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Metastable atom electron spectMAES) and ultraviolet photoelectron specttdPS of indium{perylene-
3,4,9,10-tetracarboxilic dianhydrid®TCDA)] system prepared on a MgSingle crystal substrate were mea-
sured as a function of the In overlayer thickne€k,j. As observed by a previous UPS experiment, a new
band was observed in the original PTCDA energy gap region even by the MAES which detects the outermost
surface selectively. Th®,, dependence of this new band intensity measured by the MAES gives a maximum
at®,,~1 A, suggesting that four In atoms are reacting with one PTCDA molecule atth® farts. From the
result of the density functional theoi®FT) methods and the enhanced intensity of the new band in the
MAES, it was concluded that the new band originates frarstate consisting of In 5z AO'’s.
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I. INTRODUCTION metastable atom electron spectroscOWES) and UPS.
In MAES, the kinetic energy of electrons ejected from

Organic electroluminescefiEL) devices have attracted a targetsT by impact of metastable aton#s* is analyzed:T
great deal of attention during the past dechdée devices +A*—T"+A+e™, e for energy analysié.MAES selec-
consist of organic layers sandwiched by two metal electively detects the outermost surface layer because metastable
trodes, and therefore studies of the interface between metafoms do not penetrate into inner layers, in contrast to other
and organic thin films are of crucial importance in clarifying Surface sensitive methods using photons or electrons as the
the device properties. Among these, study of the energy |evd_9robe. Eurthermore, an o.rbltal of the target mqlecule gxtend—
alignment at the interface, which is important in carrier in-n9 outside the surface interacts more effectively with the

jection, has been one of the recent main subjects of thedgetastable atom than inner orbitals, and thus gives a stronger
systems There have been many reports of the ultraviole'[band in MAES? Therefore, the analysis of relative band in-

photoelectron spectroscopfJPS on the interfacial elec- tensity of MAES prov!des.lnfprm_atlon on the moIepuIar ort-
tronic structure between metals and organic thin s entation and the spatial distribution of wave functions at the

addition to the energy level alignment, the overlap of waveOUtermOSt layer as well
9y 9 ’ P In this article we describdi) detailed assignments of

functions of the corresponding states is also important for th‘R/IAES features observed for an oriented PTCDA monolayer

interfacial property such as carrier transfer through the interand I/PTCDA system prepared on a MaSirface with the

face. _ , help of molecular orbital(MO) calculation using density
The archetypal organic semiconductor perylene-3,4,9,10ynctional theory(DFT) methods:(ii) experimental estima-

tetracarboxylic dianhydridé°TCDA) has gained increasing tion of the number of reacted In atoms for one PTCDA mol-

interest as a material for such organic devices, since the mokcyle and reaction sites in the molecule: diiid origin of

ecules form well ordered multilayers with high stability. The the new band gap state. The enhanced intensity of the band-

chemical structure of PTCDA molecule is given in Fig. 1. gap state in the MAES of the oriented In/PTCDA system

Furthermore, it was reported that thin films of PTCDA pro- indicates that the band gap state has a wave function with

vide new band gap states at the interface due to the reactidarger spread than & wave function of perylene core.

with substrates or overlayer materials such as GalsAl,

Ti, and Sm° Azumaet al® recently studied the origin of the O

band-gap state of the In/PTCDA system by angle-resolved

UPS (ARUPS. They suggested that the appearance of the

band-gap state originates from chemical reaction between

C=0 group sites of the PTCDA molecule and In atohfs. O O

However, there is only a limited number of work on the

origin of the band-gap state, and there seems to be no direct

experimental work that gives information on the spatial dis-

tribution of the wave function of the gap state. In the present O O

work, we studied the electronic structure of the outermost FIG. 1. The structure of perylene-3,4,9,10-tetracarboxylic dian-

surface of an In PTCDA system and their wave functions byhydride (PTCDA).
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II. EXPERIMENTAL deposition rate was about Oxionolayer equivalend@/ILE)/

min for PTCDA and~0.2 A/min for In. Here, the amount of

MAES and UPS were measurgd by an uoltrahlglh vacuum "y e is defined in such a way that the closely packed
(UHV) electron spectrometer with a 180° hemispherical . . .
olecules, with their molecular planes oriented parallel to

deflection-type analyzer. The apparatus has been report(%ﬁ :
; 10 3a. e substrate plane, just form a monolayer. One MLE of
previously. " The metastable atoms of Fie2"S; 19.82 eV, PTCDA was calibrated by using the occupation area of one

