unbound biexcitonic contributions. It was also
which we refer here separately from the simple potentiakuggested that the giant oscillator strength model for the ex-
confinement effect, is brought about by a considerablyitonic molecule may not be applicable due to the extremely
smaller dielectric constant of the organic part. The dielectridarge exciton oscillator strengfh. Namely, the exciton-
confinement results in the enhancement of the exciton Rydrelated optical nonlinearities observed in the layered semi-
berg, because the effective dielectric constant which carriersonductors are characterized by the strong exciton-exciton
experience in the inorganic part is lowered due to the organiinteraction and the strong light-exciton interaction. Neverthe-
parts. In fact, the dielectric confinement effect is signifi¢nt. less, the detail of the exciton-exciton interaction has not been
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examined. In order to understand it, it is necessary to con--1.6 nm in both. In this distance, electronic interaction
sider the two factors, the potential confinement and the dibetween nearest inorganic layers is expected to be
electric confinement, which are known to dominate the excinegligibly = small, because optical spectra  of
tonic properties in the layered semiconductor. Cn-Pb}, [(C H2n:1NH3),Pbl,] with n=4, whose interlayer
The influence of the potential confinement on the exci-distances depend om are very similaP:532 The high fre-
tonic nonlinearity has been studied in the conventional semiguency dielectric constant of the inorganic pait,) is con-
conductor quantum wells extensively for two decatfes. sidered to be 6.32 while those of the organic partsy) in
The strong bleachirfg?® and the blueshiff’ of excitons  PhE-Pbj and C6-Phj are estimated to be 3.32 and 2.44,
have been observed, depending on experimental conditiongespectively?® This difference is understood as being due to
Plenty of works on this issue have been reported up to novghe higher electron density in the phenethyl group than in the
and it seems to be established that the reduced dimensionaltkyl group. Thus, the stronger influence of the dielectric
ity realized by the potential confinement enhances the imporconfinement is expected f@6-Pbl, than for PhE-Phl Ex-
tance of the Pauli exclusion principle, while decreases theiton Rydbergs(G,) are estimated to be 2584 and 300
contribution of the long-range Coulomb interactiSrf? meV14.15 respectively, for PhE-Phland C6-Phj. Excitons
The influence of the dielectric confinement on the eXCi-have two-dimensional enve|opes within an inorganic |ayer

tonic nonlinearity, on the other hand, has not been studied URjith in-plane Bohr radii(ag) of 14.2 and 13.1 A in PhE
to now. There are two possibilities. The first is that the inter-_pp)|, and C6-Phy, respectively*

action between excitons may be weakened, because the
charge neutrality of an exciton is enhanced due to the smaller
exciton Bohr radius. The second possibility is the enhance-
ment of the interaction expected from the logarithmic Cou- Both of PhE-Phj and C6-Phj] were prepared by chemical
lomb potential® As Keldish pointed out, the the Coulomb synthetic method&*3%31The samples for the measurement
interaction between confined carriers are less screened wfere polycrystalline films made by spin coating from solu-
larger distance, because carriers mainly experience small diion. Layers in each polycrystalline domain are parallel to the
electric constant of the organic part at large distance relativeubstrate, and there is no polarization dependence in the lin-
to the width of a well layer. Thus, the exciton-exciton inter- ear optical response within the plane. Thicknesses of the
action, which consists of the Coulomb interaction betweersamples were determined to be 9.8 and 41.0 nm for
constituent carriers, is expected to be strengthened or diffePhE-Pb} and C6-Phj, respectively, by means of a surface
ent qualitatively. profiler (DEKTAK) and an atomic force microscope. The
In this paper, the authors report the subpicosecond pumgabsorption coefficients at peaks of the lowest excitons were
probe study of the excitonic nonlinearity in inorganic-organicestimated to be 1.210° and 7.9< 10° cm’%, respectively,
layered semiconductors. Two similar substances, PhE-Pbfor PhE-Pbj} and C6-Phj.34 Peak optical densities were 0.67
and C6-Phj are adopted as samples for comparison, in ordeand 1.3 in PhE-Phland C6-Phy, respectively, the latter of
to investigate the influence of the dielectric confinement. Thavhich was too thick to generate excitons homogeneously.
two substances consist of almost the same inorganic parSince it was very difficult to control qualities of thinner
and different organic parts. Hence, difference in degrees dilms, we compromised with this rather thick film of
the dielectric confinement is expected. From amplitudes o€6-Pb},. In measurements, spin coated films were attached
spectral changes, dependences on angular momenta, and t@a cold finger of a cryostat and cooled+d.0 K.
pendences on the delay time, the authors try to understand Pump-probe measurement was setup in the transmission
the interaction between excitons in the basic level. geometry. A 1 kHz Ti: AJO; regenerative amplifier was used
Crystal structures of the two substances are schematicallys the light source, the output of which was split off for
drawn in Fig. 1!>3931Cross sections are perpendicular to thegenerating pump and probe lights. The pump light was tuned
layers. In both substances, inorganic layers consist ofo be resonant with the excitons. A prism pair was used for
[Pbl]*~ octahedra which share four vertices one anotheroptimizing the pump pulse duration. The probe light was the
Distances between neighboring inorganic layers aravhite-light continuum generated in a water cell. Pump and

