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We use a quantum-mechanical model to analyze charge-trai@Sfeexcitons 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 dianhgffi@é®A) 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 materidiS0163-18207)07615-1

[. INTRODUCTION state in crystals consisting of alternately arrayed donor and
acceptor molecules (so-called “donor-acceptor
Excitons play a fundamental role in the optical propertiescomplexes’),” the CT state is usually considered as an unre-
of solids, and have been studied for many years beginninkxed polaron paif,with both the positive and negative po-
with the early experimental and theoretical work of Hilsch larons of the charge pair localized on a set of discrete, iden-
and Pohtt Frenkel? and Wannief. The two extreme situa- tifiable, and nearly adjacent molecufés!® The relaxed
tions, the extended Wannier-Mott exciton and the localizeg?olaron state is called a charge pair stateself-trapped CT
Frenkel exciton, have been intensively investigated, an@*citon,~"which is atan energy lower than CT states due to
quantum-mechanical models have been developed to d&trond exciton-phonon coupling. _ _
scribe these fundamental excitations. In the first case, the _Th|s localized picture IS true only if gach molecule is a
Wannier-Mott exciton is based on a band structure arisin ﬁmt source Ofl a&fgnqtmn-hke potential. In th"’!t Icasﬁ’
from a significant overlap of crystalline periodic potentials. arges can only exist in a d_eep, narrow potential well at
. : . each nuclear or molecular site. In general, however, the
Assuming a single-electron model by applying the Hartree-

charge is not static. Since the molecular ion has a finite size,

Fock approximation, the Wannier-Mott exciton can be relo'shape, and orientation, the potential cannot be accurately

resented b_y ar1_7orthonormal complete set of hydrogenli,k‘?nodeled by aé function. In addition, for planar stacking
wave function$~" In the second case, the Frenkel exciton iSmolecules where there is significant overlap betweensthe

considered as an intra-atomic or intramolecular excitationyystems of adjacent molecules in the stack, the electronic
moving from site to site, with neither internal degrees ofgtates can no longer be considered as highly localized at a
freedom nor internal quantum numbers. As a result of polarsingle Iattice site. As a result, the exciton wave function must
ization of the electronic subsystems of the surrounding lathe an extended state, with its shape and symmetry intimately
tice due to charges and excitorigg., many-body interac- dependent on the crystalline and molecular structures.
tions), polaron-type quasiparticles are created. This renders In fact, extended CT states and quantum exciton confine-
the single-electron approximation inapplicable, and hence ient in organic thin films have already been proposed and
is replaced by a Hamiltoni&n'® that describes the Frenkel observed?*8For multilayer structures, or multiple quantum
state by the exciton band number and wave vector. Howevewells (MQW'’s) consisting of ultrathin layers of the planar
the internal quantum number of the Wannier exciton may instacking molecule 3,4,9,10-perylenetetracarboxylic
fact correspond to the Frenkel exciton band number, whilaianhydridé® (PTCDA, C,,O¢Hg) sandwiched between simi-
such Frenkel excitons can be regarded as a limiting case ¢dr layers of 3,4,7,8-naphthalenetetracarboxylic dianhydride
the Wannier state, where the relative electron-haeh]  (NTCDA, C,,04H,), it has been found that the energies of
motion is confirmed to a small region of atomic or molecularthe exciton absorption pefkand the vibrational frequencies
scale? in the PTCDA fluorescence spectrtfirincrease with de-
The charge-transfeiCT) exciton is intermediate between creasing layer thickness. Recently, photoemission and in-
these extremes, where the exciton is neither very extendegerse photoemission studies of PTCORef. 17 showed
nor tightly bound at a single molecular site. Since the conthat the electron-hole exchange energy, which is the energy
cept of the CT exciton originates from the lowest excitedneeded to remove an electron from one molecule and place it
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on another, i¥ ~1 eV, or somewhat larger than the previ- tion (EA) spectr&® as well as other quantum phenomena
ously estimated molecular bandwidth of 0.1-0.4 ¥¢*  frequently observed in nonpolar organic molecular
This indicates the weak correlation as a direct result ofrystalst®'’ Furthermore, we show that our method is gen-
charge delocalization in PTCDA. All of these results suggesgral, and can be used to describe EA spectra in inorganic
that extended CT excitons are best described using quantuggmiconductors such as Gas?
(extendedl rather than electrostatidocalized models typi- This paper is divided into two main parts. In Sec. Il, we
cally applied to organic molecular crystdls. calculate the polarization eqergies pf arh pair in bu]k

In other experiments, photoluminescence and UV absorp2rganic crystals and alternating, lattice-matched mulnlayers
tion spectra of self-assembled ultrathin films consisting offUch @ MQW's. As an example, we calculate the polariza-
alternating layers of the conjugated copolymer, cofigh- tion energies for closely packed, highly anisotropic, ne_utral
phenylenevinylene-1,4-napthylenevinylénend the noncon- molecular crystals such as PTCDA. Based on the quasimac-
jugated insulating polymer, pdistyrene-4-sulfonaje also roscopic e-h potential, we then write the effective one-
indicate blueshifts upon decreasing the total thickness of thgxciton Hamiltonian. In Sec. Ill we study the effects of an-
copolymer stack$® As in the case of PTCDA, these self- !sotropy on the quantum states and energies of CT .excnons
assembled copolymer multilayers are found to stack faciallyIn organic molecular cryst_als s_uch_as PTCDA, and f'r.'d t_hat
resulting in significantr-system overlap, and hence carrier the lowest-energy CT exciton in this archetypal material is a

delocalization, in the substrate-normal direct{oe., perpen- gef“']}’ |S§¥g%228hydrog?nllkte tsr:ate].chyt_analyzmgt the EA d
dicular to the polymer chain axisThe observed spectral atator F1-DA,“we estimale he efiective-mass tensor an
shifts for this system have been attributed to quantum concciton radii along different crystal s We also fit the EA
finement, where the exciton is “squeezed” in the potentialdata of GaAs obtained by Milleet al” and show that our

well formed at the thin-film surfaces. Confinement, Whichtreatment is indeed quite general. The absorption spectral

results in an increase in exciton binding energy, was deg’h'fts previously obtained in PTCDA/NTCDA multiple

scribed using a model previously cited to explain similar?uanmm V\:c?”%: ar;a_ha_llso consu;iqeté In thg cc?[nteﬁt of qu_atn— ¢
phenomena in PTCDA-based multilayers. um size effects. This results in independent and consisten

tarting from the real representation of chemi Yalues for the effective masses 'and Qxciton radii as thqse
Starting fro € real space Jopresentation of che Caobtalned from the EA data. We briefly discuss the Stark shift

bonding, Mukamel and co-workéfs2® proposed a second ) el Svet 4 show that the CT oy
guantization approach to understand quantum size effects ‘H quantum-confined systems, and show that tné &1 Spectra
Ine broadening in an electric field can be minimized by

ultrathin organic films. Their method was to map the elec- hooSi timized ¢ I thick Finally. i
tronic motions of the confined states onto a set of couple% 0osing an oplimized guantum-wetl thickness. Finafly, in

harmonic oscillators. Based on the single-electron, reduce ec. IV, we present cqnclusmns. In the Append|x, we show
etails or the calculation of the screening of the external

density matrix, and solving the time-dependent Hatree-Foc - ) . .
equation, the electronic charges and motion are then relateedecmc field(Appendix A 1), derive a mathematical expres-

to their optical respons€. Using the Pariser-Parr-Pople slon :reatm_g tEe eff%(_:tlvAe 2mass dd|scont|?wt|es N mltJItllaygr
tight-binding Hamiltonian forr electrons’’ a basis set of ?ruclurestr:nd fppen IIX lati ; an .p;resend.gn adccura € varia-
exciton states is chosen to correspond to the disazete lonal method for calculating exciton radii and energies in

