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Quantum size effects of charge-transfer excitons
in nonpolar molecular organic thin films

Zilan Shen and Stephen R. Forrest
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~Received 6 September 1996; revised manuscript received 19 December 1996!

We use a quantum-mechanical model to analyze charge-transfer~CT! excitons in closely packed, nonpolar
organic molecular crystal thin films grown by the ultrahigh-vacuum process of organic molecular beam depo-
sition. The exciton Hamiltonian includes both polarization effects and the periodic pseudopotential of the
crystal. This model takes into account the very large anisotropy characteristic of many organic materials such
as the archetype molecular crystal, 3,4,9,10-perylenetetracarboxylic dianhydride~PTCDA! and PTCDA-based
multilayers. Using a single-exciton Hamiltonian, we quantitatively model experimental electroabsorption data
and the absorption spectral shifts observed in ultrathin organic multilayers or ‘‘multiple quantum wells.’’ The
data analyzed from several such experiments give independent and consistent estimations of the anisotropic
effective mass tensor and exciton radii for PTCDA along different crystal axes. This treatment is general, and
is found to extend to other CT and Wannier exciton systems found in many interesting, nonpolar organic
molecular and inorganic semiconductor crystals such GaAs, suggesting similar physical origins for Wannier
and CT excitons in a wide range of materials.@S0163-1829~97!07615-7#
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I. INTRODUCTION

Excitons play a fundamental role in the optical propert
of solids, and have been studied for many years beginn
with the early experimental and theoretical work of Hils
and Pohl,1 Frenkel,2 and Wannier.3 The two extreme situa
tions, the extended Wannier-Mott exciton and the localiz
Frenkel exciton, have been intensively investigated,
quantum-mechanical models have been developed to
scribe these fundamental excitations. In the first case,
Wannier-Mott exciton is based on a band structure aris
from a significant overlap of crystalline periodic potentia
Assuming a single-electron model by applying the Hartr
Fock approximation, the Wannier-Mott exciton can be re
resented by an orthonormal complete set of hydrogen
wave functions.4–7 In the second case, the Frenkel exciton
considered as an intra-atomic or intramolecular excitat
moving from site to site, with neither internal degrees
freedom nor internal quantum numbers. As a result of po
ization of the electronic subsystems of the surrounding
tice due to charges and excitons,~i.e., many-body interac-
tions!, polaron-type quasiparticles are created. This rend
the single-electron approximation inapplicable, and henc
is replaced by a Hamiltonian8–10 that describes the Frenke
state by the exciton band number and wave vector. Howe
the internal quantum number of the Wannier exciton may
fact correspond to the Frenkel exciton band number, w
such Frenkel excitons can be regarded as a limiting cas
the Wannier state, where the relative electron-hole (e-h)
motion is confirmed to a small region of atomic or molecu
scale.4

The charge-transfer~CT! exciton is intermediate betwee
these extremes, where the exciton is neither very exten
nor tightly bound at a single molecular site. Since the c
cept of the CT exciton originates from the lowest excit
550163-1829/97/55~16!/10578~15!/$10.00
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state in crystals consisting of alternately arrayed donor
acceptor molecules ~so-called ‘‘donor-acceptor
complexes’’!,4 the CT state is usually considered as an un
laxed polaron pair,9 with both the positive and negative po
larons of the charge pair localized on a set of discrete, id
tifiable, and nearly adjacent molecules.11–13 The relaxed
polaron state is called a charge pair state9 or self-trapped CT
exciton,4,14which is at an energy lower than CT states due
strong exciton-phonon coupling.

This localized picture is true only if each molecule is
point source of ad-function-like potential. In that case
charges can only exist in a deep, narrow potential wel
each nuclear or molecular site. In general, however,
charge is not static. Since the molecular ion has a finite s
shape, and orientation, the potential cannot be accura
modeled by ad function. In addition, for planar stacking
molecules where there is significant overlap between thp
systems of adjacent molecules in the stack, the electro
states can no longer be considered as highly localized
single lattice site. As a result, the exciton wave function m
be an extended state, with its shape and symmetry intima
dependent on the crystalline and molecular structures.

In fact, extended CT states and quantum exciton confi
ment in organic thin films have already been proposed
observed.14–18For multilayer structures, or multiple quantum
wells ~MQW’s! consisting of ultrathin layers of the plana
stacking molecule 3,4,9,10-perylenetetracarboxy
dianhydride19 ~PTCDA, C24O6H8! sandwiched between simi
lar layers of 3,4,7,8-naphthalenetetracarboxylic dianhydr
~NTCDA, C14O6H4!, it has been found that the energies
the exciton absorption peak15 and the vibrational frequencie
in the PTCDA fluorescence spectrum16 increase with de-
creasing layer thickness. Recently, photoemission and
verse photoemission studies of PTCDA~Ref. 17! showed
that the electron-hole exchange energy, which is the ene
needed to remove an electron from one molecule and pla
10 578 © 1997 The American Physical Society
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55 10 579QUANTUM SIZE EFFECTS OF CHARGE-TRANSFER . . .
on another, is17 ;1 eV, or somewhat larger than the prev
ously estimated molecular bandwidth of 0.1–0.4 eV.14,21

This indicates the weak correlation as a direct result
charge delocalization in PTCDA. All of these results sugg
that extended CT excitons are best described using quan
~extended! rather than electrostatic~localized! models typi-
cally applied to organic molecular crystals.9

In other experiments, photoluminescence and UV abso
tion spectra of self-assembled ultrathin films consisting
alternating layers of the conjugated copolymer, copoly~1,4-
phenylenevinylene-1,4-napthylenevinylene!, and the noncon-
jugated insulating polymer, poly~styrene-4-sulfonate!, also
indicate blueshifts upon decreasing the total thickness of
copolymer stacks.18 As in the case of PTCDA, these sel
assembled copolymer multilayers are found to stack facia
resulting in significantp-system overlap, and hence carri
delocalization, in the substrate-normal direction~i.e., perpen-
dicular to the polymer chain axis!. The observed spectra
shifts for this system have been attributed to quantum c
finement, where the exciton is ‘‘squeezed’’ in the potent
well formed at the thin-film surfaces. Confinement, whi
results in an increase in exciton binding energy, was
scribed using a model previously cited to explain simi
phenomena in PTCDA-based multilayers.

Starting from the real space representation of chem
bonding, Mukamel and co-workers22–26 proposed a secon
quantization approach to understand quantum size effec
ultrathin organic films. Their method was to map the ele
tronic motions of the confined states onto a set of coup
harmonic oscillators. Based on the single-electron, redu
density matrix, and solving the time-dependent Hatree-F
equation, the electronic charges and motion are then rel
to their optical response.22 Using the Pariser-Parr-Popl
tight-binding Hamiltonian forp electrons,27 a basis set of
exciton states is chosen to correspond to the discretee-h
separations, where each state is perturbed by Coulomb i
actions, electron-electron coupling, lattice polarization,
gregate response, chemical bond oscillations, and inte
tions which induce the intermolecular charge transfer. T
relative magnitudes of these terms determine
characteristics23,24 of the exciton ~i.e., whether it follows
Frenkel, CT, or Wannier behavior!. It was found25 that quan-
tum confinement of the relative~correlated! e-h motion of
the CT exciton plays an important role in determining t
magnitude of the third-order nonlinear susceptibilityx~3! of
conjugated polyenes. In addition, the lowest-lying absorpt
peak of poly~p-phenylene vinylene! oligomer26 was calcu-
lated to redshift with respect to the isolated molecular
sorption spectrum, which is very similar to the result o
served by Bulovicet al.,14 in solutions of PTCDA.

