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Abstract

Ž . Ž .We use inverse photoelectron spectroscopy IPES and ultraviolet photoelectron spectroscopy UPS to investigate
Ž .unoccupied and occupied electronic states of five organic semiconductor materials: CuPc copper phthalocyanine , PTCDA

Ž . Ž . Ž X X Ž . X3,4,9,10-perylenetetracarboxylic dianhydride , a-6T a-sexithiophene , a-NPD N,N -diphenyl-N,N -bis l-naphthyl -l,l
XX . Ž Ž . .biphenyl-4,4 diamine , and Alq tris 8-hydroxy-quinoline aluminum . The transport gap, E , is the difference between the3 t

highest occupied and lowest unoccupied molecular orbitals, measured via UPS and IPES. The charge separation energy, or
exciton binding energy, is the difference between E and the optical gap, E , measured via absorption. E -E in theset opt t opt

correlated materials ranges from 0.4 to1.4 eV. q 2000 Published by Elsevier Science B.V.

1. Introduction

Research on organic molecular solids in the past
20 years has been motivated by fundamental as well
as practical questions. Practical questions are
prompted by the need to develop, characterize, and
improve molecular thin films for applications in
opto- and micro-electronic devices, in particular elec-
troluminescent devices. Fundamental questions per-
tain to the complex nature of the constituents of
these molecular films, namely the large neutral
molecular moieties, to their electronic and vibra-

) Corresponding author. Fax: q1-609-258-6279; e-mail.
kahn@ee.princeton.edu

1 Present address. Naval Research Laboratory, Code 5615,
4555 Overlook Avenue, A50 Room 171, Washington, DC 20375,
USA.

tional excitations, to correlation effects and excitonic
properties, and to random disorder due to structural
and thermal fluctuations. In spite of extensive re-
search, basic phenomena that are central to the per-
formance of devices, such as charge carrier injection
into and transport through thin films, are not under-
stood to the same degree as they are for inorganic
solids. The complexity of relaxation and polarization
phenomena that take place in the presence of molec-
ular charges complicates the assignment of the en-
ergy levels of charge carriers.

Charge carriers in covalently bonded inorganic
semiconductors are delocalized due to strong reso-
nance-type interactions between neighboring atoms.
The energy levels and the transport of charge carriers
are described in terms of Bloch states within the
single-electron band approximation. Polarization en-
ergies are small, carrier screening is efficient and
exciton binding energies are a few meV. The mini-
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mum energy of formation of a separated free elec-
tron and hole, i.e. the transport gap, E , is thereforet

very close to the onset of optical absorption, i.e. the
optical gap, E . This gap is used for accurateopt

modeling of charge carrier injection at the semicon-
ductor interfaces.

On the other hand, localization and polarization
phenomena dominate the physics of charged excita-

w xtion and transport in organic molecular solids 1,2 .
Ž .Organic solids have low dielectric constants ´;3 ,

small intermolecular overlap, charges localized on
individual molecules and large polarizabilities in-
volving charges and induced dipoles. The optical gap
corresponds to the formation of a Frenkel exciton,
with the electron and hole on the same molecule,

w xrather than to a band-to-band transition 3 . Frenkel
excitons and their vibronics dominate the absorption.

Ž .Charge transfer CT states corresponding to radical
ions at fixed separation appear in electroabsorption
w x4 slightly above E , and hundreds of meV belowopt

E . Except at low temperature in very pure crystals,t

charge transport is via hopping and involves po-
larons consisting of the carrier and its polarization
cloud. The charge separation energies, E yE , ort opt

binding energies of excitons, are far larger than in
inorganic semiconductors. They have been contro-
versial in conjugated polymers, where the transport
gap E has to be inferred from other measurementst
w x5 than direct absorption.