separations, where each state is perturbed by Coulomb inteflantum confined systems in Appendix A 3.
actions, electron-electron coupling, lattice polarization, ag-
gregate response, chemical bond oscillations, and interac-ll. HAMILTONIAN AND POLARIZATION ENERGY OF
tions which induce the intermolecular charge transfer. The NONPOLAR ORGANIC CRYSTALS
relative magnitudes of these terms determine the
characteristics?* of the exciton (i.e., whether it follows
Frenkel, CT, or Wannier behavioit was found® that quan- Due to the polarization of the surrounding medium in the
tum confinement of the relativecorrelated e-h motion of  presence of excess charges and excitations, the potential of
the CT exciton plays an important role in determining thean exciton state differs from that of an isolated molecular
magnitude of the third-order nonlinear susceptibilify) of  excited state by the crystal polarization enethylsing clas-
conjugated polyenes. In addition, the lowest-lying absorptiorsical electrostatic® calculations of polarization energies,
peak of polyp-phenylene vinyleneoligomer® was calcu-  and therefore the interaction potentials of thé pair, were
lated to redshift with respect to the isolated molecular ab<arried out by Jurgis and Silinsh using the self-consistent
sorption spectrum, which is very similar to the result ob-polarization field method and by Bounds and Siebratidn
served by Bulovicet al,'* in solutions of PTCDA. terms of the Fourier-transformed lattice multipole sums. It
At low exciton densities where exciton-exciton coupling was found that, to first order, the-h interaction potential
can be neglected, the self-consistent field approximation i§V..) is essentially Coulombic, e.gVe = —qzleavgr, for
valid. In this case, the-h motion can be described by a large charge pair separatiomsii.e., r >one lattice constapnt
quasiparticle interacting with an average field of the remainwhere q is the charge, and,,q is the spatially averaged
ing charges. Based on this quasiparticle picture, the mainorystal dielectric constant. This result is, in some respects,
goal of this work is to find a simple approac¢he., a one- similar to the case of conventional semiconductors, where
electron Hamiltonianto describe the relatively delocalized the crystal lattice consisting of electrons and nuclei can be
CT exciton in anisotropic, nonpolar organic crystals, to studyregarded quasimacroscopically as a polarizable medium
the effect of crystalline anisotropy on CT exciton energieswith a spatially averaged dielectric constagy,, as long as
and to understand the experimental data such as “quantuthe e-h distance is large compared to the lattice constant.
confinement” in multilayer structure's, the electroabsorp- Fundamentally, an electron in the conduction band, or the

A. General treatment for anisotropic organic crystals
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lowest unoccupied molecular orbitdlUMO), as well as a -

hole in the valence band, or the highest occupied molecular  #(y.K)=a(K)-| Fo(y,k)+ > t(y,kk')- m(y,k') |, (6)
orbital (HOMO), are always accompani&d® by electronic K

polarization(via polarons of the surrounding medium. This wherey is the reciprocal displacement vector. Introducing

similarity suggests the feasibility of applying the Wan”iersupervector Qu(y)=Q(y,k), and supermatrix Ry (y)

exciton _model to describe CT excitons with radii larger than_ ’fi(y,kk’), and defining the unit matrik we have
one lattice constant.

In this work, PTCDA is studied because of its important W =M-2.Tv1 - 3.F —®(V)F 7
role in understanding the fundamental properties of CT ex- w(y)=I ~a W] @ Fo(y)=O(y)Fo(y). @)
citons, its promising optoelectronic properti€s:! and the To evaluate ®(y)=[a -T(y)] ", we use Maxwell's

numerous investigatiof&*"?%3"~*which have provided ac- equationV-[F,,{r)+4mP(r)]=p(r), wherep is the excess
curate optical data. Our treatment for calculating the crystabharge density, anB==, u(Ik)/v is the polarization vector.
polarization due to excess charges is similar in most respectshe macroscopic fieldF .. and the external fieldr, (Ref.
to the method of Bounds, and co-workéfs? although it 43) are then related via
differs in the calculation of the effective polarizability for
highly anisotropic crystals such as PTCDA. Polarization en- A [y \ [y p(y.K)
ergy is thus calculated to determine analytically a continu- Fmad ¥, K) =Fo(y,k) = —= (M) <—|y|
ous, quasimacroscopic potential with a position-dependent o
effective dielectric tensor. From this analysis, we write thewhere the second term on the right is, in fd6tq(y.K).
effective one-exciton Hamiltonian, and hence determine the N the long-wavelength limity—0), which corresponds to
energies and wave functions of CT excitons by solvingthe region near_the origin of the first Brillouin zone, the
Schralinger's equation. constitutive relation gives

For a lattice with a basis whose unit-cell volumevighe o
molecular position is defined bylk), wherel ={l 1, ,I,} is P=u(y—0)/v=)Fmady—0), ©)
the lattice index, ank={1,23...} is the index of a par- wherey is the macroscopic susceptibilitg=(&,—1)/4,
ticular basis molecule within the unit cell. Due to the exter-and &, is the macroscopic dielectric tensor. Using the
nal electric fieldF, of the excess charges in the crystal, theLorentz-factor tenséf L=lim,_[t(y)+4xyy /ly*v], we
medium is polarized. The macroscopic fi€ld,.at site (,k) then rewrite Eq(8) as
thus included~, and the induced dipole field;,q, via

) N )

Frady—0)=[a '~ L]u(y—0). (10)

Fmad IK) = Fo(1K) + Fing(1k), 1) . ) .

) ] ) Note that Eq(10) differs somewhat from previous solutions
whereF;,q is the sum of two terms: the field due to the dipole proposed by Dunmur and co-workéfs and employed by
at the same sitéself-field, Fse), and the field due to the cymmins and co-worketéin the case of anthracene, etc.
surrounding dipoles That work only dealt with the position-independent field in
real space, which can lead to errors in treating a crystal with
Find(1K) = Feer(1k) + 2 t(Ik,1'k")- m(1'k").  (2) a basis. Fo_r cases where the basis molecules do not have the
1"k’ #1k same polarizability, one should not expect bBth,.andP to

Assuming a spherical dipole for homogeneous and isotropi?"’“’e a smq{le;verat%e value acrosslz the ?_ntlre l.ftp]'.t th”' '{)he_re-
media, . is usually taken as-u(1k)/3veo, 2 wheresy is 1076 We introduce the average polarization within the basis

the vacuum permittivity. Here is the dipole tensor at sitek as

r—r(l’ k") Here v, is the volume that moleculdk occupies (e.g.,
v .= v/Z for homogeneous crystals with basis molecules
per unit cel). Thus

F(y)=(Uneo) X "R(y), (12)

where we define the supermatipk = (v/ vy ) X Sk . Com-
paring Egs.(10) and (12) gives

and u is the induced dipole moment
(1K) =a(K) - Fioe( 1K), (3b)

wherea(k) is the effective polarizability of molecule, and
the local fieldF(lk) is the average field at sitd,k) ex-
cluding the induced field due to moleculek). Hence

Fioc(1K) = Frnad 1K) — Feei(1K). 4) a =YL, (139
Equations(1)—(4) give and, for everyy,
O(y)=[x +L-T(y)] % (13b)
mitlo=alk)-| Fo(llo+ 2.tk "k -pull'k") | Hence@(y) can be regarded as the effective polarizability of

ik (5) the crystal due to the dipole interactions. Using ELBh),

the polarization response of the crystal in Fourier space is
From Eq.(5), the induced dipole moment in Fourier space is

therefore® Pe(Y) =Fo(—Y)T-T(y) =Fo(—y)T-O(y) - Fo(y). (14)
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(a) PTCDA

(b) NTCDA

FIG. 1. Perspective views of the unit cells(@f PTCDA and(b)
NTCDA, and the orientation of PTCDA crystal axes with respect to
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TABLE Il. Dielectric tensor elements for PTCDA.

aa bb cc ad ac ab bc L I

¢ 21 45 43 24 -09 00 00 19 45

Takingz as the substrate normal axis, the dielectric tensor
elements of PTCDA have previously been meastfed,
wheree,= 1.9, ande, = &,=4.5. This results in the dielectric
constants along principal axes ©f=1.9 ande;=4.5, where
L denotes th€102) stacking direction of the molecules, and
Il is in the molecular plane. From the crystal structure, the
dielectric tensor elements can be calculated with respect to
the lattice primitive vectors, and are listed in Table II.

The crystalline and dielectric anisotropies of NTCDA are
much smaller than for PTCDA due to the herringbone stack-
ing habit, as shown in Fig.(fh). In previous work, the spac-

the substrate. The planar molecules of PTCDA films form stacks ifing between molecular planes was found to be 3.508 A,

the (102 plane which lie parallel to the substrate plane, anslthe
substrate normal direction.