2'S; 20.62 eV were produced by cold discharge of pure . i
helium gas, giving tr?e high ﬂu>)</ beam of thg ordee of PTCDA molecule(138.9 &) which was estimated from the
~10%atoms stsrt Details of the H& source was de- unit-cell dimension of the monolayera=13.1 and b

scribed in Ref. 11. The He(zls) component was quenched _=21.2A, meas_ured by LEE@._The molecular orientation
by a dc helium lamgquench lampin order to measure the N the 1-MLE film was determined by the method, as de-

spectra excited by only Hg23S). The position of the Fermi Scribed in a previous pap@l’~*® Preparation of the well- _
level (E¢) was determined from UPS of a thick Au film. defined PTCDA monolayer, where the molecules are ori-

A 2H-MoS, crystal? was used as the substrate. It vims ~ented flat on the substrate surface, is necessary to discuss the

situ cleaved in the preparation chamber and cleaned by hea@rigin of the electronic states of the In/PTCDA system, as
ing typically at 200 °C(11 h) and 300 °C(3 h). Cleanliness described later.

of the substrate surface was confirmed by measuring MAES The In/PTCDA system was prepared by evaporating In on
just before the deposition of PTCDA. Commercially ob- the flat-oriented PTCDA monolayer. MAES and UPS were
tained PTCDA was purified by three cycles of sublimation inmeasured as a function of the In overlayer thickng3s,).

an Ar gas stream of-0.1 Torr, followed by additional two The preparation of the films and all MAES and UPS mea-
cycles of sublimation in a high vacuum ef10 °Torr.  surements were performed at 100 °C, in order to obtain more
Monolayer films of PTCDA were prepared on the Mabb-  complete reaction between PTCDA and In overlayer. For
strate by sublimation in the preparation chamber under UHVUPS, the binding energie€) are referred to th&,. For
The detail of the molecular orientation of the film is dis- MAES, theEg are referred to th& for a convenient com-
cussed later. Indium was evaporated onto the well-definegarison with UPS. In the following, we will not discuss on
flat-lie 1-monolayer film using a resistively heated tungstenthe vacuum level shift, which is determined from the low
filament. The deposited amount of PTCDA and In was monikinetic energy cutoff in the spectra, since it is not sufficient
tored with a quartz oscillator calibrated in advance. Thefor detailed discussion in the present experimental work.

115204-2



ORIGIN OF INDIUM-[PERYLENE-3,4,9,10. .. PHYSICAL REVIEW B 63 115204

0r PTCDA
L 101, (T*P) 4byg ~N.
& ' LUMOs2___
i LUMO+1
5 oMo
i HOMO_____——
; B HOMO-1____
q) | —
N &_ﬁ/ =
>- '10 — ! Z -
O I =
x| s —
% - 7 /7 pig S :
5 i // / L —
< bl —_
= I =
@ 151 / —
o) ! —
5 I/ | _
! A
B | =
/ j—
/ —_
- ! .
20} —
i MO i

FIG. 3. The correlation among the calculated energy levels obtained by DFT m@&BbY¥P/LanL2D2) for PTCDA and InPTCDA.
The energy levels are divided into two groups, where the left group corresponds to MO'’s distributed parallel to the molecular glane (MO
oxygen nonbonding2p, and 2,) ando, and the right group displays those distributed perpendicular to the molecular plang (k@nd
oxygen nonbonding (12,). Molecular structure of PTCDA and a model compound of the reaction prodyBXTG@DA, are also shown. In
the energy diagrams, MO levels originated from oxygen atoms are shown by slightly longer bars with triangles. Bars labeled with open
circles correspond to MO’s involving In AO’s. Local distributions of the typical MO’s of PTCOy) and In,PTCDA (D) are also

shown.