II. EXPERIMENT
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FIG. 2. Linear absorption spectrufa) and the photoinduced . _ )
absorption changé) of PhE-Pbj. In (a), the spectrum of the pump FIG. 3. Linear absorption spectrufa) and the photoinduced
light is overdrawn with a dotted line. Itb), delay times are shown absorption changéb) of C6-Pb,. In (a), the spectrum of the pump

on the right-hand side of each spectrum. Solid and dashed curvdight is overdrawn with a dotted line. Itb), delay times are shown
show spectra observed iff ¢* and oo™, respectively. on the right-hand side of each spectrum. Solid and dashed curves

show spectra observed ot ando* o, respectively.

probe lights were same-circularlyo®o™®) or opposite- The photoinduced spectral change is shown in Fig).2
circularly (o*o”) polarized with achromatic wavelength The pump intensity was 8:210" photons cri?, spectral
plates. The angle between pump and probe beams was 1Trhanges with which were almost proportional to the inten-
The autocorrelation of the pump pulse and the crosscorrelssity. The generated exciton density is estimated to be
tion between pump and probe pulses were typically 150 an8.7X 10*° cm™3. The strong blueshift of the exciton band is
100 fs, respectively, in the full width at half maximum. The observed as the derivative shape of differential spectra
overlap of the pump and probe beams on the sample waound 2.355 eV. The slight bleaching is suggested by the
carefully controlled with a video telescope. Spot sizes ofSlightly larger decrease at the low-energy side than the in-
pump and probe beams on the samples were measured witiFegase at the high-energy side. Besides the exciton renormal-
pinhole equipped with a micrometer stage and were estiization, an induced absorption is observed at 2.305 eV, which
mated to be 60.5 and 4.58m, respectively, in diameters. is b_elow the exciton by 50 meV. Th?s induced absorp_tion is
Because the delay time) of the probe pulse to the pump assigned to the excitation of th_e exciton to the e>f0|ton|c mol-
pulse depends on the wavelength, obtained spectra were ngcule, as the energy separation from the exciton matches
merically corrected after measurements. The pump light inWith that observed previously in photoluminesceht. At

tensity was measured with a photodiode powermeter. small delay time(74=0.2 p3, the blueshift is stronger in
o*c* than in o*o~, while the induced absorption is much

stronger ino*o™ than in o*o*. These polarization depen-
dences almost disappear after 1.5 ps.

Figure 2a) shows the linear absorption spectrum of The linear absorption spectrum of C6-Pl¢ shown in
PhE-Pb}. Two peaks are observed. The peak at 2.355 eV ifig. 3a). Three peaks and a shoulder are observed. The peak
the lowest & exciton. The other peak at 2.395 eV is alsoat 2.340 eV is the lowestslexciton3? We assign the shoul-
assigned to a dexciton which is originated from another der at 2.350 eV to a phonon sideband of the 2.340 eV band,
electronic band, which is splitted from the former because decause the photoinduced change shows the similar behavior
unit cell consists of two formula unif§. In this work, we  to that of the main band, as is seen below. Peaks at 2.365 and
investigated the shift and the bleaching of the exciton aR.383 eV are most probably assigned to othsrekcitons
2.355 eV by exciting it resonantly. The spectrum of the pumprelated to other electronic bands, but have not been identified
light is overdrawn with the dotted line in the figure. yet. The change of the exciton at 2.340 eV was investigated