The total polarization energf, is the integration opg(y)
over the first Brillouin zone,

Pe=— %% Fo(Ik) - m(1k) = — y/zleZpE(y)dy- (15

Thus the potential energy of ath pair in a nonpolar or-

and the index of refraction was foutido be nearly isotro-
pic, atn=1.6. Thus we assume an isotropic dielectric con-
stante,~2.6.

The interaction energy..,, as a function ofe-h separa-
tion, r=|r|, has been calculated for both NTCD(ig. 2),
and PTCDA (Fig. 3. The results are compared with the
“screened” Coulomb potentiaV/.,=—q%/|&"r|, wheree is
the macroscopic dielectric tensor for the crystal. We find
that, for NTCDA, the “screened” potentie\}’scr=—q2/savgr

ganic crystal is a sum of the unscreened Coulomb attractiofl’VeS @ good fit to our calculations along each crystalline

and the microscopic lattice response to the exiséiriy pair
in terms of the polarization energy, via

2

Ven= : Pelrk )] (16

Ir(11kq,12kz)
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. 1,

we show the structural formulas and two views of the unit

cells (space grougP2;/c) for bulk crystals of NTCDA and
PTCDA as characterized by x-ray diffractiéh*’ The values
of their primitive vectorsa, b, andc and other crystal prop-
erties are listed in Table I.

The PTCDA molecules stack facially in tH&@02) plane,
which can either lie parallel to, or tilted at 11° from the
substrate plan&*”and have a stacking distance of only 3.21

A. This unusually small intermolecular separation leads to a

significant degree of charge delocalization along thé2

stacking axis, resulting in large anisotropies in crystalline
properties along various axes. In this respect, PTCDA be-
comes an ideal system in which to test assumptions leading

to the potential given in Eq.16).

TABLE |. Lattice parameters, average dielectric constants, an
HOMO-LUMO energy gapsKg) of PTCDA and NTCDA.

ad) bA) cB B cag Eg(eV)
PTCDA 3.719 11.96 17.34 98.81° 3.23 2.2
NTCDA  7.888 5334 1274 109.04° 2.6 3.1

axis. In calculating the polarization energies, the integral
overy in the first Brillouin zond Eq. (15)] is segmented into

a summation of5 grid elements. Sincpe(y) diverges in the
long-wavelength limi? (y—0), the summation is separated
into two parts for calculation convenience, i.eRg
=Py(y—0)+P,(y#0). The inset of Fig. 2 plot®,, P,, and

'r.-_-—I»'l———l—l i
—a— P,
—eo— P,
—a—P

V., [eV]

£

]
(8

P e -
0

5x10*

1x10° 1
G 4

60

80

40

r[A]

FIG. 2. Electron-hole potential energw{,) calculated for
ANTCDA as a function of charge separatiar) @long three crystal-
line axes(data points Since NTCDA has an isotropic dielectric
tensor, the calculation is compared with results obtained in the iso-
tropic continuum approximation, where=2.6 (solid line). Inset:

The polarization energg of one charge in the crystal as a func-
tion of summation grid numbe®. The convergence &>2x 10*
suggests the calculation is a good approximation to the integration
overy.
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approximation is remarkably accurate with a maximum error
of less than 20 meV over all In Sec. Ill, we will study the
effects of a small deviation of the-h potential on the exci-
ton energy, and will show that Eqgl7) and(18) are indeed
an excellent approximation at all

For lattice-matched multilayer structurdg,_ ,, can also be
calculated using the same treatment. Choosing the unit cell
to cover one period of the superlattice consisting of
J=J,+J, monolayers, wherd, is the number of monolay-
ers of materiali, the volume of the unit cell is then
v=v,J,+v,J,, Wherey; is the volume of the unit cell for
material i. Supermatrixy in Eq. (13b) is thus }}kj’k/j,
=(V/ij)f15kk,51j, y where J :1,...,\], XHJ:)?]_ for jg‘]l’
and x;= x- for j>J,.

The e-h interaction energy has been calculated for
r Al J;=J,=1, where Eqgs(17) and(18) can be used to approxi-

FIG. 3. Electron-hole potential energyw{,) calculated for ~Mate Ve by taking een(r) =[Zi—1,7i05¢,(1)/ w12 For
PTCDA as functions of charge separatiomlong three crystalline J1, J.=3, the potential reaches the spatially averaged limit
axes(a axis, circles;b axis, squares; axis, triangles The dash- (see, for example, Figs. 2 and, 3and the result used for
dotted curve i8V/,.,~ V¢ Using the dielectric constant along the homogeneous material layers discussed previously is suffi-
axis,e,=2.1, and the dotted curve uses the value alongpthedc, cient to calculate the polarization energy in such organic
ep=4.5 (Whereey~¢;). The dashed curve uses the spatial aver-multilayers.
aged dielectric constamt,,,=3.2. Note wherr >25 A, ¢, results Note that screening of the Coulomb potential as suggested
in the best fit, and when<15 A, theng; (wherei represents the by Egs. (17) and (18) is also typical for most inorganic
crystalline axep provides an excellent approximation to the calcu- semiconductor.In that case, however, electrons make the
lated values. The solid curve uses the effective dielectric constarpst significant contribution to electric-field screening,
&:eff described in teXtEq (18)] Inset:Ve_h data I’eplotted as func- (lead|ng to r0%3_4 A)1 WhereaS, for Organlc Crysta|S,
tions of 1f. screening arises primarily from the molecular polarization,

L _ which diminishes for smalt (with ry~10 A).
the total polarization energyg for one charge in the crystal

as a function ofG. We find thatPg converges foG=10".
The results are considerably different for PTCDA, where C. Hamiltonian for CT exciton states
V., depends rather sensitively on the directiom ébr small
e-h separations. In Fig. 3, the dashed curve represent,
Veer=—0eayd , Wheree,,=3/(1/e, +2/e)=3.2 is the spa-
tially averaged permittivity Eq. (A7), Appendix A 1. Using
gavg results in the best fit v, for larger (>25 A), regard-
less of crystalline direction. That is, even for anisotropic sys

V., [eV]

For semiconductors with a large overlap of atomic wave
unctions between ionic cores in the crystal, the periodic
pseudopotentialVse 44 applied on the valence electrons is
weak enough to result in a modified free-electron gas. In this
limit, the motion of the electron can be described by the

tems such as PTCDA, the potential becomes spatially aveNe-électron Schrbnger's equation, leading to a description
aged at distances of only a few molecular lattice constantgf the energy Ievels' in terms O.f a'fgmlly of contlnuous func-
from the origin. However, for smatl (<15 A), V.., deviates tions E, (k), each with the periodicity of the reciprocal lat-

significantly from the spatial average. This deviation is agairf'C€- This results in a bond structure, whereefers to the
clearly shown in the inset of Fig. 3, whee., is plotted as energy band, ankl is the conserved crystal momentum. This

a function of 1f. In this region of small, we find that the small Ia}ttice pgriodic p;eudopotentMLseudoleads to rela-
mean dielectric constant approximatioN=—q%sr tively high carrier mobility(=0.01 cnf/V s), and Wld_e en-
(wherei refers to crystalline directionsprovides a good fit €'9y bands(electron-hole exchange energye,). Figure
to V.., as shown by the corresponding curves in Fig. 3. 4(a) shows a schematic representationV@f;,, and the total

To accurately approximate theh interaction energy for delocalized” exciton potentialVgeoc=Ve.-nt Vpseudo tYPI-

all r of anisotropic systems such as PTCDA we replace qu:al of ionic or covalently bonded materials such as Si or
(16) with the “screened Coulomb potential” GaAs. Under such conditions, the exciton states are hydro-

genic, where the lowest-enerdy-like) state wave-function
Ven~Vee= — 0| Ee(r) - 1| (17) density (¢* ¢)geioc IS also plotted in Fig. &).

