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Schottky barrier height at an organic/metal junction: A first-principles study
of PTCDA/X (X=Al, Ag) contacts
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First-principles calculations within the density-functional theory have been performed for a 3,4,9,10 peryle-
netetracarboxylic dianhydridePTCDA) molecule deposited on Al11) and Ag111) substrates, focusing on
the structural and electronic properties. The relatively large interplanar distance between the PTCDA plane and
the Al surface, along with the small adsorption energy, suggest the interaction to be pretty weak. Moreover, the
analysis of Mulliken population combined with the density of states shows that the main interactions occur in
the molecular anhydride end groups, whereas the perylene core is basically unaffected by the Al substrate. Very
similar results are obtained for PTCDA deposited on thélAg surface, the interaction being even weaker
than with Al, as expected for the less reactive noble metal. As for the technologically important issue of the
potential lineup, our results show that the PTCDA/AI contact has a rectifying character, pvitfpa Schottky
barrier height of about 1.5 eV. This same value is obtained for the PTCDA/Ag contact, irrespective of the
interface geometry. This suggests that, irrespective of the underlying metal, the Fermi level is pinned at the
same energy position with respect to the PTCDA highest occupied molecular orbital, in excellent qualitative
agreement with experimental findings.
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[. INTRODUCTION One of the most promising organic materials for device
applications is the 3,4,9,10 perylenetetracarboxylic dianhy-

Molecular organic semlconduct_ors are promising materl-dride (PTCDA). Stacked PTCDA molecules form a van der
als for electronic and optoelectronic devices, such as organ

thin-films transistorsand light-emitting diode for use in Waals molecular crystal, having a monoclinic bulk crystal

. L . tructure with thg102] direction perpendicular to the plane
flat-panel display applications. Even though the experimenta

T . . “of the moleculeé. In recent years, PTCDA has become a
realization of such devices is currently under way, the physi- . . o . !
. . : . model molecule in the investigations of the interactions of

cal mechanisms of electronic transport is still largely un- ; . : ) i
known. One of the crytical points in the device erformanceguncuonahzed polycyclic aromatic molecules with metal
' yucalp P surface$ 1% The interface between PTCDA and Al or Ag is

is the interface between metal contacts and organic ma’terialﬁ1e focus of the present paper. Our simulations are meant to

whose properties control the balance of electrons and holes : : .
o : . i reproduce the interface that may be obtained experimentally
injected in the device. Upon adsorption of the molecule ony

the metal surface, some of the most interesting issues are t Y depositing PTCDA on the metal surface. We recall that

following: (i) charge transfer between the molecule and thé[ € interpretation of interfaces formed in the opposite depo-

substrate(ii) the interaction of the molecular levels with the sition seq_uencésuch as those_ StUd'e.d n R(_afs. 8 and 4 from
continuum of states in the metal, afid) the lineup of the Fhe expenmen_tal and thgoretlgal pomt of view, respegtWer
molecular levels relative to the metal Fermi level. Despite’S °ften complicated by interdiffusion of metal atoms in the
the technological importance of these issues, only a few in@"ganic films. , , .
vestigations have so far been focused on the structural, 1heWworkis organized as follows: in Sec. Il we give some
chemical, and electronic properties of metal/organic juncdetalls about the calculations, in Sec. Il we discuss the equi-
tions. In particular, due to the large size of the molecules ofibrium structural properties of the PTCDA/AI interface and
technological interest, accurate theoretical studies of the r¢he related energetics, in Sec. IV we focus on the electronic
lated metal/molecule interfaces have been so far hampergdfoperties, in terms of charge transfer, density of states and
by the high computational cost and only recently first-Schottky barrier heights, of the PTCDA/AI system, in Sec. V
principles calculations based on density-functional theorywe focus on the relevant results for the PTCDA/Ag junction.
have been performed for some of these systérs. Finally, in Sec. VI we draw our conclusions.
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[l. COMPUTATIONAL DETAILS (ii) the Schottky barrier height, ideally relative to two semi-

infinite bulks — PTCDA molecular crystal and metal bulk —

0 be mainly determined by the interaction of the metal sub-
nt[rate with the first PTCDA monolayésee below.

The minimization of theab initio forces leads to a small
“buckling” b of the PTCDA atomsi.e., a vertical displace-
ment with respect to the averageoordinate of the PTCDA
plane at most equal to 0.2 A .

