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The interface between the tetrathiafulvalene/tetracyanoquinodimethane (TTF-TCNQ) organic blend
and the Au(111) metal surface is analyzed by Density Functional Theory calculations, including the
effect of the charging energies on the molecule transport gaps. Given the strong donor and acceptor
characters of the TTF and TCNQ molecules, respectively, there is a strong intermolecular interaction,
with a relatively high charge transfer between the two organic materials, and between the organic
layer and the metal surface. We find that the TCNQ LUMO peak is very close to the Fermi level; due
to the interaction with the metal surface, the organic molecular levels are broadened, creating an im-
portant induced density of interface states (IDIS). We show that the interface energy level alignment
is controlled by the charge transfer between TTF, TCNQ, and Au, and by the molecular dipoles cre-
ated in the molecules because of their deformations when adsorbed on Au(111). A generalization of
the Unified-IDIS model, to explain how the interface energy levels alignment is achieved for the case
of this blended donor/acceptor organic layer, is presented by introducing matrix equations associ-
ated with the Charge Neutrality Levels of both organic materials and with their intermixed screening

properties. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4836635]

. INTRODUCTION

In the last years, the field of organic electronics has
received a lot of attention from research and industry be-
cause of its potential use in electronic devices.'> For the
Surface Science Community, the study of the conductiv-
ity of these systems is very challenging,>* these proper-
ties depending crucially on the different interface barriers
formed at organic/organic or at metal/organic contacts.>>°
For the electronic industry, these materials provide a cheap
and environment-friendly way to obtain electronic devices
as an alternative to conventional semiconductors. However,
these materials have the drawback that their electron mobility
is very low, due to the molecular character of the crystals and
its weak intermolecular interaction.

The analysis of different metal/homogeneous organic
interfaces has been studied by a wide number of theoretical
and experimental groups (e.g., see Refs. 7-17). As a result
of this work, it seems fair to conclude that the organic/metal
energy level alignment at the contact is the result of differ-
ent mechanisms operating at the interface: charge transfer be-
tween the materials; compression of the metal electron tails
due to Pauli repulsion (so called “pillow” effect); orienta-
tion of molecular dipoles; and, for reactive interfaces, forma-
tion of gap states in the organic materials. For non-reactive
interfaces, the first three mechanisms (charge transfer, “pil-
low” effect and molecular dipoles) can be described together
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by means of a Unified-Induced Density of Interface States
(Unified-IDIS) model'” based on the concept of the Charge
Neutrality level (CNL), an interface screening parameter (S)
and the “pillow” and molecular dipoles.'® >-17

One advantage of using organic semiconductors is the
possibility of combining different organic materials to control
and adjust the electronic properties of the barrier heights at
metal/organic interfaces. In particular, donor-acceptor/metal
interfaces are very important in organic devices such as so-
lar cells.'® Different organic donor-acceptor/metal interfaces
have recently been explored; we mention here the work on
(TTF-TCNQ)/Au(111) interfaces,'2! as well as the work
by El-Sayed et al. on CuPc-PFP/Au(111) and Cu(111), and
F16CuPc-PEN/Au(111) and Cu(111)."8

From a fundamental point of view, as well as for the
applications, it is very important to understand the effect of
the donor-acceptor and molecule-metal interactions on the po-
sition of the organic energy levels with respect to the metal
Fermi level (Er). The theoretical analysis of the energy level
alignment in these interfaces is a challenging task due to prob-
lems such as the large sizes of these systems, the deficien-
cies of standard DFT techniques to properly describe the or-
ganic energy levels at metal/organic interfaces,® as well as the
intrinsic complexity of these multi-component organic/metal
interfaces.

In this paper we address theoretically this problem
by studying the interesting heterogeneous (TTF-TCNQ)/
Au(111) interface. This interface combines two organic
molecules with strongly acceptor (TCNQ) and donor (TTF)
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characters, this fact highlighting the possible effects associ-
ated with the difference between the electro-negativities of the
organic molecules. The TTF-TCNQ crystal has been widely
studied because it was the first organic conductor;” it has also
been suggested as a good candidate for organic electronic de-
vices due to its high mobility. The interface between the TTF
and TCNQ organic crystals has been analyzed recently;?>?3
these studies show that the interface is metallic>> due to the
overlap (and charge transfer) between the density of states
corresponding to the TTF highest occupied molecular orbital
(HOMO) and the TCNQ lowest unoccupied molecular orbital
(LUMO) levels.”