Concepts such as molecular relaxation and polar-
ization, electron-electron correlation and electron–

Ž .phonon vibronic coupling have long been applied
w xto organic crystals 1,2 and conjugated polymers

w x3,6 . A consistent melding of the single-particle
methods applied so successfully to inorganic semi-
conductors with correlated molecular states has nev-
ertheless been elusive. Substantial charge separation
energies E yE have several implications. In par-t opt

ticular, the reason why the molecular levels involved
in charge injection and transport are poorly under-
stood is that the transport gap does not follow from
optical measurements. In the context of molecular
films, Sato et al. have extensively investigated polar-
ization using retarding field photoemission spec-

w x w xtroscopy 7 . Previous results for C 8,9 or PTCDA60
Ž . w x3,4,9,10-perylenetetracarboxylic dianhydride 10
led to E yE ;1 eV, consistent with Frenkel exci-t opt

tons and strong correlations. Overall, however, there

are limited experimental data on the class of
molecules recently used in organic-based light-emit-
ting and transport devices. Such data is essential for
constructing more reliable energy diagrams for car-
rier injection and transport phenomena in these mate-
rials.

The determination of E and the exciton bindingt

energy in organic molecular films is the main focus
of this Letter. We obtain the energies of a cation and
anion radical at infinite separation via ultraviolet
Ž . Ž .UV photoemission spectroscopy UPS and inverse

Ž .photoemission spectroscopy IPES in a series of
Žfive small-molecule materials: PTCDA, CuPc copper

. Ž .phthalocyanine , a-6T a-sexithiophene , a-NPD
Ž X X Ž . XN,N -diphenyl-N,N -bis l-naphthyl -l,l biphenyl-

XX . Ž Ž .4,4 diamine , and Alq tris 8-hydroxy-quinoline -3
.aluminum . These are extensively used materials

whose electronic structures are by no means identi-
cal. We find E yE values ranging from 0.4 to 1.4t opt

eV and comment briefly on modeling issues that
need to be addressed in specific systems. Our results
constitute the first series for films of p-conjugated
molecules with semiconductor application.

2. Experiment

All measurements were made on thin films freshly
evaporated from solid sources of purified organic
material. The deposition and spectroscopic measure-

Žments were performed in ultra-high vacuum base
y11 .pressure, ;8=10 Torr . UPS was done with the

Ž .He I 21.22 eV line of a gas discharge source, and
IPES was done in the isochromat mode using a
commercial electron gun and a fixed photon energy

Ž .detector centered at 9.2 eV . Details regarding the
surface analysis system, including the IPES set-up,

w xhave been published elsewhere 10 . The resolution
of the UPS and IPES measurements was estimated at
0.15 and 0.5 eV, respectively. The energy scales of
the UPS and IPES spectra were aligned by measur-
ing the position of the Fermi edge with both tech-
niques on freshly evaporated Au films. We estimate
the error produced by this alignment procedure to be
smaller than 0.2 eV.

˚Samples were prepared by depositing 50–100 A
of organic material on a freshly deposited metallic

Ž .surface. The substrates used were Si 100 wafers
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˚ ˚coated with ;200 A Cr and 1000 A Au. The
organic films were first studied with UPS to deter-
mine the position of the highest occupied molecular

Ž .orbital HOMO with respect to the Fermi level. The
same samples were then studied using IPES to mea-
sure the lowest unoccupied molecular orbital
Ž .LUMO energy. Spectra were collected using sev-
eral incident electron current densities in the range of
;10y7 –10y4 Arcm2. This allowed the data to be
inspected for evidence of rigid energy shifts due to
charging. Additionally, higher current densities were
found to damage the surface of some organic films.
Decreasing the current at the expense of the count
rate was generally found to result in superior spectra.

The IPES data were analyzed using standard non-
linear least-squares fitting techniques. The spectra
were fitted using a cubic polynomial background and
Gaussian peaks. This choice of background is arbi-
trary. Exponential, and even linear, backgrounds were
also investigated. The choice of background was
found to affect the results far less than the experi-
mental uncertainties. The resolution function of the
IPES system was assumed to be Gaussian, and the
FWHM was determined by differentiating the Fermi
edge collected from polycrystalline Au. The widths
of the fitted peaks were then corrected for the instru-

Ž .mental broadening by subtracting in quadrature the
instrumental resolution. No deconvolution of the in-
strumental broadening was performed for the UPS
spectra, as the instrumental resolution width is much
smaller than the true width of the spectral peaks.