At low exciton densities where exciton-exciton couplin
can be neglected, the self-consistent field approximatio
valid. In this case, thee-h motion can be described by
quasiparticle interacting with an average field of the rema
ing charges. Based on this quasiparticle picture, the m
goal of this work is to find a simple approach~i.e., a one-
electron Hamiltonian! to describe the relatively delocalize
CT exciton in anisotropic, nonpolar organic crystals, to stu
the effect of crystalline anisotropy on CT exciton energi
and to understand the experimental data such as ‘‘quan
confinement’’ in multilayer structures,15 the electroabsorp
f
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tion ~EA! spectra,28 as well as other quantum phenome
frequently observed in nonpolar organic molecu
crystals.16,17 Furthermore, we show that our method is ge
eral, and can be used to describe EA spectra in inorga
semiconductors such as GaAs.29,30

This paper is divided into two main parts. In Sec. II, w
calculate the polarization energies of ane-h pair in bulk
organic crystals and alternating, lattice-matched multilay
such as MQW’s. As an example, we calculate the polari
tion energies for closely packed, highly anisotropic, neu
molecular crystals such as PTCDA. Based on the quasim
roscopic e-h potential, we then write the effective one
exciton Hamiltonian. In Sec. III we study the effects of a
isotropy on the quantum states and energies of CT exci
in organic molecular crystals such as PTCDA, and find t
the lowest-energy CT exciton in this archetypal material i
nearly isotropic, hydrogenlikes state. By analyzing the EA
data for PTCDA,28 we estimate the effective-mass tensor a
exciton radii along different crystal axes. We also fit the E
data of GaAs obtained by Milleret al.29 and show that our
treatment is indeed quite general. The absorption spec
shifts previously obtained in PTCDA/NTCDA multiple
quantum wells15 are also considered in the context of qua
tum size effects. This results in independent and consis
values for the effective masses and exciton radii as th
obtained from the EA data. We briefly discuss the Stark s
in quantum-confined systems, and show that the CT spe
line broadening in an electric field can be minimized
choosing an optimized quantum-well thickness. Finally,
Sec. IV, we present conclusions. In the Appendix, we sh
details or the calculation of the screening of the exter
electric field~Appendix A 1!, derive a mathematical expres
sion treating the effective mass discontinuities in multilay
structures in Appendix A 2, and present an accurate va
tional method for calculating exciton radii and energies
quantum confined systems in Appendix A 3.

II. HAMILTONIAN AND POLARIZATION ENERGY OF
NONPOLAR ORGANIC CRYSTALS

A. General treatment for anisotropic organic crystals

Due to the polarization of the surrounding medium in t
presence of excess charges and excitations, the potenti
an exciton state differs from that of an isolated molecu
excited state by the crystal polarization energy.31 Using clas-
sical electrostatics,32 calculations of polarization energies
and therefore the interaction potentials of thee-h pair, were
carried out by Jurgis and Silinsh using the self-consist
polarization field method,32 and by Bounds and Siebrand33 in
terms of the Fourier-transformed lattice multipole sums.
was found that, to first order, thee-h interaction potential
(Ve-h) is essentially Coulombic, e.g.,Ve-h52q2/«avgr , for
large charge pair separations,r ~i.e., r.one lattice constant!,
where q is the charge, and«avg is the spatially averaged
crystal dielectric constant. This result is, in some respe
similar to the case of conventional semiconductors, wh
the crystal lattice consisting of electrons and nuclei can
regarded34 quasimacroscopically as a polarizable mediu
with a spatially averaged dielectric constant«avg, as long as
the e-h distance is large compared to the lattice consta
Fundamentally, an electron in the conduction band, or
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10 580 55ZILAN SHEN AND STEPHEN R. FORREST
lowest unoccupied molecular orbital~LUMO!, as well as a
hole in the valence band, or the highest occupied molec
orbital ~HOMO!, are always accompanied35,36 by electronic
polarization~via polarons! of the surrounding medium. Thi
similarity suggests the feasibility of applying the Wann
exciton model to describe CT excitons with radii larger th
one lattice constant.

In this work, PTCDA is studied because of its importa
role in understanding the fundamental properties of CT
citons, its promising optoelectronic properties,37–41 and the
numerous investigations14–17,28,37–41which have provided ac
curate optical data. Our treatment for calculating the cry
polarization due to excess charges is similar in most resp
to the method of Bounds, and co-workers,12,13 although it
differs in the calculation of the effective polarizability fo
highly anisotropic crystals such as PTCDA. Polarization
ergy is thus calculated to determine analytically a conti
ous, quasimacroscopic potential with a position-depend
effective dielectric tensor. From this analysis, we write t
effective one-exciton Hamiltonian, and hence determine
energies and wave functions of CT excitons by solv
Schrödinger’s equation.

For a lattice with a basis whose unit-cell volume isn, the
molecular position is defined byr ( lk), wherel5$ l x ,l y ,l z% is
the lattice index, andk5$1,2,3 . . .% is the index of a par-
ticular basis molecule within the unit cell. Due to the exte
nal electric fieldF0 of the excess charges in the crystal, t
medium is polarized. The macroscopic fieldFmacat site (l ,k)
thus includesF0 and the induced dipole field,Find , via

Fmac~ lk !5F0~ lk !1Find~ lk !, ~1!

whereFind is the sum of two terms: the field due to the dipo
at the same site~self-field, Fself!, and the field due to the
surrounding dipoles

Find~ lk !5Fself~ lk !1 (
l 8k8Þ lk

t~ lk,l 8k8!•m~ l 8k8!. ~2!

Assuming a spherical dipole for homogeneous and isotro
media,Fself is usually taken as2m( lk)/3n«0 ,

42 where«0 is
the vacuum permittivity. Heret is the dipole tensor

t~ lk,l 8k8!5 lim
r→r ~ l 8,k8!

¹¹ur ~ lk !2r u21, ~3a!

andm is the induced dipole moment

m~ lk !5aJ~k!•Floc~ lk !, ~3b!

whereaJ (k) is the effective polarizability of moleculek, and
the local fieldFloc( lk) is the average field at site (l ,k) ex-
cluding the induced field due to molecule (l ,k). Hence

Floc~ lk !5Fmac~ lk !2Fself~ lk !. ~4!

Equations~1!–~4! give

m~ lk !5aJ~k!•FF0~ lk !1 (
l 8k8Þ lk

t~ lk,l 8k8!•m~ l 8k8!G .
~5!

From Eq.~5!, the induced dipole moment in Fourier space
therefore33
ar

t
-

al
ts

-
-
nt

e

-

ic

m~y,k!5aJ~k!•FF0~y,k!1(
k9

t~y,kk8!•m~y,k8!G , ~6!

where y is the reciprocal displacement vector. Introduci
supervector Q̃k(y)5Q(y,k), and supermatrix R̃kk8(y)
5RJ (y,kk8), and defining the unit matrixI , we have

m̃~y!5@ I2ã• t̃~y!#21
•ã•F̃0~y!5Q̃~y!F̃0~y!. ~7!

To evaluate Q̃(y!5@ã212t̃~y!#21, we use Maxwell’s
equation¹•@Fmac~r !14pP~r !#5r~r !, wherer is the excess
charge density, andP5(km( lk)/n is the polarization vector.
The macroscopic fieldFmac and the external fieldF0 ~Ref.
43! are then related via

Fmac~y,k!5F0~y,k!2
4p

n S y

uyu D S y•m~y,k!

uyu D , ~8!

where the second term on the right is, in fact,Find~y,k!.
In the long-wavelength limit~y→0!, which corresponds to

the region near the origin of the first Brillouin zone, th
constitutive relation gives

P5m~y→0!/n5xJFmac~y→0!, ~9!

wherexJ is the macroscopic susceptibility,xJ5(«J r2I )/4p,
and «J r is the macroscopic dielectric tensor. Using t
Lorentz-factor tensor44 L̃5limy→0@t̃~y!14p ỹ ỹ T/uyu2n#, we
then rewrite Eq.~8! as

F̃mac~y→0!5@aJ212L̃ #m̃~y→0!. ~10!

Note that Eq.~10! differs somewhat from previous solution
proposed by Dunmur and co-workers,44,45 and employed by
Cummins and co-workers44 in the case of anthracene, et
That work only dealt with the position-independent field
real space, which can lead to errors in treating a crystal w
a basis. For cases where the basis molecules do not hav
same polarizability, one should not expect bothFmacandP to
have a single average value across the entire unit cell. Th
fore, we introduce the average polarization within the ba
at sitek as

P~y→0,k!5~1/nk!m~y→0,k!5xJFmac~y→0,k!. ~11!

Here nk is the volume that moleculek occupies ~e.g.,
nk5n/Z for homogeneous crystals withZ basis molecules
per unit cell!. Thus

F̃~y!5~1/nk«0!x̃
21m̃~y!, ~12!

where we define the supermatrixx̃kk85(n/nk)xJdkk8 . Com-
paring Eqs.~10! and ~12! gives

aJ215x̃211L̃ , ~13a!

and, for everyy,

Q̃~y!5@ x̃211L̃2 t̃~y!#21. ~13b!

HenceQ̃(y! can be regarded as the effective polarizability
the crystal due to the dipole interactions. Using Eq.~13b!,
the polarization response of the crystal in Fourier space

pE~y!5F̃0~2y!T•m̃~y!5F̃0~2y!T•Q̃~y!•F̃0~y!. ~14!
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The total polarization energy,PE , is the integration ofpE~y!
over the first Brillouin zone,

PE52 1
2(
lk

F̃0~ lk !•m~ lk !52n/2E
1BZ

pE~y!dy. ~15!