The first step in the analysis of the electronic structure
and energy level alignment for the (TTF-TCNQ)/Au(111)
interface is to obtain a reliable interface geometry; this is
discussed in Sec. II A. Once the geometry has been de-
termined, the interface electronic structure is analyzed in
Sec. II B including in our DFT calculation the effects asso-
ciated with the molecule charging energy that will allow us to
correct appropriately the transport energy gap of both organic
materials.”*2° In Sec. III we present a generalization of the
Unified-IDIS model for the interface between a blended or-
ganic layer and a metal, introducing matrix equations for the
organic blends that allow us to extend to this case the con-
cepts used previously for a homogeneous organic layer. In
particular, the screening parameter S is represented now by a
2 x 2 S matrix. Finally, in Sec. IV we present our conclusions.

Il. THE (TTF-TCNQ)/Au(111) INTERFACE

We analyze the (TTF-TCNQ)/Au(111) interface in two
steps. First, we determine the adsorption geometry by means
of DFT calculations that include van der Waals interactions.
Once the geometry of the interface has been obtained, we
analyze the electronic properties of this complex interface
using a local-orbital DFT approach that we have found more
convenient for this purpose;’*2° in these calculations ap-
propriate corrections are introduced to take care of the main
deficiencies of the DFT calculation.

A. (TTF-TCNQ)/Au (111): Interface geometry

In this work we have analyzed the interface geometry
suggested by Gonzilez-Lakunza et al.;' in this geometry the
TTF and TCNQ molecules lie parallel to the Au(111) surface,
forming alternating rows of TTF and TCNQ molecules.
In our calculations we have initially placed the molecules
on the Au(l111) surface following this pattern, and then
the atomic geometry has been fully relaxed by means of
DFT calculations. In spite of the strong donor-acceptor
character of the TTF-TCNQ molecules, van der Waals
interactions may be important in order to determine their
adsorption geometry.’® Thus, we have used the DFT 4+ D
approach®' as implemented in the Quantum Espresso code.??
For this purpose, we have used the revised version of the
generalized gradient corrected approximation of Perdew,
Burke, and Ernzerhof (rPBE),** and an empirical efficient
van der Waals (vdW) R™® correction to add dispersive forces
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FIG. 1. Adsorption geometry for the (TTF-TCNQ) organic layer on
Au(111): top and side views. Black dashed lines in the top view indicate
the unit cell used in all the calculations. The adsorption geometry for each of
the 4 organic molecules in the unit cell is shown in more detail in the oval
insets.

to conventional density functionals (DFT — D).’* In this
method, the vdW correction is added to the DFT total energy
by the expression Eyyw = Y. %f(R,-j), where Cj; and R;
ij v

are the vdW coefficients an(i the distance between atom i
and j, respectively. The vdW coefficients can be calculated
as described by Elstner et al.® f (Rjj) is a damping function
which prevents a divergence in the energy as R;; tends to zero
as f(Rij)=(— exp[—3.0(%)7])4, where Ry is the sum of
atomic van der Waals radii. They can be calculated from the
vdW radii provided by Gavezzotti and co-workers.>

Lattice vectors and unit cell for the periodic DFT cal-
culation are shown (dashed black line) in top panel of Fig. 1
(b=20.49 A;a=14.64 A; B = 120°). The Au(111) surface is
represented by a slab with 4 Au layers and the (TTF-TCNQ)
adlayer is placed on one side of the slab; thus, there are 2
TTF and 2 TCNQ molecules per unit cell. In total, the unit
cell contains 208 atoms. The Brillouin zone (BZ) has been
sampled by means of a [2 x 4 x 1] Monkhorst-Pack grid,*’
guaranteeing a full convergence in energy and density.

The relaxed interface geometry is shown in Figure 1. The
adsorption geometry for the two TTF molecules in the unit
cell is slightly different. The TTF-I molecule is tilted, i.e., the
S atoms on one side of the molecule are closer to the surface
than the S atoms on the other side (see inset in Figure 1); the
S-Au distance of the closer S atoms is d(S-Au) = 2.65 A.
For TTF-II a different pair of S atoms is closer to the Au sur-
face (see corresponding inset in Figure 1) with a distance of
d(S-Au) = 2.57 A. For both TTF molecules the distance
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from the central C atoms to the Au surface is very similar,
d, ~2.94 A. In the case of the TCNQ molecules the main
feature is that some of the N atoms are bonded to the Au sur-
face. The TCNQ-I molecule (see inset) presents a bent ge-
ometry with 3 N atoms forming bonds with Au atoms on the
surface, with N-Au distances of d(N-Au) ~ 2.38 A. In the
case of the TCNQ-II molecule (see inset) one N atom forms
a strong bond to Au, with d(N-Au) = 2.19 A. The distances
of the central C atoms to the Au surface are d; = 2.73 A
(TCNQ-I) and d;, = 2.80 A (TCNQ-II).