3. Results and discussion

The composite UPSrIPES spectra of the five
molecular films are presented in Fig. 1a–e. The top

Ž .of the filled states UPS spectrum corresponds to
the position of the lowest energy hole-state created
by the photoemission of an electron. It gives the
HOMO of the molecular cation. Similarly, the bot-

Ž .tom of the empty states IPES spectrum represents
the position of the lowest energy electron-state cre-
ated via electron injection and fixes the LUMO.

Ž .Because of the polarization energy P induced onq
the surrounding medium by the photoinduced hole,

q Žthe hole energy shifts to lower energy, E upwardP
.on the electron energy scale of Fig. 2 with respect to

the HOMO level of the isolated molecule. This
polarization includes an electronic component, which
consists of the response of the electronic charge
density of the central and surrounding molecules to
the formation of the hole, and a Õibronic component,
which corresponds to the new equilibrium geometric
configuration of the molecular cation. The former

Ž y16 .response is fast ;10 s and is assumed to
w xaccount for most of the polarization energy 2 . The

latter response switches on a timescale set by the
Ž . Ž y15 y14‘breathing’ a molecular modes ;10 –10g

.s . Since the kinetic energy of the emitted electron is
about 15 eV, it travels over molecular distances of

˚ y1510–20 A in 1–5=10 s. The UPS spectrum
includes both polarization components.

Ž .On the LUMO side, the polarization energy Py
induced by the injected negative charge shifts the
electron-state energy to lower potential energy
Ž .downward on Fig. 2 with respect to the LUMO
level of the isolated molecule. P includes compo-y
nents that are conceptually identical, although not
necessarily equal in magnitude, to those of P . Theq
measured energy of the nearly fully relaxed negative
polaron is labeled Ey in Fig. 2.P

The lattice relaxation component, which switches
Ž y13 .on the timescale of lattice phonons ;10 s , is

considered to be too slow to contribute to photoemis-
Žsion and is, in any case, relatively small few tens of

.meV . The hole energy measured via UPS is that of
the fully relaxed positive polaron when lattice contri-
butions are neglected, an approximation used from
here on, while IPES yields the energy of the relaxed
negative polaron. UPS and IPES are surface sensitive
techniques that probe molecules in or near the top
molecular plane of the film. The energy difference
shown in Fig. 1a–e is the surface transport gap, ES,t

in the approximation of neglecting lattice relaxation.
We have

ES 'E IPES yEUPS s IyAy 1yc P qPŽ . Ž .t q y

1Ž .

where I and A are, respectively, the adiabatic ion-
ization potential and electron affinity, the polari-
zation terms refer to a molecular ions in the bulk,
and c-1r2 is an adjustment discussed below
for molecules at or near the surface. The classical

2Ž .y1result for a charge in a dielectric is Pse 2 a
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˚ Ž . Ž . Ž .Fig. 1. Composite UPSrIPES spectrum of the filled and empty states recorded from a 50–100 A film of a CuPc, b PTCDA, c a-6T,
Ž . Ž .d a-NPD, and e Alq deposited on Au. Energy scales are aligned by measuring the Fermi level with UPS and IPES on Au prior to the3

deposition of the organic film. The IPES data were analyzed using standard non-linear least-squares fitting techniques, as described in the
text.

˚Ž .1y1r´ ;1 eV for a cavity with radius as5 A
and ´s3. Much more precise but comparable mag-

w xnitudes are found in microscopic calculations 2
based on lattices of polarizable points and calculated
or measured molecular polarizabilities.

