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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 Mossingle 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 (6tBilD)
band of singler character. The observed energy-band dispersion showed a cosine curve, which originates from
the intermolecularr-7 interaction. Analyses using the tight-binding model gave that the transfer integral of
about 0.05 eV for ther-1r interaction, the effective mass of HOMO hatg =5.28m,, and the hole mobility
un>3.8 cnf/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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[. INTRODUCTION dispersion is in general difficult, because of the small band-
width due to weak intermolecular van der WaélslW) in-
Angle-resolved ultraviolet photoemission spectroscopyteraction, and a difficulty of preparing well-oriented samples
using synchrotron radiatiofSR-ARUPS is a powerful tech-  required for SR-ARUPS measurements.
nique for direct measurements of the energy-band structures It was reported that the archetypal organic semiconductor,
which is a fundamental basis for the understanding of elecPerylene-3,4,9,10-tetracarboxylic acid-dianhydride
tronic and optical properties of solid€.There are many re- (PTCDA), molecules orient with the molecular plane parallel
ports on the observation of the intramolecular energy-bané® MoS, surface from monolayer to multilayer with high
dispersion originating from the repeating units in aStability* *°Therefore, the strong intermolecula inter-
molecule®>~*?These samples have the sufficiently wide band-action due to their packing structure can be expected. In this
width (~5 eV) for measuring the dispersion relation due toPaper, we report on the intermolecular energy-band disper-
the intramolecular interaction originating from the covalentsion of about 0.2 eV originating from the intermolecutarm
chemical bonds in a molecule. Some experimental workénteraction for a well-oriented PTCDA multilayer, leading to
have been reported on the intermolecular energy-ban@n evaluation of the effective mass of the HOMO-hole, the
dispersion for the families of organic charge transfer saltshole mobility and the quantitative intermolecutaf inter-
such as dicyanoquinonediimid®CNQI)-metal comple}® action (transfer integralfrom SR-ARUPS measurements.

and tetrathiafulvalene-tetracyanoquinodimethan€l TF-

14,15 H H ]
TCNQ. In a single-component organic molecular film, Il EXPERIMENT
on the other hand, the energy-band dispersion was observed
only for two systems, g monolayer on Ge®01) (Ref. 16 SR-ARUPS measurements were performed at the beam

and big1,2,5-thiadiazolpp-quinobig1,3-dithiole (BTQBT) line BL8B2 of the ultraviolet synchrotron radiation
multilayert’ so far. The bandwidth of the highest occupied (UVSOR) facility at the Institute for Molecular Science. SR-
molecular orbita(HOMO) band is about 0.5 eV for DCNQI ARUPS spectra were measured by using a newly constructed
metal compleX®0.75 eV for TTF-TCNQ'*1%0.4 eV for G, VG-ARUPS10 system with a multi-channel detector. The
monolayet® and 0.4 eV for BTQBT multilayet’ Among  monochromatic synchrotron radiation was obtained by a
these samples, BTQBT molecule have the sufficiently wideplane-grating monochromat®r.The energy resolution was
bandwidth for measuring the dispersion relation due to thet50 meV as measured from the width of Fermi edge of gold,
increasing of the intermolecular interaction by the existencend the acceptance angle of the photoelectron was°.