B. (TTF-TCNQ)/Au (111): Interface electronic structure

In a second step we analyze the electronic structure
and energy level alignment for the (TTF-TCNQ)/Au(111)
interface geometry presented in Sec. II A. Due to the
complexity of this analysis we have used a computationally
efficient approach,”>?° based on local-orbital DFT in which
appropriate corrections are introduced to take care of the
main inaccuracies of the DFT calculation.

For this purpose we use the efficient local-orbital
DFT code FIREBALL.***! This technique is based on a
local-orbital formulation of DFT in which self-consistency
is implemented on the orbital occupation numbers;*?> the
orbital occupation numbers have been obtained using the
orthonormal Léwdin orbitals.*®#! In these calculations we
have used a basis set of optimized sp>d® numerical atomic or-
bitals (NAOs)* for Au, C, N, and S, and s for H, with cut-off
radii (in a.u.): s = 4.5, p = 4.9, and d = 4.3 (Au); s = 4.0,
p=45andd=54(C);s=3.6,p=4.1,andd =52 (N); s
=42,p=4.7,andd =5.5(S); and s = 4.1 (H).® This is the
same basis set as used in our previous works involving the
TCNQ/Au(111)*® and TTF/Au(111)* interfaces. In order to
determine accurately the interface energy level alignment, the
main error introduced by the non-completeness of the local-
orbital basis set, once the geometry is fixed (see Sec. II A),
appears on the relative initial position of the molecular and
metal levels,” and this is corrected in our approach as dis-
cussed below, e.g., see Eq. (1b). In these calculations we have
used the Local Density Approximation (LDA) functional*’
and the ion-electron interaction is modeled by means of
norm-conserving scalar-relativistic pseudopotentials.*

For organic materials, it is well-known that in standard
DFT calculations the Kohn-Sham energy levels do not
properly describe the electronic energy levels of the system
and transport gaps are usually too small.»*%*7 For example,
the experimental gap between the ionization and the affinity
levels of the gas-phase TCNQ (TTF) molecule is around
5.3 (6.3) eV, while the energy gap between the Kohn-Sham
HOMO and LUMO levels in LDA or generalized gradient
approximation (GGA) calculations are 1.6 (2.6) eV.>* This
problem is related to the molecule self-interaction energy as
described by the molecule charging energy U.34647

The effect of the molecule-metal interaction on the
electronic structure of the molecules is threefold:*® (1) the
coupling of the molecular orbitals with delocalized states
in the metal broadens the molecular levels into resonances;
(2) the charge rearrangement due to the molecule-metal
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interaction creates a potential between molecule and metal
that shifts the molecular levels relative to the metal Fermi
energy; and (3) the dynamical polarization response of the
metal to added electrons or holes in the molecule (i.e.,
the image potential). This is a correlation effect that opposes
the self-interaction correction and tends to reduce the energy
gap (i.e., the metal polarization response reduces the value of
the charging energy of the molecule U).>4%47

The effects of the self-interaction energy and metal
dynamical polarization response on the interface electronic
structure are included in our calculations in a practical
and simplified way introducing for each molecule a scissor
operator:

2
2

where |1;) and |v;) being the empty (occupied) orbitals of the
isolated molecule (with the actual geometry of the molecule
on the surface). The charging energy for each molecule, U,, is
taken from previous calculations,’®?” since the average metal-
molecule distances in those works are similar to the ones ob-
tained in our actual geometry. We also introduce for each
molecule a rigid shift of the molecular levels by means of a
shift operator:

scissor __
o, =

D ) il = i) i}, (1)
wuv)