Using the DFTB code we have scanned a large configu-
ration ensemble for the interface PTCDA/AI. In these calcu-
lations we have kept fixed the Al atoms and moved rigidly

the matrix element rrina in the Ritz variational meth d‘?he PTCDA molecule around, keeping it at a constant dis-
€ malrix elements occurring N ariational method. o from the Al surface. The result of these calculations

The basic description of the Dmol code for molecules can b?/\las to find the adsorption configuration which minimizes the

found in Ref. 16, whereas its generalization to three- : : :
: : S o 4 ) total energy of the system, and provide a starting point for a
dimensional periodic solids is explained in Ref. 17. The NU- 1 ore accurate analysis with DMol

merical atomic response basis set is designed to give a maxi- In Figs. 1a and 1b) we show the top view and side

mum of r for iven i ize. In r . - n
um of accuracy 1or a give basis set s € ou view, respectively, of our PTCDA/AI optimized structure ac-
calculations, we used a double set of of numerical valenc

. X . %ording to DFTB and lately checked with DMol Figure
Lu_n(c:)tilnci[rgs r\;vgzhthgflolcjl bgﬁ:fs Clétho(ice r?f e?cgo?d?n antc(i) ath 1(c) shows the inequivalent atoms within PTCDA. In Table |
Mgnkhorst-Pack sche m@ The relativistic effec?s are e report the relevant distances between the atoms of the

) . : . PTCDA when adsorbed on the metal and the C-O-C angle.
considered using a pseudopotential schémeThe

DMol® method was recently and successfully applied toThe calculated C-H bond lengtd £ 1.09 A) is close to the

rain boundari€d problems and several magnetic corresponding valued=1.1 A) in the CH, molecule. If
gemiconductor§1 P 9 compared to the equivalent distances between atoms in the
' 3 : .
Given the high computational cost involved, some pre-DNIOI optimized single PTCDA moleculé@lso reported in

S 0
liminary computations and geometry optimizations were pre—Table , we note that the deviation is at most 1% both on the

formed using the DFTB code, which is a density-functionalbond lengths and on th? C'.O'C angle, giving evidence of
. L . S . small structural modification induced on the molecule by the
based tight-binding formulation for material simulations. The

method has been described in detail in Refs. 22 and 23. Th%l. substrate. Moreover, we point out that our DI\?I@jptl-

key advantage of DFTB is the use of a minimal optimizedm'ﬁeOI distances for .t?]e hsmgle PTCD(;A‘. molecule are 'E ex
basis set and the approximation of the density—functionaf ent agre_ement Wit .t ose rt_aporte In a recent wor per-
Hamiltonian as a superposition of pair potentials that can b qrmed within _ density-functional molecular-dynamics
stored in lookup tables.

Our calculations are performed within the density-
functional theory, where the exchange-correlation functiona
has been parametrized according to the generalized gradie
approximationNGGA) in the Perdew-Becke-Ernzerh@?BE)
flavor!* Test calculations for the PTCDA/Ag system were
also performed using the local-density approximation
(LDA).B®

DmoP, i.e., density-functional theory for molecules and
three-dimensional periodic solids (DMY) uses fast conver-
gent three-dimensional numerical integrations to calculat

