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Intermolecular energy-band dispersion in PTCDA multilayers
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The electronic structure of a well-oriented perylene-3,4,9,10-tetracarboxylic acid-dianhydride multilayer
prepared on MoS2 single crystal surface were studied by angle-resolved ultraviolet photoemission spectroscopy
using synchrotron radiation. From the photon energy dependence of normal emission spectra, we observed an
intermolecular energy-band dispersion of about 0.2 eV for the highest occupied molecular orbital~HOMO!
band of singlep character. The observed energy-band dispersion showed a cosine curve, which originates from
the intermolecularp-p interaction. Analyses using the tight-binding model gave that the transfer integral of
about 0.05 eV for thep-p interaction, the effective mass of HOMO holemh* 55.28m0, and the hole mobility
mh.3.8 cm2/V s. This is the first observation of the intermolecular energy-band dispersion of a conventional
single-component organic semiconductor only with the weak intermolecular van der Waals interaction.
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I. INTRODUCTION

Angle-resolved ultraviolet photoemission spectrosco
using synchrotron radiation~SR-ARUPS! is a powerful tech-
nique for direct measurements of the energy-band struct
which is a fundamental basis for the understanding of e
tronic and optical properties of solids.1,2 There are many re
ports on the observation of the intramolecular energy-b
dispersion originating from the repeating units in
molecule.3–12These samples have the sufficiently wide ban
width (;5 eV) for measuring the dispersion relation due
the intramolecular interaction originating from the covale
chemical bonds in a molecule. Some experimental wo
have been reported on the intermolecular energy-b
dispersion for the families of organic charge transfer sa
such as dicyanoquinonediimide~DCNQI!-metal complex13

and tetrathiafulvalene-tetracyanoquinodimethane~TTF-
TCNQ!.14,15 In a single-component organic molecular film
on the other hand, the energy-band dispersion was obse
only for two systems, C60 monolayer on GeS~001! ~Ref. 16!
and bis~1,2,5-thiadiazolo!-p-quinobis~1,3-dithiole! ~BTQBT!
multilayer17 so far. The bandwidth of the highest occupi
molecular orbital~HOMO! band is about 0.5 eV for DCNQ
metal complex,13 0.75 eV for TTF-TCNQ,14,150.4 eV for C60
monolayer16 and 0.4 eV for BTQBT multilayer.17 Among
these samples, BTQBT molecule have the sufficiently w
bandwidth for measuring the dispersion relation due to
increasing of the intermolecular interaction by the existe
of the chalcogen atoms. For usual single-component org
semiconductors, however, the observation of the energy-b
0163-1829/2003/68~3!/033102~4!/$20.00 68 0331
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dispersion is in general difficult, because of the small ba
width due to weak intermolecular van der Waals~vdW! in-
teraction, and a difficulty of preparing well-oriented samp
required for SR-ARUPS measurements.

It was reported that the archetypal organic semiconduc
perylene-3,4,9,10-tetracarboxylic acid-dianhydri
~PTCDA!, molecules orient with the molecular plane paral
to MoS2 surface from monolayer to multilayer with hig
stability.18–20Therefore, the strong intermolecularp-p inter-
action due to their packing structure can be expected. In
paper, we report on the intermolecular energy-band dis
sion of about 0.2 eV originating from the intermolecularp-p
interaction for a well-oriented PTCDA multilayer, leading
an evaluation of the effective mass of the HOMO-hole, t
hole mobility and the quantitative intermolecularp-p inter-
action ~transfer integral! from SR-ARUPS measurements.

II. EXPERIMENT

SR-ARUPS measurements were performed at the b
line BL8B2 of the ultraviolet synchrotron radiatio
~UVSOR! facility at the Institute for Molecular Science. SR
ARUPS spectra were measured by using a newly constru
VG-ARUPS10 system with a multi-channel detector. T
monochromatic synchrotron radiation was obtained by
plane-grating monochromator.21 The energy resolution wa
150 meV as measured from the width of Fermi edge of go
and the acceptance angle of the photoelectron was60.8°.

The incidence photon energy (hn) dependence was mea
sured for 30-Å-thick PTCDA multilayer (;8 ML) at an
©2003 The American Physical Society02-1
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electron take-off angleu50° ~normal emission! and a pho-
ton incidence anglea570°. Thehn was tuned from 12 to
81 eV. In the present measurement, change of the PTC
sample due to radiation damages was not observed.