Ž .The cation–anion pair in Eq. 1 with cs0 is at
infinite separation in a crystal. The total energy
decreases at finite separation R, as discussed in
terms of CT states in organic molecular crystals.
Electrostatic arguments suffice as long as inter-
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Ž .Fig. 2. Schematic energy diagram showing a the adiabatic
ionization energy and electron affinity of the gas-phase molecule,
Ž .b relaxed polaron levels, including polarizations P and P , ofq y

Ž .the molecule in the condensed phase, c the optical gap for the
neutral excited molecule.

molecular overlap is negligible, which is a sensible
approximation even for neighbors in van der Waals

w xcontact. Bounds and Siebrand 11 reference the CT
energy to the separated ion

E R ' IyAy P qP yV R qD P RŽ . Ž . Ž . Ž .CT q y

2Ž .
Ž .where V R is the Coulomb interaction between the

Ž .charges and D P R is the decreased electronic
polarization of the lattice for cation–anion separation

Ž . Ž .R. The V R and D P R terms combine accurately
2 Ž .to ye r 4p´ ´ R and in PTCDA reproduce the0

w xanisotropy of the dielectric tensor 12 . The relation
Ž .2 holds down to nearest neighbors, even for delo-
calized molecular charge distributions, when partial
charges are used. The lowest CT state is typically
found within 500 meV of E , which is set byopt

w xFrenkel excitons, and has recently been shown 13
to be less than 200 meV from E in PTCDA. Withopt

Ž .at most a small correction, then, we can use Eq. 2
with nearest-neighbor R to estimate E and to0 opt

emphasize charge separation as R™`. The mea-
sured binding energy is

ES yE sc P qP qV R yD P RŽ . Ž . Ž .t opt q y 0 0

e2

fc P qP q . 3Ž . Ž .q y 4p´ ´ R0 0

The first term on the right accounts for direct and
inverse photoemission from the surface. The last two
approximate the binding energy in a dielectric
medium. The point-charge approximation used in

Ž .Eq. 3 is replaced by summing over partial charges
using crystal data for the actual separations. This
elementary correction can be an order of magnitude
for close contact between large conjugated molecules.

In Table 1, we take ES as the measured peak-to-t

peak HOMO–LUMO separation in the composite
Ž .UPSrIPES spectra Fig. 1a–e corrected for a vibra-

tional contribution of 0.2 eV estimated below. This
interpretation assumes that the distance between the
centroids of the two peaks represents the HOMO–
LUMO splitting on a single molecule and that the
width of the observed peaks is due to random disor-
der within the material, which leads to inhomoge-
neous broadening of inequivalent molecular sites.

Table 1
EUPS r IPES is the measured HOMO–LUMO peak-to-peak gap; the ‘surface’ transport gap, ES, is obtained from the first column byt

subtracting the vibrational contribution, 0.2 eV; the bulk transport gap, E , is obtained from ES by subtracting the difference between bulkt t
Ž .and surface polarization, c P qP s0.6 eV; E is the absorption peak; the charge separation energy is E yEq y opt t opt

UPS r IPES SOrganic material E E E E E yEt t opt t opt
Ž . Ž . Ž . Ž . Ž ."0.2 eV "0.2 eV "0.4 eV eV "0.4 eV

CuPc 3.1 2.9 2.3 1.7 0.6
PTCDA 4.0 3.8 3.2 2.6 0.6
a-6T 4.2 4.0 3.4 3.0 0.4
a-NPD 5.3 5.1 4.5 3.5 1.0
Alq 5.4 5.2 4.6 3.2 1.43
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Vibrational levels, too closely spaced to be resolved,
and perhaps some delocalization of molecular states
due to intermolecular wave function overlap, con-

w xtribute to the widths, but to a lesser extent 14,15 .
Vibrational excitation in UPSrIPES will tend to
shift both the measured HOMO and LUMO peaks
away from the Fermi level. The measured peak-to-
peak separation increases by the Franck–Condon
maxima. To correct for this, we estimate a 100 meV
for each peak and subtract 0.2 eV from the
UPSrIPES gap. In the case of Alq , a recent com-3

parison of theoretical and experimental occupied and
unoccupied densities of states has shown that the
HOMO and LUMO peaks are composed of three
nearly-degenerate molecular orbitals, contributed by

w xeach of the three quinolate ligands 16 . The position
of the UPS and IPES peaks correspond therefore to
the center-of-mass of these three levels. The
UPSrIPES gap measured in Fig. 1e, and presented
in Table 1 has been reduced by 0.4 eV to account for
the offsets of the true HOMO and LUMO from these
center-of-mass positions.