Ill. RESULTS
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FIG. 4. Absorption spectra without and with irradiating the This fact had been implied in previous worls'’:19:353%t
pump light, of PhE-Phl (a) and of C6-Phj (b). Exciton densities not clarified because values depends on reports. Here, the
are estimated to be 5710%° and 4.9< 10'® cmi3, respectively.  authors have clarified the fact by systematic measurements.
Horizontal scales are the same(&@ and (b). Delay time dependences of the exciton peak energies and

the amplitudes of the induced absorption in PhE;Rizid
by pumping it resonantly. The spectrum of the pump light isC6-Pbl, are shown in Figs. 5 and 6, respectively. Closed and
shown with the dotted line. open circles show the experimental data observedin*

Figure 3b) shows the photoinduced change ®8-Pbl,.  and o*o™, respectively. Solid and dotted curves show the
The pump intensity was 2x4 10 photons cri?, with which  best fits to the data observeddiic* ando*o™, respectively,
the initial exciton concentration is estimated to beby the model discussed in the next section. Since the peak
4.9x 10* cm3. The blueshift and the bleaching of the exci- energies at less thay=0.2 ps are influenced by the ac Stark
ton are observed, as are similarly observed in PhE:Rbl  shift, they are eliminated from the target of the fit and thus
contrast to PhE-Ph| however, the bleaching seems to bealso from the plot. The ac Stark shift was reported in detail
rather strong relative to the blueshifhis is seen as the much elsewheré? In this work, we confine ourselves into the
larger decrease at the low-energy side than the increase at thepulation effect. Although the phase coherence of excitons
high-energy side of the peak, taking into account that theshould be partly conserved for hundreds femtoseconds and
increase at the high-energy side is superimposed with theay bring about some minor effects, the difference between
small derivative structure by the phonon side banthis  coherent and decohered excitons is neglected, as a first ap-
difference is more clearly seen in Fig. 4, where optical denproximation.
sity spectra with and without irradiating the pump light are In PhE-Pbj, the exciton blueshift ino*o* decays mo-
plotted in the same horizontal scale. In PhEPtile exciton  notonously with a fast decay a<1 ps and a slow decay
peak is rather strongly shifted with slight bleaching, while inlater, although it is only concluded according to the rate
C6-Pbl, the peak is only slightly shifted but is lowered sig- equation analysis discussed below.dffo", the peak energy
nificantly. In Fig. 3b), an induced absorption due to the ex- increases untir-1 ps and then decreases. The polarization
citation of the exciton to the excitonic molecule is observeddependence almost disappears within 2 ps. On the other
at 2.295 eV which is below the exciton by 45 meV. It will be hand, the induced absorption amplitudesifo* grows until
worth noting that this observed binding energy of the exci-~1 ps and then decreases, and tha¥io~ decreases with a
tonic molecule inC6-Pb}, is slightly smaller than that in  fast decay aty<1 ps, and a slow decay later. Changes in
PhE-Pbj by 5 meV. Considering thstrongerdielectric con-  the peak energy and the induced absorption amplitude are
finement inC6-Pb), than in PhE-Ph} this fact is quite in- synchronous, which is examined quantitatively in the next
teresting, but the authors have no reasonable account nogection. It is to be noted that the oscillation seen in the peak
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T j T j T j T TABLE I. Comparison between PhE-RBdnd C6-Pbj in terms
B C6-Pbl4 of fundamental parameters and experimental results.
— 13 2
% R 2.1x10°° ph/cm PhE-Pbj C6-Pbl,
£ €org 3.32 244
(Z‘ 0.001 G, (meV) 250>¢ 30079
g ag (A) 14.% 13.1
& G, (meV) 50 45
E o 23 Awy/nd (eV cn?) 2.4% 10716 1.6x 10715
o - o ~ Aay/n,d (cm) -3.5x 10722 -3.5x 10721
‘o ® oto+ 1003 g 23 22
) o G+G— g Aam/nxd (Cm) 8.1X 10 3.2X10°
ﬁ, 1 &  aAwdrsevem 6.7x 10P 45% 10°
(o] @?
—0.02
N 2 Aw/Aa,(eVem 2.9% 10° 4.8% 10P
S § Aoyl Ay, -4.3 -11
=}
2 g (ps) 0.22 0.15
¥s (psh) 14 2.1
0 4 A -0.05+0.05 0.3+0.2