Ill. RESULTS AND DISCUSSION molecules$>?® The geometry of PTCDAD,;, symmetry

and the model compound of the reaction produgiRTrCDA

) ) (D5, symmetry, were fully optimized. In addition, bothab
Before showing the observed spectra, we describe resulgitio and semiemprical methods were examined and the cal-

of MO calculations for PTCDA and a model compound 0f ¢;5ted results were compared. Among these, we describe

thr? reaction pr?,dlﬁct WTCDA, o; the In/PZCDA §ysc'§em. g here the result of the DFTB3LYP/LanL2D2) calculations

) e structure of the reaction product was determined as dgg;qp, yielded the best agreement with the experimental re-

scribed later. The calculations were performed with the hy-

hrid Hartree-Fqck/densny fupcuonal theoryHF/DFT) In Fig. 2, we show the optimized molecular geometries of

method employing the Becke's three-parameter exChangSTCDA and the reaction product,PTCDA with the values

functional® combined with the Lee, Yang, and Parr’s corre- P 4 : .

of the bond lengths, bond angles, and Mulliken atomic

lation functionaf® (B3LYP), as implemented in theAuss- =S :
AN 982" program package. In this calculation, the basis set i§harges on carbon, oxygen, and indium atainsle|). We

the Los Alamos National Laboratory set for effective corefind from the net charge of J®TCDA that the In atom is
potentials (ECP of the double-zeta typéLanL2Dz).22-2¢  calculated to lose about 0.528, most of this charge is
The DFT approach has been successfully used in earlier déansferred to oxygen atom of=€0 part (0.44%[). The
scriptions of the interactions of metal atoms with conjugatedderylene core part also receives the large amount of negative

A. Molecular orbital calculations
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charge 0.53f|; total charge around the perylene core is In the MAES of the 0.2-MLE film[spectrum(a)], the
+0.811 for PTCDA andt+0.273 for InPTCDA. substrate bandS; andS, were still observed, indicating that
Figure 3 shows the correlation between the calculated enhe substrate is not fully covered by PTCDA molecules.
ergy levels of PTCDA and the reaction produciRTCDA.  with increasing thickness of the PTCDA film, intensities of
MO’s distributed perpendicularly to the molecular planepangdss! and S, were gradually reduced and almost disap-
[perpendicular MO (MQ)] and those distributed parallely to peared at 1-MLE depositiofspectrum(b)]. This indicates
the molecular plangparallel MO (MQ)] are shown sepa- 5 the molecules lie flat with their molecular plane oriented

rately by bars in two columns. Typical orbital patterns are ; ; -
. arallel to the Mo$ cleavage planéflat-lie orientation and
also shown for some selected orbitals. For PTCDA, the calp 2 ge planéf f

culated energy separatiolE) between the highest occu form a uniform monolayer film, since just 1-MLE film of
- , Bpge
pied molecular orbitalHOMO) and the lowest unoccupied PTCDA shields the MoSsubstrate for the Hebeam:® Mo

molecular orbital (LUMO) is AE=6.94—4.46-2.48 eV, lecular orientation in the 1-MLE film did not depend on the

which is in fair agreement with the experimental value of thesu,bStrate temper%ture, which is consistent with results ob-
lowest electronic transition energxE’ =2.6 eV, measured tained by ARUPS? , _
by electron energy loss spectroscopgELS) for thick In the; flat-lie orientation, some MO'’s are selectively ob-
PTCDA film 2’ Furthermore, the comparison between the re-Sérved in the MAES. Namely, MO(w,P = CO, andn, O)
sults calculated for PTCDA and the reaction product,interact more effectively with the metastable atoms, and give
In,PTCDA, leads to the following result. LUM®2 (see  stronger bands in the MAES, while MO(o and nO)
Fig. 3) and LUMO of pristine PTCDA correspond to HOMO scarcely interact with the metastable atoms and are not ob-
and HOMO-1 of In,PTCDA, which may be related to the served in the MAES. Thus the observed MAES should cor-
electron transfer from In to PTCDA. respond to the PDOS rather than the DOS. As seen in Fig. 4,
the MAES and UPS of the 1-MLE PTCDA have four main
valence-bands and these MAES and UPS features are in
good agreement with the calculated PDOS and DOS, respec-