Simulations performed on Ti impurities within PTCDYand
with available experimental data.
Focusing on the equilibrium distance between the PTCDA
plane and the surface Al pland=3.45 A, its rather large
Several experimental workshave reported that polyci- Value suggests that the interaction between PTCDA and Al is
clic aromatic molecules tend to adsorb on a metal surface i€ak, to be mostly identified as physisorption rather than
a flat-lying geometry; therefore in all the systems considere@hemisorption.
during the geometry optimization the adsorbed PTCDA is Further insights about the adsorption mechanism can be
kept parallel to the metdl111] surface. In particular, we o©btained by evaluating the binding energy, estimated as
consider thred111) ordered Al layers(each containing 36
atomsg with the cubic experimental lattice constard,( Eo(PTCDA—Al) =E o PTCDATAl) ~ Eio(PTCDA)
=4.05 A) (Ref. 24 to simulate the metallic substrate, on top —E (Al
of which a single PTCDA molecule is deposited. About 10 A ot ’
of vacuum in thez direction are added, in order to simulate where E;,;(PTCDA+AI), E;,«(PTCDA), andE;y(Al) de-
the surface. As a result, the unit cell contains 146 atoms. Theote the total energies of the adsorbed system, of the isolated
unit-cell dimensions are large enough to neglect the in-plan@ TCDA molecule, and of the Al substrate, respectively.
interactions between each PTCDA molecule and those in the The binding energy vs the interplanar distamc@nd the
nearby unit cells. Since each cell contains a single PTCDAelated parabolic fit around equilibrium conditigris shown
molecule, we have neglected the molecular van der Waalg Fig. 2. Deviations of about 20% around the equilibrium
interactions leading to the PTCDA molecular crystal experi-distanced produce deviations of about 30 meV in the bind-
mentally observed; for this same reason, the simulated sy$ig energy. Given also the uncertainty deriving from the
tem is not properly a PTCDA/metal junction, but rather aPTCDA position in thex,y plane, we therefore estimate a
metal surface with an on-top deposited organic moleculenumerical uncertainty ok, of about 0.3 eV. The calculated
However, we expedt) the weak van der Waals forces lead- E,, value is about-1.2 eV, the negative value suggests that
ing to the molecular crystal not to strongly affect the metal/the process is exhotermic and therefore energetically stabler
PTCDA interactions, which we are mainly interested in, andthan the two separate constituents. The rather small binding

IIl. PTCDA /AL: STRUCTURE AND ENERGETICS
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FIG. 1. (a) Side andb) top view of the adsorbed PTCDA molecule o 211] substratgfor the sake of clarity, only the surface Al atoms
are shown in pandb)]. (c) Inequivalent atoms within isolated PTCDA molecule. Snilaige) grey circles denote KAI) atoms; black and
white circles denote O and C atoms, respectively.

energy and the shallow minimum shown in Fig. 2 could beemission spectroscopy on PTCDA filfisA significative
partly due to the inability of the present exchange and correeharge transfefabout 0.3 electronds also evident from the
lation functional within density-functional theory to accu- Hto C atoms. Upon adsorption on Al, we note that there is a
rately describe the long-range dispersion interactf8isjt,  negative charge accumulation on the PTCDA molecule:
nevertheless, suggests the PTCDA/AI interaction to be prettgbout 0.9 electrons are transferred from the metallic substrate
weak. In particular, even within the large numerical errors,to the organic overlayer. It has to be pointed out that this
the rather small value seems to be consistent with the physsalue might be affected by errors arising from the incorrect
isorption mechanism previously pointed out. position — due to DFT underestimation of excited states, see
below — of the lowest unoccupied molecular orbital

IV. PTCDA/AL: ELECTRONIC PROPERTIES 3

A. Charge transfer and density of states

) . 25—
Let us first address the issue of charge transfer between

the molecule and the metal substrate. It is well known that
the Mulliken charge analysié of bond population is not
guantitatively exact; however, trends of charge transfer
within the molecule and upon adsorption on the Al surface
are expected to be correctly predicted. In Table II, we report
the Mulliken charges in the single molecul®,;), along

® DMol’ calc. points

with the difference between the Mulliken charges in the B |3 L——_Parabolic fit T
single molecule and in the molecule adsorbed on\Q(,) 32 33 34 35 36 3.7 —
on the different PTCDA atoms. As for the isolated molecule, r d (Ang) 1

it is clear that there is an appreciable valence charge transfer
(as large as 0.4 electronkom carbon to oxygen atoms in

the anhydride groups, reflecting the high electronegativity of 05+
O. This is consistent with experimental findings from photo- L

Binding energy E, (eV)
=)
i
I

TABLE |I. Average DMof calculated bond lengths L
[d(C-0), d(C-C), d(C-H), in A]and C-O-C angl¢a (C-O-C), in
degree$ within the PTCDA: comparison between the single mol-
ecule and the molecule adsorbed oplAL].