In contrast, organic molecular crystals are typically char-
acterized by weak intermolecular van der Wa@aldw) in-
teractions, with a bonding energy considerably less than that

_ 2_ 2\ 402 of covalent or ionic bonds in atomic crystals. This often
geri(1) =i+ Altanti (r"=ro)/4ro] + B}, 18 eadstoa relatively small overlap of moleycular orbitals, and
where, for PTCDAr,=10 A is the “transition radius” be- hence a strong localization of excess charge carriers. Under
tween  microscopic and  macroscopic  behavior,such conditions, both the one-electron approximation and the
B=tanh( 3/4r 5)~4.08, and A=(eag—¢i)/(1+B), such concept of extended energy bands become questionable. Ad-
that eerrj(r<rg)=e; and eq;(r>3rg)=ea,q. Figure 3 pro- ditionally, elastic and inelastic interactions between the
vides a plot of Eq(17) along thea axis, where we find the charge carrier and lattice are strongly coupled, such that the

where £4(r) is the position-dependent effective dielectric
tensor, whose diagonalized elements are given by
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Bandwidth > Vi Bandwidth <V,

FIG. 4. (a) Schematic diagram showing,.,, (dotted ling, the
total potentiaV e+ Vpseydo(S0lid ling), ande™ ¢ as a functiorr for
a delocalized exciton(b) Ve.p, the total potentiaV_,+Vyseudo
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Herer=r.—r, is the displacement vector of tleeh pair, T
is the kinetic energym;=mg;my ;/(mg;+my;) is the re-
duced effective mass along directios L or Il, mg (m;) is
the effective electroithole) mass, and: is the Planck’s con-
stant divided by #. For PTCDA, we approximate to be
along the substrate normal?’ As in Sec. Il B, the last two
terms can be replaced by Eq47) and(18) for an excellent
approximation.

Ill. EXCITONS AND QUANTUM SIZE EFFECTS
A. Free-exciton wave function and energy

To treat the dielectric and mass anisotropies in solving
Eqg. (19), cylindrical coordinates =(p, ¢,z) are used to re-
flect the nearly isotropic nature of PTCDA inhdirections

and ¢* ¢ as a functiorr for a localized exciton. (p,¢), and the significant anisotropy in the direction (z).
To incorporate the mass anisotropy, we use the unitless co-
Yordinatesr’=(p’,$',2'), such thatp=b,p’', ¢=¢', and
z=Db, 7', whereb; is the length unit,b;=age 5gVMo/m;,
hdb="7"/moq*=0.529 A is the Bohr radius of the free elec-
ron, andm, is the free-electron mass. The energy unit is
ydiel,q, where Rye=q°/2a,=13.6 eV. The reduced
Hamiltonian becomes

wave momentunk is not conserved, thus further increasin
charge localizatior® For this caseY pseudolS large, and com-
parable in magnitude td,., . HereV s g,corresponds to the
on-site correlation energy which approximately equals t
difference between the electron-hole exchange energ
Vexe: @and Pg. This is characteristic of many vdW solids,
leading to a low charge carrier mobilitg<10 ¢ cm?/V s)
and narrow energy band$Figure 4b) shows the total po-
tential V.. for such media where the-h pair is localized on ho— Ho —_y2_ 2

the molecular sites. The resulting wave function density 0 Rydlsﬁ\,g oy ﬁp’2+ /gfz’Z’

(¢* @)1 IS also plotted in Fig. ®). Anthracene and the ph-

thalocyanines are materials typical of this class of molecula¥here the anisotropy of the crystal is expressed by
crystals. In fact, the calculated band structure shows that

electronic polarization effects reduce the effective bandwidth Bi=NMi IMgg ayq/ & - (20b)

in anthracer by 50%. The resulting electron mean free 1,5 in reduced coordinates, the kinetic-energy operator is

path is found to be smaller than the intermolecular spacinggqtropic, where the anisotropic mass and dielectric tensor

demonstrating the inconsistency of the band model folyjcments are contained i6. . Focusing on the lowest,sl
anthracene-type crystals.

exciton state, we choose the trial wave functfon
Nevertheless, for some molecular crystals, where there is

significant overlap between the systems of closely stacked

(203

— / 2
adjacent molecules, the energy bandwidth is comparable to e1s=exp—g)lymeic,, (213
or larger thanVseudo > While the mean free path can be where
comparable to or greater than the intermolecular spacing,
leading to significantly delocalized charge carriers. Since the g=(p'?lct+2'2/c?)"2, (21b

electronic polarization time constant is very short
(1071-10*° 5),° the one-electron model might still apply,
with the exact form and magnitude ¥, ,q,0epending on
the crystal structure, the unit-cell basis, and the degree
overlap of the intermolecula orbitals.

Herec, andc, are variational parameters used to minimize
energy, where /c, describes the resulting asymmetry of the
ave function. The lowest energf (Y is found via

Qe c)=min, ¢ [E(c),c.)]=min; ¢ (¢1dHolerd, and

Given the unusually small intermolecular distance inthe _exciton radius along i is then aj=bic;
PTCDA, which leads to a high hole mobiliy~1 cnf/V s) =apCi&aygVMo /M.

along the stacking direction, spatially extended CT statés To show how anisotropies in the dielectric tensor can dis-
with large(~1) oscillator strengths, and a total “bandwidth” tort the Is state, in Fig. 5 we plo&, anda, as functions of
of 0.1-0.4 eV(Ref. 20, comparable t0Vyee45-0.5 €V. the anisotropy parametgs/s, for m, =m;=018m,, and
Here, we use the measurédalue forVe, (~1 eV), and the  &a,4=3.23. In this case afh, =m,, theng/B, =&, /g;. Thus,
calculated Pg=1.5 eV for PTCDA, along with fore <gj, wefinda, >a,, and vice versa. That is; scales
Vpseuds=|Vexe— Pe|l. Thus we infer that, in the case of inversely asg;, leading to asymmetries in the state. To
PTCDA and similarly “large bandwidth” vdW solids, include the effects of mass anisotropy, we plot the ratio of
Vpseudo CaN be neglected. Following the treatment in Sec&xciton radii in reduced units, /c; as a function of3/g, in
Il B, the Hamiltonian for such delocalized CT excitons in thethe inset of Fig. 5. Obviously, wheg, =g, the wave func-
center-of-mass coordinates is thus tion is spherical, leading to, =c,_(i.e.,a, /a;=+m;/m,).

In this case, the 4 state energy i€ (Y=Ryd g?/2,.
h? (VZ .\ rﬁ) o2 ;

On the other hand, anisotropic potentigB+3,) result
— | = — —+Pg(r).
2\m m r

in anisotropic exciton radiiq,#c,). Once again, for small
(19 Bi/B. , the radius along. is larger than that alonfj giving

Ho= T+Ve-h+vpseudo% -
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FIG. 5. Exciton radiia, anda,, as functions of the reduced
anisotropy parameterg,/g, for m, =m;=0.16m,. The spatially
averaged dielectric constant is fixed af,,=3.23. In this plot,

5 10 15 5 10 15
a, [A] a, [A]

FIG. 6. Kinetic (T), potential ), and total E,;5) energies, and
in-plane radius §,) as functions ofa, for isotropic (e, =¢
=3.23) andanisotropic(e, =2.2, ¢=4.2, dotted curvesg, =4.5,
€=2.9, dashed-dotted curJedielectric tensors. For these curves,
the energy is minimized with respect toa,, taking

BB, =¢,lg,. The vertical lines indicate the anisotropies character-M=m, =0.18n, and £,,4=3.23. The symbols correspond to val-

istic of PTCDA and NTCDA. Inset: Reduced exciton raglii'c, as
a function of anisotropy3,/8,; .

ues obtained at the minimum energy with respect to lagtland
a, .
ized states

in both organic and inorganic semicon-

¢, >c;. This result at first appears to be unexpected, since gyctors2®-2053-57| gcalized states in molecular crystals re-

smaller radius is anticipated in the direction wherels

sult in comparatively smaller electric-field effects than in in-

smaller, orm is larger. To understand this apparent contra-organic semiconductors, where the low exciton binding en-

diction, in Fig. 6 we plot the kinetic energy'}, the potential
energy ), the total exciton & state energyK,), anda, as
functions ofa, for three casese, =¢=3.23; ¢, =2.2 and
€=4.2; ande, =4.5 and¢=2.9, usiné5 m,=m, =0.18m,,
and e,,g=3.23. For eacha, , E;4 is minimized with respect
to a;. We find that isotropic mediae( = ¢;) have the lowest

ergy (~10 meV) can be strongly perturbed by even small
external fields. Hence, in molecular crystals, the first- and
second-order Stark effects are interpreted in the context of a
local di3po|e moment interacting with a local electric
field.}°° For tightly bonded(~1 eV) Frenkel excitons, the

change of absorption follows the first derivative of the ab-

1s state energy. Fok, <e,, the potential energy has a SOrption with respect to energ§.and for polar CT excitons
weaker dependence @n as compared to the isotropic case, With large transition dipoles and with binding energ#S00
while the kinetic energy maintains a similar dependenceMeV, the change of absorption is proportional to the second

Therefore the minimum energy is located at larger, as
inferred from Fig. 6.