of the chalcogen atoms. For usual single-component organic The incidence photon energh¥) dependence was mea-
semiconductors, however, the observation of the energy-bargiired for 30-A-thick PTCDA multilayer {8 ML) at an
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statesno(C=0) states derived from oxygerp2 and some
mp andny states, respectively:?° For the HOMO band, the
continuous and significant change of the peak position and
intensity are clearly seen with increasingy. At hv
=12 eV, theEg of the HOMO peak is about 7.34 eV. With
increasinghv, the HOMO band shifts to the highé&ig side,
and turns back div=26 eV. Also, ahv=44 and 73 eV, the
similar turn back of the peak exists. The total shift of the
HOMO band is about 0.2 eV. For the origin of such a small
Eg shift, one may consider the depth dependence of the re-
laxation energy of the HOMO hole as reported by
Salaneck? If this is the case, the HOMO band must shift to
the higherEg side with increasindpv until hv=20 eV, then
turn back and keep the shift to the loweg side, since the
depth dependence of the relaxation energy of the HOMO
hole depends on the kinetic enerdy,) dependence of the
photoelectron mean-free-pass in organic solids which has a
minimum atE,~15 eV2%% In the present measurements,
however, the observeflz shift was periodic and thEg shift
of the HOMO band was not observed in thelependence of
T L OO FY9E LT ISEL O [PPE PO P OELED the spectrd® By considering these results, we attribute the
Bin1d1in 1£ner9 frim é (GeV) Eg shift of the band to the intermolecular energy-band dis-
9 9 vac persion. On the other hand, bands B, C, and D also show
FIG. 1. Photon energyhi) dependence of SR-ARUPS spectra changes in peak positions and intensities depending:on
along the surface normal for the 30-A-thick PTCDA multilayer They can be originate from thev dependence of photoion-
(~8 ML) prepared on the MoSsurface. The binding energfg) ization cross section of various electronic states as well as

Intensity (Normalized to Ring Current)

scale refers to the vacuum levet (). the energy-band dispersion. Therefore, we will not discuss
these in the present paper.
electron take-off angl@=0° (normal emissionand a pho- The energy-band dispersion of the HOMO ba@d can

ton incidence anglee=70°. Thehv was tuned from 12 to be determined using the simple tight-binding model with

81 eV. In the present measurement, change of the PTCDAnly nearest neighbor interactions as reported in the previous

sample due to radiation damages was not observed. papert’ According to the tight-binding model and assuming
A MoS, single crystal substrate was cleaved in thethe free-electron-like final states, the energy-band dispersion

sample-preparation chamber (0% Torr), and the quality along the surface normal is given by

of substrate surfaces was confirmed by SR-ARUPS and

LEED measurements. The PTCDA sample, which was puri- Eg(k,)=Eg—2tcoga, k), 1)
fied typically by three sublimation in a current of argon gas
(~0.25 Torr), followed by two sublimation in a high k, =[2m} (hv—Eg— V)Y, 2

vacuum of~10"° Torr, was carefully evaporated onto the 0

MoS, surfaces in the sample-preparation chamber. The filmwvhereEg, t,a, , k, , mg, andV, are the energy of the band
thickness and the deposition rate §.7 A/min.) were mea- center, the transfer integrals, the lattice spacing normal to the
sured with a quartz microbalance by assuming that the derfurface, the wave vector component of photoexcited electron
sity of the film is similar to the single crystal (1.70 g/&m along surface normal, the effective mass of the photoelectron
The molecular orientation of the present PTCDA film waslin the final continuum state, and the average inner potential
studied by LEED(Ref. 18 and the# dependence of SR- in the solid for the final free-electron-like parabola, respec-
ARUPS spectrd® From these, we confirmed that the tively. . o

PTCDA molecules orient with the molecular plane parallel to  For the experimental determination of the energy-band

the Mo$S surface. dispersion, we need to determine the valu&/gf By assum-
ing the direct inter-band transitions, a parabolic free-
IIl. RESULTS AND DISCUSSION electron-like band in a constai, and free electron mass

m, for the final stateV, can be determined from thiev
Figure 1 shows thérv dependence of normal emission dependence of the photoemission interfsit}f of the
spectra for the well-oriented PTCDA multilayer, where theHOMO band as shown in Fig. 2. In the present system, the
binding energy Eg) is measured from the vacuum level nearly free-electron-like final-state bands becomes flat at the
(Eva9 and photoemission intensities are normalized to thd" point due to the gap opening, and the occupied band is
ring current. In Fig. 1, band A, which is assigned to a singlenearly flat due to their very small band dispersion. Therefore,
7 character state distributed over the perylene carg,( we can expect a large joint density-of-stdi2OS) for the
HOMO),’*?% is well separated from other valence bands.direct transition leading to a maximum in the peak intensity
Other valence bands B, C, and D are assigned to seme whenhv matches the energy separation between these bands
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SR LA L L L respectively’® In the present fitting, we assumed that
S Y PTCDA/MoS, =m,. When we use the parameter @ >mj, the lattice
@ ¢ o HOMO constant can be obtained as<3.8 A from tight-binding
€ > - b, ¢ fitting. Another possible origin of this discrepancy might be
g g . * .. different molecular packing structures between the films and
_§ o . ntt e, . crystals. We cannot give a definite origin of this difference at
ot .' *e present. For further consideration about this problem, we
Y TR AT PPN TR PR AT IO need to measure thedependence of SR-ARUPS spectra for
0 10 20 30 40 50 60 70 80 90 a single crystal.
Photon Energy (eV) On the other hand, the lateral lattice constants for the