Table 1 uses the absorption maximum for E .opt

This is adequate for our purposes. More detailed
analysis of the linear absorption is available for these
molecules individually. The polarization terms Pq
and P are the source of the largest uncertainty iny
our evaluation of E yE . The gas-phase ionizationt opt

energies of PTCDA, Alq and CuPc have been3
w x w xreported as 8.15 eV 17 , 7.25 eV 18 and 6.38 eV

w x19 , respectively. Values in condensed films have
been measured by several groups and found to range

w xbetween 6.15 and 6.7 eV 20–23 for PTCDA, 5.6
w xand 5.9 eV 24–26 for Alq , and 5.0 and 5.2 eV for3

w xCuPc 27–29 . Variations in I may result from dif-
ferent measurement techniques and environments.
We therefore retain here results obtained under ex-
perimental circumstances equivalent to those preva-
lent in the present experiment, i.e. 6.7"0.2 eV for
PTCDA, 5.8"0.2 eV for Alq , and 5.1"0.2 eV3

for CuPc. These numbers are determined via UPS as
the difference between the vacuum level and the
leading edge of the HOMO peak on UPS spectra
such as those presented in Fig. 1a–e. The ionization
energies determined from the center of the HOMO

Ž .peak to be compared with the gas-phase data are
larger by half the base width of the measured HOMO
peak, i.e. ;0.6 eV for PTCDA and Alq , and 0.43

eV for CuPc. The numbers to be compared to the
gas-phase data are equal to 7.3"0.2 eV, 6.4"0.2
eV and 5.5"0.2 eV for PTCDA, Alq and CuPc,3

Ž .respectively. Thus 1-c P , which is the differenceq
between gas-phase and the condensed-phase ioniza-
tion energy measured via surface sensitive UPS, is
nearly identical and equal to 0.85"0.2 eV for these
three molecules. For lack of similar information on
other molecules, we use this value for all the
molecules investigated here and further assume that
P sP . This approximation works well for alter-q y

w xnant hydrocarbons 1,2 such as anthracene, with
closely similar charge distributions in the cation and
anion. The present molecules are not alternant, but
the separation energy depends only on the sum,
P qP . More significantly, the shifts of cation andq y
anion energy levels in Fig. 2b relative to the free
molecule are different for unlike charge distributions
and this has to be considered in constructing an
energy-level diagram.

The correction needed to account for surface ver-
sus bulk polarization is represented by the c factor in

Ž .Eq. 1 . The 0.85 eV value mentioned above repre-
sents the polarization energy at the surface of the
organic film. The escape depth of the UPS electron
is essentially the thickness of a molecular layer and
is heavily weighted by polarization in the first
molecular layer. The correction to obtain the bulk
from the surface polarization was experimentally
estimated by Salaneck to be around 0.3 eV for a

w xmolecule like anthracene 30 , or to c;0.25 in Eq.
Ž .1 . This difference may in fact change in layers of
molecules like PTCDA whose in-plane polarization
is significantly larger than out-of-plane polarization,
thereby increasing the weight of in-plane neighbors
relative to the polarization from the plane below the
molecule. Understanding the film structure and sur-
face morphology is of course necessary to quantify
these differences more precisely. Short of additional
information, we assume here a surface to bulk differ-
ence of 0.3 eV, or cs0.25, and estimate a bulk
P ;1.15"0.3 eV for PTCDA, Alq and CuPc.q 3