The inset of Fig. 7 is a plot ot {9(a,,a,) as a function
of a, anda, , using® m;=m, =0.18n,, andV,, as calcu-
lated in Sec. II. The minimum valug (2= (191+20) meV
is obtained fora, = (9.8+0.3) A anda, =(12.5-0.2) A. As
expected, the exciton radius is larger alahg where the

close molecular stacking for PTCDA leads to pronounced

wave-function delocalization as compared with that althng
Fixing the spatially averaged dielectric constant
Eavg—3-23, We plotE 1%) in Fig. 7 as functions of3/g3, for
three different effective-mass tensorgsolid line:
m,=0.18m, andm, =0.16m,; dashed linem;=0.26m, and
m, =0.16mg:_dotted line: m;=0.40mg and m, =0.10m).
We find thatE (9 increases whep,/g, is far from 1. That s,
given a fixede,, , the lowest exciton binding energy in-

creases with increasing anisotropy, as the lowest state wave

function deviates from the isotropicslwave function. As

at

derivative of the absorption spectrdrit®

expected, larger effective masses result in larger exciton FiG. 7. Minimum energy of the <like exciton Stateas) as a

binding energies and smaller exciton radii.

B. Electroabsorption

function of anisotropy(B/B,) for different reduced effective
masses. Inset:2 plot of E(a, ,a, ) as a function ok, anda, . The
calculation is done witlm;=m, =0.18n,, and£ is obtained using
Eq. (18). The minimum energyE (9= (191+ 20) meV (indicated

Electroabsorption and electroreflection studies haveéyy a dashed line corresponds toa,=(9.8+0.3) A anda,
provided considerable information about band and local=(12.5+0.2) A.
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However, organic systems containing extended, conju- ' ; ' ; . ' .
gated bonds have been suspected of having wide energy 5
bands®®®” Furthermore, molecular systems with closely
stackeds orbitals may also have sufficient overlap to sup-
port delocalized exciton states, such that their EA spectrum
needs to be considered as a perturbation of these delocalize
states. For example, electroreflectance studies ofrthe™
excitations of the poly-diacetylene single crystal poly-1,6-
di(N-carbazoly)-2,4-hexadiynel shows an extended CT ex- S 200 kViem
citon state whose EA response is ten times larger than for the 250 KV/em
localized Frenkel exciton lines in that same matetiaP 300 kViem

The EA spectrum due to excitons in crystalline thin films S0l
of PTCDA has been previously studi&lin that work, the . . Ff[(IOSV/cmf]
EA transmission spectra were measured at room temperature, 20 ' 22 ' 2.4 ' 26
where the peak amplitude of the sinusoidal field varied from Photon Energy [eV]
F=|F|=100-300 kV/cm. In that work, we observed a qua-
dratic dependence of the change of absorpfitta) on F, FIG. 8. Room-temperature PTCDA electroabsorptithe)
shown in Fig. 8. Given the HamiltonialH, along with the spectra at various electric fields oriented normal to the substrate

basis wave functiong,, provided in Eqs(20) and (21), we F, . Inset: Electroabsorption magnitude as a functioﬁ@fat two
can fit the data using different photon energie€,,=2.1 and 2.2 eV.

F, =100 kV/em
150 kV/em

Aa [10%6Y

H=Hq+H,, (229 where the electric field is applied along and A« is mea-
sured at photon energieB;,=2.1 and 2.2 eV. The EA spec-
whereH, is the potential energy due to the applied field.ra at various electric fields oriented along different direc-
However, since an external fiefg, will polarize the crystal, tions are also plotted in Figs. 8 and 9.
the local fieldF,,; on the exciton and the macroscopic field The lowest energy absorption peak(2i23+0.03 eV in
Fmac in the crystal may be different. It can be showip-  the PTCDA spectrum has previously been associated unam-

pendix A 1) that biguously with a spatially extended CT state, whereas the
, higher-energy absorption peaks correspond to Frenkel exci-
leqf "Froe-dr =qFmac T+ (22p)  ton absorptiort Due to the localized nature of the Frenkel
excitons, these latter states are less sensitive to the applied

electric field due to their small spatial exténtturthermore,
since the Frenkel excitons respond to the electric via the
change in polarizability, the EA spectra of such states are
proportional to the first derivative of absorptidrda/JE.

At low electric fields (i.e., qFag=0|F|a.,<E {9~200
meV, orF<2 MV/cm, wherea,,=ya, aj~11 A), H, can
be treated as a perturbation k. Using the trial wave

functior?® Hence the hi [ ibi
gh-energy features2.3 eV in PTCDA exhibit
2H 18 ayday a smaller electric-field dependence and different line shape
P1s= <p15{ 1- —F 28 (1+ng/2)], (23)  as compared to the low-energy CT states. From Figs. 8 and
q 9, therefore, we conclude that the EA spectrum measured for
the energy shift is thus found for a field oriented in the nor-PTCDA is primarily due to line broadening of the lowest-
mal and in-plandi=_, |, respectively directions, as energy CT state.
HenceAa is fit using two parameterSE and(H %), while
AE=E;s—EYY=—ead a aayg. (24)  9aldE and d*al JE? are obtained from the lowest, inhomo-

. . .geneously(phonon broadened CT absorption line which is
Also, the broadening of the state due to the external field i ccurately approximated by a single Gausafiower

given by dashed line of Fig. Pwith a peak energy 0f2.23+0.03 eV
2\ _ 2\ _ 42F 252 and a width of (0.17=0.02 eV. According to Eq.(26),
(HD) ={(aFmac N7 =a"F7 a7 @9 broadening dominates the EA spectra due to the small exci-
The ratio of shifting to exciton line broadening is thereforeton  radius [AE/(H%)~—0.14-0.02 (10° V/icm)%
independent of crystal direction (meV)?]. Thus the ratloAE/(H 2) is used to estimat@,y,,
5 while (H2%)  /(H?%), gives the ratio of the exciton radii along
AE/(H3)= — & ayPavgd/49°. (26) | and| directions. Figure 9 shows the EA data and fits for

normal and in-plane fields. Due to the large absorption and

Therefore, in the limit of small fields, the change of the ex- duced detect ftivit 28 3 eV the sianal-t
citon absorption spectrum depends quadratically on the eled80UCEd detector sensitivity energles.3 eV, the signal-to-
noise ratio was insufficient to resolve any additional EA

tric field, via . . . ;
spectra features at high energies. From these fits, we find,
da(Epp) 52 a(Eph) a, =(12.5+0.5) A anda,=(10.2£0.4) A (see Table ).
Aa(F,Ep) = E AE+ (HD+--, Note that the fits in Fig. 9 are improved from those reported

27 previously due to the use of the microscopic Hamiltonian
[Eg. (19)] along with our calculation oPg for PTCDA in

whereE, is the photon energy. The quadratic dependencéig. 3.