Thus the potential energy of ane-h pair in a nonpolar or-
ganic crystal is a sum of the unscreened Coulomb attrac
and the microscopic lattice response to the existinge-h pair
in terms of the polarization energy, via

Ve-h52
q2

ur ~ l 1k1 ,l 2k2!u
1PE@r ~ l 1k1 ,l 2k2!#. ~16!

B. Polarization energies for NTCDA and PTCDA

We now use Eq.~16! to calculatee-h interaction energies
in the archetypal materials NTCDA and PTCDA. In Fig.
we show the structural formulas and two views of the u
cells ~space groupP21/c! for bulk crystals of NTCDA and
PTCDA as characterized by x-ray diffraction.46,47The values
of their primitive vectorsa, b, andc and other crystal prop
erties are listed in Table I.

The PTCDA molecules stack facially in the~102! plane,
which can either lie parallel to, or tilted at 11° from th
substrate plane,46,47and have a stacking distance of only 3.
Å. This unusually small intermolecular separation leads t
significant degree of charge delocalization along the~102!
stacking axis, resulting in large anisotropies in crystall
properties along various axes. In this respect, PTCDA
comes an ideal system in which to test assumptions lea
to the potential given in Eq.~16!.

FIG. 1. Perspective views of the unit cells of~a! PTCDA and~b!
NTCDA, and the orientation of PTCDA crystal axes with respec
the substrate. The planar molecules of PTCDA films form stack
the ~102! plane which lie parallel to the substrate plane, andz is the
substrate normal direction.

TABLE I. Lattice parameters, average dielectric constants,
HOMO-LUMO energy gaps (Eg) of PTCDA and NTCDA.

a ~Å! b ~Å! c ~Å! b «avg Eg ~eV!

PTCDA 3.719 11.96 17.34 98.81° 3.23 2.2
NTCDA 7.888 5.334 12.74 109.04° 2.6 3.1
n

t

a

e
-
ng

Takingz as the substrate normal axis, the dielectric ten
elements of PTCDA have previously been measure48

where«z51.9, and«x5«y54.5. This results in the dielectric
constants along principal axes of«'51.9 and«i54.5, where
' denotes the~102! stacking direction of the molecules, an
i is in the molecular plane. From the crystal structure,
dielectric tensor elements can be calculated with respec
the lattice primitive vectors, and are listed in Table II.

The crystalline and dielectric anisotropies of NTCDA a
much smaller than for PTCDA due to the herringbone sta
ing habit, as shown in Fig. 1~b!. In previous work, the spac
ing between molecular planes was found to be 3.506 Å41

and the index of refraction was found49 to be nearly isotro-
pic, at n51.6. Thus we assume an isotropic dielectric co
stant«avg'2.6.

The interaction energyVe-h as a function ofe-h separa-
tion, r5ur u, has been calculated for both NTCDA~Fig. 2!,
and PTCDA ~Fig. 3!. The results are compared with th
‘‘screened’’ Coulomb potentialVscr52q2/u«J•r u, where« is
the macroscopic dielectric tensor for the crystal. We fi
that, for NTCDA, the ‘‘screened’’ potentialVscr52q2/«avgr
gives a good fit to our calculations along each crystall
axis. In calculating the polarization energies, the integ
overy in the first Brillouin zone@Eq. ~15!# is segmented into
a summation ofG grid elements. SincepE~y! diverges in the
long-wavelength limit12 ~y→0!, the summation is separate
into two parts for calculation convenience, i.e.,PE
5P0~y→0!1P1~yÞ0!. The inset of Fig. 2 plotsP0 , P1 , and

in

FIG. 2. Electron-hole potential energy (Ve-h) calculated for
NTCDA as a function of charge separation (r ) along three crystal-
line axes~data points!. Since NTCDA has an isotropic dielectri
tensor, the calculation is compared with results obtained in the
tropic continuum approximation, where«52.6 ~solid line!. Inset:
The polarization energyPE of one charge in the crystal as a fun
tion of summation grid numberG. The convergence atG.23104

suggests the calculation is a good approximation to the integra
over y.

d

TABLE II. Dielectric tensor elements for PTCDA.

aa bb cc aa8 ac ab bc ' i

« 2.1 4.5 4.3 2.4 20.9 0.0 0.0 1.9 4.5
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10 582 55ZILAN SHEN AND STEPHEN R. FORREST
the total polarization energyPE for one charge in the crysta
as a function ofG. We find thatPE converges forG>104.

The results are considerably different for PTCDA, whe
Ve-h depends rather sensitively on the direction ofr for small
e-h separations. In Fig. 3, the dashed curve repres
Vscr52q2/«avgr , where«avg53/~1/«'12/«i!53.2 is the spa-
tially averaged permittivity@Eq. ~A7!, Appendix A 1#. Using
«avg results in the best fit toVe-h for larger ~.25 Å!, regard-
less of crystalline direction. That is, even for anisotropic s
tems such as PTCDA, the potential becomes spatially a
aged at distances of only a few molecular lattice consta
from the origin. However, for smallr ~,15 Å!, Ve-h deviates
significantly from the spatial average. This deviation is ag
clearly shown in the inset of Fig. 3, whereVe-h is plotted as
a function of 1/r . In this region of smallr , we find that the
mean dielectric constant approximationVscr52q2/« i r
~where i refers to crystalline directions! provides a good fit
to Ve-h , as shown by the corresponding curves in Fig. 3.

To accurately approximate thee-h interaction energy for
all r of anisotropic systems such as PTCDA we replace
~16! with the ‘‘screened Coulomb potential’’

Ve-h'Vscr52q2/u«Jeff~r !•r u ~17!

where «Jeff(r ) is the position-dependent effective dielectr
tensor, whose diagonalized elements are given by

«eff,i~r !5« i1A$tanh@~r 22r 0
2!/4r 0

2#1B%, ~18!

where, for PTCDA,r 0510 Å is the ‘‘transition radius’’ be-
tween microscopic and macroscopic behavi
B5tanh(r 0

2/4r 0
2)'4.08, and A5~«avg2« i)/(11B), such

that «eff,i(r,r0)5«i and «eff,i(r.3r0)5«avg. Figure 3 pro-
vides a plot of Eq.~17! along thea axis, where we find the

FIG. 3. Electron-hole potential energy (Ve-h) calculated for
PTCDA as functions of charge separationr along three crystalline
axes~a axis, circles;b axis, squares;c axis, triangles!. The dash-
dotted curve isVe-h'Vscr using the dielectric constant along thea
axis,«a52.1, and the dotted curve uses the value along theb andc,
«b54.5 ~where«b'«c!. The dashed curve uses the spatial av
aged dielectric constant«avg53.2. Note whenr.25 Å, «avg results
in the best fit, and whenr,15 Å, then« i ~where i represents the
crystalline axes!, provides an excellent approximation to the calc
lated values. The solid curve uses the effective dielectric cons
«eff described in text@Eq. ~18!#. Inset:Ve-h data replotted as func
tions of 1/r .
ts

-
r-
ts

n

q.

,

approximation is remarkably accurate with a maximum er
of less than 20 meV over allr . In Sec. III, we will study the
effects of a small deviation of thee-h potential on the exci-
ton energy, and will show that Eqs.~17! and~18! are indeed
an excellent approximation at allr .

For lattice-matched multilayer structures,Ve-h can also be
calculated using the same treatment. Choosing the unit
to cover one period of the superlattice consisting
J5J11J2 monolayers, whereJ1 is the number of monolay-
ers of material i , the volume of the unit cell is then
n5n1J11n2J2 , wheren i is the volume of the unit cell for
material i . Supermatrix x̃ in Eq. ~13b! is thus x̃k j ,k8 j 8
5(n/nk j)xJ jdkk8d j j 8 , where j51,...,J, xJ j5xJ1 for j<J1 ,
andxJ j5xJ2 for j.J1 .

The e-h interaction energy has been calculated
J15J251, where Eqs.~17! and~18! can be used to approxi
mate Ve-h by taking «eff(r )5@( i51,2n igeff,i

3 (r )/n#1/3. For
J1 , J2>3, the potential reaches the spatially averaged li
~see, for example, Figs. 2 and 3!, and the result used fo
homogeneous material layers discussed previously is s
cient to calculate the polarization energy in such orga
multilayers.