Al v b b b b b b by
22.4 26 28 3 32 34 36 38 4 42

d(C-0) d(C-C d(C-H) a(C-0-0

PTCDA dist. from Al subs. d (Ang)

Adsorbed 1.31 1.42 1.09 116.7
Single 1.30 1.41 1.09 117.7 FIG. 2. Main panel: Binding energy of the PTCDA/AI junction
Expt. 1.29 1.40 118.5 (in eV) vs interplanar distance (in A). Inset: Parabolic fit close to

the energy minimungsolid line).
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TABLE Il. Mulliken charges in the single molecul&)) and

PHYSICAL REVIEW B 68, 195309 (2003

T T T
difference between the Mulliken charges in the single molecule and (all) e} 3'3 4
in the molecule adsorbed on ALQy,) on the different atoms. |
Atom Qm AQwm ]
C1 0.48 0.01 i
C3 —0.08 0.02 _
C4 -0.23 0.03 .
Cé 0.1 0.01 AL LN
c7 —0.28 0.02 L
c9 0.02 0.01 (b)0O34 7
C10 0.04 0.03 ]
033 —-0.34 0.08 B
034 —0.42 0.04 —
H25 0.26 0.01 .
H26 0.30 0.01 -
e . . 1 J— L .
(LUMO). Within our approximations, Table 1l shows that the 0 1 2

charge transfer leads to a positively charged metal and a
negatively charged molecular overlayer, suggesting a kind of
electrostatic bond rather than a real chemical bond. The
charge transfer is particularly evident in the O atoms in the FIG. 4. Projected density of states of different O atdsee Fig.
anhydride groups; on the other hand, the inner C atoms arJ;' for atom labelsin the _PTCDA/AI junction. The sqlio[dasheai_
almost unaltered compared to the PTCDA isolated Configul-'”e denot_es the adsorbéidolated molecule. A Gaussian smearing
ration. This shows that the main interaction between sub?f 0-1 €V is used.

strate and molecule occur in the molecular end groups, agre generally broadened by the interactions with the con-
expected from the electrophilic character of O, whereas th@nyum of metallic energy levels. It is clear that, especially in
perylene core is basically unaffected. proximity of the Fermi level, most of the levels are unper-

Let us now discuss the density of states proje¢RidOS  turbed upon adsorption on Al and that the main result of
on the different PTCDA atoméFigs. 3 and 4 for C and O the interaction is a rigid energy shift, which finally
atoms, respectivelyadsorbed on the AL11) surface. In or- determines the location of the molecular orbitals relative
der to have further insights about the interaction betweeito E-. On the other hand, there are new featy®sch as
PTCDA and Al, we show the PDOS for the correspondingthe peak at aroune-5 eV in Figs. 3b)—3(d)] or peakgsee
atoms relative to isolated PTCDA; the energy reference othe—4-2-eV energy range in Fig.(@] whose position is
the PTCDA levels has been chosen so that the HOMO is 1.5hifted with respect to the molecule, reflecting the intramo-
eV below the Fermi level, as obtained from the calculatedecular modification of the molecular levels induced by the
band lineup(see below As expected, the molecular levels interaction with the Al substrate.

E (eV)

300 300
L B B B B B RN .

200 200

100 100

300

c
a
QL

200

FIG. 3. Projected density of states of different
C atoms(see Fig. 1 for atom labelsin the
PTCDA/AI junction, with the Fermi level set to
zero of the energy scale. The solidashed line
denotes the adsorbedisolated molecule. A
Gaussian smearing of 0.1 eV is used.

100
300 |r

200
100
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Metal Molecule ferent charge rearrangement at the interface — and therefore
in a different SBH value — cannot be ruled out. However, it
is not likely that the character of the contact will be changed,
the PTCDAVJAI junction still showing a rectifying behavior.

Eg Moreover, our calculated SBH value is basically unaffected

; by the PTCDA height with respect to the Al substrate, pre-

(DBPN 1.5eV viously denoted asd (deviations of®§ by less than 0.05 eV

HOMO are obtained for changes thof about5%).