The same P is assumed for the other moleculesq
used in this work, as well as for the polarization
energy for the molecular anion P . These values arey
in line with previous estimations of bulk polarization

w xenergies in p-conjugated molecular solids 2 , as
well as with the experimental values obtained by
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Sato et al. on molecules like perylene or pentacene 2

w x7 .
The preceding estimates give 0.6 eV for the first

Ž .term in Eq. 3 and lead, together with the vibra-
tional correction of 0.2 eV, to the charge-separation
energies listed in Table 1. The delocalized p-sys-
tems exhibit bulk electron–hole binding energies
around 0.5 eV. Considering that the assumption Pq
sP works best for alternant systems, the transporty
gap in the non-alternant systems considered here
may be displaced in either direction with respect to

Ž .E Fig. 2 . In such a case, a relatively small valueopt
y Ž q.of E yE means that E E may be close to,t opt P P

Ž . Ž .or below above the LUMO HOMO of the opti-
cally excited molecule. The binding energy in a-NPD
and Alq is significantly larger and equal to 1.0 and3

1.4 eV, respectively.
The present results for E are for conjugatedt

molecules with transport or device applications as
thin films. As expected, the transport gap is more
accurately known in organic crystals than in amor-
phous films. Crystalline polymers based on substi-

Ž .tuted polydiacetylenes PDA have E s2.5 eV andt

0–0 peak of E s2.0 eV, with small variationsopt
w xwith substituents and temperature 31 . These accu-

rate binding energies are consistent with our esti-
mates for PTCDA, a-6T and CuPc; their 0–0 peak
just above or below 2 eV suggests comparable delo-
calization and polarizabilities. Anthracene crystals

w xhave E s4.1 eV and E s3.1 eV 1 , in accordt opt

with a smaller p-system and cation–anion separa-
tion. Comparison with a-NPD is rough, however,
because that molecule is not planar. The binding of

w xnaphthalene is large 2 and comparable to Alq ,3

whose quinolate ligands also contain two rings. The
anion and cation charge in adjacent Alq are largely3

localized on individual ligands. We note that these
encouraging comparisons with crystal data do not
extend to amorphous films of conjugated polymers,
where E is known but different techniques foropt

2 w xNote that the polarizations of Sato et al. 7 are deduced by
aligning the narrow gas-phase HOMO peak with the leading edge
of the broadened condensed-phase HOMO peak, thus introducing
a systematic difference equal to half the width of the peak with
our polarization.

extracting E yield binding energies ranging from at
w xfew kT to over 1 eV 3 .

Ž .The energies of CT states in Eq. 2 lead to a
range of computational problems. Direct quantum-
chemical calculations of vertical or adiabatic ioniza-
tion potential or electron affinity are accessible for

Ž .these molecules at a comparable ;0.5 eV or higher
accuracy. Recent interest in the nonlinear optical
properties of conjugated systems starts with the
ground-state polarizability that, in turn, is the basis
for induced dipoles about an anion or cation radical
in a crystal. Self-consistent calculations of P , P ,q y

Ž .and D P R include interactions between induced
dipoles and have been extended to partial charges.
The point-charge approximation for PTCDA yields

Ž . Ž . w xD P R yV R ;2 eV 12 , while 11 partial0 0
w xcharges per molecule lead to just under 1 eV 32

and the measured value in Table 1 is ;0.6 eV. In
contrast to the alternant hydrocarbons for which
self-consistent polarizability calculations were devel-
oped, PTCDA and the other molecules in Table 1
have hetero atoms and bond dipoles for which new
methods will have to be developed. Finally, we have
omitted lattice relaxation on the grounds that such

Ž .contributions are expected to be small tens of meV .

4. Summary

The minimum energy of formation of a pair of
separated free electron and hole, i.e. the transport
gap E , was measured in thin films of a series of fivet

conjugated molecules with transport or device appli-
cations, CuPc, PTCDA, a-6T, a-NPD, and Alq 3

using direct and inverse photoemission spectroscopy.
In each case, E is found considerably larger than thet

optical gap to exciton formation, E , consistentopt

with strong electron–hole correlation. E yE ist opt

the energy of separation of the electron–hole pair, or
exciton binding energy. This energy ranges between
0.4 and 1.4 eV for these molecules.
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