O =euy 1B (1b)

where |8) being the orbitals for each isolated molecule. Using
these operators, we can fix in our local-orbital DFT calcu-
lations the initial value of the HOMO-LUMO gap and mid-
gap position relative to the metal Fermi energy, for the TTF
and TCNQ molecules on Au(111). Also, with these opera-
tors we correct the main inaccuracies introduced in the DFT
calculation for the (TTF-TCNQ)/Au(111) electronic struc-
ture (e.g., due to the LDA functional and local-orbital ba-
sis set). In particular, the initial HOMO, LUMO, and mid-
gap position relative to the metal Fermi level are shown
in Figure 2(right). The values of the mid-gap positions for
the TTF and TCNQ molecules are obtained from accurate
A-SCF calculations? for single molecules with the geome-
try of the adsorbed molecules as obtained in Sec. IT A. In
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FIG. 2. Energy levels positions for the gas-phase (left panel) TTF and TCNQ
molecules with respect to the Au(111) surface. The right panel shows how dy-
namical polarization or screening effects at the interface reduce the transport
gaps for TTF and TCNQ, shifting in different directions occupied and empty
states (see text).3
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practice we have taken an average of the two molecules on
the unit-cell since the mid-gap positions obtained for both
molecules is similar. For the values of the HOMO-LUMO
gaps for TTF and TCNQ at the (TTF-TCNQ)/Au(111) inter-
face we have taken the values obtained in previous calcula-
tions for the TCNQ/Au(111)?® and TTF/Au(111)? interfaces.
This is a reasonable approximation since the adsorption dis-
tance is similar in both cases. Notice that in this approxima-
tion the dynamical polarization response of the system is en-
tirely due to the metal surface?®?’and we have neglected pos-
sible changes in the HOMO-LUMO gap due to changes in the
geometry of the molecules.

The broadening of the molecular states due to their
coupling with metal states and the effect of the electro-
static potentials due to charge transfer at the interface are
then calculated in an approximate way using the local-
orbital DFT calculations mentioned above, corrected using
Egs. (1a) and (1b).2>?°

Figure 3 shows the electron density of states (DOS) for
the (TTF-TCNQ)/Au(111) interface projected onto the or-
bitals of the two molecules, as well as the sum of both density
of states profiles. In the same figure, we also show the energy
levels of the isolated (but deformed) molecules; for compari-
son, the transport gaps of these isolated molecules have been
corrected using the same values of U,, introduced for the cal-
culation of the (TTF-TCNQ)/Au(111) interface. In this figure
the Fermi energy, Er, as well as the LUMO and HOMO levels
of both molecules, are shown. Notice that the main effect of
the contact is to broaden the molecular levels, creating an im-
portant induced density of interface states (clearly seen in the
TTF or the TCNQ energy gaps) and a shift of the molecular
levels with respect to Er due to the induced potential on each
molecule.

The results shown in Fig. 3 can be compared with the
experimental evidence for this interface.'®?° The experimen-
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FIG. 3. Projected density of states (in eV~!) onto the TTF and TCNQ
molecules for &y = 5.3 eV in the (TTF-TCNQ)/Au(111) interface —
referred to the Fermi energy. (Black solid line) Total DOS profile; (blue and
red solid lines) TCNQ and TTF contributions, respectively; and (blue and red
shaded regions) energy levels (with a lorentzian broadening) for the TCNQ
and TTF gas-phase molecules (see text), respectively, shifted by the corre-
sponding V',
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tal spectroscopy data show that the TTF LUMO peak is
1.7 eV above Er,' to be compared with our theoretical value
of 2.3 eV above Er. On the other hand, a Kondo resonance
associated with the TCNQ LUMO level has been observed
in this system by Fernandez-Torrente et al.?’ suggesting that
the TCNQ LUMO level, as calculated in our DFT approach,
should be located close to the Fermi level, in good agree-
ment with our calculations. We should also mention that other
structures found in the spectroscopy of Gonzilez-Lakunza
et al.'” have been shown by these authors to be associated
with metal surface states resonances. Thus, we conclude that
the results shown in Fig. 3 are in good agreement with the
experimental evidence.'®?"

