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Energy band dispersion in well ordered
N,N8-dimethyl-3,4,9,10-perylenetetracarboxylic diimide films
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The electronic properties of well ordered N,N8-dimethyl-3,4,9,10-perylenetetracarboxylic dimide
(DiMe-PTCDI) films prepared on sulfur passivated GaAss001d substrates were studied by means of
photoemission spectroscopy. From the photon energy dependence of normal emission spectra an
intermolecular energy band dispersion of about 0.2 eV was determined for the highest occupied
molecular orbital(HOMO). Simulation of the density of states reveals that the HOMO band has a
single p -character. The observed energy band dispersion thus originates from the intermolecular
p-p interaction and is modeled using the tight binding model. The analysis provides a value of
0.04 eV for the transfer integral. The inner potential was treated as a fitting parameter such that the
expected periodicity of the dispersion in the reciprocal space was obtained. ©2004 American
Institute of Physics. [DOI: 10.1063/1.1800273]
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Organic semiconductors have become a very active
of research in the last decade, mainly due to their pote
applications in(opto-)electronic devices. A major branch
functional organic materials with interesting properties
the p-conjugated system.1 Well ordered organic crystals
thin films are beneficial for achieving high carr
mobilities.2–4 The ability of these materials to transp
charges(holes and electrons) due to thep-orbital overlap o
neighboring molecules provides their semiconducting
conducting properties. The self-assembling or orderin
these organic materials enhances thisp-orbital overlap and i
the key to improvement in carrier mobilities.

Many organic crystals are formed by regularly repea
a small unit along one direction. In such systems the e
tronic energy levels of the units with the same energy
interact via the outermost orbitals leading to a splitting of
respective energy levels. The width of the resulting en
band then depends on the magnitude of interaction.

We can experimentally probe the energy dispersion
ing angular resolved ultraviolet photoemiss
spectroscopy5–7 or by measuring the energy dependenc
the valence electrons emitted normal to the subs
surface8,9 in order to determine the dispersion parallel
perpendicular to the sample surface, respectively. Fo
ganic semiconductors the intermolecular energy band di
sion is difficult to observe since the width of the band
expected to be very small due to the weak van der W
(vdW) interaction.

Experiments forp-conjugated polymers8–10 and also fo
small molecule films like C60

11 revealed bandwidths of abo
0.4 eV. Recently the intermolecular energy dispersion
measured for the archetypal organic semiconductor 3,4,
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perylentetracarboxylic dianhydride(PTCDA) deposited ont
MoS2 to be 0.2 eV.12

Here the photon energy dependence of normal emi
spectra of N,N8-dimethyl-3,4,9,10-perylenetetracarboxy
diimide (DiMe-PTCDI) thin films is determined. The over
energy shift of the highest occupied molecular orb
(HOMO) feature which originates from the HOMO-HOM
interaction in the well ordered DiMe-PTCDI films is fou
to be about 0.2 eV. This reveals a small energy band di
sion for wave vectors varied along the direction perpend
lar to the sample surface. Moreover, the spectral featur
the photoemission spectra are assigned by comparing
with a simulated density of states(DOS).

The perpendicular component of the initial state w
vector is usually determined assuming free electron-like
states and an inner potentialV0 which has to be determine
V0 is treated as a fit parameter to obtain the expected
odicity of the dispersion in reciprocal space. As previo
reported,12 the tight binding model is a suitable approach
determine such energy-band dispersion. The same app
is applied here taking into account the complementary re
providing information on the intermolecular spacing.

Thin DiMe-PTCDI films were prepared by organic m
lecular beam deposition onto sulphur passivated, tellu
dopedn-GaAss100d substrates(Freiberger Compound Mat
rials GmbH,ND=231017 cm−3) kept at room temperatur
Additional details about the passivation process and su
reconstruction are given elsewhere.13 The DiMe-PTCDI ma
terial was purchased from Sensient GmbH, further being
rified twice by sublimation at 575 K under high vacu
s,10−4Pad.

The photoemission spectra of DiMe-PTCDI films wit
total thickness of 15 nm were measured using a CLA
analyzer at the Russian-German beamline at BESSY. M
chromatized synchrotron radiation in the range ofhvl:

=35–90 eV obtained using a plane grating monochromator
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served as a light source. The spectra were measured a
mal emission with an incident angle of light of 65° with
total resolution over the whole energy range used in
present measurements, better than 0.1 eV as estimated
the Fermi edge of silver.