PTCDA/MoS, system were found to be 13.8 and 21.2 A
_ FIG. 2. Photon energy depe_nde_nce of the photoemission inteffygm LEED measuremenfé, hence the reciprocal lattice
sity of the HOMO bandpeak A in Fig. 1. constants in these directions are 0.23 and 0.15, Aespec-
tively. In the present SR-ARUPS measurements, the accep-
at theI" point. Since the HOMO band dispersion is very tance angle of the photoelectron wa®.8°. Therefore, the
small in comparison of the dispersion of final states, it can bdateral wave-vector components of photoexcited electron
considered that only the DOS of the nearly free-electron-likealong surface parallel k() were averaged fork =0
final-state bands dominate the three maxima in Fig. 2. As-0.02 A"* when hy=12eV and for k;=0~0.06 A™*
seen in Fig. 2, the maxima of the HOMO-band intensities aravhen hy=381 eV. That is,~13 and~40% of the lateral
clearly seen ahv=24, 36, and 61 eV. For theder, the Brillouin zone are integrated d&tv=12 and 81 eV, respec-
final-state-energies above the vacuum level)(are Ef tively. If there is considerable tight-binding band dispersion
=16.5, 28.6, and 53.5 eV fdrv=24, 36, and 61 eV, respec- along the lateral direction, the HOMO band must shift to the
tively. For these maxima in Fig. 2, we must also take intohigher Eg side with increasindiv. However, we could not
account the influence of ther dependence of the photoion- observe such &g shift but a periodicEg shift. Thus, we
ization cross section. However, T of the three maxima consider that the main origin of the observggl shift is due
in Fig. 2 agree well with the energy positions of the high-to -7 interaction along surface normal than the lateral in-
DOS parts of the conduction bands estimated from the lowteraction.
energy electron transmission spectrtfiTherefore, three As seen in Fig. 3, we succeeded to observe the HOMO-
maxima in Fig. 2 are considered to originate from the DOSband dispersion of about 0.2 eV for the PTCDA multilayer
of the final state. From these result§ was determined to along the surface normal. The observed HOMO-band disper-
be —5.1 eV. sion originates from the intermolecular-7 interactions
Figure 3 shows the best-fit energy-band dispersion curvalong the molecular plane normal. The transfer integral of
along with the experimental results calculated by &y, in  the HOMO band for the PTCDA multilayertprcpa
which Vo= —5.1 eV. In this fitting, we used a least-squares=0.05 eV, is smaller than that of the BTQBT multilayer,
fitting of the observedEg positions to cosine curve in the tgroer=0.09 eV This relates to the difference of the inter-
tight-binding model’ From these fitting, the other param- molecular vdW interaction between PTCDA and BTQBT.
eters Eg, t, anda, were found to be 7.43, 0.05 eV, and Using the parameters which were obtained from the HOMO-
3.8 A, respectively. The estimated lattice spacing of 3.8 A ighand dispersion in Fig. 3, the effective mass of HOMO hole
larger than the spacings of 3.22 and 3.25 A between the mdmy) is obtained to benj; =5.28m,. Thus, the hole mobility
lecular network sheets in-PTCDA andB-PTCDA crystals,  (up) is approximately calculated as,>3.8 cn/V s which
can be approximately expressed @s>20my,/m; when 7
>7#/kgT, wherer is the relaxation time due to scatteriffy.
We believe that these parameters are important for discussing
the electrical doping to PTCDA films and the molecular ex-
citon dispersion which has the same order of the dispersion-
width for the present HOMO-band dispersighThis is the
first observation of the intermolecular valence-band disper-
sion of a conventional single-component organic semicon-
ductor only with the weak intermolecular vdW interaction.
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