In order to obtain an appropriate description of the
interaction between the metal and the organic molecules, we
have found convenient to analyze the same interface changing
fictitiously the metal work-function ®\; (= —EF). This can be
achieved in our calculation by using the shift operator of Eq.
(2). Top panel of Fig. 4 shows our results for the excess of
charge, én, found for the metal and the molecules, and bot-
tom panel of Fig. 4 the potentials induced in TTF and TCNQ
molecules w.r.t. the metal as a function of the fictitious metal
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FIG. 4. DFT results for the charge transfer and IDIS potential as a function of
a fictitious change in the metal work function, see text. (Top panel) Net charge
transfer between TTF (red), TCNQ (blue), and Au(111) (black) per unit cell
in the (TTE-TCNQ)/Au(111) interface; the unit cell contains 2 TTF and 2
TCNQ molecules. (Bottom panel) IDIS potential for the TTF and TCNQ
molecules.
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work-function. For ®y; = 5.3 eV (Au work-function) we find
that Snrcyg = 0.19 electrons/molecule, Snyrr = —0.61 elec-
trons/molecule, and dny, = 0.42 electrons/(pair of TTF and
TCNQ molecules). At the same time, we find that the TCNQ
(TTF) levels are shifted by 1.26 (2.37) eV with respect to the
metal (this positive sign means that the molecular levels are
shifted downwards in energy), in such a way that the LUMO
level of TCNQ is very close to Er (initially, this LUMO is
1.4 eV above Ep, see Fig. 2).

lil. IDIS MODEL ANALYSIS

The IDIS model>!”#¢ has been previously used to
analyze different Metal-Organic’*?° or Organic-Organic?’
interfaces; in all these cases the organic layers are homoge-
neous, i.e., contain only one kind of organic molecule. In this
section we extend the IDIS-model for the case of an organic
layer with two different types of molecules and apply it to the
analysis of the (TTF-TCNQ)/Au(111) interface (in this dis-
cussion, we neglect the small differences between the same
kind of molecules in the unit cell). The discussion presented
here also shows how this analysis can be generalized for a
more complex organic layer.

A. Discussion of the general model

In a first step, we relate the induced charges on the
organic molecules, nz7r and Snrcyg, to the total induced po-
tentials on each molecule, V*'77r and V" 7cng, by means of
the following equations:>%-2%46:48

Snrrp = (CNLTTF —Ep — eVJt'TF)DTTF: (2a)

Snreng = (CNLreng — Er — eVieyo)Drevg.  (2b)

here CNLyrr and CNLycyg are the charge neutrality levels
of both organic materials, and Drrr and Drcyg their corre-
sponding average density of states around the Fermi level
(Erp = —®y); notice that the initial value of (CNL; — Ef) is
reduced by the induced potential, eV, which shifts the or-
ganic levels w.r.t. the metal Fermi energy (for e V" positive,
the corresponding organic levels are shifted in the downwards
direction).

We can also relate the potentials, V' rrp and V"' r¢yg, to
the charges, dnrrr and dnreyg, by the equations:

eVio . = U Snrrr + T snreng +eVid®. (3a)

eVitno = Uity odnreno + I dnrrr + eVigyp. (3b)
whereU l.ef 7 is a kind of charging energy for the corresponding
molecule (including all the equivalent molecules of the mono-
layer) and J is an effective interaction, mainly electrostatic,
between TTF and TCNQ.2546 ¢/ represents the potential
induced in the i-molecule when ényrr = dnreng = 0; this is
created, in our case, by the molecular intrinsic dipoles of the
two molecules (which is mainly due to TCNQ?®).
It is also convenient to combine Eqs. (2a), (2b), (3a), and
(3b) by introducing énzrr — Eq. (2a) — and dnreng — Eq. (2b)
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—into the Eqs. (3a) and (3b). This yields the following matrix
equations:

o ot(0)
|: eVitp j|:(1_s)|: CNLrrr — Er :|+S eVrrr
eV}OC’NQ CNLTCNQ — Ep eVTt'OC{g\(I))Q ’

(4a)
where

1+ Uy Drrr

-1
J" Drenog
J Drrp -

1+ U;)éfNQDTCNQ
(4b)

S= —l—UD)l:[

We can also rewrite the matrix Eq. (4a) as follows:
eV =1 —8)(CNL — Ep — eV Q) 4 VO (5)

Equations (4) and (5) generalize to the heterogeneous mono-
layer the equations for an homogeneous one;?®® in this sim-

ple case, we have the following scalar equations:
eV = (1= S)(CNL — Ep) + SeV'”"®
=(1—S)(CNL — Ep — eV'""O) 4 eV O (6)

where the term, (1 — S)(CNL — Ep — eV ©) yields the
induced potential associated with the charge transfer be-
tween the metal and the organic semiconductor, § = 1/
(1 + U4 D) being the interface screening parameter. No-
tice that Egs. (4) and (5) can be interpreted in the same way
using 2 x 2-matrices that incorporate the effect of both or-
ganic materials. It is interesting to realize that for J9 = 0,
Eq. (5) decouples into the equations for two independent
monolayers; this indicates that J provides the coupling be-
tween the two organic materials. On the other hand, if we take
CNLrrr = CNLrcng; Drrr = Dreng; U ;};f[: =U ;foNQ; and

tot(0) __ tot(0) .
eVrcyg = €Vrrp Wwe also recover the monolayer case with

an effective U given by U4 + J¢.