We first discuss about the origin of observed spectral featively. From the comparison with calculated results and by
tures for the pristine PTCDA film. Figure 4 shows the MAES considering the characteristic of the MAES, these bands can
and UPS of 0.2 MLE and 1 MLE PTCDA films prepared on be assigned as follows. First, in the UPS, banid ascribed
the MoS substrate. The inset spectra show the second ddeo the HOMO band of PTCDA, which consists of a single
rivative of MAES and UPS of the 1-MLE PTCDA with re- MO of & character, 8,, distributed over the perylene core
spect to the energy<{d?l/dE?). As the reference, the UPS ()P (see Fig. 3 BandB is related to somer,P n,0O and
of a thicker PTCDA film(20 MLE) on highly oriented py- n, O MO’s. Here, nO indicates MO derived from oxygen
rolytic graphite (HOPGQ substrate are shown after tlig; 2p, and 2o, AO’s, which are distributed parallely to the
scale being shifted to the ot side by 0.29 e\¥® ARUPS  molecular planée.g., 23, in Fig. 3), andn, O corresponds
spectra at two electron take-off anglég) measured by to MO derived from oxygen @, AO, which is distributed
Azumaet al?® and results of the present DFT calculations perpendicularly to the molecular plaffer example By in
(B3LYP/LanL2D2) are also shown. The density of state Fig. 3). BandD is also related to someP andn,O. BandE
(DOY) obtained by a Gaussian broadening of the MO levelds ascribed tarP and= CO which is distributed at<-O and
is shown by solid curve, where MO levels are also shown byC—O-Cparts(e.qg., 13, in Fig. 3), and involves contribution
separating them into two grougMO, and MQ). Further-  of someo states that are MO These assignments are in
more, the partial DOSPDOS which corresponds to MOis  good agreement with those of ARUPS bands by usibg
also shown. Here, all calculated results are compared witinitio calculation(RHF/STO-6G.%° An additional bandC in
experimental results after the calculatég, scale being the ARUPS aty¥=70° was assigned to four nonbonding or-
shifted to the lowEg side by 4.8 eV. bitals,n O (18034,1%5, ,2484 ,230,,) by Azumaet al® In

For the MoS substrate, MAES features do not correspondthe present DFT results, however, energy positions of four
to those of the UPS, since Heatom is deexcited on the n,O MO's are separated from one another and are not lo-
MoS, surface predominantly via the resonance ionizationcated in the energy region of ARUPS ba@dThe disagree-
(R)+Auger neutralization(AN) processeS.In the UPS, ment suggests that the MO calculation still needs improve-
MoS, substrate featureS,, S,, S;, andS, are still clearly ments.
visible at the 0.2-MLE PTCDA filn{spectrum(c)]. For the On the other hand, we can assign the observed bands
1-MLE PTCDA film [spectrum(d)], the observed valence- experimentally by comparing MAES, ARUPS, and UPS,
band features seem to be also affected slightly by the sulsince the MAES detects the difference of the spatial distri-
strate bands. However, these features correspond well withution of the MO’s in the outermost layer, ARUPS features
those of the PTCDA20 MLE)/HOPG, namely UPS features depend on MO characters and the molecular orientation, and
of the PTCDA(1 MLE)/MoS, reflect the valence electronic UPS is insensitive to these. As described above, in the flat-lie
structure of PTCDA. Moreover, MAES featur@sB, C’, D, orientation, MQ is selectively observed in MAES. Hence,
andE correspond well to those in the UPS. From this corre-MAES bandA is ascribed tomrP MO. MAES bandB is
spondence, we can conclude that the metastable atom is delated to fourmP MO’s. In contrast to the UPS, MAES
excited through Penning ionizatiofPl) proces$ at the bandsD and E can be related to onlyr MO’s. A small
PTCDA film surface. shoulder C’, which was reproducibly observed more