HOMO features were fitted using Gaussian function
order to obtain their energy positions in the spectra a
rately.

Molecular orbital calculations were performed using
Gaussian ’98 package14 with the B3LYP method and
-311Gsdd basis set to describe the core orbitals and the i
and outer part of the valence orbitals. The Levenb
Marquardt method was used to fit the observed HOMO
sitions to a cosine function in the tight binding model.

The upper spectrum in Fig. 1(a) shows the measure
spectrum of the DiMe-PTCDI film at a photon energyhv
=90 eV energy. Eight featuressA-Hd are observable at bin
ing energies with respect to the vacuum level of 6.7,
10.4, 12.3, 13.2, 14.4, 15.3, and 16.1 eV, respectively.
HOMO (A) and the HOMO-1(B) appear as separate pe
while the remaining ones overlap. The vertical bars in
1(a) represent the calculated binding energies of each
lecular orbital(MO) state for a single molecule, while t
lower curve shows the calculated density of states(DOS).
The DOS was obtained by Gaussian broadening of eac
bital energy with a full width at half maximum(FWHM) of
0.6 eV. The value of the Gaussian FWHM was taken e
to the FWHM of the experimentally observed HOMO st
In order to compare the simulated DOS and the meas
valence band spectrum the energy scale of the calcu
spectrum was shifted by 0.73 eV towards higher binding
ergies. The value of the Gaussian width represents the
tral broadening due to solid-state effects such as ch
induced intermolecular polarization,15 vibrational excitation
or final-state lifetime16 and structural disorder if present.

The HOMO originates from a single molecular orb

FIG. 1. (a) Valence band and DOS of DiMe-PTCDI thin films and ca
lated DOS. The MO energies are shown by vertical bars. The DOS
was calculated by Gaussian broadening of the energy levels with a F
of 0.6 eV. The HOMO is ap-derived state while HOMO-1 is dominated
s-dominant states.(b) Measured valence band spectra of a DiMe-PT
thick film in the photon energy range of 35øhnù90 eV.
with p character which is distributed predominantly over the
Downloaded 26 Nov 2004 to 134.109.132.157. Redistribution subject to AI
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perylene core. The strong peak at a binding energy of 8.
is characteristic for DiMe-PTCDI and stems from bothp and
s bonds in the imide, carboxylic and methyl groups. Ab
13.5 eV mostly molecular orbitals withs character contrib
ute to the spectra.

Figure 1(b) shows the measured valence band spect
the HOMO and HOMO-1 region and their dependence
energy. The HOMO feature reveals a weak, but clearly
servable shift of about 0.2 eV, to the intermolecularp-p
interaction. While the dispersion of the HOMO position
obvious, it is much less pronounced for the HOMO-1
ture. This is explained by the higher binding energy and
predominants character of the molecular orbitals contrib
ing to HOMO-1.

The measured energy shift was converted into a di
sion relation assuming the three-step model17 for the photo
emission process as well as energy and momentum co
vation before and after photoexcitation so that the follow
relations hold:

Ef = hn + Ei,kf
' = ki

' + G', Ekin = Ef , s1d

whereEi, Ef, ki
' and kf

' are the electron energies and
wave vectors before and after photoexcitation in the s
and G' is a reciprocal lattice vector.Ei and Ef are defined
relative to the vacuum level such thatEf corresponds to th
kinetic energy of the emitted electronsEKin. Determination
of the final momentum k' requires the knowledge of t
final state band dispersionEfsk f

'd which is, however, gene
ally unknown. Therefore, it is commonly assumed that
final state can be approximated by a free electron-like
persion applying an appropriate inner potentialV0

Ef = h2k2/2mp + V0, s2d

wheremp is the effective mass of the electron andV0 is the
constant inner potential in the solid for the final state f
electron-like parabola. Then the following relations are u

Ei = EKin − hn, s3d

ki
' = kf

' = f2mp 3 sEf − V0dg1/2/h

= f2mp 3 sEKin − V0dg1/2/h, s4d

where ki
', kf

' are the normal components of the wave ve
before and after the photoexcitation in the solid, respecti
These equations indicate that the values ofEi, and ki

' can be
determined from the measuredEKin and hn. The effective
mass of the excited electronmp is approximated by the ma