B. The blended interface (TTF-TCNQ)/Au(111)

From Egs. (2a) and (2b) and the results shown in
Figure 4, we can calculate the values of Dyrr, Dreng, CNLy7F,
and CNLrcnp; this fitting yields: Drrp = 0.78 eVl Dreng
=4.64eV~!, CNLr7r = —2.09 eV, and CNLrcyg = —4.08 eV
(the energy origin is the vacuum level), see Table I. These
values of D; are in good agreement with the ones shown in
Fig. 3; notice also that for TCNQ (TTF) the CNL is 0.18 eV
(1.52 eV) below the LUMO level.

Equations (4a) and (4b) can also be used to calculate
Uie. Uiy and J¥, as well as eV;¢y), and eV,

This fitting yields Uy, = 4.5 eV; Ufly, = 40 eV;

TABLE 1. Values of D (in eV™!), (CNL — Er), U, J&F, and eV'*'© (all
in eV) for TTF and TCNQ in the (TTF-TCNQ)/Au(111) interface, see text.
(CNL — EF) is the initial position of the CNL w.r.t. the Fermi level of the
metal, see Fig. 2(right). D is an average induced density of states around Ef,
see Fig. 3.

D@eVhH CNL - Ep v Jefr eVor©
TTF 0.78 3.21 45 1.93 —022
TCNQ 4.64 1.22 4.0 1.93 +0.75
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JT =193 eV; eV} = —0.22 eV; and eV;7y), = 0.75
eV. We should comment that for calculating Uff /" and J,
we have also analyzed the case of the TTF (TCNQ) layer on
Au(111), eliminating the TCNQ (TTF) rows while keeping
for the remaining TTF (TCNQ) rows the geometry of the full
heterogeneous monolayer. From these calculations, we obtain
for the TTF (TCNQ) layer the following values for the charge
transfer (2 molecules): oy = —1.02 €™ (=0.02 €7) for Oy
=53¢V, and pjungy = —0.12e7 (1.78 e7) for Oy = 1.8 €V;
and the induced potential: V'* = 2.2 eV (0.91 eV) for Oy
=53¢eV,and V' = 0.15eV (—2.69 V) for &y = 1.8 eV,
which allow us to calculate Urrr and Urcngp. All these results
are summarized in Table 1.

In our case we obtain the following quantities:
1+ U;foFDTTF) =451, J7 Dreng = 8.95, J¥ Drrp
= 1.50, and (1 + Uj¢y o Drewo) = 19.56. Then,

0.74 0.12
1-S= : (N
0.02 0.94

Equations (5) and (7) embody the main effects found in
our DFT-based calculations. Notice first that from these equa-
tions we obtain the following relations: AV, = 0.86Dy
and AV, = 0.96®y, in good agreement with Fig. 4 (A
defines the difference between the corresponding values for
®yr equal to 5.3 and 1.8 eV, remember ®y; = —Eg, in other
words, these equations define the slopes in bottom panel
of Fig. 4). On the other hand, we find, by neglecting the
coupling between the two organic molecules, that

Vi Z0.74(CNLrrr — Er — eVig) + eVigd,
eVitno = 094(CNLreng — Ep — eVigwy) + eVienp.
(3)

which can be interpreted, in a first approximation,
as the independent behavior of each organic sub-
monolayer (a similar result is obtained taking J% = 0 in
Egs. (3) and (4)). The TTF-TCNQ interaction intro-
duces the changes 0.12(CNL7cyg — EF — eV}"CISS)Q) and
OOZ(CNLTTF — EF — €V7[~{;{(I9)) in thOtT[F and eVH)tTCNQ,
respectively. The effect of the (CNL7rcng — EF — ev;”c’%)
on eVj9, is, in principle, much larger than the effect
of (CNLrrp — Ep —eV;3) on eVidy, (factor 0.12
vs. 0.02); this is due to the larger value of the induced
density of states (Drcyg vs. Drrr), see Table I and
Eq. (4b). In the present case (P, = 5.3 eV), however,
the value of (CNL7rcyg — EF — eV}OCIES)Q) is small (0.47 eV,
see Fig. 2 and Table I), and its effect on eV;9, is only
0.06 eV. It is remarkable that for this case, neglecting
the cross terms, 0.12(CNLrcyg — EF —eV}”CIE\O,)Q) and

0.02(CNLy7r — EFp —ev;’;’(;’)), introduces an error in
the potential shifts smaller than 0.10 eV. However, for the
fictitious case @), = 1.8 eV (see Fig. 4), that error would be
as large as —0.36 eV for eV rr.