B. MAES and UPS features of PTCDA film
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FIG. 4. Comparison of Hg23S) MAES, He | UPS of the 0.2 arsh
MLE and 1 MLE PTCDA film prepared on a MgSubstrate and
the calculated results for PTCDA molecule. As a reference, He |
UPS of a thicker PTCDA20 MLE)/HOPG is shown after shifting
the energy scale to the lo®g side by 0.29 e\f® ARUPS of the
PTCDA monolayer film3 A) at #=30° and 70%Ref. 29 are also
shown for comparison. In the DOS curve, vertical bars show MO
energies obtained by DFT methdB3LYP/LanL2D2), where en-
ergy levels in the upper group correspond to Mild the lower
group to MQ (see, also, Fig.)3 Longer bars with triangle indicate
states with large contribution of oxygen AQ’s, hamely oxygen non-
bonding state¢n,O andn, O) or = CO states. The calculated DOS
is shown by solid curve, which was obtained by a 0.7 eV Gaussian S 1|0 -
broadening of MO levels. The PDOS for MGs also shown above
MAES spectra. The inset panel shows negative of the second de- BINDING ENERGY RELATIVE TO Er (eV)
rivative of MAES and UPS of the 1-MLE PTCDAd*l/dE?). FIG. 5. The dependence of the HE3S)MAES (a) and He |
For all MAES and UPS measurements and the deposition of th@JPS(b) on the thickness of In overlayéd.5—-15 A deposited on
films, samples were kept at 100 °C. The substrate bands in MAE$e oriented 1 MLE PTCDA on MosSheld at 100°C. The full
are indicated bys; andS; . The band P originates from deeperlying spectra are shown in pan@). The band-gap region is magnified in
band of PTCDA. panel(ll). In the MAES[panel(Il)], a weak band{») due to He I,
produced by the metastable atom source, is visible.

INTENSITY (NORMALIZED)

strongly in the MAES(see —d?I/dE? curve than in the

UPS, corresponds to two, O MO’s. These results are sum- overlayer was deposited on the oriented 1-MLE PTCDA

marized in Table I, and these band assignments will be useidlm. The development of the band-gap state is shown in

for discussing the origin of electronic states of the In/more detail in pane{ll) of Fig. 5. In Fig. 5, the intensity is

PTCDA system. normalized to the total electron yield. When In overlayer was

deposited on the 1-MLE PTCDA film, a new stab@ndR;)

was observed at-0.9 eV belowEg in the UPS, namely in

the original PTCDA energy gap region as previously ob-
Figures %a) and §b) show ©,, dependencies of the served by UP3and ARUPS In the MAES, spectral fea-

MAES and UPS of the In/PTCDA/MgSsystem, where In  tures corresponding to those in the UPS are also observed

C. ©,, dependencies of MAES and UPS of IlPTCDA system
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TABLE I. MAES and UPS band assignment8lO), energy position fromEg (Eg/eV), and energy

relative to band A AE/eV) for PTCDA.

MAES UPS
Band MO Eg/eV AE/eV MO Eg/eV AE/eV
A 7P 2.5 0 7P 2.G 0
B 7P 3.6 15 =P,n;, O 3.6, (3.9 1.6,(1.9
C — — — (n,0) 4.7 2.7
C’ n, O 5.0, 2.9 — — —
D P 5.% 3.6 =P,n0, o 55% 35
E 7P, mCO 7.3:0.1 52 7P, mCO, o 7.2 5.2

8Reference 29.

(labeled byR;~R,), indicating that the He is deexcited by

In the UPS, on the other hand, tkg, dependence of the

PTCDA surface. The detailed assignment of spectral featurezhowed no prominent peak &,=1 A. This difference can

of the MAES will be described later. The Mg@Substrate

be understood by considering the fact that in the UPS, pho-

features(S, andsS, in Fig. 4) could not be detected after the toelectrons from In islands overlap with baRd,?® whereas
In deposition, indicating that the reaction products alson the MAES, electrons emitted from the islands give little

shield the substrate surface effectively for the* Heeam.

Thus, by depositing In on the oriented 1-MLE PTCDA film,
it is expected that In-PTCDA reaction products are also ori-

intensity at this energy region due to thetRAN process in
the deexcitation of He at the island surfac&
We can estimate the number of In atoms that react with

ented nearly flat to the substrate without forming island®n® PTCDA molecule from th®, value which gives a

structure.