Note that screening of the Coulomb potential as sugge
by Eqs. ~17! and ~18! is also typical for most inorganic
semiconductors.4 In that case, however, electrons make t
most significant contribution to electric-field screenin
~leading to r 0'3–4 Å!, whereas, for organic crystals
screening arises primarily from the molecular polarizatio
which diminishes for smallr ~with r 0'10 Å!.

C. Hamiltonian for CT exciton states

For semiconductors with a large overlap of atomic wa
functions between ionic cores in the crystal, the perio
pseudopotential~Vpseudo! applied on the valence electrons
weak enough to result in a modified free-electron gas. In
limit, the motion of the electron can be described by t
one-electron Schro¨dinger’s equation, leading to a descriptio
of the energy levels in terms of a family of continuous fun
tions En~k!, each with the periodicity of the reciprocal la
tice. This results in a bond structure, wheren refers to the
energy band, andk is the conserved crystal momentum. Th
small lattice periodic pseudopotentialVpseudo leads to rela-
tively high carrier mobility~>0.01 cm2/V s!, and wide en-
ergy bands~electron-hole exchange energy,Vexc). Figure
4~a! shows a schematic representation ofVe-h , and the total
‘‘delocalized’’ exciton potentialVdeloc5Ve-h1Vpseudo, typi-
cal of ionic or covalently bonded materials such as Si
GaAs. Under such conditions, the exciton states are hy
genic, where the lowest-energy~s-like! state wave-function
density~w*w!deloc, is also plotted in Fig. 4~a!.

In contrast, organic molecular crystals are typically ch
acterized by weak intermolecular van der Waals~vdW! in-
teractions, with a bonding energy considerably less than
of covalent or ionic bonds in atomic crystals. This ofte
leads to a relatively small overlap of molecular orbitals, a
hence a strong localization of excess charge carriers. Un
such conditions, both the one-electron approximation and
concept of extended energy bands become questionable
ditionally, elastic and inelastic interactions between t
charge carrier and lattice are strongly coupled, such that

-
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wave momentumk is not conserved, thus further increasin
charge localization.50 For this case,Vpseudois large, and com-
parable in magnitude toVe-h . HereVpseudocorresponds to the
on-site correlation energy which approximately equals
difference between the electron-hole exchange ene
Vexc, and PE . This is characteristic of many vdW solid
leading to a low charge carrier mobility~<1024 cm2/V s!
and narrow energy bands.51 Figure 4~b! shows the total po-
tentialVloc for such media where thee-h pair is localized on
the molecular sites. The resulting wave function dens
~w*w!loc is also plotted in Fig. 4~b!. Anthracene and the ph
thalocyanines are materials typical of this class of molecu
crystals. In fact, the calculated band structure shows
electronic polarization effects reduce the effective bandwi
in anthracene50 by 50%. The resulting electron mean fre
path is found to be smaller than the intermolecular spac
demonstrating the inconsistency of the band model
anthracene-type crystals.

Nevertheless, for some molecular crystals, where ther
significant overlap between thep systems of closely stacke
adjacent molecules, the energy bandwidth is comparabl
or larger thanVpseudo,

22 while the mean free path can b
comparable to or greater than the intermolecular spac
leading to significantly delocalized charge carriers. Since
electronic polarization time constant is very sho
~10216–10215 s!,9 the one-electron model might still apply
with the exact form and magnitude ofVpseudodepending on
the crystal structure, the unit-cell basis, and the degree
overlap of the intermolecularp orbitals.

Given the unusually small intermolecular distance
PTCDA, which leads to a high hole mobility~;1 cm2/V s!
along the stacking direction, spatially extended CT states15,28

with large~;1! oscillator strengths, and a total ‘‘bandwidth
of 0.1–0.4 eV~Ref. 20!, comparable toVpseudo;0.5 eV.
Here, we use the measured17 value forVexc ~;1 eV!, and the
calculated PE51.5 eV for PTCDA, along with
Vpseudo5uVexc2PEu. Thus we infer that, in the case o
PTCDA and similarly ‘‘large bandwidth’’ vdW solids
Vpseudo can be neglected. Following the treatment in S
II B, the Hamiltonian for such delocalized CT excitons in t
center-of-mass coordinates is thus6

H05T1Ve-h1Vpseudo>2
\2

2 S ¹ i
2

mi
1

]'
2

m'
D 2

q2

r
1PE~r !.

~19!

FIG. 4. ~a! Schematic diagram showingVe-h ~dotted line!, the
total potentialVe-h1Vpseudo~solid line!, andw*w as a functionr for
a delocalized exciton.~b! Ve-h , the total potentialVe-h1Vpseudo,
andw*w as a functionr for a localized exciton.
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Herer5re2rh is the displacement vector of thee-h pair,T
is the kinetic energy,mi5me,imh,i /(me,i1mh,i) is the re-
duced effective mass along directioni5' or i, me (mh) is
the effective electron~hole! mass, and\ is the Planck’s con-
stant divided by 2p. For PTCDA, we approximate' to be
along the substrate normal,z.47 As in Sec. II B, the last two
terms can be replaced by Eqs.~17! and~18! for an excellent
approximation.

III. EXCITONS AND QUANTUM SIZE EFFECTS

A. Free-exciton wave function and energy

To treat the dielectric and mass anisotropies in solv
Eq. ~19!, cylindrical coordinatesr5(r,f,z) are used to re-
flect the nearly isotropic nature of PTCDA ini directions
~r,f!, and the significant anisotropy in the' direction (z).
To incorporate the mass anisotropy, we use the unitless
ordinates r 85(r8,f8,z8), such thatr5bir8, f5f8, and
z5b'z8, where bi is the length unit,bi5ab«avgAm0 /mi ,
ab5\2/m0q

250.529 Å is the Bohr radius of the free elec
tron, andm0 is the free-electron mass. The energy unit
Ryd/«avg

2 , where Ryd5q2/2ab513.6 eV. The reduced
Hamiltonian becomes

h05
H0

Ryd/«avg
2 52¹ r 8

2
2

2

Ab i
2r821b'

2z82
, ~20a!

where the anisotropy of the crystal is expressed by

b i5Ami /m0«avg/« i . ~20b!

Thus, in reduced coordinates, the kinetic-energy operato
isotropic, where the anisotropic mass and dielectric ten
elements are contained inb i . Focusing on the lowest, 1s
exciton state, we choose the trial wave function52

w1s5exp~2g!/Apci
2c', ~21a!

where

g5~r82/ci
21z82/c'

2 !1/2. ~21b!

Hereci andc' are variational parameters used to minimi
energy, wherec'/ci describes the resulting asymmetry of th
wave function. The lowest energyĒ 1s

(0) is found via
Ē1s
(0)( c̄i ,c̄')5minci ,c'

@E(ci ,c')#5minci ,c'
^w1suH0uw1s&, and

the exciton radius along i is then āi5bi c̄i
5abc̄i«avgAm0 /mi .

To show how anisotropies in the dielectric tensor can d
tort the 1s state, in Fig. 5 we plotā' and āi as functions of
the anisotropy parameterbi/b' for m'5mi5018m0 , and
«avg53.23. In this case ofm'5mi , thenbi/b'5«'/«i . Thus,
for «',«i , we findā'.āi , and vice versa. That is,āi scales
inversely as« i , leading to asymmetries in thes state. To
include the effects of mass anisotropy, we plot the ratio
exciton radii in reduced unitsc̄'/ c̄i as a function ofbi/b' in
the inset of Fig. 5. Obviously, whenb'5bi , the wave func-
tion is spherical, leading toc̄'5 c̄i ~i.e., ā' /āi5Ami /m'!.
In this case, the 1s state energy isĒ 1s

(0)5Rydb'
2/«avg

2 .
On the other hand, anisotropic potentials~biÞb'! result

in anisotropic exciton radii (c̄iÞ c̄'). Once again, for smal
bi/b' , the radius along' is larger than that alongi, giving
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10 584 55ZILAN SHEN AND STEPHEN R. FORREST
c̄'. c̄i . This result at first appears to be unexpected, sinc
smaller radius is anticipated in the direction where« is
smaller, orm is larger. To understand this apparent cont
diction, in Fig. 6 we plot the kinetic energy (T), the potential
energy (V), the total exciton 1s state energy (E1), andāi as
functions of a' for three cases:e'5ei53.23; e'52.2 and
ei54.2; ande'54.5 andei52.9, using15 mi5m'50.18m0 ,
and«avg53.23. For eacha' , E1s is minimized with respect
to ai . We find that isotropic media (e'5e i) have the lowest
1s state energy. Fore',e i , the potential energy has
weaker dependence ona' as compared to the isotropic cas
while the kinetic energy maintains a similar dependen
Therefore the minimum energy is located at largera' , as
inferred from Fig. 6.