Fig. 5 shows an energy scheme indicating how the
organic energy levels are shifted with respect to the metal
(Py = 5.3 eV): in a first step, we have the bare potential
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FIG. 5. Energy levels scheme indicating how the organic energy levels are
shifted with respect to the metal (P = 5.3 eV) after the formation of the
(TTF-TCNQ)/Au(111) interface. Both molecules are adsorbed on the same
Au(111) surface forming a mixed (TTF-TCNQ) overlayer, see Figure 1.

shifts (due to the intrinsic molecular dipoles), eV}OT’;Q) and
eV}”ég\O,)Q (—0.22 and 0.75 eV, respectively); in a second step,
the charge transfer introduces new shifts, around 2.59 eV for
TTF and 0.51 eV for TCNQ. The final shifts can be com-
pared to the values of eV;7, and eV;¢y, for the homoge-
neous TCNQ/Au(111)*® and TTF/Au(111)*° compact (her-
ringbone) interfaces. In comparison with those cases, in the
mixed (TTF-TCNQ)/Au(111) interface we find that eV;% .
and eV]% vo are reduced by, 0.32 eV and 0.11 eV, respec-
tively; these changes are related to an increased transfer
of charge from the donor (TTF) molecules to the acceptor
molecules (TCNQ) and the Au surface, as well as to changes
in the potentials due to the intrinsic molecular dipoles, e V}”T’f,?)
and eV;"CIE\O,)Q. Finally, we mention that the values we obtain
for the induced potentials on TTF and TCNQ, 2.37 eV and
1.26 eV respectively, do not support the vacuum-level pin-
ning scenario recently suggested for organic blends on metals
in the weakly interacting molecule/substrate case.'® This re-
sult allows us to discard a simplified IDIS-model in which a
TTF-TCNQ pair is treated as a single molecule.

C. The IDIS model for a general blended interface

In Secs. III B and IIT C we have presented an extension
of the IDIS-model to analyze the DFT results obtained for
the blended TTF-TCNQ/Au(111) interface. We discuss now
some general features in this approach that will be useful to
analyze other blended interfaces.

We start from Eq. (4b) and calculate S by neglecting the
product (e DTCNQ)(JEﬂ Drcng) as compared to (1 + Ul g
Drrp)(1 + U renvo Dreng) (e.g., see Table I). From now on,
we replace TTF and TCNQ by the indexes 1 and 2, respec-
tively; then, from Eq. (4b):

_ Sl —C(zS](l - S2) ’ (93)
—a15(1 = 8y) Ay

where a; = JE/U, ' oy = JH/0,0; S, = 1/(1 + U D)),
and S, = 1/(1 + U, D,). The last two quantities, S; and
S,, represent the screening parameters for each independent
sublayer. If we also neglect eVim’(O) (the potentials induced by
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the intrinsic molecular dipoles) we can write:
ev]l()f — evlti)t + evllé)t’
eV = eV + eV,
where
eV =0 —-S)CNL, — Ep),
eVl = wmSi(1 — SH(CNLy — Ep),
eVyt' =a18(1 — S1)(CNL; — Ep),
eVyi' =1 —S)CNL, — Ep).

(9b)

Typically, a; and &, are close to 1/2; then, eV can be
estimated using these equations that depend basically on pa-
rameters, S1, S», (CNL, — EF), and (CNL, — Ef), associated
with each independent component. In particular, for TTF and
TCNQ, taking S; = 0.22, S, = 0.05, and oy = oy ~ 1/2, we
practically recover Eq. (7).