In the MAES, the new ban®; is clearly observed with
enough intensity even & ,,~0.5A [see Fig. §a)]. With
increase iM,,, the intensity of MAES ban®; increases up
to ®,,~1 A and then decreases f@y,,>1 A. In Fig. 6 the
integrated intensities of bari; in the MAES and UPS are
plotted as a function 0®,, including the data not shown in
Fig. 5. It is clearly seen that the bar®} intensity in the
MAES gives a maximum a®,,~1A and decreases for

®,>1A. It can be understood by considering that the
chemical reaction between PTCDA molecule and Indium

overlayer is saturated #,~1A. For ®,,>1A, Indium

islands, which are made up from unreacted In atoms, exist o
the reaction products, because we could not detect an
MAES features corresponding to atomic In or their small

maximum ofR; intensity of the MAES. By assuming that
sticking coefficients of indium on the surfaces of the quartz
oscillator and the sample are the same and that all In atoms
react with PTCDA molecule, we obtained that 4.6 In atoms
react with one PTCDA molecule &,,~1A. There exist
some unreacted In atoms, and therefore it is expected that
four In atoms react with one PTCDA molecule, namely
Nin:Nprcpa=4:1. Recently, Azumaet al. found for the
IN/PTCDA/MoS, system by high-resolution electron energy
loss spectroscopfHREELS and x-ray photoelectron spec-
troscopy (XPS) that the interaction between In atoms and
PTCDA molecule takes place at=80 parts of PTCDA and

pot at C—O—Qarts®® Combining these results, we conclude
hat In, PTCDA is produced by the reaction of PTCDA and

n contact(see Fig. 2

clusters, but clearly observed the formation of In islands by

scanning electron microscop8EM) for a I/PTCDA/MoS
system after deposition of thicker In.

—o— R{(MAES)
@ - R1(UPS)

INTENSITY (ARB. UNITS)

INDIUM THICKNESS (© 1, : A)

FIG. 6. The In thickness dependend® () of the band R in-
tensity of MAES(—O—) and UPS(--@--) (see Fig. 5.

D. MAES and UPS features of In,PTCDA film

In Fig. 7, the calculated electronic structure of the ex-
pected reaction product, JRTCDA, is compared with the
observed MAES and UPS of the (& A)/PTCDA (1 MLE)/
MoS,. The DOS, PDOS, and MO levels of the; RTCDA
are shown after the binding energy scale being contracted by
0.73 and shifted to the high binding energy side by 1.0 eV,
because of the well-known problem of MO calculations to
correctly predict theEg positions. Molecular energy levels
for the reaction product, jPTCDA, were calculated for op-
timized ideal plane structure using DFT meth@BLYP/
LanL2DZ2) as described before. The calculated results agree
well with the observed MAES and UPS.

We first note the main difference between the relative
band intensities in the MAES and UPS. In the MAES, one
can see that the intensity of the gap staieis stronger than
that of the second banR, (see the—d?I/dE? curve and
background removed spectrum in Fig. Moreover, the rela-
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LI LI B N S more easily with the metastable atom than inner orbitals and
background gives a stronger band in MAES. The origin of these bands

removed

In(1 A)/ PTCDA(1 MLE) \

are described later.

The calculated result for the JRTCDA indicates that the
top band 1 in the DOS and PDOS isrestate consisting of C
2p,, O 2p, and In 5, wave functiongsee Fig. 3, HOMO
6bs,), and the second band 2 ismastate derived from C 2,
and O 2, AO’s, distributed only in the perylene core
(shown by a orbital B, in Fig. 3). The third band 3 consists
of five = MQ’s, which involve an state with MO phase
similar to the HOMO state of PTCDAshown by a orbital
He* MAES 3a, in Fig. 3) and nearly degenerate fourstates with large
calcuiated In 5s wave functions(e_.g., shown by a orbital 24, in Fig.
“NI2_ PDOS 3). The fourth band 4 is related to various MO’s suchmd
7CO,n, O, nO, ando.