2
Delay Time (ps)

aFor derivation, see Ref. 33.
FIG. 6. Exciton peak energy shiftppe) and the induced ab- °Experimentally estimated to be 220+30 meV in Ref. 13.
sorption due to the generation of the excitonic mole¢btttom) as ~ °Theoretical estimates in Ref. 14.
functions of the delay time in C6-PplData observed in*o* and  “Experimentally estimated to be 360 meV in Ref. 15.
o*o” are plotted with closed and open circles, respectively. Curves

show the best fit with Eqs2a) and (2b) described in Sec. IV. sities of the used samples were not really small. Estimates
normalized by these averaged exciton densities are justified

energy shift is explained to be due to the excitation of coher h i< that the ob d |
ent phonons and is not due to the quantum beat, because tfff WO reasons. The one is that the observed spectra

oscillation amplitude was independent of the change of th&hanges were almost proportional to the intenitfLhe
pump photon energy. Two internal modes within a Pb-1 planédther is that the possible slight sublinearity at the incident
are identified in the oscillation, according to the Fouriersurface of a sample will result in slight underestimate of a
transform analysi&’ mean value which the proportionality is postulated for. This
In C6-Pbl, as is observed in PhE-Bblexciton peak en- slight underestimate will be the case, if it is, rather for the
ergies and induced absorption amplitudes show the synchrdéhick C6-Pbl, film than for the PhE-Phlfilm. Thus, the
nous change. However, the polarization anisotropy incomparison arguments in the above paragraph are valid, re-
C6-Pb}, decays faster than that in PhE-phbThe fast decay gardless of the nonuniformity.
in o*o~ and the rise ino*o* of the induced absorption oc-

curs in the time scale of less than 1 ps. The fast decay of the IV. DISCUSSION

exciton peak energy in*o* is not clearly resolved later than o )

0.2 ps, due to the fast depolarization and the coherent pho- A. Polarization and delay time dependences

non oscillation. In order to examine the polarization dependence of photo-

Quantitative differences between two substances are sufhduced spectral changes, we model the exciton relaxation
marized in Table I. The shiftAw,), the change of peak ab- dynamics and the exciton renormalization.
sorption coefficient of the excito«,), and the amplitude We assume the three level system, i.e., the ground state,
of the induced absorption by the excitonic molec(ey,)  theos* exciton, and ther™ exciton, as is schematically shown
are listed, normalized by the in-plane exciton concentratiornin Fig. 7. The influence of forming the excitonic molecule on
(n,d, wheren, andd denote three-dimensional density andthe exciton renormalization is neglected as a minor factor
the sum thickness of an inorganic layer and an organic Jayerand for simplification. The population dynamics is expressed
The quantities are estimated from mean values of what olby a set of rate equations as
served ino*o" and oo™ at 74=0.2 ps, assuming that the

exciton density is equal to that generated initially by a pump dn, - _

pulse. It is clear that both of the blueshift and the bleaching dt Gol®) = (va* ye)N: + -, (13
are much stronger in C6-Ppthan in PhE-Phl It is also

seen, as is shown in Fig. 4, the amount of the blueshift di- dn_

vided by the amount of bleaching is larger in PhE4fthan PRkl (ya+ yon-, (1b)
in C6-Pbl,.

It is noted that, for estimating exciton densities, the in-wheren, represents the density of excitons.gy(t), vy, and
depth nonuniformity was averaged out, although optical deny, represent the exciton generation, the exciton decay rate,
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’Y Fock (HF) term and the correlation term, respectively. Not
S only the HF term but also the real part of the correlation term

contribute to the energy shift.
For examining the polarization dependence, we express
the angular momentum dependence of the exciton-exciton

X X interaction more explicitly. On the assumption that the there
+ - is no spatial correlation between excitons, shiftsgdbindo™
excitons are represented, respectively, as

Aw+ = |++n+ + I+—n—| (4a)

gO yd yd Aw_=1,.n,+1,.n_, (4b)

in which contributions of the interactions between toit~

excitons and that betweerf ando™~ excitons are denoted as

I, andl,_, respectively. Not only the first term but also the
G real part of the second term of E@®) are included i, and