[Egs.(24)—(27)] is shown in the inset of Fig. 8 for PTCDA, The small anisotropy found for the PTCDA exciton radii
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FIG. 9. Absorption(a) and electroabsorptiofAa) spectra of
PTCDA. Top: Electroabsorption spectra and numerical(fitsshed FIG. 10. Top: Fit(dashed ling to the electroabsorption spec-
lines) with fitting parameters listed in Table Ill. For the field ori- trum (squarep of GaAs atF =8 kV/cm taken from Ref. 29 using
ented parallel to the substrate, the electroabsorpiiinales Aq the theory in text. Bottom: Band-edge absorption spectrum of GaAs
was obtained afF;=0.16 MV/cm, and for perpendicular fields indicating the Wannier exciton state. Data are also from Ref. 29.
(squares A, , the field wasF, =0.15 MV/cm. Bottom: Absorp-
tion spectrum(triangles and the fit(lines). The fit of the total The analysis of the EA spectra is also valid for Wannier
spectrum assumes a series of Gaussian line shapes corresponding@keitons in semiconductors such as G&A¥ since the
previously resolvedRef. 14 exciton line shapes for PTCDA. The theory suggests that both delocalized CT excitons and Wan-
dash-dotted line corresponds to the CT absorption component of theier states have the same origin described by the Hamil-
fit with a peak energy 0€2.23+0.03 eV and a width of 0.17 eV.  tonian in Eqg.(19). In fact, the EA spectrum of PTCDA in
suggests a similarly small anisotropy in the effective reduceé: ;lg' 8 1S vle:r_y S|1m|:jartto thatthl_:_r;]d t;)y M'Ollleﬁ al. f%r GaAz, .
mass. Indeed, we find the effective masses to be& own N FIQ. .0( aia pom; € broadening observed In
aAs was qualitatively attributed, in that work, to field ion-

m, =(0.17£0.01)my and m;=(0.19+0.01)my, along with =< _ . o .
an exciton binding energy d;.=(185+ 20) meV (results ization shortening of the exciton lifetime, optical-phonon
s +

summarized in Table )l This apparently contradicts previ- collisions, etc. However, a more quantitative fit can be
ous measurements of the hole mobifify, where achieved using the same wave function and potential em-

o ﬁlo%p |» suggesting thatn, <m,. However, we note ployed to describe field-induced line broadening in CT exci-
that the EA measurement provides the so-called “Coulomions in organic films. Hence in Fig. 10 we show the EA data
bic” effective mass of the nearly symmetrics btate, while — and a fit starting with the measured exciton absorption spec-
the mobility measurements provide the “transport” mass in-trum shown by the dotted line in Fig. 10. Our best fit is
ferred fromu=qr/m. Clearly, these two measurements canobtained assuming~70 A, andE,;~8 meV, consistent
yield very different values fom since uxr, whereris the  with expected values for bulk GaAs. The fact that the spec-
carrier scattering time. That is,can carry the anisotropy in trum can be fit by the same theory applicable to the organic
u due to enhanced scattering along a particular crystalliné&A spectrum supports the assumption that Wannier and CT
direction. For the case of PTCDA, the motion of a chargeexcitons have a common physical origin which can be ap-
alongll is easily scattered by the large intermolecular potenfproximated by a hydrogenic wave function broadened in an
tial barriers(for example Vseuq0in Fig. 4), leading to strong  external electric field. Indeed, to our knowledge, this is the
localization in that direction. Hencey, is expected to be first case where the bulk GaAs EA line shape has been ac-
much less tham, , leading to the very anisotropic mobility curately fit by a simple quantum-mechanical model.
observed, while the effective mass remains largely isotropic, Note that for both PTCDA and GaAs, we use the relative
since it is primarily due to the electronic distributiaithina ~ values of AE/(H2) and (H3),/(H?%), to find the exciton
given molecule. binding energy and radii along the different crystal direc-

TABLE lll. Summary of the result for PTCDA.

Symbol Unit EA results QC results
Exciton binding energy Eq meV 185+20 17720
Exciton radius along the normal a, A 12.5+0.5 12.9-1.0
direction
Exciton radius along the in-plane a A 10.2x0.4
direction
Effective reduced mass along the normal m; mq 0.17+0.02 0.16:0.02
direction
Effective reduced mass along the in- m, My 0.19+0.02

plane direction
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tions. However, theabsolute magnitudef the measured

broadening and the Stark shift as a function of electric field
F is ~10 times smaller than expected. We speculate that this
discrepancy is primarily due to the strong exciton-phonon
coupling leading to substantial equilibrium line broadening
which would tend to reduce the observed efféGidowever,

a more quantitative explanation of this discrepancy remains g

—

to be developed.

C. Quantum confinement in organic
multilayer structures

Evidence of quantum confinemef@C) of extended CT

states in organic multilayer structures was previously pro- el )

I.,16 I -18

vided by So and Forredt, Haskalet al.'® and Honget a
It was observed that the lowest-energy absorption pe&k,
the ground-state vibrational frequeri&ypf the exciton fluo-

»

3 T\ =N gy PRI i
2 0 ! 2
o &
. e L
10 100 1000
d[A]

rescence spectra, and the exciton photoluminescencé®eak FIG. 11. Energy shift of the PTCDA CT absorption pelk as
shift to higher energies as the layer thickness is decreased function of PTCDA layer thicknesh The symbols correspond to

Here we use the Hamiltonian of E¢L9) to quantitatively
study these blueshifts in the lowest-eneX@T) absorption
peak in PTCDA.

The blueshift in PTCDA/NTCDA MQW absorption and
fluorescence has been attributetb excitons confined by

energy discontinuities of the HOMO and LUMO bands at the
heterointerfaces between the adjoining organic layers. To fit

the shifts, So and Forréstmodeled a single PTCDA quan-

tum well sandwiched between NTCDA layers, and a fixed

m;=m, =0.18n, and dielectric constant &= (e,
+2¢,)/3=3.6. The exciton in-plane radius was found to
increase monotonically with the increasing well widith)

and it asymptotically approaches the free exciton Bohr radiu
of 12 A asd>a, . Here we take a more rigorous and general

approach by using the Hamiltonian in E49), and allowing

the effective mass to be anisotropic and discontinuous across

the heterointerfaces.
The Hamiltonian of are-h in the multiple quantum-well
structure is

H=T+Te, +Thi+VentVe(zd) +Vi(zn), (28

where T, is the in-plane kinetic energyT,=(—%?%/
2me_h’”)Vf, Me.p is the reduced mass along and
Te, =(—h%2mg ) (%928 and T, =(—h%2m, )(s*

a, at 12 A, along with an isotropic effective mass

the experimental data, and the solid curve is the fit using
my . =0.16ny. The fit is also compared with the dashed curve

usingm,, ; =0.18m,, and the dotted line usingy, , =0.14m,. In-

set: Schematic diagram of the quantum-well structure consisting of
alternating PTCDA and NTCDA layers of equal thickness. Hére

is the layer index.

and m.>my,, the electron is approximated as confined in
layer N=0 of infinite depth. For a hole in layed (where
Z,e[Nd—d/2, Nd+d/2]), the trial wave function of the
lowest exciton state can be written as the product of the
free-exciton wave function ¢..(p,z=2z,—2,)], and the
electron fp.(z,)] and hole [pn(z,)] envelope functions.
hese later two functions are oscillatory in the wells, and
ecaying in the barrier&see Appendix A 2

¥=A(N)cog mz./d)

cog k(z,— Nd)Jexp(—g) Neeven
X4 cogkd/2)cosh k(z,—Nd)]
coshkd/2) exp(—yg) Neodd,
(29

with y=m, , , /my,, , , and wheren, ,, , andm, ,, , are the
effective hole masses along tledirection in the well and
barrier regions, respectively. Alsk,and « are obtained via

dz},) are the kinetic energies along the normal direction with

corresponding masses, , andmy, , . Also, z, andz, are the

Hhen=[Th, +Vn(Zn) len=Enen- (30

normal coordinates for the electron and hole, respectively,

Ve.p, is obtained from Eqg(17), andV, andVy, are the LUMO
and HOMO leveldinset Fig. 1). For multilayers consisting
of PTCDA and NTCDA, the offsets of the LUMO and
HOMO energy-band minima were fouldd to be
AE| ymo=980 meV andAE, op0=50 meV (where NTCDA
has the larger HOMO-LUMO energy gapgFor simplicity,
we only consider QC of the lowest, nearly symmetrgcdT

Minimizing E,q(a;,a,)=(¥|H|¢), we fit the absorption
peak shift data obtained by So and Forféan multilayer
structures, such that an independent estimate of exciton ra-
dius and reduced mass can be compared with values found
from the EA measurementSee Sec. Il B. The detailed
treatment of variational minimization of the exciton energy
in MQWs is provided in Appendix A 3.