The inset of Fig. 7 is a plot ofE 1s
(0)(ai ,a') as a function

of ai anda' , using15 mi5m'50.18m0 , andVe-h as calcu-
lated in Sec. II. The minimum valueĒ 1s

(0)5(191620) meV
is obtained forāi5(9.860.3) Å andā'5(12.560.2) Å. As
expected, the exciton radius is larger along', where the
close molecular stacking for PTCDA leads to pronounc
wave-function delocalization as compared with that alongi.
Fixing the spatially averaged dielectric constant
«avg53.23, we plotĒ 1s

(0) in Fig. 7 as functions ofbi/b' for
three different effective-mass tensors~solid line:
mi50.16m0 andm'50.16m0 ; dashed line:mi50.26m0 and
m'50.16m0 ; dotted line:mi50.40m0 and m'50.10m0!.
We find thatĒ 1s

(0) increases whenbi/b' is far from 1. That is,
given a fixed«avg, the lowest exciton binding energy in
creases with increasing anisotropy, as the lowest state w
function deviates from the isotropic 1s wave function. As
expected, larger effective masses result in larger exc
binding energies and smaller exciton radii.

B. Electroabsorption

Electroabsorption and electroreflection studies h
provided considerable information about band and loc

FIG. 5. Exciton radiiā' and āi , as functions of the reduce
anisotropy parametersbi/b' for m'5mi50.16m0 . The spatially
averaged dielectric constant is fixed at«avg53.23. In this plot,
bi/b'5«'/«i . The vertical lines indicate the anisotropies charact
istic of PTCDA and NTCDA. Inset: Reduced exciton radiic'/ci as
a function of anisotropybi/b' .
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ized states in both organic and inorganic semico
ductors.28–30,53–57Localized states in molecular crystals re
sult in comparatively smaller electric-field effects than in in
organic semiconductors, where the low exciton binding e
ergy ~;10 meV! can be strongly perturbed by even sma
external fields. Hence, in molecular crystals, the first- an
second-order Stark effects are interpreted in the context o
local dipole moment interacting with a local electric
field.11,53 For tightly bonded~;1 eV! Frenkel excitons, the
change of absorption follows the first derivative of the ab
sorption with respect to energy,54 and for polar CT excitons
with large transition dipoles and with binding energies<500
meV, the change of absorption is proportional to the seco
derivative of the absorption spectrum.11,55

-

FIG. 6. Kinetic (T), potential (V), and total (E1s) energies, and
in-plane radius (āi) as functions ofa' for isotropic (e'5e i

53.23) andanisotropic~e'52.2, ei54.2, dotted curves;e'54.5,
ei52.9, dashed-dotted curves! dielectric tensors. For these curves
the energy is minimized with respect toai , taking
mi5m'50.18m0 and«avg53.23. The symbols correspond to val-
ues obtained at the minimum energy with respect to bothai and
a' .

FIG. 7. Minimum energy of the 1s-like exciton state (Ē1s) as a
function of anisotropy ~bi/b'! for different reduced effective
masses. Inset: 2D plot of E(ai ,a') as a function ofai anda' . The
calculation is done withmi5m'50.18m0 , and«J is obtained using
Eq. ~18!. The minimum energyĒ 1s

(0)5(191620) meV ~indicated
by a dashed line!, corresponds toāi5(9.860.3) Å and ā'

5(12.560.2) Å.
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However, organic systems containing extended, con
gated bonds have been suspected of having wide en
bands.56,57 Furthermore, molecular systems with close
stackedp orbitals may also have sufficient overlap to su
port delocalized exciton states, such that their EA spect
needs to be considered as a perturbation of these deloca
states. For example, electroreflectance studies of thep2p*
excitations of the poly-diacetylene single crystal poly-1
di~N-carbazolyl!-2,4-hexadiynel shows an extended CT e
citon state whose EA response is ten times larger than for
localized Frenkel exciton lines in that same material.54,55

The EA spectrum due to excitons in crystalline thin film
of PTCDA has been previously studied.28 In that work, the
EA transmission spectra were measured at room tempera
where the peak amplitude of the sinusoidal field varied fr
F5uFu5100–300 kV/cm. In that work, we observed a qu
dratic dependence of the change of absorption~Da! on F,
shown in Fig. 8. Given the HamiltonianH0 along with the
basis wave functionswn provided in Eqs.~20! and ~21!, we
can fit the data using

H5H01H1 , ~22a!

whereH1 is the potential energy due to the applied fie
However, since an external fieldF0 will polarize the crystal,
the local fieldFloc on the exciton and the macroscopic fie
Fmac in the crystal may be different. It can be shown~Ap-
pendix A 1! that

H15qE
r e

r h
Floc•dr5qFmac•r . ~22b!

At low electric fields ~i.e., qFaavg5quFuaavg,E 1s
(0)'200

meV, orF,2 MV/cm, whereaavg5A3 ā'āi
2'11 Å!, H1 can

be treated as a perturbation toH0 . Using the trial wave
function58

c1s5w1sH 12
2H1«avgaavg

q2
~11g1s/2!J , ~23!

the energy shift is thus found for a field oriented in the n
mal and in-plane~i5', i, respectively! directions, as

DE5E1s2E1s
~0!52 9

4«avgFi
2āi

2aavg. ~24!

Also, the broadening of the state due to the external fiel
given by

^H1
2&5^~qFmac•r !

2&5q2Fi
2āi

2. ~25!

The ratio of shifting to exciton line broadening is therefo
independent of crystal direction:

DE/^H1
2&52«avgaavg9/4q

2. ~26!

Therefore, in the limit of small fields, the change of the e
citon absorption spectrum depends quadratically on the e
tric field, via

Da~F,Eph!5
]a~Eph!

]Eph
DE1

]2a~Eph!

]Eph
2 ^H1

2&1••• ,

~27!

whereEph is the photon energy. The quadratic depende
@Eqs.~24!–~27!# is shown in the inset of Fig. 8 for PTCDA
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where the electric field is applied along', andDa is mea-
sured at photon energies:Eph52.1 and 2.2 eV. The EA spec
tra at various electric fields oriented along different dire
tions are also plotted in Figs. 8 and 9.

The lowest energy absorption peak at~2.2360.03! eV in
the PTCDA spectrum has previously been associated un
biguously with a spatially extended CT state, whereas
higher-energy absorption peaks correspond to Frenkel e
ton absorption.14 Due to the localized nature of the Frenk
excitons, these latter states are less sensitive to the ap
electric field due to their small spatial extent.55 Furthermore,
since the Frenkel excitons respond to the electric via
change in polarizability, the EA spectra of such states
proportional to the first derivative of absorption11 ]a/]E.
Hence the high-energy features~.2.3 eV in PTCDA! exhibit
a smaller electric-field dependence and different line sh
as compared to the low-energy CT states. From Figs. 8
9, therefore, we conclude that the EA spectrum measured
PTCDA is primarily due to line broadening of the lowes
energy CT state.

HenceDa is fit using two parametersDE and^H 1
2&, while

]a/]E and]2a/]E2 are obtained from the lowest, inhomo
geneously~phonon! broadened CT absorption line which
accurately approximated by a single Gaussian14 ~lower
dashed line of Fig. 9! with a peak energy of~2.2360.03! eV
and a width of ~0.1760.02! eV. According to Eq.~26!,
broadening dominates the EA spectra due to the small e
ton radius @DE/^H 1

2&;20.1460.02 ~105 V/cm!2/
~meV!2#. Thus the ratioDE/^H 1

2& is used to estimateaavg,
while ^H 1

2&'/^H 1
2& i gives the ratio of the exciton radii alon

' and i directions. Figure 9 shows the EA data and fits f
normal and in-plane fields. Due to the large absorption a
reduced detector sensitivity energies.2.3 eV, the signal-to-
noise ratio was insufficient to resolve any additional E
spectra features at high energies. From these fits, we
ā'5(12.560.5) Å and āi5(10.260.4) Å ~see Table III!.
Note that the fits in Fig. 9 are improved from those repor
previously due to the use of the microscopic Hamiltoni
@Eq. ~19!# along with our calculation ofPE for PTCDA in
Fig. 3.