Equation (9b) can be used as a fair approximation for
calculating the induced potentials, Vim’ , for a blended inter-
face. It is also of interest to mention how those induced poten-
tials appear as a function of the Fermi level position. Fig. 6(a)
shows a case in which the Fermi level is below both CNLs;
in this case, both (CNL; — Ef) and (CNL, — E) are posi-
tive, and the two components of each potential, say e V" and
eV/§" (or, eV))" and eV,3") are also positive; this is shown
schematically in Figure 6(a) by indicating that the total po-
tential, say eV/”, is the sum of two positive contributions,
eV/?" and eV/§'. A second case, with Ep in between CNL,
and CNL,; is also shown in Figure 6(b); in this case, because
of the change in sign of (CNL, — EF), the second component
of eV/”", eV[§', changes its sign.

These two cases show that, when Ef is below (or above)
both CNLs, the effect of the second component, say 2, is to
reinforce the screening effect associated with (1 — S;)(CNL,
— EF). Conversely, when Ef is in between CNL; and CNL,
there appears an anti-screening effect (eV/s" being negative),
in such a way that the second compound, say 2, tends to
oppose the screening effect of (1 — S;)(CNL, — Ef).

These effects, depending on the position of Ep w.r.t.
(CNL; — Ef), offer a way to control the induced potentials
and the interface barriers for blended organic/metal interface.

We complete this section mentioning that the effect of

eVi””(O) on the previous discussion is to shift the values of

(CNL; —Ep)to(CNL; — Efp — eVimt(O)) as discussed above.

A B
CNL: CNL,
v, l | A CNL, AT A
' 1 vn‘ v.! 1‘ v
----------- s l i3 ~ & ‘l
AN T TP e 3
EF vzl an

FIG. 6. Pictorial scheme showing the potentials V{ and V; (including their
corresponding counterparts V|, V/,, V;,, and V}, as described in the text)
for different values of Er w.r.t. the charge neutrality levels CNL; and CNL,
of the organic molecules.
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IV. SUMMARY AND CONCLUSIONS

In summary, we have analyzed the energy level alignment
for the interface between a metal and an organic adlayer that
consists of a blend of two different organic molecules. In par-
ticular, we have studied the (TTF-TCNQ)/Au(111) interface;
this interface combines two organic molecules with strong
donor (TTF) and acceptor (TCNQ) characters. The experi-
mental evidence shows that the TTF and TCNQ molecules
lie parallel to the Au(111) surface, forming alternating rows
of TTF and TCNQ molecules. In our analysis, we start with
this adlayer geometry, as suggested in Ref. 19, and relax the
atomic positions by using the DFT + D approach.?'-3

The electronic structure and energy level alignment for
this interface are analyzed introducing appropriate correc-
tions to properly describe the energy gaps for the TTF and
TCNQ molecules in a local-orbital DFT calculation. These
corrections are related to the charging energies U, of the
two organic molecules on the (TTF-TCNQ)/Au(111) inter-
face; in the present calculations we have used the values for
the charging energies obtained in previous calculations for the
TTF/Au(111) or TCNQ/Au(111) interfaces.”?®?° These cal-
culations show that the TCNQ LUMO peak is very close to
the Fermi level. Due to the interaction with the metal surface,
the molecular levels are broadened, creating an important in-
duced density of interface states in the HOMO-LUMO gap of
the organic semiconductors. We find an important transfer of
charge between the two organic materials, and between the or-
ganic layer and the Au(111) surface; in particular, we obtain
dnreng = 0.19 electrons/(TCNQ-molecule), dnyrr = —0.61
electrons/(TTF-molecule) and ény, = 0.42 electrons/(pair
of TTF and TCNQ molecules), the important transfer of
charge between the TTF and TCNQ molecules reflecting their
donor and acceptor characters. The induced potentials on the
TCNQ and TTF molecules are 1.26 and 2.37 eV, respectively,
shifting the molecular levels downwards in energy w.r.t. the
metal.

The results from the DFT calculations have been
analyzed by means of an extension of the Unified-IDIS model
for the case of a blended organic layer. In Sec. III this gen-
eralization is presented in detail and applied to the (TTF-
TCNQ)/Au(111) interface. In this case we have two differ-
ent types of organic molecules in the adlayer; the basic scalar
equation — Eq. (6) — relating the induced potential in the or-
ganic layer with the CNL of the organic material, the screen-
ing parameter S and the molecular dipole potential e V' is
transformed into a matrix equation — Egs. (4) and (5) — with
2 x 2 matrices (e.g., for S) incorporating the effect of both
organic materials. Finally, we mention that the IDIS formal-
ism presented here can be naturally extended for more com-
plex heterogeneous organic blend/metal interfaces involving
a higher number of organic molecules.
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