----- As for the comparison between theory and experiments,
we point out that, to our knowledge, PTCDA/AI interfaces
grown by depositing molecules on the metal substrate have

Is not been studied yet. PTCDA/AI junctions obtained in the
opposite deposition sequence and exposed in air lead to a
blocking contact! Experiments performed for PTCDA films

inc deposited on different metafs(i.e., Mg, Sn, In, Al resulted
L in a strong “pinning” of the Fermi level about 2 eV above
FIG. 5. Schematic diagram of energy levels at PTCDAIAL]  the highest occupied molecular orbittdlOMO), irrespective
junction. of the deposited metal. This would suggest that the deposi-
tion of PTCDA films on an Al surface would also lead to a
B. Schottky barrier height SBH of the order of 2 eV. Our value is smalldry a few
In this section, we focus on the potential lineup betweerfeNths of eV thz_an this _infe_:rred value, although the characte_r
the metal and the molecule. Let us first recall that the usua(Pf_ the contact Is qualitatively the.sa”.‘e- .The reason of this
procedure to evaluate the Schottky barrier hei¢BBH) _sllght disagreement couI_d be ascnbec(lba:hffer.ences in the
within all-electron first-principles calculations is based Onlnterfa}ce geometry andi) DFT approach. Fmally, I was
core levels as reference enerdgfes and is obtained as the experimentally _ShOW_” that_ stro_ng |_nterface dipoles exist at
sum of an interface and bulk contributiofsee Ref. 30 for I_DT_CISDA/ metal junctions, mvahdatmg the _Scho_ttky_-Mott
detaily. Following a similar approach in the case of the limit.® Our results are pe;rfectly consistent with this picture:
metal/molecule interface, as shown in Fig. 5, we obtain thé® Schottky-Mott value in the case of PTCDA/Al would be

. p_—
SBH asq)[é:EF_El:lnSt+BEls. In this way, we explicitly ®5=2.35 eV, clearly larger than our calculated value.

take into account the charge rearrangement at the interface

(which determines the relative position Bf with respect to V. PTCDA/AG: RESULTS AND DISCUSSION
the 1s core level energy of the C6 atom in the PTCDA/AI
system, denoted a&)Y) and a bulk contributior(given by
the binding energy of the same core level within the isolate
molecule, denoted as BE. The bulk contribution of the Al '
side isbuilt in, since it is expected that the Fermi level of the $35¢ except for the metal lattice constant usag{4.09
interface coincides with the Fermi level of a single Al slab A).*"In the case of the Ag surface, our calculations do not

(i.e., no PTCDA adsorbédQuasiparticle corrections are not Predict & bound configuration for the PTCDA/Ag system,
included in the present calculation. i.e., the total energy vs distance between the PTCDA mol-

In our case, the calculated SBHds}~ 1.5 eV. Note that equ!e and the Ag surfa}cenot reporte| does. not .ShO\.N a
the different sources of numerical errgsich as the choice minimum (at variance with th? Al case—see inset in Fig. 2
of different C atoms within the molecule, different choice of but rather shows a monotonically decreasing trend, eventu-

L _ ally asymptotically leading to the sum of the isolated-
:gﬁglogenlsbvge lz} fg]t;t:utSIE)(.EZOfeg.]eTsr:gﬂb-’tyepﬂzagEfa z_ne_u,n»;,eer PTCDA and the Ag-surface constituents. The lack of an equi-

: librium bound configuration can be ascribed to the use of the
difference between the PTCDA LUMO ark}) can be ob- L

. : X PBE approximation, often suggested as an exchange-
tained agbg=Eq 1 A8, i.e., as the difference between PP 99 g

correlation functional that leads to “underbinding.” In order
the PTCDA band gafE g, and thep-type SBH,®5. How- 5 further investigate this aspect, we performed calculations
ever, due to well known failures of DFT in correctly describ- using the LDA, by rigidly moving the PTCDA molecule
ing the excited states, the band gap is strongly underestyong thez direction, keeping the andy atomic coordinates
mated (i.e., our calculated value i€g;/~1.4-1.5 eV, fixed: a bound configuration could be found, giving a mini-
whereas the experimental value of the optical band gap ignum distance between the organic molecule and the metallic
Egap=2.2 eV).? Therefore we use the experimental value forsubstrate at about 2.8 A, in quite good agreement with the
the band gap and we obtaibg=0.7 eV. Note that the posi- experimental valued~3 A).3? These results suggest that,
tion of the calculated LUMO with respect ®©¢ (shown in irrespective of the different functionébcal-density approxi-
Fig. 3 as basically coincidents an artifact of the calcula- mation vs GGA, or different GGA flavoysthe adsorption
tion, due the above-mentioned errors within DFT in treatingmechanism between PTCDA and Ag can be definitely iden-
excited states. In this respect, we point out that the possibilified as physisorption, the interaction being even weaker
ity that the incorrect LUMO energy position results in a dif- than with the Al surface. This is consistent with the expected