The small anisotropy found for the PTCDA exciton rad

FIG. 8. Room-temperature PTCDA electroabsorption~Da!
spectra at various electric fields oriented normal to the subst
F' . Inset: Electroabsorption magnitude as a function ofF'

2 at two
different photon energies,Eph52.1 and 2.2 eV.
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suggests a similarly small anisotropy in the effective reduc
mass. Indeed, we find the effective masses to
m'5(0.1760.01)m0 andmi5(0.1960.01)m0 , along with
an exciton binding energy ofE1s5(185620) meV ~results
summarized in Table III!. This apparently contradicts previ
ous measurements of the hole mobility,37 where
mp,''106mp,i , suggesting thatm'!mi . However, we note
that the EA measurement provides the so-called ‘‘Coulo
bic’’ effective mass of the nearly symmetric 1s state, while
the mobility measurements provide the ‘‘transport’’ mass
ferred fromm5qt/m. Clearly, these two measurements c
yield very different values form sincem}t, wheret is the
carrier scattering time. That is,t can carry the anisotropy in
m due to enhanced scattering along a particular crystal
direction. For the case of PTCDA, the motion of a char
along i is easily scattered by the large intermolecular pote
tial barriers~for example,Vpseudoin Fig. 4!, leading to strong
localization in that direction. Hence,ti is expected to be
much less thant' , leading to the very anisotropic mobility
observed, while the effective mass remains largely isotro
since it is primarily due to the electronic distributionwithin a
given molecule.

FIG. 9. Absorption~a! and electroabsorption~Da! spectra of
PTCDA. Top: Electroabsorption spectra and numerical fits~dashed
lines! with fitting parameters listed in Table III. For the field or
ented parallel to the substrate, the electroabsorption~circles! Dai

was obtained atF i50.16 MV/cm, and for perpendicular field
~squares! Da' , the field wasF'50.15 MV/cm. Bottom: Absorp-
tion spectrum~triangles! and the fit ~lines!. The fit of the total
spectrum assumes a series of Gaussian line shapes correspond
previously resolved~Ref. 14! exciton line shapes for PTCDA. The
dash-dotted line corresponds to the CT absorption component o
fit with a peak energy of~2.2360.03! eV and a width of 0.17 eV.
d
e

-

-

e
e
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The analysis of the EA spectra is also valid for Wann
excitons in semiconductors such as GaAs,29,30 since the
theory suggests that both delocalized CT excitons and W
nier states have the same origin described by the Ham
tonian in Eq.~19!. In fact, the EA spectrum of PTCDA in
Fig. 8 is very similar to that found by Milleret al. for GaAs,
shown in Fig. 10~data points!. The broadening observed in
GaAs was qualitatively attributed, in that work, to field ion
ization shortening of the exciton lifetime, optical-phono
collisions, etc. However, a more quantitative fit can
achieved using the same wave function and potential e
ployed to describe field-induced line broadening in CT ex
tons in organic films. Hence in Fig. 10 we show the EA da
and a fit starting with the measured exciton absorption sp
trum shown by the dotted line in Fig. 10. Our best fit
obtained assuminga'70 Å, andE1s'8 meV, consistent
with expected values for bulk GaAs. The fact that the sp
trum can be fit by the same theory applicable to the orga
EA spectrum supports the assumption that Wannier and
excitons have a common physical origin which can be a
proximated by a hydrogenic wave function broadened in
external electric field. Indeed, to our knowledge, this is t
first case where the bulk GaAs EA line shape has been
curately fit by a simple quantum-mechanical model.

Note that for both PTCDA and GaAs, we use the relati
values ofDE/^H 1

2& and ^H 1
2&'/^H 1

2& i to find the exciton
binding energy and radii along the different crystal dire

g to

he

FIG. 10. Top: Fit~dashed line! to the electroabsorption spec
trum ~squares! of GaAs atF58 kV/cm taken from Ref. 29 using
the theory in text. Bottom: Band-edge absorption spectrum of Ga
indicating the Wannier exciton state. Data are also from Ref. 2
TABLE III. Summary of the result for PTCDA.

Symbol Unit EA results QC results

Exciton binding energy E1s meV 185620 177620
Exciton radius along the normal
direction

a' Å 12.560.5 12.961.0

Exciton radius along the in-plane
direction

ai Å 10.260.4

Effective reduced mass along the normal
direction

m' m0 0.1760.02 0.1660.02

Effective reduced mass along the in-
plane direction

mi m0 0.1960.02
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tions. However, theabsolute magnitudeof the measured
broadening and the Stark shift as a function of electric fi
F is ;10 times smaller than expected. We speculate that
discrepancy is primarily due to the strong exciton-phon
coupling leading to substantial equilibrium line broadeni
which would tend to reduce the observed effects.59 However,
a more quantitative explanation of this discrepancy rema
to be developed.

C. Quantum confinement in organic
multilayer structures

Evidence of quantum confinement~QC! of extended CT
states in organic multilayer structures was previously p
vided by So and Forrest,15 Haskalet al.,16 and Honget al.18

It was observed that the lowest-energy absorption peak,15,18

the ground-state vibrational frequency16 of the exciton fluo-
rescence spectra, and the exciton photoluminescence p18

shift to higher energies as the layer thickness is decrea
Here we use the Hamiltonian of Eq.~19! to quantitatively
study these blueshifts in the lowest-energy~CT! absorption
peak in PTCDA.

The blueshift in PTCDA/NTCDA MQW absorption an
fluorescence has been attributed15 to excitons confined by
energy discontinuities of the HOMO and LUMO bands at t
heterointerfaces between the adjoining organic layers. T
the shifts, So and Forrest15 modeled a single PTCDA quan
tum well sandwiched between NTCDA layers, and a fix
ā' at 12 Å, along with an isotropic effective mas
mi5m'50.18m0 and dielectric constant «̄5(«'

12« i)/353.6. The exciton in-plane radiusāi was found to
increase monotonically with the increasing well width (d),
and it asymptotically approaches the free exciton Bohr rad
of 12 Å asd@āi . Here we take a more rigorous and gene
approach by using the Hamiltonian in Eq.~19!, and allowing
the effective mass to be anisotropic and discontinuous ac
the heterointerfaces.

The Hamiltonian of ane-h in the multiple quantum-well
structure is

H5Ti1Te,'1Th,'1Ve-h1Ve~ze!1Vh~zh!, ~28!

where Ti is the in-plane kinetic energy,Ti5(2\2/
2me-h,i)¹ i

2, me-h,i is the reduced mass alongi, and
Te,'5(2\2/2me,')(]

2/]ze
2) and Th,'5(2\2/2mh,')(]

2/
]zh

2) are the kinetic energies along the normal direction w
corresponding massesme,' andmh,' . Also,ze andzh are the
normal coordinates for the electron and hole, respectiv
Ve-h is obtained from Eq.~17!, andVe andVh are the LUMO
and HOMO levels~inset Fig. 11!. For multilayers consisting
of PTCDA and NTCDA, the offsets of the LUMO an
HOMO energy-band minima were found15 to be
DELUMO5980 meV andDEHOMO550 meV~where NTCDA
has the larger HOMO-LUMO energy gap!. For simplicity,
we only consider QC of the lowest, nearly symmetric 1s CT
state corresponding to the lowest-energy absorption peak
served in the PTCDA spectrum.

The inset of Fig. 11 shows a symmetric MQW with
periodicity of 2d. Here,N50,61,62, . . . denotes the num
ber of the multilayers, where even numbers are for
quantum-well~PTCDA! regions, and odd numbers are f
the barrier~NTCDA! regions. SinceDELUMO@DEHOMO,
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and me@mh , the electron is approximated as confined
layer N50 of infinite depth. For a hole in layerN ~where
zhP[Nd2d/2, Nd1d/2]!, the trial wave function of the
lowest exciton state can be written as the product of
free-exciton wave function [we-h(r,z5zh2ze)], and the
electron [we(zz)] and hole [wh(zh)] envelope functions.
These later two functions are oscillatory in the wells, a
decaying in the barriers~see Appendix A 2!:

c5A~N!cos~pze /d!

3H cos@k~zh2Nd!#exp~2g! NPeven

cos~kd/2!cosh@k~zh2Nd!#

cosh~kd/2!
exp~2gg! NPodd,

~29!

with g5mh,b,'/mh,w,' , and wheremh,w,' andmh,b,' are the
effective hole masses along thez direction in the well and
barrier regions, respectively. Also,k andk are obtained via

Hhwh5@Th,'1Vh~zh!#wh5Ehwh . ~30!

Minimizing E1s(ai ,a')5^cuHuc&, we fit the absorption
peak shift data obtained by So and Forrest15 in multilayer
structures, such that an independent estimate of exciton
dius and reduced mass can be compared with values fo
from the EA measurements~see Sec. III B!. The detailed
treatment of variational minimization of the exciton ener
in MQWs is provided in Appendix A 3.