state corresponding to the lowest-energy absorption peak ob- Using m,, , =0.16m, (listed in Table 1), we fit the 25

served in the PTCDA spectrum. meV blueshift observed as the well widthdecreases from
The inset of Fig. 11 shows a symmetric MQW with a 500 to 3 A (solid curve, Fig. 1L The results obtained for

periodicity of 2d. Here,N=0,+1,+2, ... denotes the num- different hole masses are also shown for comparison in Fig.

ber of the multilayers, where even numbers are for thell, where the dashed curve correspondsnip =0.18m,

quantum-well(PTCDA) regions, and odd numbers are for and the dotted line corresponds g, , =0.14m,. We find

the barrier(NTCDA) regions. SincAE, juo>AEnomo,>>  that the blueshift of the exciton energy dstapers off for
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d<10 A due to the onset of tunneling between wells, in 1.0
which case the holes are no longer further confined-a®.
This condition corresponds to that observed for multiple or-
ganic bilayers recently reported by Horgal 8

Thus the estimated effective mass along the normal direc- -
tion measured using the absorption blueshift data in PTCDA/
NTCDA MQW's is consistent with the results obtained from
fitting the EA data for homogeneous PTCDA thin filifsee
Table Ill). The consistency shows the validity of describing a )
CT exciton using hydrogenic wave functions, and therefore t
suggests that Wannier states in inorganic semiconductors and® ) .
CT excitons in such tightly stacked nonpolar vdw-bonded 0.4 1 RV
organic crystals have essentially the same physical origin.
This observation is similar to the case of the transition of T
Frenkel to Wannier excitons previously observed in pressur-
ized fluid xenorf® Furthermore, the narrowing of the optical
bandgap OT PTCDA under hydrOStatlc. pre_sébrx_wpports. FIG. 12. The ratio of CT exciton line broadening in a MQW to
the delocalized p.ICture for th.e cT .eXC|t0n in this ma.te“a_ll'the broadening in bulk, as a function of the reduced well width
These data provide conclusive evidence that Wannler-llk%/aeﬁ

¢ VIO ! . Hereagy=e,,4i/mc?, which equals the exciton radius for
CT excitons exist in molecular compounds characterized by, m

s aterial. For simplicity, this calculation assumes an isotropic
closely spaced planar molecules, resulting in a large molecusiective mass and a dielectric tensor, such thatis not sensitive

lar wave-function overlap between adjacent molecules leady, grientation. Two values of the HOMO offsetEomo=50 and

ing to extendedBlock-like) electronic states. 550 meV, are assumed. A larger HOMO offset results in a larger
change in the broadening.

AE, om0 = 50 meV

atio
<
%0
T

d P AE, oo = 350 meV

roadening R
<o
N
T

D. Stark shifts and spectral broadening

in organic MQW's shift and broadening, the reduced broadening in MQW'’s will
In previous worké! the Stark shift in organic MQW's was result in a smaller, total EA effect.
calculated. The exciton ground-state energy shift for various
guantum-well configurations was found to be similar to the
bulk values. However, line broadening was not considered, ) ) )
although we saw from the previous discussion that this plays e develop a method to treat CT excitons analytically in
an important role in determining the EA spectfaVe briefly tlghtly packed neutr_al molecular crysta!s, which accurately
showed quantum confinement effects on the broadening ifescribes several dlff_erent spectroscopic features of organic
the context of the Hamiltonian in E¢19). nanostructures. SFartmg _from a (_:alculanon of the p_olarlza-
In Eq. (25), it was found that the broadening is propor- tion energy in anlsot_rop|c organic crystals,_ we derlve_ t.he
tional to the exciton radius. For the electric field oriented€l€ctron-hole interaction potential, and confirm the validity
along L, the ratio of line broadening for the confined versus©f @pproximating the organic crystal by a quasimacroscopic

IV. CONCLUSIONS

the free exciton is polarizable medium specified by an effective dielectric ten-
sor £(r). We find that for organic crystals with a large over-
= (|22 W) 0| 2% @) (31 lap between the orbitals in adjacent molecules, the CT

charge pair becomes delocalized, resulting in a crystalline
where s is the wave function for confined statfsg. (29)], pseudopotential smaller than the energy bandwidth. In this
and ¢ is the free 5 exciton state[Eq. (21)]. Using case, the CT exciton can be accurately represented by a hy-
my=m, =0.16m, ande,,,=3.2, we calculate the broadening drogenlike wave function.
ratio for two different HOMO-LUMO energy barrier offsets Using a Hamiltonian modified to account for the calcu-
(AEomo=50 and 550 meYwith the result shown in Fig. lated molecular polarization, and using the resulting hydro-
12. As expected, for thick wellgd/a.z—, whereaq; is  genic trial wave functions, we are able to accurately fit the
defined in Appendix A3 as the free-exciton radiuselectroabsorption data for homogeneous PTCDA thin films,
azg=a, (d— )], the broadening is not affected by the quan-as well as the absorption spectral shifts observed in PTCDA-
tum well. Asd decreases, the broadening decreases with thkeased multiple quantum wells. The analyses of such experi-
exciton radius as the exciton is “squeezed” by the barrierments give independent and consistent estimations of the ex-
layers, where a larger barrier height results in a larger coneiton radii for PTCDA along different crystal axes. A nearly
finement(therefore, smaller broadenigas one would ex- spatially symmetric CT exciton with a radius efl1 A (and
pect. However, asl decreases further, tunneling betweenan eccentricity ofy/a, =0.8) is found, which corresponds to
layers becomes significant. In this case, the exciton radiuthe observation of a nearly isotropic effective mass. We suc-
increases with respect to decreasthgeventually reaching cessfully extend this treatment to other exciton systems
its bulk value ford—0. found in a wide range of interesting neutral organic molecu-
Thus we conclude that multiple quantum wells can reducédar and inorganic semiconductoiguch as GaAs suggesting
the CT line broadening at some optimized well widtf,;: that Wannier and CT excitons have a common physical ori-
the larger the barrier energy, the smaller the broadeninggin which can be approximated by a hydrogenic wave func-
However, since the magnitude of the EA depends on botlion. This work provides conclusive evidence that PTCDA
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and similarly close-packed molecular compounds represent a =

class of materials that share many properties with both con- AD(Y):kEk {[Fe(=Y,kake) + Fn(—Y,Kakn) 1" - O(Kakp)
ventional semiconductors and insulatorlike organic molecu- ath

lar crystals. E FE(—WT- 6 (kK
In summary, the primary finding of this work is the com- oY)+ Fo( =) (kako)
mon physical origin of Wannier and CT excitons in closely [Fe(Y,kpkn) + Frn(y, kpkn) 1} (A3)

packed organic molecular crystals. While the results of thi
work can be easily generalized to explain a variety of obse
vations of the optical properties relating to the layer thick-

ness or aggregate size of both organic and inorganic nano-  Fy(y,kke)=—q lim >, exg2miy-r(Ik,lke)]
structures, we provide an interesting viewpoint with which to r—r(lgke) !

consider van der Waals-bonded solids represented by the ar- 1

chetypal compound PTCDA. The broad and rich range of XVir(k—r[~% (Ad)
physics developed for understanding quantum confinemeRith a similar expression for the field induced by holes
in inorganic semiconductors which has ultimately lead to thQ\jow Ap is nonzero for the regions negr-0, Wheré2
precise control and manipulation of their densities of states

to attain desired optoelectronic properties, appear to be Fe(Y,kke)— — (i2a/v)y/|y|%. (A5)
equally applicable to organic nanostructures, provided there . . L
is a sufficiently large degree of charge delocalization result—’e\lonng that the external field is irrotationéle., Foxy =0),
ing from details of the crystal structure. In that sense, “tran-€ have
sitional” materials such as PTCDA and related compounds 4q sin(my-r)  —

have bridged the gap between highly delocalized semicon- Ap—>2 — ——————[y-O(y,kakp) - Fo(y)
ducting systems, and insulators. kakp yl*v

rsl_—|ere F. is the field induced by the electron

+Fo(—Y) - O(y,kakp) Y]
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Integrating overy then yields the total polarization energy

APPENDIX AP due to the coexistence of treeh pair and the external

field, via
1. Screening of a position-independent external field 1
14
Given ane-h pair with a position-independent external AP=- > f dy Apﬂ(—qFo-r)<1— ) (A7)
field Fy, we take the Fourier transformation over a periodic bz Eavg

crystal lattice to obtain where we define the spatial average dielectric constant as