A MoS2 single crystal substrate was cleaved in t
sample-preparation chamber (;10210 Torr), and the quality
of substrate surfaces was confirmed by SR-ARUPS
LEED measurements. The PTCDA sample, which was p
fied typically by three sublimation in a current of argon g
(;0.25 Torr), followed by two sublimation in a hig
vacuum of;1025 Torr, was carefully evaporated onto th
MoS2 surfaces in the sample-preparation chamber. The
thickness and the deposition rate (;0.7 Å/min.) were mea-
sured with a quartz microbalance by assuming that the d
sity of the film is similar to the single crystal (1.70 g/cm3).
The molecular orientation of the present PTCDA film w
studied by LEED~Ref. 18! and theu dependence of SR
ARUPS spectra.19 From these, we confirmed that th
PTCDA molecules orient with the molecular plane parallel
the MoS2 surface.

III. RESULTS AND DISCUSSION

Figure 1 shows thehn dependence of normal emissio
spectra for the well-oriented PTCDA multilayer, where t
binding energy (EB) is measured from the vacuum lev
(Evac) and photoemission intensities are normalized to
ring current. In Fig. 1, band A, which is assigned to a sin
p character state distributed over the perylene core (pP ,
HOMO!,19,20 is well separated from other valence band
Other valence bands B, C, and D are assigned to somepP

FIG. 1. Photon energy (hn) dependence of SR-ARUPS spect
along the surface normal for the 30-Å-thick PTCDA multilay
(;8 ML) prepared on the MoS2 surface. The binding energy (EB)
scale refers to the vacuum level (Evac).
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states,nO(C5O) states derived from oxygen 2p, and some
pP andnO states, respectively.19,20For the HOMO band, the
continuous and significant change of the peak position
intensity are clearly seen with increasinghn. At hn
512 eV, theEB of the HOMO peak is about 7.34 eV. Wit
increasinghn, the HOMO band shifts to the higherEB side,
and turns back athn526 eV. Also, athn544 and 73 eV, the
similar turn back of the peak exists. The total shift of t
HOMO band is about 0.2 eV. For the origin of such a sm
EB shift, one may consider the depth dependence of the
laxation energy of the HOMO hole as reported
Salaneck.22 If this is the case, the HOMO band must shift
the higherEB side with increasinghn until hn520 eV, then
turn back and keep the shift to the lowerEB side, since the
depth dependence of the relaxation energy of the HOM
hole depends on the kinetic energy (EK) dependence of the
photoelectron mean-free-pass in organic solids which ha
minimum at EK;15 eV.22,23 In the present measurement
however, the observedEB shift was periodic and theEB shift
of the HOMO band was not observed in theu dependence of
the spectra.19 By considering these results, we attribute t
EB shift of the band to the intermolecular energy-band d
persion. On the other hand, bands B, C, and D also sh
changes in peak positions and intensities depending onhn.
They can be originate from thehn dependence of photoion
ization cross section of various electronic states as wel
the energy-band dispersion. Therefore, we will not disc
these in the present paper.

The energy-band dispersion of the HOMO band~A! can
be determined using the simple tight-binding model w
only nearest neighbor interactions as reported in the prev
paper.17 According to the tight-binding model and assumin
the free-electron-like final states, the energy-band disper
along the surface normal is given by

EB~k'!5EB
022t cos~a'k'!, ~1!

k'5@2me* ~hn2EB2V0!#1/2/\, ~2!

whereEB
0 , t, a' , k' , me* , andV0 are the energy of the ban

center, the transfer integrals, the lattice spacing normal to
surface, the wave vector component of photoexcited elec
along surface normal, the effective mass of the photoelec
in the final continuum state, and the average inner poten
in the solid for the final free-electron-like parabola, respe
tively.

For the experimental determination of the energy-ba
dispersion, we need to determine the value ofV0. By assum-
ing the direct inter-band transitions, a parabolic fre
electron-like band in a constantV0, and free electron mas
m0 for the final state,V0 can be determined from thehn
dependence of the photoemission intensity4,5,12 of the
HOMO band as shown in Fig. 2. In the present system,
nearly free-electron-like final-state bands becomes flat at
G point due to the gap opening, and the occupied ban
nearly flat due to their very small band dispersion. Therefo
we can expect a large joint density-of-state~DOS! for the
direct transition leading to a maximum in the peak intens
whenhn matches the energy separation between these b
2-2



ry
b

lik
A
ar

-
to
-

h
ow

S

rv

es
e
-
d
i

m

e
nd
at
we
or

the
Å

cep-

ron

-
on
he

in-

O-
er
per-

of

r,
r-
T.
O-

ole

sing
x-
ion-

er-
on-
.