Using mh,'50.16m0 ~listed in Table III!, we fit the 25
meV blueshift observed as the well widthd decreases from
500 to 3 Å ~solid curve, Fig. 11!. The results obtained fo
different hole masses are also shown for comparison in
11, where the dashed curve corresponds tomh,'50.18m0
and the dotted line corresponds tomh,'50.14m0 . We find
that the blueshift of the exciton energy vsd tapers off for

FIG. 11. Energy shift of the PTCDA CT absorption peakDE as
a function of PTCDA layer thicknessd. The symbols correspond to
the experimental data, and the solid curve is the fit us
mh,'50.16m0 . The fit is also compared with the dashed cur
usingmh,'50.18m0 , and the dotted line usingmh,'50.14m0 . In-
set: Schematic diagram of the quantum-well structure consistin
alternating PTCDA and NTCDA layers of equal thickness. HereN
is the layer index.
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d,10 Å due to the onset of tunneling between wells,
which case the holes are no longer further confined asd→0.
This condition corresponds to that observed for multiple
ganic bilayers recently reported by Honget al.18

Thus the estimated effective mass along the normal di
tion measured using the absorption blueshift data in PTCD
NTCDA MQW’s is consistent with the results obtained fro
fitting the EA data for homogeneous PTCDA thin films~see
Table III!. The consistency shows the validity of describing
CT exciton using hydrogenic wave functions, and theref
suggests that Wannier states in inorganic semiconductors
CT excitons in such tightly stacked nonpolar vdW-bond
organic crystals have essentially the same physical ori
This observation is similar to the case of the transition
Frenkel to Wannier excitons previously observed in press
ized fluid xenon.60 Furthermore, the narrowing of the optic
bandgap of PTCDA under hydrostatic pressure41 supports
the delocalized picture for the CT exciton in this materi
These data provide conclusive evidence that Wannier-
CT excitons exist in molecular compounds characterized
closely spaced planar molecules, resulting in a large mole
lar wave-function overlap between adjacent molecules le
ing to extended~Block-like! electronic states.

D. Stark shifts and spectral broadening
in organic MQW’s

In previous work,61 the Stark shift in organic MQW’s was
calculated. The exciton ground-state energy shift for vari
quantum-well configurations was found to be similar to t
bulk values. However, line broadening was not consider
although we saw from the previous discussion that this pl
an important role in determining the EA spectra.28We briefly
showed quantum confinement effects on the broadenin
the context of the Hamiltonian in Eq.~19!.

In Eq. ~25!, it was found that the broadening is propo
tional to the exciton radius. For the electric field orient
along', the ratio of line broadening for the confined vers
the free exciton is

j5^cuz2uc&/^wuz2uw& ~31!

wherec is the wave function for confined states@Eq. ~29!#,
and w is the free 1s exciton state @Eq. ~21!#. Using
mi5m'50.16m0 and«avg53.2, we calculate the broadenin
ratio for two different HOMO-LUMO energy barrier offset
~DEHOMO550 and 550 meV! with the result shown in Fig.
12. As expected, for thick wells@d/aeff→`, whereaeff is
defined in Appendix A 3 as the free-exciton radi
aeff5ā'(d→`)#, the broadening is not affected by the qua
tum well. Asd decreases, the broadening decreases with
exciton radius as the exciton is ‘‘squeezed’’ by the barr
layers, where a larger barrier height results in a larger c
finement~therefore, smaller broadening!, as one would ex-
pect. However, asd decreases further, tunneling betwe
layers becomes significant. In this case, the exciton ra
increases with respect to decreasingd, eventually reaching
its bulk value ford→0.

Thus we conclude that multiple quantum wells can red
the CT line broadening at some optimized well widthdopt:
the larger the barrier energy, the smaller the broaden
However, since the magnitude of the EA depends on b
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shift and broadening, the reduced broadening in MQW’s w
result in a smaller, total EA effect.

IV. CONCLUSIONS

We develop a method to treat CT excitons analytically i
tightly packed neutral molecular crystals, which accurate
describes several different spectroscopic features of orga
nanostructures. Starting from a calculation of the polariz
tion energy in anisotropic organic crystals, we derive th
electron-hole interaction potential, and confirm the validit
of approximating the organic crystal by a quasimacroscop
polarizable medium specified by an effective dielectric ten
sor «J~r !. We find that for organic crystals with a large over
lap between the orbitals in adjacent molecules, the C
charge pair becomes delocalized, resulting in a crystalli
pseudopotential smaller than the energy bandwidth. In th
case, the CT exciton can be accurately represented by a
drogenlike wave function.

Using a Hamiltonian modified to account for the calcu
lated molecular polarization, and using the resulting hydr
genic trial wave functions, we are able to accurately fit th
electroabsorption data for homogeneous PTCDA thin film
as well as the absorption spectral shifts observed in PTCD
based multiple quantum wells. The analyses of such expe
ments give independent and consistent estimations of the
citon radii for PTCDA along different crystal axes. A nearly
spatially symmetric CT exciton with a radius of;11 Å ~and
an eccentricity ofai/a'50.8! is found, which corresponds to
the observation of a nearly isotropic effective mass. We su
cessfully extend this treatment to other exciton system
found in a wide range of interesting neutral organic molec
lar and inorganic semiconductors~such as GaAs!, suggesting
that Wannier and CT excitons have a common physical o
gin which can be approximated by a hydrogenic wave fun
tion. This work provides conclusive evidence that PTCDA

FIG. 12. The ratio of CT exciton line broadening in a MQW to
the broadening in bulk, as a function of the reduced well widt
d/aeff . Hereaeff5«avg\

2/mq2, which equals the exciton radius for
bulk material. For simplicity, this calculation assumes an isotrop
effective mass and a dielectric tensor, such thataeff is not sensitive
to orientation. Two values of the HOMO offset,DEHOMO550 and
550 meV, are assumed. A larger HOMO offset results in a larg
change in the broadening.
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and similarly close-packed molecular compounds represe
class of materials that share many properties with both c
ventional semiconductors and insulatorlike organic mole
lar crystals.

In summary, the primary finding of this work is the com
mon physical origin of Wannier and CT excitons in close
packed organic molecular crystals. While the results of t
work can be easily generalized to explain a variety of obs
vations of the optical properties relating to the layer thic
ness or aggregate size of both organic and inorganic n
structures, we provide an interesting viewpoint with which
consider van der Waals-bonded solids represented by th
chetypal compound PTCDA. The broad and rich range
physics developed for understanding quantum confinem
in inorganic semiconductors which has ultimately lead to
precise control and manipulation of their densities of sta
to attain desired optoelectronic properties, appear to
equally applicable to organic nanostructures, provided th
is a sufficiently large degree of charge delocalization res
ing from details of the crystal structure. In that sense, ‘‘tra
sitional’’ materials such as PTCDA and related compoun
have bridged the gap between highly delocalized semic
ducting systems, and insulators.
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APPENDIX

1. Screening of a position-independent external field

Given ane-h pair with a position-independent extern
field F0, we take the Fourier transformation over a period
crystal lattice to obtain

F0~y!5(
l
F0exp@2p iy•r ~ lkk8!#51/nF0d~y!. ~A1!

The polarization response of the crystal in Fourier spac
then

pE~y!5 (
kakb

@Fe~2y,kake!1Fh~2y,kakh!1F0~2y!#T

3QJ ~kakb!•@Fe~y,kbke!1Fh~y,kbkh!1F0~y!#

5pE,e-h~y!1pE,F~y!1Dp~y!, ~A2!

wherepE,e-h corresponds to the polarization response due
thee-h pair,pE,F is the polarization response to the extern
field F0, while Dp is due to the coexistence of both thee-h
pair andF0, and can be viewed as the contribution toVe-h
due to the external field, or the contribution to the exter
field potential corrected by thee-h pair screening:
t a
n-
-

is
r-
-
o-

ar-
f
nt
e
s
e
re
t-
-
s
n-

-

is

o
l

l

Dp~y!5 (
kakb

$@Fe~2y,kake!1Fh~2y,kakh!#
T
•Q̄~kakb!

•F0~y!1F0~2y!T•QJ ~kakb!

•@Fe~y,kbkh!1Fh~y,kbkh!#%. ~A3!

HereFe is the field induced by the electron

Fe~y,kke!52q lim
r→r ~ l eke!

(
l
exp@2p iy•r ~ lk,l eke!#

3¹ur ~ lk !2r u21, ~A4!

with a similar expression for the field induced by holesFh .
Now Dp is nonzero for the regions neary→0, where12

Fe~y,kke!→2~ i2q/n!y/uyu2. ~A5!