LUMO

BE

E

As for the PTCDA/Ag junction, the technical and struc-
dural details(such as number of metallic layers and of atoms,
PTCDA flat-lying geometry, etg.are the same as in the Al

195309-5
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FIG. 6. Comparison between the projected
100 100 density of states of different C atonisee Fig. 1
300 300 for atom labely in the PTCDAK (X=Al, Ag)
junction, with the Fermi level taken as zero of the
200 ] 200 energy scale. The bol¢hin) solid line denotes
100 4 100 the PTCDA/Ag(PTCDA/AI) junctions. A Gauss-
5 | ian smearing of 0.1 eV is used.
00 ~H ' ' , 0
T | T _ T
i  prooasas| @] 8
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lower reactivity of the noble metal, Ag, compared to themetal in organic/metal junctions, even though the absolute
free-electron-like metal, Al. Due to the lack of an equilib- value of the Schottky barrier height might be affected by
rium configuration within GGA, from here on, we will dis- some errorgof the order of a few tenths of eV

cuss the PBE results obtained for a PTCDA/Ag interface,

where the distance between the organic molecule and the VI. CONCLUSIONS
metallic substrate is set to the experimental valde- — .
R).33 P ¢ Ab initio calculations have been performed for PTCDA/

Al(111) and PTCDA/Ad111) junctions, using the DMdI
code within the density-functional theory. In the Al case, the
Amall binding energy and the quite large interplanar distance
between organic overlayer and metallic substrate suggests
Let us now come to the most interesting issue, i.e., théhat the interaction is rather weak. In the Ag case, the inter-

potential line-up. In Fig. 6 we show the PDOS of C atoms inaction is even weaker than with Al, as expected for the less

the PTCDAJAg systentbold solid ling, compared with the reactive noble metal. In both Al and Ag cases, the analysis of
PTCDA/AI case(thin solid lin®. As po’inted out for Al, the Mulliken population resulting from the self-consistent DFT
interactions between molecular states and metallic level§N@r9e rearrangement leads to a charge transfer of about 0.9

broaden thes-like features of the isolated PTCDA molecule. €'€Ctrons, therefore Iea_ding to a positively charged metallic
In particular, small differences with respect to the surface and to a negatively charged PTCDA; moreover, we

PTCDAJ/AI case appeaisee energy regions around3 ev), find that the main modifications with respect to the isolated

giving rise to new features. However, in the interesting en’TCDA molecule occur in the anhydride molecular end

ergy range, i.e., in proximity of the Fermi level, the situation groups. The technologically important problem  of t_he

is very similar: the PTCDA HOMO is pinned at about organic/metal contact is addressed by means of first-
15 eV beIoWE exactly superimposed to the PTCDA principles calculations taking into account both the charge
HOMO in the Al cFa'se therefore resulting in the same SBH rearrangement at the interface and bulk contributions of the

We remark that this same value &6 is obtained for differ- separate constituents. Within our DFT approximation, the

ent distances of PTCDA from the Ag surface: therefore thecalculated value of the Schottky barrier height is about 1.5

lack of a correct description in the equilibrium distanceev for both Al and Ag, leading to a blocking contact. Our

o - . results show that the position of Fermi level with respect to
\r,élltztlgdtheerroGrcs;AreZEEjiﬁgptrr?()a(l?oattclacr)]rt]i ;llo”enseﬂg; .r?rs]uétu:fr‘] rgg?’)};e HOMO s rt1he same for ﬂﬁ%r'em underlying metals, in
our results show thdt) the Fermi level is pinned at the same greement with experimental findings.
energy position, irrespective of details in the interface geom-
etry and of the underlying metdlAl or Ag), in agreement
with experimental results and (i) DFT, despite errors aris- We acknowledge the EU project “DIODE(Contract No.
ing from the incorrect treatment of excited states, seems abldPRN-CT-1999-00164 and support from CINECA-
to correctly describe the trend @B as a function of the Iniziativa Trasversale Calcolo Parallelo through INFM.

As for charge-transfer issues, we point out that the Mul
liken charges show very similar values to the PTCDA/AI
case: the metallic surface is positive, whereas the PTCD
molecule gains electrons from the underlying substrate.
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