nd
s
ram
y
an

te

n
-
cin
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at the G point. Since the HOMO band dispersion is ve
small in comparison of the dispersion of final states, it can
considered that only the DOS of the nearly free-electron-
final-state bands dominate the three maxima in Fig. 2.
seen in Fig. 2, the maxima of the HOMO-band intensities
clearly seen athn524, 36, and 61 eV. For thesehn, the
final-state-energies above the vacuum level (Ef) are Ef

516.5, 28.6, and 53.5 eV forhn524, 36, and 61 eV, respec
tively. For these maxima in Fig. 2, we must also take in
account the influence of thehn dependence of the photoion
ization cross section. However, TheEf of the three maxima
in Fig. 2 agree well with the energy positions of the hig
DOS parts of the conduction bands estimated from the l
energy electron transmission spectrum.24 Therefore, three
maxima in Fig. 2 are considered to originate from the DO
of the final state. From these results,V0 was determined to
be 25.1 eV.

Figure 3 shows the best-fit energy-band dispersion cu
along with the experimental results calculated by Eq.~2!, in
which V0525.1 eV. In this fitting, we used a least-squar
fitting of the observedEB positions to cosine curve in th
tight-binding model.17 From these fitting, the other param
etersEB

0 , t, and a' were found to be 7.43, 0.05 eV, an
3.8 Å, respectively. The estimated lattice spacing of 3.8 Å
larger than the spacings of 3.22 and 3.25 Å between the
lecular network sheets ina-PTCDA andb-PTCDA crystals,

FIG. 2. Photon energy dependence of the photoemission in
sity of the HOMO band~peak A in Fig. 1!.

FIG. 3. The experimental dispersion for the HOMO band~filled
circles! in the extended zone scheme and the best-fit curve~solid
line! in the tight-binding model. In this figure, the first Brilloui
zone extends over6p/a, and only fork'>0 are shown. The en
ergy of the band center, the transfer integral, the lattice spa
normal to the surface and the inner potential areEB

057.43 eV, t
50.05 eV,a'53.8 Å, andV0525.1 eV, respectively.
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respectively.25 In the present fitting, we assumed thatme*
5m0. When we use the parameter asme* .m0, the lattice
constant can be obtained asa',3.8 Å from tight-binding
fitting. Another possible origin of this discrepancy might b
different molecular packing structures between the films a
crystals. We cannot give a definite origin of this difference
present. For further consideration about this problem,
need to measure theu dependence of SR-ARUPS spectra f
a single crystal.

On the other hand, the lateral lattice constants for
PTCDA/MoS2 system were found to be 13.8 and 21.2
from LEED measurements,18 hence the reciprocal lattice
constants in these directions are 0.23 and 0.15 Å21, respec-
tively. In the present SR-ARUPS measurements, the ac
tance angle of the photoelectron was60.8°. Therefore, the
lateral wave-vector components of photoexcited elect
along surface parallel (ki) were averaged forki50
;0.02 Å21 when hn512 eV and for ki50;0.06 Å21

when hn581 eV. That is,;13 and;40 % of the lateral
Brillouin zone are integrated athn512 and 81 eV, respec
tively. If there is considerable tight-binding band dispersi
along the lateral direction, the HOMO band must shift to t
higher EB side with increasinghn. However, we could not
observe such aEB shift but a periodicEB shift. Thus, we
consider that the main origin of the observedEB shift is due
to p-p interaction along surface normal than the lateral
teraction.

As seen in Fig. 3, we succeeded to observe the HOM
band dispersion of about 0.2 eV for the PTCDA multilay
along the surface normal. The observed HOMO-band dis
sion originates from the intermolecularp-p interactions
along the molecular plane normal. The transfer integral
the HOMO band for the PTCDA multilayer,tPTCDA
50.05 eV, is smaller than that of the BTQBT multilaye
tBTQBT50.09 eV.17 This relates to the difference of the inte
molecular vdW interaction between PTCDA and BTQB
Using the parameters which were obtained from the HOM
band dispersion in Fig. 3, the effective mass of HOMO h
(mh* ) is obtained to bemh* 55.28m0. Thus, the hole mobility
(mh) is approximately calculated asmh.3.8 cm2/V s which
can be approximately expressed asmh.20m0 /mh* when t
.\/kBT, wheret is the relaxation time due to scattering.26

We believe that these parameters are important for discus
the electrical doping to PTCDA films and the molecular e
citon dispersion which has the same order of the dispers
width for the present HOMO-band dispersion.27 This is the
first observation of the intermolecular valence-band disp
sion of a conventional single-component organic semic
ductor only with the weak intermolecular vdW interaction
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M. Schott, M. Lögdlund, and J.L. Bre´das, Synth. Met.67, 309
~1994!.
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