From the fairly-good agreements between the calculated
and the observed results, the MAES and UPS bands can
finally be assigned as follows. In the UPS, baRdis as-
cribed to 7P, involving In 5z AO’s, which is in good
agreement with those obtained by Azuetzal® BandR, is
related torP MO. BandR; is five 7P MO’s ando MO's,
BINDING ENERGY RELATIVE TO E¢ (eV) involving In 5s AQ’s. Finally, bandR, is ascribed to various
MO'’s, =, n,; O, n,O, ando states. As described before, on
the other hand, the MAES is sensitive to the molecular ori-
entation and detects MO’s with large spatial distribution. It is
noted that characteristics of the MAES of the In/PTCDA
system areg(i) the MO, (7 and n, O) is mainly observed

INTENSITY (ARB. UNITS)

A ﬂ%|? \
W= T

FIG. 7. Comparison of the observed H&3S)MAES and He |
UPS of the In(1A)PTCDA(IMLE)/MoS, and the calculated re-
sults for InPTCDA. Bars show calculated MO energy levels ob-
tained by DFT methodB3LYP/LanL2D2). The upper and lower

bars, respectively, indicate MCGaind MO states, and bars with b h | | . d v fl h b
circles show states with large contribution of In AO’g,5s). Bars ecause the molecules are oriented nearly flat to the substrate

with triangles indicate states with contribution of oxygen AO's. The &1d (i) bands including large In AO give stronger intensi-
calculated DOS is shown by solid curve. The PDOS, which correli€s. From these, MAES bari), is ascribed tarP, involving
sponds to partial DOS for MO and four contractedr states 1N 5p, AO’s. BandR; is related torP MO. BandR; is 7P
(marked by circles in M@, is shown by a dashed curve. These MO’s and o MO'’s, involving large In 5 AO’s. Finally,
DOS’s were obtained by 0.7 eV Gaussian broadening of MO’sbandR, is ascribed torP, wCO, andn; O MO’s. TheEg
Negative of the second derivative of the MAES @?l/dE?) and  values of observed bands in the MAES and UPS and their
the MAES after background removal is shown in inset, in order toassignments are summarized in Table II.

show the enhanced intensity of band tRan band R Molecular In the MAES, bandR; was observed strongly comparing
structure of the reaction product,,RTCDA, is also showr(see  with bandR,. This is because the wave function for baRd
texd. (HOMO) consists of large In p, AO’s and spreads more

outside than that for bard, () P, which consists of only C
tive intensity of the third ban®; in the MAES is especially and O 2, AO’s. Furthermore, the especially strong intensity
stronger than the corresponding baRg in the UPS. The of the MAES bandRj in comparison with corresponding
former result originates from the difference of MO distribu- band R3 in the UPS can be due to the effective electron
tions betweerR; andR, bands. The latter can be ascribed to emission from the large In $derived orbitals by the PI
the difference of surface sensitivity between MAES andprocess. The new electronic state, HOMO of PTCDA,
UPS, that is an orbital extending outside the surface interactisas a large wave function that distributes almost normal to

TABLE Il. MAES and UPS band assignmen8lO), energy position fronEg (Eg/eV), and energy
relative to bandr, (AE/eV) for In/PTCDA system.

MAES UPS
Band MO Eg/eV AE/eV MO Eg/eV AE/eV
Ry 7P (In 5, 1.0 0 7P(In 5p,) 0.8 0
R, 7P 2.% 1.2 7P 2.4+0.2 1.5-0.2
RS 7P, o(In 59) 3.9+0.1 2.9+0.1 — — —
R3 — — — 7P, o(In 59) 4.0x0.2 3.1+0.2
R4 7P, 7CO,n, O 5.9-0.1 4901 aP,w#CO,n; 0O, o (5.3,6.1 (44,52
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the interface plane, and it may play an important role in theyith one PTCDA at €=O parts. Moreover, from the MAES
charge transfer properties through the interface by bridgingind UPS of the In1 A)/PTCDA (1 MLE)/MoS, system,
the two interface materials. origin of the observed MAES and UPS bands are obtained
Finally, we point out that a direct contact of metal andwith help from the DFT calculation of the model compound,
organic films in an UHV would be a new method for syn- |n, PTCDA. The band-gap state of In/PTCDA system origi-

thesizing a new functional compound having small ioniza-nates from ther state involving large In p, AO’s.
tion potential.
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