Noting that the external field is irrotational~i.e., F03y50!,
we have

Dp→(
kakb

H 2
4q sin~py•r !

uyu2n @y•Q̄~y,kakb!•F0~y!

1F0~2y!•QJ ~y,kakb!•y#J
→~28pq/n2!(

kakb
@y•Q̄~y,kakb!•y#

3~F0•y!d~y!/uyu2. ~A6!

Integrating overy then yields the total polarization energ
DP due to the coexistence of thee-h pair and the externa
field, via

DP52
n

2 E
bz
dy Dp→~2qF0•r !S 12

1

«avg
D , ~A7!

where we define the spatial average dielectric constan
3/«avg51/«'12/«i . Note that the macroscopic electric field
Fmac5E0/«avg5V/d, whereV is the applied potential acros
the organic film of thicknessd. The potential at thee-h pair
due to the external field is then

H15qE0•r1DP→~qE0•r !/«avg5qFmac•r . ~A8!

The external field is therefore screened by the spatially
eraged dielectric constant«avg as a result of the polarization
of the ionic displacement of the crystal.

2. Trial wave function for excitons
in a multiple-quantum-well structure

For a symmetric MQW with periodicity 2d, the trial wave
function is

c~r,u,zh ,ze!5we~ze!wh~zh!we-h~r,u,z5zh2ze!,
~A9!

while the electron and hole potentials are nonzero in
barrier regions@i.e.,V(zh)5DEHOMO andV(ze)5DELUMO#,
and are zero in the well regions. In PTCDA/NTCDA mult
layers,DELUMO@DEHOMO,

15 andme@mh , and the electron
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is thus approximated as confined in layerN50 of infinite
depth. Therefore, for the lowest-energy state, we have

we~zz!5H cos~p0ze /d! uzeu<d/2

0 uzeu.d/2
, ~A10a!

wh~zh!5H cos@k~zh2Nd!# NPeven

cos~kd/2!cosh@k~zh2Nd!#

cosh~kd/2!
NPodd ,

~A10b!

we-h~r,z5zh2ze!5A~N!exp~2gN!, ~A10c!

wheregN5[r2/a i ,N
2 1(zh2ze)

2/a',N
2 ] 1/2 is a function of the

variational parametersai and a' , and subscriptN denotes
the layer index. Since hole masses are different in the dif
ent layers, this leads to concomitant differences inai , a' ,
andg. Assuming that the wave function and mass flux acr
the heterointerfaces are continuous, we determine the e
gies and wave functions. At the boundary of layerN5u2N8u
and u2N8u11, zh5(u2N8u11/2)d, we have

A~ u2N8u!cosS kd2 Dexp$2gu2N8u@z5~ u2N8u11/2!d#%

5A~ u2N811u!cosh~kd/2!

3exp$2gu2N8u11@z5~ u2N8u11/2!d#% ~A11a!

and

\2k2/2mh,u2N8u,'5DEHOMO2\2k2/2mh,u2N811u,' , ~A11b!
er

th
r-

s
er-

with

k

mk,u2N8u,'
tanS kd2 D 2

k

mh,u2N8u11,'
tanhS kd

2 D
52

d

2 H 1

mh,u2N8u,'au2N8u,'
2 gu2N8u@zh5~ u2N8u1 1

2 !d#

2
1

mh,u2N8u11,'au2N8u11,'
2 gu2N8u11@zh5~ u2N8u1 1

2 !d# J .
~A11c!

Heremh,N,' is the effective hole mass in layerN. To makek
andk independent of the in-plane coordinates~r,f!, andze
in solving Eq. ~A11!, the right-hand side of Eq.~A11c!
should be zero for allr . This is only possible when

au2N8u11,i5au2N8u,i /g5ai /g, ~A12!

wherer5mh,u2N8u11,' /mh,u2N8u,' , andi stands for directions
i and'. Thus we havegu2N811u5rg u2N8u5gg. Hence

A~N!5D)
h51

uNu

exp$~21!h~11g!g~r,z5hd2d/2!%,

~A13!

whereD is the normalization constant. Hence the wave fun
tion for a hole in layerN depends on only two parametersai

anda' , such that
c5A~N!H cos~pze /d!cos@k~z2Nd!#exp~2g! NPeven

cosS pze
d D cos~kd/2!cosh@k~z2Nd!#

cosh~kd/2!
exp~2gg! NPodd .

~A14!
the
3. Variational minimization of exciton energy
in ultrathin layers and MQW’s

Shinozuka and Matsuura52 calculated the 1s state energy
for excitons in a single quantum well with an infinite barri
height using the following trial wave function:

c5cos~pze /d!cos~pzh /d!exp~2g!, ~A15!

where g is defined in Eq.~21b!. Now the kinetic-energy
operator for electrons in the direction perpendicular to
plane of the quantum wells (Te,') leads to

Te,'c

c
52

\2

2me,'
S 2

p2

d2
1

]2lnwe-h

]ze
2 12

] lnwe

]ze

] lnwe-h

]ze
D ,

~A16!

where similar expressions can be obtained for holes,Th,' .
Sincewe-h is an even function ofz5zh2ze , its first deriva-
tive is odd, and its second derivative is even, such that
e

Tc

c
5

\2p2

2m'd
22

\2

2m'

]2lnwe-h

]z2
1Hcross, ~A17a!

where the' reduced mass ism'5(1/mh,'11/me,')
21, and

Hcross5
p

d

] lnwe-h

]z F \2

mh,'
sinS pzh

d D2
\2

me,'
sinS pze

d D G .
~A17b!

Note that] lnwe-h/]z is an odd function ofz5zh2ze . Hence
the term ^Hcross&5^cuHcrossuc& is nonzero even when
mh,'5me,' , and therefore cannot be ignored.

To compare with previous results,52 we minimize
^cuHuc& with respect to parametersai anda' , assuming an
isotropic effective mass and dielectric constant. Using
effective Bohr radiusaeff5«avg\

2/mq2 as the length unit, and
the effective Rydberg energy Rydeff5mq4/2«avg

2 \2 as the en-
ergy unit, the reciprocal values ofāi and ā' which give
the lowest energy are plotted in Fig. 13~solid curves!, and
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the exciton binding energyĒ1s
B 5minai ,a'

^cuHuc&2(p2\2/

2m'd
2) is also plotted in Fig. 14~solid curve!. Note that our

results are different from those of Shinozuka and Matsuu
which we reproduce in Figs. 13 and 14~dashed lines! for
comparison by minimizinĝcuH2Hcrossuc&.

In the limit of thick layers ~d/aeff→`!, note that
]we/]zz→0 and ]wh/]zh→0, and therefore^Hcross&→0,
which is the same result as obtained for the very thin lay
~d/aeff→0!. On the other hand, the contribution of^Hcross& to
the total energy is large whend andaeff are comparable@i.e.,
when (]wh/]zh);(]we/]ze);(]we-h/]z)#. Thus our results
and those of Ref. 52 converge in both limits, while includi
^Hcross& results in lower energies for intermediate we
widths. That is, for thick layers, we findĒ 1s

B 52Rydeff and
āi'ā'→aeff as expected for a three-dimensional~3D! free

FIG. 13. Values of the variational parameters,aeff/āi and
aeff/ā' , that result in the lowest energy as functions of MQW r
duced well widthd/aeff ~solid lines!. These results are compare
with those of Ref. 52~dashed lines!.
in
n,

E.
a,

rs

exciton, while for thin layers we findĒ 1s
B 524 Rydeff , and

āi→aeff/2, suggesting a 2D exciton.
Note that, while the exciton radius alongi direction isāi ,

the exciton radius along the' direction depends on bothā'

andd, and can be expressed as

R'5A^cuz2uc&. ~A18!

In fact, for thin layers,R';d, independent ofā' .
Omitting ^Hcross& results in the radius alongi first increas-

ing, followed by a decrease as the well widthd decreases.
However, including^Hcross& results in a lower energy, an
monotonically decreasing radii withd along both' and i,
showing clear effects of barrier confinement.

FIG. 14. The exciton binding energyĒ1s
B 5minai ,a'

^cuHuc&
2(p2\2/2m'd

2) as a function of MQW well width. The energy i
expressed in units of the effective Rydberg ener
Rydeff5mq4/2«2\2, which equals the exciton binding energy fo
bulk material. Note that the binding energy obtained is lower tha
Ref. 52~dashed lines! for intermediate quantum-well width.
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