FIG. 2. (a) DiMePTCDI crystal plane and the relative orientation of m
ecules with respect to the S-GaAss001d substrates.(b) The experimenta
dispersion for the HOMO band(filled circles) and the best fit curve(broken
line) in the tight binding model.
of free electronm0.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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The energy band dispersion relation for DiMe-PTCD
obtained by applying the one-dimensional(1D) tight binding
theory to the HOMO of the perylene core. For the forma
of a 1D energy band it is assumed that a unit, i.e., a
ecule, is repeating along an axisx with a perioda. The in-
teraction only takes place with the nearest neighbors
strength being defined by the valuet, the transfer integral. B
analogy to the Hückel theory,18 the energyEB for the HOMO
is expressed in terms of wave vector k' as8

k' = f2mp 3 shn − EB − V0g, s5d

EBsk'd = EB
0 + 2t cossa' 3 k'd. s6d

Using the normal emission spectra and Eqs.(5) and (6)
the energy of the highest valence band and its mome
can be calculated. However, for the experimental determ
tion of the energy band dispersion we need to determin
values oft, a', andV0.

Results of Raman, near edge x-ray absorption fine s
ture(NEXAFS) and infrared spectroscopy19 revealed that th
DiMe-PTCDI molecules deposited onto S-GaAss001d are
tilted with respect to the substrate surface by an ang
s56° ±4°d and are predominantly oriented with their lo
axis parallel to the[011] direction. With the distance betwe
the intermolecular planes of 3.21 Å, as experimen
determined,20 we can calculate the length of repeating u
(lattice spacing normal to the surface) as a'=3.9 Å as de
picted in Fig. 2(a).

The results of the best fit for the dispersion along w
the experimental data are shown in Fig. 2(b). A cosine fit of
the experimental data was performed where the inner p
tial V0 and the transfer integralt are the two parameters. T
best fit is provided by the following parameters: inner po
tial V0−5.3 eV and transfer integralt=0.04 eV. The HOMO
band dispersion in the Fig. 2(b) allows the effective mass
HOMO hole to be determined asmh

p=6.20m0. This value is
close to the one derived for PTCDAs5.28m0d as can b
expected due to the similarity of the two peryle
derivative.12 In principal the effective mass value can be e
ployed to calculate the hole mobility in the organic semic
ductor. However, this additionally requires the knowledg
the scattering time which is not well known. Therefore
refrain from providing a coarse estimation of the carrier
bility as in the PTCDA case.12

As shown in the Fig. 2(b) we succeeded to observe
HOMO band dispersion for DiMe-PTCD1 along surface n
mal. The energy-band dispersion is extended over three
louin zones(4th, 5th, and 6th zone) with a bandwidth o
about 0.2 eV.

These results clearly demonstrate the existenc
energy-band dispersion similar to that for PTCDA.12 Here
the calculated lattice spacing normal to the surface gives
to the best fit of the energy dispersion to the experime
data using an inner potentialV0 of −5.1 eV and a transfe
integral of 0.04 eV. The inner potential for PTCDA w
found to be −5.1 eV from the low energy transmission s
trum for an estimated lattice spacing of 3.8 Å.

The HOMO for both perylene derivatives, DiMe-PTC
and PTCDA,21 originates from a single molecular orbi
with p character which is distributed predominantly over
perylene core. The results for the transfer integral and
inner potential of PTCDA are quite close to the ones
Downloaded 26 Nov 2004 to 134.109.132.157. Redistribution subject to AI
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DiMe-PTCDI. This supports the reliability of the resu
since the interacting parts are the perylene cores of the
ecules in both cases. The minor differences may be d
the difference of the intermolecular vdW interaction betw
the stacks of the two molecular films, considering that
lattice spacing is larger for DiMe-PTCDI than the one de
mined for PTCDA.

In this work we present valence band spectra from
ordered films of N,N8-dimethyl-3, 4,9, 10
perylenetetracarboxylic diimide. From the photon energy
pendence of the highest occupied molecular or
(HOMO), an energy dispersion of 0.2 eV was experimen
observed and attributed to the HOMO-HOMO interact
The observed energy shift of the HOMO is explained
terms of k conservation rule in the photoexcitation pro
with a transfer integralt of 0.04 eV and inner potentialV0
equal to −5.3 eV. The lattice spacing normal to the sur
was calculated taking into account the molecular orienta
determined from NEXAFS, Raman and infrared spec
copy.
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