S— Iy
The exciton density is related to the experimentally ob-

served induced absorption. Since an excitonic molecule can
be generated by combining" and o~ excitons, the induced
absorption amplitudes observed diic* and oo™ polariza-
tions should be proportional to the density @f and o*
excitons, respectively. Accordingly, induced absorption am-
] ) plitudes observed in*o* ando*o™ are related to the exciton
a_md the conversion rate betV\_/eeh _and 0" excitons, respec-  concentrations ad Qs = Yo, Tespectively, wherey,, rep-
tively. The exciton generation is approximated 8gt)  resents the quantity which includes the dipole matrices.
=gyd&(t), which is reasonable because the other time con- Combining Egs(2), (4), and the above relation, the delay
stants are much slower than the pump pulse duration. Thefime dependences of both the exciton shift and the amplitude

FIG. 7. Schematic diagram of the exciton relaxatiGn.X,, and
X_ represent the ground;* exciton, ando™ exciton states, respec-
tively. do, v4» and ys express the exciton generation, the exciton
decay rate, and the conversion rate betweérand o~ excitons,
respectively.

Egs.(1a) and(1b) are analytically solved as of the induced absorption are simultaneously fit, as are
_1 shown in Figs. 5 and 6 for PhE-Rband C6-Phj, respec-

N, = 500{exp(— yat) + exr— (ya+ 299t} (23 tively. Solid and dotted curves represent the best fits for data
L observed inc*o* ando*o”, respectively. For PhE-Phlthe

Nn_ = 50otexp(— yqt) — exd (yq + 2¥9tl}. (2b) fit is good except for the oscillation due to the coherent pho-

non excitation. For C6-Phlthe fit is uncertain at short delay
Pti.me; because of the oscillation and the fast relaxation in the

. . X Yhgular momentum space, the rise and the fast decay of the
tons. Since the exciton Rydberg is far larger than the temblu%ushift are notL:/veII [r)esol’ved ! y

perature(kgT~1 meV), the thermal dissociation of excitons Obtained parameters are listed in Table I. The exciton
to charge carriers and the excitation of higher exciton stateaecay rate is larger in PhE-Rtthan inC6-Pbl,. These val-
arhe_ Ea[)dlly expecteg. Thle exmt_aﬂgn gf t_he ?ther e)l(_c'_tgln%es are slightly larger than that reported elsewR&hait the
which belong to other electronic bands Is also negligible e rence might be related to the quality of samples via non-
because the obtained spectra show no considerable spectyalii ;i e decay channels. The relaxation ré2e,) in the
change on _these excitons. . ..__angular momentum space is larger ©6-Pb} than in
The exciton renormalization due to the exclton—excnonPhE_F,le One might also attribute this difference to the
interaction is given &8 quality of samples, considering that the polycrystalline do-
1 IV, (IKji)[2 main possibly makes angular momenta less defined. Yet, the
(i[AH[iy = 2V, (ijjin; + = > n, relaxation in the angular momentum space here is more rea-
j

In this model, any other higher states are neglected, b

—E —-E +ije ! . . - .
2 BrE-E-Etie sonably ascribed to the exciton-phonon scattering, consider-

(3) ing that the obtained value for C6-Rbis close to the
S _ ) dephasing rate measured by the degenerate four-wave-
where indicegi-1) specify angular and translation momenta. mixing experiment under the weak excitation regithéIn-
n; represents the exciton number in thetate.V,(ijkl) rep-  fortunately, a four-wave-mixing experiment has not been
resents the effective interaction between two excitons. Th@erformed for PhE-PRl On the assumption that a phonon
effective interaction includes electron-electron, electronscattering makes an exciton relax in the angular momentum
hole, hole-hole Coulomb interactions and the effect of Paulspace, we have no concrete explanation for the larger
exclusion principle as V,(ijkl) =(ij|(1-Pg)(1-Pp)v|kl),  dephasing rate irfC6-Pb}, than that in PhE-PQl On the
where P, and v represent the exchange of electrons/holesature of exciton-exciton interaction,_/1,,=-0.05+0.05
and the Coulomb interaction, respectively. First and secondnd 0.3+0.2 are obtained for PhE-Phhd C6-Ph), respec-
terms on the right-hand side of E@) are called the Hartree- tively. The errors are estimated from degrees of the fit near
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the time origin. Thus, it is only roughly concluded that the restricted by the exclusion principle. Considering the nature
I._/1.,is zero or slightly negative for PhE-Bpiwvhile thatis of the Coulomb potential under the dielectric
positive with a considerable value f&6-Pb},. The source of ~confinement;1? the effective Coulomb potential is longer-
this difference is discussed in the next section. ranged, i.e., more logarithmi€, in C6-Pbl, than in
PhE-Pbj). This effective potential is understood in the fol-
lowing way: electrons experience a high dielectric constant
B. Influence of dielectric confinement of the well layer when they are very close, but a low dielec-