3leag=1le, +2/g; . Note that the macroscopic electric field is
Fmac=Eoleag=V/d, whereV is the applied potential across
Fo(y)zz Foexd 2miy-r(lkk’)]=1/vFy,8(y). (Al)  the organic film of thicknesd. The potential at the-h pair
! due to the external field is then

The polarization response of the crystal in Fourier space is H1=qEo 1 +AP—(qBo 1)/2ayg=AFmac - (A8)

then The external field is therefore screened by the spatially av-
eraged dielectric constasf,, as a result of the polarization
of the ionic displacement of the crystal.
Pe(Y)= 2, [Fel—Y:Kake) +Fr(—Y,Kakn) + Fo(—y)1" _ | |
Kakp 2. Trial wave function for excitons

P in a multiple-quantum-well structure

X O (Kakp) - [ Fe(Y,Kpke) + Fr(Y,Kpkn) + Fo(y) ]

ame e rTote " orn ° For a symmetric MQW with periodicity @, the trial wave
=Pg,e-n(Y) +Per(Y) +AP(Y), (A2)  function is

. ,0,2h,20) = ez Z -h(p,0,2=2,—2,),
wherepg .., corresponds to the polarization response due to V(. 6:2n:2¢) = PelZe) @n(Zn) @en(p h~Ze) (A9)

the e-h pair, pg ¢ is the polarization response to the external

field Fy, while Ap is due to the coexistence of both theh ~ while the electron and hole potentials are nonzero in the
pair andF,, and can be viewed as the contributionMg,,  barrier regiongi.e., V(z,) = AEyomo @andV(z,) = AE ymol,

due to the external field, or the contribution to the externaland are zero in the well regions. In PTCDA/NTCDA multi-
field potential corrected by the-h pair screening: layers,AE, ynuo>AEpomo. "> andm>m;,, and the electron
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is thus approximated as confined in layr=0 of infinite  with
depth. Therefore, for the lowest-energy state, we have

cog mpze/d) |zd|<d/2 K t r(kd> £ t )—(Kd>
ToZe ol < ———tan - | - ————tanh —-
0e(Z,) = 0 2> dI2 (A10a)  Mkjan/|,L 2| Myan+1.0 2
$k(zn—Nd)] N d[ !
cogk(z,— e even ===
2| my, one1 L85 n[zn=(|2N"|+ 1)d
on(zn)=1{ cogkdi2)cosh x(z,—Nd)] N odd h,]2N7 |, 82n7), L 9l2N \[ h= |+3)d]
coshkdi2) =R ~ 1 ]
(A10D) mh,|2N’\+1,La|22Nf|+1,Lg\2N’|+l[Zh:(|2N,|+%)d]
Pe-n(p,2=2p—Zg) =A(N)exp(—gn),  (A100) (Allc)

— 2142 2142 1/2 5 H
wheregy=[p“/aj+(zn—2e)"/al y] “is afunction of the  perem, | | is the effective hole mass in laybk. To makek

variationa] param.eteraH anda, , and sub_scripN .denoteg and « independent of the in-plane coordinatpss), andz,
the layer index. Since hole masses are different in the differ, solving Eq. (A11), the right-hand side of Eq(Allc)

ent layers, this leads to concomitant difference®ina, .  ghould be zero for alf. This is only possible when
andg. Assuming that the wave function and mass flux across
the heterointerfaces are continuous, we determine the ener-
gies and wave functions. At the boundary of lajer [2N’|

and|2N'|+1, z,=(|2N’[+ 1/2)d, we have wherer =my, jon/+1.1 /My vy, » andi stands for directions
Iland L. Thus we haveg,n . 1/=rgjony|= ¥9. Hence

Qont 1= apn il y=2aily, (A12)

kd
A(|2N’|)Co< 7) exp{—gjonr[2=(|2N']|+ 1/2)d]} N

_ A([2N’ +1])cosh xd2) AN)=D]I expl(-1)"(1+y)g(p,z=hd—di2)},

X exp{—gonr+1[2=(]12N" |+ 1/2)d]} (Alla) (A13)

and whereD is the normalization constant. Hence the wave func-
tion for a hole in layeN depends on only two parametexs
ﬁ2k2/2mh’|2Nru=AEHOMO—ﬁZKZ/th"ZNurlM ' (Allb) andaJ_ y such that

cog wz./d)cogk(z—Nd)]exp —Qg) N € even
=A(N) 7Zs\ cogkd/2)cosh k(z—Nd)] (A14)
— — Neodd.
€8 d coshkdi2) exp—yg) Ne
[
3. Variational minimization of exciton energy Ty #h2a? 72 #PIneen
in ultrathin layers and MQW's Vo 2md am,  aZ Heoss  (AL173)

Shinozuka and Matsuutacalculated the & state energy o .
for excitons in a single quantum well with an infinite barrier Where thel reduced mass is, =(1/m, , +1/me ) ", and
height using the following trial wave function:

2 2
p=cogmze/d)cod mzy/d)exp—g),  (A15) O MNPen) AT o [mEn) AT 2
cross d (92 mh 1 d el d
where g is defined in Eq.(21b. Now the kinetic-energy ’ ’ (A17b)
operator for electrons in the direction perpendicular to the ) )
plane of the quantum wellsT(, ,) leads to Note thatd Ing,.,/ 9z is an odd function ok=z,— z,. Hence

the term (Hiosd=(MHcosd??) iS nonzero even when
m, , =m, , , and therefore cannot be ignored.

TeL h2 w2 *IN@en d In@e 9 INge.p, To compare with previous resufts, we minimize

T, ?JF 972 9z, 0ze |’ _(z//|H|z,//_> with respect to parametesg anda, , assuming an
' (A16) isotropic effectlve_ mass and2d|elgctr|c constant. Using the

effective Bohr radiusi=¢,,41/mq” as the length unit, and

where similar expressions can be obtained for hdlgs,.  the effective Rydberg energy Ryg=mq*/2e5,4i* as the en-
Sinceg, , is an even function of=z,—z., its first deriva- ergy unit, the reciprocal values @, anda, which give
tive is odd, and its second derivative is even, such that  the lowest energy are plotted in Fig. 18olid curve$, and

e
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FIG. 13. Values of the variational parameteggg/a, and
agn/a, , that result in the lowest energy as functions of MQW re-
duced well widthd/ag (solid lines. These results are compared
with those of Ref. 52dashed lines

the exciton binding energ}EfS:minq o (WHIY) — (717
2m, d?) is also plotted in Fig. 14solid curve) Note that our

results are different from those of Shinozuka and MatsuuragXciton, while for thin layers we findE 5,=

which we reproduce in Figs. 13 and ldashed linesfor
comparison by minimizingy/H — H sd)-

In the limit of thick layers (d/ag—>), note that
deldz,—0 and de,/dz,—0, and therefore(H,s9—0,
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FIG. 14. The exciton binding energi®.= ming o (¥H[4)
—(7?h?12m, d?) as a function of MQW well width. The energy is
expressed in units of the effective Rydberg energy
Ryd.s=md*/2%#2, which equals the exciton binding energy for
bulk material. Note that the binding energy obtained is lower that of
Ref. 52(dashed linesfor intermediate quantum-well width.

—4 Rydy, and
aH—>aeﬁ/2 suggesting a 2D exciton. o

Note that, while the exciton radius alofiglirection isa,
the exciton radius along the direction depends on botn,
andd, and can be expressed as

which is the same result as obtained for the very thin layers = T2

(d/ag—0). On the other hand, the contribution @f,.c9 tO o
In fact, for thin layersR, ~d, independent o4, .

the total energy is large whehandag; are comparablg.e.,
when @/ dz,) ~ (@l IZs) ~ (dpe.n/ 92) . Thus our results Omitting (H ,0s9 results in the radius alonffirst increas-

and those of Ref. 52 converge in both limits, while includinging, followed by a decrease as the well widthdecreases.
(Herosg results in lower energies for_intermediate well However, including(H,s¢ results in a lower energy, and

(A18)

widths. That is, for thick layers, we fine §,=—Ryd,; and
a,~a, —ag; as expected for a three- dlmenS|0I(13D) free

monotonically decreasing radii with along bothl and |,
showing clear effects of barrier confinement.
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