The excitonic blueshift has been observed in conventional constant of the barrier layers when they are separated by

i 127 ifestation of the two dimensional- large distance relative to the well width. On the other hand,
guantum wells,” as a manitestat ! : . the exclusion principle plays a role only when envelopes of

ity of the exciton er_lvelope and the dgnsny of states. It sy, excitons are spatially overlapped. Therefore, it is quali-
understood that, while HF and correlation terms in E(Qis. tatively understood that the larger /1, in C6-Pb, than in
are well balanced and thus cancel out each other in bulloe_pp) is brought about by the lower dielectric constant of
materials, the correlation term loses its relative weight in thgpe organic part inC6-Pb}, than in PhE-Phyj with the in-
quantum well$® Three factors influence on the shift. The crease of the long-range part of the interaction.

first is the two dimensionality of the exciton envelope, which  To |,, andl,_, various sorts of interaction are considered
creates nonzero quadrupole moment. The second factor is thé contribute. Because of the two-dimensional envelope of
exciton Bohr radius: The effective exciton-exciton interac-excitons, the quadrupole-quadrupole interaction is of the
tion is diminished for the smaller radius because positive antbwest order, which is always positivgepulsive. The in-
negative Coulomb interactions cancel each other out. Theuced dipole-dipole interaction is negatitatractive. The
third factor is the dimensionality of the density of states:Heitler-London type short-range interaction is negative be-
With a reduced density of states, the scattering between exween o* and o~ excitons, and positive between twg )
citons is less frequent, i.e., the correlation term, which isexcitons. The last two types of interaction are considered
known to always givenegative contribution, become less with the renormalization of the exciton wave function and
important. According to Manzket al.?° the relative weight thus are higher-order effects for the shift. Thus, we interpret
between HF and correlation contributions to the blueshift ishe difference inl._/I,, as that the quadrupole-quadrupole
estimated to be 4:-1, respectively, for the infinitely thininteraction is rather enhanced in C6-Plhan in PhE-Ph|
GaAs-AlGaAs quantum well. due to relatively stronger dielectric confinement. It might be

Also in the inorganic-organic layered semiconductors, thenoteworthy that the importance of the quadrupole-
observed blueshifts are understood as results of the two dguadrupole interaction between well-separated excitons has
mensionality, because excitons are confined in an inorganiglso been shown for GaAs quantum wélfls.
monolayer and the dispersion along the direction perpendicu- The relative weights of the blueshift and the bleaching
lar to layers are negligib/e.Blueshifts normalized by the can be explained with the balance between HF and correla-
exciton density(see Table)l are smaller by some orders in tion terms. Because HF and correlation terms are propor-
the two substances than that10 2 eV cn?) reported for  tional to the first power and the second power of the inter-
the GaAs quantum weff This difference is understood as action, respectively, the stronger interaction in C6;Rban
being mainly due to the large difference in exciton Bohr radiiin PhE-Pb} will result in the increase of the relative impor-
(~ several nm in the GaAs quantum wells tance of the correlation term for C6-RbThe increase of the

In comparison between PhE-RlAnd C6-Phj, the main  imaginary part of the correlation term causes the scattering-
difference is in the dielectric constants of the organic partsinduced broadening to lower the peak intensity.
We can samely assume the two dimensionality for both sub- It is noted that the slight difference in the exciton Bohr
stances in terms of the potential confinement. Because of thedius may give an opposite contribution as mentioned in
smaller dielectric constant of the organic part in C64Pbl Sec. I: the smaller Bohr radius in C6-Rhhay result in
than in PhE-Phj both of HF and correlation terms in E@) weaker interaction between excitons. However, we consider
are expected to be larger in C6-Rihan in PhE-Phl Ac-  this difference as a minor factor. In fact, the estimated Bohr
cordingly, the larger blueshift in C6-Ppthan in PhE-Phl  radii are different only within 10%? although these esti-
is explained with the stronger interaction i@6-Pbl.  mates may depend on theoretical assumptions and used
For the same reason, the stronger bleaching irparameters?®
C6-Pb}, than in PhE-Phlis explained: The renormalization The quantitative difference#n factors of 5-10 observed
of the exciton wave function, which results in the decrease oin both the blueshift and the bleaching are far larger than
the oscillator strength, is believed to be stronger in C6;Pblthose(in a factor of=1.4) expected simply from the differ-
than in PhE-Phl due to the stronger interaction. Also, the ence in the dielectric constants of the organic parts. The au-
imaginary part of the correlation term gives scattering-thors would suggest a possibility to explain this disagree-
induced broadening, which results in the lowering of thement.
peak intensity. The possibility is that the assumption of the uniform ex-

The dependence of the exciton-exciton interaction poteneiton generation is not valid due to the low crystallinity of
tial upon their angular momenta is also related to dielectriche C6-Pb film. The C6-Pb), film may be only partly crys-
constants of the organic parts. Since Pauli exclusion printallized, considering two contradicting facts. The one is that
ciple restricts only the interaction between excitons with thethe exciton oscillator strength per formula unit in C6-pisl
same angular momenturh,_ is free from, whereas,, is  estimated to be about 1.4 times as large as that in PhE-Pbl
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from the exciton Rydbergs determined experimentdiijhe V. CONCLUSION
other is that the spectrally integrated exciton absorption
coefficient is_stronger in the PhE-Bbfilm than in the We have investigated the blueshift and the bleaching of

C6-Pby, film.*%In order to accept these facts, it is a probablegycitons in PhE-Phland C6-Phj with pump lights resonant
interpretation that the exciton transition in the C6PIM itk their excitons. The following results were obtainét)

is only contributed from a part of the total film volume, and g, ¢ the plueshift and the bleaching normalized by the
thus excitons are generated in some smaller volume than the

total film volume. Thus, the real local exciton concentrationexc'ton, density are larger in CG-QWan n PhE'Pb‘,t (2) .
may be larger than that expected, and accordidgly/n,d Bleaching rel_at|ve to the blueshift is more prom_lner_1t in
and Aa,/n,d for C6-Pb}, listed in Table | may be overesti- C6-Pbl than in PhE-Ph (3) The ratio of the effective in-
mated. To be convinced quantitatively, it might be necessar{eraction betweem” and o~ excitons to that between exci-
to perform measurements with single crystals. tons with the same angular momentuim,/1,., is larger in

In order to circumvent the problem of crystallinity, it is C6-Pbl, than in PhE-Phl These results are qualitatively un-
practical to normalize the observed quantities by amplitudeslerstood as consequences of the lower dielectric constant of
of the induced absorption due to the excitation of excitonicthe organic part in C6-Phithan in PhE-Phl
molecules, on the assumption that the oscillator strengths for
exciting an exciton to an excitonic molecule are not sizably
different between two substances. Bottw,/A«,, and
Aa, /Aoy, as listed in Table |, are larger @6-Pb), than in
PhE-Pbj} by factors of 1.7 and 2.6, respectively. These fac- i
tors are enough larger than the factbrd) for the difference The authors are grateful to Dr. Jun-Ichi Inoue and Dr.
in the exciton oscillator Strength between two Substanceé\ﬂasakatsu Hirasawa for various C!ISCUSSIOFIS. The authors
which gives the approximate difference in the oscillatoralso thank to Professor Teruya Ishihara for controversy on
strength for generating an excitonic molectielherefore, the influence of dielectric confinement. Viewgraphs were
regardless of the crystallinity, it is a qualitative conclusionplotted with the GP software coded by Professor Keiichi
that both the bleaching and the blueshift are stronger ifedamatsu. The work was partly supported by the grant-in-aid
C6-Pb}, than in PhE-Ph} which is ascribed to the dielectric for young scientistgB) (No. 15740189 of the Ministry of
confinement effect. Education, Culture, Sports, Science and Technology, Japan.
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